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Abstract

The framework of my thesis includes four main categories: i) An introduction about the
physics, materials, and methods used in this work. ii) The characterization of interfacial
physical properties resulting in the deduction of structure-property relationships at the
atomic scale. iii) The control of interface sharpness at the atomic scale, which is crucial
for the realization of complex oxide technologies in spintronics and electronics. iv) The
development and design of new types of interfaces with completely new functionalities.

More specifically, the overarching objective of this thesis was to design certain types of
interfaces and employ advanced scanning transmission electron microscopy characteriza-
tion techniques on oxide superlattices.

In the first part, the focus lies on Sr-La intermixing-induced superconductivity and prob-
ing the evolution of the electronic states from an antiferromagnetic insulator to a super-
conductor and a metal at the atomic scale. The outcome of the first part includes a novel
way to differentiate distinct quantum states, such as insulating materials, metallic-, and
superconducting materials, at the subnanometer scale based on the combined detection
and interpretation of hole doping, Sr-content, and oxygen vacancies.

In the following part, I aimed to enhance the interface sharpness by strategically utilizing
materials that exhibit both structural and chemical coherence. The primary aim was to
minimize the chemical potential gradient at the interface to achieve unprecedented control
over oxide interfaces at the atomic level.

The third part of this thesis is about a novel interface paradigm, denoted as the step edge
interface, which enables the simultaneous growth of thin films in two distinct directions,
denoted as the bi-directional growth of thin films.

In the last part of my thesis, I address a key limitation of this innovative approach; while
it offers an additional dimension of control, it necessitates careful consideration of the
a-, b-, and c-axes of the substrate and the materials of choice. Particularly, while one of
these crystallographic parameters may align suitably, the other parameters assume critical
significance when growing thin films on offcut substrates, thereby enabling the formation
of planar defects such as antiphase boundaries. Hence, while the newly developed bi-
directional growth utilizing offcut substrates opens up an additional degree of freedom for
the design of exotic quantum phenomena, I show what problems are there to overcome
and how to solve these problems for the future integration of this novel technique into
electronics and spintronics.



Zusammenfassung

Diese Doktorarbeit kann im Grunde in vier Hauptkategorien unterteilt werden: i) Eine
Einleitung, die sowohl einen Uberblick iiber die physikalischen und materialspezifischen
Grundlagen als auch tiber die angewandte Methodik dieser Arbeit verschafft. ii) Die
Charakterisierung der physikalischen Eigenschaften an Grenzflichen, die es ermoglicht
Struktur-Eigenschafts- beziechungen herzuleiten. iii) Die Kontrolle iiber die atomare Schérfe
von Grenzflachen, welche unabdingbar fiir die Realisierung von Komplexoxidtechnologien
fiir Bereiche der Spintronik und der Elektronik sind. iiii) Das Design und die Entwicklung
einer neuen Art von Grenzfliche, die komplett neue Eigenschaften der Materialien nach
sich zieht.

Die zugrunde liegende Idee dieser Doktorarbeit war es, die Grenzflichen von Oxidiiber-
gitter mittels fortgeschrittener Rastertransmissionselektronenmikroskopie mit atomarer
Genauigkeit zu analysieren.

Im ersten Teil dieser Arbeit liegt der Fokus auf der Vermischung von La und Sr Atomen,
die zu Supraleitung an der Grenzfliche von zwei nicht supraleitenden Materialien fiihrt.
Weiterhin wurde die Entwicklung der elektronischen Struktur von einem antiferromag-
netischen Isolator iiber einen Supraleiter bis hin zu einem Metall mit atomarer Auflésung
untersucht. Das Ergebnis dieses Kapitels stellt eine neue Methode zur Unterscheidung
von spezifischen Quantenzustanden wie isolatorische, metallische und supraleitende Ma-
terialien da. Fur diese Unterscheidung ist es notwendig die Verteilung von Loéchern,
Sr-Atomen und Sauerstofffehlstellen zeitgleich im Subnanometerbereich zu detektieren.

Im zweiten Teil der Arbeit wird auf die Kontrolle der Schéarfe von Grenzflichen eingegan-
gen, indem zwei Materialien verwendet wurden, die sowohl strukturelle als auch chemische
Koharenz aufweisen. Das Hauptaugenmerk liegt hier auf der Reduzierung der Unter-
schiede im chemischen Potential, um eine atomare Kontrolle iiber Oxidgrenzflichen zu
ereichen.

Der dritte Teil dieser Doktorarbeit handelt iiber die Entdeckung einer neuen Grenzflache,
die ich als Stufenkantengrenzflache definiert habe und die es mir ermdoglicht, Diinnfilme
in zwei Richtungen gleichzeitig zu wachsen. Diese Art von Wachstum wurde als bidirek-
tionales Wachstum von Diinnfilmen definiert.

Im letzten Teil dieser Arbeit verweise ich auf eine Limitierung dieses bidirektionalen Wach-
stums beztiglich der Defektbildung; denn die Stufenkanten ermoglichen zwar die Kontrolle
einer zuséatzlichen Dimension fiir das Wachstum von Dunnfilme, aber man muss auf die
kristallographischen a-, b- und c-Achsen der verschiedenen Substrate und Materialien
achten. Insbesondere werden beim Wachstum von Diinnfilmen auf ordinéren Substraten
nur die Achsen in eine Richtung bertiicksichtigt, wiahrenddessen bei der Benutzung von off-
cut Substraten darauf geachtet werden muss, dass a-, b- und c-Achsen zueinanderpassen.
Sind die Gitterabstande zu unterschiedlich, kommt es zur Formierung von planaren Defek-
ten wie Antiphasengrenzen. Daher wird in diesem Abschnitt darauf eingegangen, wie und
wo diese Defekte auftauchen und wie man die Formierung von diesen Antiphasengrenzen
verhindern kann.
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1 Introduction
1.1 Motivation

The fundamental mechanisms behind quantum phenomena in complex oxides, such as gi-
ant or colossal magnetoresistance,'™ high-temperature superconductivity,*® or Josephson
junctions,®” are key for the prospective application of these phenomena. Quantum mate-
rials hold great promise for various technological applications, including next-generation
electronics,®? spintronics,'®!! and energy conversion devices.!?!® However, exploiting the
full potential of complex oxides requires precise control over their composition, crystalline
structure, and interface quality.'*!® Nevertheless, quantum materials are not only in-
teresting from a practical point of view but also for fundamental research, where solid
theories are developed to describe and understand the world around us.!??? The intri-
cate interplay between the atomic structure and emergent properties of complex oxide
materials has positioned them at the forefront of modern materials science. Therefore,
a deep understanding of the structure-property relationships governing these materials is
essential. Especially, local distortions, lattice modulations, and domain boundaries pro-
vide crucial insights into how structural variations influence the material’s properties at
different length scales.?*"%

Among the various characterization techniques available, scanning transmission electron
microscopy (STEM)?¢2® has emerged as a pivotal tool in unraveling the intricate atomic
arrangements that underpin the remarkable functionalities of complex oxide materials.
With the ability to image materials at the atomic scale, STEM provides a direct observa-
tion into the arrangement of atoms within complex oxide structures.?? This level of reso-
lution is indispensable for identifying crystal defects, interfaces, and nanoscale variations
in composition — all of which play pivotal roles in dictating the material’s properties.'* 8
Moreover, spectroscopic techniques, such as electron energy-loss spectroscopy (EELS),
enable the identification of elemental composition and electronic states with remarkable
precision.?*3! This, in turn, allows for the correlation of specific atomic arrangements
with the electronic and magnetic behaviors observed in complex oxide materials.?*3? An-
other compelling feature of STEM is its versatility in imaging both crystalline and non-
crystalline regions of materials.?*3* In complex oxide materials, where the emergence of
novel properties is often intertwined with local structural deviations, this capability be-
comes paramount.

The growth of quantum materials as ultra-thin films with molecular beam epitaxy (MBE)
enables the study of unprecedented pure materials and allows for the deduction of structure-
property relationships.?3® Unlike other growth methods, MBE offers the unique advan-
tage of producing single crystalline layers with atomic-scale accuracy. This level of control
is crucial for tailoring the properties of complex oxide structures, as even slight variations
in the composition or the arrangement of atoms can lead to dramatic changes in their
physical properties.?”* Furthermore, MBE enables the growth of heterostructures and
artificially layered architectures, allowing for the engineering of interfaces between differ-
ent oxide materials.*! These interfaces can exhibit emergent properties, such as interfacial
SC,* or interfacial ferromagnetism (FM),%34* which are not present in the individual
materials, leading to novel phenomena and functionalities. By carefully selecting the
deposition conditions and monitoring the growth process in real-time utilizing reflection
high-energy electron diffraction (RHEED), it is possible to fine-tune the structural and
electronic properties of each atomic layer, creating intricate oxide structures with tai-
lored properties.?”*%% In addition, heterostructures with different physical properties can
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be used to investigate the structural and electronic interplay between different quantum
states.3746:47

1.2 High- T Cuprates

Superconductivity displays one of the most captivating and transformative discoveries
in condensed matter physics.** " Among the myriad of materials explored for supercon-
ducting applications, cuprates have emerged as paramount contenders, captivating the
scientific community with their high superconducting transition temperatures and the
ongoing debate about the origin and mechanism of the latter.’7424¢ Cuprates exhibit
a diverse range of properties, encompassing antiferromagnetic insulators,’*? pseudogap
phases,?®?® superconductivity,**** and metallicity,*”*> making them a versatile and inter-
esting class of materials in physics and materials science, c.f. Fig.1. The intricate inter-
play of charge, spin, and lattice degrees of freedom within cuprates not only challenges
the theoretical understanding but also offers a tantalizing playground for investigating
novel quantum phases and emergent phenomena.?5

A
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AFI o h
rd A
rd ~
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1’ i \\ }
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Figure 1: Phase diagram illustrating the rich and complex interplay between antiferromagnetic
insulating, superconducting, pseudogap, and metallic phases in cuprate materials as a function
of temperature and hole doping p. Figure has been reproduced with permission from Ref.?3

The enduring significance of cuprates in superconductivity is underscored by their poten-
tial to revolutionize practical applications.?® The prospect of achieving superconductivity
at relatively higher temperatures opens avenues for efficient and cost-effective energy
transmission and storage. Furthermore, cuprates’ distinctive electronic and magnetic
properties engender opportunities for developing novel electronic devices,*>°"*® quantum
computing elements,”®%% %1 and advanced sensors.’> %% Despite decades of investigation,
the underlying mechanism behind high-temperature superconductivity in cuprates re-
mains a subject of fervent debate, pushing forward the frontiers of condensed matter
physics and materials science.%%-%6



1.2 High-T¢ Cuprates

Crystallographic and Electronic Structure of La, ,Sr,CuQO,. The parent com-
pound La,CuQy4 exhibits a KoNiF4-type crystal structure, characterized by alternating
layers of corner-sharing CuQOs square-planar units and LasO5 rock-salt-like layers, and an
[ 4/m m m symmetry.®” A more comprehensive understanding of the inherent electronic
properties can be attained by directing attention to the fundamental CuOg octahedral
units constituting the crystal structure. The CuQOg octahedral units undergo octahedral
crystal-field splitting, where the degeneracy of the Cu 3d orbitals is lifted due to the
crystal field created by the surrounding oxygen ligands, resulting in distinct energy levels
and the splitting of e, and ty, orbitals. In the next step, a hole occupies the 3dz? — y?
orbital lowering the energy of the double-occupied 3dz? orbital in the Cu®* ion, leading
to an elongation of the CuOg octahedral unit due to a strong Jahn-Teller distortion as

indicated in Fig. 2.
e, —=—b; da2 e — a3,dp
—— g —
3d° === a de 3d4 - blgdxz-y2
— g —
Cu+ e Mp3+ d—
— —= b, d — “— ¢, d,d
2 X — xz“¥yz
thg ¥ tye &
©— g o —
—= Cg dy.dy, —— by dy,
spherical cubic tetragonal spherical cubic tetragonal
symmetry symmetry symmetry symmetry symmetry symmetry

Figure 2: Jahn Teller elongation (left) and compression (right). Left: Crystal field splitting
of LagCuOy in a spherical, cubic, and tetragonal symmetry of the oxygen ligands around the
central Cu?™ ion.%® Right: Crystal field splitting of LaMnOj3 in a spherical, cubic, and tetragonal
symmetry of the oxygen ligands around the central Mn?* ion.

The Jahn-Teller distortion in undoped Lay,CuQ, is partially alleviated upon Sr doping,
resulting in an anti-Jahn-Teller distortion attributed to the Sr-induced lattice deforma-
tion as indicated in Fig. 3.9%7 These deformations can be visualized through annular
bright field imaging of the apical oxygen distances, providing insight into the structural
deformations in the material. ">~

As indicated in Fig. 4, the introduced dopant holes have two different possibilities to
couple with the itinerant Cu 3d° hole: i) In Fig. 4a the dopant hole occupies an an-
tibonding a*;, molecular orbital, which consists of six oxygen p, orbitals and one Cu
3d.? orbital, resulting in a parallel coupling with the itinerant hole and the formation
of a spin-triplet that is called "Hund’s coupling triplet".®® ii) In Fig. 4b the dopant hole
occupies a bonding by, molecular orbital, which consists of four oxygen p, orbitals and a
part of the Cu 3dz? — y? orbital, resulting in an antiparallel coupling with the itinerant

hole and the formation of a spin-singlet, which is called 'Zhang-Rice singlet".™

First-principles calculations have shown that both scenarios are energetically nearly de-
generated through the anti-Jahn-Teller effect and a coexistence of these states is important
for the formation of the superconducting and metallic quantum states in Lag_,Sr,CuQ,.%
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| Sr doping

O b e 0

Figure 3: Comparison of the CuOg octahedral units between LagCuOy (left) and Sr-doped
Laj g55r0.15Cu0y (right), where the contraction induced by Sr substitution is visualized using
black arrows. The figure has been produced by the software VESTA.%

Figure 4: Comparison of the parallel coupling forming a Hund’s triplet (a) and the antiparallel
coupling forming a Zhang-Rice singlet (b). The red arrows denote the dopant hole and the green
arrows denote the Cu 3d? hole. The grey orbitals highlight the O 2p, orbitals and the yellow
orbitals in panels a and b highlight the Cu 3dz? and Cu 3dx?-y? orbitals, respectively.®



1.2 High-T¢ Cuprates

Las_,Sr,CuO4 with x = 0 is a prototypical example of a charge-transfer insulator, charac-
terized by the suppression of electronic conductivity despite the presence of partially filled
electronic bands.”™ To understand the band gap in cuprates one usually starts within the
simplified framework of the Hubbard model, describing the division of Cu 3d orbitals into
the upper and lower Hubbard bands (UHB and LHB).? Based on this sub-band splitting,
the Hubbard parameter U plays a pivotal role in establishing the band gap between the
LHB and the UHB. The Hubbard parameter U competes with mobile charge carriers
inside the material, which is described by the Hubbard Hamiltonian:

H=-t Z<i7j>,o-(6:j:7o—éjyo' + é;'ﬂéi,a) +U Zz ﬁi,Tﬁi,i

In this expression, é;a (¢ir) is the creation (annihilation) operator for an electron with
spin ¢ on site i. These operators add or remove an electron from the specified site and
spin state. The sum }-; » , runs over pairs of neighboring sites (7, j) and spin states o,
reflecting the hopping of electrons between sites. Additionally, 7; , is the number operator
that counts the occupancy of site ¢ with an electron of spin o. The term 7,47, | in the
Hamiltonian represents the Coulomb interaction between electrons with opposite spins
on the same site ¢, with U as the associated energy cost for double occupancy. The first
term, involving hopping, promotes electron delocalization, while the second term, involv-
ing Coulomb repulsion, favors charge localization and electron correlations, leading to a
comprehensive description of the interplay between these effects in the electronic behavior
of oxide materials such as cuprates.

a Mott—Hubbard b Charge-Transfer
A>U U>A
UHB AUHB
> > S
2 =
g AT 5
O
>
DOS

Figure 5: Classification of (a) Mott-Hubbard and (b) Charge-Transfer insulators. The figure
has been reproduced with permission from Ref.”0

However, to further understand the band gap in cuprates, it is essential to account for
the oxygen 2p orbitals. Lay;CuO, manifests its insulating behavior due to a pronounced
charge transfer process involving the formation of A, which can be attributed to the en-
ergetic disparity between the occupied oxygen 2p band and the unoccupied UHB.™ This
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electronic behavior is described by the Zaanen-Sawatzky-Allen scheme, resulting in the
classification of two main categories: i) Materials with A > U exhibit an energy gap at
the Fermi level originating from a Mott-Hubbard-type splitting of the transition metal
d-band, c.f. Fig. 5.2! ii) Materials with A < U displaying a gap that separates transi-
tion metal d states from ligand p states, known as the charge transfer gap.?! Note that
the A/U ratio is a crucial parameter for the distinction between a Mott-insulator and a
charge transfer insulator. Therefore, changes in the crystal symmetry or the chemistry
of the crystal, i.e., the change of the A-site cation, can lead to drastic changes in the
electronic band structure of materials. Doping of the charge-transfer insulator La;CuO,
with Sr induces a transformation in its electronic properties, due to hole doping on the
ligand site.!” This is in stark contrast to Mott insulators, where holes are introduced into
the transition metals’ orbitals.” As a result, the Lay_,Sr,CuQ, system evolves from an
antiferromagnetic charge-transfer insulator for x = 0 to a metallic state upon Sr doping,
characterized by the emergence of a finite density of states around the Fermi level. This
fermionic quasiparticle holds significant importance for spectroscopic analyses, as its pres-
ence becomes directly discernible as a distinct characteristic within the pre-edge region
of the O-K edge.”

1.3 Manganites

Manganites have garnered immense importance in modern physics owing to their remark-
able colossal magnetoresistance.”™ This exceptional property refers to the drastic change in
electrical resistance exhibited by these materials in response to an external magnetic field.
The discovery of colossal magnetoresistance has not only unveiled fascinating insights into
the intricate interplay between charge, spin, and lattice degrees of freedom in strongly
correlated electron systems,” but it has also ignited extensive research efforts toward har-
nessing this effect for potential technological applications in electronic devices, such as
magnetic sensors and memory elements.”® Besides their intriguing colossal magnetore-
sistance behavior, manganites stand as compelling platforms for investigating emergent
electronic phases and pushing the boundaries of our understanding of condensed matter
physics.”®8! In addition, manganites encompass various configurations, including per-
ovskites and distinctive Ruddlesden-Popper phases as indicated in Fig. 6.

In the simplest case, the cubic perovskite phase can be described by the formula ABOs.
A-site ions encompass a range of large species, including rare-earth, alkaline-earth, alkali,
or notable entities like La®" or Sr?*, forming coordination with 12 oxygen atoms. In this
case, the B-site ions comprise the 3d transition metal Mn. The Goldschmidt tolerance
factor (¢) provides insight into the stability of perovskite structures by evaluating the
balance between the ionic radii of A-site and B-site cations, aiding in predicting whether
a given combination of cations will form a stable perovskite lattice as shown in Eq. 1.%2

. Tra+ro
_\/E(TB—l-To) (1>

Here, r4 represents the ionic radius of the A-site cation, rp denotes the ionic radius
of the B-site cation, and r¢ signifies the radius of an oxygen anion. The dimensionless
Goldschmidt tolerance factor provides a criterion for stable crystal structures in the range
0.8 <t < 1.0, indicating a balanced match between the sizes of A-site and B-site cations
and the surrounding oxygen atoms.
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Figure 6: Ruddlesden-Popper family with the n=1 (a) A3BOy4 phase, the n=2 (b) A3B207
phase, and the perovskite-type phase (c) ABO3s with n=c0. The figure has been produced with
the software VESTA 3385

288

Outside this range, deviations may lead to structural distortions or phase transitions.
Related to the perovskite structure, Ruddlesden-Popper phases are hosting a broad spec-
trum of electronic states, ranging from insulating to metallic, showcasing a fertile ground
for investigating emergent phenomena and intricate phase transitions. The Ruddlesden-
Popper phases are essentially composed of alternating layers of rock-salt and perovskite
structures, and their general formula is given by A, 1 B,03,.1. Magnetism, crystallogra-
phy, and electronic behavior in Ruddlesden-Popper phases present a captivating platform
for advancing the general comprehension of condensed matter physics and applications in
materials science.36-56788

SrMnO3; and LaMnQOs;.The phase diagram of the ABOj3-type perovskite La; _,Sr,MnOj3
exhibits a broad array of electronic and magnetic phases, ranging from antiferromagnetic
insulators to ferromagnetic metals, as a function of Sr doping (z) as it is highlighted in
Fig. 7.8 Interestingly, the ferromagnetic dome observed in manganite materials coincides
precisely with a hole concentration that is twice that of the superconducting dome ob-
served in cuprate materials. This intriguing correlation between cuprate and manganite
domes has not been understood so far and is the subject of our ongoing research and
investigations.



1 Introduction

LaMerMnOs.

T
R/IM
O/7 PM

TIM

400
——
L
o
-
200 FM
lI
| :
5P O/M |
| ' FM :
0 EES Ly i 1 L L i
0.0 0.2 0.4 0.6 0.8 1.0

concentration x

Figure 7: La;_,Sr,MnOs displays a broad variety of different crystal structures, including
Jahn-Teller distorted orthorhombic (O’), orthorhombic (O), orbital-ordered orthorhombic (O”),
rhombohedral (R), tetragonal (T), monoclinic (Mc), and hexagonal (H), alongside distinctive
magnetic configurations: paramagnetic (PM, green), short-range order (SR), canted (CA), A-
type antiferromagnetic (AFM, depicted in yellow), ferromagnetic (FM, blue), phase-separated
(PS), and AFM C-type structures. The electronic states are identified as insulating (I, in dark),
and metallic (M, in light). The figure has been reproduced with permission from Ref.®’

Sry_,La,MnQ,. Despite the notable significance of A;BO,-type oxides as being the par-
ent compound of high- T superconducting cuprates and other numerous intriguing prop-
erties arising from charge, spin, and orbital interactions,” relatively limited attention has
been directed towards the charge-transfer, antiferromagnetic insulator Sro_,La, MnQ4.91%3
This compound is the n = 1 member of the Ruddlesden-Popper family with a maximum
La content of z = 1.93

In the context of atomic-layer-by-layer growth monitored by in situ RHEED, I employ the
term monolayer (ML) to delineate individual atomic layers, distinct from the conventional
term unit cell (u.c.), see black box in Fig.8. This distinction between ML and u.c. be-
comes particularly crucial when growing 214-type structures, where the Bragg diffraction
spots saturate for each ML instead of each u.c. as compared to 113-type structures.

