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Abstract 

Complex oxide materials providing numerous physical properties can be fabricated in different 

forms, for instance in thin films or heterostructures, due to their highly adaptable crystal structures. In 

the last decade, the heterostructures of complex oxides have been in high-demand due to their large 

number of impressive functionalities, which do not exist in their bulk forms but emerge at the 

interfaces. Recent technical improvements of epitaxial growth techniques enable fabricating high-

quality oxide heterostructures, where the phenomena occurring at their interfaces can be tailored 

depending on the choice of the constituents. However, the key factor dominating the interface 

functionalities is the control of the interface sharpness.  

Prominent combination of state-of-the-art atomic-layer-by-layer molecular beam epitaxy (ALL 

oxide-MBE) and aberration-corrected scanning transmission electron microscopy (STEM) is utilized 

in the thesis, for the atomic-layer-precise synthesis and atomic-resolution characterization of the 

heterostructures, respectively. Atomically-resolved STEM imaging [i.e. high-angle annular dark-field 

(HAADF), annular bright field (ABF)] and spectroscopy [i.e. electron energy loss spectroscopy 

(EELS) and energy dispersive X-ray spectroscopy (EDXS)] techniques are combined with dedicated 

conductivity measurements as well as atomic force microscopy and X-ray diffraction. Using these 

results, the local structure, octahedral distortions, and chemical properties are correlated with the 

functionalities of the systems. For the STEM data analysis, “Oxygen-octahedra picker tool” and 

“STEM-SI Warp” software tools are used in order to quantify and to post-correct the (spectrum) 

images, respectively.  

Complex functional oxide heterostructures consisting of iso-structural or hetero-structural 

contacts – mainly based on La2CuO4 and its derivatives – are concerned with the aim of not only 

tailoring the novel interface properties, which are directly linked to the local structural and chemical 

properties but also identifying the interface sharpness.  

First, La1.6A0.4CuO4 / La2CuO4 bilayers composed of a metallic (M) and an insulating phase (I), 

where A represents a divalent dopant (namely, Ba
2+

, Sr
2+

, and Ca
2+

), are studied. After the growth 

optimization, detailed characterization of the structures – especially extensive STEM investigations – 

substantiated the importance of the elemental distribution at the interfaces: Despite the perfect 

epitaxial growth, the dopants were found to be inhomogeneously distributed depending on the dopant 

size. This distribution defines whether the final superconducting properties emerge due to the striking 

“interface effect” or due to “classical” homogeneous doping. Moreover, a clear correlation between 

dopant size, dopant distribution and local lattice deformations is underlined suggesting a relationship 

between the nature of superconductivity (interface vs bulk) and Jahn–Teller distortions of the anionic 

sublattice.  

The second example of homoepitaxial (i.e. iso-structural) systems considered in this work is 

two-dimensionally-doped (i.e. δ-doped) La2CuO4 superlattices, where specified La–O atomic layers in 

the La2CuO4 crystal structure are substituted with A–O layers, in which A is an acceptor dopant (A = 

Ba
2+

, Sr
2+

, Ca
2+

). STEM-EELS analyses substantiated that despite the differences on the cation 

redistribution lengths, δ-doping results in asymmetric dopant distribution profiles at the interfaces. 

Such distribution is correlated with a qualitative model based on thermodynamic considerations and 

growth kinetics: As far as the dopant redistribution mechanism is concerned, the main factor leading 

to intermixing in the substrate direction is thermal diffusion. On the other hand, the wider distribution 

in growth direction is a consequence of the high lateral mobility of the atoms, which triggers the 
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tendency to cationic intermixing at the surface. Moreover, the substrate temperature variation also 

affects the cationic distribution length, while the tensile strain induced by the substrate may influence 

the asymmetric profile. 

Furthermore, the contacts of different materials, namely, lanthanum cuprate and lanthanum 

nickelate systems, are studied. High-temperature superconductivity at the interface of lanthanum 

cuprate (La2CuO4, 214-phase) and strontium (Sr)-doped lanthanum nickelate (La2-xSrxNiO4, 214-

phase) heterostructures, and high-temperature thermoelectricity of lanthanum cuprate (La2CuO4, 214-

phase) and lanthanum nickelate (LaNiO3, 113-phase) heterostructures are reported. For the former, 

i.e. La2CuO4/La2–xSrxNiO4 contacts, the ability to tune the superconducting properties simply by 

changing the structural parameters is presented. More importantly, STEM techniques combined with 

dedicated conductivity measurements evidenced the decoupling between the electronic charge carrier 

and the cation (Sr) concentration profiles at the interface, which induces the formation of a hole 

accumulation layer dictating the final superconducting properties. This phenomenon is rationalized in 

the light of a generalized space-charge theory. As far as the La2CuO4/LaNiO3 heterostructures are 

concerned, the variation of the individual layer thicknesses (with constant total film thickness) 

influences the physical properties: As the thickness of the individual layers is reduced, the electrical 

conductivity decreases and the sign of Seebeck coefficient changes.  

Independent from the functionalities, the differences in chemical sharpness of lanthanum 

cuprate–lanthanum nickelate interfaces are further realized, although all the interfaces are structurally 

sharp: In the case of La2CuO4/La2– La2CuO4, 214-phase xSrxNiO4/La2CuO4 contacts, the La2CuO4–

La2–xSrxNiO4 interface is sharper concerning the elemental intermixing, while the La2–xSrxNiO4–

La2CuO4 interfaces exhibit a wider Sr distribution. On the other hand, the decrease of individual layer 

thickness in La2CuO4/LaNiO3 multilayers results in strong intermixing while thicker cuprate–

nickelate layers maintain sharper interfaces. 

In the case of hetero-structural epitaxy of different materials (phases), e.g. superconducting–

ferromagnetic La2CuO4/LaMnO3 multilayers, substantial differences in cationic redistribution and the 

local octahedral network is observed. STEM investigations demonstrate that Sr redistribution in 113-

LaMnO3 and 214-La2CuO4 phases is different and this directly affects the sharpness of the interfaces. 

In particular, a stronger tendency of Sr segregation (in growth direction) in the 113-phase compared 

to the 214-phase is unveiled. 

Moreover, detailed high-resolution STEM imaging and spectroscopy of PLD-grown NdNiO3 

epitaxial layers on [011]-oriented NdGaO3 substrate experimentally show a structural re-orientation 

from the [011]-phase (α-phase) to the [101]-phase (β-phase), which could be understood within the 

framework of DFT+U calculations. The calculations further unveil enhanced NiO6 octahedral 

breathing distortions for tensile strained α- and β-phases of NdNiO3. 
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Zusammenfassung 

Aufgrund ihrer flexiblen Kristallstrukturen können mit komplexen Oxiden Dünnschichten und 

Heterostrukturen mit sehr variablen physikalischen Eigenschaften, welche im Volumenmaterial nicht 

vorkommen, hergestellt werden. Dies hat im vergangenen Jahrzehnt zu einer beträchtlichen 

Forschungsaktivität geführt. Aufgrund technischer Entwicklungen können solche Oxid-

Heterostrukturen inzwischen mit hoher Perfektion hergestellt werden. Dadurch wird es möglich, die 

Phänomene an den Grenzflächen gezielt zu kontrollieren. Hierbei kommt der Grenzflächenschärfe 

eine besondere Bedeutung zu. 

In dieser Arbeit erfolgt die präzise Synthese mittels “atomic-layer-by-layer molecular beam 

epitaxy” (ALL oxide-MBE). Zur Analyse der Schichten kommt die aberrationskorrigierte Raster 

(“Scanning”)-Transmissionselektronenmikroskopie (STEM) zum Einsatz. Diese erlaubt die 

Charakterisierung der Proben mit atomarer Auflösung. Für die Abbildung wird die  “high-angle 

annular dark-field” (HAADF)-Technik sowie die “annular bright-field” (ABF)-Methode angewandt. 

Für die chemische Analyse kommen die Elektronen-Energieverlustspektroskopie (EELS) sowie die 

energiedispersive Röntgenanalyse (EDXS) zum Einsatz. Diese Messungen werden ergänzt durch 

Leitfähigkeitsmessungen, Röntgendiffraktometrie sowie Raster-Kraftmikroskopie. Mit all diesen 

Ergebnissen kann somit eine Korrelation zwischen der lokalen Struktur und Chemie und den 

funktionalen Eigenschaften der Systeme erarbeitet werden. Für die exakte Bestimmung der Geometrie 

der Metall-Sauerstoff-Oktaeder wurden die Programme “Oxygen-octahedra picker tool” und “STEM-

SI Warp” verwendet. Die Messungen erfolgten an verschiedenen Systemen die im Folgenden 

beschrieben werden. 

(i) Das La1.6A0.4CuO4/La2CuO4-Schichtsystem, wobei La1.6A0.4CuO4 metallisch ist und La2CuO4 

ein Isolator. “A” steht für eines der divalenten Dotieratome Ba
2+

, Sr
2+

 und Ca
2+

. Nach Optimierung 

der Wachstumsbedingungen zeigten die STEM-Resultate die Wichtigkeit der Elementverteilung an 

der Grenzfläche auf. Denn trotz perfekten epitaktischen Wachstums zeigten die Dotieratome eine 

inhomogene Verteilung. Diese Verteilung bestimmt, ob die Schichten Grenzflächen-Supraleitung 

oder Volumen-Supraleitung zeigen. Es konnte eine eindeutige Korrelation zwischen Größe des 

Dotieratoms, der Verteilung der Dotieratome und der Geometrie der Metall-Sauerstoff-Oktaeder 

festgestellt werden. Dies deutet auf einen engen Zusammenhang zwischen dem Mechanismus der 

Supraleitung und Jahn–Teller-Verformung der Oktaeder hin. 

(ii) In zweidimensional dotiertem La2CuO4 wurden einzelne La–O-Atomlagen durch A–O-

Atomlagen ersetzt, wobei “A” wiederum für eines der Ionen Ba
2+

, Sr
2+

, Ca
2+

 steht. Mit Hilfe von 

STEM-EELS konnte gezeigt werden, dass die Dotierprofile asymmetrisch verbreitert sind. Dies wird 

mit einem qualitativen thermodynamischen Modell der Wachstumskinetik beschrieben: Entgegen der 

Wachstumsrichtung führt thermische Diffusion zu einer Umverteilung der Dotieratome, in 

Wachstumsrichtung begünstigt die hohe laterale Beweglichkeit der Oberflächenatome eine 

Vermischung mit anderen Atomschichten. Darüber hinaus spielt die Substrattemperatur sowie die 

durch das Substrat bedingte Zugspannung eine Rolle. 

(iii) Es wurden zum einen Grenzflächen zwischen Lanthankuprat (214-Phase) und Sr-dotiertem 

Lanthannickelat (La2CuO4/La2–xSrxNiO4) untersucht welche Supraleitung zeigen. Zum anderen 

Grenzflächen zwischen Lanthankuprat (214-Phase) und Lanthannickelat (113-Phase) 

(La2CuO4/LaNiO3), bei denen Thermoelektrizität nachgewiesen wurde. Für erstere wird gezeigt, dass 
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die Supraleitung durch Änderung der strukturellen Parameter variiert werden kann. Mit der 

Kombination aus STEM und Leitfähigkeitsmessungen wird gezeigt, dass elektrische Ladungsträger 

von Sr-Dotieratomen entkoppelt auftreten. Dies wird mittels der verallgemeinerten 

Raumladungstheorie erklärt. Für letztere wird gezeigt, dass die physikalischen Eigenschaften von der 

Dicke der Schichten abhängt: Mit abnehmender Schichtdicke sinkt die elektrische Leitfähigkeit und 

der Seebeck-Koeffizienten ändert sein Vorzeichen. 

(iv) Trotz struktureller Schärfe sind die Grenzflächen chemisch nicht scharf. So finden wir, 

dass im System La2CuO4/La2–xSrxNiO4/La2CuO4 die La2CuO4–La2–xSrxNiO4-Grenzfläche chemisch 

schärfer ist als die La2–xSrxNiO4–La2CuO4-Grenzfläche, welche eine verbreiterte Sr-Verteilung zeigt. 

Generell führt eine abnehmende Schichtdicke in La2CuO4/LaNiO3-Vielfachschichten zu stärkerer 

chemischer Vermischung. 

(v) Im Falle der Heteroepitaxie unterschiedlicher Materialien (Phasen), z.B. bei 

supraleitend/ferromagnetischen La2CuO4/LaMnO3-Vielfachschichten, finden wir erhebliche 

Elementumverteilung und Störungen des Oktaedernetzwerks. Die Sr-Verteilung in 113-LaMnO3 ist 

verschieden von der in 214-La2CuO4 was sich direckt auf die Schärfe der Grenzfläche auswirkt. 

Insbesondere neigt Sr (in Wachstumsrichtung) zu stärkerer Segregation in der 113-Phase als in der 

214-Phase. 

(vi) NdNiO3-Schichten, welche mittels PLD epitaktisch auf [011]-orientiertes NdGaO3 

aufgewachsen wurden, zeigten eine strukturelle Umorientierung von der [011]-Phase (α-Phase) zur 

[101]-Phase (β-Phase). Das Auftreten der Umorientierung konnte mittels DFT+U Rechnungen 

verstanden werden. Die Rechnungen zeigten außerdem, dass die Gitterverzerrung der Atmungsmode 

der NiO6- Oktaeder, in unter Zugspannung stehenden α- und β-Phasen von NdNiO3, verstärkt auftritt. 
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1. Introduction  

 

 

 

Abstract 

This chapter comprises the motivation and the framework of the thesis together 

with giving a brief summary of the contents to the reader.  
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1.1 Motivation 

Nowadays, the interest in semiconductor technology and semiconductor interfaces extenuates 

due to inherent limitations. Transition metal oxide heterostructures, as being another extensive 

materials family, form a multi-directional platform for the emergence of novel properties. [1,2] 

Bringing dissimilar constituents together in multilayer systems yields novel phenomena at the 

interfaces [3,4], which are normally absent in the constituent materials alone, such as metal-insulator 

transitions [5], orbital reconstructions [6], colossal magnetoresistance [7,8] high-temperature interface 

superconductivity (HT-IS) [9,10], ferromagnetism [11], formation of 2D electron gas [12], 

thermoelectricity [13] etc.. The use of oxide heterostructures – for instance superconducting systems – 

in technological applications is still partially hindered due to the lack of fundamental understanding of 

structural and chemical properties on the atomic scale. The phenomena occurring at oxide 

heterostructure interfaces can be tailored depending on the choice of the constituents; however, the 

key factor dominating the interface functionalities is the control of the interface sharpness and/or the 

interfacial intermixing. 

Recently, the stupendous technical improvements in the synthesis of epitaxial oxide 

heterostructures with atomic layer precision, e.g. atomic-layer-by-layer molecular beam epitaxy (ALL 

oxide-MBE), have paved the way for fabricating stoichiometric systems and tuning their 

functionalities. [14,15] In addition to fabricating such valuable heterostructures, examining the 

interfacial structure and chemistry is of vital importance for correlating with the physical properties. 

Here, aberration-corrected scanning transmission electron microscopy (STEM) techniques provide a 

rich platform for position-sensitive probing of the interfaces with atomic resolution. The unique 

combination of two high-end techniques, i.e. ALL oxide-MBE and aberration-corrected STEM, is 

ideal for customizing and engineering the interfaces: While ALL oxide-MBE offers precise control of 

the heterostructures and the interfaces, STEM techniques provide not only information on the 

interfacial structure and chemistry but also allow the quantification of octahedral distortions at the 

interfaces, which mediate the properties. [16]  

In this thesis, optimization of atomic layer-by-layer growth and/or atomic-resolution 

characterization of various complex functional oxide heterostructures – mainly La2CuO4 based 

systems in the form of either iso-structural or hetero-structural multilayers – is considered. In 

particular, different interfaces and their structural and chemical sharpness are correlated with the 

physical properties. The thesis aims at a better understanding of the complex oxide heterostructure 

interfaces.  
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1.2 Frame of the thesis 

The thesis is composed of eight chapters – with individual “Introduction” and “Conclusion” 

sections– devoted to different oxide heterostructures and related interface examinations. The summary 

of the organization is the following: 

Chapter 2: Background: Functional oxide heterostructures  This chapter presents a 

background to the functional complex oxide systems and properties studied in the thesis. 

Chapter 3: Experimental techniques: Growth and Characterization  This chapter includes 

brief explanations of the experimental techniques conducted in the work such as (i) epitaxial growth, 

(ii) thin film characterization, and (iii) atomically-resolved aberration-corrected scanning transmission 

electron microscopy. 

Chapter 4: Cuprate-based heterostructures  In this chapter, high-temperature interface 

superconductivity (HT-IS) of La2CuO4-based heterostructures are presented. The fabrication and 

detailed characterization – including comprehensive STEM investigations – of bilayer systems, and 

the asymmetric dopant distribution profiles linked with growth kinetics at δ-doped superlattices, 

which are also correlated with electrical properties, are discussed. 

Chapter 5: Cuprate-nickelate heterostructures  This chapter discusses cuprate-nickelate 

multilayers, where the nickelate layers are employed as 214- and 113-phases for studying ‘high-

temperature superconductivity’ and ‘high-temperature thermoelectricity’, respectively. The former, in 

which the presence of space-charge induced HT-IS is revealed, comprises not only the interface 

characterization but also the fabrication of the recent samples. For the latter, I focus on STEM 

investigations indicating the effect of individual layer thickness on the structural quality. 

Chapter 6: Cuprate-manganite heterostructures  In this chapter, superconducting-

ferromagnetic heterointerfaces of La2CuO4-LaMnO3 multilayers are presented. The realization of the 

structural quality and the elemental identification, as well as the octahedral distortions at the 

interfaces, is considered via STEM techniques. 

Chapter 7: Nickelate-based heterostructures  The chapter focuses on the NdNiO3 thin films 

grown on NdGaO3 substrates by pulsed laser deposition. The realization of a structural reconstruction 

in the NdNiO3 thin films is demonstrated, and the mechanism behind the reconstruction is rationalized 

by DFT+U calculations. 

Chapter 8: Epilogue  The chapter summarizes the outcome and concluding remarks of the 

work. 
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2. Background: Functional 

oxide heterostructures 
 

 

 

Abstract 

This chapter gives a brief introduction to perovskite systems and presents a 

background of functional oxide heterostructures studied within the scope of the thesis. 

The structures and the main functionalities of the heterostructures including cuprate-, 

nickelate- and manganite-based systems are summarized. Furthermore, an 

introduction to the defect chemistry of related systems and thin film growth principles 

are presented.   
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2.1 Complex perovskite oxides 

 

2.1.1 The perovskite structures 

The ideal form of a “perovskite” oxide structure is formulated as ABO3, which is composed of 

corner-sharing BO6 octahedrons and A-site cations surrounded by twelve oxygen anions. The 

oxidation state of the A-sites occupied by a cation determines the electron count on the B-site 

transition metal and the valence of A and B cations give rise to the classification of ABO3 perovskites 

into three groups: (i) A
3+

B
3+

O3 (e.g. LaMnO3), (ii) A
2+

B
4+

O3 (e.g. SrMnO3) and (iii)A
1+

B
5+

O3 (e.g. 

KNbO3). Perovskite oxides span a wide range of crystal structures including basic cubic structures or 

complex Ruddlesden-popper phases and different compounds can be derived starting from the highly 

adaptable and stable ABO3 perovskites, either via varying the A- and B-site cations or via doping the 

system, i.e. via employing substitution of the cations with the dopants. Hence, the ability to tailor the 

structures with a variation of A- and B-site cations’ size and/or valence sets the stage for tuning the 

functionalities.  

The highly adaptable crystal structure of perovskite oxides, not only provides the opportunity 

of synthesizing them in different forms, such as ultrathin films and/or heterostructures, but also leads 

to various functionalities including ionic conductivity [17], piezoelectricity [18], ferromagnetism [11] 

etc. owing to sharing similar lattice parameters and structures, and thereby they can be easily 

integrated into each other. In such perovskite oxides, the bonding between B-cation and the O-anion, 

which are determined by the size of A and B cations, and correspondingly the B–O–B angle as well as 

the B–O bond lengths, play an important role. Relatedly, depending on cation sizes, the BO6 

octahedra are modified and the functional properties are tailored in a way that properties can be read 

via the interpretation of the octahedral distortions. To distinguish the origin of the distortions of the 

ideal structure, one can use the relative differences of the ionic radii of the constituent cations. 

Therefore, in order to determine the extent and structural origin of the octahedral distortions in basic 

ABO3 structures, Goldschmidt’s tolerance factor (t), which is defined in terms of ionic radii of the 

cations and anion, has been used. [19] The tolerance factor is defined as:  

 

 𝑡 =
𝑅A+𝑅O

√2 (𝑅B+𝑅O)
                                                                   (2.1) 

 

where RA, RO, and RB refer to the ionic radii for the A cation, oxygen (O) and B cation, respectively. 

The ideal cubic structure is represented by t = 1. In particular, although being modified by 

various distortions – in the cases of t ≠ 1 – the stable ABO3-structure is maintained for 0.8 ≤ t ≤ 1.0. 

These octahedral deformations result in different crystal structures with lowered crystal symmetries 

and can be mainly exemplified as orthorhombic, monoclinic, rhombohedral and tetragonal structures. 
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Ruddlesden–Popper phases 

In addition to the high structural adaptability of perovskites, another important feature is their 

easily modifiable stoichiometry, which enables different phases depending on the oxygen content or 

the substitution of the A cation by other cations with different valence state. Similarly, Ruddlesden-

Popper (R–P) phases, which are derivatives of ideal perovskites, also exhibit structural and 

stoichiometric adaptability, independent of the compound.  

The R–P phases are basically composed of alternating perovskite and rock-salt layers and the 

general formula of structures is An+1BnO3n+1. Importantly, due to an AO-layer “doping”, the 

stoichiometry of the ABO3 system evolves to A2BO4. In Figure 2.1.1, basic structural models of R–P 

phases (including fundamental ABO3) are presented for n = 1, 2 and 3. In this thesis, the essential 

focus is the “n = 1” structure, namely A2BO4 structures, where “A” is mainly La and “B” refers to Cu 

(or Ni). Note that, the cubic perovskite structure is the R–P phase with n = . The details and the 

experimental results that belong to these systems will be further discussed in the following sections 

(see Chapter 4). 

 

 

Figure 2.1.1. Structural models of (a) n =1, including ideal perovskite structure (ABO3), (b) (n = 2) 

and (c) (n = 3) members of Ruddlesden–Popper phases. The denotation of n represents the number 

of stacked octahedral layers separated by a rock salt AO layer with different perovskite layer 

thicknesses. Reproduced with permission from Ref. [20]  
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2.1.2 Crystal-field splitting 

In transition metal oxides (TMOs) the electronic transitions and bonding are dominated by 

partially or fully filled 3d orbital electrons. When ligands (in our case, oxygen anions; O
2-

) are bonded 

to the TM ion in an octahedral symmetry, depending on the TM cation and its valence the energy 

levels of 3d orbitals are modified. The Crystal Field Theory explains these modifications via the ionic 

description of the bonding between TM and O
2-

. [21] In these systems, the five-fold degenerate 3d 

levels are occupied by electrons that have parallel spins minimizing the Coulomb repulsion according 

to Hund’s rule, which briefly states that the d orbitals are filled in a way to lower the energy of the 

electrons via maximized spin and angular momentum.  

The d orbitals in TMOs (in the present case, mainly, CuO6), are degenerated and due to the 

interactions (mainly electrostatic) between the B-3d (e.g. Cu 3d) orbitals and the closest O-2p orbitals, 

the degeneracy is broken with the octahedral crystal field effect. In other words, the oxygen anions, as 

being negative point charges, have a repulsive effect on 3d orbitals that gets stronger via getting 

closer. And, the electron-electron repulsion leads to some differences between the orbitals, i.e. the 

destabilization of the system and breaking of the octahedral symmetry. As a result, the energy levels 

are linear combinations of high-energy doublet eg (i.e. 𝑑𝑥2−𝑦2 , 𝑑𝑧2) and low-energy triplet t2g (i.e. 

𝑑𝑥𝑦, 𝑑𝑦𝑧, 𝑑𝑥𝑧) states (Figure 2.1.2). The energy difference between the eg and t2g states is presented 

by crystal-field splitting energy (Δcf), and varies between ~1-2 eV depending on the system and the 

extent of the distortion. [22] In the case of electrons occupy t2g orbitals (lower energies), the B cation 

gets more stable, whereas in the case of eg orbital occupation at higher energies, the stabilization of 

the crystal field is reduced, and the system is less stable. Therefore, the extent of electron transfer in 

such systems is determined by the B–O bond length and B–O–B angles (see Section 2.3.2) and hence 

the electronic properties are designated within the 3d-orbital electrons of B-site cation and the 2p-

orbitals of the oxygen. 

 

 

Figure 2.1.2. Illustration of the crystal field effect on d-states of a transition metal cation. The 

colored orbital drawings (right) are reproduced from Tokura et al. [22]  
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2.1.3 Jahn–Teller effect 

The lowering of crystal symmetries is compensated by modifications of the BO6 octahedron 

and these modifications take place in different forms via tilting, rotating, compressing or elongating 

the octahedron. In addition to the tilts and rotations of the BO6 octahedra, the lattice symmetry can be 

lowered by the Jahn–Teller (JT) effect, which describes that the degenerated electronic states can 

accommodate a lowering of their ground-state energy by lifting the degeneracy via a lattice distortion. 

[23] In other words, the distortion of the ideal geometry is a consequence of removing the electronic 

degeneracy of the highest occupied molecular orbital via energy state splitting and lowering its 

symmetry, which provides energy stabilization of the system. [24] 

TMOs with BO6 octahedra surrounding the JT transition metal ions such as Mn
3+

 and Cu
2+

, 

which have high-spin d
4
 and d

9
 configurations, respectively, exhibit JT distortions, and these 

distortions are intimately correlated with the physical properties. [25] For instance, the CuO6 

octahedron in the parent La2CuO4 is elongated along the c-axis by the JT effect [26] and exhibits two 

long and four short Cu–O bonds. [27]  

In an undoped La2CuO4 system, the Cu
2+

 ion in the CuO6 octahedron is mainly subject to a 

crystal field with tetragonal symmetry. As a consequence of that, the five-fold degenerate d-orbitals 

of the Cu
2+

 ion (with 3d
9
 electron configuration) are split into four energy levels as shown in Figure 

2.1.3. The JT distortions are also a subject for LaMnO3-based systems, either in a “cooperative” way 

or not. [28] However, the main focus of this thesis is the JT and anti-JT distortions present in the 

undoped and doped La2CuO4 systems. For further details see Section 4.2.1.  

 

 

Figure 2.1.3. Illustration of the crystal-field effect on d-states of a Cu
2+

 cation with 3d
9
 

configuration. The presentation of the c-axis elongated CuO6 octahedra represents the (enhanced) 

JT distortion. [23,29,30] 
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Anti-Jahn–Teller distortion in La2-xSrxCuO4  

As mentioned before, in the native lanthanum cuprate, the CuO6 octahedra undergo JT 

distortions. However, via hole doping, the structure is contracted and the O–O (or Cu–Oapical) 

distances are modified. In order to investigate, whether the JT interaction still plays a role in the local 

distortion of the CuO6 octahedra in the presence of hole carriers in ionic crystals such as cuprates, 

Shiraishi first performed the total energy band structure calculations of La2−xSrxCuO4 (LSCO) by 

varying the Cu–Oapical distance. [31] These calculations have suggested that the Cu-apical-O distance 

decreases with increasing the Sr concentration in La2–xSrxCuO4. 

After a while, some experimental studies were also conducted in similar systems: Distortions of 

CuO6 octahedra in Sr-doped La2–xSrxCuO4 structures (x up to 0.4) and related changes in Cu–O apical 

distances were studied via diffraction techniques providing average structural information. [32] It is 

reported for this particular system that increasing the dopant concentration determines the 

compression of the octahedron (Figure 2.1.4), i.e. a decrease of the Cu–Oapical distances [32], which is 

defined as anti-Jahn–Teller (AJT) effect. [26] Recently, the presence of JT and AJT distortions at the 

interface of Sr δ-doped layers was reported [33], where an anomalous elongation of the Cu–O apical 

distance in LCO-based structures is present, i.e. JT distortion [34] and followed by an AJT distortion 

contracting the CuO6 octahedra along the c-axis. Therefore, within the scope of this thesis, the JT and 

also anti-JT distortions are widely studied and discussed (see Section 4.2.2), since the local JT 

distortions appear to be strongly related to the presence of 2D interfacial superconductivity. 

 

 

Figure 2.1.4. Illustration of the crystal field effect on d-states of a Cu
2+

 cation with 3d
9
 

configuration. The c-axis-contracted CuO6 octahedron represents the anti-JT distortion. [26,35]  
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2.2 Lanthanum cuprates 

 

2.2.1 Structure of La2CuO4-based thin films 

As briefly mentioned above, La2CuO4 (LCO) is a member of the R–P family with n=1 and 

presents the fundamental “214-structure” among the other cuprate-based (superconducting) systems. 

The La2CuO4 parent compound is an antiferromagnetic insulator and exhibits an orthorhombic 

structure, in which the CuO2 planes are separated by rock-salt La-O blocks. For LCO the A-site is 

occupied by nine-fold-coordinated La
3+

 and the six-fold-coordinated B-site cation, i.e. Cu
+2

, is placed 

in the center of BO6 octahedra. A sketch presenting the structural model for La2CuO4 is displayed in 

Figure 2.2.1.  
 

 

Figure 2.2.1. Structural model of La2CuO4. La, Cu, and O are colored with green, blue and red, 

respectively. 

 

In native LCO, an elongation of CuO6 octahedra has an impact on the c-lattice parameter. [36] 

The apical Cu–O (or O–O) bond length is expanded by the Jahn–Teller effect, whereby the system 

lowers its energy. As a result, a relatively long c-lattice parameter (~13.15 Å) is achieved compared 

with the other compounds, such as isostructural La2CoO4 and La2NiO4 of this family, where the c-axis 

lattice parameters are considerably smaller, i.e. ~12.60 Å [37,38] and ~12.70 [39], respectively. 

 

2.2.2 High-temperature interface superconductivity in La2CuO4 

The main basis of this thesis is beyond the electronic and theoretical discussions of 

superconductors. However, the fundamentals of the structure and the functionalities of cuprate-based 

high-temperature superconductor systems will be presented in this section in the form of a compact 

summary. The discussions based on the experimental findings are presented in Chapter 4 and 5. 

The discovery of the high-temperature superconductivity (HTSC) in cuprates paved the way for 

a remarkable extent of interest in the scientific community for decades (Figure 2.2.2a). 

Superconductivity in a hole-doped, i.e. Ba-doped, LCO system was first discovered by the 

masterpiece of Bednorz and Muller. [40] The main advantage of the proposed system as a ‘high-

temperature superconductor’ is the ability of hole (or electron) doping or oxygen intercalation to the 

structure owing to the easily modifiable structure of La2CuO4: The carrier density of the CuO2 layer 



                 Background: Functional oxide heterostructures 

 

 

12 

 

can be altered due to doping the charge reservoir represented by the La-O blocks, which separate the 

CuO2 layers from each other (Figure 2.2.2b), by holes or oxygen interstitials. The main contribution 

to superconductivity is provided by the CuO2 planes, not only in the LCO system but also in other 

systems such as YBa2Cu3O7, Bi2Sr2CuO6 and HgBa2Cam-1CumO2m+2+δ (Hg-Ba-Cu-O), which show 

even higher transition temperatures compared to LCO. For example, the highest Tc (up to ~165 K) in 

a cuprate-based superconductor system is the achievement recorded in Hg-Ba-Cu-O. [41–43] As also 

mentioned in many earlier studies, any structural disorder and chemical inhomogeneity directly 

affects superconducting properties and reduces Tc, therefore fabrication of high-quality structures is of 

great significance.  

 

 

Figure 2.2.2. a) A schematic showing the superconducting transition temperatures of various 

classes of superconductors versus the years of each materials’ discovery. b) Layered copper oxides 

are composed of CuO2 planes, typically separated by insulating spacer layers. The electronic 

structure of these planes primarily involves hybridization of a 3𝑑𝑥2−𝑦2  hole on the copper sites with 

planar-coordinated 2px and 2py oxygen orbitals. Reproduced with permission from Keimer et al. 

[44] 

 

The superconducting phase is obtained within a certain amount of doping, i.e. 0.06 ≤ x ≤ 0.26 

[45–47], while the undoped LCO is an antiferromagnetic insulator and in the overdoped case the 

structure shows metallic behavior (Figure. 2.2.3). The hole doping is achieved via substitution of La
3+

 

with a divalent cation (e.g. Sr
2+

) or excess oxygen content. The highest Tc is realized in the optimum 

doping, i.e. x ~ 0.16. In the cases of Sr, Ba or oxygen doping, one can achieve 40 K, however, via Ca-

doping the highest superconducting transition temperature achieved is around 20 K. Although 

numerous studies have been reported on LCO-based superconductor systems, unfortunately, in these 

systems the formation of Cooper pairs could not yet be explained with electron–phonon interactions 

as suggested in the Bardeen–Cooper–Schrieffer theory [48] for conventional superconductors. 



                 Background: Functional oxide heterostructures 

 

 

13 

 

 

Figure 2.2.3. Illustration of a simplified phase diagram of hole-doped La2CuO4 systems. Different 

colors mark different phases (AFM, antiferromagnetic; SG, spin glass) and the dashed lines 

represent the optimum doping and the related Tc (~40 K for Sr-doping). The diagram is in 

agreement with Hashimoto et al. [49] and Keller et al. [50] 

 

 

Figure 2.2.4. The dependence of resistance on temperature for single-phase and bilayer films. a) 

and b) display insulating and metallic single-phase films, respectively. c) includes I-M, M-I and M-

S bilayers with different superconducting transition temperatures, i.e ~15 k, ~30 K and ~50 K, 

respectively. Reproduced with permission from Gozar et al. [10] 
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Recently, a milestone in the field of cuprate superconductivity was reached with the study of 

Gozar et al. [10], in which they reported the emergence of interfacial superconductivity as a 

consequence of adjoining two non-superconducting layers, i.e. one metallic (M) and one insulator (I) 

or superconductor (S) (Figure 2.2.4). The interface superconductivity is induced via hole 

accumulation and mainly based on charge transfer as a consequence of different chemical potentials 

of overdoped and undoped layers in such M–I bilayers. [10] It is also shown that the superconducting 

transition temperature depends on the layer sequence, although in all cases HTSC is reached. After 

this discovery, one of the principal questions was the following: “How thick is the nominal interface 

layer with the highest Tc?”. Logvenov et al. answered this question utilizing “Zinc-doping” 

tomography and reported that HT-IS is confined to one “single” CuO2 plane and the “hot” 

superconducting plane is the second CuO2 plane after the nominal interface. [51] Later on, Butko et al. 

showed that the superconducting Tc is linearly dependent on the c-axis lattice parameter: The larger 

the c-lattice parameter, the higher the Tc. [52] A similar relationship between the c-lattice parameter 

and Cu–O distances has been also reported. [53,54] Analogue M–I structures were extensively 

investigated with the Coherent Bragg Rod Analysis (COBRA) method indicating large changes in Cu-

apical-oxygen distances starting from the nominal M–I interfaces. The results in this thesis leverage 

and improve these findings and are presented in Section 4.1.2. 

In a recent study, Bauitti et al. showed the contribution of the space-charge region to the HTSC 

in δ-doped structures. [55] They have revealed that, in the case of Sr δ-doping, an asymmetric 

distribution of the dopant – instead of one individual ML substitution of Sr-O and La-O – results in 

the formation of two different interfaces: While one of them provides ionic-intermixing-based 

superconductivity through homogenous doping, on the other side of the interface a space-charge layer 

is present (see section 4.2). All these studies indicate that the interface control and characterization is 

of great significance and LCO-based cuprate superconductors still provide a fruitful ground for 

further experiments.  

 

2.3 Lanthanum nickelates 

Another example of R–P phases is the Lan+1NinO3n+1 (LNO) family, which has been studied in 

the present thesis in two different phases: (i) n = 1 (i.e. Sr:La2NiO4) and (ii) n = ∞ (i.e. LaNiO3). As a 

characteristic feature of R–P phases, the properties of different phases remarkably change from one to 

another for the Lan+1NinO3n+1 members. For example, the parent compound of the n = 1 phase, 

La2NiO4, is an antiferromagnetic insulator while LaNiO3 exhibits paramagnetic metallic behavior. 

The synthesis of these two individual structures critically depends on the precise control of the growth 

temperature and pressure. For R–P phases with low n-values (e.g. La2NiO4) a less oxidizing 

environment (e.g. P ~ 1 x 10
-6

 Torr) is favorable. In the case of Sr doping of the compound (i.e. La2–

xSrxNiO4), especially for increasing Sr doping levels, higher oxidizing conditions (e.g. P ~ 2 x 10
-5

 

Torr) are required. Hole-doping (mainly via Sr) of the parent La2NiO4 is one of the main research 

areas of the material system; for instance, La2–xSrxNiO4 thin films with a wide range of doping 

concentrations have been extensively studied in terms of insulator-metal transitions or 

electrochemical device applications through different synthesis techniques. [56,57] The defect 

chemistry of La2–xSrxNiO4 is discussed in Section 2.5. 

The 113-phase, i.e. LaNiO3, is the most extensively studied member of the RNiO3 (R = rare 

earth ion) family. In general, the family of rare-earth nickelates with composition RNiO3 has recently 
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attracted wide-spread interest following theoretical predictions of possible high-Tc superconductivity. 

[58] In more detail, the RNiO3 perovskite structure coordinates the Ni
3+

 ion to O
2-

 ions in an 

octahedral environment, providing Ni with a 3d
7
 (t2g

6
 eg

1
) electronic configuration with one electron in 

the eg orbitals. The complex phase diagram of the RNiO3 family mainly stems from emerging 

electronic and magnetic correlations as a function of the distortions of the perovskite lattice, with 

paramagnetic metallic, paramagnetic insulating, and antiferromagnetic insulating phases arising. [59] 

In the bulk form, the LaNiO3 compound exhibits the smallest lattice distortion, and remains metallic 

and paramagnetic at all temperatures, while the control of the octahedral network and related Ni–O–

Ni bond-angle distortions in LaNiO3-based heterostructures can induce electronic and magnetic 

transitions. [5] The heterostructure environment enables the manipulation of intrinsic interaction 

parameters of all RNiO3, which can significantly alter the materials' properties and new phenomena, 

can emerge, that are not present in the parent bulk material. In this thesis, LNO-systems (113- or 214-

phases) have been used as complemental-systems to be stacked with La2CuO4-layers. The 

experimental findings and discussions can be found in Chapter 5. Moreover, for the lanthanum 

cuprate – lanthanum nickelate heterostructures that I contributed to the synthesis, the optimized 

growth parameters have benefitted from the previously gained experiences: Further details on the 

growth of these systems can be found in Ref. [60,61]. 

 

2.4 Lanthanum manganites 

Within the scope of this thesis, in addition to cuprate and cuprate-nickelate based 

heterostructures, cuprate–manganite (i.e. La2CuO4-LaMnO3) heterostructures with superconducting–

ferromagnetic interfaces have also been studied (Chapter 6). Therefore, I will shortly discuss here the 

LMO-based systems and the exchange mechanisms that occur in manganite systems. 

The general formula of perovskite manganites is AMnO3 (AMO), where the B-site is occupied 

with the transition metal cation “Mn” and the A-site is mainly occupied with rare-earth ions. 

Manganate-based complex oxide systems with AMO composition have attracted wide-spread interest 

following the variety of magnetic functionalities. [62] In the AMO family, LaMnO3 (LMO) – an 

antiferromagnetic Mott insulator – with Mn
3+

 and t
3

2g e
1

g occupancy could be named as the major 

actor of the playground, which exhibits attractive functionalities based on the profound interplay 

between local lattice and magnetic ordering (and also transport properties) that emerge a complex 

phase diagram with different physical properties. [63,64] The compounds with Mn
4+

 and t
3

2g e
0
g 

occupancy hindering Jahn–Teller distortions with partially filled 3d shells, in particular, BaMnO3 

(BMO), SrMnO3 (SMO) and CaMnO3 (CMO), exhibit different crystal structures. While BaMnO3 

favors crystallizing in the more stable hexagonal polymorph, it is less stable in perovskite structure 

[65,66]. SMO exhibits both cubic and hexagonal polymorphs [67,68], and CMO shows a distorted 

cubic structure. [69]  

 

Exchange interactions in manganites 

The complex phase diagram of Sr-doped LMO systems is a consequence of magnetic exchange 

interactions, which are superexchange [70,71] and double-exchange interactions mediated by O-2p 

orbitals, relying on the orbital degeneracy and occupancy of Mn 3d-orbitals. As mentioned in the 

previous section, the main use of doping manganite systems is the modification of the Mn valence in 
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the system. When the Mn
3+

 ion loses its eg electron, which is the main actor in electrical and magnetic 

properties and is loosely bound, the system basically turns to a Mn
4+

-bearing structure. This is the 

starting point of property-engineering, not only for bulk systems but also, more importantly, for 

LMO-based epitaxial heterostructures and interfaces. The exchange interaction between electrons is a 

consequence of the electron-electron Coulomb repulsion and Fermi statistics prohibiting the 

occupancy of an electronic state by electrons that have identical spins (i.e. two spin-up or two spin-

down). [62] The superexchange interaction is an indirect interaction of two neighboring Mn ions 

through the oxygen mediation, where a one-electron-occupied 3d orbital induces the virtual transfer 

of two electrons as well as the dispersion of O-2p electrons to unoccupied Mn 3d-orbitals. [71] 

Namely, the virtual electron transfer between the TM cations is present, where the electrons are 

localized, and an antiferromagnetic interaction emerges. On the other hand, the mixed-valence 

manganite (La, A)MnO3 (e.g. A = Ba, Sr, Ca) is a prototypical compound for the double-exchange 

interaction, in which an e
1

g electron from Mn
3+

 can hop without energy cost between Mn
3+

 and Mn
4+ 

with an orbital configuration t
3

2g e
1

g and t
3
2g e

0
g, respectively. [72] In this case, unlike the 

superexchange interaction, the electrons are delocalized which mediate the ferromagnetic interaction. 

At the end, the spins and the ions are parallel and ferromagnetically aligned, respectively.  

 

2.5 Defect chemistry approach 

 

Defect chemistry of doped La2CuO4 

The properties of complex oxides strongly depend on the dopant concentration and oxygen 

content, and thereby, the defect chemistry plays an important role in the engineering and manipulation 

of their functional properties. [73–75] Hole (ℎ•) doping of a parent LCO via substituting La
3+

 with 

divalent cations, such as Ca
2+

, Sr
2+

, and Ba
2+

, (or via oxygen interstitials (𝑂𝑖
′′)) is a common way to 

alter the charge carrier concentrations, as explained in previous sections. Depending on the choice of 

the dopant, different extent of segregation (see section 4.1.1) or different solubility limits are obtained. 

In this thesis, Ca, Sr, and Ba are used as dopants, where the solubility limit of Ca in LCO is the 

smallest (x ~ 0.1) and higher solubility limits (x ~ 1.4) for Sr and Ba are present. [76,77] Now, I will 

briefly present the hole doping mechanisms in our model material La2CuO4 from the defect chemistry 

approach [78], which has been explained by Maier and Pfundtner in detail. [74] 

When the native La2CuO4 is subjected to dopant incorporation, e.g. Sr doping on a La site 

(𝑆𝑟𝐿𝑎
′ ),  the increase of holes can be defined by: 

 

2𝑆𝑟𝑂 + 2𝐿𝑎𝐿𝑎
𝑥 +

1

2
𝑂2 = 𝐿𝑎2𝑂3 + 2𝑆𝑟𝐿𝑎

′ + 2ℎ•                               (2.2) 

 

In the case of such doping, the formation of oxygen vacancies (𝑉𝑂
••) is also expected and can be 

defined by the following equation: 

 

2𝑆𝑟𝑂 + 2𝐿𝑎𝐿𝑎
𝑥 + 𝑂𝑂

𝑥 = 𝐿𝑎2𝑂3 + 2𝑆𝑟𝐿𝑎
′ + 𝑉𝑂

••                               (2.3) 
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Moreover, the anti-Frenkel reaction considering an oxygen site (i.e. 𝑂𝑂
𝑥) should also be taken 

into consideration as:  

 

𝑂𝑂
𝑥 + 𝑉𝑖

𝑥 ↔ 𝑂𝑖
′′ + 𝑉𝑂

••                                                      (2.4) 

 

As a last step considering the mass-action law, the final electroneutrality condition is defined 

as: 

 

2[𝑂𝑖
′′] + [𝑆𝑟𝐿𝑎

′ ] + 𝑛 = 𝑝 + 2[𝑉𝑂
••]                                             (2.5) 

 

For a more general picture, when Sr-doped LCO is taken as a reference, the solution as a 

function of oxygen partial pressure can be simplified as presented in Figure 2.5.1a. For the 

intermediate-oxygen-pressure regime (middle), which is the most common case, the extent of hole 

doping is constant depending on the extent of the Sr-La substitution. However, in the high-oxygen-

pressure regime (right), the main defects are expected to be the double positively charged oxygen 

interstitials and the dopant compensation is negligible. In the case of low oxygen partial pressures 

(left), the presence of oxygen vacancies is expected, and the extent of oxygen interstitials is low and 

constant. 

In some cases, the dopant concentration may not be constant in the doped regions of epitaxial 

LCO systems, for instance at the interfaces, depending on the cationic intermixing. [79] Therefore, 

one should also consider the defect concentrations as a function of Sr-doping (Figure 2.5.1b). For this 

case, I take Sr-doping as a reference and refer to the study of Maier et al. [74] again. From the defect 

concentration model, it is visible, that at a fixed Sr-doping concentration for the low-doping case, the 

extent of oxygen interstitials accompanies the extent of Sr-doping. However, when the Sr content 

increase, the oxygen interstitials starts to dwindle away, and the hole formation increases in this case. 

Besides, very high doping of Sr results in the generation of defect associates, either neutral or not, are 

expected, e.g. {2(SrLa)VO}. 

The prediction of defect concentration in doped LCO systems is crucial since the defects 

directly influence structural properties that have further effects on superconducting properties. 

Previous reports already showed that while oxygen vacancies contract the structure, Sr-doping and/or 

oxygen intercalation expands the unit cell along the c-axis. [73,75,76,80] See Sections 2.1.3 and 4.2.2 

for further literature and experimental findings, respectively.  
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Figure 2.5.1. a) Defect concentration in La2CuO4 as a function of oxygen partial pressure at given 

Sr-content and constant temperature. b) Modeled defect concentration in La2CuO4 as a function of 

Sr-doping at constant temperature and oxygen partial pressure. Reproduced with permission from 

Maier et al. [74] 

 

Defect chemistry of doped La2NiO4 

Since La2NiO4 (LNO-214) share the same R-P structure with La2CuO4, it can be considered 

within similar chemical descriptions as well. Starting from the insulating stoichiometry compounds, 

an electronic phase transformation can be achieved by increasing the electron hole concentration. In 

particular, for (LNO-214) a transition into a metallic phase with increasing p (up to p ~1.0) has been 

observed. [56] Moreover, in (LNO-214), the substitution of La with an acceptor dopant (mostly Sr
+2

) 

or intercalation of oxygen in the form of interstitial defects, results in hole doping, similar as for LCO. 

Both LSNO and LSCO can also accommodate a large amount of double-positively charged oxygen 

vacancies, thereby the general electroneutrality condition reads as equation (2.4). [74,81,82] By 

considering the above-described chemical models of LCO and of LSNO, a chemical potential 

gradient for holes and oxygen vacancies, as well as for Sr, is present, once a contact between these 

two compounds is formed. As a consequence, in order to establish equilibrium conditions, migration 

of defect species from LSNO in the direction of LCO should take place, [61,83] which in turn is 

expected to deeply affect the final functionalities of the interface region. For further details see 

Section 4.3. 
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2.6 Thin film growth: Introduction and main principles 

The advantage of fabricating thin films and heterostructures of different components serves as a 

multifunctional platform leading to novel properties and the ability to create high-quality epitaxial 

heterostructures is the starting point of engineering physical properties at interfaces. As is well 

established, the precision of the growth techniques is a crucial factor in having an impact on the 

properties. Therefore, either physical [e.g. molecular beam epitaxy (MBE), pulsed laser deposition 

(PLD)] or chemical [e.g. chemical vapor deposition (CVD), atomic layer deposition (ALD)], different 

growth techniques have been developed and used depending on the choice of the material systems and 

applications. Some examples of interesting properties can be given as the occurrence of 

ferromagnetism at the interface between a paramagnetic (i.e. CaRuO3) and an antiferromagnetic (i.e. 

CaMnO3) layer [11] or the emergence of a 2D electron gas at the interface between two band 

insulators, namely SrTiO3 and LaAlO3. [12] Moreover, the interfacial superconductivity occurring at 

metal-insulator interfaces of La2CuO4-based heterostructures is another significant example, which 

constitutes the backbone of this Ph.D. thesis and will be further explained in the following chapters. 

 

Growth modes 

Independent of the growth technique, thin film growth modes can be classified as island growth 

(i.e. Volmer-Weber mode), layer-by-layer growth (i.e. Frank–van der Merwe mode) and layer plus 

island (i.e. Stranski-Krastanov mode) growth. Island growth is a consequence of the strong bonding 

between the particles (either atoms or molecules) on the surface of the substrate, and thus results in 

the formation of 3D islands and mostly causes inhomogeneous film formation. The second growth 

mode, i.e. Frank–van der Merwe mode, provides layer-by-layer growth generating uniform films and 

smooth surfaces, in which the deposition of a layer is followed by another layer and (mostly and 

preferably) no nucleation or island formation occurs. The third mode, namely layer plus island mode, 

is a mixture of two mechanisms in which layer-by-layer growth is followed by island formation. For 

instance, a decrease in substrate temperature may cause such a situation, where the more energetic 

particles on the surface start to lose their momentum and thereby start to nucleate. In a growth process 

at high-temperature, the high-energetic mobile particles (adatoms) on the surface move towards and 

stick to surface steps on the substrate, since these positions are thermodynamically favored. This type 

of growth is called step-flow growth. 

 

Growth kinetics 

The initial parameter affecting growth kinetics is the (substrate) temperature. The interaction 

(i.e. heat transfer) between the particles and the substrate may increase the energy of the particles and 

thereby contribute to the extent of surface diffusion. The kinetic energy of the particles directed to the 

substrate depends on the epitaxial growth technique. In the MBE growth, the thermal evaporation of 

the metals is the main activation factor that results in the low kinetic energy of particles around 0.1 

eV. This makes a difference compared to other growth techniques. In particular, in PLD systems the 

energy of the particles to be deposited on the substrate is two orders of magnitude higher (i.e. ~10 eV) 

than in MBE. 
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Another crucial parameter is the gas pressure of the system. The growth of most of the oxide 

epitaxial systems is carried out at “high” pressures due to the involved oxidant species, where the high 

background pressure may cause a blocking effect for the particles on the way to the substrate. As 

mentioned before, the “low”-energy particles approaching the surface may be blocked due to the 

background pressure and may not even reach the substrate. For example, in oxide-MBE, where the 

ballistic transport of the ingredients from effusion cells is present, the mean free path of the particles 

is crucial and the pressure of the system is in the range of around 10
-5

 Torr that limits the elements to 

be deposited (see Section 3.1.2). Therefore, the growth kinetics and their control are the main frames 

of the growth success. The effect of the chamber pressure on the elemental choice and its relationship 

with RHEED patterns is further explained in Section 3.1.3. 

Stoichiometry control is another critical factor, which is not independent of the growth 

technique. For instance, although the structural control of the epitaxial layers is easier in MBE-growth 

(due to the low growth rates), the control of the stoichiometry is more difficult since the manual 

control of every single layer is important. However, oppositely, in PLD growth, where the growth rate 

is higher than in MBE, the stoichiometry of the epitaxial film is already defined by the target, but due 

to the faster growth, the manual layer-by-layer control is not allowed. In other words, depending on 

the needs, every growth technique presents advantages and disadvantages varying on the desired 

achievements. For example, the control of the stoichiometry could be defined as a relative weakness 

of the oxide-MBE systems, especially compared to PLD systems. While perfect structural coherency 

is achieved at the interfaces, chemical intermixing is a matter of fact up to a certain point (~1-2 nm). 

[79,84] It has been shown in a recent report that while MBE yields sharper interfaces, the cation 

stoichiometry is more difficult to control compared to PLD growth of the same structures. [85] 

 

Choice of substrate 

To be able to grow high-quality films one needs to pay attention to the proper substrate 

selection first. The substrates determine mainly the expected extent of the defects, e.g. misfit 

dislocations or islands in the films. The worth-stressing factor in substrate choice is the lattice-match 

between the substrate and the film to be grown. In a heteroepitaxial growth, which is mostly the case 

for strain-engineered interfaces [86], the lattice parameter of the substrate (as) is different than the 

lattice parameter of the film (af). In a growth with a small lattice mismatch, for instance, the first 

layers of the epitaxial film will be strained to provide the lattice match to the substrate. The 

magnitude of the induced strain is usually defined by factor (f) and used for revealing the strain to be 

either tensile or compressive: 

𝑓 =
𝑎𝑓−𝑎𝑠

𝑎𝑠
 x 100                                                            (2.5) 

In this thesis, for the growth of LCO-based heterostructures, I mainly used LaSrAlO4 (LSAO) 

(001) substrates since it induces compressive strain to the epitaxial layer and leads to the highest 

critical transition temperature (Tc) for LCO systems among other substrates. [87] LSAO has a 

tetragonal structure with lattice parameters a = 0.3754 nm and c = 1.2635 nm, while bulk LCO has an 

orthorhombic structure where Cu–O planes are separated by two La–O planes. The lattice parameters 

of bulk LCO are a = 0.5335 nm, b = 0.5415 nm, and c = 1.3117 nm. [52] Although LCO exhibits an 

orthorhombic structure at room temperature in the bulk form, it can be considered as pseudo-

tetragonal: The orthorhombic LCO structure adopts the tetragonal structure of the LSAO substrate, 
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since it maintains an epitaxial relationship with the substrate. [88] An illustration of such situation is 

presented in Figure 2.6.1. On the other hand, other substrates, for instance, (LaAlO3)0.3(Sr2TaAlO6)0.7 

(LSAT) inducing tensile strain may cause defects in the film as discussed in Section 4.2.2. 

 
 

 

Figure 2.6.1. a) Structural models exhibiting the pseudo-tetragonal lattice representation for LCO 

(top) and the tetragonal LSAO (bottom). b) STEM-HAADF image representing the tetragonal 

(LSAO) and pseudo-tetragonal (LCO) structures on the bottom and on the top part of the image, 

respectively. The dashed line indicates the interface. Reproduced from Suyolcu et al. [89] 
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3. Experimental techniques: 

Growth and characterization 
 

 

 

Abstract 

This chapter aims to give a detailed view of the experimental techniques 

employed within the thesis. In particular, the background and practical information 

about the growth of La2CuO4-based systems, the thin film characterization and, 

comprehensively, aberration-corrected scanning transmission electron microscopy 

methods are presented.  
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3.1 Oxide-MBE growth of oxide heterostructures 

For high-quality thin film synthesis, one should primarily select the most appropriate growth 

technique depending on the choice of the layers to conjunct as heterostructures. In this thesis, the 

focus is on the oxide-MBE growth of epitaxial heterostructures. Therefore, the growth aspects are 

being discussed for oxide-MBE conditions. A basic sketch of oxide-MBE chamber ingredients, 

including reflection high-energy electron diffraction (RHEED), is presented in Figure 3.1.1. 

 

Figure 3.1.1. Basic sketch of an oxide-MBE chamber. The illustration includes effusion cells, an 

electron gun and a RHEED screen, an ozone delivery system and a heater as well as the substrate. 

 

3.1.1 Growth specifics of doped La2CuO4  

 

Substrate preparation 

The preparation of the substrate is the first step prior to the growth. At the very beginning, the 

substrates are subsequently cleaned an in acetone and isopropanol in an ultrasonic bath. This cleaning 

procedure is followed by a SrRuO3 (SRO) powder coating of the backside of the substrate (Figure 

3.1.1a) via applying an SRO powder suspended in isopropanol, which is volatile and will evaporate 

quickly. The application of such “black” SRO powder missions enabling the absorption of the 

radiation emanated from the emitter as required for the appropriate and homogenous heating of the 

substrate. Such application is carried out by using a simple brush, which should be used carefully, 

since the edges and the corners of the substrate should be kept SRO free. The next step is fixing and 

loading the substrate into the chamber. First, the backside-coated substrate is fixed to the sample 

holder (Figure 3.1.2b) by using tantalum wires. Then the substrate is loaded in the load-lock, baked at 

120 °C and transferred to the main chamber. This substrate preparation procedure is completed by 

heating the substrate to the optimum growth temperature. 
 



                 Experimental techniques: Growth and characterization 

 

 

25 

 

 

Figure 3.1.2. Photographs of (a) the backside SRO coated LSAO substrate and b) the view of the 

sample holder after fixing the substrate via tantalum wires. 