We have carefully selected LaSrMnO, because it crystallizes in the same KyNiF,-type
tetragonal structure 1/4mmm as optimally doped Laj g451916CuQOy4 and due to their per-
fect epitaxial match (a-axis of Laj g4Srg16CuO, = 3.774 A).9% Furthermore, SrtLaMnO,
reaches the solubility maximum of La in the parent compound SroMnO,, which makes
it the perfect candidate for an interface with superconducting Laj g4Sr14CuQy since
La/Sr intermixing is inherently minimized. On top of that, the Ruddlesden Popper
n=2 type has the advantage that there is no direct Mn-O-Cu bond,”” as compared to
the n=00 perovskite-type SrMnQOg3. Therefore, LaSrMnO, as an antiferromagnetic Mott
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Figure 8: Difference between unit cell (u.c.) and monolayer (ML). On the left side is the un-
doped SroMnQy; on the right side is the La-doped SrLaMnQy4. The individual a-axis parameters
of the two distinct materials are shown below the respective crystal structure. Sr is depicted in
blue, La in red, and Mn in yellow. The figure has been produced with the software VESTA.?4:95

insulator is a promising candidate as a barrier material® in La; g4Sro.16CuO4-LaSrMnO,-
Lay 84510.16CuQy high- T Josephson junctions.

1.4 Oxide Interfaces

The precise manipulation and control of interfaces in oxide materials have emerged as
pivotal aspects of modern semiconductor science and engineering.'® Interfaces between
different oxide materials often dictate the overall functionality and performance of de-
vices,?*1%% influencing properties ranging from electronic conductivity” and magnetic be-
havior'® to catalytic activity.'®! The huge variety of distinct parameters, such as strain, 2
charge,”® spin,®® and orbital degree of freedom® at oxide interfaces enables the design of
novel and exotic materials like multiferroics, non-centrosymmetric superconductors, or
magnetic superconductors as indicated in Fig. 9.

Therefore, oxide interfaces hold paramount importance in contemporary research, offer-
ing a fertile ground for uncovering novel quantum mechanical phenomena and facilitating
groundbreaking advancements in the realms of condensed matter physics and quantum
materials. This thesis aims to widen the knowledge about oxide interfaces in chapters 3
and 4 and present the formation of a new type of interface in chapters 5 and 6, namely the
step-edge interface, that pushes the boundaries of thin film technology literally toward
a new dimension by enabling the controlled growth in two directions instead of just one
direction as compared to conventional thin film growths.

Structural and Chemical Coherence of Interfaces. The coherence of oxide in-
terfaces pertains to the degree of crystallographic compatibility regarding their lattice
parameters (crystal system and crystal axes values) and the individual chemical potential

Wi = (8G)T (change of the Gibbs free energy G regarding the number of changing
3P,

on;
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Figure 9: Interplays at oxide interfaces. The figure has been reproduced with permission from
Ref.?.

elements n;, at constant temperature T', constant pressure p, and constant number of ele-
ment n;) between the adjoining oxide layers. Coherent oxide interfaces exhibit a seamless
continuation of crystallographic orientation, c.f. Fig. 10a, fostering enhanced interactions
and emergent phenomena at the interface. For example, a coherent interface between two
oxide materials, such as two perovskite oxides with similar lattice parameters can lead
to remarkable effects like interface-induced magnetism!®® or superconducting behavior®”
that diverges significantly from the properties of the individual bulk materials.

(@) (b)

Figure 10: (a) Coherent interfaces and (b) semi-coherent interfaces with local incoherences,
here so-called misfit dislocations, pointed out by the red arrows. The figure has been adopted
with permission from Ref.104,

In contrast, an incoherent interface, c.f. Fig. 10b, lacks this seamless structural con-
nectivity, resulting in disrupted electronic and structural alignment between neighboring
oxide layers.!?* Factors such as substantial lattice mismatch or the presence of defects are
major factors for the occurrence of incoherent interfaces.'%41%

10
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Incoherent interfaces result in diminished spin and orbital interactions and, hence, re-
duce the potential for observing novel phenomena. !4 18:39:40:55,105 Therefore, in this thesis,
it is pointed out how to avoid the formation of incoherent interfaces and what are the
consequences of local incoherences for the subsequently deposited thin films.

Step Edges. In thin film technology, a general objective is to minimize the presence of
step-edges, as they can lead to the formation of 2D defects such as antiphase boundaries,
change in growth modes from layer-by-layer to step-flow growth, and contribute to ele-
vated levels of interface and surface roughness in thin films.'® In the framework of this
thesis, however, these step-edges serve as the major starting point for the introduction
and realization of a novel growth model, namely the bi-directional growth of thin films,
allowing for the growth in the in-plane and out-of-plane direction simultaneously. Beyond
this unique growth behavior, it is shown in Chapter 5 that step edges also wield the po-
tential to prohibit the formation of antiphase boundaries, adding a layer of complexity
and intrigue to the interfacial structure and properties of complex oxide thin films.

The elucidation of atomistic growth mechanisms has predominantly rested upon the
terrace-step-kink (TSK) model of a surface structure as depicted in Fig. 11. Apart from
delineating terraces, steps, and kinks, Fig. 11 illustrates various elemental components
pertinent to film growth: an adsorbed atom (adatom) and a vacant site on the upper
terrace, an adsorbed dimer (ad-dimer), as well as a larger island containing four atoms. '

Vacancy - Step Island

FGatom Ad-dimer

2
=

Figure 11: Visualization of a characteristic step-edge occurring at the surface of substrates.
The TSK is applied to a simple cubic crystal configuration. Substrate atoms are depicted as
white circles, and a dashed line demarcates the position of a step that divides the upper and
lower terraces, exhibiting a kink along the step’s trajectory. The step descends from left to
right. Additionally, black circles denote atoms adsorbed onto the terraces. The figure has been
adopted with permission from Ref.1%.

The consequences of kinks and steps on the surface terraces are instabilities that manifest
themselves in two different forms: i) meandering, characterized by the transformation of
an initially linear step into a wavy configuration, and ii) bunching, characterized by the
evolution of a sequence of initially equally spaced steps into regions of high step density,
known as step bunches, interspersed with broad flat terraces.'*” 1% Point defects such as
isolated vacancies, especially oxygen vacancies, have recently attracted much interest be-
cause of their effect on the catalytic, electronic, and optical properties of thin films.!19112
The effects of island formations and deposited atoms on the growth kinetics are discussed
in the following section.

11
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1.5 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) has ushered in a transformative era in thin film technology
by enabling exquisite control over the growth of crystalline films with atomic precision.*”
This technique has revolutionized the field through its ability to deposit layers of atoms
or molecules onto a substrate surface, in a layer-by-layer manner, facilitating the creation
of thin films with highly tailored properties, such as emerging high- T superconductiv-
ity,374246 thermoelectricity,''® ferromagnetism,**'% and metallicity.3%57

A significant breakthrough emerged when MBE was coupled with an ozone delivery sys-
tem, allowing for the growth of high-quality complex oxide heterostructures, and an in
situ controlled RHEED setup.®! This integration unveiled an unprecedented capability
to fabricate complex oxide heterostructures with unparalleled purity. The ozone delivery
system introduced a novel means of controlling the oxidation of the metals during de-
position, that is stabilizing intricate complex oxide compounds. Meanwhile, the in situ
RHEED enabled real-time monitoring of crystal growth, ensuring precise atomic layer-
by-layer assembly. Together, this advanced synergism of MBE, ozone delivery, and in situ
RHEED has opened new avenues for engineering and exploring the properties of complex
oxide thin films, thereby pushing forward the development of cutting-edge electronic, spin-
tronic, and magnetic devices.
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Figure 12: (a) MBE system equipped with an ozone generator. (b) In situ RHEED pattern of
LagCuOy4 with the main spot (red ellipse), Bragg diffracted spot (blue ellipse), and superstructure
spot (green) to control the shutter times of the metal evaporation cells. (¢) RHEED oscillations
of the RHEED spots are depicted in b. The figure has been reproduced from Ref.'!*
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1.5 Molecular Beam Epitaxy

Growth of Complex Oxide Heterostructures. The fundamental growth of com-
plex oxide heterostructures by MBE is governed by four distinct growth mechanisms: i)
Frank-van der Merwe, ii) Volmer-Weber, iii) Stranski-Krastanov, and iv) Step-Flow type
growth.?

Substrate Substrate Substrate Substrate

| | | |
| | Yy WY

Substrate Substrate Substrate Substrate

Figure 13: Illustration of four distinct modes of epitaxial growth: (a) two-dimensional layer-
by-layer growth (Frank-van der Merwe), (b) three-dimensional growth of islands (Volmer-
Weber), (c) layer-by-layer growth succeeded by island growth upon a critical thickness (Stranski-
Krastanov), and (d) epitaxial growth in a step-flow like pattern. This figure has been inspired
by Ref.!1?

In the context of Frank-van der Merwe growth, adatoms exhibit a greater interaction with
surface sites compared to other ad-atoms, leading to the creation of atomically smooth
layers. This process is also called layer-by-layer growth and occurs in two dimensions,
signifying that complete films develop before the growth of successive layers takes place.
In general, material scientists strive to achieve this type of growth when growing high-
quality thin films. An example of this type of growth would be BiFeO3 grown on SrTiO3
and LaAlOj3 as indicated in Fig. 14 panel a and b, respectively. For the BiFeOj film
grown on Sr'TiOj3, the formation of islands with a single unit cell height is observed. On
the other hand, in the BiFeOj film on LaAlOs, indications of step-bunching are apparent.

Figure 14: Atomic force microscopy images highlighting the Frank-van der Merwe type of
growth. (A) BiFeOs grown on SrTiOs. (B) BiFeOs grown on LaAlOs. This figure has been
reproduced with permission from Ref.'16.
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In the process known as Volmer-Weber growth, adatom-to-adatom interactions exhibit
greater strength compared to the adatom’s interaction with the surface. This results
in the creation of three-dimensional clusters or islands composed of adatoms. As these
clusters develop and consolidate, they contribute to the growth of uneven, multi-layer
films on the substrate surface due to Ostwald ripening. An example of Volmer-Weber
type growth is the deposition of spinel-type CoFe,O4 with a lattice parameter of 8.34
AU on SrTiO; with a lattice parameter of 3.90 A.'8 Due to their huge lattice mismatch,
huge islands are forming as indicated in Fig. 15. By forming islands, the interface between
the film and the substrate becomes incoherent, resulting in almost complete relaxation of
the strain within the film.

30.0nm

.
400nm
) = g |

Onm

Figure 15: Atomic force microscopy image highlighting the Volmer-Weber type of growth.
White dots mark the formation of big islands with a maximum height of around 30 nm. This
figure has been reproduced with permission from Ref.!16.

Stranski-Krastanov growth represents an intermediate process marked by a combination
of two-dimensional layer growth and three-dimensional island formation. The shift from
sequential layer growth to island-centric growth is observed at a critical layer thickness.
Various parameters, such as surface energies and lattice parameters of the thin film and
the respective substrate greatly influence this critical threshold. An exemplary case of the
Stranski-Krastanov type is the growth of La; 73Srg22MnO3 on LaAlO3 as shown in Fig.
16.

0 100 200 300 400 500
X (nm)

Figure 16: Atomic force microscopy image highlighting the Stranski-Krastanov type of growth.
(A) White dots mark the formation of small islands with a height of around 3 nm. (B) The line
profile obtained along the blue line in panel A. This figure has been reproduced with permission
from Ref.!16.
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1.6 Scanning Transmission Electron Microscopy

Finally, a growth mechanism known as step-flow growth takes place when the distance that
mobile particles can traverse across the surface exceeds the width of these terraces. Since
no substrate is perfect in terms of surface steps, all surfaces are inherently non-uniform,
characterized by a specific degree of tilt or miscut, resulting in terraces possessing finite
widths. Upon utilizing vicinal substrates, it is common to cleave the substrate at a vicinal
angle, resulting in a surface characterized by an array of atomic height steps.!'” Note that
the surface terrace widths play an important role as step bunching can occur for too
small angles, c.f. Fig. 17a. Step-flow growth occurs upon growing on vicinal substrates
as indicated in Fig. 17b-d.*!?

5.0 nm

2.5nm

0.0 nm

Figure 17: Atomic force microscopy images highlighting the growth on vicinal substrates.
SrRuOg is grown on SrTiO3 with different terrace widths. (A) Step bunching manifests on
substrates characterized by small terrace width. (B),(C), (D) Smooth surfaces following the
steps of the substrates are obtained for intermediate terrace widths. The scale bars represent a
length of 10 ym. (D) This figure has been reproduced with permission from Ref.!1?.

1.6 Scanning Transmission Electron Microscopy

March 9th, 1931, marked the unveiling of the inaugural electron microscope prototype by
German physicist Ernst Ruska, who collaborated with his doctoral mentor Max Knoll.
This novel and groundbreaking device achieved a magnification of four hundred times and
stood as the pioneering embodiment of electron microscopy principles. The discovery of
the electron microscope, despite its initial low spatial resolution, which was not better
than the best light microscopes they had back then,'?" marked the inception of a jour-
ney that ultimately led to the attainment of atomic-scale insights into materials, thereby
enabling the current record-holding spatial resolution of less than 20 picometers.'?! After
the invention of the first transmission electron microscope (TEM) by Ernst Ruska and his
doctoral father Max Knoll, the scanning transmission electron microscope (STEM) was
built by Baron Manfred von Ardenne in 1938.122 However, achieving high resolution in
this mode necessitates high current densities and small probe sizes. These requirements
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were only fulfilled when Albert Crewe incorporated a cold field-emission current source
into the microscope. Finally, the resolution-limiting aberrations in electron microscopes
due to the non-prefect electromagnetic lenses have been overcome with the invention of
spherical aberration (Cg) correctors paving the way for unraveling the electronic and crys-
tallographic structure of materials at the atomic scale.'?

In this thesis, the emphasis lies on Cg-corrected STEM, c.f. Fig. 18, particularly when
combined with electron energy-loss spectroscopy (EELS). This combination offers an un-
paralleled level of precision for exploring oxide interfaces, enabling comprehensive insights
into their electronic and chemical attributes at the atomic scale.

Figure 18: (a) The probe-corrected JEOL ARM200F (S)TEM, which was the main instrument
used, stands as a cutting-edge instrument renowned for its remarkable stability and ability to
generate highly focused probes. Additionally, this microscope is outfitted with sophisticated
EELS detectors, facilitating comprehensive chemical analysis. This microscope is equipped with
a cold field emission gun and achieves a spatial resolution of 63 pm at 200 kV. (b) Atomically re-
solved annular dark-field image of a superlattice consisting of superconducting Laj g45rg.16CuQOy4
and insulating LaSrMnQy epitaxially grown on LaSrAlO4 (LSAO).

As has been stated in the paragraph above, electron microscopy emerged as a response to
the constrained resolution of light microscopes, constrained by the wavelength of visible
light ranging between 380-750 nm. Adhering to the conventional Rayleigh criterion for
light microscopes, the minimal resolvable distance r; can be estimated as follows:

Py = 0.61 - gkt __
n - sin(«)

Here, M\jign: represents the wavelength of the light, n stands for the refractive index of
the intervening medium, and « denotes the collection semi-angle of the magnifying lens.
The quantity n - sin « is often recognized as the numerical aperture, highlighting the ex-
tent of angles within which the system can either receive or emit light. This equation
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demonstrates that a smaller wavelength leads to an improved resolution. For instance,
the resolution limit for a visible light microscope typically remains around 200 nm.

Thanks to the remarkable Ph.D. thesis of Louis de Broglie, we know that electrons can
also be described as waves with a certain de Broglie wavelength Ageprogiie = %, where h
displays the Planck constant and p marks the momentum of the electron. Derived from
this formula, it becomes apparent that the electron’s wavelength becomes progressively
shorter as its kinetic energy increases, a characteristic directly linked to the microscope’s
accelerating voltage.

Due to the inherent magnetic field inhomogeneities within magnetic lenses, as elucidated in
the preceding paragraph, electron microscopes consistently suffer from spatial resolution-
limiting spherical aberrations. Therefore, the probe formed by non-ideal lenses deviates
from an ideal Airy disc, which is simply the 2D Fourier transformation of the illuminated
aperture in the back focal plane.

Lens Aberrations and Aberration Correction. Aberrations invariably engender
different focal lengths across the trajectory of the electron beam. Notably, the pivotal
aberrations encompass spherical and chromatic aberrations, alongside astigmatism, which
hold paramount significance for inducing image blurring. This deviation of the ideal elec-
tron trajectories is caused by a residual phase shift of the electron wave function. In a
simplified plane wave approximation exp(—ix - k), these aberrations can be easily under-
stood by the so-called probe function ¥p,... Here, an inverse 2D Fourier transformation
of the aperture function A(k) is applied, which can be further subdivided into an aberra-
tion term exp(—ix(k)) that defines any change in the phase and another function H (k)
defining the shape of the aperture.

Yprobe(X) = /A(k) exp(—ix - k) dk = /H(k) exp(—ix(k))exp(—ix - k) dk

In this context, k defines a two-dimensional vector in the back focal plane of the probe-
forming lens. Hence, determining the electron beam profile is analogous to propagating
an electron wave through a phase plate and assessing the intensity of the resultant wave.?4

Positive spherical aberration refers to the phenomenon where electrons following tra-
jectories located farther from the center of the electromagnetic lens experience a more
pronounced deflection, resulting in a shorter focal length than electrons with trajectories
positioned closer to the center of the lenses as depicted in Fig. 19a. Here, the radius of
the circle of least confusion 7con fusion, Which is defined as the optimum point of focus, is
given by:

3
TConfusion = CS e

where Cg is the sperical aberration coefficient and « denotes the collection semi-angle.
The removal of spherical aberrations poses challenges within electron microscopy as with
an increasing semi-collection angle, spherical aberrations will get pervasive, prompting
the establishment of an entire research domain dedicated to mitigating these types of im-
age blurrings.'?5126 Multipole lenses are used to produce negative spherical aberrations to
cancel out the positive spherical aberrations of round lenses.'?* 2% These multipole lenses
encompass either hexapole configurations or a combined arrangement of quadrupole and
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octupole lenses.'?>'2® Here, the emphasis is directed toward hexapole lenses, given that
a hexapole corrector was implemented within the JEOL ARM200F DCOR microscope,
which was used in all STEM investigations. In hexapole correctors, two hexapoles are
employed in series, oriented at a 60°rotation from each other, effectively nullifying the
first-order effect of the first hexapole through cancellation by the first-order effect of the
second hexapole.!?%127:129 Thjg first-order effect is a threefold astigmatic electron beam.
To nullify the first-order effect, equivalence in optical planes between the two hexapole
lenses must be achieved, which is done by two round transfer lenses between the two
hexapole lenses.!?” The second-order effect of the two hexapole lenses introduces a uni-
form azimuthal distribution and a cubic dependence in the radial direction, effectively
producing a round beam with negative spherical aberrations.'?”

The varying focal lengths in the context of chromatic aberrations arise from the dif-
fering kinetic energies of electrons, wherein electrons possessing greater kinetic energies
exhibit longer focal lengths in comparison to those electrons with lower kinetic energies
that scatter stronger and exhibit shorter focal lengths, ultimately creating a circle of least
confusion with radius 7con fusion at the minimal distance of the converging electron ray
paths as depicted in Fig. 19b.

CC o AFE
TConfusz’on - T
0

Here, C¢ is the chromatic aberration coefficient and is approximately equal to the focal
length, AE is the spread in energy width of the electron beam, and E, denotes the ac-
celerating voltage of the microscope. However, when operating the transmission electron
microscope at high voltage configurations, the energy spread is as small as 107 leading
to a less pronounced effect of the chromatic aberration as compared to the image blur-
ring due to spherical aberrations. Nevertheless, it is essential to acknowledge that by
employing Cs and C¢ corrected microscopes, the spatial resolution can be enhanced, as
demonstrated by the PICO microscope in Jiilich.!3

Astigmatism occurs for converging electron rays that have different focal lengths de-
pending on the azimuthal angle of the electron beam, i.e., 90°, resulting in horizontal
and vertical planes in the electron lens as depicted in Fig. 19c. In this case, rconfusion 15
defined by the collection semi-angle o and the difference in focal lengths A f:

TConfusion = O * Af

Astigmatism correction is achieved through devices known as stigmators, which apply a
subtle magnetic (or electric) field to the elliptical beam, resulting in the transformation
of the beam into a circular shape.

Axial coma emerges when electron ray trajectories are not parallel to the optical axis,
giving rise to distinct focal lengths and focal points that reside off the optical axis. This

effect can be reduced upon tilting the electron beam into the coma-free axis.

Besides the aberrations mentioned above, defocus represents the simplest form of aberra-
tions, which can simply be removed by manual focussing of the beam on the sample.
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Figure 19: (a) Illustration of positive spherical aberration. (b) Chromatic aberration, where
waves with distinct wavelengths and energies (E1<E2) converge at different positions along the
optical axis. (c) Astigmatism, where the black plane and the gray plane in the magnetic lens
exhibit different focal lengths along the optical axis. « is the collection semi-angle of the lens.
The point of minimal aberration effects is represented by the circle of least confusion. Dashed
black lines show the optical axes. This figure has been modified with permission from Ref.!3!

STEM Imaging. In STEM, the electron beam is concentrated to form a sub-A-sized
probe and is then raster-scanned across the sample using deflection coils. Owing to the
small probe dimensions, cutting-edge STEM imaging enables atomic-scale visualization
of the specimen. When a sample is scanned by an electron beam, electrons are scat-
tered at different angles when they transmit the electron-transparent sample, thereby
creating a wide variety of different signals that can be used for STEM investigations. In
the following discussion, two complementary imaging methodologies with highly different
scattering angles are explored, namely annular dark-field (ADF) and annular bright-field
(ABF) imaging. Both of these methods display fundamental imaging techniques.

Annular Dark-Field Imaging. Typically, electrons scattered at high angles exceeding
the convergence angle of the probe constitute the primary signal source for ADF imaging,
subsequently generating a convergent electron beam diffraction pattern at the detector.
This technique is categorized depending on the range of the collection semi-angles: high-
angle ADF (HAADF) with 90-200 mrad, medium-angle ADF (MAADF) with 50-100
mrad, and low-angle ADF (LAADF) with 25-60 mrad scattering angles. The numerical
values representing the angle magnitude are determined by the dimensions of the detec-
tor’s inner and outer radii, each corresponding to specific inner and outer semi-angles.

HAADF imaging detects diffusively scattered electrons at large angles, meaning they no
longer adhere to coherent Bragg conditions but instead undergo incoherent Rutherford
scattering.'?%!33 Given that Rutherford scattering is roughly proportional to Z*7, where
7 is the atomic mass of elements.!®* Since its sensitivity to the atomic mass of the spec-
imen, this imaging technique facilitates the differentiation of individual atomic columns
composed of specific elements to give insights into the chemical composition of the crystal.
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Figure 20: Illustration of the basics of ADF and ABF STEM imaging techniques with the
convergence semi-angle « and the scattered electrons toward low-angles (81: 12-24 mrad) for
ABF imaging and toward high-angles (32:25-200 mrad) for ADF imaging.

Annular Bright-Field Imaging. In ABF imaging coherent electrons with small scat-
tering angles, i.e., 10-20 mrad, are detected by an annular detector. First, a phenomenon
of paramount interest in ABF imaging is channeling, arising from the preferential align-
ment of incident electrons along a specific atomic column within a crystal lattice. This
focusing of the electron beam in the forward-scattering direction results in a unique con-
trast mechanism, enabling the visualization of even light elements, such as oxygen, in
the specimen with enhanced clarity and precision.”>"*!3 The contrast of ABF imaging
is proportional to Z 5 Nevertheless, this correlation is not straightforward and fluctuates
based on factors such as the detector range and the semiangle of the probe-forming aper-
ture. 3

Second, heavy elements will scatter the electron beam toward higher angles, outside of the
ABF detector range, ultimately leading to a contrast mechanism visualizing both heavy
and light atomic columns as dark spots. The non- or less-scattered electron beam between
the atomic columns and in the vacuum will appear bright in the final image.

Electron Energy-Loss Spectroscopy. EELS serves as a powerful spectroscopic tech-
nique for assessing both the elemental composition and electronic state of materials by
measuring the energy loss of the electron beam after interacting with the TEM speci-
men. 3136137 The EELS spectrum can be subdivided into three distinct regions, including
the zero-loss (denoted as the zero-loss peak, ZLP at 0 eV), the low-loss (several meV to
several tens of €V), and the high-loss regimes (including all element-specific edges due to
intra- and interatomic excitations from core states to states above the Fermi level). Each
of those regions offers unique insights and information regarding the material’s properties
and is depicted in Fig. 21.13%7140 In this thesis, the primary emphasis is directed toward the
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investigation of high-loss regions, which can be directly correlated with the unoccupied
density of states of correlated oxide materials. Using state-of-the-art instrumentation,
such investigations can be conducted at the atomic scale, facilitating unprecedented char-
acterizations of interfaces.!3%140
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Figure 21: Illustrative diagram of a typical EEL-spectrum with three distinct regions: i) The
zero-loss region with the zero-loss peak. ii) The low-loss region highlights plasmonic excitations.
iii) The high-loss region with the core-loss edges with a prototypical O-K edge exemplification.

Energy-Loss Near-Edge Structure. Energy Loss Near Edge Structure (ELNES) not
only facilitates the differentiation of elements within a sample but also provides a deeper
understanding of the electronic state of the specimen.'#*1*? In many cases, this allows for
the deduction of structure-property relations. In particular, the spectral examination of
3d transition metals serves as a valuable approach to elucidate the oxidation states of the
constituent atoms, as evidenced in prior research. In the framework of this thesis, mainly
O-K, Mn-Ly 3, and Cu-Ly 3 edges are detected, analyzed, and interpreted in terms of the
ELNES. In this context, the L3 /Ls ratio has been calculated, which offers a reliable means
of assessing the oxidation state of the respective element.'*3 This method, based on the
distinctive spectral features exhibited in the L, and Lz edges, provides crucial insights
into the electronic configuration of the element, allowing for a comprehensive characteri-
zation of its chemical state and contributing significantly to the depth of analysis in this
research.!43

Due to the strong correlation of transition metals with oxygen, the O-K edge displays a
special role, in particular, its pre-edge region gives valuable insights into the electronic
state of the density of states comprising Cu, or Mn 3d, and O 2p orbitals.’** This unique
ability to differentiate between different electronic states of the same element at the atomic
scale underscores the significant advantage offered by EELS over all other existing spec-
troscopic techniques such as x-ray absorption spectroscopy or neutron scattering.
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2 La;CuO,—Sr,Cu0,_;5 Superlattices

In the first part of this thesis, I would like to emphasize the importance of STEM-EELS
investigations as a tool for atomic scale characterization of complex oxide interfaces. Here,
I present a robust methodology to distinguish between certain quantum states, namely in-
sulating, metallic, and superconducting states. The compounds La;CuO,4 and SroCuOy4_g
are used to create novel superconducting interfaces, which we study using STEM-EELS.
These materials serve as essential components in the study of advanced interfacial phe-
nomena, providing insight into the intricate properties of atomic-scale superconducting
systems. The goal of this project underscores the efficacy of epitaxial engineering in
controlling the transfer of spectral weight within a sample, particularly from the Upper
Hubbard Band (UHB) to in-plane or out-of-plane hole states and subsequently back to
the UHB. Using STEM-EELS analysis, we can visualize hole positions at the atomic scale
within CuO planes, allowing us to distinguish between insulating, metallic, and super-
conducting states. This precise localization of holes not only enhances our understanding
of material properties but also provides critical insight into the characterization of het-
eroepitaxial or intrinsic Josephson junctions. Importantly, this knowledge is particularly
relevant in the context of oxide-based superconducting spintronics, motivating further
exploration and applications in this cutting-edge field.

Contributions to this publication:

Nicolas Bonmassar conceived the project, wrote the initial manuscript, performed the
growth of all samples by MBE using in situ RHEED, prepared the samples by tripod pol-
ishing, performed the TEM acquisition, performed the TEM data analysis, performed
the sheet resistance and mutual inductance measurements, and performed the X-ray
diffraction measurements. Georg Christiani and Gennady Logvenov assisted with sample
growth. Ute Salzberger assisted with TEM sample preparation. Yi Wang assisted with
TEM data evaluation. Y. Eren Suyolcu and Peter A. van Aken supervised this project
and provided valuable input on data analysis. All co-authors revised the manuscript.

The following text and figures from this chapter are adopted from this publication: Bon-
massar, N., Christiani, G., Salzberger, U., Wang, Y., Logvenov, G., Suyolcu, Y. E. and
van Aken, P. A. Design and Differentiation of Quantum States at Subnanometer Scale in
LayCuO4-SroCuO,4_s Superlattices. ACS Nano, 10.1021/acsnano.3c¢01422 (2023).14
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Graphical Abstract. We investigated the distribution of holes, oxygen, and Sr content to
identify distinguishable quantum states. We achieved the capability to differentiate insulating,
metallic, and superconducting layers at the atomic scale. This figure has been reproduced with
permission from Bonmassar et al.'™
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2.1 Abstract

We present a study on the properties of superlattices made of ultrathin SroCuQy4_4 layers
sandwiched between LayCuO, layers beyond the antiferromagnetic insulating nature of
the individual layers of choice. Using molecular beam epitaxy, we synthesized these su-
perlattices and observed superconductivity and metallicity at the interfaces. We probed
the hole distribution to determine the discernible quantum states and found that the
high-quality epitaxy, combined with mapping the electronic fine structure by electron
energy-loss spectroscopy, allowed for the differentiation of insulating, metallic, and su-
perconducting layers at the atomic-column scale. Our results demonstrate the possibility
of exploring specific electronic properties at the subnanometer scale and highlight the
potential of utilizing metastable SroCuOy4_s slabs.

2.2 Introduction

Complex oxide materials with intricate electronic phase diagrams hold immense poten-
tial for investigating exciting physical phenomena, such as giant magnetoresistance,'4%146
and high-temperature superconductivity.'*” Lay,CuQOy, (LCO) serves as a model system for
high-temperature superconductivity, transitioning from an antiferromagnetic insulator to
a superconductor (SC) through hole®8151 or electron doping.'®> The use of MBE en-
ables the fabrication of high-quality oxide hetero-structures, allowing for the engineering
of physical properties at interfaces.®4:153154 For instance, in hetero-structures made of
two non-superconducting LCO layers, i.e., undoped LCO and overdoped Las_,Sr,CuQy4
(LSCO), the intermixing of the cations changes the electronic state of the individual ma-
terials, resulting in the emergence of interfacial superconductivity.*6:5%1%5

Characterizing the electronic states in superconducting cuprates is frequently accom-
plished using x-ray absorption spectroscopy (XAS)¥%157 and EELSY™ ! in conjunction
with scanning transmission electron microscopy (STEM). The pre-peak of the O-K edge,
which plays a key role in analyzing hole doping in superconductors,'®® 1% is the focus
of most studies. In the literature, various terminology has been proposed to describe
the O-K edge pre-peak in LSCO. In our work, we will address this emerging O-K edge
pre-peak as hole peak (HP). Chemical doping, such as Sr doping in LCO, shifts spectral
weight from the upper Hubbard band (UHB) to the HP, thereby introducing holes into
the system.'617163 Polarization-dependent XAS provides information on orbital occupa-
tion through high energy resolution,®®!'9%164 but with limited spatial resolution, which
is inevitable for characterizing innovative applications like Josephson junctions.'%> EELS
bridges this gap, offering atomic-scale characterization of orbital occupation, and the abil-
ity to quantify cations and anions, and their physical properties as a function of position
by probing different phases.

In this work, we aimed to differentiate between metallic, insulating, and superconducting
phases at the interface (IF'), by probing the holes and atomic distribution. To achieve this,
we designed a superlattice (SL) consisting of epitaxial ultra-thin tetragonal SroCuQO,4_g
(SCO) layers sandwiched between LCO layers, using an oxide MBE. In bulk, LCO crystal-
lizes in a tetragonal KoMgF-type structure, while SroCuQOg is orthorhombic and consists
of 1D chains of CuOy4-planes.'® By applying high oxygen pressure, the phase transition
from orthorhombic SroCuQOs to the tetragonal SCO is induced.!%® We utilize ultra-thin
SCO layers resulting in improved interface control when the SCO layers are sandwiched
between LCO layers. This design simultaneously exhibits superconductivity, metallic-
ity, and insulating phases and enables the analysis of holes and doping contents through
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STEM EELS analysis of the O-K, Cu-Lg 3, La-M, 5, and Sr-Ls 3 edges. The evolution of
the O-K edge pre-peak reveals the transfer of spectral weight from the UHB to the HP,
which drives superconductivity. The excitations of holes resulting in HPs, the presence of
oxygen vacancies, and the Sr content can be directly probed in individual atomic layers,
enabling the differentiation and characterization of quantum states at the atomic scale.

2.3 Methods

Oxide-MBE Growth

LCO-SCO bhilayer systems consisting of four unit cells LCO and one unit cell SCO have
been grown by atomic layer-by-layer oxide MBE for five times on a LSAO (001) substrates
(CRYSTAL GmbH) using an MBE system of DCA Instruments. The surface of the SL
is protected via an additional four unit cell thick LCO capping layer. The deposition
conditions during the growth were ~ 1-10~° Torr under oxidizing atmosphere consisting
of ozone, radical oxygen and molecular oxygen, and 640°C pyrometer temperature. After
the SL was grown, the sample was cooled in vacuum, from 210 °C to room temperature
to avoid the formation of interstitial oxygen doping as described elsewhere.'?3%* In situ
RHEED was performed during the growth to verify the quality of each deposited atomic-
layer.

Transport measurements and X-Ray Diffraction (XRD)

Resistance (R) measurement in four-point-probe configuration (Van der Pauw) with al-
ternative direct currents of £20 puA were carried out to verify superconductivity of the
hetero-structure. Mutual inductance (MI) measurements of the real and imaginary part
of the magnetic susceptibility in a two-coil configuration (parallel geometry) with an al-
ternative current of 50 pA and a frequency of 1000 Hz was employed. R and MI vs
temperature (T) measurements were controlled by a motorized custom-designed dipstick
(T change rate < 0.1 K/s) and the temperature was varied from room temperature to 4
K (liquid helium). Out-of-plane XRD measurement were performed with a diffractometer
equipped with a Cu-K,; source (Bruker D8 Cu-K,;1 = 1.5406 A to check the general
macroscopic quality of the sample.

Scanning Transmission Electron Microscopy

The preparation of electron-transparent specimen included diamond cutting and tripod-
wedge polishing. Afterwards, a precision ion polishing system (PIPS II, Model 695)
equipped with a liquid nitrogen cooling stage using argon ions was employed for final
thinning of all specimens with an estimated final thickness of 15 nm and all TEM
specimens yield similar thicknesses. STEM analyses have been performed with a JEOL
JEM-ARM200F STEM equipped with a cold-field emission gun, a probe Cs-corrector
(DCOR, CEOS GmbH) and a Gatan GIF Quantum ERS electron energy-loss spectrome-
ter equipped with a Gatan K2 direct electron-detection camera. EELS results and STEM
images were collected at a convergence semi-angle of 22 mrad resulting in a probe size of
0.8 A. For ADF imaging, the collection-angle range was 87-209 mrad. EELS data were
acquired at a collection semi-angle of 87 mrad. A pixel dwell time of 7.4 ms and an energy
dispersion of 0.5 eV /channel (resulting in an energy resolution of 1 eV) were used for all
EELS experiments. Principle component analyses (PCA) was applied to reduce the noise
in the spectrum images (SI).'%¢ After PCA including ten components, multiple linear least
square (MLLS) fitting was performed on the PCA treated SIs as described elsewhere. '
For the elemental profiles, ELNES spectra and the 2D projected line scans, MLLS fitting
and horizontal pixel summation were performed on raw data with no further treatment,
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Figure 22: Atomically resolved STEM imaging and transport properties of the LCO-
SCO SL. (a) Structural illustration of one of the five LCO-SCO blocks. Red, blue, and green
represent La, Cu, and Sr, respectively. (b) ADF overview image depicting the defect-free SL
consisting of a repetitive bilayer system, namely eight half-unit cells LCO and two half-unit cells
SCO, as well as an LCO protection layer, grown on an LSAO substrate with (001) orientation
along the [001] axis. The green line in panel (b) indicates the interface to the substrate. The
yellow and pink arrows point out the LCO-SCO and SCO-LCO interfaces IF1 and IF2, respec-
tively. (c) Resistance versus temperature (red) curve. The blue arrows point out the T onset
and Txr—o values. This figure has been reproduced with permission from Bonmassar et al.''4

SLs composed of five repetitive LCO-SCO bilayers were grown by oxide MBE in a layer-by-
layer regime and in situ monitored by reflection high-energy electron diffraction (RHEED).
To ensure an oxygen-interstitial-free sample, all SLs were vacuum-annealed post-growth.
The structural model of the building block, consisting of LCO and SCO, is illustrated in
Figure 22a. A low-magnification annular dark field (ADF) image, shown in Figure 221b,
provides a comprehensive overview of the SL grown on a LaSrAlO, (001) substrate and
displays a high-quality, perfect epitaxial structure without any undesired defects (see also
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Figure 23: In situ and macroscopic structural characterizations. (a) Intensity oscilla-
tions of Bragg reflections (see (c) blue, red, and green ellipse) during the growth. (b) Out-of-plane
x-ray diffraction of the superlattice with Cu-Ka source. (¢) LCO and (d) SCO RHEED image,
obtained during the growth. This figure has been reproduced with permission from Bonmassar

et al.t1*
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Figure 23). The LCO layers appear brighter compared to the SCO layers due to the differ-
ence in atomic weight between La and Sr (Z-contrast),'®® while minor contrast variations
are observed in the SCO layers. The chemical potential and crystallographic differences
between orthorhombic Sr,CuO3 and tetragonal LCO can result in La/Sr intermixing!%
as further discussed in the next section. The transport properties of this heterostructure
were measured with resistance yielding a T¢, Onset of 40 K and a Tr—_q of 32 K shown

in Figure 22, for mutual inductance measurement see Figure 24.
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Figure 24: Transport measurements. (a) Resistance and (b) mutual inductance vs. tem-
perature measurements. The blue and black arrows in panel (a) depict the onset and the R=0
temperatures from R vs. T, respectively. The red arrow in panel (b) highlights the maximum
of the imaginary part (grey line) and the inflection point of the real part (black curve). This

figure has been reproduced with permission from Bonmassar et al.''*

26



2.4 Tuned Spectral Weight Transfer from UHB to HP

A[TTTTTTTIT]T TTTTTTTT]TTTT
b | EIE | |
| . |
| . |
1 1
| . |
1 1
> .
I 533 eV peak
| . |
~ !} [ uke
=0 -
@ - fAvaaAST S——
—1 C 11
- 1 1
fy=d 11
wv) 1 1
c | . |
3 1 1
€ i
B .
@ 1 1
4 » .E 11
IF1 -.a.o.a.ooo.o‘ TEU 1
5o AR
1 d i
]
]
]
1
]
]
i
.Lco..'.‘...‘.j..l :
S & 8 = 2" " n :
. "as : >
0 ,
. "'_ s ff ||||||I|||1|||||||||||||||
520 530 540 550

Energy Loss (eV)

Figure 25: Spectral weight transfer from the UHB to HP. (a) ADF overview of the three
regions separated by two interfaces (IF 1 and IF 2) highlighting areas with no Sr (red) and high
Sr content (blue). (b), (c), and (d) Gaussian fits with energy constraints for the HP (blue) at
529 eV, the UHB (red) at 530 eV, and a peak at 533 eV (turquoise). Spectra have been obtained
from the top, middle, and bottom areas away from the interface, as indicated by the red and
blue arrows. This figure has been reproduced with permission from Bonmassar et al.'™

Figure 25a presents a high-magnification image capturing the two key interfaces (IF), i.e
IF1 for LCO-SCO and IF2 for SCO-LCO. Our aim was to shed light on the transfer of
spectral weight from the insulating LCO layers (UHB) to the hole-containing supercon-
ducting and metallic LSCO layers. By focusing on the pre-peaks of the O-K edge (Figure
25b-d), we were able to uncover insights into this complex process. In Figure 25a, the
interfacial region is further analyzed by dividing it into three different areas. An LCO
area (top, Fig. 25b) separated from the SCO layer (middle, Fig. 25¢), and an LCO area
succeeding the SCO layer (bottom, Fig. 25d). Using Gaussian fitting, we identified three
distinct peaks, each with its own characteristics. The first peak (i) the HP at ~529 eV
(blue) is situated at lower binding energies compared to (ii) the UHB peak at ~530 eV
(red), and (iii) a shoulder of the main edge onset at 533.0 eV (turquoise). The results of
this analysis are visually compelling and illustrate the efficiency of spectral weight transfer
from the UHB to the HP, which is located at lower binding energies.!®:17%17 Tn subse-
quent analyses, we aim to further dissect the interfacial area and examine the evolution
of holes, Sr- content, and oxygen vacancy formation at the atomic scale.
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2.5 Probing the Interfaces: Insulating, Metallic, and
Superconducting CuO Planes
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Figure 26: EELS spectrum imaging and corresponding elemental profiles across
both interfaces, IF1 and IF2. (a) Color-coded RGB elemental map (La: red, Cu: green, and
Sr: blue) of an interfacial region in the SL. The growth direction (purple arrow) was along the
crystallographic ¢ direction and interfaces IF1 and IF2 are depicted as yellow lines. (b) Projected
—La, Sr, O, and Cu profiles of the whole area at and near the interfaces. The dashed yellow line
marks the Sr content obtained from samples with Laj 5519 35CuQy4 layers, instead of LasCuQOy4
layers to differentiate between superconducting and metallic layers. The green background in
(b) depicts the area, where a small Sr content is accompanied by a none detectable amount of
oxygen vacancies, the grey background depicts the area, where there are many oxygen vacancies,
and the red background highlights the two areas, where neither Sr nor oxygen vacancies could
be detected. This figure has been reproduced with permission from Bonmassar et al..''*

We sought to uncover the precise electronic character of the layers in question by making
an initial distinction of the corresponding layer positions and correlating O-K and Cu-Ls 3
edges. This effort is showcased in Figure 26a, where we present an atomically resolved
2D elemental mapping of the interfaces in detail.!67
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Figure 27: (a) La-My4 5, (b) Cu-L3 and (c) Sr-Lo3 edges extracted from the same location as
in Fig. 28c. This figure has been reproduced with permission from Bonmassar et al.''4

The eight consecutive CuO planes (green) are numbered to guide the reader through the
Sr-induced holes, with green denoting the CuO planes. The first and the last Cu octahe-
dra (planes #1 and #8) showed no detectable amount of Sr as expected for an undoped
LCO layer. Conversely, Cu positions #2, #6, and #7 revealed a small Sr content but no
detectable oxygen vacancies. Note that the dashed yellow line in Figure 26b highlights
a Sr content of x=0.35 and was obtained from EELS measurements of a SL consisting
of Lay g5510.35CuQy and SroCuQy. Excitingly, three Cu octahedra with high Sr content
(positions #3, #4, and #5) showed evidence of oxygen vacancies (Fig. 26b). With this
chemical information about the elemental distribution at the interfaces in hand, we were
able to correlate it with the electronic configuration regarding the hole distribution, as
seen in Figure 28.

In Figure 28 a,b, the projections of the Cu-Ls edge and the O-K pre-edge obtained
from an EELS spectrum image are shown, with the latter integrated along the crystallo-
graphic [100] direction. As for the [001] direction, spatially resolved energy-loss maps are
presented. Due to the overlap of the Cu-L3 edge with the La-M, edge, the Cu-Ls white
lines are not used for fine structure analyses, however, are presented in the Figure 27b.
In addition, the raw spectra of La-M, 5 and Sr-Ly 3 have been added in Figure 27a,c.