 

Growth rate control and ozone production 

After the substrate preparation and loading, which is followed by heating, the operator needs to 

further control the system and the growth parameters. The growth rate control starts even before the 

growth, for which the effusion cells are warmed up to the temperature values providing the 

appropriate vapor pressures for the elements that guarantee the desired growth rates. The optimization 

of the growth rates at high-oxygen-background rates is of significance on the way to high-quality 

growth. This is the reason why, before the growth, for each element (source), the absolute growth 

rates are carefully calibrated by utilizing an integrated quartz crystal microbalance (QCM) system in 

vacuum. It should be noted here that, the initial calibration to obtain a fudge factor for each element 

has been conducted by using ex-situ Rutherford backscattering analyses, which provides the absolute 

numbers of deposited atoms and enables the daily use of in-situ QCM. During the calibration of single 

sources (elements), certain pauses (~3 min) are applied in between, whereas in the case of consecutive 

calibration of the same elements evaporated from different effusion cells (e.g. La) such pauses are not 

required, since the stabilization of one cell is conducted, while the other effusion cell (of the same 

element) is being calibrated. 

In oxide-MBE, the growth rates are ~1 Å/min and in most cases, higher growth rates are not 

preferred. The limited heating of the effusion cells restricts the growth rates and thereby limits the 

range of the elements to be grown in the system. One would normally expect the control of higher 

growth rates in the system. However, due to such limitation, some elements and their oxide 

compounds cannot be grown stoichiometrically. One example is the growth of Sr2RuO4 that could be 

conducted via PLD, but not with MBE, where the operating temperature of the effusion cells is 

limited (~2000 °C).  

As is well established, MBE growth is in the ballistic regime and is characterized by long mean 

free paths of the initial (elemental) particles during the growth, in which the probability of collision of 

the particles is almost zero on the way reaching the substrate. This is also influenced by the pressure 

in the chamber. For oxidizing the evaporated elements, the oxidant species must be delivered in the 

system; in our system, distilled ozone, is used, which is a production of an ozone generator 

(discharger) system, that is stored (in liquid form) in an insulated glass still. The control of ozone 

delivery is critical because it is directly related to the pressure of the system and thereby is in a direct 
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correlation with the mean free path of the particles and the growth rate. It should be noted, that 

although the nominal product is ozone (O3), in the end, a small extent of radical oxygen and 

molecular oxygen (O2) accompanies the ozone. Furthermore, the system also allows tuning the 

delivered gas extent during the growth that enables investigating different conditions (see Section 

3.1.3), while the optimum pressure is around 10
-6

 – 10
-5

 Torr.  

Moreover, in complex oxide-MBE systems having several effusion cells, the optimization and 

the stabilization of the element fluxes are of importance. Such stabilization gets more crucial in the 

use of different dopants having the same valences, such as Ba, Sr, and Ca, which are widely studied in 

this thesis, due to different electron affinities. Therefore, the stabilization of different phases at 

different temperatures is required. For instance, in this work, the effusion cell temperatures are 

optimized at ~1650 °C, ~500 °C, ~350 °C and ~450 °C, for La, Ba, Sr and Ca, respectively. It should 

be noted that the idle temperatures of the effusion cells are different and are still higher than the room 

temperature. This is crucial especially for the Cu source, which is kept in a molten state at high 

temperatures (~950 °C) even in the idle mode. Because, in the case of cooling down the cell, the 

copper transforms into a solid state and cracks the (alumina) crucible, which requires extra 

maintenance at the end. 

 

3.1.2 In–situ monitoring: Reflection high-energy electron diffraction 

For oxide heterostructures, especially for superconducting systems, the structural quality of the 

samples has a direct impact on the properties. Therefore, the precise in-situ monitoring and control of 

the growth process are of great significance. In addition to the optimization of the growth parameters, 

one needs to take into consideration the instant control of the stoichiometry, and at that point, in-situ 

reflection high-energy electron diffraction (RHEED) as a monitoring tool comes to the playground. 

The evolution of the RHEED pattern and intensity oscillations provides feedback for precise growth 

control. [90–92] More specifically, the RHEED intensity oscillation enables observing the surface 

reconstruction, which is the ordered arrangement of the surface atoms and is crucial for understanding 

the growth process and the final morphology. [93–95]   

In RHEED, an electron beam emanating from the electron gun is reflected from the epitaxial 

layers on the surface and results in specular spots (and streaks) on the fluorescent RHEED screen 

(Figure 3.1.1). Depending on the surface roughness the reflection varies: The rougher the surface, the 

less the intensity of the spots (i.e. diffuse reflection). It should be underlined that owing to the 

particle-wave behavior of electrons, both reflection and diffraction occur through the interaction 

between the surface atoms and the electron beam. The surface atoms during the growth are mobile 

and in order to minimize the surface energy, they change their positions on the surface. As 

experimental examples, the specular spot oscillations – recorded during the growth – as a function of 

time for a La1.6Ba0.4CuO4/La2CuO4 bilayer are presented in Figure 3.1.3. In these plots, completion of 

each La2CuO4 (either doped or undoped) is represented by the maxima of the oscillations. Conversely, 

the minima indicate the formation of La–O blocks. Here, for further interpretation of experimental 

RHEED patterns, I present a preliminary case study of the surface reconstructions observed during the 

MBE growth of L(S)CO-based systems. 
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Figure 3.1.3. The specular spot (00) (red) and Bragg spot (10) (blue) oscillations are recorded 

during the growth of La1.6Ba 0.4CuO4/La2CuO4 bilayer. The intensities were integrated over selected 

areas, and one oscillation corresponds to a half u.c. thickness of the La2CuO4-based crystal structure. 

The dashed lines indicate the nominal M–I interface.  

 

Surface reconstructions  

In a nominal growth of LCO epitaxial thin film on (001) LSAO substrate, first, two La–O 

atomic layers are deposited, and this is followed by the deposition of one Cu-O atomic layer in 

accordance with the chemical formula of La2CuO4. During the growth, the substrate is heated up to 

~650°C in ozone atmosphere with the pressure of ~1.5x10
-5

 Torr provided by the evaporation of the 

liquid phase. In the case of Sr-doped LCO compounds (i.e. LSCO), a part of La atoms is replaced by 

Sr atoms in the co-deposition regime, i.e. simultaneous evaporation of La and Sr atoms are in a 

proportion corresponding to a doping level.  

Concerning the growth process of optimum doped La1.84Sr0.16CuO4, excluding the first couple 

of unit cells, in which the LSCO compound accommodates to the LSAO substrate, a characteristic 

surface reconstruction corresponding to a coherent atomic arrangement is obtained. Specifically, after 

the deposition of two (LaSr)–O atomic layers, the intensity of the specular spot drops to a minimum 

as a consequence of the destructive interference from La2O3 and SrO nano-islands, which cause a 

rougher surface, and the additional diffraction streaks disappear. After the Cu shutter is open and Cu 

atoms are being deposited on top and the intensity of the specular spot increases. In particular, when 

the deposition of half of the Cu–O atomic layer is completed, the characteristic shoulder appears in 

the intensity oscillation and two additional diffraction streaks develop between the Bragg diffraction 

and the specular spot corresponding to a surface atomic ordering with 3a in-plane width, where a is 

the in-plane Cu–O–Cu distance (Figure 3.1.4a). Further deposition of Cu atoms and completing a Cu–

O atomic layer results in an abrupt transformation to 5a pattern (four additional diffraction streaks) 

(Figure 3.1.4b). The observation of such typical reconstructions has been an enigma of the high-

quality epitaxial growth of the (La,Sr)2CuO4 compounds for a long time, however, the mechanism 

lying behind has not been considered, and thus, not well understood yet. 
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Figure 3.1.4. RHEED images obtained during the growth of optimum (x =0.16) Sr-doped La2CuO4. 

The two additional streaks in (a) and four additional streaks in (b) indicate the “half” and the 

“complete” deposition of the Cu–O layer, respectively. 

 

Surface chemistry 

Consecutive deposition of the constituent metals on a hot substrate (i.e. ~650° C) in oxidation 

conditions enables the fundamental surface chemical reactions. First, neutral nano-sized oxides (i.e. 

La2O3 and SrO) are formed following the delivery of La (or La+Sr). After the deposition of the copper 

(Cu) metal, one molecular layer of the L(S)CO is formed via the following surface chemical reaction 

due to the difference in electronegativities of La/Sr and Cu atoms: 

 

(1 −
𝑥

2
) × 𝐿𝑎2𝑂3 + 𝑥 × 𝑆𝑟𝑂 + 𝐶𝑢𝑂 →  (𝐿𝑎, 𝑆𝑟)2𝐶𝑢𝑂4−𝛿                  (3.1.1) 

 

where x is the Sr doping level and δ is the oxygen non-stoichiometry (or concentration of 

oxygen vacancies). The entire growth process is a periodic repetition of this reaction. In the 214-

structure formation, two molecular layers form “one” unit cell of a tetragonal LSCO structure (Figure 

2.2.1). In other respects, the stoichiometry of LSCO compound (namely the La+Sr to Cu ratio) is also 

found to play a role in the determination of the surface reconstruction. At nominal stoichiometry, 

(La+Sr)/Cu ratio is equal to 2; however, when the amount of Cu is increased slightly, just before the 

nucleation of CuO precipitates, very dense reconstruction lines are visible. Such experimental 

observation is used for feedback and for the precise control of the molecular layers’ stoichiometry 

during MBE growth of LSCO compounds within the scope of the thesis.  

 

Structural origin 

In addition to the previous observations, it is deduced that the lattice mismatch with the 

substrate has an impact on the surface atomic arrangement as well. In particular, LSCO grown on 

LSAO substrate inducing compressive strain (Figure 2.6.1) causes 5a width atomic arrangement 

(Figure 3.1.4b). However, for the growth of LSCO on other substrates, in which the film undergoes 

tensile strain, such as STO and LaSrGaO4 (LSGO) 4a pattern (Figure 3.1.5a,b) is observed for the 

same doping level. This clearly indicates the influence of strain on the surface atomic arrangement. 

Furthermore, in order to examine the dopant size effect on the surface reconstruction, Ca
2+

 ions, 

which have a smaller ionic radii (90 pm) compared to Sr (131 pm) [96], are employed as a dopant for 
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the growth of LCCO on LSAO substrate and a 4a in-plane atomic arrangement is revealed (Figure 

3.1.5c). All these experimental facts substantiate that surface reconstruction is influenced by structural 

effects. 
 

 

Figure 3.1.5. RHEED images obtained during the growth of La1.84Sr0.16CuO4 films grown on (a) 

(100) STO and (b) (001) LSGO substrates inducing tensile strain: Three diffraction lines refer to the 

4a width (in-plane) atomic ordering for both cases. (c) RHEED image after the deposition of the Cu 

layer during the growth of La1.84Ca0.16CuO4 film on LSAO substrate exhibits three diffraction lines 

similarly. 

 

Influence of oxygen pressure 

Superconducting properties and for higher doping levels, one can even expect the formation of 

defect associates, for instance, the formation of oxygen vacancies together with the hole doping. 

[74,97] Therefore, considering the significant role of the oxygen and the oxygen vacancies in the 

surface reconstruction of LCO-based epitaxial films, further experiments are conducted via 

modulating the oxygen pressure. In order to verify the role of ozone assistance, as a first experiment, 

after depositing A-site atoms (e.g. La and Sr) under oxidation conditions, we deposit B-site (Cu) 

atoms in “vacuum”. In this case, one can still expect the reaction according to equation (3.1.1). 

However, the oxygen concentration will be reduced (in a more controlled way) and more oxygen 

vacancies will form causing a novel surface reconstruction, correlatively. The second experiment, 

which validates the first one, aims to compensate the lack of oxygen in the 214 structure with the 

delivery of ozone. The results are presented in Figure 3.1.6. Our experiments reveal that the optimum 

doped LSCO films lead to 4a width in-plane surface ordering in vacuum [Figure 3.1.6(a)] (similar to 

optimum doped LSCO films grown on STO substrates in ozone), which is consistent with the 

expected increase of oxygen vacancy concentration, whereas the visible broadening of the 

superstructure streaks in the RHEED image indicates the possible increase of the surface disorder in 

vacuum. Importantly, the post-annealing in ozone provides fast (i.e. several seconds) and clear 

recovery to the nominal surface ordering [Figure 3.1.6(b)], which strongly evidences the participation 
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of the oxygen atoms in the healing of the surface imperfections (caused by the oxygen vacancies) as 

well as the enhancement of the surface ordering. These observations not only provide additional 

information on the surface layer formation during the layer-by-layer MBE growth of LCO-based but 

also demonstrate the vital contribution of the oxygen atoms. 

 

 

Figure 3.1.6. RHEED images of epitaxial La1.84Sr0.16CuO4 films acquired after the Cu layer 

deposition in (a) vacuum and (b) after ozone annealing. The oxidation atmosphere causes different 

surface reconstructions. 

 

The characteristic 5a0 width (in-plane) atomic ordering can be related to the size of electrostatic 

interactions between the dopants and the CuO2 planes and can be correlated with the distribution of Sr 

dopants in the optimum doped regimes. Such reconstruction pattern is obtained almost in the entire 

doping range from x > 0 to x = 0.2. This is caused by the combination of oxygen interstitials and Sr 

dopants during the ozone-assisted growth, where the optimum doping is achieved by such a 

combination. In the light of these findings, one can suggest that the two dopants, i.e. created holes and 

oxygen interstitials, introduce local crystal distortions, which are directly displayed in RHEED screen 

as surface reconstruction. Furthermore, reduced dimensions in the case of vacuum growth – compared 

to ozone assisted growth – can be attributed to the formation of oxygen vacancies, where the post-

ozone-annealing heals these oxygen vacancies. In the optimum doping case, a quasi-homogeneous 

superconducting ground state is observed. When one moves to the overdoped regime, supercells start 

to overlap, and more and more oxygen vacancies are generated to compensate valence dis-balance 

resulting from the substitution of La
+3

 by Sr
+2

 atoms.  

These experimental observations demonstrate that for oxide heterostructures, in particular for 

La2CuO4-based HTSC systems, the precise control of the growth process and the stoichiometry can be 

monitored via in-situ RHEED in detail. Direct observation of many parameters affecting the surface 

reconstructions such as the dopant size, the choice of the substrate (i.e. the strain), the oxygen 

pressure and the doping concentration are revealed. Based on these comprehensive experimental 

observations, one can further suggest that there is a characteristic size of the surface atomic 

arrangements. The presence, the size and the formation of such ordering may have a crucial 

implication on the mechanism of HTSC. Further details are in preparation for publication. [98]  
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3.2 Thin film characterization 

 

3.2.1 Atomic force microscopy 

After the growth, one needs to examine the surface quality of the samples. A convenient way to 

examine surface morphology is performing atomic force microscopy (AFM) measurements, which 

provide valuable information about surface roughness and the presence of any secondary phase 

precipitates. AFM is a scanning probe microscopy technique which is based on the electrostatic forces 

between the scanning cantilever including a sharp tip and the surface of the sample. The movement 

(i.e. the variation of the vertical position) of the cantilever (due to surface morphology) is detected by 

a laser beam which is reflected towards a quadrupole detector. For the “tapping mode” used in the 

AFM measurements presented in this thesis, the cantilever oscillates at a resonance frequency and its 

amplitude is kept constant. When the tip nears the surface, depending on the electrostatic (or van der 

Waals) interactions, the amplitude of the cantilever oscillation varies paving the way for mapping the 

out-of-plane variations.  

In a high-quality growth process, an atomically flat smooth surface without any secondary 

phases is expected. Conversely, in the case of secondary phases on the surface, one could predict a 

low quality of the growth. In nominal conditions, the layer-by-layer growth employed by the oxide-

MBE system results in structurally sharp interfaces. However, depending on the choice of the systems 

to be synthesized, the formation of secondary phases in the system may be inevitable. The choice of 

the dopant, e.g. the variation of the dopant size, serves as an example for this situation. In particular, 

Ba doping of the La2CuO4 on LSAO (001) may result in secondary phase precipitations. [79,99] 

Importantly, the evaluation of the AFM images becomes more informative, when associated with 

RHEED patterns obtained during the growth. For a complementary example of AFM and RHEED 

investigations, see Section 4.1.  

 

3.2.2 X-ray diffraction 

X-ray diffraction (XRD) related techniques, which have been widely used for decades, are of 

importance for structural characterization of not only bulk materials but also epitaxial thin films, 

where the epitaxial layer thicknesses and the lattice parameters can be determined. One of the most 

important advantages of using XRD related techniques – with having a wavelength on the order of 

atomic scale – is the ability of the determination of the crystal structure of the material in a non-

destructive way. 

In XRD, the diffraction condition can be simply explained as a specular reflection of x-rays 

from periodically stacked atomic planes, from which the incident beam is diffracted. The conditions 

for a diffracted beam from a diffraction plane is described by Bragg’s law (equation 3.2), where n is 

the order of the reflection, λ is the wavelength of the incident beam, d is the spacing between lattice 

planes, and θ is the angle of incidence of the X-rays. 

 

𝑛𝜆 = 2𝑑sin𝜃                                                             (3.2) 

 

 



                 Experimental techniques: Growth and characterization 

 

 

32 

 

For epitaxially grown structures, the orientation of the epitaxial layer is assigned by the 

substrate. Therefore, with prior knowledge of the substrate orientation and the expected crystal 

structure, the main coherent diffraction angles can be predicted. The determination of the diffraction 

conditions and their interpretation provides valuable information about the epitaxial relationship 

between the substrate and the film. For all the samples included in the thesis, XRD measurements 

were carried out, just after AFM measurements, in order to reveal the structural quality of the films as 

well as to examine the presence of any secondary phases in the samples. For the measurements, a 

Bruker D8 Diffractometer with a monochromator and Cu-filament source (λ = 1.5406 Å) is used.  

 

3.2.3 Electrical conductivity  

For an initial examination of the superconducting transition temperature, Tc, of the samples, 

mutual inductance measurements are conducted just after taking the samples out of the growth 

chamber, since this technique does not require deposition of Pt contacts on the surface and thus, 

provides quick information. This method works on the basis of detecting the mutual inductance of 

two Cu coils (driving and pick-up coils) placed above and below the sample. At the temperature T ≤ 

Tc, where the material enters the superconducting state, the mutual inductance changes (i.e. the 

measured voltage drops) due to the diamagnetic screening induced by the superconducting sample. 

For the measurements, a system including two Agilent 34401A Multimeter and an SR850 DSP lock-

in amplifier is used. 

After the preliminary observations of the superconducting transition temperature of the samples, 

further electrical conductivity measurements are performed. For these measurements, the Van der 

Pauw method is used after the deposition of Pt (or Au) contacts on the samples, and a Keithley 2000 

multimeter together with a Keithley 2400 sourcemeter are used. The electrical conductivity 

measurements of superconducting La2CuO4 bilayer samples (e.g. Section 4.1) presented in this thesis 

are mainly conducted by Georg Cristiani and Dr. Gennady Logvenov (MPI-FKF). 



                 Experimental techniques: Growth and characterization 

 

 

33 

 

3.3 Scanning Transmission Electron Microscopy 

Transmission electron microscopy (TEM), which has been in high demand for decades, 

includes numerous advantageous techniques for characterizing materials and has been considerably 

improved by the developments in the field. Scanning transmission electron microscopy (STEM), 

which can be considered as a special mode of image formation, has the advantage of probing local 

atomic columns. This has been made possible especially after the integration of aberration correction 

of the probe-forming lenses of the microscope.  

In the STEM, a focused electron beam is formed by the illuminating lens system. Owing to the 

correction of lens aberrations, mainly the spherical aberration Cs, the electron probe can be as small as 

1 Å or less. The most significant advantage of the STEM is the ability to acquire the electrons 

scattered to different angles as a function of the probe position on the sample. Figure 3.3.1 shows the 

beam emanating from the aberration corrector, which will be under the control of scanning coils just 

above the specimen. Moreover, the detectors, as well as the related techniques for different aims, are 

basically summarized including, diffraction, imaging, and electron spectroscopy.  

 

Figure 3.3.1. Cross-sectional simple illustration model of the ray diagram, optical axis, spherical 

aberration corrector, and detector positions for HAADF, ABF and EELS spectrum imaging. Please 

note that, nominally, an EEL spectrum is formed at the end of the spectrometer (see Figure 3.3.5 for 

an example).   
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In this part, I will briefly discuss the techniques and will start the TEM specimen preparation, 

which is critical for (S)TEM, since having thin (≤ 50 nm) electron-transparent specimen is of great 

significance for the analyses. For further details of TEM and STEM, and in particular, the constituent 

parts of the microscopes, such as guns, apertures, detectors, etc., see the textbooks Transmission 

Electron Microscopy by Carter and Williams [100], and Scanning Transmission Electron Microscopy 

by Pennycook and Nellist. [101] 

 

3.3.1 Specimen preparation 

For (S)TEM investigations, the specimen thickness directly affects the analyses and the 

interpretation. Within the scope of this thesis, unless indicated or acknowledged otherwise, the TEM 

specimens were prepared by me. Experiencing different material systems have been crucial for 

improving specimen preparation skills. Some parameters dramatically influence the quality of the 

prepared specimen. Such parameters are for oxide thin film samples the epitaxial layer thickness, the 

substrate material, the surface roughness, the presence of a protection layer, the growth direction and 

even the direction of the rotation of the tripod polishing system. For each type of sample, preparation 

conditions need to be optimized individually. For example, the best La2CuO4 bilayer samples 

(Chapter 4) were obtained using low-angle and low-voltage argon ion-milling.  

Nevertheless, I optimized the parameters for each step and finally thin and flat high-quality 

samples were prepared. I mainly benefited from two facts: the very small thickness of the layered 

systems and the preparation method. The samples are wedge-polished [102] using very small 

polishing angles (~1.5–2.0º), which provide appropriately flat samples. An absolute thickness profile 

obtained from the Ca-doped bilayer sample is presented as an example in Figure 3.3.2, which directly 

proves the homogeneity of the sample thickness. Here, the absolute sample thickness is obtained by 

computing t / λ (where t is local thickness and λ is inelastic mean free path), obtained from the low-

loss spectrum using the log-ratio method. [103] In short, for the cross-sectional electron transparent 

samples studied in this work, a standard sample preparation procedure including cutting, mechanical 

grinding, tripod wedge polishing followed by argon ion milling with a liquid nitrogen cooled stage 

was performed. The main steps are summarized in Figure 3.3.3 below. 

 

Figure 3.3.2. a) STEM-HAADF image taken of a Ca-doped bilayer and b) absolute thickness 

profile obtained from the EELS spectrum image showing the homogeneous thickness of the sample.  
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Figure 3.3.3. Steps of TEM specimen preparation: a) diamond wire saw used for cutting, b) 

grinding and wedge polishing with the Allied MultiPrep system [102], c) sample glued on a half 

grid and d) argon ion-milled sample with apparent thickness fringes as observed in the light 

microscope. 

 

3.3.2 Aberration correction 

One of the biggest challenges in either electron or light optics is the presence of imperfections 

in the optical systems. The focus and brief explanations will be about the electron optics, in particular, 

electron microscopy related aberrations. It is well established that aberration correctors [104] are in 

use not only for the STEM mode, but also for the TEM mode. The differences are basically where the 

correctors in the column are placed and for which purposes they are used. Namely, in STEM mode 

the aberration correctors are placed just after the condenser lenses and form a small electron probe 

that is scanned across the specimen (see Figure 3.3.1). This aberration correction is crucial since the 

resolution limit in the STEM is defined by the probe size. Differently, in TEM mode, the correctors are 

placed in the objective plane below the sample and are assigned to minimize the objective-lens 

aberrations.  

For the alignment of the probe- and image-correction, HAADF and HRTEM images are mainly 

employed. The beam tilt for the Zemlin tableau measurements should start with low angles (i.e. < 20 

mrad) and after reaching the desired precision, should continue with higher angles (i.e. ≥ 40 mrad). 

The alignment of the aberration-corrector can be summarized in three steps: (i) the initial (coarse) 

manual alignment of the microscope, (ii) the measurement and alignment of the aberrations up to the 

second order, and (ii) the use of Zemlin tableaus in order to measure high-order aberrations, starting 
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from low beam tilt angles ending up at higher angles. During my research, I have utilized both probe- 

and image-aberration-correctors integrated into two individual JEOL ARM 200CF microscopes in the 

Stuttgart Center for Electron Microscopy.  

 

3.3.3 Imaging techniques  

As a result of the electron beam interaction with the sample directly transmitted, scattered, and 

unscattered electrons carrying precious information are generated. Detection of such electrons is 

carried out via detectors placed in different planes. A variety of imaging techniques are available in 

the STEM, which differs according to the detector positions and collection angles. Some prominent 

examples are high-angle annular dark-field (HAADF) [105], annular bright-field (ABF) [106–108], 

and low-angle ADF (LAADF) [109]. Throughout my research, all abovementioned imaging 

techniques have been employed. However, the focus of this thesis will be on HAADF and ABF 

imaging techniques, which can be considered as being inspired by hollow-cone illumination in 

conventional parallel illumination mode. [100] Even though imaging of heavy elements by atomic 

resolution using HAADF imaging has been achieved long time ago, recent enhancement in spherical 

aberration (Cs) correctors [104] have paved the way for reaching even picometer-scale resolution, 

which also allows light-element imaging by ABF imaging [107].  

One of the crucial points during STEM operation is the stability of the microscopes. Moreover, 

the stability of the specimens and the specimen holders/stages are of great importance, especially for 

concomitant imaging and spectroscopy measurements. These measurements additionally require 

temperature stability of the lenses, which should carefully be taken into consideration.  

 

 

Figure 3.3.4. A plan-view illustration of HAADF and ABF detectors. Representative HAADF 

(darker, outer) and ABF (inner, brighter) experimental images taken from the SrTiO3 specimen are 

bestrewed on the detector schematics. Please note that the experimental images are illustrated for a 

better presentation; nominally, there is no image formation on the detector, instead, a diffraction 

pattern is detected.  
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High-angle annular dark-field imaging 

HAADF imaging, so-called “Z-contrast imaging”, is mostly used for differentiating heavier and 

lighter elements. In this technique, the detected electrons are the ones being scattered to high angles 

that are larger than Bragg scattering angles. For such large-angle scattering, coherent effects of elastic 

scattering are negligible. The image mode and contrast, and the information that can be gathered vary 

depending on the scattering angles. For instance, while ADF images are formed using collection 

angles from elastically Bragg-scattered electrons, the HAADF range covers incoherent thermal 

diffuse scattering. Moreover, it is well-established that HAADF images provide atomic number 

contrast reflecting the nucleus potential, called Rutherford scattering for which the image intensity is 

proportional to the atomic number of the constituent elements with being approximately proportional 

to ~Z
1.7–2

. [110] There are also some other experimental parameters influencing the STEM-(HA)ADF 

imaging, which have been reported in previous studies, such as tilt [111,112], contamination [113] 

etc. A collection angle range of 75–310 mrad is employed for the HAADF images acquired and 

presented in this thesis. 

HAADF imaging is also used for strain analyses as well as the quantification of local 

distortions [33,89] recently. Some examples of the quantification of local crystal lattice distortions at 

interfaces of superconducting La2CuO4 bilayers and NdNiO3 thin films showing collinear magnetic 

properties are presented in sections 4.1.2 and 7.1, respectively. One of the biggest challenges 

confronted for such quantification is the scan distortions during the acquisition as well as the physical 

drifts of the samples during the experiments. Therefore some post-processing methods are developed 

[114] as well as the usage of multi-frames acquisition [115] to minimize such effects and to enhance 

the precision (Section 3.3.5).  

 

Annular bright-field imaging 

Simultaneous acquisition of ABF and HAADF images, which displays both light and heavy 

elements, is one of the most noteworthy improvements achieved in the field during the last years. As 

discussed for HAADF imaging, the collection semi-angles define the extent and contrast of the 

images in STEM imaging. In the very first reports on ABF imaging, the angle limitations for this 

technique were explained in detail. [106,107] The collection angles of the scattered electrons in ABF 

images are considerably small compared to (HA)ADF imaging. For instance, for the ABF images 

acquired and presented in this thesis, a collection angle range of 11–23 mrad is employed, which is 

narrower compared to HAADF range (cf. Figure 3.3.4). In ABF imaging, not only the low-angle-

scattered electrons are collected but also the directly transmitted electrons are blocked, e.g. with a 

beam stopper, for a better contrast formation [106,107]. Similar to HAADF imaging, such scattering 

is also related to the atomic potential. However, the correlation between the contrast and the atomic 

number is different, being proportional to ~ Z
1/3

. [107,108]  

One of the prominent benefits of STEM imaging is the precise measurement of interatomic 

distances. Different experimental variants such as convergence and collection angles [108], sample 

tilt [116], scan distortion [114,115] and specimen thickness [108] are crucial experimental factors that 

can affect the image contrast and atom shape in the image. Recently it has been also comprehensively 

reported that small tilts on the order of ~ 6 mrad can cause dramatic artificial displacements of atom 

columns in the image. Moreover, the tilt-induced asymmetric dechannelling along the beam 

propagation can be defined by the atom position shift and artificial displacements, while the lattice 
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constant measurements are not drastically affected by specimen tilt effect. [117] The experimental 

conditions for ABF imaging are more difficult compared to HAADF imaging. In other words, while 

one can easily acquire a prominent HAADF image, the accompanying ABF image may not be as 

conclusive as the HAADF. Some prominent examples of simultaneously acquired ABF and HAADF 

images at the interfaces of LSMO/SRO superlattices are presented in Figure 3.3.5.  