While the Cu-L3 edge highlights the position of the Cu columns for orientation, the O-K
pre-edge region displays the in-plane (red spectra) and out-of-plane (blue spectra) orbital
occupation as indicated in Fig. 28c. The first Cu plane #1 with no Sr content (see
black profile in Fig. 26b) exhibits a shoulder indicating the UHB at 530 eV, but no holes
are detected. At the second Cu position (#2), holes enter the in-plane and out-of-plane
orbitals due to the presence of Sr without any detectable oxygen vacancies. With higher
Sr concentrations, more holes are present, e.g., the HP increases in positions #3, #4, and
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#5. Between Cu positions #5 and #6 a maximum of holes is depicted in the out-of-plane
position, which has already been reported before in overdoped samples.'%® This increasing
HP is accompanied by an increase in oxygen vacancies, as indicated by the oxygen profile in
Figure 26¢ (black), resulting in CuOg-octahedra that fulfill all requirements for metallicity,
such as oxygen vacancies, high Sr content, and strong hole doping. In parallel to the
second Cu position, the following two Cu positions (#6 and #7) exhibit conditions for
superconductivity, including small Sr-content, holes, and no detectable oxygen vacancies.
Finally, the last Cu plane (#8) shows no signs of Sr, no holes, and fully oxygenated
species. Figure 28d illustrates the three distinct quantum states identified in our SL,
including insulating phases (red), metallic (gray), and superconducting (green) areas.
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Figure 28: Differentiation between in-plane and out-of-plane orbital occupation via
EELS spectrum imaging and O-K pre-edge analysis. Spatially resolved EELS maps of
the (a) Cu-Ls edge and (b) O-K edge. The intensity bar in panel (a) corresponds to both heat
maps and interfaces IF1 and IF2 are depicted as yellow lines. (c) EEL Spectra were collected at
different positions (1 to 8) and subdivided into out-of-plane (blue) and in-plane (red) orbitals.
The shaded region (blue) at 527-529 eV highlights the pre-peak region of the O-K edge. The
green background in (c) depicts the area where superconductivity occurs, the grey background
depicts the area where metallicity arises, and the red background highlights the areas where
an insulating phase ensues. (d) Schematic of the three distinct quantum states: insulating
(red), superconducting (green), and metallic (grey) areas. This figure has been reproduced with

permission from Bonmassar et al.'™
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2.6 Discussion

We report the successful synthesis of high-quality SCO-LCO SLs, in which distinct quan-
tum states are generated at specific sub-lattices. Our findings demonstrate the delo-
calization of holes within the conducting layers, resulting in the establishment of three
distinct quantum states: superconducting, metallic, and insulating phases. Furthermore,
these three distinct states could be locally identified as insulating LCO layers and Sr-
containing conducting LSCO layers.''® The achievement of ultra-thin metallic tetragonal
SroCu04_g, instead of insulating orthorhombic SroCuOsg is attributed to the high ozone
pressure during growth and the epitaxial compressive strain induced by the LaSrAlO4
(001) substrate. Note that the SCO layer is metallic due to hole doping from additional
oxygen in the structure, c.f. the additional sample presented in Figure 29.
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Figure 29: Sheet resistance normalized by the resistance value at 300K versus tem-
perature of another superlattice with thicker SCO (two unit cells) and thinner LCO
(three unit cells) layers. Here, the non-linear behavior for temperatures above T resembles

a more Fermi liquid behavior. This figure has been reproduced with permission from Bonmassar
et al.'14

Based on the absence of superconductivity in strongly over-doped Laj 65510.35Cu0O4_5 and
SCO hetero-structures (as shown in Figure 30), the superconductivity in SCO-LCO SLs
emerges from the interfacial region and not from the SCO layer. In contrast to the absence
of holes in SroCu0330, our SL, which shows the presence of holes (cf. Figs. 26 and 28),
exhibits interfacial superconductivity with T¢, onset ~ 40 K (cf. Fig. 22c).

In an earlier study, it was demonstrated that high-temperature superconductivity emerges
in a single CuO plane31. Here, we show the presence of different superconducting CuO
planes at the bottom and top interfaces between LCO-SCO-LCO heterostructures. The
single bottom superconducting CuO plane shows a less pronounced pre-peak as compared
to the top superconducting CuO planes, most likely due to a broader Sr distribution in
the top layers. The broad superconducting transition is a result of every superconducting
CuO plane exhibiting its own T¢, due to the varying distribution of Sr in the LCO ma-
trix.3"15° These results demonstrate the effective control of the hole distribution and the
establishment of distinct quantum states in our SCO-LCO SLs, which represents a sig-

31
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nificant advancement in the field of superconductivity. The results of our fitting analysis
(Fig. 25) provide strong evidence of the atomic-scale differentiation of conducting phases
in the synthesized SCO-LCO SL.
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Figure 30: Additional sample composing of La; 65Sr(35Cu04—SroCu0,_; layers. (a)
Overlay of HAADF and inverted annular bright-field (iIABF) images highlighting both interfaces,
IF1 and IF2. (b) Real (black) and imaginary (gray) parts of mutual inductance vs. temperature
measurement. (c¢) EELS elemental map depicting Cu (green), La (red), and Sr (blue) positions
in the superlattice. (d) Profiles obtained as in [100] direction integrated elemental distribution

along the [001] direction. This figure has been reproduced with permission from Bonmassar et
al.114

Specifically, we observe two phase-pure (i.e., undoped) LCO layers separated from a Sr-
doped region, where holes are detected. Our findings reveal a transfer of spectral weight
from the upper Hubbard band at 530 eV in the pure insulating LCO layer to the HP
at 529 eV in Sr doped LCO, where holes are present. These observations enable us to
differentiate between the metallic and superconducting phases based on the number of
holes and the presence of oxygen vacancies.

Our study demonstrates the versatility of our epitaxial engineering approach in enabling
the transfer of spectral weight from the UHB to in-plane or out-of-plane hole states and
back to the UHB in the same sample. Figure 28c showcases the distinction between
the superconducting area, indicated by a green background, which indicates holes, small
amounts of Sr,; and no detectable oxygen vacancies, while the insulating region, high-
lighted by a red background, lacks holes, Sr dopants, and oxygen vacancies. With the
help of STEM-EELS analyses, we provide direct and atomic-scale visualization of the HPs
through a plane-by-plane spatial mapping, with which we can distinguish between insulat-
ing (no holes), metallic (holes, oxygen vacancies, and high Sr content), and superconduct-

32



2.6 Discussion

ing (holes, no detectable oxygen vacancies, and low Sr content) CuO-planes. Our results
show the precise localization of holes in highly correlated systems with sub-nanometer
resolution and provide a crucial tool for the characterization of hetero-epitaxial®” or in-
trinsic Josephson junctions,'%%172173 which are attracting growing interest in oxide-based
superconducting spintronics.
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3 La;g4Srj16CuO,4—Sry_.La,MnO, Superlattices

Drawing from the outcomes delineated in the preceding section, wherein the intermixing
of Sr and La atoms at the interface drives the observation of high- T superconductivity,
the focus in this section lies in elucidating the pivotal role of interface sharpness. Here,
the ultimate objective is to attain a state of minimal intermixing of two neighboring
phases, wherein both materials retain their inherent properties without any discernible
alterations. While SrLaMnO4 and Lay_,Sr,CuO4 may exhibit structural compatibility
at the epitaxial interface, achieving chemical perfection and the necessary absence of de-
fects or precise apical oxygen spacing remains a challenge critical for properties such as
superconductivity. The initial layers of superconducting materials on substrates are often
referred to as "dead layers', lacking superconductivity. In oxide-based superconducting
materials, where coherence lengths are smaller than in metallic counterparts, these consid-
erations gain heightened importance. The imperative task lies in minimizing the chemical
potential at the interface, a prerequisite for the realization of high- T oxide-based super-
conducting spintronics in the future. Thus, this study not only underscores the existing
challenges, but also provides a roadmap for overcoming these obstacles, thus motivating
the pursuit of advanced oxide-based superconducting spintronics.
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3.1 Abstract

3.1 Abstract

One of the unsolved problems for using high- 7> superconducting cuprates for spintronic
applications is the short coherence lengths of Cooper pairs in oxides (a few A), which
requires atomically sharp and defect-free interfaces. Our research demonstrates the pres-
ence of high- Tx superconducting Lay g451916CuQy4 in direct proximity to SrLaMnO,4 and
provides evidence for the sharpness of interfaces between the cuprate and the manganite
layers at the atomic scale. These findings shed light on the impact of the chemical po-
tential at the interface of distinct materials on highly sensitive physical properties such
as superconductivity. Additionally, our results show the high stability of ultrathin layers
from the same KoNiFy-type family, specifically one unit cell of Sry_,La,MnO4 and three
unit cells of Laj g4Srg16CuOy4. This work advances both the fundamental understanding
of the proximity region between superconducting cuprates and manganite phases and the
potential use of oxide-based materials in quantum computing.
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3.2 Introduction

The study of cuprate-manganite interfaces has gained significant attention in recent years
for its potential in oxide-based quantum computing,3>5%1™ and its impact on proximity-
7 and exchange bias effects.*” The goal of creating a superconducting m-qubit that is
fully isolated from its surroundings is a topic of ongoing research.®%:176-180 However, a ma-
jor obstacle in achieving this goal is the short coherence lengths £ of Cooper pairs in oxide
materials, which are only a few tens of A and a few A for Ein—plane aNd Eout—of—plane, TESPEC-
tively.!™ Due to these extremely short coherence lengths, the control of superconductivity
at the interface in direct proximity to the tunnel barrier is of utmost importance.*18!

It is well known that superconductors are highly susceptible to changes in their api-
cal oxygen distances or small off-stoichiometries in their chemical distribution.'®*!83 Even
a thin layer of one half-unit cell of non-superconducting material at the top and the bot-
tom interface can inhibit Josephson coupling between the two superconductors without
considering the actual tunnel barrier. To minimize structural or chemical defects at the
interface, choosing a tunnel barrier should not only be based on structural compatibility
but also on the chemical potential difference between the tunnel barrier and the supercon-
ducting material.?® It is also known that intermixing occurs at the interface between two
materials with different elements.f%!%* A minimization of the difference in the chemical
potential at the interface leads to less intermixing. Therefore, controlling the chemical
potential difference at the interface also means controlling the physical properties.

In this work, we study the effect of minimizing the chemical potential between optimally
doped superconducting Laj g4Srg16CuOy (LSCO) and insulating Sry_,La,MnO, phases
(with either x = 0, SMO, or x = 1, LSMO) by doping SroMnO,4 with La. To achieve
high-quality interfaces, we use ozone-assisted MBE monitored by in situ RHEED.%40:45
This method allows us to control the growth of our samples and ensure that the inter-
faces are of the highest quality. For a thorough structural and chemical characterization
of the interfaces at the atomic scale, we utilize several STEM techniques such as ABF
imaging, HAADF imaging, EELS, and ELNES analyses. These techniques enable us to
visualize and analyze the interfaces at the atomic level and gain a deep understanding
of their structure and composition. Distortions of superconducting CuQOg- and insulating
MnOQOg-octahedra are a result of the Jahn-Teller effect and can be imaged using ABF.!5°
As structural distortions can have a profound influence on the electronic configuration of
the material, we show the unoccupied density of states (DOS) to highlight the complex
orbital occupation in the interfacial CuOg- and the MnOg-octahedra.

Finally, we show how to control superconductivity in the proximity region to a tunnel
barrier by manipulating the chemical potential at the interface. Our findings provide
valuable insight into the relationship between chemical potential and superconductivity
and can help further the development of oxide-based quantum computing.

3.3 Methods

Oxide-MBE Growth

LSCO-(L)SMO heterostructures consisting of three unit cells LSCO and one unit cell
(L)SMO were grown by oxide MBE on a LSAO (001) substrates (CrysTec GmbH) using
ozone-assisted-MBE (DCA Instruments). The deposition conditions during the growth
were & 1 -107° Torr (under an oxidizing atmosphere consisting of ozone, radical- and
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3.4 Overview of the As-Grown Samples

molecular oxygen) and 640 °C (pyrometer temperature). Each growth was monitored by
in situ RHEED to assure for atomic layer-by-layer growth.

Transport Measurements and X-Ray Diffraction (XRD)

Resistance (R) measurements with alternative direct currents of +30 pA were carried
out in four-point-probe configuration (Van der Pauw) to verify superconductivity of the
superlattices. Mutual inductance (MI) measurements were employed in a two-coil con-
figuration (parallel geometry) with an alternative current of 50 pA and a frequency of
1000 Hz. All temperature (T) dependent measurements were controlled by a motorized
custom-designed dipstick (T change rate < 0.1 K/s) and the temperature was varied from
room temperature to 5 K. Out-of-plane XRD measurements were performed to check the

general macroscopic quality of the sample. The diffractometer was equipped with a Cu-
K, source (D8 Cu-K,;1 = 1.5406 A).

Scanning Transmission Electron Microscopy

Electron-transparent specimens were prepared by tripod-wedge polishing. A subsequent
precision ion polishing system (PIPS II, Model 695) equipped with a liquid nitrogen filled
cooling stage, to ensure for a safe sample preparation without severely damaging the sam-
ple, using Ar" ions thinned the sample down to < 20 nm thickness. All STEM analyses
were performed using a JEOL JEM-ARM200F STEM equipped with a cold-field emis-
sion gun, a probe Cs-corrector (DCOR, CEOS GmbH) and a Gatan GIF Quantum ERS
electron energy-loss spectrometer equipped with a Gatan K2 direct electron-detection
camera. EELS and STEM results were collected at a convergence semi-angle of 22 mrad
resulting in a probe size of 0.8 A. For ADF imaging, the collection-angle range was
87-209 mrad. EELS data were acquired at a collection semi-angle of 87 mrad. A pixel
dwell time of 3.7 ms and an energy dispersion of 0.5 €V /channel (resulting in an energy
resolution of < 1 eV) was used for the EELS elemental mapping and profiles, whereas for
the Mn-L3 /Ly ratio determination a dispersion of 0.25 eV /channel was used (resulting in
an energy resolution of ~0.5 eV). Principle component analyses (PCA) were applied to
reduce the noise for the color-coded RGB maps in 34a,c and 40a. After PCA utilizing
ten components, multiple linear least square (MLLS) fittings were performed on the PCA
treated Sls as described elsewhere.'®” The elemental profiles and all ELNES spectra with
their subsequent analyses regarding the Mn-L3 /L, ratios were extracted from raw data.

3.4 Overview of the As-Grown Samples

Here, we present SLs of ultrathin superconducting and insulating layers with a total thick-
ness of ~ 25 nm. We designed two different SLs, each consisting of a fourfold repetition of
three unit cells LSCO and one unit cell SMO- or LSMO-layers, respectively (Figure 31a,b
and Figure 32). An overview of the high-quality SL with alternating LSCO and LSMO
layers is shown in the HAADF image in Figure 31b and similar results are presented in
Figure 33 for the SL with SMO layers. The image shows an alternating pattern of thick
bright LSCO layers and thinner dark LSMO layers with atomic resolution, starting from
the substrate (red bar). The black profile on the left in Figure 31b highlights the HAADF
intensity along the SL. The topmost unit cell of the LSCO layer at the surface was affected
by environmental influences like moisture and is observed as a damaged layer on top of
the heterostructure. To preserve the continuity of the interfaces, the last three unit cells
of LSCO on top of the SL are deposited as a protective layer. In addition, the RHEED
pattern in Figure 37 points out the sharpness of the interfaces as the 5x5 reconstruction
could be retained after the deposition of the first unit cell LSCO after the LSMO layer.
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Figure 31: Overview (a) Schematic of the designed heterostructures, with x = 0 and x = 1. (b)
Left: HAADF intensity profile integrated from the HAADF image. Red and blue backgrounds
account for LSCO and LSMO layers, respectively. Right: HAADF overview image of the SL
consisting of LSCO and LSMO. The red bar points out the interface from the substrate to the
first LSCO layer. This figure has been reproduced with permission from Bonmassar et al.”!
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Figure 32: X-ray diffraction of both SLs. Top and bottom diffractogram corresponds to
the SL with SMO and LSMO, respectively. This figure has been reproduced with permission
from Bonmassar et al.”!
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Figure 33: Overview of the superlattice with SroMnQy. (a) ADF overview image of the
SL consisting of LSCO and SMO. The red bar points out the interface from the substrate to
the first LSCO layer. The green box highlights the formation of a 113-type layer in the SMO
area. (b) Overlay of high-angle annular dark field and inverted annular bright field images. This
figure has been reproduced with permission from Bonmassar et al.”
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3.5 Chemical Distribution of Elements

We investigate the two interfaces (IF1 and IF2 highlighted by white dashed lines in Figure
34a,c) of the cuprate-manganite systems using STEM combined with EELS for chemical
mapping, which were denoised for a better guide to the eye for the reader (see Figure 35
for raw spectrum images).
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Figure 34: Chemical distribution of elements. (a), (c) EELS elemental mapping and (b),
(d) EELS elemental profiles across two interfaces, IF1 and IF2, highlighted as dashed white lines
for both superlattices, respectively. The small black arrows highlight differences in La and Sr
content within one unit cell of LSMO (a) and SMO (b). The color code for the EELS mapping
and the elemental profiles is red: La, blue: Sr, green: Cu, yellow: Mn, and black: O. This figure
has been reproduced with permission from Bonmassar et al.”!
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3.6 Ultra-Thin Superconducting Films

The extracted profiles are obtained from raw data and show one to two atomic layer La/Sr
intermixing at both sides of the interfaces (see black arrows in Figure 34b,d). Notably,
no intermixing of Cu and Mn atoms was observed within the experimental sensitivity of
our instruments, despite the thickness of only one unit cell of LSMO and SMO. Both
samples show clear signs of Sr segregation (see black arrows below IF2) and more La is
detected in the bottom part of the respective unit cell (see black arrows on top of IF1).
This segregation is due to the atomic weight differences between La and Sr and has been
discussed elsewhere.'® Note that the SMO layer displays a stronger intermixing of Sr and
La cations as compared to the LSMO layer. The effect of this unique type of intermixing
on the oxidation state of the Mn atoms will be further explored later on using atomically-
resolved fine-structure analyses of each MnOg-octahedron. Finally, oxygen vacancies could
be detected in the SMO layers but not in the LSMO layers.

Growth Direction

Figure 35: EELS elemental mapping obtained from raw data. (a) and (b) SLs with
SMO and LSMO, respectively. The black arrows highlight the two interfaces (IF1 and IF2).
This figure has been reproduced with permission from Bonmassar et al.”!

3.6 Ultra-Thin Superconducting Films

Both SLs show high- T¢» superconductivity, despite using ultrathin layers of LSCO as indi-
cated by resistance (Figure 3a) and mutual inductance (Figure 36b) measurements. The
resistance curves reach zero resistance at 31 K and 38 K for the sample with SMO and
LSMO, respectively. The SL with LSMO shows a sharper transition. Mutual inductance
measurements reach a full diamagnetic response signal at 25 K and 32 K in the SL with
SMO and LSMO, respectively. The differences in critical temperatures between mutual
inductance and resistance measurements are typically attributed to a percolation origin of
superconductivity resulting from the proximity effect.*®!8% The ultrathin layers of LSCO
used in this study are susceptible to exhibiting different critical temperatures due to
small differences in the structural and/or electronic configuration,**'%¢ such as CuOg oc-
tahedral tilts, elongations, or compressions. Furthermore, the ultrathin superconducting
LSCO layers are sandwiched between non-superconducting manganites, which can lead
to a buckling of the CuO, planes.'®” In addition, the in situ RHEED pattern indicates the
presence of four streaks (Figure 37),'®® which depict a 5x5 super structured oxygen or-
dering,* typically associated with the presence of superconductivity in optimally doped
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LSCO. Our findings allow us to combine the microscopic information of sharp LSCO
structures with the macroscopic evidence for a clean and optimally doped LSCO unit cell
in direct proximity to an insulating phase.
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Figure 36: Physical properties of both samples. (a) Resistance and (b) mutual induc-
tance vs. temperature curves in blue squares and red circles for the SL with SMO and LSMO,
respectively. The inset in (a) shows the setup for the used four-point van der Pauw geometry.
Imaginary parts of the mutual inductance measurements are depicted in lighter blue and lighter
red colors, respectively. This figure has been reproduced with permission from Bonmassar et
al.”!

Figure 37: RHEED pattern of the first unit cell LSCO after the LSMO phase highlighting
the 5x5 superstructure with four white ellipses. This figure has been reproduced with permission

from Bonmassar et al.%*
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3.7 Apical and Basal Oxygen Distances

3.7 Apical and Basal Oxygen Distances

In a first step, we demonstrate the presence of typical anti-Jahn—Teller distorted LSCO
layers in close proximity to the formally insulating manganite phase by measuring the
oxygen-oxygen distances in both basal and apical directions.”® We utilize ABF imaging
to determine the basal and apical oxygen distances of the different CuOg- or MnOg-
octahedra. Figure 38 shows overlays of inverted ABF (iABF) and HAADF images and
their analyses.
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Figure 38: Apical and basal oxygen distances for the SL with SMO (a) and with LSMO (b).
The top parts are overlays of HAADF and iABF images for simultaneous visualization of oxygen
and A, and B site cation positions. The green arrow points out the growth direction and the two
octahedra depict the apical and basal oxygen distances for SMO and LSMO bulk material. 8919
Error bars arise from two times the standard deviation of atomic-column positions within the
same plane. This figure has been reproduced with permission from Bonmassar et al.”!