 

Figure 3.3.5. a) Simultaneously acquired STEM-HAADF and b) STEM-ABF images of (4) LSMO 

/ (8) SRO multilayer sample presenting the coherent interfaces as well as projecting all possible 

atomic column positions. The images taken in [1-10] direction were processed with a multivariate 

weighted principal component analysis routine (MSA Plugin in Digital Micrograph) to decrease the 

noise level. 

 

3.3.4 Spectroscopy 

Energy-loss spectroscopy (EELS) and energy-dispersive x-ray spectroscopy (EDS) are both 

powerful techniques providing atomic-resolution information. EELS has a better spatial resolution, 

even ~10 meV resolution has been reached nowadays. [118] Furthermore, while the signal-to-

background ratio is smaller than in EDS, EELS provides a better precision for light elements. 

However, due to the small collection solid angles of the EDS detectors, longer dwell times during the 

acquisition, are necessary. This is a disadvantage which may end up with beam damage during the 

experiment. Further details of these extensive techniques can be found in previous reviews [119,120].  

 

Electron energy-loss spectroscopy 

After the electron-sample interaction, some extent of energy will be lost due to the inelastic 

scattering as a result of Coulomb interactions between the impinging atoms and the atomic electrons 

of the sample. In other words, in such interaction, the electrons of the sample are excited into states 

above the Fermi level, due to the energy gained from the impinging electrons (Figure 3.3.6). [121] 

The spectroscopy technique measuring these energy losses of the inelastically scattered electrons is 

called EELS. In EELS, inelastically scattered electrons are dispersed into a spectrum, which is 

composed of characteristic edges based on the energies they have transferred, reflecting the electronic 

energy levels as shown in Figure 3.3.6. Therefore, through the aberration-corrected STEM-EELS 

analyses, atomically-resolved chemical and electronic information could be obtained.  
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The EELS spectrum can be classified into three different regions providing a variety of 

information: (i) zero-loss region, (ii) low-loss region and (iii) core-loss (high-loss) region (Figure 

3.3.6a). The zero-loss peak (ZLP) is the strongest peak of the spectrum, which mostly arises from 

directly-transmitted (unscattered) or elastically scattered electrons. The ZLP is used to determine the 

energy broadening of the beam and the energy resolution of the spectrum (via the width of ZLP) as 

well as to calibrate the energy scale. The low-loss region at energy losses up to about 100 eV contains 

single-electron excitations from the valence to the conduction band and includes collective electron 

excitations (plasmon losses) which represent the oscillations of the free electrons in the material. For 

the atomic resolution studies, core-loss ionizations are mainly investigated and are further explained 

below.  

The core-loss region from ~100 eV to several thousand electron volts contains the characteristic 

absorption edges of the constituent elements including information about the chemical bonds. Here, 

electrons are excited deep core levels to unoccupied electronic states above the Fermi level (Figure 

3.3.6b). The core-loss edges are composed of two main structures: (i) the electron energy loss near 

edge structure (ELNES) and (ii) the extended electron energy loss fine structure (EXELFS). [121] 

The edge shape i.e. ELNES reflects the density of unoccupied states (DOS). In other words, this 

region exhibits the “personal” codes of the specimen reflecting the ionization edges that correspond to 

the excitation of inner shell electrons. [120,121]  

 

 

Figure 3.3.6. a) Schematic diagram of a general EELS spectrum. b) The origin of the ELNES 

intensity which reflects the unoccupied DOS above the Fermi level. Reproduced with permission 

from Ref. [120]. c) Experimental EELS spectrum from obtained Ba-doped La2CuO4 bilayer sample 

showing O-K, Ba-M5,4, La-M5,4, and Cu-L3,2 edges. 

 

The core-loss edges for the materials studied in this work (e.g. La-M5,4, Cu-L3,2, Ba-M5,4) are 

close to each other and even overlap (Figure 3.3.6c). Therefore, to separate the overlapping edges, I 

used the multiple linear least square fitting (MLLS) [122] (Section 4.1). The possible beam damage of 

the specimen for the core-loss investigations is another parameter to be considered. The signal in the 

core-loss region is quite weak compared to the ZLP and longer acquisition times are needed, which 

may cause damage on the sample. In addition to optimizing the acquisition times for specific samples, 

acquiring multi-frames [123] may improve the signal-to-noise ratio.  
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For the EELS experiments, a Gatan GIF Quantum ERS spectrometer was employed. EELS 

analyses were conducted at probe semi-convergence angle of 28 mrad (or 20.4 mrad in some cases) 

and a collection semi-angle of 111.5 mrad (or 68.5 mrad in some cases) were used. EEL spectrum 

images were processed using the multivariate weighted principal component analysis routine (PCA) 

(MSA Plugin in Digital Micrograph) developed by M. Watanabe [124] to reduce the noise in the data. 

 

3.3.5 Data analysis  

With high-quality image acquisition in electron microscopy, fast processing of the data and 

enhancing the accuracy and the precision as well as improving post-process tools are of great 

significance recently. In this section, I will present two different software tools developed by Dr. Yi 

Wang (MPI-FKF). The first software package is for detecting the atomic column positions in order to 

quantify the local distortions with a precision of 3-4 pm and the second software script is a post-

process tool for correcting any kind of linear or nonlinear distortions present in (spectrum) images. 

 

Oxygen octahedra picker tool 

In oxide heterostructures, revealing the octahedral distortions, which requires accurate 

measurements of atomic column positions, crucially helps to evaluate and to tune the functionalities 

correlatively. For this purpose, a software tool, which is called “oxygen octahedra picker tool” to 

obtain quantitative information of the local lattice and BO6 octahedral distortions from STEM-

HAADF and STEM-ABF images has been developed.[125]  

In this software two methods have been implemented to determine the center of the individual 

atomic columns: (i) the center-of-mass and (ii) two-dimensional (2D) Gaussian fitting. In the center-

of-mass method, the peak center of an atomic column is given by: 

 

𝐶𝑥 =  
∑ ∑ (𝑥𝑖∙𝐼𝑖𝑗)𝑗𝑖

∑ ∑ 𝐼𝑖𝑗𝑗𝑖
   and   𝐶𝑦 =  

∑ ∑ (𝑦𝑖∙𝐼𝑖𝑗)𝑗𝑖

∑ ∑ 𝐼𝑖𝑗𝑗𝑖
,                                (3.3) 

where xi and yj are the positions of the pixel (i,j) along the x- and y-axes, and Iij is the image 

intensity of the pixel (i, j). 

Secondly, for the 2D-Gaussian method the individual atomic column intensities are fitted to 2D 

Gaussian function with a constant summation as follows: 

 

𝐼(𝑥, 𝑦) = 𝐼0 + 𝐴 ∗ exp {(−
1

2
[(

𝑥−𝑥0

𝑥𝑤
)

2
+ (

𝑦−𝑦0

𝑦𝑤
)

2
]}                           (3.4) 

 

The working principle of the software contains two different steps, where the default routine is 

the center-of-mass method that is followed by a 2D Gaussian fitting iteration optionally. The method 

was verified on different type of heterostructures and interfaces. Here to present some example 

images and related image quantification results presenting the octahedral changes of the interfaces of 

LSMO/SRO superlattice structures (Figure 3.3.7). The simultaneously acquired HAADF (Figure 
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3.3.7a) and ABF (Figure 3.3.7b) images clearly show all atomic columns in this particular projection. 

Importantly, while the in-plane La–La (Figure 3.3.7a) and O–O (Figure 3.3.7b) interatomic distances 

indicate perfect epitaxial relationship, clear variations are observed in the out-of-plane interatomic 

distances, especially at the interfaces. Detailed examples employed on different systems and 

interfaces are comprehensively discussed in Chapter 4 and 5. Lastly, I should underline that the 

accuracy and the precision of the methods are studied on both HAADF and ABF images with 

experimental and simulated images. Further information about the software can be found in Ref. 

[125]. 

 

Figure 3.3.7. Sr (La)–Sr (La) (a; left column) and O-O (b; right column) interatomic (out-of-plane 

and in-plane) distances obtained from (4) LSMO / (8) SRO PLD grown samples. The interatomic 

distances measured by the O–O picker tool reveal the “constant” in-plane interatomic distances 

substantiating the epitaxial growth. Out-of-plane measurements employed for both on HAADF and 

ABF images show interesting local distortions: (i) the La (Sr)-La (Sr) interatomic distances in 

SRO/LSMO are different from those in LSMO/SRO, (ii) similar to La(Sr)–La(Sr) interatomic 

distances, O–O distances are larger in the SRO/LSMO interface compared to LSMO/SRO. The blue 

and green arrows on the images indicate the nominal SRO–LSMO and LSMO–SRO interfaces. 

 

Spectrum image warper 

Specimen drift and scan distortions can contribute to a discrepancy between true and desired 

electron beam positions in the STEM and that may result in both linear and nonlinear distortions in 

the experimental images. Despite various state-of-the-art improvements in aberration-corrected 

electron microscopy and related tools such as holders, microscope columns, etc., the experimental 

artifacts caused by the raster scanning owing to drifts (stage or sample) or to fly-back distortions 

during scanning of the beam cannot be prevented. [126] A basic schematic of “raster scanning” is 

presented in Figure 3.3.8. Such problems make spectrum imaging, employing EELS or EDS, more 

difficult since the pixel exposure times (dwell times) are longer compared to imaging techniques.  
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Figure 3.3.8. Illustration of a raster scan in scanning transmission electron microscopy. The 

schematic presents the fast and slow scanning directions. Note that the fast scan direction is 

composed of many small steps instead of one long scan.  

 

Recently, in various post-processing software rigid and non-rigid registration techniques 

[114,115,127,128] are developed and served for use in the field. Additionally, a new post-processing 

software for image and spectrum image corrections called “STEM-SI warp” has been developed by 

Dr. Yi Wang (MPI-FKF). [129] The software enables corrections of both linear and non-linear image 

distortions. During my thesis, I have also utilized this software. An example of a non-linear correction 

of an EELS-SI acquired from an NVO thin film on an NGO substrate is presented in Figure 3.3.9.  

 

Figure 3.3.9. (a) Non-linear distortion partially corrected STEM-EELS SI data, (b)–(e) atomic-

column-resolved Nd-M4,5 (red), V-L2,3 (green), Ga-L2,3 (blue), and La-M4,5 (magenta) elemental 

maps extracted from the distortion-corrected SI. 

 

  



                 Cuprate-based heterostructures 

 

 

43 

 

 

 

 

 

 

 

 

 

4. Cuprate-based 

heterostructures 
 

 

 

Abstract 

The discovery of novel phenomena occurring at interfaces in complex oxide 

heterostructures has stimulated large interest in recent years due to the prominent 

possibilities of tuning functionalities at the atomic layer scale. This illustrates the 

predominant role played by the local structural parameters. Tuning the network of 

metal-oxygen octahedra is a promising route for achieving new properties and 

functionalities in perovskite-based oxide hetero-structures. In this chapter, the focus is 

on the high-temperature interfacial space-charge induced superconductivity which is 

one of the most exciting interface effects. The extensive investigations on the local 

chemistry and crystal structure including octahedral distortions across La2CuO4-based 

superconducting interfaces using high-resolution analytical scanning transmission 

electron microscopy techniques are presented.  
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4.1 High-temperature superconducting La2CuO4 bilayers  

 

4.1.1 Dopant size effects on interface functionalities 

Depending on the choice of the constituents, numerous microscopic phenomena can occur at 

oxide heterostructure interfaces. [9,12,17,130–133] In this context, one recent exciting finding was 

the observation of high-temperature interface superconductivity (HT-IS) at the interface between 

epitaxially grown strontium-overdoped metallic (M) lanthanum cuprate (La1.55Sr0.45CuO4) and 

underdoped insulating (I) La2CuO4 (LCO) layers [10], none of which is superconducting if taken 

alone. The full understanding of HT-IS is a very important step towards the understanding of the 

HTSC mechanism [10,134], being potentially able to shed light on questions related to the formation 

of superconducting interfaces [10,135], its dimensionality and locus [51] and the impact of the crystal 

structure and atom positions on the superconducting properties. [34,52] Numerous studies employing 

advanced experimental methods as well as innovative approaches have addressed these questions 

[51,52,136–141] and the state-of-the-art of the common understanding of such phenomena can be 

found in several review articles. [142–148] 

In order to explain the HT-IS in M–I lanthanum cuprate bilayers, a model based on electronic 

charge transfer due to the difference in the hole chemical potentials of the carriers between the 

overdoped and the underdoped phases has been invoked. [51,140] As a consequence of such a charge 

redistribution, a doped region having optimal hole concentration for HTSC (namely, the second CuO2 

plane in LCO away from the interface) is formed in the nominally insulating phase. Notably, in such 

bilayers, the superconducting critical temperature (Tc) was also found to be dependent on the 

deposition sequence, being about 15 K in I–M structures (in which the LCO layer is deposited first) 

and >30 K in M–I structures, in which overdoped LSCO is employed as a bottom layer. [52] 

Remarkably, despite the two phases exhibit quite different c-axis parameter (~13.25 Å and ~13.15 Å 

for LSCO and LCO, respectively), a common c can be assigned to both phases, according to X-ray 

diffraction (XRD) analysis, in the case of epitaxial bilayers. Namely, the top layer adopts the out-of-

plane lattice parameter of the bottom phase as a consequence of electrostatic interactions (“Madelung 

strain”). [52] Here, the dependence of Tc on the deposition sequence was attributed to such an effect, 

with Tc being higher (lower), when the out-of-plane lattice constant of the structure is expanded 

(shrunk) due to Madelung strain (i.e. when the M layer is deposited first). Notably, a linear relation 

between Tc and c was pointed out.  

Such findings open an exciting scenario for the enhancement of the superconducting critical 

temperature in M–I lanthanum cuprate heterostructures, which could in principle be obtained by 

appropriately tuning the out-of-plane lattice parameter of the bottom layer. In particular, a promising 

route is represented by the possibility of realizing overdoped La2–xBaxCuO4+δ (LBCO) thin films, as 

demonstrated by Sato et al. [149], which was found to have c as high as ~13.5 Å for strongly 

overdoped (x = 0.35) layers under compressive strain (grown on LaSrAlO4 (001) substrates). In the 

light of these considerations, the extrapolated Tc value for the M–I bilayer with LBCO being the 

bottom layer could lead to a giant enhancement up to 65 K.  

In this work, La1.6A0.4CuO4 – La2CuO4 bilayers (with A = Ca, Sr, Ba), which were grown by 

atomic-layer-by-layer oxide molecular beam epitaxy (ALL-oxide MBE) [150], are investigated by 

several and complementary experimental techniques: atomic force microscopy (AFM), XRD, low-

temperature direct current (DC) resistance measurements, magnetic susceptibility measurements and 
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high-resolution scanning transmission electron microscopy (STEM). A structural model of the ALL-

oxide MBE grown bilayers is given in Figure 4.1.1. It should be noted here that, whereas the 

successful synthesis of high-quality Sr-doped [87] and Ba-doped [149] La2CuO4 epitaxial films have 

been achieved by several groups, there are no reports about MBE-grown Ca-doped LCO epitaxial 

films, possibly as a consequence of low Ca solubility [77] or due to the tendency of the formation of a 

highly defective structure (high concentration of oxygen vacancies). [75] Note also that Ca
2+

, Sr
2+

, 

and Ba
2+

 ions have the same formal charge, but different cationic radii, namely 118 pm, 131 pm, and 

147 pm, respectively, for nine-fold coordination. [96] The mismatch with the host La cation, whose 

ionic size is 121 pm, is -2.47%, +8.3%, and +21.5%, respectively. 

 

Figure 4.1.1. Structural model of the La1.6A0.4CuO4/La2CuO4 bilayers grown on the LSAO 

substrate. The bilayers are composed of two different layers: (i) overdoped (metallic, M) 

La1.6A0.4CuO4 and undoped (insulator, I) La2CuO4, respectively. 

 

Results 

The growth of each M–I bilayer was monitored by in-situ reflection high-energy electron 

diffraction (RHEED). The final RHEED patterns of each bilayer, namely LCCO/LCO, LSCO/LCO, 

LBCO/LCO, are displayed in Figures 4.1.2a-c, respectively. For Ca- and Sr-doped bilayers, no 

additional diffraction spots apart from the ones attributed to the typical perovskite-type LCO were 

observed, which indicates no secondary-phase precipitate formation. However, during the growth of 

Ba-doped bilayers, such spots were observed as displayed in Fig. 4.1.2c. These additional spots are 

related to the presence of secondary phase precipitates. 
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Figure 4.1.2. RHEED patterns of the three different bilayers: a) LCCO/LCO, b) LSCO/LCO, c) 

LBCO/LCO. AFM images of the top surface of the three different bilayers: d) LCCO/LCO, e) 

LSCO/LCO, f) LBCO/LCO. One can observe the different surface morphology, in particular, in the 

case of LBCO/LCO, secondary phase precipitates can be observed (some are marked by blue 

arrows). The atomic steps with heights of less than one unit cell (u.c.) are attributed to a small 

substrate miscut angle (~0.1°). g) rms roughness values of three bilayers versus cation radius (pm). 

Reproduced from Suyolcu et al. [79]. 

 

In order to rationalize such findings, a systematic investigation on the surface morphology of 

each bilayer is performed by means of AFM. Typical AFM images of three different bilayers are 

presented in Figures 4.1.2d–f for LCCO/LCO, LSCO/LCO, LBCO/LCO bilayers, respectively. 

Indeed, these three different bilayers have slightly different surface morphology, i.e. as the dopant 

size increases from Ca to Ba one can see that the surface becomes visually rougher. This indicates the 

influence of the dopant on the surface mobility of incoming atoms. Additionally, in Figures 4.1.3a–c 

higher magnification AFM images and in Figures 4.1.3d–f related, representative linescan profiles are 

displayed for Ca-, Sr-, and Ba-doped bilayers, respectively. The linescan profiles are obtained along 

the blue arrows indicated on the AFM images. Such profiles demonstrate that in the case of the Ba-

doped bilayer, one can see relatively high (~3-4 nm) secondary-phase precipitates, while the roughest 

points in the case of Ca- and Sr-doped bilayers are measured as ~1 nm. To quantify the surface 

roughness, the root mean square (rms) value is used over the full scanning area. The images (and the 
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linescan profiles) clearly demonstrate that Sr-doped and Ca-doped samples have atomically smooth 

surfaces, whereas the Ba-doped sample is characterized by a remarkably rougher surface. In the case 

of LCCO/LCO and LSCO/LCO bilayers, the rms roughness was measured as 0.377 nm and 0.376 nm 

over a scanning area of 6.25 µm
2
. In the case of the LBCO/LCO bilayer, instead, the rms roughness is 

0.805 nm, i.e. twice as large over the same scanning area. Most importantly, in the latter, secondary-

phase precipitates (indicated with light-blue arrows on Figure 4.1.2f), are detected as already 

observed by RHEED during the growth. A plot of the rms surface roughness of the bilayers vs. the 

dopant cation radius (pm) is presented in Figure 4.1.2g. 

Moreover, with the aim of specifically addressing the Ba segregation issue, we have grown 

more than 50 single-phase Ba-doped LCO epitaxial films with different Ba concentrations in the 

range from 0.05 to 0.35 on LSAO (001) substrates. None of these films show ideal growth and are 

free from formation of secondary phase precipitates. However, the critical thickness, at which 

secondary phase precipitates nucleate, decreases linearly as the Ba concentration increases (Figure 

4.1.3g). A typical RHEED image of a precipitate-free single-phase LBCO (x = 0.18) film with a 

thickness less than the critical thickness (<5 u.c.) is shown in the bottom inset in Figure 4.1.3g, while 

the upper inset is an RHEED image of a film thicker than the critical thickness of precipitate 

formation for this doping level (> 6.5 u.c.). Note that the diffraction from the LBCO/LCO bilayer 

exhibits a similar pattern with characteristic spots (cf. Figure 4.1.2). A typical AFM image of the 15 

u.c. LBCO single-phase film, in which secondary-phase precipitates are clearly observed, is shown in 

Figure 4.1.3h. For this particular sample, the rms surface roughness is ~1.74 nm, which is twice as 

large as in an M–I bilayer with a 3 u.c. thick overdoped Ba layer. Furthermore, indirect observations 

claiming that the precipitates are Ba-rich compared to precipitate-free areas are confirmed by using 

Auger electron spectroscopy (AES). However, quantifying the chemical composition more precisely 

is beyond the AES resolution. [79] 
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Figure 4.1.3. High magnification AFM images of three different bilayers: a) LCCO/LCO, b) 

LSCO/LCO, c) LBCO/LCO. Line scan profiles obtained from the AFM images given in a-c: d) 

LCCO/LCO, e) LSCO/LCO, f) LBCO/LCO. One can observe the different surface morphology. In 

the case of LBCO/LCO, secondary phase precipitations can be observed with up to 3-4 nm height. 

g) The critical thickness of the LBCO film versus Ba concentration at which RHEED patterns 

indicate nucleation of secondary phase precipitates. The top inset RHEED image has extra 

diffraction spots in comparison to the bottom RHEED image. h) AFM image of a 15 u.c. thick 

LBCO (x = 0.18) film on LSAO (001) substrate. Reproduced from Suyolcu et al. [79]. 
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For structural quality determination, first, XRD measurements are figured out, and the results 

are compiled in Figure 4.1.4. From the position of Bragg peaks (00l), where l = 2, 4, 6, and 8, the 

average c-axis lattice parameter for each bilayer was calculated and the results are presented in Figure 

4.1.4a-c for Ca-, Sr- and Ba-doped bilayers, respectively. [52] Through the data, the shortest c-axis 

lattice constant (13.22 Å) was observed for the LCCO/LCO bilayers, whereas the c-axis lattice 

parameters are measured as 13.28 Å and 13.37 Å for the LSCO/LCO and LBCO/LCO bilayers, 

respectively. XRD Ɵ–2Ɵ diffraction scans for three different bilayers demonstrate a single peak for 

the two phases in a similar way to what was reported by Butko et al. [52]. Such findings nicely 

correlate with the nominal cationic radii in nine-fold coordination as a consequence of Madelung 

strain (Figure 4.1.4d).  

 

 

Figure 4.1.4. XRD θ-2θ scans for three different bilayers: a) LCCO/LCO, b) LSCO/LCO, and c) 

LBCO/LCO and d) c-axis lattice parameter versus ionic radii of dopants in three different bilayers: 

LCCO/LCO, LSCO/LCO, and LBCO/LCO. Reproduced from Suyolcu et al. [79]. 
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DC resistance and magnetic susceptibility measurements in a parallel geometry provided 

information regarding the superconducting properties of such samples. The most significant data are 

presented in Figure 4.1.5. In panels a, b, c, the temperature dependence of the electrical resistance is 

shown for LCCO/LCO, LSCO/LCO, and LBCO/LCO, respectively; the corresponding magnetic 

susceptibility measurements are displayed in panels d, e, f. The superconducting transition 

temperature, Tc, was determined from the resistivity measurements as the temperature at which the 

resistance drops to zero. Notably, these values coincide with the temperatures where the real and the 

imaginary parts of the mutual inductance signals start to deviate from the normal state values. 

 

Figure 4.1.5. Transport measurements for three different bilayers. The upper panels show 

resistance versus temperature for a) LCCO/LCO, b) LSCO/LCO, c) LBCO/LCO, whereas the 

bottom panels show the real (Re) and imaginary (Im) parts of mutual inductance measurements for 

d) LCCO/LCO, e) LSCO/LCO, f) LBCO/LCO. Reproduced from Suyolcu et al. [79]. 

 

For the LCCO/LCO system, the superconducting critical temperature, Tc, is ~17 K, whereas it 

is ~36 K in the case of the LSCO/LCO bilayer, which is consistent with the literature [51]. For the 

LBCO/LCO bilayers, a ~10% enhancement of the Tc value compared to the Tc for LSCO/LCO 

bilayers was obtained (Tc ~39 K). Most importantly, the linear correlation between the c axis 

parameter and Tc, as it was proposed in the literature (Ref. [52]), does not hold in the present case (see 

Figure 4.1.6). Lastly, a small systematic shift of Sr- and Ca-doped bilayers’ c-lattice parameters 

compared to the literature data was observed. This could be ascribed to the difference in the layer 

thicknesses, since the layers grown in Ref. [52] are 20 u.c. thick, whereas in our case they are just 3 

u.c. thick, thus being possibly affected by a different in-plane strain state. 
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While the linear extrapolation of Tc vs c data would lead to a Tc  65 K, the measured value is 

remarkably lower (only ~39 K). In addition, the transition to the superconducting state in the mutual 

inductance measurements of LBCO/LCO bilayer is broad ranging from 38.6 K to 20 K with several 

peaks in the real part, suggesting the presence of regions having different superconducting critical 

temperatures (Figure 4.1.5f). An overview of the main results including surface roughness, average c-

axis lattice constant, and Tc is presented in Table 1. There exists a strong impact of different cations 

on the superconducting and structural properties of bilayers grown under the same conditions.  

 

 

Figure 4.1.6. Dependence of Tc on the average c-axis lattice parameter. The red squares show the 

Tc values measured in Ca-, Sr-, and Ba-doped bilayers in the present study, whereas the black 

circles refer to I–M (La2CuO4 / La1.56Sr0.44CuO4), S (superconducting; La2CuO4+ δ ), M–I 

(La1.56Sr0.44CuO4 / La2CuO4) and M–S (La1.56Sr0.44CuO4 / La2CuO4+δ) structures as reported in Ref. 

[52]. Reproduced from Suyolcu et al. [79]. 

 

Table 1. Summary of electrical and structural measurements for Ca, Sr, and Ba doped bilayers. 

Structure Tc (K) (from 

inductance) 

Tc (K) (from 

resistance) 

Roughness 

[nm] 

c-axis 

parameter [Å] 

LCCO/LCO 16.1 16.6 0.37(7) 13.21(98) 

LSCO/LCO 35.8 36.3 0.37(6) 13.27(53) 

LBCO/LCO 38.1 38.6 0.80(5) 13.37(01) 

  

In order to gain deeper insight on the interfacial situation and possibly on the discrepancy 

between the present c vs Tc dependence in comparison with the literature, atomically resolved 

imaging and spectroscopy were carried out by high-resolution STEM. High-angle annular dark-field 

(HAADF) images taken from each bilayer proved the growth quality and defect-free structures. 

Figure 4.1.7a depicts the microstructure of the LCCO/LCO bilayer. All atomically resolved HAADF 

images were taken along the [100] direction of the LSAO substrate. The HAADF image, where the 

contrast slightly changes in the first two unit cells from the substrate/LCCO bilayer interface, 

demonstrates the high epitaxial quality of the LCCO/LCO bilayer, a coherent interface, and the 

absence of extended defects such as misfit dislocations and/or stacking faults. An atomically resolved 
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image at a higher magnification of the highlighted region in Figure 4.1.7a is presented in Figure 

4.1.7b. Figure 4.1.7c shows the intensity profile of the HAADF image taken from the Ca-doped 

bilayer presented in Figure 4.1.7a. The black arrow indicates the vertical length used for averaging 

(Figure 4.1.7a). On the HAADF image, Ca-doped areas exhibit a darker contrast, while undoped LCO 

layers appear brighter. Because the HAADF image intensity is approximately proportional to Z
1.7−2 

(where ZLa = 57 and ZCa = 20)) [33,105], the intensity increase in the first 1-2 unit cells corresponds to 

the Ca-depleted region followed by a Ca-doped region with lower intensity. To the best of our 

knowledge, this is the first example of a successfully grown overdoped LCCO epitaxial layer. 

 

Figure 4.1.7. Atomically resolved STEM imaging and EELS spectrum imaging. a) HAADF image 

showing the growth quality, a defect-free structure and coherent interfaces of LCCO/LCO. b) High 

magnification of the area highlighted by the red rectangle in a. In d, f, and h, RGB elemental maps 

(La = green, Cu = red, dopant = blue) are shown. In e, g and i the Ca-, Sr- and Ba-doped bilayers 

dopant distributions, as obtained from the maps in (d), (f), and (h), are displayed. Reproduced from 

Suyolcu et al. [79]. 

 

Figures 4.1.7d, 4.1.7f, and 4.1.7h show RGB (red is Cu, green is La, and blue is dopant) atomic 

resolution maps of Ca, Sr, and Ba-doped bilayers as measured by EELS. The average profiles of the 

dopant distributions obtained from the EELS maps are shown below each RGB map in Figures 4.1.7e, 

4.1.7g, and 4.1.7i. The nominal interfaces are shown by black lines. To exemplify the base level for 

the dopant signal observed, the Ba profile averaged from the RGB map of the Ba-doped bilayer (see 

next section, Figure 4.2.2d) is presented in Figure 4.1.8 below. 
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Figure 4.1.8. Dopant distribution of the Ba-doped bilayer as a plot of intensity vs. distance obtained 

from the map in Figure 4.2.2d. The vertical lines indicate the nominal interfaces and dashed lines 

indicate zero intensity. Reproduced from Suyolcu et al. [79]. 

 

The RGB maps and the average profiles of dopant distributions for Ca-, Sr-, and Ba-doped 

bilayers exhibit characteristic differences. Sr-doped bilayers show the most homogeneous distribution 

among the dopants (see Figures 4.1.7f and 4.1.7g). The abruptness of the LSCO/LCO interface can be 

estimated from the decay of the Sr distribution from the M layer into I layer as 1.6 ± 0.4 nm, which 

is in fairly good agreement with the values reported in the literature [10] for a related system. 

Conversely, the distribution of Ca and Ba dopants in LCCO/LCO and LBCO/LCO bilayers is less 

homogeneous. For averaging the distribution lengths from EELS line scans (for each dopant) several 

line scans acquired from different regions of the samples are used. 

The atomically resolved EELS RGB map shown in Figure 4.1.7h shows that the Ba 

concentration increases in the M phase towards the LBCO/LCO interface. This trend is also 

confirmed by the averaged profile of the Ba dopant presented in Figure 4.1.7i and clearly 

demonstrates the tendency of Ba to segregate towards the free surface of the film. Most importantly, 

as a consequence of such Ba migration, the LBCO/LCO interface is quite smeared, i.e. the decay 

length of Ba ions, obtained as an average from several EELS linescans, is 2.6 ± 0.6 nm, which is 

considerably larger with respect to the other dopants. Note that some linescans – as the one displayed 

in Figure 4.1.8 – exhibit a Ba distribution involving the whole nominally undoped area. This may be 

related to the presence of secondary phase precipitates at the film free surface as observed by RHEED 

and AFM (see Figure 4.1.2).  

As far as the LCCO/LCO bilayer is concerned, a tendency to Ca accumulation at the interface 

between the substrate and the epitaxial layer is observed and is followed by a depletion of Ca on the 

1
st
 and 2

nd
 unit cells (see Fig. 4.1.7a-c). This is visible in the magnified RGB EELS map and average 

Ca profile in Figures 4.1.7d and 4.1.7e, respectively. Such an anomalous behavior may be connected 

with the compressive in-plane strain in the film and will be the object of further investigations. In this 

case, the extent of cationic intermixing at the M–I interface can be estimated to be 1.4 ± 0.4 nm. 

Please note that in this section, the RGB elemental maps obtained from each bilayer were presented, 

however, in the next section, all elemental maps, i.e. La, Cu and each dopant Ba, Sr and Ca, for 

individual atoms are displayed (Figures 4.2.3–4.2.5). The EEL spectrum images were processed using 

the multivariate weighted principal component analysis routine (PCA) (MSA Plugin in Digital 

Micrograph) developed by M. Watanabe [124] to reduce the noise in the data. In order to separate 

overlapping edges in each spectrum, such as La-M5,4, Cu-L3,2, and Ba-M5,4, multiple linear least 

square fitting (MLLS) [122] was used. For overlapped signals, MLLS fitting windows of 650–1100 
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eV for Ba-M5,4, La-M5,4, Cu-L3,2, 305–390 eV for Ca-L3,2, and 1750–2100 eV for Sr-L3,2 edges were 

used. The integration windows used for Ca-L3,2, Ba-M5,4, La-M5,4, Cu-L3,2, Sr-L3,2, and edges are 343–

394 eV, 772–815 eV, 822–868 eV, 935–961 eV, 1935–2066 eV, respectively. 

 

Discussion 

The present investigations highlight the profound impact that the choice of the dopant has on 

the final structural properties of the bilayers, and how this affects the resulting electrical transport 

properties of the system. In particular, it is observed that the average out-of-plane c-axis lattice 

parameter as measured by XRD (Figure 4.1.4), which is an average over the whole thin-film volume, 

exhibits a strong dependence on the dopant species, i.e., c is proportional to the dopant ionic radius 

(the larger the dopant radius the larger is the lattice parameter) (Figure 4.1.4d). This allows us to tune 

c simply by changing the dopant species while keeping the ionic charge constant. Interestingly, 

although Ca
2+

 ions are smaller than La
3+

 ions, the Ca-doped bilayer has a larger c-axis lattice 

parameter than pure LCO. This can be explained by the different valences of Ca (2+) and La (3+). 

Ca
2+

 replaces La
3+

 and maintains the nine-fold coordination. Therefore, Ca
2+

 constitutes a negative 

charge on the A-site. The electrostatic repulsion of this negative charge with neighboring oxygen ions 

results in a lattice expansion.  

A major impact of the dopant size on the in-plane strain state of the films is expected in a 

similar way as was already demonstrated by Lee et al. for a related perovskite system. [99] In 

particular, when Ba
2+

 is employed as a dopant, i.e. in the case of LBCO/LCO bilayers, the maximum 

in-plane strain is induced. As the HAADF images show perfect epitaxial growth of all films without 

formation of misfit dislocations or other defects which could relieve strain, the only way to obtain 

strain relaxation in the case of the Ba-doped system is by the rearrangement of dopants within the 

film, i.e. the segregation of excess Ba towards the film surface. This explains the formation of a 

secondary phase (likely Ba-based) at the surface [75,77], as shown by AFM and RHEED images 

(Figure 4.1.2c‒f) and revealed by AES. [79] It also explains, why in the case of single-phase films, 

the critical thickness of precipitate formation during the growth is decreasing with increasing Ba 

concentrations (see Figure 4.1.3g). The absence of such precipitates in LCCO and LSCO films 

indicates that Ca
2+

 and Sr
2+

 ions, whose ionic size is more similar to La
3+

, are accommodated in the 

thin film, i.e. the in-plane strain is maintained. Our results are consistent with those of Lee et al. [99] 

who found that the smaller size mismatch between the La
3+

 host and dopant cations reduces the 

segregation level of the dopants. Notably, whereas a homogeneous dopant profile was found in the Sr-

doped bilayers, also the Ca-doped bilayers exhibit a certain tendency to inhomogeneity, i.e. Ca
2+

 

accumulates towards the substrate possibly as a consequence of the strain state at the substrate-film 

interface. 

A strong deviation from the expected linear dependence of Tc on the c-axis lattice parameter for 

M–I bilayers is revealed  – with Tc of the LBCO/LCO bilayer being lower than expected – while the 

c-axis lattice parameter is increased. Whereas the linear extrapolation of Tc vs c leads to a predicted Tc 

65 K, the measured value is only ~39 K. In order to explain this, one needs to consider the dopant 

distributions at each interface. The average cationic intermixing extent is as high as 2 u.c. in the case 

of LBCO/LCO bilayers (the wide Ba distribution is also detected by EELS line scans (see Figure 

4.1.8)). This anomalous Ba redistribution is a consequence of Ba segregation towards the film 

surface, which eventually results in a particularly smeared M‒I interface. Such a finding can account 

for the reduced Tc for the LBCO/LCO bilayers as demonstrated recently for a related LCO-based 
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system, for which a smeared interface leads to classical doping, the so-called “homogeneous doping” 

[55]. At equilibrium, the hole concentration is increased in correspondence to the randomly 

distributed ionic dopant point defects, rather than to an interface effect, and defines the final local 

physical properties. In such a situation (only homogeneous doping is active), one expects Tc not to 

exceed the values which are normally obtained in doped single-phase systems, i.e. max Tc ~40 K for 

optimally doped LBCO samples epitaxially grown on LaSrAlO4 (001) substrates [149]. The two 

superconductivity mechanisms are illustrated in Figure 4.1.9 below. 

 

 

Figure 4.1.9. Illustration of two different superconductivity mechanisms observed in M–I bilayers: 

Interface superconductivity (HT-IS; i.e. Sr- and Ca-doping, top) vs. bulk superconductivity (HTSC; 

i.e. Ba-doping, bottom). Due to different dopant distribution based on the dopant size (i.e. Ca and Sr 

vs. Ba), different superconducting mechanisms are induced. The turquoise arrows indicate the 

nominal M–I interface position. 
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For both systems, despite a certain dopant redistribution is present at the interface, the behavior 

is believed to be consistent with the typical HT-IS. In the case of the LSCO/LCO interface, as 

investigated by Gozar et al. [10,136], Sr spread into the nominally undoped phase for about 1 u.c., i.e. 

1.3 nm, in agreement with our observations on both LCCO/LCO and LSCO/LCO structures. 

Nonetheless, these findings undoubtedly enable to ascribe the HT-IS to an electronic effect, rather 

than to ionic doping. Therefore, in the present work, the reduced Tc of the LCCO/LCO interface (the 

dopant spread beyond the interface is 1.4 nm), may be linked to the small c-axis parameter, in 

agreement with the linear c–vs–Tc relation. The Sr-doped bilayers show consistency with the previous 

studies, not only in Tc but also in the Sr redistribution length. [10] 

 

Conclusions 

In conclusion, a number of complementary experimental methods, including high-resolution 

XRD, AFM, transport measurements and spherical aberration-corrected STEM-EELS is used in order 

to study high-temperature superconducting interfaces in La1.6A0.4CuO4/ La2CuO4 bilayers grown by 

atomic-layer-by-layer oxide MBE, where A = Ca
2+

, Sr
2+

, and Ba
2+

. It is found that the c-axis lattice 

parameter increases linearly with the dopant size. Tc was found to depend non-linearly on the average 

c-axis lattice constant and saturates at about 40 K, whereas Tc was expected to rise up to about 70 K 

for the LBCO/LCO case, due to the interplay between the hole leakage and Madelung strain. This is 

assigned to a different redistribution of the dopant ions across the interface. In particular, as a 

consequence of the large ionic size mismatch between the dopant and the host cation, Ba segregation 

occurs and gives rise to a smeared interface. In the case of LCCO/LCO and LSCO/LCO systems, the 

interfaces were found to be sharper (yet not atomically sharp). As a consequence of such a different 

interface structure, distinct phenomena occur for inducing the interface superconductivity: in the 

LCCO/LCO and LSCO/LCO cases, interface effects, i.e. electronic redistribution, are predominant, 

whereas, in the case of LBCO/LCO, HTSC is rather ascribed to the “classical” homogeneous doping 

determined by cationic intermixing. In such a “conventional” situation, the expected Tc enhancement 

due to the interface effect is prevented.  

This work highlights the profound impact that ionic intermixing may have on the definition of 

the final properties of oxide epitaxial interfaces and demonstrates that future studies of ionic effects at 

interfaces, in particular on cationic redistribution during growth, are of paramount importance for the 

full understanding of such structures.  
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4.1.2 Visualizing Jahn–Teller and anti-Jahn–Teller distortions  

 

Introduction 

Key properties of complex perovskite oxide structures are strongly influenced by small 

structural changes of the BO6 octahedral network [151–155] and tailoring and tuning lattice 

distortions can be achieved by strain states imposed, e.g., by the lattice mismatch between substrate 

and film in epitaxial systems.[86,152,156–158] Thus, understanding how octahedral distortions are 

correlated with dopant distribution and how they modify the functionality of complex oxide 

heterostructures is of great significance. 

The Jahn–Teller (JT) effect is a spontaneous geometric distortion of a non-linear system in an 

electronic state with orbital degeneracy and results in removing the degeneracy via energy state 

splitting and lowering its symmetry. [23] TMOs with octahedral coordination, in which the metal ion 

has high-spin d
4
, low-spin d

7
, and d

9
 configurations, show JT distortions, which can be intimately 

correlated with the physical properties [25]. For instance, the CuO6 octahedron in the parent La2CuO4 

(LCO) is elongated along the c-axis by the JT effect [26] and exhibits two long and four short Cu–O 

bonds. [27] Distortions of CuO6 in Sr-doped La2–xSrxCuO4 structures (x up to 0.4) and related changes 

in Cu–O apical distances were studied via diffraction techniques providing average structural 

information. [32] It is reported that, in such systems, increasing the dopant concentration determines 

the compression of the octahedron (i.e. a decrease of the Cu–O apical distances) [32] defined as anti-

Jahn–Teller (AJT) effect. [26] Recently it was shown that, in the presence of interfacial electronic 

redistribution leading to a decoupled concentration profile between electron holes and dopant ions 

(striking interface effects), an anomalous elongation of the Cu–O apical distance in LCO-based 

structures is present (JT distortion). [33,34] Thus, local JT distortions appear to be strongly related to 

the presence of 2D interfacial superconductivity. Moreover, investigations on La2–xAxCuO4 (LACO)–

LCO bilayers [79] (where A is a divalent cation A = Sr, Ba, Ca) and two-dimensionally doped 

La2CuO4 superlattices [33,55] pointed out that the dopant size and dopant distribution directly 

influence the interface functionalities, i.e., the occurrence of the bulk-like or interfacial 

superconductivity, as discussed in the previous section. In particular, the interfacial superconductivity 

is induced only in the presence of a sharp interface. These findings pave the way for new promising 

investigations on local distortions at such interfaces induced by different dopant distributions. In this 

context, it is essential to probe the cation displacements and the octahedral tilts via a precise 

determination of the atomic column positions and to correlate this with atomically resolved 

information of the chemical composition. 
 

In this work, new insights into LACO–LCO bilayers with differently sized dopants, i.e. A = Ba, 

Sr, and Ca, having same formal valence state (2+), which allows systematically studying the effect of 

the dopant size on octahedral distortions, are provided. Although octahedral distortions at the 

interface of various heterostructures have been widely studied recently [151–153,159–161], the 

present understanding of A2BO4 systems is, in this sense, still limited. Previous investigations of 

LCO-based bilayers have been limited to Sr-doped systems [34] or, in the case differently sized 

dopants have been used, no insights have been gained regarding the local lattice structural parameters 

[79]. Here, by analyzing the cationic and anionic deformations with atomic resolution, it is shown that 

the size mismatch between the dopant and the host La
3+

 cations directly affects the structure and in 

particular the out-of-plane strain state. [99] It is further demonstrated that the dopant size locally 

distorts both cationic (La‒La) and the anionic (O‒O sublattice) and different JT distortions are 
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present. A comparative study gathered from hole-doped La2CuO4 structures combining different 

STEM techniques (i.e. EELS, ABF, and HAADF imaging) which link the distribution of the dopants 

with the CuO6 octahedral distortions is described.  

 

Results 

The substrate used for all the samples, i.e. LSAO, has a tetragonal structure with lattice 

parameters a = 0.3754 nm and c = 1.2635 nm and bulk LCO has an orthorhombic structure, where 

Cu–O planes are separated by two La–O planes. The lattice parameters of the bulk LCO are a = 

0.5335 nm, b = 0.5415 nm, and c = 1.3117 nm. [52] Because of the small difference between the in-

plane lattice constants of LSAO and LCO and the existent epitaxial strain, the LCO film can be 

considered as tetragonal. [88] Perfect coherent interfaces between the LSAO substrates and the 

epitaxial layers are revealed through atomically resolved HAADF images (Figure 4.1.10. a‒c), which 

cover the substrate and the nominal metallic and insulating phases, and demonstrate the high quality 

of the bilayers. The substrate gives rise to a darker contrast as compared to the epitaxial layer due to 

the difference of the mean atomic weight. [105] 

 

 

Figure 4.1.10. STEM-HAADF images showing coherent interfaces of a) Ba- (LBCO), b) Sr- 

(LSCO), and c) Ca- (LCCO) doped bilayers. The HAADF images were taken along the [100] 

direction of the LSAO substrate. Reproduced from Suyolcu et al. [89]. 

 

Not only the temperature dependence of the electrical resistance for the samples, where all of 

them exhibit a superconducting transition with critical transition temperatures (Tc) of ~39 K, ~36 K, 

and ~17 K for Ba-, Sr-, and Ca-doped bilayers, respectively, but also their correlation with the dopant 

size and distribution are discussed in the previous section. Now, the focus will be linking the dopant 

distribution and the correlated lattice deformations, i.e. local lattice and octahedral distortions. First, I 

start with the examination of the elemental distribution of each element employed in the structures, 
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where the comprehensive EELS analyses evidence a certain redistribution of dopants with respect to 

the nominal composition. Figures 4.1.11–4.1.13 exhibit atomically resolved elemental maps of Ba-, 

Sr-, and Ca-doped bilayers, which were all extracted from the EEL spectrum images (SIs) by fitting 

the EELS data to reference spectra using a multiple linear least-squares fitting procedure. The 

reference spectra were directly extracted from the experimental EELS SI. [79,122] Note that in the 

previous chapter the RGB elemental maps obtained from each bilayer were presented. However, in 

this section, all elemental maps, i.e. La, Cu, and each dopant as being Ba, Sr and Ca, for individual 

atoms are presented. 

 

 

Figure 4.1.11. Atomically resolved EELS spectrum image of the Ba-doped bilayer. a) 

Simultaneously acquired HAADF image. (b–d) Atomically resolved Cu-L23 edge, La-M45 edge, and 

Ba-M45 edge elemental maps. The arrows indicate the nominal interface positions. Reproduced 

from Suyolcu et al. [89]. 

 

The reference HAADF survey images of the analyzed regions are presented in Figures 4.1.11a, 

4.1.12a and 4.1.13a for Ba-, Sr-, and Ca-doped samples, respectively. In Figure 4.1.11b–d, atomically 

resolved Cu, La, and Ba elemental maps obtained from an EELS SI across the interfaces of the Ba-

doped bilayer are presented. The atomically resolved La (green) and Ba (blue) maps depict a decrease 

in the La concentration and a concomitant increase of Ba (blue) (Figure 4.1.11d) near the nominal M–

I interface within the doped phase (note that Ba
2+ 

acts as a substitutional defect for La
3+

). As a result 

of Ba migration, the LBCO/LCO interface appears to be smeared with 2.6 ± 0.6 nm width of the Ba 

distribution (Section 4.1.1). Figures 4.1.12c and 4.1.12d present the distribution of La and Sr cations 

in the structure, respectively. One can see that the Sr distribution at the M–I interface is more abrupt 

than for the Ba-doped case, despite a certain redistribution of Sr into the I phase (~ 1.6 ± 0.4 nm) is 

present. Finally, for the Ca-doped bilayer, a slightly lower width of Ca ions across the M–I interface 

(1.4 ± 0.4 nm) is observed. It should be noted here that such results are in a very good agreement with 

the 2D-doped La2CuO4 system [84], in which differently sized dopants have been introduced in the 

form of atomic layers in the La2CuO4 parent structure and the dependence of the cationic 

redistribution width with the dopant size has been explained on the basis of thermodynamic 
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considerations, i.e. equilibrium conditions establishing at the film surface during the growth process 

(see the Section 4.2.1 for further details).  

 

 

Figure 4.1.12. Atomically resolved EELS spectrum image of the Sr-doped bilayer. a) 

Simultaneously acquired HAADF image. (b–d) Atomically resolved Cu-L2,3 edge, La-M4,5 edge, 

and Sr-L2,3 edge elemental maps. The arrows indicate the nominal interface positions. Reproduced 

from Suyolcu et al. [89]. 

 

The substrate-film interface (indicated by the left-hand side arrows in Figures 4.1.11 to 4.1.14) 

presents a peculiar behavior depending on the dopant of choice: The Ba concentration is depleted in 

the first layers of the M phase next to the substrate (see Figure 4.1.11), whereas a certain dopant 

segregation (followed by a dopant depleted region) is observed at the substrate-film interface in the 

Ca-case (see Figure 4.1.13).  The Sr distribution in Sr-doped bilayers shows the most homogeneous 

distribution within the nominally doped phase. 

To evaluate the dopant distribution effect on the structure of the octahedral network, HAADF 

(e.g. Figure 4.1.10) and ABF images (Figure 4.1.14) of the interfaces of all samples are 

simultaneously acquired. Thus, all atomic columns in the crystal structure, namely La/Sr–O, Cu–O, 

and O, were imaged. Subsequently, the interatomic apical (out-of-plane) and basal (in-plane) oxygen-

to-oxygen (O–O) distances were measured by using the O–O picker software. [125] Figure 4.1.14a–c 

shows the atomically resolved ABF images, where all atomic columns are unambiguously resolved, 

showing both nominal interfaces (i.e. substrate–M layer and M–I interfaces, for Ba-, Sr-, and Ca-

doped bilayers, respectively) confirming the high structural quality. In Figure 4.1.14d, the measured 

interatomic distances are defined (the red arrow shows the distance between apical oxygen atoms, the 

green arrow shows the distance between oxygen atoms in the basal plane).  
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Figure 4.1.13. Atomically resolved EELS spectrum image of the Ca-doped bilayer. a) 

Simultaneously acquired HAADF image. (b–d) Atomically resolved Cu-L23 edge, La-M45 edge, and 

Ca-L23 edge elemental maps. The arrows indicate the nominal interface positions. Reproduced from 

Suyolcu et al. [89]. 

 

 

Figure 4.1.14 ABF images showing coherent interfaces and all atomic column positions including 

O-positions for the a) Ba-, b) Sr-, and c) Ca-doped bilayers. The yellow arrows indicate the nominal 

interface positions. d) Illustration of measured apical and basal O–O distances on a magnified (and 

colored) section obtained from (b). Reproduced from Suyolcu et al. [89]. 



                 Cuprate-based heterostructures 

 

 

62 

 

By averaging the dopant intensity profiles (i.e. Ba-M4,5, Sr-L2,3, Ca-L2,3) from elemental EELS 

SIs (e.g. Figures 4.1.11–4.1.13), integrating the intensities for each constituting block (i.e. half unit 

cell), summing up the values of all the constituting blocks, and scaling the doping concentration 

profiles in order to preserve the global stoichiometry, the dopant concentrations (x) for each 

constituting block, as shown in Figure 4.1.15a–c, are obtained. Measured interatomic distances vs. 

number of CuO2 planes (or LCO blocks) are displayed in Figure 4.1.15d–f. The basal and apical O–O 

interatomic distances are plotted in green and in red, respectively. Each data point corresponds to one 

measured LCO block (i.e. half unit cell). The O–O interatomic distances were calibrated according to 

the distances measured in the LSAO (001) substrate. 

 

Figure 4.1.15 Graphs showing the concentration per CuO2 block for the a) Ba-, b) Sr-, and c) Ca-

doped bilayers. The horizontal dashed lines delimitate the region corresponding to the 

superconducting phase. (d–f) O–O atomic column spacing along the apical (red) and basal (green) 

directions for the LBCO/LCO, LSCO/LCO, and LCCO/LCO bilayers, respectively. The yellow 

arrows indicate the nominal interface positions. The error bars represent the 95% confidence 

interval (corresponding to 2 times the standard error) of the average of 14 unit cells of LCO along 

the basal direction. Reproduced from Suyolcu et al. [89].  
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All measurements of the basal in-plane O‒O distances for the three different bilayers exhibit 

the same value within the error bars, namely 3.75 Å and exhibit a perfect coherency with the LSAO 

substrate. These findings show that all films are under compressive in-plane strain. [33] Conversely, 

in the LBCO/LCO system, a dramatic decrease of the apical oxygen distances with increasing Ba 

concentration (Figure 4.1.15d) is observed. In the first half unit cell (i.e. the first LCO block) of the 

epitaxial layer, the measured spacing is 4.72 ± 0.03 Å, whereas it is 4.51 ± 0.04 Å in the 6
th
 LCO 

block (next to the nominal interface). In the following column (the one just above the nominal 

LBCO/LCO interface) the O–O apical distance is measured as 4.69 ± 0.030 Å. As far as the 

LSCO/LCO bilayer is concerned, in the highly doped region, the O–O interatomic distances remain 

constant (Figure 4.1.15e). However, a clear increase by 15 pm from the 8
th
 (4.55 ± 0.03 Å) to the 9

th
 

atomic row (4.70 ± 0.05 Å) is found. Figure 4.1.15f indicates changes in the out-of-plane interatomic 

distances in the LCCO/LCO bilayer related to the Ca dopant distribution. In particular, large O–O 

distances were obtained for the first two unit cells, where the Ca concentration is less than the 

nominal doping level. The value measured for the 2
nd

 epitaxial block is 4.68 ± 0.042 Å and the lowest 

values of around 4.56 Å are obtained for the 5
th
 and 6

th
 blocks yielding a decrease of the O–O 

interatomic distance of 12 pm. Lastly, a gradual increase starting from the 6
th
 block is observed and 

the difference between 6
th
 (4.56 ± 0.04 Å) and 10

th
 (4.71 ± 0.03 Å) blocks is measured as 15 pm. 

In order to gain deeper insights into the effects of dopant size and distribution on local A-site 

displacements, the basal and apical La–La atomic distances are measured. Figure 4.1.16 presents the 

measured distances for each sample along with one representative HAADF image (from the 

LBCO/LCO bilayer, Fig. 4.1.16a). The graphs (Fig. 4.1.16b–d) show La–La distances vs. number of 

CuO2 planes (each plane corresponding to a building block of the LCO structure). In the LBCO/LCO 

bilayer, the largest and the smallest interatomic La–La apical distances are measured for the 2
nd

 and 

10
th
 blocks as 3.73 ± 0.03 Å and 3.63 ± 0.02 Å, respectively, and exhibit a difference of ~10 pm 

between nominally overdoped and undoped regions (Figure 4.1.16b). Moreover, a decrease of ~7 pm 

is measured from the 6
th
 block (3.71 ± 0.04 Å) to the 7

th
 block (3.64 ± 0.03 Å), which corresponds to 

the nominal M–I interface. In the LSCO/LCO system (Figure 4.1.16c), the La–La distances in the 

overdoped layers are slightly smaller than the LBCO/LCO system (i.e. ~3.67 Å). Also here, lower 

La‒La distance values (up to 7–8 pm difference for the 10
th
 block (3.61 ± 0.03 Å, where x (Sr) = 0), 

are found for the undoped region with respect to the doped one. Figure 4.1.16d shows the results for 

the LCCO/LCO bilayer: Here, only a slight monotonic increase of the La‒La distance in the growth 

direction is observed, yet mostly lying within the experimental error bars. The average La–La 

distance is 3.64 Å, where the highest value obtained is 3.66 ± 0.03 Å (5
th
 block). To specifically 

address the dopant size effect on local La–La distortions, the local apical distances averaged from the 

six nominally overdoped layers (blocks 1–6) of each sample are compiled. The measurements reveal 

that the largest La–La apical spacing (average) (3.71 ± 0.01 Å) is observed for the Ba-doped bilayer, 

whereas the measured spacings are 3.67 Å and 3.63 Å for the Sr- and Ca-doped bilayers, respectively. 

Figure 4.1.17 shows a plot of La–La distances vs. cation radii indicating the linear correlation. 
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Figure 4.1.16. High-resolution STEM-HAADF image and quantitative analyses of the structural 

distortion in the Ba-, Sr-, and Ca-doped bilayers: a) representative STEM-HAADF image of 

LBCO/LCO bilayer given as a guide for the eyes; b), c) and d) La–La atomic column spacings 

along the basal (green) and apical (red) directions for the Ba-, Sr-, and Ca-doped bilayers, 

respectively. The error bars represent the 95% confidence interval (corresponding to 2 times the 

standard error) of the average of 14 unit cells of LCO along the basal direction. Reproduced from 

Suyolcu et al. [89]. 
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Figure 4.1.17. Dependence of local lattice parameter on the cation radii of dopants (i.e. Ba
2+

, Sr
2+

, 

and Ca
2+

). Reproduced from Suyolcu et al. [89]. 

 

Discussions 

Previous investigations pointed out that the choice of the dopant has a profound impact on the 

interface functionalities of the system. [79] From the EELS investigations, different profiles of dopant 

distribution for Ba-, Sr-, and Ca-doped bilayers were obtained. Figure 4.1.15a–c summarizes the 

dopant concentrations and gives quantitative information about the composition of each block. It is 

known from the electronic phase diagram of the hole-doped lanthanum cuprate system that the 

superconducting phase in bulk systems occurs when the doping level of a La2CuO4 unit cell lies 

between 0.05 ≤ x ≤ 0.26. [47] At lower doping levels an insulating phase is present (underdoped), 

whereas a metallic (overdoped) phase appears at x > 0.26.  