Additionally, we distinguish between different planes inside the CuOg- (green bars) and
MnOg-octahedra (yellow bars). The basal oxygen distances (red circles) remain constant
for the manganites and the cuprates in both samples (SMO in Figure 38a, LSMO in
Figure 38b) and are the same as in the LSAO (001)-oriented substrate, i.e., 3.75 A.1%
Due to the total thickness of only 25 nm, this holds true for all layers, even for the ones
that are far away from the substrate. The apical oxygen distances (blue squares), show
a significant decrease when transitioning from LSCO layers (4.6 A and 4.75 A) to man-
ganite layers (4.0 A and 3.9 A). Furthermore, we observe a sharper decrease at interface
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1 (IF1) and a sharper increase at interface 2 (IF2) of the CuOg apical oxygen distances
in the SL with LSMO compared to the SL with SMO. Additionally, the apical oxygen
distances of only 3.9 A for the ultrathin LSMO layers are notably different from their bulk
counterparts, which have a distance of 4.5 A.%® This indicates the presence of strongly
compressed MnQOg-octahedra. These longitudinal compressions alter the electronic con-
figuration of the materials by raising the 3dz? — 72 (out-of-plane) states, resulting in more
occupied 3dz? — y? (in-plane) orbitals.'”! The same compression compared to the bulk
material has been detected in HAADF results, c.f. Figure 39.
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Figure 39: Out-of-plane (blue boxes) and in-plane (red circles) A-site cation dis-
tances obtained from HAADF images for the SL with SMO (a) and LSMO (b). The green
arrow points out the growth direction and the red and blue arrows depict the out-of-plane and
in-plane distances for SMO and LSMO bulk material. Error bars arise from two times the
standard deviation of atomic-column positions within the same plane. This figure has been
reproduced with permission from Bonmassar et al.%!
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In addition, a reduction of the cell volume has been detected in the SMO layer, which is
in agreement with the detection of oxygen vacancies in this phase. Such strong effects can
even result in completely different physical properties in the strained thin film compared
to the unstrained bulk material.!6%:192:193
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3.8 Electronic Configuration of the Interfaces

The impact of these structurally distorted MnOg-octahedra on the electronic configura-
tion of the manganite layers is characterized by utilizing ELNES analyses with atomic
resolution (Figure 40).
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Figure 40: Electronic configuration of the one unit cell thick manganite layers in
direct proximity to two superconducting LSCO layers. (a) EELS elemental mapping
serves as a guide to the eye for the different regions where the following EEL spectra have been
integrated. The green arrow points out the growth direction. (b) Mn-Ls 3 edges (orange) of the
first and second monolayer of the respective unit cells for SMO (blue background) and for LSMO
(red background). The spectrum with the purple background in (b) represents the difference
spectrum between the sum of spectra 1 and 2 for LSMO and SMO, which highlights the earlier
onset of the Mn-Ls 3 edge in LSMO compared to SMO. (¢) Mn-Lsy 3 ratios of the respective
manganese layers with Mn3t and Mn** reference ratios obtained from LaMnO3 and SrMnO3,
respectively. (d) O-K edges (black) of the first and second monolayer of the respective unit
cells SMO (blue background) and LSMO (red background), and the sum of the top and bottom
O-K spectra for LSCO monolayers (green background). Each pre-peak is fitted with a Gaussian
function (green) and the residual signal of the O-K edge is depicted in turquoise. This figure
has been reproduced with permission from Bonmassar et al.9t

To gain a deeper understanding of the individual unoccupied DOS of the MnOg-octahedra,
we divide the crystallographic unit cell of the Sry_,La,MnO, phases into first and second
monolayers as shown in Figure 40a and perform ELNES analyses on raw data. Then, we
compare the individual Mn-Ls 3 edges of SMO (blue background, Figure 40b) with the
Mn-Ls 3 edges of LSMO (red background, Figure 40b). A difference spectrum (Figure
40b, purple background, LSMO spectrum minus SMO spectrum from position 1) of the
two manganite phases highlights the earlier onset of the Mn-L3 edge in LSMO compared
to SMO. The Mn- L3/ L, ratios are consistently lower for Mn atoms that are located in the
second monolayer, indicating higher oxidation states of these Mn atoms. The Mn-Ls/ Lo
ratios are calculated by the method of Tan et al. in Figure 40c.!% The reference values
for the Mn-L3/ L, ratios of Mn®™ and Mn** have been determined from bulk SrMnO3 and
LaMnOs. A more pronounced difference in valence states is observed in SMO, whereas
only a small difference in valence states is observed in LSMO. Finally, the fitted Gaussian
functions in the pre-edge region of the O-K edges (Figure 40d) highlight a smaller pre-
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peak in La-doped LSMO compared to SMO, indicating a lower Mn valence in the LSMO
layer. This finding qualitatively confirms the results from the Mn-L,3 edge analyses,
where a lower oxidation state of Mn atoms in LSMO is detected. However, an electronic
differentiation of the two separate MnOg-octahedra of the O-K pre-peak was not possible
in contrast to the L3/Ls ratio determination, where small differences could be detected.
Furthermore, the O-K edge pre-peak (mobile carrier peak) at 528.8 eV of the CuOg-
octahedra (green Gaussian fit with green background in Figure 40d) together with the
high apical oxygen distance of 4.75A (Figure 38b) indicates superconducting bottom and
top CuOg-octahedra that are separated by only one unit cell thick LSMO. Note that,
the O-K edge pre-peak in the LSCO layer, which is induced by Sr-doping of a charge
transfer insulator (LasCuQy) resulting in the introduction of mobile carriers, should not
be confused with the O-K edge pre-peak of other antiferromagnetic insulators like bulk
LSMO and bulk SMO that stay an insulator despite exhibiting a pre-peak in the O-K
edge.?

3.9 Discussion

In summary, this is the first report about SLs consisting of only one unit cell thick SMO
and LSMO layers between three unit cell thick superconducting LSCO layers. We de-
liberately focused on completely disentangled CuOg and MnOg octahedra, to avoid any
interfacial hybridization of Cu 3d and Mn 3d orbitals, resulting in chemically sharp and
superconducting interfaces. Notably, both LSMO and SMO deviate from their formal
valence states of pure Mn3* and Mn**, respectively. However, the deviation from the
formal pure Mn?* state for LSMO lies within the possible stoichiometry variations that
can originate from the calibration of metal fluxes (= 5% off stoichiometric) prior to the
MBE growth. The deviation from the formally pure Mn** in the SMO layer is also due
to the formation of oxygen vacancies in this phase, thereby lowering the Mn valence to a
mixed Mn**/Mn3" state.

On top of that, both manganite layers show clear signs of intermixing with neighboring
La cations that ultimately alter the oxidation state of the manganese atoms. A stronger
effect of the asymmetric cationic distribution on the Mn valence could be detected in
the SMO layer compared to the LSMO layer (c.f. Figure 34b,d and Figure 40c). We
attribute this finding specifically to the higher chemical potential between LSCO and
SMO as compared to the chemical potential between LSCO and LSMO. Additionally, a
113-type parasitic phase can be detected in the SL consisting of SMO as indicated in Fig.
33a. These differences between the intermixed SMO phase and the more stable LSMO
phase indicate the importance of the chemical potential between the two phases on both
sides of the interface. The top and the bottom LSCO layers in direct proximity to LSMO
are less affected regarding their apical oxygen distances and Sr content as compared to
the LSCO layers next to SMO. Differences in Sr/La intermixing that directly influence
the apical oxygen distances and defect formation (parasitic 113-type phase in SL with
SMO) account for the higher T¢ in both resistance and mutual inductance measurements
of the SL with La-doped LSMO.

Structurally, most materials with similar crystallographic a and b axes will match per-
fectly at the interface when epitaxially grown. However, this does not guarantee chemical
perfectness, the absence of defects, or the apical oxygen distances required for certain
physical properties such as superconductivity. In fact, the first layers of superconducting
materials on top of the substrate or layered structures are often referred to as “dead layers”
due to the absence of superconductivity in these layers.*? This is particularly important
for oxide-based superconducting materials, as the coherence lengths of Cooper pairs in

46



3.9 Discussion

oxide materials are smaller than in superconducting metals. Therefore, it is crucial to
minimize the chemical potential at the interface for the realization of future high-T¢
superconducting oxide-based spintronic.
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4 Bi-Directional Growth of Thin Films: Unlocking
Anisotropic Ferromagnetism and Superconductivity

In this section, I present an advanced growth model that enables a bi-directional growth
of thin films. Upon growing on offcut substrates, one gains an additional degree of free-
dom regarding the growth direction, effectively allowing for an atomic terrace-by-terrace
type of growth along the in-plane and out-of-plane direction Exciting possibilities open up
within the groundbreaking bi-directional growth model that holds the key to the design
of novel quantum materials. Based on the insights gained in the previous sections, the
combination of state-of-the-art growth methods such as MBE and advanced characteriza-
tion techniques such as STEM-EELS has led to this discovery. This advance opens new
frontiers in the search for innovative materials with unprecedented functionalities and po-
tential uses in industry and fundamental science including in-plane Josephson junctions,
magnetic tunnel junctions, anisotropic colossal magnetoresistance effects, or new epitax-
ial designs such as the design of Peltier element /high- T¢> superconductor heterostructures.

Contributions to this publication:

Nicolas Bonmassar conceived the project, wrote the initial manuscript, performed the
growth of all samples by MBE using in situ RHEED, prepared the samples by tripod
polishing, performed the TEM acquisition, performed the TEM data analysis, performed
the XRD measurements, performed the resistance measurements on the devices, and
performed the superconducting quantum interference device measurements. Georg Chris-
tiani and Gennady Logvenov assisted with sample growth. Maximilian Brucker performed
atomic force microscopy. Y. Eren Suyolcu and Peter A. van Aken supervised this project
and provided valuable input on data analysis. All co-authors revised the manuscript.

The following text and figures from this chapter are adopted from: Bonmassar, N., Chris-
tiani, G., Brucker, M., Logvenov, G., Suyolcu, Y. E. and van Aken, P. A. Bi-Directional
Growth of Thin Films: Unlocking Anisotropic Ferromagnetism and Superconductivity.
Adv. Funct. Mater., 10.1002/adfm.202314698 (2024).1%
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Graphical abstract This bi-directional growth enables the simultaneous control of in-plane
and out-of-plane orbital occupation. A notable outcome involves the realization of anisotropic
ferromagnetism and superconductivity. This figure has been reproduced with permission from

Bonmassar et al.1%°
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4.1 Abstract

4.1 Abstract

The pursuit of breakthroughs in thin film technology drives us to explore novel growth
strategies of quantum materials that surpass conventional limitations. Departing from the
prevailing unidirectional growth approach, our methodology allows for atomic precision
in both the in-plane and out-of-plane directions. To demonstrate the capabilities of this
transformative technique, we engineer a bi-directionally grown superlattice comprised of
alternating LaMnQO3 and SrMnQOj layers, enabling the emergence of interfacial ferromag-
netism. By adopting this superlattice as a model system, we highlight the vast potential
of our approach through comprehensive analysis and characterization. Furthermore, we
extend the application of our method to the growth of superconducting Lay g4Srg.16CuO4
thin films on various offcut substrates. Remarkably, these substrates induce an anisotropic
critical current originating from two distinct mechanisms.

4.2 Introduction

Thin film technologies have catalyzed remarkable advancements in our society-, fuel-
ing technological quantum leaps in liquid crystal displays,'”® metal-oxide-semiconductor
(MOS) transistors,'™ photovoltaic devices,'” light emitting diodes'®® or magnetic memory
devices.'? Beyond their pervasive presence in our daily lives, thin films hold paramount
significance in fundamental research, showcasing phenomena such as the electric field ef-
fect in a few atomic layers of carbon,?” the quantum Hall effect in MOS devices,* and
the giant magnetoresistance effect in Fe/Cr multi-layered thin films.?’! MBE ushered in
a new era by enabling the production of thin films with unprecedented qualities.”!114:202
Notably, the integration of MBE growth for oxide materials led to the realization of
record-breaking physical properties, including high-T superconductivity and colossal
magnetoresistance. 374055203204 However, a common characteristic shared by all epitax-
ial thin films, irrespective of their crystal structure and properties, is their reliance on a
single growth direction. Non-offcut thin films establish connections through either their
in-plane or out-of-plane orbitals, resulting in orbital occupation predominantly in one di-
rection at the interface. Nevertheless, the advent of offcut substrates can pave the way
for a novel research frontier, wherein both the in-plane and out-of-plane orbital occu-
pations can be simultaneously harnessed to investigate new material systems harboring
unexplored physical phenomena. Regrettably, the attainment of controlled growth on
an atomic scale in such materials remains an elusive goal. Consequently, the pursuit of
coherent and controlled growth along two directions represents a potential game changer
for all thin film technologies.

To provide a compelling visual representation of our bi-directional growth technique,
we present Figure 41a, illustrating the atomic terrace-by-terrace process compared to
the traditional uni-directional atomic layer-by-layer growth depicted in Figure 41b. The
grey arrows demonstrate the arrangement of terraces (layers) during the growth process.
Notably, our controlled bi-directional growth approach unlocks the capability of alter-
nating in-plane and out-of-plane layers, offering a paradigm shift from one-dimensional
growth methods, where materials are solely layered in the out-of-plane direction. The
cornerstone of this offcut technology lies in the utilization of precisely engineered vici-
nal substrates providing high offcut angles, a crucial factor for enabling the formation
of controlled terrace widths. In the past, vicinal substrates have been employed for the
synthesis of various compounds, including fractional SLs,?”> investigating defect forma-
tion effects,?’® circumventing twin boundary formation in high-T¢ superconductors like
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YBCO,?" the formation of antiphase boundaries,?°®2% and studying anisotropic trans-
port properties in single-phase thin films.?!?!2 Building upon this knowledge, we employ
in situ RHEED-assisted MBE with unparalleled atomic precision to directly control the
growth of terraces. In each deposition step, we deposit material A or B precisely atop
the former terrace or adjacent, as illustrated in Figure 41a. This approach allows for
the combined out-of-plane and in-plane growth, depending on whether the new terrace is
deposited on top of or next to the former terrace, respectively. The orchestrated interplay
of atomic interactions in our bi-directional growth scheme culminates in the realization of
thin films with unprecedented control, atomic precision, and the ability to exhibit unique
structural and functional properties.
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Figure 41: Comparison of the two growth mechanisms terrace-by-terrace vs. layer-
by-layer growth. (a) Exemplifying the transformative potential of terrace-by-terrace growth
allows for remarkable control over terrace width w by judiciously selecting the offcut angle «
while maintaining a fixed step height value h of the substrate. The profound implications of this
technique are highlighted by the emergence of both A (blue) and B (green) materials, manifesting
in both the out-of-plane and in-plane directions (grey arrows), increasing the degree of freedom
of the subsequent thin film. (b) In stark contrast, layer-by-layer growth on non-offcut substrates
confines to a unidirectional growth (grey arrow). The green arrows depict the growth directions.
This figure has been reproduced with permission from Bonmassar et al.'®®

In the realm of thin film engineering, recent strides in substrate treatment methodolo-
gies?3 coupled with the remarkable capabilities of in situ RHEED-assisted MBE,45
have ushered in a new era, enabling the utilization of offcut substrates for the growth of
bi-directional SLs. Crucially, the offcut angle o emerges as the decisive factor governing
the terrace width w,?'* while the intrinsic step height of the substrate determines the
height of the terraces h (Figure 41a). Note that while the thickness of individual layers
in the SL is four unit cells, the sketch (Figure 41) displays one unit cell thick layer for a
reader-friendly presentation. The precise control of terrace widths through this innova-
tive approach grants us the ability to manipulate the size of the atomic building blocks
for each layer within the heterostructure, consequently dictating the desired in-plane dis-
tances. This fine-grained control over the interlayer spacing of the bi-directionally grown
thin film becomes instrumental in tailoring the material system’s structural properties
and emergent physical phenomena.
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4.3 Methods

RHEED assisted MBE Growth under Ozone

SMO-LMO SL and LSCO thin films were grown on STO (001) (CrysTec GmbH) with
an offcut angle of 25°and on LSAO (001) (CrysTec GmbH) with an offcut angle of 0°,
12°, and 25°long the (100) direction, respectively, using MBE under a strongly oxidizing
atmosphere consisting of ozone, molecular- and radical oxygen (DCA Instruments).*> The
deposition conditions during all growths were ~1-10-5 Torr and 680-700 °C (pyrometer
temperature). Fach deposited layer has been monitored by in situ RHEED during the
growth.

Measurement of Physical Properties

The resistance (R) was measured with direct currents of £30 pA in a linear four-point-
probe configuration. R measurements were controlled by a motorized custom-designed
dipstick (temperature change rate < 0.1K/s) and samples were cooled down from room
temperature to 4.2K. Magnetic properties were measured using a superconducting quan-
tum interference device (SQUID) utilizing a Magnetic Property Measurement System
(MPMS, Quantum Design Co.) in vibrational mode (vibrational sample magnetometry).
Hall bars have been fabricated using UV-lithography. We determined the experimental
error of both devices in two directions by measuring Hall bars fabricated from thin films
grown on non-offcut substrates. Typically, the miscut angle of our LSAO substrates is
about 0.3-0.5°, which corresponds to surface terrace widths of 120-80 nm.

STEM

All specimens were thinned to electron transparency by tripod-wedge polishing and subse-
quent ion polishing. A precision ion polishing system (PIPS II, Model 695) equipped with
a liquid nitrogen filled cooling stage, to ensure for safe sample preparation without severely
damaging the sample, using Ar" ions was utilized to thin the sample down to less than 30
nm thickness. STEM investigations were performed with a JEOL JEM-ARM200F, which
is equipped with a cold-field emission gun, a probe Cs-corrector (DCOR, CEOS GmbH),
and a Gatan GIF Quantum ERS electron energy-loss spectrometer with a following Gatan
K2 direct electron-detection camera. A convergence semi-angle of 22 mrad resulting in a
probe size of 0.8 A has been used for all STEM and EELS analyses. The collection-angle
range was 87-209 mrad for annular dark field (ADF) imaging. EELS data were acquired
at a collection semi-angle of 87 mrad. An energy dispersion of 0.5 eV /channel (resulting in
an energy resolution of less than 1 eV) and a pixel dwell time of 3.7 ms and were used for
all EELS experiments. For the false color-coded RGB maps principle component analyses
(PCA using 10 components) were performed to reduce the noise. Multiple linear least
square (MLLS) fittings were performed on the PCA treated spectrum images to separate
the peaks of the spectrum as described elsewhere.'” The Mn Lj /L, white line ratios were
analyzed using the raw data.

Atomic Force Microscopy (AFM) and X-ray Diffraction (XRD)

The AFM results were obtained utilizing an Asylum Cypher AFM in tapping mode.
Out-of-plane x-ray diffraction patterns were recorded utilizing a monochromatic Cu-K,;
source. The samples were tilted by 25°towards [100] to align the crystal into zone axis
orientation.
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4.4 Unveiling the Bi-directional Nature of the SL

To demonstrate the viability of our concept, we embark on the synthesis of a SL. composed
of two distinct materials LaMnO3 (LMO) and SrMnO3 (SMO), employing the precise con-
trol afforded by in situ RHEED-monitored ozone-assisted MBE. Our SL design features
a repeating unit of four unit-cell thick SMO and LMO ultrathin layers, forming a basis
bilayer stack that is replicated five times, ultimately constituting the complete SL struc-
ture. These intricate layers are grown on a (001)-oriented SrTiOj3 substrate, displaying a
high offcut angle o of 25°towards the (100) direction, which is an essential parameter for
our bi-directional growth approach. Analyzing the substrate’s surface geometry reveals a
step height of 0.390 nm, equating to the c-axis dimension of a single unit cell.?*?
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Figure 42: Structural and chemical analysis of the bi-directionally grown superlat-
tice. (a) HAADF overview image reveals the alternating nature along the crystallographic [100]
and [001] axis, illustrating the precise arrangement of layers. The white scale bar represents
2 nm. Notably, subtle thickness variations at the sub-nanometer scale manifest as contrasting
regions in the HAADF images, with LMO layers exhibiting bright contrast and the SMO lay-
ers displaying dark contrast, a phenomenon observed even in conventional layer-by-layer grown
SLs.103:216 (b) EELS elemental mapping showcases the bi-directional character of the SL, with
false color-coded representations of La (green), Sr (orange), and Mn (blue). The black scale
bar represents 1 nm. (c) Profile plots along the crystallographic a- (in-plane) and c-axes (out-
of-plane) offer a comprehensive illustration of the bi-directional nature of the SL. Green and
orange background correspond to the LMO and SMO layers, respectively. (d) Mn L3 /Ly white-
line ratios serve as a powerful indicator of the alternating electronic states within the LMO
and SMO layers. The profile backgrounds in green and orange highlight the respective layers,
while the black background with the white cross represents the reference Mn L3 /Lo ratio for
the mixed Mn3.5" valence state in half-doped Lag 5Srg sMnQOs3. This figure has been reproduced

with permission from Bonmassar et al.'%
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The mean terrace width amounts to a mere two unit cells. Remarkably, each building
block within the SL structure, comprising either an SMO or LMO layer, corresponds
theoretically to an in-plane distance spanning eight unit cells. Consequently, each terrace
along the (100) direction encompasses a compositionally well-defined arrangement of four
SMO and four LMO building blocks.
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Figure 43: Atomic force microscopy proves the surface smoothness of the bi-directionally
grown superlattice. The black box highlights the area, on which the root mean square roughness
of 174 pm was determined. This figure has been reproduced with permission from Bonmassar
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Figure 44: Comparison of the X-ray diffraction patterns of the bi-directionally grown man-
ganite superlattice with the superlattice grown on a conventional substrate, highlights the high
crystallographic quality on a macroscopic scale. Due to the huge offcut of 25°the sample had to
be tilted into the exact angle leading to the observation of an additional peak from the holder.
(b) Rocking curve (omega scan) of the bi-directionally grown superlattice obtained at 20 =
47.522°. This figure has been reproduced with permission from Bonmassar et al.'?
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Thorough characterization through atomic force microscopy and out-of-plane x-ray diffrac-
tion reinforces the exceptional quality and smoothness of the thin film surface, as ev-
idenced by a surface roughness of only 0.174 nm (as showcased in Figure 43 and 44).
These macroscopic-scale measurements affirm the structural integrity and fidelity achieved
throughout the epitaxial growth process.

The profound influence of the strategically chosen 25 °offcut angle becomes strikingly
evident when scrutinizing the crystallographic structure along the [100]-direction, as vi-
sualized by high-angle annular dark field (HAADF) imaging in Figure 42a and 45.

Figure 45: Annular dark-field overview images of the bi-directionally grown man-
ganite superlattice at low (a), medium (b), and high (c), magnification. The red bar in (c)
indicates the final terrace with atomic resolution to visualize the in-plane interfaces (blue lines)
from SrMnOgs (dark) to LaMnOg (bright). This figure has been reproduced with permission
from Bonmassar et al.'®®

Figure 42b displays a captivating false color-coded elemental map (Sr: orange, La: green,
and Mn: blue), providing a vivid visualization of the alternating arrangement of SMO
and LMO layers in both the out-of-plane and in-plane directions, as discerned through
electron energy-loss spectroscopy (EELS). The mean size of the in-plane building blocks,
depicted by the orange and green backgrounds in Figure 42c, is found to be approximately
3.40 nm, which aligns remarkably well with the calculated in-plane distance of 3.350 nm.
Intriguingly, measurements along the [100]-and [001]-directions (Figure 42c) reveal indis-
tinguishable a-axis values (0.3904+0.002 nm) for both LMO and SMO layers. However,
the c-axes of the SMO layers exhibit an average value of 0.374£0.003 nm, a clear indi-
cation of tensile strain within these layers.?!” In contrast, the LMO layers maintain their
(pseudo-)cubic crystal structure, as expected based on prior extensive discussions and
reports. 3193216 The successful growth of the epitaxial thin film is further corroborated
by the Mn L3 /Ly white-line ratio analysis of the energy-loss near-edge structure (ELNES)
(Figure 42d), where the anticipated alternation of Mn oxidation states is confirmed. The
reference point of Mn3.5%, representing half-doped Lag 5SrgsMnOj3 (depicted by the white
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cross), occupies an intermediate position between the individual LMO and SMO layers,
reinforcing the desired Mn oxidation state modulation. A black dashed line has been
included as visual guidance to aid readers’ comprehension.

4.5 Emergence of Anisotropic Ferromagnetism
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Figure 46: Anisotropic ferromagnetism in the (SMO), + (LMO), SL. (a) [llustration of
the two Hall bars fabricated to align with the parallel (blue [010]) or perpendicular (red [100]a50)
orientations to the terraces. (b) and (c), Resistance and magnetization versus temperature
profiles, respectively, obtained for both in-plane configurations. Intriguingly, a subtle resistance
anomaly appears at 106 K (gray dashed line), potentially stemming from a cubic to tetragonal
phase transition of the SrTiO3 substrate.?!'® The blue balls and red triangles symbolize the
[010] and [100]25 directions, corresponding to the applied current and the magnetic field (field
strength displays 500 Oe). (d) Magnetization versus magnetic field obtained at 100 K. The inset
within panel d magnifies magnetic fields, highlighting disparate coercive fields in each direction.
A distinct step around 200 Oe emerges in the hysteresis loop for the [010] direction, suggestive
of a second magnetic phase characterized by marginally higher coercive fields. This figure has
been reproduced with permission from Bonmassar et al.'%°

Controlling local magnetic properties is a crucial aspect of strongly correlated epitaxial su-

perlattices. To investigate the impact of bi-directional growth on the physical properties,
we focus on a SL composed of (SMO)n + (LMO)n with periodicity n = 4. Previous studies
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on non-offcut substrates have demonstrated that SMO-LMO SLs exhibit ferromagnetism
(FM).13:44216 However, the transition to the metallic FM phase depends on the SMO:LMO
ratio (1:2) and the periodicity with a limit of n > 3 for the metallic FM phase.*?!6 Tn
this study, we present the emergence of a Curie temperature (T¢yre) by harnessing the
bi-directional nature of the SL, accompanied by intriguing anisotropic metallic transport
properties (Figure 46). Temperature-dependent resistance measurements (R vs T) were
performed on Hall bars with a width of 5 ym (schematically shown in Figure 46a) to
ensure homogeneous current distribution. The transport properties parallel ([010], blue)
and perpendicular to the terraces ([100]25, indicating a 25° tilt of the [100] direction, red)
are determined, as depicted in Figure 46b. At room temperature, we observe anisotropic
resistance values of 31 k) and 22 k2 parallel and perpendicular to the terraces, respec-
tively. Both directions exhibit a metal-to-insulator transition (MIT) at 265 K denoted by
the black dashed line. Notably, the steeper slope in the parallel direction indicates a more
metallic behavior as compared to the perpendicular direction. A second anisotropic MIT
arises at 37 K and 53 K along the parallel and perpendicular directions to the terraces,
respectively. The origin of these MITs may stem from strained materials as it has been
discussed elsewhere.?' This novel temperature-dependent field-free anisotropic transport
mechanism strongly suggests anisotropic scattering processes due to the presence of al-
ternating SMO and LMO phases along the crystallographic a- and b-axes as illustrated
in Figure 42 and Figure 45.

Consistent with the initial MIT in resistance measurements, we further note the emer-
gence of a Ty Observed at 265 K in magnetization vs temperature measurements in
Figure 46c. When a magnetic field of 500 Oe is applied, we observe lower magnetization
perpendicular to the terraces compared to the parallel direction, indicating anisotropic
saturation fields. This intriguing behavior is vividly demonstrated in Figure 46d, where
magnetization vs magnetic field measurements at 100 K reveal distinct saturation fields.
Along the [010] direction, a typical ferromagnetic hysteresis loop is observed, character-
ized by a coercive field of ~ 200 Oe and a saturation field of ~ 400 Oe. In contrast, the
direction perpendicular to the terraces exhibits an almost superparamagnetic response
without a measurable coercive field (as seen in the inset in Figure 46d) but displays a
higher saturation field of &~ 4500 Oe.

4.6 Emergence of Anisotropic high- T Superconductivity and
Intrinsic Josephson Effect

Through our novel approach, we exert precise control over the growth of supercon-
ducting Laj g4Sr016CuO4 (LSCO) on offcut substrates of LaSrAlO4 (LSAO), resulting
in anisotropic critical currents (I) originating from two different crystallographic direc-
tions with distinct mechanisms. While offcut substrates are conventionally employed to
fabricate intrinsic Josephson junctions owing by tilting the c-axis towards in-plane orien-
tations (Figure 47a,b, red), we unveil an additional effect: The confinement of the width
of the superconducting planes in one direction giving rise to superconducting stripes along
the [010] direction (Figure 47a,b, blue). To investigate these superconducting films, we
fabricate Hall bars, as depicted in Figure 47c, each with a width of 10 pum, enabling
measurements of I-V (measured at 4.2 K) and R-T characteristics either parallel (blue
data points) or perpendicular (red data points) orientations to the terraces, as illustrated
in Figure 47d,e. Significantly, the LSCO films grown on 25° offcut substrates exhibit
two effects originating from different mechanisms. The first effect arises from intrinsic c-
axis tunneling, i.e., intrinsic Josephson effect, evident in the I-V measurements along the
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Figure 47: Anisotropic superconductivity in LSCO thin films. (a) HAADF image
revealing the origin of the anisotropic Io in an LSCO thin film grown on a 25° offcut LSAO
substrate. The intrinsic Josephson effect arises from c-axis tunneling (depicted as red blocks),
while the narrow terrace width (indicated by a blue line) creates a weak link along the crystal’s
a-axis. (b) Illustration displaying the red and blue regions from panel A emphasizing the intrinsic
c-axis tunneling (red) and the width and length of the resulting superconducting stripes (blue).
(¢) Schematic representation of two Hall bars with a width of 10 pum, oriented in parallel (blue
[010]) and perpendicular (red [100],) directions to the terraces. (d) and (e) Current-Voltage (I-
V) characteristics conducted at 4.2 K of three distinct LSCO thin films, measured parallel (blue)
and perpendicular (red) to the terraces and R-T curves illustrating the T measured parallel
(blue) and perpendicular (red) to the terraces. As a consequence of the weak link formation in
the canted superconducting stripes, they show a lower T of about 20 K compared to the other
LSCO thin films with a T above 30 K. This figure has been reproduced with permission from
Bonmassar et al.'?®

[100]55 direction. The second effect occurring along the [010] direction, stems from the
formation of superconducting stripes with an approximate width of ~ 28 nm ( t%g?gjl)) and
a length spanning from several hundred to thousands of nm, contingent upon substrate
quality. This work demonstrates a facile approach to simultaneously generate two differ-
ent types of homojunctions within the same sample. Notably, on 12° offcut substrates, a
pronounced anisotropy along the [010] (blue) and [100]2- (red) directions is discernible
in both the I-V and R-T measurements. Along the [010] direction, the I-V measurements
exhibit a minor hysteresis loop, while the I-V measurement along the [100];2- direction
displays a prominent intrinsic Josephson effect. On 0° offcut substrates, the I-V curves for
LSCO manifest strong isotropic hysteresis loops, likely attributable to Joule heating,??°
whereas R-T measurements reveal no discernible signs of anisotropy within the experi-
mental error of ~ 10%.
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4.7 Discussion

We present a terrace-by-terrace growth using in situ RHEED-assisted MBE, enabling
precise control over the ferromagnetic and superconducting properties in two crystallo-
graphic dimensions. The strong coherence originating from homogenous terrace widths
results in controlled and coherent growth along both axes. To demonstrate the effi-
cacy of our approach, we fabricate a SL composed of five bilayers of (SMO), — (LMO)jy.
Through atomic-scale modulation of the in-plane and out-of-plane orbital occupation, we
successfully transform an insulating material (n = 4 and SMO:LMO ratio of 1:1) into
a ferromagnetic metal. We attain precise control over orbital occupation by employing
in situ monitoring of RHEED oscillations, indicative of shutter openings from individual
element sources (refer to SI Figure 48 and SI Figure 49).

Figure 48: In situ reflection high-energy electron diffraction patterns obtained of LaMnQO3 and
SrMnQOsg layers during the growth. The white ellipses indicate the presence of a superstructure,
which is more visible in the SrMnOsg layers than in the LaMnQOsg layers. This figure has been
reproduced with permission from Bonmassar et al.'”°

Specifically, the deposition of each atomic layer on individual terraces, contributing to
the bi-directional terrace-by-terrace growth, is tracked precisely through the RHEED sig-
nal. The alternating structures observed within the in-plane direction bear tremendous
scientific significance, particularly in the realm of oxide-based in-plane Josephson junc-
tions, which hold immense promise as future building blocks for the design of novel qubits
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exploiting m-junctions. The pronounced anisotropy in coercive fields (200 Oe vs 0 Oe)
suggests potential applications of this bi-directionally grown heterostructure as a spin
valve, promising for future spintronic devices. Furthermore, leveraging our atomically
precise growth technique, we grow superconducting LSCO films leading to the formation
of anisotropic homojunctions. These junctions exhibit two distinct mechanisms: i) the
intrinsic Josephson effect, facilitated by c-axis tunneling across the terraces, and ii) the
creation of superconducting stripes with a width of < 30 nm, effectively forming a weak
link due to a confinement effect. Our findings highlight the critical role of offcut substrates
in driving the formation of bi-directionally grown thin films that encompass anisotropic
ferromagnetism and facilitate the emergence of anisotropic superconductivity. Through
this study, we highlight the transformative potential of our novel growth technique and
shed light on the underlying mechanisms governing the behavior of advanced thin film
systems. Our preliminary results represent a promising way for the design and fabrica-
tion of highly tailored thin-film architectures with functionalities that have never been
reported before, thereby unlocking unprecedented opportunities for the development of
next-generation electronic, spintronic, and quantum devices.

Shutter: La Mn La Mn La Mn La Mn Sr Mn Sr Mn Sr Mn Sr Mn
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Figure 49: Real-time monitoring and control of the bidirectional growth by adjusting the in
situ high-energy electron diffraction oscillations of the N+1 reflection, see inset bottom right.
The decrease in intensity during the La/Sr shutter opening, highlighted by the green/orange
background, is due to A-site cation deposition, while the increase in intensity during the Mn
shutter opening is due to Mn deposition, highlighted by the blue background. Note that the
sudden jump at about 1000s is due to manually increasing the intensity by increasing the filament
current. This figure has been reproduced with permission from Bonmassar et al.'%
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5 Offcut Substrate-Induced Defect Trapping at Step
Edges

In the final part of my thesis, I explore the possibilities associated with the use of bidirec-
tional growth, highlighting the opportunities for defect engineering at the atomic scale.
The underlying idea of this work was to trap defects at step edges, leading to defect-free
bulk structures. More specifically, we successfully prevented the formation of antiphase
boundaries in bulk LaggsSrg34MnQOs. Since the terrace widths in 15°ffcut LaSrAlO4
substrates are as small as 2.5 nm, a high density of step edges is present at the surface.
Defect trapping occurs in the first two unit cells of the deposited material and leads to
strong relaxation after the step edge has grown over, allowing defect-free thin film growth
in subsequent layers. The prevention of antiphase boundary formation is critical as it
ensures the integrity and coherence of crystal structures, preserves material homogeneity,
and improves the overall performance and reliability of electronic and spintronic devices
in terms of consistent electrical properties. In addition, suppression of antiphase bound-
aries is essential in the production of superconducting materials, ensuring uniformity in
the crystal lattice and enhancing the superconducting properties. Therefore, the use of
offcut substrates is emerging as a route to defect engineering at oxide interfaces.

Contributions to this publication:

Nicolas Bonmassar conceived the project, wrote the initial manuscript, performed the
growth of all samples by MBE using in situ RHEED, prepared the samples by tripod
polishing, performed the TEM acquisition, performed the TEM data analysis, performed
the mutual inductance measurements on the devices, and performed the superconducting
quantum interference device measurements. Georg Christiani and Gennady Logvenov as-
sisted with sample growth. Y. Eren Suyolcu and Peter A. van Aken supervised this project
and provided valuable input on data analysis. All co-authors revised the manuscript.

The following text and figures from this chapter are adopted from: Bonmassar, N., Chris-
tiani, G., Logvenov, G., Suyolcu, Y. E. and van Aken, P. A. Offcut Substrate-Induced
Defect Trapping at Step Edges. Nano Lett., 10.1021 /acs.nanolett.4c00832 (2024).2%!
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Graphical Abstract: Origin of the defective unit cell (gray) at the step edge. Due
to the lattice mismatch between Lag ggSrg.34MnO3 and Laq g4Srg.16CuQOy4 the Lag gSrg.34MnOs3
structure adapts to the underlying Laj g4Srg.16CuQ4 via the formation of a defective unit cell.
This unit cell was identified as the second unit cell in direct proximity to the step edge. This
figure has been reproduced with permission from Bonmassar et al.??!
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5.1 Abstract

5.1 Abstract

We report step edge-induced localized defects suppressing subsequent antiphase boundary
formation in the bulk structure of a trilayer oxide heterostructure. The heterostruc-
ture encompasses a layer of LagggSrg.34MnQO3 sandwiched between a superconducting
Lay g4510.16Cu0O4 bottom layer and an insulating LasCuO,4 top layer. The combination
of a minor a-axis mismatch (A 0.11 A) and a pronounced c-axis mismatch (A 2.73 A) at
the step edges leads to the emergence of localized defects exclusively forming at the step
edge. Employing atomically resolved electron energy-loss spectroscopy maps, we discern
the electronic state of those defects in the second Lag g6510.34MnO3 unit cell near the step
edge. In particular, a reduction in the pre-edge region of the O-K edge indicates the
formation of oxygen vacancies induced by the strained step edge. This study underscores
our capability to control defects at the nanoscale.

5.2 Introduction

Precise control of defect formation is of paramount importance for spintronics and elec-
tronic devices, as these imperfections can strongly affect material conductivity,?*%?? mag-
netism,??® and ultimately device functionality.??* The manipulation of defects at the step
edges, which can induce antiphase boundaries (APBs) plays an important role in catal-
ysis,??® where their presence can drastically influence surface interactions,??® reaction
pathways,??” and catalytic efficiency.??® Hence, understanding the underlying mechanism
governing the formation and control of defects presents transformative prospects for ele-
vating both device performances and catalytic processes.??%?2 Recent investigations have
unveiled the formation of APBs, notably originating at the step edges of substrate ter-
races.?”? Furthermore, it has been demonstrated that two APBs tend to merge when two
steps are closely positioned next to each other to minimize their surface energy.?’? We used
precise offcut substrates, ensuring uniform terrace widths, and consequently reducing the
distances between step edges resulting in a high density of step edges.?3® Ozone-assisted
MBE guided by RHEED stands as the forefront technique, ensuring high-quality complex
oxide heterostructures.*®*! This approach not only achieves exceptional film quality but
also empowers precise control over the growth of individual unit cells.!!*23! Complex ox-
ides have established themselves as record holders in diverse properties, including high-T¢
superconductivity,?”?123? colossal magnetoresistance,?*® and multiferroicity,?** underscor-
ing their exceptional versatility and performance.®

Here, we focus on the profound impact of large offcut angles, yielding nanometer-scale
terrace widths of a mere five to seven unit cells. This structural design manifests in the
formation of localized defects at step edges. To probe this phenomenon, we employed
STEM-EELS and HAADF imaging. We complement these advanced imaging techniques
with extensive data analysis methodologies such as ELNES and geometric phase analysis
(GPA), to meticulously examine the formation of defects.?*® Through this multi-faceted
approach, we unveiled the formation of defects at the step edge but also discerned their
electronic- and crystallographic characteristics, leading to the prohibition of APBs.
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5 Offcut Substrate-Induced Defect Trapping at Step Edges

5.3 Methods

RHEED-Assisted MBE Growth in Ozone

LSCO-LSMO-LSCO heterostructures were epitaxially grown on LSAO (001) (CrysTec
GmbH) with a 15°ffcut angle toward the (010) direction, respectively, using MBE under
a highly oxidative atmosphere composed of ozone, molecular oxygen, and radical oxygen
(DCA Instruments). The growth process for all depositions took place at approximately
1-10-5 Torr and temperatures ranging from 680 to 700 °C as measured by a pyrometer.
In situ RHEED was employed to monitor each deposited layer during the growth.

Diamagnetic Response Signal

Measurements of mutual inductance (MI) were carried out using a two-coil configuration
(parallel geometry) with an alternating current of 50 pA and a frequency of 1000 Hz to
determine the real and imaginary components of the magnetic susceptibility.

STEM

All specimens were thinned to electron transparency using tripod-wedge polishing, fol-
lowed by ion polishing. Ar* ion thinning the samples to less than 30 nm thickness was
accomplished using a precision ion polishing system (PIPS II, Model 695) equipped with a
cooling stage filled with liquid nitrogen to minimize sample preparation-induced artefacts.
STEM analyses were performed using a JEOL JEM-ARM200F transmission electron mi-
croscope equipped with a cold-field emission gun, a probe CS-corrector (DCOR, CEOS
GmbH), and a Gatan GIF Quantum ERS electron energy-loss spectrometer. A conver-
gence semi-angle of 22 mrad, resulting in a probe size of 0.8 A, was used for all STEM
and EELS analyses. HAADF imaging was performed within a collection-angle range of
87-209 mrad. EELS data were acquired with a collection semi-angle of 87 mrad. A
0.5 eV /channel energy dispersion (yielding an energy resolution of less than 1 eV) and
a pixel dwell time of 3.7 ms were employed for all EELS experiments. To reduce noise,
false color-coded RGB maps were generated using principal component analysis (PCA)
with 10 components. Multiple linear least square (MLLS) fitting of PCA-treated spectra
was performed to separate spectral peaks.'®” Analyses of Mn-Ly3 and O-K edges were
carried out using raw data. Strain analysis was conducted using Geometry Phase Anal-
ysis (GPA), a technique pioneered by Martin Hytch, through a commercial GPA plugin
(HREM Research Inc.) integrated into Gatan DigitalMicrograph software.
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Figure 50: Temperature dependent mutual inductance measurement showcasing the
superconducting transition at around 28 K (red vertical dashed line). This figure has been
reproduced with permission from Bonmassar et al.??!

Initially, we focus on a trilayer consisting of a LaggsSro34MnO3 (LSMO) layer with
perovskite-type pseudo-cubic 113 crystal structure sandwiched between a superconduct-
ing Laj g4S10.16Cu04 (LSCO) bottom layer with tetragonal KoNiF, type (or 214) crystal
structure (see mutual inductance measurements in Figure 50 for the superconducting
property) and an insulating La,CuO4 (LCO) top layer. This trilayer was grown on (001)
oriented LaSrAlO, (LSAO) with an offcut of 15° toward the a-axis, allowing for the study
of defect formation at step edges occurring every 1-2 nm. On top of that, the use of high-
angle offcut substrates allows for the growth of a heterostructure where ferromagnetic
layers (LSMO) are in the same plane as superconducting (LSCO) or antiferromagnetic
(LCO) layers.

A minor a-axis mismatch of 0.11 A and a substantial c-axis mismatch of 2.73 A arise at
the step edge. Note that for our calculations, we used the bulk values from the literature
for a tetragonal half-unit cell LSCO and a pseudo-cubic approximation for LSMO.236:237
Figure 51a illustrates the dislocations at the step edges (indicated by dashed yellow boxes,
a direct outcome of the pronounced c-axis mismatch. The green lines correspond to the
widths of the initial substrate terraces, marking the origin of the subsequent heterostruc-
ture. Focusing on the LSAO/LSCO interface, no detectable defects are observed. Figure
51b further illustrates the formation of the defective unit cell. The two unit cells of LSMO
(red and blue spheres) sum up to a total out-of-plane value of 7.76 A, whereas an LSCO
half-unit cell (red and green spheres) has a c-axis value of 6.61 A. The effect of this mis-
match is pointed out by the yellow arrow. This concept is proven by atomically resolved
EELS elemental mapping (Mn: blue, La: red, and Cu: green) showcased in Figure 51c.
Here, the defective unit cell can be identified as the second LSMO unit cell in proximity to
the step edge, highlighted by the gray circle. Lattice adaption to the structural mismatch
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5 Offcut Substrate-Induced Defect Trapping at Step Edges

and chemical intermixing of the Cu atoms from the LSCO into the second LSMO unit cell
at the step edge, leads to this localized defect formation. Elemental profiles of the cation
distribution are shown in SI Figure 52. Furthermore, the LSMO layers vary slightly in
their thicknesses, which can be attributed to step bunching due to imperfect substrates
and step bunching occurring during the growth.

[100] |[EfErEigEaetie

15°-offcut
LaSrAlO,

Figure 51: Step Edge Induced Defect Formation. (a) Overview HAADF image of the
trilayer system, LSCO-LSMO -LCO, grown on LSAO possessing a 15° offcut angle towards the
b-axis. Red (blue in panel ¢) arrows point out the step edges. Green lines highlight the different
terrace widths of the substrate. The scale bar is 5 nm. (b) Illustration of the mechanism behind
the defect formation. Due to the considerable c-axis mismatch between LSMO and LSCO, the
system forms a defect, indicated by the gray box. (c¢) Atomically resolved EELS mapping shows
that the defect is formed in the second LSMO unit cell highlighted by the gray circle. The two
arrows point out the interface between LSCO and LSMO. This figure has been reproduced with
permission from Bonmassar et al.??!