Let us first consider the LBCO/LCO system. According to the dopant concentrations from the 

EELS analyses (Figure 4.1.15a), it is evident that the blocks mostly exhibit metallic and 

superconducting phases. This is a consequence not only of Ba distribution at the M‒I interface but 

also of Ba depletion at the substrate‒M region. Moreover, blocks 5 to 7 are overdoped (i.e. metallic), 

whereas most of the other columns (blocks 1 to 4) and in the nominally undoped phase (blocks 8 to 

10) show compositions which can be ascribed to the superconducting phase. This indicates that, due 

to ionic intermixing (i.e. to ionic doping), superconductivity should not be ascribed to effects arising 

at the M‒I interface, rather it is a bulk phenomenon involving several unit blocks which is also 

evidenced via previous mutual inductance measurements. [79]  

If we now turn the attention to the O–O distances of the LBCO/LCO system, the measurements 

performed on the ABF images (Figure 4.1.14) (with an assumption that no significant displacement of 

Cu atoms occurs from the center of the CuO6 octahedron) demonstrate the decrease of the apical O–O 

distance with increasing Ba doping along the growth direction. The smallest apical O–O distance 

appears at the 6
th
 constituting block, where the highest Ba concentration is present. Above the 

nominal interface position (indicated by the yellow arrows in Figure 4.1.15a,d), the apical Cu‒O 

distance starts to increase with a gradual decrease of the Ba concentration. This relationship between 

the Ba concentration and the apical Cu‒O distance presents a clear example of an AJT distortion. [26] 

Therefore, the correlation between the gradient in the Ba distribution and apical O–O distances on 

both sides of the M–I interface could be ascribed to the AJT effect, which results in localization of 

holes in both 𝑑𝑥2−𝑦2 and 𝑑𝑧2  orbitals. [89] At that point, one can argue that although a larger c-lattice 
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parameter is obtained via Ba doping in both bulk [149] and epitaxially grown structures (e.g. single 

phase films, M‒I structures etc.), intense AJT distortions causing shorter Cu‒O distances prevent 

probable Tc enhancements. Such suggestion may be the object of further studies performed on Ba-

doped lanthanum cuprate systems similar to Sr-doped structures. [162] 

As far as the Sr-doped bilayers are concerned, the obtained concentration profile shows a 

homogeneous distribution in the overdoped layer, which exhibits the metallic composition (x >0.26, 

see Figure 4.1.14), so that the HTSC stemming from “bulk” doping in the M-phase can be certainly 

ruled out (unlike the above-described LBCO‒LCO system). A rapid fall-off in Sr concentration at the 

M‒I interface is present. The compositional analysis suggests that blocks 7 and 8 (nominally 

undoped) exhibit a non-negligible Sr concentration due to dopant redistribution in growth direction 

(Figure 4.1.15b) [84]. It should be noted that the system under consideration is very similar to the one 

which has extensively been studied by Gozar et al. [10], in which it was demonstrated that, despite a 

certain ionic intermixing (whose width is very similar to what is reported here), hole redistribution 

from the metallic into the insulating phase was highlighted and indicated as responsible for the HT-IS. 

This has seen further confirmation in recent studies on related systems. [55,136] 

Given the homogeneous Sr distribution in the overdoped layer, the AJT effect for the Sr-doped 

sample cannot be discussed directly, as the O–O distance variations are almost as small as the 

measurement precision (about 4 pm). [125] However, a considerable increase of the O–O apical 

distance starting from the 9
th
 block is observed. Such an “anomalous expansion” has been previously 

reported for similar systems [33,34], in which the relation with the occurrence of HT-IS as a 

consequence of interface effects (i.e. interface hole redistribution) was clearly demonstrated. [51] 

Therefore, the observed sharp increase in apical O–O distance starting from the 9
th
 block (JT 

distortion indicating localized holes in 𝑑𝑥2−𝑦2  orbitals) can be considered as a fingerprint for a 

superconducting transition induced by interface phenomena, not by “ordinary” ionic intermixing. 

Notably, this sets a clear difference between the LBCO‒LCO system and the LSCO‒LCO system. 

For the LCCO/LCO interface, a combination of both AJT (in the metallic phase) and JT 

(starting from the interface) distortions is revealed. The situation in the M-phase is similar to what has 

been described for the LSCO‒LCO case, i.e. the dopant concentration x lies above the limit for 

HTSC, thus HTSC has to be ascribed to the M‒I interface region. In order to rule out any contribution 

to superconductivity stemming from the presence of interstitial oxygen in LCO, all the samples have 

been post-annealed in vacuum after the growth process (see Bauitti et al. [150]). Also, the dopant 

redistribution length of the Ca-doped bilayer at the M‒I interface is comparable to the Sr-doped one. 

A certain Ca accumulation at the substrate-film interface (zero
th
 block in Figure 4.1.14c – due to 

epitaxial compressive stress, which may be partially accommodated by the substitution of La with 

smaller Ca), is noticed and followed by the presence of a Ca-depleted region (i.e. 1
st
 and 2

nd
 blocks). 

An increase (~ 10 pm) of the apical O–O distances that is accompanied by such a lower dopant 

concentration is followed by a decrease starting from block 3, in which a higher dopant content is 

present. This again represents an AJT effect similar to the overdoped layer of the Ba-doped sample. A 

monotonic increase (up to 15 pm) of the apical O–O distance is present from the 7
th
 block (4.56 Å) to 

the 10
th
 block (4.71 Å). Importantly, blocks 9 and 10 do not exhibit the presence of any Ca-dopant, 

thereby a typical JT distortion is observed, which – unlike what was observed for the M phase – 

cannot be ascribed to the presence of dopant. Rather, given the superconducting character of the 

interface, such a JT distortion may be related to 2D interfacial superconductivity in a similar way as 

discussed for the Sr-case. 
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It is revealed by detailed analyses that the JT distortion is present only in the case of Sr- and 

Ca-doped M–I bilayers. In the case of the Ba-doped bilayer instead, AJT distortions characterize both 

sides of the nominal interface of LBCO/LCO. Such a relationship between the dopant concentrations 

and the out-of-plane O–O distances points towards two different superconducting mechanisms, 

activated by the different dopant distributions leading to different JT distortions. In particular for bulk 

superconductivity for the Ba-doped case, a typical AJT distortion (holes located in both 𝑑𝑥2−𝑦2 and 

𝑑𝑧2  orbitals with parallel spins, resulting in shorter O–O distances) [29] is observed, whereas for the 

Sr and Ca case a combination of AJT and JT is revealed, where the holes are located only in 𝑑𝑥2−𝑦2  

orbitals and the apical oxygens are shifted away from the La sites resulting in larger O–O (apical) 

interatomic distances. As described above, this may be related to the presence of interface effects 

characterized by electronic redistribution.  

Another point regards the local effect of substituting La
3+

 cations with differently sized dopants 

having the same valence states (i.e. Ba
2+

, Sr
2+

, and Ca
2+

). Figure 4.1.16 presents quantitative 

information on local lattice deformation obtained from the HAADF images. Figure 4.1.16b shows 

that the La–La apical distance in the LBCO system sharply decreases from the doped (M) to the 

undoped (I) phase, substantiating that the large Ba dopant expands the lattice dramatically. A similar 

effect, yet less pronounced, can be observed for the LSCO/LCO system, in which a decrease of apical 

La–La distances from the M to the I phase is unveiled, again highlighting the lattice expansion due to 

Sr substitution. The almost constant La–La spacing obtained from the Ca-doped bilayer instead 

(Figure 4.1.16d) can be explained by the relatively small size difference between Ca
2+

 and La
3+

, 

which does not induce very large A-site displacements. These findings further suggest that apical O 

displacements are more sensitive to the dopant size compared to La
3+

 displacements, indicating that 

A-site deformations are relatively less affected (Figures 4.1.15 and 4.1.16). 

 

Conclusions 

In conclusion, the effect of dopant size and dopant distribution on the structure and the 

octahedral network of ALL-oxide MBE grown La1.6M0.4CuO4 / La2CuO4 bilayers with M
2+

= Ba
2+

, 

Sr
2+,

 and Ca
2+

 is studied. It is found that the different dopant size remarkably affects the structure as a 

consequence of different dopant distribution in the structure. Atomically resolved EELS analyses 

allowed us to reveal the elemental distributions across the interfaces and to measure the redistribution 

lengths of the dopants in the growth direction as well as in the substrate. The interatomic distance 

measurements performed on the ABF and HAADF images enable us to precisely determine the 

atomic column positions and to quantitatively investigate the octahedral distortions and local lattice 

deformations. Our findings revealed that the dopant distribution has a remarkable effect on the O–O 

distance (JT and anti-JT effects), which can be related to the occurrence of different mechanisms 

leading to superconductivity, and also unveiled the correlation between the dopant size and the local 

lattice parameter. This work underlines the crucial effect of the dopant distribution on the octahedral 

network and, in turn, on the final superconducting properties, and highlights the importance of 

complementary advanced STEM techniques for the study of oxide interfaces. 
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4.2 δ-doped high-temperature superconducting La2CuO4 interfaces 

 

Introduction 

Two-dimensional doping, i.e. “delta (δ)-doping”, which has been firstly reported for the 

semiconductor field, is based on placing a very thin (i.e. single) layer of the dopant in a matrix or 

substituting an atomic layer of the dopant with the host atoms, and suggests a new approach for oxide 

materials. [163–167] At oxide materials interfaces, as a consequence of charge redistribution, a spatial 

separation between ionic and electronic dopants may be obtained leading not only to increased 

electronic mobility due to reduced scattering [168–170] but also to the occurrence of significant 

functionalities. Recently, implementation of such an approach for achieving two-dimensional doping 

(δ-doping) in lanthanum cuprate (La2CuO4), which yielded the occurrence of HTSC upon the 

substitution of selected single LaO planes with SrO ones, [55] is achieved. It is great of importance to 

observe the formation of the space-charge zone on the downward side of the two-dimensionally Sr-

doped layers [17,171], resulting in single-layer confinement of superconductivity. [51]  

Previous STEM investigations already substantiated the asymmetric Sr profiles at the 

interfaces, where the dopant concentration profile is abrupt at the downward side of the interface and 

rather spread in the growth direction.
 
[33] Similar (asymmetric) profiles have been reported in the 

literature for semiconductors and oxides, not only the δ-doped structures but also for heterostructures 

in which different phases are combined consecutively [172,173]. It is also shown that the choice of 

the layer sequence directly influences the sharpness of the interfaces [163,172–176]. For the 

evaluation of the experimental findings, various models have been proposed such as a kinetically 

limited process [177,178], surface Fermi-level pinning [163], surface roughness [179], surface 

diffusion as a consequence of intrinsic defects [172,180]. It is well known that the local chemistry at 

the interfaces has a direct impact on the functionalities of oxide heterostructure interfaces [181–185], 

and thus, it is of crucial importance to investigate the cationic intermixing at such interfaces. In this 

work, ALL oxide-MBE grown δ-doped La2CuO4 structures [150] are investigated, in order to reveal 

the role played by different parameters on the chemistry of the interfaces. The growth optimization 

and the fabrication of the structures have been already performed by Dr. F. Baiutti (MPI-FKF) [61] 

and the details of the growth of the heterostructures can be found in Ref. [84]. The nominal 

composition of the grown structures can be written as follows: 

 

[AO-LaO-CuO2 + N x (LaO-LaO-CuO2)] x M, 

 

in which N and M represent the spacing between the doped layers (expressed in a number of 

constituting La2CuO4 “blocks” i.e. half of the unit cell) and M represents the number of superlattice 

repetitions, respectively. For systematic investigations of the structure and the properties of the 

samples, a combination of various techniques was carried out such as in-situ RHEED during growth, 

AFM, electrical conductivity measurements, and atomically-resolved STEM imaging and 

spectroscopy. The choice of the dopants and the synthesis conditions enabled evaluating the influence 

of different parameters on the final dopant profiles. In this study, the focus is on the impacts of (i) 

dopant size, (ii) valence of A cation, (iii) growth temperature and (iv) tensile strain induced by the 

substrate on the dopant distribution profiles. 
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4.2.1 Effects of dopant size and valance on cationic distribution  

To elucidate the influence of the cationic size mismatch between the dopant and the host cation 

on the distribution characteristics, similar to Suyolcu et al. [79], a series of samples have been 

investigated, where the elastic strain, induced by the cationic substitution is expected to be the driving 

force for the segregation of the dopant. [99] Here, the effect of the substitution of La in the doped 

layer with differently-sized dopants, namely, Ca, Sr and Ba, is studied. Note that the size mismatch is 

calculated as (RA - RLa) x 100/ RLa, in which RA and RLa are the ionic radii of the A and the La cations 

(9 - fold coordinated) respectively, according to Shannon. [96] 

 

Figure 4.2.1. a) Resistivity vs temperature curves for Sr (black line), Ba (blue line), Ca (orange 

line) two-dimensionally doped La2CuO4 (N = 9). The resistance values have been normalized by 

multiplication with the number of superlattice repetitions (M). b) AFM micrograph of Ba δ-doped 

La2CuO4 multilayer indicating the high tendency of secondary phase formation in the structure. 

Reproduced from Bauitti et al. [84]. 

 

In Figure 4.2.1a, the low-temperature resistance curves of representative samples are given 

presenting the HTSC transition for all samples. [61] For the Sr-doped case, the temperature of zero-

resistance, Tc, reaches the highest value ~ 41 K as a consequence of space-charge effects and ionic 

redistribution [55]. Lower Tc values are measured in the case of Ba- (Tc ~ 21 K) and of Ca-doped (Tc 

~17 K) samples. For the Ca δ-doping case, the value of the critical temperature is found to be 

consistent with the previous findings obtained for single-phase Ca-doped bulk La2CuO4 structures. 

[77] In the case of Ba-doped samples, the reduced Tc with respect to single-phase Ba-doped La2CuO4 

may be ascribed to the strong tendency of forming secondary phases during the growth which is also 

revealed via AFM investigations (Fig. 4.2.1b), which may be destructive for the transport properties. 

[149]The structure of the samples together with the concentration profile of each dopant has been 

investigated by atomically resolved STEM imaging and spectroscopy. STEM-HAADF images and 

atomically-resolved EELS elemental maps (i.e. spectrum images) obtained from all samples are 

presented in Figure 4.2.2 and Figure 4.2.3, respectively. HAADF images for Ca-, Sr-, and Ba- two-

dimensionally doped La2CuO4 are displayed in (a), (b), and (c) of Figure 4.2.2, respectively. The 

images exhibit that, in all three cases, high-quality epitaxial growth without any structural defects on 

the LaSrAlO4 (001) substrates were achieved. The different contrast due to the different atomic 

numbers, (ZCa = 20, ZSr = 38, ZBa = 56, and ZLa = 57) the doped regions seem darker; especially for Ca 

and Sr doping cases (see Figures 4.2.2.a–b). 
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Figure 4.2.2. HAADF images for a) Ca, b) Sr, and c) Ba δ-doped multilayers. All images exhibit 

the structural quality of the samples. [84] 

 

Furthermore, the results of the atomically resolved EELS analyses (i.e. elemental maps) and 

related averaged profiles obtained for different elements, are respectively presented in panels a and b 

of Figure 4.2.3 for the Ca-doped, in Figure 4.2.3c–d for the Sr-doped and in Figure 4.2.3e–f for the  

Ba-doped cases. From the EELS analyses, it is clearly seen that the dopant distribution is not confined 

in a single atomic plane, but it is rather spread (i.e. the asymmetric profile). This is valid not only for 

the Sr-doped case as previously reported but also for the Ca- and the Ba-doped samples. For 

quantifying the amount of the abovementioned redistribution in both the substrate (downward side of 

the interface) and growth directions (upward side of the interface) EELS linescans have been 

analyzed. The results of the averaged linescans are presented in Figure 4.2.3g, in which the 

redistribution width is shown as a function of the dopant ionic size mismatch with La. Let us first 

focus on the upward side of the interface (solid diamonds). Here, the results of Ca- (2.65 ± 0.34 nm) 

and Sr-doped (2.25 ± 0.54 nm) heterostructures show the independent behavior of the redistribution 

length on the cation size, while in the case of Ba (2.97 ± 0.60 nm) a wider distribution of the dopant is 

observed. At the backward side (open circles), a remarkably larger redistribution length is measured 

for Ca (1.89 ± 0.31 nm) with respect to Sr (0.96 ± 0.33) and Ba (1.23 ± 0.26). The trends highlighted 

by the analysis of the redistribution width ratio (upward/downward) displayed in Figure 4.2.3h, which 

shows very similar values for the Sr- and Ba-doped cases (highly asymmetric distribution, width ratio 

~ 2.4), whereas, in the case of Ca, the distribution is more symmetric (width ratio ~ 1.4). Dr. Yi Wang 

(MPI-FKF) is gratefully acknowledged for the support on Figure 4.2.3. 
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Figure 4.2.3. The respective elemental maps and averaged concentration profiles from atomically 

resolved EELS spectroscopy are shown in (a, b), (c, d), and (e, f) for Ca-, Sr-, and Ba- doping, 

respectively. Black dashed lines are used as a guide and indicating “0” nm. (g) Average extension, 

resulting from EELS data analysis, of the, Ca, Sr, and Ba redistribution widths at the upward side 

(solid diamonds) and at the downward side (open circles) of the interface, as a function of the 

dopant ionic size mismatch with La. (h) Redistribution width ratio (upward/downward) for Ca-, Sr-, 

and Ba- two-dimensionally doped La2CuO4. Error bars express the standard deviation of the mean. 

Reproduced from Bauitti et al. [84].  
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The second target is focusing on the charge of the dopant. It is well known that a local charge 

may occur on the free surface of crystalline materials, which has been shown for oxides. For instance, 

the segregation of oxygen vacancies results in positively charged surfaces [163,186–188]. The charge 

interaction between these polar surfaces and the acceptor dopant acts as a driving force for cationic 

segregation in single-phase perovskite thin films [99], and may, therefore, be accounted as an 

explanation for the spread of the dopant in the growth direction also in the present case. Thus, here, 

this idea is pursued and a δ-doped structure, where the substitution of La with an isovalent cation, 

namely Dy, is discussed. Since the La/Dy substitution leads to the formation of a neutral defect [84], 

the surface electric field is expected not to contribute to the Dy migration and thereby, a narrower 

concentration profile in comparison to the divalent dopant case may be predicted. It should be noted 

that, when attempting to realize the full substitution of a LaO layer with DyO, the formation of 

secondary phase precipitates was always detected (see Figure 4.2.4a). Therefore, in order to avoid 

such an undesired effect, only a partial substitution of La was employed (La0.5Dy0.5O), which yielded 

a better sample quality. An HAADF image acquired from such a defect-free region (including the 

substrate) and an EDX Dy-L edge intensity linescan acquired along several interfaces is presented in 

Figure 4.2.4b,c, respectively. Due to the similar atomic number (ZLa = 57, ZDy = 66), no strong contrast 

is visible between doped and undoped regions in the HAADF image (Figure 4.2.4b). The darker area 

on the left-hand side corresponds to the substrate. The resulting average redistribution width (obtained 

from several EDX linescans) was found to be 1.07 ± 0.23 nm and 2.24 ± 0.31 nm for the backward 

and the upward side of the interface, respectively. Despite the lower initial dopant concentration, such 

values are very similar to the typical ones found for the Sr, Ba, Ca cases (see above) indicating that 

the cation redistribution at the interface cannot be ascribed to the presence of a charged surface during 

growth. 

 

Figure 4.2.4. a) HAADF image showing some extended defects originating from Dy-doped area b) 

HAADF image of Dy two-dimensionally doped La2CuO4. c) Dy-L intensity profile acquired by 

EDX during a linescan across several Dy-containing planes in a defect-free region. Reproduced 

from Bauitti et al. [84].   
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4.2.2 On the effect of growth temperature and tensile strain  

In the field of semiconductors it is generally accepted that, by decreasing the substrate 

temperature during the growth, a sharp delta dopant distribution can be obtained [163,189] due to the 

decreased atom mobility. [177] In this section, I consider the effect of the growth conditions and the 

choice of the substrate on dopant concentration profiles and thus on the final sample properties, as 

well as examining whether a sharper delta dopant distribution could be achieved (similar to 

semiconductors) by lowering the substrate temperature. Moreover, it is also examined how a substrate 

inducing tensile strain (i.e. LSAO in our case) on the structure affects the dopant distribution. Thus, 

first, the effect of the substrate temperature on cationic intermixing in the Sr δ-doped La2CuO4 was 

studied in which, during the growth of the heterostructure, a systematic decrease of temperature was 

carried out with 30-35ºC steps from the nominal growth temperature (about 600ºC) to 500ºC. With 

the aim of avoiding the formation of structural imperfections due to low-temperature growth, only a 

portion of the superlattice, namely, the doped and the following two La2CuO4 blocks (in which most 

of the redistribution process is expected to occur) was deposited at reduced temperature, whereas for 

the rest of the structure the nominal growing temperature was re-established.  

 

 

Figure 4.2.5. a) HAADF image of a Sr δ-doped La2CuO4 structure, in which the doped regions 

(collimated with arrows) have been deposited at gradually decreasing (~35 ºC) temperatures. b) Sr-

L2,3 EELS profile linescan acquired along the growth direction. The smoothed data (red) is given 

with the raw data (black) and the error bars are smaller than the symbols. c) The Sr average 

redistribution length as resulting from EELS analyses for the downward and upward sides of the 

interface are reported in (b). Reproduced from Bauitti et al. [84]. In order to allow for a better 

comparison, the data have been normalized with respect to the reference values (interfaces grown at 

600 ºC).  

 

In Figure 4.2.5a, the HAADF image demonstrates an overview of the heterostructure, which is 

explicitly representing a defect-free structure. As mentioned previously, due to the different atomic 

number of the constituents, the darker areas indicate the doped layers. In Figure 4.2.5b, the EELS 

linescan profile of Sr is presented clearly showing the typical asymmetric profile, respectively. The 

average extents of the dopant redistribution as a function of the growth temperature for the downward 

and the upward side of the interface, obtained by averaging several line scans, are given in Figure 

4.2.5c. Please note that, in order to avoid any contribution from specimen thickness, each δ-doped 

layer is examined individually. One can observe that a remarkable increase of the intermixing extent 
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(up to 25% increase with respect to the interfaces grown at 600 ºC) can be found for the upward side 

of the interface, while for the downward side the redistribution width does not exhibit a clear trend by 

decreasing the growth temperature. This is in contrast with some experimental observations (and 

relative models) related to semiconductor systems, which revealed, instead, the tendency of the 

dopant to “freeze-in” closer to the nominal doped layer by lowering the growth temperature. [177] 

Instead, it is observed that a change in the Sr concentration profiles occurs at the upward side of the 

interface if the growth temperature is decreased below 565 °C. Moreover, the redistribution width 

increases from about 3 nm (for growth T = 565−600 °C) to about 3.5 nm (for growth T = 535−500 

°C) (see Figure 4.2.5d). Such a remarkable change can be attributed to the activation of the island 

growth mode because of atoms clustering at low temperatures. [190] Correspondingly, when two 

samples’ superconducting critical temperature (Tc) values are compared, lower Tc values are realized 

for the sample grown in reduced (i.e.  T = 500 °C) temperature. This can be again ascribed to the 

activation of the island growth mode, having by virtue of the worsening of the sample crystallinity. It 

should be noted here that, as far as the downward interface side is regarded, the independence of the 

redistribution width with temperature can be easily explained by considering that during growth only 

the upward side of each interface was deposited at reduced temperatures. Moreover, for what 

concerns the portion of the structure which was grown under optimal conditions (T = 600 °C), the 

slightly larger redistribution width which was observed here (~2.95 nm) with respect to the values 

reported above (see Figure 4.2.3; ⁓2.25 nm), could be ascribed to the different sample thickness ( 

~50 nm here and ~25 nm in Figure 4.2.3), i.e., different times employed for the growth. As a 

consequence, a longer time for thermal diffusion was allowed here. 

 

 

Figure 4.2.6. a) HAADF image of a Sr δ-doped La2CuO4 multilayer grown on LSAT substrate 

presenting the overview of the sample. White arrows indicate the δ-doped regions and orange 

arrows indicate the structural defect. b) High magnification of the area highlighted by the blue 

rectangle in a. c) Sr-L3,2 (red) and La-M5,4 (green) EELS profile linescans acquired along the growth 

direction. Black arrows indicate the Sr distribution tendencies on both sides of nominal δ-doping 

and dashed lines indicate zero intensity. 
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The constructive effect of compressive strain (i.e. LSAO substrate) on HTSC in La2CuO4-based 

systems is clearly shown [87] and such substrates have been highly in use. [16,79] The effect of 

tensile strain on similar structures to unveil the influence on structural properties is studied as well. 

For this purpose, the same structures (i.e. Sr δ-doped multilayers) grown on LSAT substrate, which 

provides tensile strain instead of compressive strain as obtained by LSAO substrates, are examined. 

Through the STEM investigations (Figure 4.2.6), two important findings based on imaging and 

chemical analyses were obtained. First of all, in contrast with high-quality structures usually achieved 

by using LSAO substrates, the epitaxial multilayers grown on LSAT substrates are characterized as 

defective structures. Figure 4.2.6a demonstrates a defective region and orange arrows are used as 

guides signaling the defect on the image. Atomically-Resolved EELS investigations also provide 

interesting information. Such investigations, which are performed on defect-free regions along growth 

direction (Figure 4.2.6c) substantiates the difference (i.e. change) in the Sr distribution in the 

structure. In particular, the asymmetric profile tends to disappear in the growth direction. While the 

first δ-doped layer in the structure provides a clear asymmetry in the profile, the redistribution profile 

turns to a Gaussian-like distribution in the 4
th
 two-dimensionally doped layer, which is proved by both 

Sr and La linescan profiles (Figure 4.2.6c).  

 

Discussion 

A detailed investigation of the possible mechanisms determining the formation of cationic 

intermixing at δ-doped La2CuO4 interfaces, in which the nominal structure is formed by substitution 

of single LaO planes with AO dopant planes, is conducted. This enables addressing the main 

mechanisms responsible for the dopant distribution at the downward side (substrate direction) and at 

the upward side (growth direction) of the interface. The distribution in the substrate exhibits a higher 

tendency to cationic intermixing in the case of the dopant having the smallest ionic radius (Ca) (see 

Figure 4.2.3). Notably, in the substrate direction, the specific ALL-MBE growth kinetics, where the 

dopant layer is deposited only once the underlying unit cell is completed, one can expect that the 

intermixing occurs only either as a consequence of the roughness of the layer or due to thermal 

diffusion (i.e. time-temperature dependent migration of the dopant into the bulk crystal). However, 

detailed high-resolution STEM investigations do not indicate increased layer roughness for the Ca-

doped sample. Thus, it can be concluded that, on this side of the interface, intermixing occurs mainly 

due to thermal diffusion (typically by the A-site vacancy hopping mechanism [191]). In this 

framework, a smaller atomic radius is expected to lead to a reduced enthalpy in the diffusion process, 

as already observed for related perovskite systems. [192] This may be also connected with the 

compressive strain state (-1.4%) of the thin films, which may favor the substitution of La with a 

cation having a smaller ionic radius. [193] 

Importantly, if the Sr distribution is considered across the interface as reported by Wang et al. 

[33], one can see that the distribution at the downward interface side can be satisfactorily fitted by 

using a Gaussian distribution profile with a standard deviation σ = 0.43 nm as shown in Figure 4.2.7 

(red line). Such a spatial distribution is expected by applying Fick’s law to an initial delta distribution. 

By considering the usual growth time (t ~ 10
4
 s), one can also estimate the diffusion coefficient D = 

σ
2
/2t ~ 9 × 10

−20
 cm

2
/s. This is in good agreement with the typical diffusion coefficient value,s which 

can be found in the literature for A2BO4 systems [143,192], referring to a counter diffusion of Sr
2+

 and 

La
3+

. The reason, why the differences between Ca, Sr, and Ba distribution profiles are rather limited, 

could be the significant contribution of the La
3+

 migration. At the upward side of the interface, 
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thermal diffusion is not explanatory itself alone, as it would lead to a symmetric Gaussian distribution 

of the dopant cation across the nominal doped AO plane, whereas highly asymmetric profiles are 

experimentally observed (see e.g. Figure 4.2.3k). According to the results obtained from Dy-doping 

(cf. Figure 4.2.4), one can also conclude that the presence of a surface charge (during the growth) 

cannot account for the dopant spread in the growth direction.  

 

 

Figure 4.2.7. (a) Fitting of the Sr concentration profile across the nominally doped interface 

(marked by the black dotted line). The blue circles represent the Sr experimental profile as retrieved 

from the STEM-EELS analysis reported in ref 16. At the downward interface side, the experimental 

data are fitted using a Gaussian function, which simulates the evolution of a delta-dopant profile 

upon thermal diffusion. At the upward interface side, the fitting curve (green line) stems from the 

Muraki equation, xn = x0(1 − P) P
n−1

, with fitting parameters x0 = 0.78 and P = 0.58. In particular, 

the stars represent the resulting concentration of each (La,A)O−(La,A)O−CuO2 constituting block 

(labeled with n). In panels b−d, a sketch of the cationic intermixing process based on 

thermodynamical considerations is shown (“entropic model”). In panel b, the last undoped La2CuO4 

constituting block (labeled with n = 1) is depicted on the surface of the film, together with the 

incoming two-dimensionally doped La2CuO4 block (n = 2) (note that, for simplicity, the growth 

process is pictured as “block-by-block” deposition, rather than as the real atomic-layer by atomic-

layer). Here the film (excluding the last La2CuO4 constituting block) is labeled as “bulk La2CuO4”. 

Imposing the equilibrium conditions to be verified between the surface and the incoming block (n = 

1 and n = 2) results in the A-cation being equally distributed between these two, as shown in panel c. 

Afterwards, when the next block (n = 3) is deposited, the situation evolves as follows: n = 1 now 

pertains to the bulk phase, i.e., is no more involved in the mixing process, whereas the blocks n = 2 

and n = 3 share the same A-cation amount in order to establish conditions of thermodynamic 

equilibrium. The resulting dopant distribution after this iteration is sketched in panel d (for each 

step, the “active” blocks are highlighted in red). Such a process can be formally described by the 

Muraki equation having P = 0.5 (dotted green line in panel a, resulting x0 = 0.69). Reproduced from 

Bauitti et al. [84]. 

 

Furthermore, the in-plane strain induced by the ionic size mismatch between the host dopant 

cation plays only a secondary role as demonstrated by the slightly larger redistribution width of Ba 

with respect to Sr and Ca (in the growth direction, Figure 4.2.3). Rather, a mechanism that is based on 

lateral diffusion during the growth should be taken into account, i.e. intermixing is allowed only 

between the free film surface and the incoming particles (thus being limited to the topmost layer of 

the film). This is justified by the fact that atom displacement at the surface requires only a limited 

number of bonds to be broken, because of the lower coordination. Moreover, surface defects such as 

steps or vacancies, which may arise as a consequence of growth imperfections, substrate morphology, 
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or surface reconstruction, could favor intermixing at the surface level. [61,172,194] Such a situation 

can be formally described by using the phenomenological model of Muraki et al. [173], which has 

been already implemented for delta-doped systems in the field of semiconductors. According to such 

a model, the dopant concentration xn of the n
th
 layer (in the present case of each 

(La,A)O−(La,A)O−CuO2 constituting block) can be expressed as a function of a parameter P, which 

describes the probability of atoms at the topmost layer to segregate to the next layer in the growth 

direction, and of the nominal dopant concentration of the δ-doped layer x0 according to xn = x0(1 

−P)P
n−1

. In Figure 4.2.7a, The Muraki equation has been employed for fitting the Sr experimental 

profile at the upward interface side upon imposition of appropriate constraints on the values of x0 in 

order to keep the total dopant stoichiometry. [84] A good agreement between the fitting curve (solid 

green line in Figure 4.2.7a; resulting fitting parameters x0 = 0.78, P = 0.58, in agreement with the 

fitting constraints) and the experimental data can be observed, showing that such a model holds in our 

case. The resulting segregation probability deriving from the fitting (P = 0.58) allows for further 

considerations regarding the possible mechanisms of dopant migration in the growth direction. In 

particular, a value of P = 0.5 could be explained by simply considering a process based on lateral 

diffusion, as described above, in which thermodynamical equilibrium is allowed to be established 

between the last La2CuO4 block on the film surface and the incoming particles. Such an assumption is 

justified by the very slow kinetics, which is typical of the ALL-MBE growth process, having a growth 

rate of about 1 Å.min
−1

. In this case, as long as cationic solubility limitations can be ruled out, 

configurational entropy drives the A-cation to equally distribute between the surface La2CuO4 block 

and the growing block. In this framework, additional factors such as the ionic size mismatch or 

thermal diffusion determine an increased probability for atoms to migrate to the surface layer (P > 

0.5). The Muraki equation for such an “entropic” model assumes the simplified form xn = x0/2
n
 (dotted 

green line in Figure 4.2.7a). A final graphic representation of the suggested process for interface 

cationic intermixing is depicted in Figure 4.2.7b−d. As far as the growth conditions, and in particular 

the growth temperature, are concerned, one would expect slower kinetics of lateral diffusion by 

decreasing the growth temperature, in turn leading to a sharper dopant distribution. This is in contrast 

with the experimental observations (cf. Figure 4.2.5d) and may be explained by the higher tendency 

to the formation of clusters on the surface, rather than of a two-dimensional layer, by lowering the 

growth temperature. [172,195] In addition, surface reconstruction, which may act as an additional 

factor for the surface intermixing by determining the formation of a surface layer having different 

stoichiometry with respect to the bulk, was found to be dependent on the growth conditions in related 

oxide systems. [196] Finally, by comparing the dopant concentration profiles of the different cations 

(Ca, Sr, and Ba) as reported in panels b, d, and f of Figures 4.2.3, respectively, one can infer a certain 

tendency to broken symmetry in the dopant spatial distribution by increasing the dopant size (i.e., 

within a single CuO2−(La,A)O−(La,A)O block, the dopant concentration is systematically larger in 

the first layer above the CuO2 plane in the growth direction). [33,139] This effect is particularly 

evident in the case of the Ba doping and will be the object of further investigations. Lastly, the 

applied tensile strain to the structure via LSAT substrates results in relatively (cf. the structures grown 

on LSAO (001) substrates [55,79,87]) defective and less uniform structures as well as emerging a 

distribution of the dopant different from the asymmetric behavior. One can suggest that the tensile 

strain in thicker samples with more repetitions could have a stronger effect on cationic intermixing at 

the interfaces. That issue could also be an interesting subject for further investigations in order to 

interpret the structural relationship between transport properties. 
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Conclusion 

In conclusion, a detailed investigation of the possible parameters affecting the redistribution of 

the dopant in δ-doped La2CuO4 structures has been performed. Scanning transmission electron 

microscopy investigations suggest that, in the direction of the substrate (downward interface side), 

thermal diffusion is active and leads to the formation of a rather abrupt profile, if dopant substitution 

is performed with cations having large ionic radii. On the other side, where the dopant is spread 

across several unit cells, a thermodynamical model dominated by entropic effects is proposed. In 

addition, layers roughness appears as a major factor in the cationic intermixing, whereas a prominent 

role played by a surface space-charge layer and effects due to in-plane strain can be ruled out. Our 

results emphasize the significant influence that interface chemistry plays in the definition of the final 

properties of complex oxide heterostructures and may be employed for achieving better control of the 

growth processes and of the final interface functionalities, e.g. by appropriately choosing the dopant 

species, the growth conditions, and the substrates.  
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5. Cuprate-nickelate 

heterostructures 
 

 

 

Abstract 

In this chapter, heteroepitaxial contacts of lanthanum cuprate and lanthanum 

nickelate systems are presented. In particular, high-temperature superconductivity at 

the interface of lanthanum cuprate (214) and strontium (Sr)-doped lanthanum 

nickelate (214) heterostructures, and high-temperature thermoelectricity of lanthanum 

cuprate (214) and lanthanum nickelate (113) heterostructures are discussed. 

Atomically resolved scanning transmission electron spectroscopy and microscopy 

techniques are combined with dedicated conductivity measurements, and local 

structure and chemical properties are correlated with the functionalities of the 

systems.   
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5.1 High-temperature superconductivity at La2CuO4/La2-xSrxNiO4 

interfaces 

 

Introduction 

The approach of materials engineering through the introduction of an interface has seen early 

development in the field of ionic and mixed ionic-electronic conductors, [171,197] which find wide 

application e.g. in energy transformation and storage systems. In this class of functional materials, 

significant deviations of the concentration profiles for the mobile ionic and electronic species may 

occur at material discontinuities (e.g. grain boundaries and dislocations), potentially leading to huge 

changes in the overall system functionalities (ionic and electronic conductivities). [198–201] Such 

effects have been described in the light of the space-charge theory, according to which the interfacial 

crystallographic discontinuity represented by an interface inherently determines the presence of an 

electrical potential gradient that affects the concentration profiles of the mobile charge carriers in the 

so-called space-charge zones in the interface region. [83,202]  

La2CuO4-based HTSC systems are one of the widely studied oxide systems, where La2CuO4 

(LCO) undergoes an insulator to high-temperature superconductor transition upon hole (h•) doping. 

[40] Electron holes are normally introduced in the system (in the bulk form) as a compensating charge 

for aliovalent ionic substitution or by introducing excess interstitial oxygen [74], but recent reports 

importantly demonstrated that HTSC can be locally induced in LCO by taking advantage of interface 

effects. [10,55,89,136] However, so far, such interfacial contribution has been limited to 

homoepitaxial systems, in which the only employed phase was LCO-based, while the studies on 

heterojunctions are still missing. Only one study of non-superconducting La2CuO4/La2NiO4 structures 

was reported by Smadici et al. [203]. 

La2CuO4 and La2NiO4 (LNO) can be addressed by similar chemical and defect-chemical 

considerations. Starting from the insulating stoichiometric compounds, an electronic phase 

transformation can be achieved by increasing the electron hole concentration p = [h•]. In particular, 

for the case of LNO a transition into a metallic phase with increasing p (up to p ~ 1.0) is observed, 

[56] whereas high-temperature superconductivity (for 0.05 ≤ p ≤ 0.26) and metallicity (p > 0.26) 

appear in LCO. [45,74] A hole increase can be generated in LCO and LNO by substituting La with an 

acceptor dopant (mostly Sr
+2

, denoted by SrLa
′  i.e. Sr on La-site with a negative excess charge) or by 

intercalating oxygen excess in the form of interstitial defects (Oi
′′) [81,204,82] Taking into account 

that both LSCO and LSNO can also accommodate a large amount of double-positively charged 

oxygen vacancies (VO
••), the electroneutrality condition reads: 

 

 p + 2 [VO
••] = 2 [Oi

′′] + [SrLa
′ ] (5.1.1) 

 

The coupling between the various defect concentrations is determined by the mass action laws 

of the respective interaction reactions (Frenkel-disorder reaction and oxygen incorporation reaction). 

As a consequence, Sr-doping leads to an increased vacancy and decreased interstitial concentration. 

[74] At interfaces equation 5.1.1 has to be replaced by Poisson’s equation leading to a redistribution 

of all mobile charged defects. Therefore, a chemical potential gradient for holes and oxygen vacancies, 

as well as for Sr, is present once a contact between nominally undoped LCO and LSNO is formed. In 
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order to establish equilibrium conditions, an interdiffusion of all the mobile defect species between 

LSNO and LCO should take place, [83] which in turn is expected to affect the final conduction 

properties of the interface region.  

In order to investigate such a situation, superlattices of lanthanum cuprate (La2CuO4) and 

lanthanum-strontium nickelate (La2‒xSrxNiO4) have been realized by atomic-layer-by layer oxide 

MBE, which allows for precise control of the film stoichiometry at the atomic layer level. [150] For 

the first time, it is demonstrated that interface HTSC can be induced in LCO at the heteroepitaxial 

contact with LSNO. Furthermore, it is revealed that the final superconducting properties of the 

LCO/LSNO interface can be effectively tuned by simply changing the structural parameters, (doping 

level x of the nickelate phase, layers sequencing, and spacing), while leaving the stoichiometry of 

LCO unchanged, unlike the “classical” bulk-doping picture.  

In this part of the project, the main focus is established on high-resolution STEM investigations 

(combined with other complementary techniques) including atomically-resolved imaging and 

spectroscopy, which link the local structure and chemistry with the present functional properties. 

Finally, the experimental findings are rationalized by discussing possible mechanisms for interface 

charge redistribution. Superconductivity is rationalized by considering a mechanism for hole 

accumulation at the interface based on local cationic intermixing but also on space-charge 

considerations. The growth details and elementary characterization of the samples have been 

previously initiated and discussed in Ref. [61]. In the latter stage of this project, I partially contributed 

to the growth of the samples as well.  

 

Results 

All the superlattice structures are grown on LSAO (001) substrates inducing compressive strain 

and the nominal composition of the superlattices can be written as:  

1 x La1.56Sr0.44CuO4 + S x (2.5 x La2–xSrxNiO4 + N x La2CuO4) 

Here, S represents the number of superlattice unit repetitions, whereas N defines the thickness of the 

LCO phase (expressed in the number of unit cells – u.c.).  

The resistance data for a representative set of samples having different doping level x of LSNO 

are shown in Figure 5.1.1a, which demonstrates that HTSC forms with increasing x. In Figure 5.1.1b, 

the Tc values as a function of the doping level are summarized. Superconductivity is found for x > 0.5, 

reaching the plateau value of ~35–40 K for x > 0.8. While it is well known that single-phase LCO 

undergoes an insulator-to-high-temperature-superconductor transition upon electronic doping, it is 

important to note here that none of the constituting materials is expected to exhibit superconductivity. 

Rather, HTSC is induced in the LCO phase at the interface region as a consequence of the contact 

with the nickelate phase. As far as the temperature dependence of the resistance is concerned (∂R / 

∂T), one cannot infer a clear correlation with the doping level x of LSNO. This, together with a certain 

broadness, which characterizes the superconducting transition, is suggestive of spatial 

inhomogeneities in the charge distribution or to a certain crystallographic disorder at the interface. In 

Figures 5.1.1c and 5.1.1d, the electrical behavior of bilayers having different content x for LSNO is 

reported. Such structures, in which LCO is either deposited as a bottom or as a top layer for LSNO, 

allows for addressing the electrical properties of single-phase contacts. In Figure 5.1.1c (d), the R vs T 

curve for a structure in which LCO is a bottom (top) layer is displayed. By comparing the two figures, 

one can notice the superconducting properties are only slightly affected by the sequence of the layers, 
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i.e. the maximum Tc is in both cases 24 K. The analysis of the dependence of Tc on x suggests that the 

minimum doping level for the occurrence of HTSC is slightly lower in the case of the LCO / LSNO 

structure than in LSNO /LCO, as can be inferred by comparing the resistivity curves obtained for x = 

0.7. As far as lower doping levels are concerned, one can expect Tc to exhibit a similar dependence on 

x, as for what was already pointed out in the case of the superlattice structures (i.e. absence of 

superconducting transition for x < 0.5 for both the LCO/LSNO and the LSNO/LCO contacts).  

The dependence of Tc on the thickness of the LCO phase has been studied for the case of 

superlattices in which x = 1.3 (Figure 5.1.2). The highest Tc values (Tc > 30 K) are obtained for 2.5 

u.c. < N < 4.5 u.c.. For lower N values, Tc decreases (and the structure eventually becomes non-

superconducting for N = 1 u.c.). For large N ( > 4.5 u.c.), Tc tends to saturate at 25 K. This is 

comparable with Tc obtained for the bilayers (cf. Figures 5.1.1c, and 5.1.1d). 

In order to explain the dependence of Tc versus doping level x (cf. Fig 5.1.1b), dedicated STEM 

investigations on LCO/LSNO/LCO interfaces (in the form of trilayer structures) – with compositions 

x = 0.8 and x = 0.4 – are performed. Low-magnification STEM-HAADF images of each sample 

covering the substrate and the epitaxial trilayers are displayed in Figure 5.1.3 demonstrating the high 

structural quality of the films. Due to the different Sr concentrations (i.e. x = 0.8 and x = 0.4) 

employed in the LSNO structures, the different contrast in the images is discernable: In the higher 

doping case stronger contrast (Figure 5.1.3a) is obtained. 

 

Figure 5.1.1: Electrical properties of LCO / LSNO structures. a) Resistance curves as a function 

of temperature, for a set of superlattices (N = 2.5) having different doping levels x of LSNO. In 

order to allow for a direct comparison between the curves, the resistance values have been 

normalized to R (T = 273 K).  b) Dependence of Tc on the doping level x for LCO / LSNO 

superlattices for a set of representative samples (the corresponding R vs T curves are reported in (a)). 

c)  R vs T for LCO (bottom layer) / LSNO (top layer) bilayers and d) R vs T for LSNO (bottom 

layer) / LCO (top layer) bilayers for representative doping levels x (refer to Figure 5.1.1a for the 

color legend). Reproduced from Bauitti et al. [205]. 
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Figure 5.1.2. Dependence of Tc with the LCO thickness for LCO / LSNO superlattices. a) R vs 

T curves for 1 x La1.56Sr0.44CuO4 + S x (2.5 x La0.7Sr1.3NiO4 + N x La2CuO4) superlattices, for 

different LCO thicknesses N. b) Tc values as a function of the thickness of the LCO phase N for the 

La0.7Sr1.3NiO4/La2CuO4 superlattices, whose R vs T curves are reported in (a). Reproduced from 

Bauitti et al. [205]. 

 

 

Figure 5.1.3. Low-magnification STEM-HAADF images of (a) x = 0.8 and (b) x = 0.4 

LCO/LSNO/LCO trilayers. The images demonstrate the epitaxial quality and the defect-free 

structures for both samples. Depending on the different doping (i.e. Sr doping) of the samples the 

image contrasts are different. 

 

Higher-magnification images focusing on both LCO/LSNO and LSNO/LCO interfaces as well 

as related EDS linescans across the interfaces of each sample (i.e. x = 0.8 and x = 0.4) are presented in 

Figure 5.1.4. In particular, for x = 0.8 (Figures 5.1.4a and 5.1.4b for HAADF imaging and EDX 

linescan, respectively) HTSC arises, whereas insulating behavior is observed for x = 0.4 (Figures 

5.1.4c and 5.1.4d for HAADF imaging and EDX linescan, respectively). On the HAADF images 

(Figs. 5.1.4a,c) the nominal interface positions, identified by taking into account the LSNO thickness 

and the number of Ni intensity maxima in the EDX linescans (cf. Figs 5.1.4b,d), are marked by red 

and yellow arrows. While the Sr concentration initially undergoes a sharp drop on both interface sides, 

whose spread has an upper limit of ~1 nm regardless of the doping level (by taking the nominal 

interface positions as a reference), an additional Sr “tail”, indicated by a shaded blue arrow in Fig. 



                 Cuprate-nickelate heterostructures 

 

 

84 

 

5.1.4b and 5.1.4d characterizes the LSNO / LCO contact (LCO as a top layer). This is wider for x = 

0.8 (~2.5 nm) than for x = 0.4 (~1.5 nm). Such an asymmetric profile may be due to the combined 

effect of thermal diffusion acting on both interface sides and of a “Muraki segregation effect”, the 

latter acting in the growth direction only (i.e. at the LSNO/LCO contact), in analogy with a previous 

study. [84] More interesting is the comparison between the Ni and Sr profiles, in consideration of the 

fact that Ni impurities are known to act as a suppressor of HTSC in LCO. [206,207] In particular, the 

redistribution length of the two species at the LCO/LSNO contact is of the same extent. Conversely, 

the Sr migration width at the LSNO/LCO interface is larger (about 1 extra u.c.) than the Ni 

redistribution width. 

At this point, it is worth to focus on the comparison between the electronic and ionic 

concentration profiles. For this purpose, a detailed examination of the O-K edge prepeak via EELS 

analysis is performed on a LCO/LSNO superlattice having x = 1.3. In Figure 5.1.5, the STEM-

HAADF image and Sr, Ni and O-K edge prepeak profiles obtained from EELS are presented. The 

STEM-HAADF image (Figure 5.1.5a) reveals the high-quality epitaxial relationship between the 

substrate (dark region on the left-hand side) and the film, where the strong image contrast (cf. Figure 

5.1.3) clearly shows the individual LCO and LSNO layers. An important point is the decoupling 

between the Sr distribution (blue line in Figure 5.1.5c, top panel) and the O-K edge prepeak (red line 

in Figure 5.1.5c, bottom panel), which indicates the decoupling between Sr and hole distribution 

profiles, that is present at both interface sides.  

 

 

Figure 5.1.4. STEM imaging and EDX spectroscopy for LCO / LSNO / LCO trilayers. In 

panels a) and c), HAADF images of structures in which the doping level of LSNO are x = 0.8 and x 

= 0.4, respectively, are displayed. EDX linescans for Ni and Sr are shown in panels b (for x = 0.8) 

and d (x = 0.4). Reproduced from Bauitti et al. [205].  
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Figure 5.1.5. HR-STEM investigations at the La2CuO4 / La0.7Sr1.3NiO4 / La2CuO4 interfaces. a) 

HAADF image of a the superlattice structure (N = 9). b) Spatial elemental distribution, extracted 

from the EELS spectrum image across a La0.7Sr1.3NiO4 region and neighboring LCO areas (the 

analyzed region is highlighted by the orange rectangle in panel (a) ). The color code is as follows: 

La-green, Cu-red, Ni-orange, Sr-blue. c) EDX signal for Sr (blue) and Ni (orange) (top panel), 

together with the simultaneously acquired O-K edge prepeak profile as obtained by an EELS 

linescan (red line, bottom panel). The blue and red arrows indicate the upper limits for the Sr and 

holes distributions, respectively. Reproduced from Bauitti et al. [205]. 

 

For precise evaluation of the O-K edge prepeak and Sr distribution simultaneous acquisition of 

STEM-EDXS and STEM-EELS spectrum images are carried out across the interfaces (Figure 5.1.6). 

The experimental (STEM-HAADF) survey image is presented in Figure 5.1.6a. Raw EDXS spectrum 

images including all elements and background-subtracted EELS spectrum images of the O-K edge are 

displayed in 5.1.6b,c, respectively. The O-K edge profiles obtained from different positions, i.e. from 

the LCO and LSNO layers as well as both interfaces, LCO/LSNO (bottom) and LSNO/LCO (top), are 

presented in Figure 5.1.6d, which demonstrates clear differences in the prepeaks. In particular, the 

presence of the prepeak formation at both interfaces and in the LSNO layer confirms the O-K edge 

prepeak mapping given in Figure 5.1.5, while no prepeak formation is observed in the LCO layer. Dr. 

Yi Wang (MPI-FKF) is acknowledged for the valuable contribution on Figure 5.1.5. 
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Figure 5.1.6. (a) HAADF image showing the line along which the EELS and EDXS line scan was 

acquired. (b) Raw EDXS spectrum image. (c) EELS spectrum image of the O-K edge after 

background subtraction. (d) Oxygen-K edge from different positions as indicated in Figure (a). The 

intensity of the pre-edge peak has been quantified by multi-Gaussian peak fitting using a non-linear 

least square (NLLS) routine for all spectra in the line scan profile across several interfaces. 

Reproduced from Bauitti et al. [205]. 

 

Discussion 

Comprehensive STEM investigations clearly substantiate the elemental intermixing – 

especially the Sr redistribution – across the interfaces. Although the occurrence of HTSC can be 

partly attributed to the unintentional Sr doping of LCO, such Sr intermixing alone does not provide a 

sufficient explanation for a number of experimental findings, therefore cannot be accounted as the 

only responsible factor for the HT-IS.  

In particular, as far the LSNO/LCO contact is concerned, a greater (~1 nm) Sr redistribution 

width for the superconducting interface (when x = 0.8) with respect to a non-superconducting contact 

(x = 0.4) is observed, and no difference in the chemical abruptness at the LCO/LSNO interface can be 

detected, when comparing the superconducting interface (i.e. x = 0.8; Figure 5.1.4b) and the non-

superconducting interface (i.e. x = 0.4; Figure 5.1.4d). Therefore, the electrical properties are not 

directly coupled to the Sr concentration profiles. Most importantly, the LCO/LSNO interface is not 

only chemically sharper as for Sr, but it is also characterized by a similar migration width of Sr and 

Ni, i.e. Ni impurities are present in the same LCO region, which is also doped by Sr. As it is well-

known in literature and as further corroborated by our experimental evidence, the presence of a small 

percentage of Ni replacing Cu in the CuO2 planes is expected to determine a strong decrease of the 

superconducting critical temperature, Tc. [206,207] Therefore, if cationic interdiffusion is taken as the 

only responsible for the effects, superconductivity with Tc up to 40 K stemming from such Ni-

containing LSCO areas should be ruled out. Lastly, the comparison between the Sr dopant and the 

hole profiles, as retrieved by STEM-EDXS profiles (Figure 5.1.5), indicates that an evident 
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decoupling between the two, i.e. the formation of a hole accumulation layer, is present at the interface. 

Such a finding is clearly not ascribable to “simple” homogeneous doping, in which charge neutrality 

is locally fulfilled according to equation (2.5) (which can be simplified as p = [𝑆𝑟𝐿𝑎
′ ] in the hole 

compensation regime). 

A generalized thermodynamic picture that takes into account all these constituting elements has 

to be paid attention to, [83] since in these systems both the ionic (cationic and anionic) and the 

electronic species are sufficiently mobile to redistribute. [204] In order to describe the thermodynamic 

equilibrium at an interface, one needs to consider the electrochemical potential �̃�𝑘 (for simplicity for 

one direction, “x”) for each defect species k having effective charge 𝑧𝑘: 

 

 �̃�𝑘(𝑥) = 𝜇𝑘 +𝑧𝑘𝑒𝜑(𝑥) = 𝜇𝑘
0 + 𝑅𝑇 log 𝑐𝑘(𝑥) + 𝑧𝑘𝑒𝜑(𝑥) (5.1.2) 

 

in which the electrochemical potential at distance x from the interface is expressed as a function of the 

standard chemical potential 𝜇𝑘
0 , of the defect concentration 𝑐𝑘  and of the electrical potential 𝜑(𝑥) 

(here 𝜇𝑘  represents the chemical potential for the defect k). In equation 5.1.2, the dilute carrier’s 

concentration and hence the Boltzmann distribution are assumed for simplicity. In equilibrium, the 

condition of a constant electrochemical potential demands 

 

                                                  �̃�𝑘(𝑥) = �̃�𝑘,∞, (5.1.3) 

 

�̃�𝑘,∞ = �̃�𝑘(𝑥 = ∞) being the electrochemical potential in the bulk (𝑥 = ∞).  

The chemical potential gradient for the defect species (holes, oxygen vacancies, and Sr), which 

is present at the interface between LSNO and LCO, is not only a driving force for the migration of Sr 

in the direction of LCO, but also for the transfer of holes and oxygen vacancies. Owing to the 

mobilities involved, the latter is expected to occur even at room temperature, while a Sr transfer 

requires higher temperatures (possibly reached during preparation).  

As far as the charge transfer direction is concerned, the entire free-energy picture has to be 

considered. Here, the direction on the basis of the doping conditions (configurational entropy) is 

estimated, supported by the chemical similarity of the base-materials. As the substantial Sr doping of 

LNO enforces a very high hole and a very high vacancy concentration as long as electroneutrality has 

to be fulfilled, suspending the latter condition is expected to result in a transfer of both carriers to the 

undoped LCO provided Sr remains frozen (or to a Sr redistribution if sufficiently mobile). For the 

Boltzmann distribution, the equilibrium spatial distribution in such a space-charge region follows 

from combining equations 5.1.2 and 5.1.3: 

 

  𝑐𝑘(𝑥)

𝑐𝑘,∞
= exp (−

𝑧𝑘𝑒∆𝜑(𝑥)

𝑘𝑇
) (5.1.4) 

 

𝑐𝑘,∞  being the defect concentration in the bulk and ∆𝜑(𝑥) = 𝜑(𝑥) − 𝜑(𝑥 = ∞) the space-charge 

potential.  

Equation 5.1.4 shows that oxygen vacancies and holes perceive the space-charge in a 

qualitatively similar way, but the profile for 𝑉𝑂
•• (zk = 2) is steeper than for ℎ• (zk = 1). A net transfer 
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of oxygen vacancies and holes from LSNO to LCO leads to the formation of a negatively charged 

region at the LSNO side of the interface. For compensation, a region where oxygen vacancies and 

especially holes (the holes being the majority defect in the system) are accumulated, establishes in 

LCO. Such a situation with an enriched p-type charge carriers concentration eventually leads to the 

occurrence of HTSC in LCO at the interface. A schematic picture of the thermodynamic situation at 

the interface is depicted in Figure 5.1.7.  