Moreover, we demonstrate that this mismatch between the crystal structures at the step
edge induces the formation of a complicated bonding situation at the step edge as in-
dicated by the two arrows in Figure 5lc. Here, the Cu B-site cation (green) within the
LSCO phase undergoes a positional exchange with the La A-site cation (red) of the LSMO
phase. Simultaneously, the La A-site cation (red) within the LSCO phase executes a po-
sitional exchange with the Mn B-site cation (blue).

Despite these local irregularities, the in situ obtained RHEED images do not show any sign
of defect formation during the growth, as indicated in Figure 53 do not show any evidence
of defect formations. In addition, there is no APB formation in the subsequent LSMO or
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Figure 52: Elemental map (a) and profiles (b) of La (red), Sr (yellow), Cu (green), and Mn
(blue) obtained from the yellow and pink dashed rectangles. The turquoise background in panel
(b) marks the position of the step edge. This figure has been reproduced with permission from
Bonmassar et al.?*!

LCO layer, which are typically found at step edges with large lattice mismatches.?*® The
surface reconstruction highlighting half-order streaks, which is visible in Fig. 53a,b along
the [100] azimuth is due to excess B-site cations.?*® The diffuse lines originate from Kikuchi
lines.?*® No modifications of the RHEED images are observed at the interface between

LSCO/LSMO or LSMO/LCO. Such deviations from defect-free RHEED images would
manifest in sharp reflections at positions different from the substrate or the respective

thin film material.?3?:240
a LSCO (x=0.16) b LSMO (x=0.33)

c Lco

Figure 53: RHEED images of distinct monolayers during the growth: (a) 15 ML of LSCO
(x=0.16), (b) 16 ML LSMO (x=0.33), and (c) 26 ML of LCO. This figure has been reproduced
with permission from Bonmassar et al.??!
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5.5 Strain mapping
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Figure 54: Strain-induced lattice deformation in highly perturbed materials. (a)
HAADF image highlighting the specific area used for the strain calculation. The inset shows
the FFT with the two reciprocal lattice vectors g; (001) and go (101) within red circles, which
have been used for the strain analysis. (b) Lattice mismatch in the X-direction of the image. (c)
Lattice mismatch in the Y-direction of the image. (d) Shear strain highlighting the mean lattice
dilatation. Red arrows point out distinct step edges of interest and the gray arrow points out
the interface of the LSAO substrate to the LSCO layer. The X and Y directions of the image
are indicated by the black arrows. Blue arrows point out the same positions as the red ones,
but the color has been changed for simplicity for the reader. This figure has been reproduced
with permission from Bonmassar et al.??!

Figure 54 presents discernible strain variations within the heterostructure, utilizing ge-
ometric phase analysis. Conventionally, strain mappings have been applied to materials
with subtle lattice distortions. However, in the context of this investigation, significant c-
axis lattice mismatches of up to 18% introduce complexities that may challenge a straight-
forward interpretation of the data. Our focus is exclusively on the step edge regions, where
a correlation between large lattice mismatches and localized strain effects is deduced from
the strain mapping. Figure 54a represents an overview HAADF image presenting the
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5.6 Electronic Configuration of Step Edge Defects

region of interest for the strain analysis. The inset in Figure 54a corresponds to a fast
Fourier transformation of the HAADF image, highlighting the presence of reciprocal lat-
tice vectors g1 (0-11) and gy (011), encircled in red. Both g-vectors correspond to the
sandwiched pseudocubic LSMO layer and are carefully selected to enhance the visibility
of the strain states at the step edge interfaces. The LSMO layer was used as the reference
area and the spatial resolution of the strain mapping is 1.15 nm. In Figure 54b, the strain
in the X-direction is shown, revealing strongly strained materials at the LSCO/LSMO and
LSMO/LCO step edges. Figure 54c¢ presents the strain in the Y-direction, highlighting
substantial strain localization at the step edge region indicated by the green arrows. The
step edge region, denoted by the green arrows, emerges as a hotspot of tensile strain,
which can introduce oxygen vacancies.?*' Additionally, Figure 54d depicts shear strain
distributions, unraveling tensile strain (red) within the LSAO, LSCO, and LCO layers,
as indicated by the green arrows, ascribed to the relatively smaller a- and much higher
c-axes of LSAQO, LSCO, and LCO compared to the reference area LSMO. Moreover, the
observed shear strain (Figure 54d) further reinforces the correlation between localized
structural perturbations and distinct oxidation states of Mn atoms within the step edge
regions. While tensile strain can drive the formation of oxygen vacancies,*"?*? we exercise
caution in attributing their formation at the step edge solely based on strain analysis.
Therefore, our efforts are shifting towards atomically resolved ELNES analyses, poised to
provide a conclusive understanding of the step edge region.

5.6 Electronic Configuration of Step Edge Defects

Figure 55a represents a HAADF image showcasing the step edge, with distinct regions
marked by four unit cells of LSMO and the interface between the LSCO (pink background)
and the LSMO (yellow background) through a white dashed line. Note that the dashed
white lines go through the bottom and top B-site cations of the LSCO and LSMO unit
cells, respectively, to highlight the formation of intermixed Cu-Mn materials. This type
of intermixing is described elsewhere.'® The gray arrow and the dashed circle point out
the position of the region of interest at the step edge. We focus on the pre-edge region of
the O-K edge, as it provides accessible means to observe and analyze electronic changes
due to the hybridization of oxygen 2p orbitals with transition metal 3d t54 and e, orbitals.
This approach allowed us to gain valuable insights into the electronic states at the atomic
scale despite the inherent limitations of energy resolution in atomically resolved ELNES
depicted in Figure 55b. Within this pre-edge region, there are discernible changes char-
acterized by a significant decrease in the intensity of the pre-peak feature, highlighted
against a green background. This reduction in intensity signifies a corresponding reduc-
tion in the Mn valence state.?*® This finding concurs with established reports, where the
pronounced tensile strain can increase the oxygen vacancy concentration and, therefore,
introduce electrons into the system, subsequently reducing the Mn valence.?** Another
explanation in the subtle changes in the pre-peak region of the O-K edge at the step edge,
could be chemical intermixing between Cu and Mn cations as indicated in Figure 51c and
Figure 52.
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Figure 55: Insights into the electronic structure at the step edge. (a) HAADF image
highlighting a step edge of the LSCO-LSMO interface with dashed white lines. The blue numbers
denote the Mn atoms outside of the deformed unit cell and the red number denotes the position
of the LSMO unit cells, which is in direct proximity to the step edge. (b) Atomically resolved
ELNES of the four LSMO unit cells performed on the pre-edge region of the O-K edge with
the reference LSMO O-K edge obtained from the center of the sample as an orange profile. (c)
Similar analysis utilizing the Mn-Ls 3 edges for each of the four LSMO unit cells. This figure
has been reproduced with permission from Bonmassar et al.?*!

Yet, the complexity of this scenario amplifies given the role of the LSCO layer, acting
as an in-plane compressive force upon the LSMO layer. This interplay of tensile and
compressive strains at the step edge gives rise to a characteristic electronic structure,
distinct from either strain in isolation. Therefore, we compared the pre-edge region of the
center of our LSMO layer (orange profile) to directly compare each of the four assigned
unit cells with layers farther away from the interfaces to LSCO and LCO. Our results show
that the first three unit cells in direct proximity to the step edge have reduced pre-peaks
and overall O-K edges, whereas the fourth unit cell shows a pre-peak and O-K edge of a
similar height than in the center part of our LSMO layer, which is in agreement with the
locally strained step edge region. The effect of strain on the physical properties originating
from the substrate has been reported and discussed elsewhere.'%® Note that, within the
experimental energy resolution and signal-to-noise ratio in our atomically resolved EELS
measurements, we can not resolve the subtle peak shifts in the Mn-L3 edge, c.f. Figure
55c. As a result, these nuanced shifts in the edge could not be accurately resolved or
characterized in terms of an Lj3/Ly ratio analysis, which needs a sufficient signal-to-noise
ratio. However, our fine structure analyses in the pre-peak of the O-K edge indicate either
the reduced oxidation states of the Mn atoms at the step edge via the formation of oxygen
vacancies, or the mixing of Cu and Mn atoms leading to distorted unit cells, consistent
with the pronounced lattice distortions observed in our strain maps in Figure 54b, c.
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5.7 Defect-free Sample

5.7 Defect-free Sample

In materials characterized by minimal lattice mismatches, localized step edge defects are
absent, as indicated in Figure 56. This is in stark contrast to the prior LSCO-LSMO-LCO
trilayer exhibiting significant lattice disparities. Particularly, the examination of LSCO
and LaSrMnQy bilayers with tetragonal 214 crystal structure grown on an (001) oriented
LSAO substrate with a 15° offcut towards the a-axis, distinguished by a mere 2 pm dif-
ference in c-axis values,” reveals an absence of detected defects, underscoring the role
of lattice coherence in influencing the formation of defects. Utilizing a 15° offcut angle
for the LSAO substrate ensures identical conditions to those governing the LSCO-LSMO-
LCO trilayer within our experimental setup.
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Figure 56: Unveiling coherent interfaces with structurally congruent materials. (a)
HAADF overview image delineating the bilayer structure. The first interface is the LSAO
substrate (dark contrast on the left side) next to the LSCO (bright contrast in the middle),
positioned in the middle of the image. The second LSCO-LaSrMnQ, interface (dark contrast
on the right-hand side) is depicted on the right-hand side. The white square showcases the area
for the EELS elemental mapping. (b) Atomically resolved EELS elemental mapping with La in
red, Cu in green, and Mn in blue shows the high chemical quality of the bilayer system. The
white line highlights the interface between the cuprate and the manganite layer. This figure has
been reproduced with permission from Bonmassar et al.>?!

The absence of defect formations is further demonstrated by atomically resolved EELS
elemental mappings in Figure 56b. In this context, the interface reveals a striking degree
of crystallographic and chemical coherence, underscoring the pristine structural integrity
of the studied system. The structural coherence exhibited by the LSCO-LaSrMnQ, inter-
face holds promise for the realization of in-plane devices, particularly regarding high-T¢
Josephson junctions. This potential arises from the notably elevated in-plane coherence
length of the Cooper pairs in oxide high-Tx materials, about 2.4 nm, notably greater
than the corresponding out-of-plane coherence length of a mere 0.3 nm.”! This structural
attribute enhances the feasibility of manufacturing high-performance in-plane devices.
Herein, the alignment of the materials’ crystalline axes facilitates efficient Cooper pair
transport, thereby promoting the effective pinning of vortices and facilitating the mani-
festation of Josephson junctions, thus, holding promise for advanced device architectures.
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5.8 Discussion

Utilizing the geometric attributes of precise offcut substrates coupled with the unique
advantages offered by layer-by-layer growth through oxide MBE, we present a compelling
demonstration of defect trapping at the sub-nanometer scale. We observed that these
step edge-induced defects are localized and do not penetrate the bulk of the subsequent
thin film. We attribute this defect trapping to the pronounced c-axis mismatch between
the bottom and top epitaxial layers. The formation of defects induces structural re-
arrangements at the sub-nanometer scale, consequently introducing novel chemical and
electronic properties in these localized regions. This allows tuning of the electrical trans-
port properties, as ferroelectricity is known to be induced by tensile strained SrTiOs.%4
The discernible local spectral variations, characterized by employing atomic resolution
STEM imaging and high-resolution EELS, offer insights into the complex interplay be-
tween electronic states and strain at step edges. These controllable defects thus stand
as a promising tool for avoiding the formation of 2D defects, such as APBs. Notably,
the control over APBs holds a profound role in catalysis, given their potential to signif-
icantly influence surface reactivity, adsorption, and overall catalytic performance.??%226
The prevention of APB formation in bulk benefits both fundamental science and practi-
cal applications that may underpin critical technological advancements. The formation
of localized defects and the prevention of APBs in the subsequent thin film layer benefit
fundamental science and practical applications that may underpin critical technological
advancements.
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6 Outlook and Future Advancements in
Terrace-by-Terrace Growth

6.1 Summary and Objectives

The first study highlights the effectiveness of epitaxial engineering in manipulating spec-
tral weight transfer within a sample, specifically from the UHB to in-plane or out-of-plane
hole states and back to the UHB. Through STEM-EELS analysis, we achieve atomic-scale
visualization of hole positions in CuO planes, distinguishing between insulating, metallic,
and superconducting states. This precise localization of holes provides valuable insights
for the characterization of heteroepitaxial or intrinsic Josephson junctions, especially in
the context of oxide-based superconducting spintronics. The outlook suggests the po-
tential application of these findings in advancing the understanding and development of
correlated systems and Josephson junctions.

While materials with similar crystallographic a- and b-axes may structurally match at
the epitaxial interface, this doesn’t ensure chemical perfection, the absence of defects, or
the required apical oxygen spacing, which is crucial for properties such as superconduc-
tivity. The first layers of superconducting materials on substrates are often referred to
as 'dead layers’ due to their lack of superconductivity. This is particularly important in
oxide-based superconductors, where the coherence lengths are smaller than in metallic
superconductors. Minimizing the chemical potential at the interface is crucial for the
realization of high- T» oxide-based superconducting spintronics in the future. Therefore,
this study highlights the need to address these challenges and how to overcome them for
the advancement of oxide-based superconducting spintronics.

Finally, future studies on offcut substrates are promising as we introduce a novel bi-
directional growth model for the design of innovative quantum materials. Building on the
findings of previous sections, the integration of state-of-the-art growth techniques, such
as MBE, and advanced characterization techniques, such as STEM-EELS, has led to a
breakthrough discovery. In particular, the identification of step-edge-induced geometric
anisotropies paves the way for understanding and exploiting anisotropic physical proper-
ties in quantum materials.

The impact of this work is given by the presentation of a newly discovered growth model,
i.e. bi-directional growth, but also by the unique combination of designing new materi-
als in the MBE and the ability to control the grown samples at the atomic scale using
state-of-the-art electron microscopy. This allowed us to identify interfacial defects at the
atomic level and their absence in the subsequent thin film material. Therefore, we hope
that thin film growers and microscopists with a focus on materials science will find this
work helpful as a starting point for their discoveries.

6.2 Offcut Substrate-Induced Tailoring of Thin Film Architectures

Recent research efforts have made remarkable breakthroughs in materials science, par-
ticularly in the areas of thin film growth and defect engineering. Our approach using
terrace-by-trace growth with in situ RHEED has opened an opportunity for precise con-
trol of ferromagnetic and superconducting properties in two crystallographic dimensions.
The uniform terrace widths lead to controlled and coherent growth along both axes. A key
aspect of our research is the creation of tailored thin film architectures with previously
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unattainable functionalities. Our success in fabricating a SL composed of five bilay-
ers of (SMO), - (LMO), demonstrates the transformative potential of our novel growth
technique. By carefully modulating the in-plane and out-of-plane orbital occupancy, we
have transformed an insulating material (with a nominal layer thickness of n = 4 and a
SMO:LMO ratio of 1:1) into a ferromagnetic metal. This transition represents a leap in
our ability to design materials with tailored magnetic properties, with implications for
spintronics and magnetic storage.

6.3 Anisotropic Superconducting Homojunctions

Using our atomically precise growth technique, we have grown superconducting thin films,
leading to the formation of anisotropic superconducting homojunctions. These junctions
exhibit two distinct mechanisms: first, the intrinsic Josephson effect facilitated by c-
axis tunneling across the terraces; and second, the creation of superconducting stripes,
which are less than 30 nm wide. This quantum confinement effect is effectively forming
a weak link. Future investigations will explore the fundamental physics underlying these
phenomena, to exploit them for applications in quantum computing and high-performance
electronics.

6.4 Defect Trapping at Step Edges

Our results showed the localized formation of defects at the step edge leading to a re-
laxation of the following thin film layers and the prohibition of antiphase boundaries,
which do form at the step edge in non-offcut substrates with high lattice mismatches.
In a three-layer oxide heterostructure grown on an LSAO offcut substrate, we observed
the formation of localized defects resulting from a small a-axis mismatch (0.11 A) and a
more pronounced c-axis mismatch (2.73 A) at the step edges. Atomically resolved EELS
maps have provided invaluable insights into the electronic states of these defects, giving
hints for the formation of oxygen vacancies in parallel with the prohibition of antiphase
boundaries in the subsequent bulk thin film.

Potential industrial applications of this work could be that antiphase boundary-free thin
films are critical for semiconductor manufacturing, where uniform crystal structures con-
tribute to improved electronic properties, leading to enhanced device performance and
reliability. In addition, in optoelectronic devices such as light-emitting diodes and pho-
todetectors, the absence of antiphase boundaries ensures uniformity of material properties
leading to improved optical performances. Another application could be the insertion of
a two-unit cell thick sacrificial layer before the deposition of the thick and antiphase
boundary-free material of interest.

6.5 Future Directions of Offcut Technologies

The future of controlled terrace-by-terrace growth is full of exciting possibilities. First,
we anticipate further advances in our terrace-by-terrace growth technique, extending its
application to a wider range of material systems and exploring its scalability for industrial
use. We also suggest an in-depth exploration of the potential applications of anisotropic
superconducting homojunctions, with a strong focus on quantum technologies. High-
temperature superconducting devices hold great promise for industrial applications as
they have the potential to revolutionize electronics, power transmission, and medical
imaging by enabling the transport of electrical currents without resistance, leading to
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energy efficiency and novel technologies.

Defect engineering remains a promising area for future investigation. The control and
manipulation of defect formation at the nanoscale opens up new areas of research for
tailoring materials with unprecedented electronic, magnetic, and catalytic properties.

In conclusion, this recent discovery of simultaneous in-plane and out-of-plane orbital con-
trol has not only expanded our understanding of thin film growth and defect engineering
but has also set the stage for future innovations in materials science and technology. The
future of this research is rich in possibilities and promises to open up unprecedented op-
portunities for the development of cuprate-based high T superconducting diodes or
high-performance Peltier elements by introducing atomically engineered in-plane
thermoelectric and superconducting heterostructures for sub-T¢ cooling, poten-
tially enabling the use of quantum devices at room temperature. Unlocking the full po-
tential of layered oxides through in-plane and out-of-plane orbital bonding between two
different materials is the key to discoveries for both fundamental research and industrial
purposes.
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Phase diagram illustrating the rich and complex interplay between antifer-
romagnetic insulating, superconducting, pseudogap, and metallic phases in
cuprate materials as a function of temperature and hole doping p. Figure
has been reproduced with permission from Ref.”?

Jahn Teller elongation (left) and compression (right). Left: Crystal field
splitting of La;CuQy, in a spherical, cubic, and tetragonal symmetry of the
oxygen ligands around the central Cu?™ ion.®® Right: Crystal field splitting
of LaMnOs3 in a spherical, cubic, and tetragonal symmetry of the oxygen

ligands around the central Mn3* ion. . . . . ... ... ... ... ... . ...

Comparison of the CuOg octahedral units between LayCuOy4 (left) and
Sr-doped Lay g5510.15CuOy (right), where the contraction induced by Sr
substitution is visualized using black arrows. The figure has been produced

by the software VESTA.% . . . . ... ... .. ...

Comparison of the parallel coupling forming a Hund’s triplet (a) and the
antiparallel coupling forming a Zhang-Rice singlet (b). The red arrows
denote the dopant hole and the green arrows denote the Cu 3d° hole. The
grey orbitals highlight the O 2p, orbitals and the yellow orbitals in panels

a and b highlight the Cu 3dz? and Cu 3dx3-y? orbitals, respectively.%® . . .

Classification of (a) Mott-Hubbard and (b) Charge-Transfer insulators.
The figure has been reproduced with permission from Ref.”

Ruddlesden-Popper family with the n=1 (a) A;BO,4 phase, the n=2 (b)
A3B507 phase, and the perovskite-type phase (c) ABO3 with n=c0. The

figure has been produced with the software VESTA.®® .. . ... ..

La;_,Sr,MnOj3 displays a broad variety of different crystal structures, in-
cluding Jahn-Teller distorted orthorhombic (O’), orthorhombic (O), orbital-
ordered orthorhombic (O”), rhombohedral (R), tetragonal (T), monoclinic
(Mc), and hexagonal (H), alongside distinctive magnetic configurations:
paramagnetic (PM, green), short-range order (SR), canted (CA), A-type
antiferromagnetic (AFM, depicted in yellow), ferromagnetic (FM, blue),
phase-separated (PS), and AFM C-type structures. The electronic states
are identified as insulating (I, in dark), and metallic (M, in light). The

figure has been reproduced with permission from Ref® . . . ... ... ...

Difference between unit cell (u.c.) and monolayer (ML). On the left side is
the undoped SroMnOy; on the right side is the La-doped SrLaMnO,. The
individual a-axis parameters of the two distinct materials are shown below
the respective crystal structure. Sr is depicted in blue, La in red, and Mn
in yellow. The figure has been produced with the software VESTA %49

Interplays at oxide interfaces. The figure has been reproduced with per-
mission from Ref.>.

(a) Coherent interfaces and (b) semi-coherent interfaces with local inco-
herences, here so-called misfit dislocations, pointed out by the red arrows.

The figure has been adopted with permission from Ref.!%*. . . . . ... . ..
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Visualization of a characteristic step-edge occurring at the surface of sub-
strates. The TSK is applied to a simple cubic crystal configuration. Sub-
strate atoms are depicted as white circles, and a dashed line demarcates
the position of a step that divides the upper and lower terraces, exhibiting
a kink along the step’s trajectory. The step descends from left to right.
Additionally, black circles denote atoms adsorbed onto the terraces. The
figure has been adopted with permission from Ref.!%¢. . . . . . ... ... ..
(a) MBE system equipped with an ozone generator. (b) In situ RHEED
pattern of LayCuQOy4 with the main spot (red ellipse), Bragg diffracted spot
(blue ellipse), and superstructure spot (green) to control the shutter times
of the metal evaporation cells. (c) RHEED oscillations of the RHEED
spots are depicted in b. The figure has been reproduced from Ref.!'* . . . .

[lustration of four distinct modes of epitaxial growth: (a) two-dimensional
layer-by-layer growth (Frank-van der Merwe), (b) three-dimensional growth
of islands (Volmer-Weber), (c) layer-by-layer growth succeeded by island
growth upon a critical thickness (Stranski-Krastanov), and (d) epitaxial
growth in a step-flow like pattern. This figure has been inspired by Ref.!!

Atomic force microscopy images highlighting the Frank-van der Merwe type
of growth. (A) BiFeO3 grown on SrTiO;3. (B) BiFeO3 grown on LaAlOs.
This figure has been reproduced with permission from Ref.!*¢. . . . . . . ..
Atomic force microscopy image highlighting the Volmer-Weber type of
growth. White dots mark the formation of big islands with a maximum
height of around 30 nm. This figure has been reproduced with permission
from Ref.11

Atomic force microscopy image highlighting the Stranski-Krastanov type
of growth. (A) White dots mark the formation of small islands with a

height of around 3 nm. (B) The line profile obtained along the blue line in
panel A. This figure has been reproduced with permission from Ref.*!6.

Atomic force microscopy images highlighting the growth on vicinal sub-
strates. SrRuOs is grown on SrTiO; with different terrace widths. (A)
Step bunching manifests on substrates characterized by small terrace width.
(B),(C), (D) Smooth surfaces following the steps of the substrates are ob-
tained for intermediate terrace widths. The scale bars represent a length

12

13

14

of 10 ym. (D) This figure has been reproduced with permission from Ref.'?. 15

(a) The probe-corrected JEOL ARM200F (S)TEM, which was the main
instrument used, stands as a cutting-edge instrument renowned for its re-
markable stability and ability to generate highly focused probes. Addi-
tionally, this microscope is outfitted with sophisticated EELS detectors,
facilitating comprehensive chemical analysis. This microscope is equipped
with a cold field emission gun and achieves a spatial resolution of 63 pm at
200 kV. (b) Atomically resolved annular dark-field image of a superlattice
consisting of superconducting Laj g45r916CuO4 and insulating LaSrMnQOy4
epitaxially grown on LaSrAlO4 (LSAO). . .. ... ... ... ... ...
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(a) Illustration of positive spherical aberration. (b) Chromatic aberration,
where waves with distinct wavelengths and energies (E1<E2) converge at
different positions along the optical axis. (¢) Astigmatism, where the black
plane and the gray plane in the magnetic lens exhibit different focal lengths
along the optical axis. « is the collection semi-angle of the lens. The point
of minimal aberration effects is represented by the circle of least confusion.
Dashed black lines show the optical axes. This figure has been modified
with permission from Ref.'3!

[llustration of the basics of ADF and ABF STEM imaging techniques with
the convergence semi-angle o and the scattered electrons toward low-angles
(B1: 12-24 mrad) for ABF imaging and toward high-angles ((2:25-200
mrad) for ADF imaging. . .. ... ... .. ..o

[ustrative diagram of a typical EEL-spectrum with three distinct regions:
i) The zero-loss region with the zero-loss peak. ii) The low-loss region
highlights plasmonic excitations. iii) The high-loss region with the core-
loss edges with a prototypical O-K edge exemplification. . . . ... ... ..

Atomically resolved STEM imaging and transport properties of
the LCO-SCO SL. (a) Structural illustration of one of the five LCO-SCO
blocks. Red, blue, and green represent La, Cu, and Sr, respectively. (b)
ADF overview image depicting the defect-free SL consisting of a repetitive
bilayer system, namely eight half-unit cells LCO and two half-unit cells
SCO, as well as an LCO protection layer, grown on an LSAO substrate
with (001) orientation along the [001] axis. The green line in panel (b)
indicates the interface to the substrate. The yellow and pink arrows point
out the LCO-SCO and SCO-LCO interfaces IF1 and IF2, respectively. (c)
Resistance versus temperature (red) curve. The blue arrows point out the
T onset and T r—q values. This figure has been reproduced with permission
from Bonmassar et al ™t .. ..

In situ and macroscopic structural characterizations. (a) Intensity
oscillations of Bragg reflections (see (¢) blue, red, and green ellipse) during
the growth. (b) Out-of-plane x-ray diffraction of the superlattice with Cu-
Ka source. (c¢) LCO and (d) SCO RHEED image, obtained during the
growth. This figure has been reproduced with permission from Bonmassar
et al ™

Transport measurements. (a) Resistance and (b) mutual inductance
vs. temperature measurements. The blue and black arrows in panel (a)
depict the onset and the R=0 temperatures from R vs. T, respectively.
The red arrow in panel (b) highlights the maximum of the imaginary part
(grey line) and the inflection point of the real part (black curve). This
figure has been reproduced with permission from Bonmassar et al.''*

Spectral weight transfer from the UHB to HP. (a) ADF overview of
the three regions separated by two interfaces (IF 1 and IF 2) highlighting
areas with no Sr (red) and high Sr content (blue). (b), (c), and (d) Gaussian
fits with energy constraints for the HP (blue) at 529 eV, the UHB (red) at
530 eV, and a peak at 533 eV (turquoise). Spectra have been obtained from
the top, middle, and bottom areas away from the interface, as indicated by
the red and blue arrows. This figure has been reproduced with permission
from Bonmassar et al* . . . .
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EELS spectrum imaging and corresponding elemental profiles
across both interfaces, IF1 and IF2. (a) Color-coded RGB elemental
map (La: red, Cu: green, and Sr: blue) of an interfacial region in the SL.
The growth direction (purple arrow) was along the crystallographic c direc-
tion and interfaces IF1 and IF2 are depicted as yellow lines. (b) Projected
—La, Sr, O, and Cu profiles of the whole area at and near the interfaces.
The dashed yellow line marks the Sr content obtained from samples with
Laq g5510.35CuQy4 layers, instead of LasCuQOy layers to differentiate between
superconducting and metallic layers. The green background in (b) depicts
the area, where a small Sr content is accompanied by a none detectable
amount of oxygen vacancies, the grey background depicts the area, where
there are many oxygen vacancies, and the red background highlights the
two areas, where neither Sr nor oxygen vacancies could be detected. This
figure has been reproduced with permission from Bonmassar et al..''* . . .

(a) La-My 5, (b) Cu-Ls and (c) Sr-Lsy 3 edges extracted from the same loca-
tion as in Fig. 28c. This figure has been reproduced with permission from
Bonmassar et al.*'*

Differentiation between in-plane and out-of-plane orbital occu-
pation via EELS spectrum imaging and O-K pre-edge analysis.
Spatially resolved EELS maps of the (a) Cu-Ls edge and (b) O-K edge.
The intensity bar in panel (a) corresponds to both heat maps and interfaces
IF1 and IF2 are depicted as yellow lines. (c¢) EEL Spectra were collected
at different positions (1 to 8) and subdivided into out-of-plane (blue) and
in-plane (red) orbitals. The shaded region (blue) at 527-529 eV highlights
the pre-peak region of the O-K edge. The green background in (c) depicts
the area where superconductivity occurs, the grey background depicts the
area where metallicity arises, and the red background highlights the areas
where an insulating phase ensues. (d) Schematic of the three distinct quan-
tum states: insulating (red), superconducting (green), and metallic (grey)
areas. This figure has been reproduced with permission from Bonmassar
et al.t'4

Sheet resistance normalized by the resistance value at 300K ver-
sus temperature of another superlattice with thicker SCO (two
unit cells) and thinner LCO (three unit cells) layers. Here, the
non-linear behavior for temperatures above T resembles a more Fermi
liquid behavior. This figure has been reproduced with permission from
Bonmassar et al. ™' ...

Additional sample composing of La; 455r,35;Cu04—Sr,CuQO,_; lay-
ers. (a) Overlay of HAADF and inverted annular bright-field (1IABF) im-
ages highlighting both interfaces, IF1 and IF2. (b) Real (black) and imag-
inary (gray) parts of mutual inductance vs. temperature measurement.
(c) EELS elemental map depicting Cu (green), La (red), and Sr (blue)
positions in the superlattice. (d) Profiles obtained as in [100] direction in-
tegrated elemental distribution along the [001] direction. This figure has
been reproduced with permission from Bonmassar et al.'™* . . . . . ... ..
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Overview (a) Schematic of the designed heterostructures, with x = 0 and
x = 1. (b) Left: HAADF intensity profile integrated from the HAADF
image. Red and blue backgrounds account for LSCO and LSMO layers,
respectively. Right: HAADF overview image of the SL consisting of LSCO
and LSMO. The red bar points out the interface from the substrate to the
first LSCO layer. This figure has been reproduced with permission from
Bonmassar et al.®* . .. ..

X-ray diffraction of both SLs. Top and bottom diffractogram corre-
sponds to the SL with SMO and LSMO, respectively. This figure has been
reproduced with permission from Bonmassar et al® . . . . . ... ... ...

Overview of the superlattice with SroMnO,. (a) ADF overview image
of the SL consisting of LSCO and SMO. The red bar points out the interface
from the substrate to the first LSCO layer. The green box highlights the
formation of a 113-type layer in the SMO area. (b) Overlay of high-angle
annular dark field and inverted annular bright field images. This figure has
been reproduced with permission from Bonmassar et al.”*

Chemical distribution of elements. (a), (c) EELS elemental mapping
and (b), (d) EELS elemental profiles across two interfaces, [F1 and IF2,
highlighted as dashed white lines for both superlattices, respectively. The
small black arrows highlight differences in La and Sr content within one
unit cell of LSMO (a) and SMO (b). The color code for the EELS mapping
and the elemental profiles is red: La, blue: Sr, green: Cu, yellow: Mn, and
black: O. This figure has been reproduced with permission from Bonmassar
et al.%!

EELS elemental mapping obtained from raw data. (a) and (b) SLs
with SMO and LSMO, respectively. The black arrows highlight the two
interfaces (IF1 and IF2). This figure has been reproduced with permission
from Bonmassar et al®' . . ...

Physical properties of both samples. (a) Resistance and (b) mutual
inductance vs. temperature curves in blue squares and red circles for the
SL with SMO and LSMO, respectively. The inset in (a) shows the setup
for the used four-point van der Pauw geometry. Imaginary parts of the
mutual inductance measurements are depicted in lighter blue and lighter
red colors, respectively. This figure has been reproduced with permission
from Bonmassar et al.”*

RHEED pattern of the first unit cell LSCO after the LSMO phase high-
lighting the 5x5 superstructure with four white ellipses. This figure has
been reproduced with permission from Bonmassar et al.”*

Apical and basal oxygen distances for the SL with SMO (a) and with
LSMO (b). The top parts are overlays of HAADF and iABF images for
simultaneous visualization of oxygen and A, and B site cation positions.
The green arrow points out the growth direction and the two octahedra
depict the apical and basal oxygen distances for SMO and LSMO bulk
material.!8%1% Error bars arise from two times the standard deviation of
atomic-column positions within the same plane. This figure has been re-
produced with permission from Bonmassar et ol . . . . . . ... ... ...
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Out-of-plane (blue boxes) and in-plane (red circles) A-site cation
distances obtained from HAADF images for the SL with SMO (a) and
LSMO (b). The green arrow points out the growth direction and the red
and blue arrows depict the out-of-plane and in-plane distances for SMO
and LSMO bulk material. Error bars arise from two times the standard
deviation of atomic-column positions within the same plane. This figure
has been reproduced with permission from Bonmassar et al.”*

Electronic configuration of the one unit cell thick manganite lay-
ers in direct proximity to two superconducting LSCO layers. (a)
EELS elemental mapping serves as a guide to the eye for the different re-
gions where the following EEL spectra have been integrated. The green
arrow points out the growth direction. (b) Mn-Ly 3 edges (orange) of the
first and second monolayer of the respective unit cells for SMO (blue back-
ground) and for LSMO (red background). The spectrum with the purple
background in (b) represents the difference spectrum between the sum of
spectra 1 and 2 for LSMO and SMO, which highlights the earlier onset of
the Mn-Ly 3 edge in LSMO compared to SMO. (c¢) Mn-Ls 3 ratios of the
respective manganese layers with Mn?* and Mn** reference ratios obtained
from LaMnOj3 and StMnOs, respectively. (d) O-K edges (black) of the first
and second monolayer of the respective unit cells SMO (blue background)
and LSMO (red background), and the sum of the top and bottom O-K
spectra for LSCO monolayers (green background). Each pre-peak is fitted
with a Gaussian function (green) and the residual signal of the O-K edge
is depicted in turquoise. This figure has been reproduced with permission
from Bonmassar et al.”*

Comparison of the two growth mechanisms terrace-by-terrace vs.
layer-by-layer growth. (a) Exemplifying the transformative potential of
terrace-by-terrace growth allows for remarkable control over terrace width
w by judiciously selecting the offcut angle o while maintaining a fixed step
height value h of the substrate. The profound implications of this technique
are highlighted by the emergence of both A (blue) and B (green) materials,
manifesting in both the out-of-plane and in-plane directions (grey arrows),
increasing the degree of freedom of the subsequent thin film. (b) In stark
contrast, layer-by-layer growth on non-offcut substrates confines to a uni-
directional growth (grey arrow). The green arrows depict the growth direc-
tions. This figure has been reproduced with permission from Bonmassar
et al X5
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Structural and chemical analysis of the bi-directionally grown su-
perlattice. (a) HAADF overview image reveals the alternating nature
along the crystallographic [100] and [001] axis, illustrating the precise ar-
rangement of layers. The white scale bar represents 2 nm. Notably, subtle
thickness variations at the sub-nanometer scale manifest as contrasting re-
gions in the HAADF images, with LMO layers exhibiting bright contrast
and the SMO layers displaying dark contrast, a phenomenon observed even
in conventional layer-by-layer grown SLs.!%216 (b) EELS elemental map-
ping showcases the bi-directional character of the SL, with false color-coded
representations of La (green), Sr (orange), and Mn (blue). The black scale
bar represents 1 nm. (c) Profile plots along the crystallographic a- (in-
plane) and c-axes (out-of-plane) offer a comprehensive illustration of the
bi-directional nature of the SL. Green and orange background correspond
to the LMO and SMO layers, respectively. (d) Mn L3/Ls white-line ra-
tios serve as a powerful indicator of the alternating electronic states within
the LMO and SMO layers. The profile backgrounds in green and orange
highlight the respective layers, while the black background with the white
cross represents the reference Mn L /Ly ratio for the mixed Mn3.5" valence

state in half-doped Lag5SrgsMnQOs3. This figure has been reproduced with
195

permission from Bonmassar et al."™ . . . . ... ... .. ... ... ..

Atomic force microscopy proves the surface smoothness of the bi-directionally

grown superlattice. The black box highlights the area, on which the root

mean square roughness of 174 pm was determined. This figure has been
195

reproduced with permission from Bonmassar et al.™ . . . . ... ... ...

Comparison of the X-ray diffraction patterns of the bi-directionally grown
manganite superlattice with the superlattice grown on a conventional sub-
strate, highlights the high crystallographic quality on a macroscopic scale.
Due to the huge offcut of 25°the sample had to be tilted into the exact
angle leading to the observation of an additional peak from the holder. (b)
Rocking curve (omega scan) of the bi-directionally grown superlattice ob-

tained at 20 = 47.522°. This figure has been reproduced with permission
195

from Bonmassar et al."° . . . . .

Annular dark-field overview images of the bi-directionally grown
manganite superlattice at low (a), medium (b), and high (c), magnifi-
cation. The red bar in (c) indicates the final terrace with atomic resolution
to visualize the in-plane interfaces (blue lines) from SrMnOj (dark) to
LaMnOj (bright). This figure has been reproduced with permission from

Bonmassar et al.' . .
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Anisotropic ferromagnetism in the (SMO), + (LMO), SL. (a) II-
lustration of the two Hall bars fabricated to align with the parallel (blue
[010]) or perpendicular (red [100]25¢) orientations to the terraces. (b) and
(c), Resistance and magnetization versus temperature profiles, respectively,
obtained for both in-plane configurations. Intriguingly, a subtle resistance
anomaly appears at 106 K (gray dashed line), potentially stemming from
a cubic to tetragonal phase transition of the SrTiO3 substrate.?'® The blue
balls and red triangles symbolize the [010] and [100]g5e directions, corre-
sponding to the applied current and the magnetic field (field strength dis-
plays 500 Oe). (d) Magnetization versus magnetic field obtained at 100 K.
The inset within panel d magnifies magnetic fields, highlighting disparate
coercive fields in each direction. A distinct step around 200 Oe emerges in
the hysteresis loop for the [010] direction, suggestive of a second magnetic

phase characterized by marginally higher coercive fields. This figure has
195

been reproduced with permission from Bonmassar et al.™™ . . . . . . .. ..

Anisotropic superconductivity in LSCO thin films. (a) HAADF im-
age revealing the origin of the anisotropic I in an LSCO thin film grown
on a 25° offcut LSAO substrate. The intrinsic Josephson effect arises from
c-axis tunneling (depicted as red blocks), while the narrow terrace width
(indicated by a blue line) creates a weak link along the crystal’s a-axis. (b)
[ustration displaying the red and blue regions from panel A emphasizing
the intrinsic c-axis tunneling (red) and the width and length of the resulting
superconducting stripes (blue). (c¢) Schematic representation of two Hall
bars with a width of 10 pum, oriented in parallel (blue [010]) and perpen-
dicular (red [100],) directions to the terraces. (d) and (e) Current-Voltage
(I-V) characteristics conducted at 4.2 K of three distinct LSCO thin films,
measured parallel (blue) and perpendicular (red) to the terraces and R-T
curves illustrating the T measured parallel (blue) and perpendicular (red)
to the terraces. As a consequence of the weak link formation in the canted
superconducting stripes, they show a lower T¢ of about 20 K compared

to the other LSCO thin films with a T above 30 K. This figure has been
195

reproduced with permission from Bonmassar et al.™™ . . . . . .. ... ...
In situ reflection high-energy electron diffraction patterns obtained of LaMnQOj3

and SrMnOj layers during the growth. The white ellipses indicate the pres-
ence of a superstructure, which is more visible in the SrMnOj layers than

in the LaMnOj layers. This figure has been reproduced with permission
195

from Bonmassar et al.*?° . . . . .

Real-time monitoring and control of the bidirectional growth by adjusting
the in situ high-energy electron diffraction oscillations of the N+1 reflec-
tion, see inset bottom right. The decrease in intensity during the La/Sr
shutter opening, highlighted by the green/orange background, is due to A-
site cation deposition, while the increase in intensity during the Mn shutter
opening is due to Mn deposition, highlighted by the blue background. Note
that the sudden jump at about 1000s is due to manually increasing the in-

tensity by increasing the filament current. This figure has been reproduced
195

with permission from Bonmassar et al.””> . . . . ... ... ... ... ....

Temperature dependent mutual inductance measurement show-
casing the superconducting transition at around 28 K (red vertical dashed

line). This figure has been reproduced with permission from Bonmassar et
al.221
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Step Edge Induced Defect Formation. (a) Overview HAADF image
of the trilayer system, LSCO-LSMO -LCO, grown on LSAO possessing a
15° offcut angle towards the b-axis. Red (blue in panel ¢) arrows point out
the step edges. Green lines highlight the different terrace widths of the
substrate. The scale bar is 5 nm. (b) [lustration of the mechanism behind
the defect formation. Due to the considerable c-axis mismatch between
LSMO and LSCO, the system forms a defect, indicated by the gray box.
(c) Atomically resolved EELS mapping shows that the defect is formed in
the second LSMO unit cell highlighted by the gray circle. The two arrows
point out the interface between LSCO and LSMO. This figure has been
reproduced with permission from Bonmassar et al.?** . . . ... . ... ...

Elemental map (a) and profiles (b) of La (red), Sr (yellow), Cu (green),
and Mn (blue) obtained from the yellow and pink dashed rectangles. The
turquoise background in panel (b) marks the position of the step edge.
This figure has been reproduced with permission from Bonmassar et al.?*!

RHEED images of distinct monolayers during the growth: (a) 15 ML of
LSCO (x=0.16), (b) 16 ML LSMO (x=0.33), and (c) 26 ML of LCO. This

figure has been reproduced with permission from Bonmassar et al.**!

Strain-induced lattice deformation in highly perturbed materials.
(a) HAADF image highlighting the specific area used for the strain calcu-
lation. The inset shows the FF'T with the two reciprocal lattice vectors g,
(001) and gz (101) within red circles, which have been used for the strain
analysis. (b) Lattice mismatch in the X-direction of the image. (c) Lattice
mismatch in the Y-direction of the image. (d) Shear strain highlighting
the mean lattice dilatation. Red arrows point out distinct step edges of
interest and the gray arrow points out the interface of the LSAO substrate
to the LSCO layer. The X and Y directions of the image are indicated by
the black arrows. Blue arrows point out the same positions as the red ones,
but the color has been changed for simplicity for the reader. This figure
has been reproduced with permission from Bonmassar et al.?** . . . . . ..

Insights into the electronic structure at the step edge. (a) HAADF
image highlighting a step edge of the LSCO-LSMO interface with dashed
white lines. The blue numbers denote the Mn atoms outside of the de-
formed unit cell and the red number denotes the position of the LSMO
unit cells, which is in direct proximity to the step edge. (b) Atomically
resolved ELNES of the four LSMO unit cells performed on the pre-edge
region of the O-K edge with the reference LSMO O-K edge obtained from
the center of the sample as an orange profile. (c¢) Similar analysis utilizing
the Mn-L, 5 edges for each of the four LSMO unit cells. This figure has
been reproduced with permission from Bonmassar et al.??* . . . . . .. ...
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List of Figures

Unveiling coherent interfaces with structurally congruent mate-
rials. (a) HAADF overview image delineating the bilayer structure. The
first interface is the LSAO substrate (dark contrast on the left side) next to
the LSCO (bright contrast in the middle), positioned in the middle of the
image. The second LSCO-LaSrMnO, interface (dark contrast on the right-
hand side) is depicted on the right-hand side. The white square showcases
the area for the EELS elemental mapping. (b) Atomically resolved EELS
elemental mapping with La in red, Cu in green, and Mn in blue shows the
high chemical quality of the bilayer system. The white line highlights the
interface between the cuprate and the manganite layer. This figure has
been reproduced with permission from Bonmassar et al.?** . . . . . . .. .. 69
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