Such a space-charge situation is able to explain all the experimental findings: (I) From the 

experimental data, it is evident that the key element for the appearance of superconductivity is the 

enhanced hole concentration in LSNO. This suggests electron transfer (electronic space-charge): In 

order to maintain the hole electrochemical potential constant (see equation 5.1.4) holes are transferred 

from LSNO into the LCO phase leading to the appearance of HTSC. [84] Such a mechanism has 

already found experimental proof in other oxides.[131,208] Interestingly, for high doping level (x ≥ 

0.9), single phase LSNO undergoes an insulator-to-metal transition as reported in literature [56] and 

as confirmed by previous studies on MBE-grown LSNO films. [150] Such a value is very similar to 

the doping level at which the superconducting state is fully developed in the structure studied here, 

therefore suggesting that a charge transfer mainly involves delocalized holes from the metallic LSNO 

phase to LCO. It should be noticed that this is also in line with previous contributions on a related 

system (i.e. interface HTSC in LSCO/LCO bilayers), [140] in which a similar dependence of Tc with 

the electronic carrier density of LSCO was found. (II) The hole‒Sr decoupling (cf. Figure 5.1.4d) can 

be fully explained by considering that, in the space-charge regions, the concentration profiles of the 

mobile defects are not dictated by the condition of local electroneutrality (cf. equation 5.1.1 and 

equation 5.1.4). Rather, the migration of negatively charged Sr defects from LSNO to LCO is 

expected to simply lower the space-charge potential 𝜑(𝑥), but to not directly influence the local hole 

concentration. (III) As far as the effect of Ni impurities on HTSC is concerned, it is evident from 

Figure 5.1.4d that the extent of the hole accumulation (space-charge) zone at the interface, in which 

HTSC is expected to appear, is larger than the Ni redistribution width. (IV) The dependence of Tc with 

the superlattice spacing N (Figure 5.1.2) can be explained by taking into account that for low spacing 

(for which reduced Tc was found) one expects the space-charge zones to overlap leading to high hole 

concentration. The reduced Tc ~ 25 K which has been observed for very large spacing (N > 5), as well 

as for the bilayers (Figure 5.1.1c and 5.1.1d), may instead be ascribed to out-of-plane adjustments of 

the lattice bond lengths as a consequence of the epitaxial relation between the layers. [52,61] Few 

very recent studies have dealt with the origin of the electrical and magnetic properties of oxide 

epitaxial heterostructures in the light of the space-charge theory. [209,210]  
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Figure 5.1.7. Sketch of the thermodynamic situation at the boundary layers of LCO and 

LSNO (if both are equilibrated with the same oxygen partial pressure and a net transfer of 

holes and vacancies occurs from LSNO to LCO). a) The condition of thermodynamic 

equilibrium for the defect species (the abbreviations v, i, p, n are used for the building units oxygen 

vacancies, oxygen interstitials, electrons and holes respectively) and with the external oxygen 

partial pressure defines a horizontal profile for the electrochemical potential of V (�̃�V = 𝜇V + 2𝐹𝜑) 

and p (𝜇 ̃_𝑝 = 𝜇_𝑝 + 𝐹𝜑) , as well as for the chemical potential of oxygen 𝜇O = −𝜇V + 2𝜇𝑝 . 

Therefore, as a consequence of the difference in the bulk chemical potentials for the defect species, 

the bending of 𝜇V and 𝜇𝑝 at the interface is expected. b) Resulting charge concentration profiles at 

the interface. Reproduced from Bauitti et al. [205]. 

 

According to the condition of electrochemical potential constancy, also 𝑉𝑂
••  (which are 

abundant in LSNO due to the high doping level) [82,210] are expected to rearrange at the interface 

together with holes. A redistribution of both according to equation 5.1.4 automatically fulfills the 

condition of the constant chemical potential of neutral oxygen at the interfaces, provided that both 

materials are in equilibrium with the same oxygen partial pressure (Figure 5.1.7). A higher interface 

electrical potential and consequently a greater hole accumulation, if both 𝑉𝑂
•• and ℎ• redistribute, are 

expected, while a partial Sr-redistribution would lower the space-charge effect. According to Figure 

5.1.5, the estimated hole decay length for LCO is ~1-2 nm. It should be noted that the expected 

steeper concentration profile of 𝑉𝑂
••  with respect to ℎ•  (cf. equation 5.1.4) may affect the final 

properties of the LCO region which is adjacent to the interface, leading to overdoping. [97] 

In addition, it should be mentioned that a certain role in the definition of the interface HTSC 

could be played by nanoscale phase-separation, according to which separated LSCO and LSNO nano-

islands form at the interface. Under such an assumption, a percolation between LSCO nano-islands 

may favor the formation of an HTSC path. Notably, such a scenario would explain the appearance of 

HTSC at the interface even in the presence of Ni and the suppressed diamagnetic response of the 

superconducting phase, as measured by using mutual inductance set-up, due to the lack of a 

continuous superconducting layer. [211]  
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Conclusion 

In conclusion, a study on the structural and electrical properties of lanthanum cuprate/Sr-doped 

lanthanum nickelate epitaxial heterostructures, grown by ALL oxide-MBE is presented. The 

structures exhibit high-temperature superconductivity with Tc up to ~40 K (onset) as a consequence of 

local hole accumulation and Tc can be tuned by changing the doping level x in the nickelate or by 

varying the supercell thickness. In particular, HTSC occurs only, when highly doped (metallic) LSNO 

composition is employed. Structural analysis by HR-STEM showed that a certain cationic 

interdiffusion (~1 u.c.), involving both the A-site (La, Sr) and the B-site cations is present. A certain 

tendency for Sr to migrate further from LSNO into LCO in the growth direction was detected, while 

the LCO/LSNO interface is chemically sharper. Moreover, EELS investigations suggest the presence 

of the hole accumulation layer at the interface, which is decoupled from the ionic dopant profile. 

Simple cationic interdiffusion does not satisfactorily explain all the experimental findings. Rather the 

system can be fully described if a mechanism for which space-charge effects (i.e. migration of holes 

and oxygen vacancies from the LSNO into the LCO phase) is taken into account. These findings not 

only represent an unprecedented case of interface HTSC in the case of heteroepitaxy, but may also 

shed light onto the complex interplay between ionic and electronic effects at oxide interfaces, and in 

particular on typically neglected effects of oxygen vacancies redistribution.  
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5.2 High-temperature thermoelectricity at La2CuO4/LaNiO3 

heterostructures  

 

Introduction 

It is well-established that transition metal oxides and their epitaxial heterostructures are in high 

demand due to their substantial variety of electronic, chemical, and mechanical properties. 

Nevertheless, despite their desirable characteristics including low cost, chemical, and physical 

stability at high temperatures and oxidizing conditions [212], oxides were believed to be poor 

thermoelectrics (TEs) because of their low charge carrier density and mobility as well as the relatively 

high lattice thermal conductivity. [213] The breakthrough for thermoelectricity of oxides occurred, 

when the first studies on NaxCoO2 single crystals were published and since then a novel interest for 

thermoelectric applications of oxide materials has sparkled. [214]  

The energy conversion efficiency of thermoelectric materials is described with the figure of 

merit: 

ZT=
PF

κ
T=

S2σ

κ
T                                                       (5.2.1) 

 

where PF is the power factor, S is the Seebeck coefficient, 𝜎 is the electrical conductivity, κ is 

the thermal conductivity, which consists of the lattice and electronic contributions. [215] Since the 

higher the ZT the better the thermoelectric performance, materials operating at higher temperature 

(T), with large S, high 𝜎, and low κ are desired. One way to optimize the thermoelectric properties is 

using oxide heterointerfaces, where intriguing electronic phases can be stabilized that are not present 

in the constituent compounds. One key example is given by the study of Ohta et al. [13], where the 

large electrical conductivity and thermopower in the SrTiO3 (STO) / Nb-doped STO superlattice (SL) 

structures caused by the existence of a two-dimensional (2D) electron gas confined within one unit-

cell thick interface was obtained. Another interesting 2D electronic interface forms between LaAlO3 

(LAO) and STO. [12] Pallecchi et al. [216] reported the high negative thermopower values at the 

LAO/STO interface on the order of 10
4
- 10

5
V/K oscillating at regular intervals as a function of the 

applied electric field at low temperatures. The insensitivity of thermopower to surface scattering 

mechanisms is verified by studying the thickness dependent thermoelectric properties in cobaltite 

films. [217,218] Moreover, the substantial Seebeck coefficient found at the Ca3Co4O9‒SrTiO3 

interface underlines the importance of oxygen stoichiometry and exchange dynamics. [219] 

The most straightforward approach to understand the electrical and thermoelectric properties of 

SLs considers a slab model, where the effective conductivity σtotal(T) and the Seebeck coefficient 

Stotal (T) is calculated based on the Kirchhoff’s law for parallel connected layers and can be expressed 

as: [220] 

 

σtotal(T)=
∑ σi(T)∙dii

∑ dii
,                                                       (5.2.2) 

 

Stotal(T)=
∑ 𝑆𝑖(𝑇) ∙ 𝜎𝑖(𝑇) ∙ 𝑑𝑖𝑖

∑ 𝜎𝑖(𝑇) ∙𝑖 𝑑𝑖
,                                              (5.2.3) 
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where 𝜎𝑖(𝑇), 𝑆𝑖(𝑇) and 𝑑𝑖 are the electrical conductivity, the Seebeck coefficient, thickness of 

the constituent layers, respectively. Thereby, the design of novel thermoelectric systems by stacking 

different oxide layers is a promising direction. [221] 

In this work, insulating lanthanum cuprate La2CuO4 (LCO) and lanthanum nickelate LaNiO3 

(LNO) that exhibits metallic conductivity at room temperature [222] have been chosen for building 

oxide multilayers up. Although the thermoelectric properties of LCO have been investigated over the 

last two decades and several groups have reported large positive Seebeck coefficients [223–231], the 

Seebeck coefficient of the LNO compound is small and negative. [232] Another difference of these 

two oxides is the oxygen exchange dynamics: LCO has a tetragonal structure and excess oxygen can 

easily be in-corporated (ex-corporated) into (from) interstitial sites. The incorporation to the 

unoccupied interstitial positions (V
i
) can be formulated by: 

 

1

2
O2+Vi ⇌ Oi

''+2h•                                                        (5.2.4) 

 

and in the bulk of pure materials, holes (h
•)  and oxygen interstitials (Oi

'') have to obey 

electroneutrality, [233] 

 

[h•]=2[Oi
'']                                                              (5.2.5) 

 

The introduction of excess interstitial oxygen makes LCO a conductor and even a high-

temperature superconductor (see the previous sections). Unlike LCO, it is not possible to incorporate 

interstitial oxygen into the dense cubic LNO perovskite [234,235] and the excorporation of oxygen is 

typically achieved by utilizing a hydrogen atmosphere [236]. Besides, heating of the stoichiometric 

LNO in an oxygen atmosphere has no significant effect on the oxygen content. [237]  

By taking into account different electrical and thermo-electrical properties as well as different 

oxygen stability of LCO and LNO, different LCO‒LNO multilayers were synthesized by means of 

ozone assisted atomic-layer-by-layer oxide molecular beam epitaxy (ALL-oxide MBE) with in-situ 

reflection high energy electron diffraction (RHEED) control in order to understand the relationship 

between different parameters and thermoelectric properties at different temperatures. All 

heterostructures were characterized by employing several and complementary experimental 

techniques such as X-ray diffraction (XRD), high-temperature Seebeck coefficient and electrical 

conductivity measurements. Selected heterostructures were investigated using aberration corrected 

STEM imaging and energy dispersive X-ray spectroscopy (EDXS), which are the main focus of this 

section. 

 

Results & Discussion 

Four LCO-LNO heterostructures with different individual layer thicknesses were deposited on 

LaSrAlO4 (LSAO) (001) substrates by keeping the total thickness constant. The growth of the 

samples are conducted by Dr. Pinar Kaya and Dr. Gennady Logvenov (MPI-FKF). In Figure 5.2.1 the 

conductivity and Seebeck coefficient of the LCO‒LNO heterostructures are shown as a function of 

temperature (in the range from 300K to 800K). As the thickness of the constituent LNO and LCO 

layers was decreased, the conductivity gradually decreases and the Seebeck coefficient changes sign 
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from negative to positive. In addition, both heterostructures exhibit a non-monotonic temperature 

behavior for (T) and S(T) in characteristic temperature regions, which becomes apparent as the 

thickness of LCO and LNO layer decreases. A similar temperature dependence was observed in the 

single LCO layers, while this is not the case for a single layer LNO suggesting that LCO is 

responsible for this behavior. [238]  

 

 

Figure 5.2.1. a) Electrical conductivity and b) Seebeck coefficient of superlattices with different 

individual layer thicknesses, as a function of temperature. Reproduced from Kaya et al. [238] 

 

For further evaluation of the thickness and temperature dependencies of the electrical 

conductivity and Seebeck coefficients, atomically-resolved STEM investigations of the samples are 

performed in order to reveal possible interface effects such as cationic intermixing. For STEM 

investigations I focus on two “end-members” of the sample set: One sample is composed of thicker 

LCO and LNO layers (i.e. thick-layered; total thickness (u.c.) = 4 x (8xLNO/6xLCO)); the other one 

has thinner LCO and LNO layers (i.e. thin-layered; total thickness (u.c.) =16 x (2xLNO/1.5xLCO)), 

where the total thickness of the epitaxial film is constant. XRD patterns, STEM-HAADF images, and 

EDXS line scan profiles of these two samples are presented in Figures 5.2.2 and 5.2.3. One can notice 

the high-quality epitaxial relationship between the substrate and both LCO‒LNO heterostructures. 

Corresponding superlattice (SL) peaks (Figure 5.2.2c), and sharp interfaces (Figures 5.2.2b,d), can be 

recognized in the thick-layered sample, while the thin-layered sample shows strong chemical 

intermixing through the film (Figures 5.2.3b,d) and also less pronounced SL peaks (Figure 5.2.3c). 

Moreover, one can see in the HAADF image inset in Figure 5.2.3b for the thin-layered sample that 

LNO adopts the nominal 113 cubic structure only in the very first layers, while the rest of the sample 

exhibits the 214-tetragonal structure, in which intermixing of Cu and Ni atoms is spread through 

almost the entire film.  
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Figure 5.2.2. a), b) and c) low, intermediate and high-magnification HAADF images of the thick-

layered sample grown on LSAO substrate, respectively. d) XRD pattern of the sample and e) EDXS 

line scan profiles of Ni (red) and Cu (blue) along the green arrow in (b) and (c). Reproduced from 

Kaya et al. [238]. 

 

In a previous study of LCO‒LNO SLs grown on LSAT (001) substrates, the 113-LNO structure 

was maintained throughout the structure, and the intermixing was much more limited. [239] However, 

the heterostructures grown on LSAO substrates indicates almost complete transformation to the 214-

phase after the first LNO (113) layers with strong Cu-Ni intermixing in thin-layered sample (Figure 

5.2.2). Thus, a substitutional solid solution of La2(Cu,Ni)O4 with 214 crystal structure was formed 

during the growth of the thin-layered heterostructure, which is also supported by the XRD 

measurements employed before and after the thermal cycling indicating no structural and/or phase 

change. [238] Therefore, for the thin-layered SL (i.e. 16 x (2xLNO/1.5xLCO)), the parallel slab 

model ‒ using the data of LCO and LNO single phase films with the corresponding thicknesses ‒ is 

not applicable due to the strong Cu‒Ni intermixing, where the sign change of the Seebeck coefficient 

from negative to positive is present in LCO‒LNO heterostructures with very thin LCO and LNO 

layers (as explained by a substitutional solid solution [240,241]). Nevertheless, the parallel slab model 

was applied for the thick-layered SL, to further evaluate the contributions of different layers, where 

the interfaces are sharper. For that, the electrical conductivity and the Seebeck coefficient of the 

individual LCO and LNO layers with related thicknesses were used, and the model yields a good 
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agreement for the Seebeck coefficient (Figure 5.2.4a), while the agreement is interestingly less 

satisfactory for the electrical conductivity (Figure 5.2.4b)). These measurements and calculations 

were performed by Dr. Pinar Kaya (MPI-FKF). 

 

 

Figure 5.2.3. a), b) and c) low-, intermediate- and high-magnification HAADF images of the thin-

layered sample grown on LSAO substrate (inset images indicate the corresponding red and green 

rectangular regions, blue dashed line indicates the 113-structure). d) XRD pattern of the sample and 

e) EDXS line scan profiles of Ni (red) and Cu (blue) along the green arrow in (b) and (c). 

Reproduced from Kaya et al. [238] 

 

On the other hand, the experimental conductivity of the thick-layered superlattice is higher than 

the calculated value, which implies that the conductivity of one (or both) of LCO and LNO layers in 

the heterostructure is higher than the conductivity of single phase reference layers with corresponding 

thickness. This could be related to the different scattering behavior of carriers in the single-phase 

films and heterostructures or the small difference in carrier concentration (n) and/or mobility () or 

due to interfacial effects. Please note that, the Seebeck coefficient does not show such an anomaly, 

which is simply due to the fact that it is less sensitive in this respect. [242] Such differences can be 

due to a variation of the slab properties in the thick-layered heterostructure compared with the single 

phase LCO and LNO reference slabs, and at that point, one can consider several reasons such as 
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chemical intermixing, space charge effect, effect of epitaxial strain and different oxygen 

concentration and/or different scattering in the heterostructure compared with the reference layers. A 

specific local interfacial contribution cannot be the main reason, because that would require very high 

conductivity. 

 

 

Figure 5.2.4. Seebeck coefficient (blue) and electrical conductivity (black) of superlattices with 

thick constituent layer as a function of temperature obtained experimentally and calculated by 

applying the parallel slab model. Reproduced from Kaya et al. [238] 

 

Summary and conclusions 

In this section, the relationship between constituent layer thickness and the thermoelectric 

properties of LCO‒LNO multilayers grown by ozone-assisted MBE are studied in the temperature 

range from 300 to 800 K. It is demonstrated that, in LCO‒LNO heterostructures with relatively thick 

LCO and LNO layers the thermoelectric properties are mainly dominated by the more conducting 

LNO layers and can be described by the parallel slab model. In the multilayers, a sign change of the 

Seebeck coefficient was observed depending on the thickness of the constituting layers: As they get 

thinner the Seebeck coefficient changes from negative to positive numbers, which is explained by the 

intermixing of Cu and Ni atoms resulting in a p-type Cu-rich substitutional solid solution of the form 

La2(Cu1‒xNix)O4+δ and by the formation of the 214 structure, when the individual layers become very 

thin. Moreover, the non-monotonic temperature dependencies of σ(T) and S(T) in LNO‒LCO 

heterostructures, which are attributed to the oxygen exchange dynamics in the 214 crystal structure of 

the LCO layers, revealed that the oxygen stoichiometry can decisively modify the electrical 

conductivity and the Seebeck coefficient of the constituent oxide layers. 

This study demonstrates that the design of artificial thermoelectric materials is possible by 

stacking oxide layers, but in order to optimize the functional thermoelectric properties one needs to 

pay attention to: (i) Possible formation of solid solutions in heterostructures, especially if the 

constituent layer thickness is very small. (ii) The oxygen stoichiometry owing to the comparatively 

large temperature range targeted for applications, where both kinetic and thermodynamic aspects are 

crucial for a description of the thermoelectric properties.   
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6. Cuprate-manganite 

heterostructures 
 

 

 

Abstract 

The interfaces of epitaxial complex oxide systems inducing intriguing 

functionalities, which are dominated by the local properties at the contacts of 

heterojunctions, require atomic resolution identification. In this chapter, structural and 

chemical properties of superconducting-ferromagnetic, i.e. cuprate-manganite, 

heteroepitaxial interfaces probed with comprehensive aberration-corrected STEM 

techniques is presented. The investigations demonstrate that Sr redistribution in 113-

LaMnO3 and 214-La2CuO4 phases is different: Sr is strongly redistributed in 113-

manganite heterostructure floating over the later-deposited La-O layers. This trend in 

113-LaMnO3 is very distinct from that in 214-La2CuO4 phases. Such distribution not 

only affects the sharpness of the interfaces but also influences the local octahedral 

distortions and the physical properties, correlatively.  
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6.1 Anomalous Sr distribution at La2CuO4/LaMnO3 

heterostructures  

 

Introduction 

The phenomena occurring at oxide heterostructure interfaces can be primarily tailored by the 

choice of the constituents. However, the key factor dominating the interface functionalities is the 

control of interface sharpness, which can be identified by the order of cationic intermixing, i.e. 

elemental redistribution. Therefore, examining the interfacial structure and chemistry is vital for 

correlating the physical properties. For instance, in La2CuO4 (LCO) based, i.e. 214-type, high-

temperature superconducting (HTSC) interfaces, the importance of dopant distribution in overdoped-

undoped LCO bilayer systems [79,89] and the mechanism of cationic distribution in 2D-doped LCO 

systems [84] for iso-structural cuprate-cuprate interfaces have been reported recently (see chapter 4). 

In these studies, aberration-corrected [104] scanning transmission electron microscopy (STEM) has 

provided local-probing techniques such as high-angle annular dark-field (HAADF) imaging [105], 

annular bright-field (ABF) imaging and electron energy-loss spectroscopy (EELS) with subatomic 

precision. [89] 

In addition to the iso-structural systems, hetero-structural systems exhibit intriguing properties 

as well. One of the most important example of such heteroepitaxial systems is the interfacial contact 

of HTSC (Y,Ca)Ba2Cu3O7 (YBCO) and a ferromagnetic La0.67Ca0.33MnO3 (LCMO), where orbital 

reconstruction and charge transfer take place at the interface. [243] Recently, the antiferromagnetic 

coupling between Cu and Mn spins was also demonstrated in a similar heterostructure with another 

type of cuprate, (La,Sr)2CuO4, and considered as a “ubiquitous” behavior of cuprate/manganite 

interfaces. [244] The charge transfer within the layers can be tuned via controlling the compositions 

of the superlattices with sub-unit cell precision [245] and it is natural to connect the local 

lattice/chemical structure to such physical phenomena.  

To understand the mechanisms of the formation of hetero-structural interfaces and their 

influence on the functionalities, cuprate-manganite superlattices with different cuprate layer 

thicknesses are fabricated by an ALL-oxide MBE system, that enables precise control (i.e. atomic 

layer level) of the film stoichiometry. In order to realize the cationic distribution and related local 

distortions at the interfaces of different phases, i.e. 113- and 214-phases, comprehensive aberration-

corrected STEM techniques are applied. The Sr distributions in 113-manganite and 214-LCO phases 

are found to be dissimilar. In particular, Sr-O layer of SrMnO3 deposited on top of 214-cuprates 

strongly segregates in the growth direction, floating through the LaMnO3 layers deposited on top. The 

Sr-O layer (i.e. δ-doping) of LaSrCuO4 deposited on top of 113 manganites shows different elemental 

distribution and chemical sharpness compared to the conventional case.  
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Results & Discussion 

The superlattices are grown on LSAO (001) substrates and the nominal composition of the 

superlattices can be written as:  

21 x (2 x SrMnO3 / 6 x LaMnO3 / 1 x LaSrCuO4 / N x La2CuO4) 

Here, N represents the thickness of the LCO phase (expressed in number of half unit cells – u.c.). For 

both of the samples, the thickness of SrMnO3 (SMO) - LaMnO3 (LMO) layer and δ-doped layer were 

kept constant, while the LCO layer is designed as three monolayers (MLs) for “thin” and nine MLs 

for “thick” layers. For clarity of the presentation, samples are defined as thin-LCO and thick-LCO, 

respectively. Basic sketches of the samples are presented in Figure 6.1.1. 

 

 

Figure 6.1.1. Basic sketches of the (a) thick-LCO (N = 9) and (b) thin-LCO samples (N = 3). Both 

of the samples are composed of 21 repetitions. 

 

To investigate the atomic arrangement of the samples, I first conducted STEM-HAADF 

imaging that not only demonstrates the epitaxial quality of the samples but also reveals how the 

adjacent layers are grown structurally. Figure 6.1.2 and Figure 6.1.3 demonstrate the high quality of 

the samples without extended defects, where the LSAO substrate (darker) and the epitaxial 

multilayers (lighter) can be distinguished via their contrast due to the difference of the mean atomic 

weight. The image intensity profiles averaged along the growth direction (indicated with the orange 

arrows) exhibit a regular contrast owing to the Sr distribution across the 214-113 and 113-214 

interfaces. In particular, the decrease in the image intensity is visible (darker contrast) at the Sr-

containing layers. Such obvious contrast for the thick-LCO SL structure substantiates the structurally 

sharp interfaces (e.g. Figure 6.1.2c).  
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Figure 6.1.2. (a) Low magnification STEM-HAADF images of the thick-LCO SL demonstrate the 

high-quality epitaxy. (b) STEM-HAADF image intensity profile along the orange arrow in Fig. 1a, 

averaged along the perpendicular direction. The image intensity indicates the periodicity of the 

contrast related to the Sr distribution at the interfaces. (c) High-magnification image of the area 

highlighted by the red rectangle in (a) confirming the structurally coherent 214-113 and 113-214 

interfaces. 

 

 

Figure 6.1.3. (a) Low magnification STEM-HAADF images of the thin-LCO SL demonstrate the 

high-quality epitaxy. (b) STEM-HAADF image intensity profile along the orange arrow in Fig. 1a, 

averaged along the perpendicular direction. The image intensity indicates the periodicity of the 

contrast related to the Sr distribution at the interfaces. (c) High-magnification image of the area 

highlighted by the red rectangle in (a) confirming the structurally coherent 214-113 and 113-214 

interfaces.  
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After revealing the structurally coherent interfaces, atomically-resolved STEM-EELS 

investigations are performed in order to evaluate the elemental intermixing (i.e. the chemical 

sharpness) at the interfaces. Figure 6.1.4a-d show atomic resolution maps of Sr (blue), La (green), Mn 

(red), Cu (cyan) and the overlay (RGB) of these elements as obtained via STEM-EELS, respectively. 

The La and Sr substitution in the manganite phase (Figure 6.1.4a,b) and the eight-monolayer-thick 

Mn distribution (Figure 6.1.4c) are revealed. Here, the substitution of La
3+

 with Sr
2+

 (divalent 

alkaline-earth metal), which provides potential charge carriers for electrical conductivity [246], results 

in a mixed valance of Mn
3+

 and Mn
4+

, where the ions exchange the carriers via O-2p orbitals as 

explained by the double-exchange mechanism. [72,247,8] Moreover, as a consequence of such atomic 

intermixing emerging at the SMO-LMO interface, the expected electronic structure is a mixture of 

t2g
3
eg

1
 and t2g

3
eg

0
 configurations. EELS results clearly indicate that the elemental intermixing is mostly 

confined to 2-3 UC (Figure 6.1.4). That is in a good agreement with the polarized neutron 

reflectometry (PNR) measurements demonstrating the magnetic profile of the individual layers as 

employed for identical systems. [245] 

 

 

Figure 6.1.4. The atomically resolved elemental maps obtained via EELS spectroscopy, are 

displayed in panels a), b), c) and d) for Sr (blue), La (green), Mn (red), and Cu (cyan) respectively. 

e) displays the overlay of the three elements. f) shows the Sr distribution profiles across both 

interfaces. The linear distortion in the experimental spectrum image is corrected via STEM SI Warp 

software [129] for the Sr profile plot in (f). Please note that, for clarity, the nominal SrMnO3 and Sr 

δ-doped La2CuO4 layers are shaded light-blue.  
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Furthermore, in the 113-phase (i.e. SMO-LMO contact) the increased Sr concentration in 

growth direction is noteworthy, in which the position of the Sr-O layers are majorly deviated from the 

position they were nominally deposited (Figure 6.1.4). This is an example of Sr segregation towards 

the surface triggered by the locally induced in-plane strain via La and Sr substitution. In particular, 

the larger Sr atoms [96] – compared to La – are re-arranged in the structure, in order to relieve the 

strain and the system is relaxed via the mild modification (i.e. segregation) instead of any defect 

formation, as high-epitaxial quality is evidenced via STEM-HAADF imaging (Figure 6.1.2, 6.1.3). 

This behavior is similar to the Ba segregation in epitaxial La2CuO4-based systems. [89] The 

difference in the present case is the sudden stop of Sr distribution after 4 MLs. The importance of the 

interface sharpness (smoothness) for SMO-LMO superlattices, which directly affects the 

enhancement (reduction) of the ferromagnetic moment at the interfaces, have been reported. 

[176,248] But our observation is slightly different from that of the SMO-LMO interfaces reported 

before. [249]. Such difference could be due to the compressive strain induced by the LSAO substrate 

and LCO interlayers, which maximizes the effect of the local strain. These findings suggest that the 

interface sharpness can be further tuned via heteroepitaxial contacts, which influences the magnetic 

profiles.  

Simple segregation is not enough to explain the obvious presence of La-rich (or Sr-deficient) 

A–O column detected on the first nominal SMO layer and the sudden termination of the SrO 

segregation. In addition to the HAADF image contrast (Figure 6.1.3), STEM-EELS analyses clearly 

evidence the La-rich first layer and the Sr segregation in growth direction as well as the A- and B-

type interface formation [244] at two interfaces (Figure 6.1.4). Here, one can suggest that the local 

charge of the layers (polar and unipolar layers) plays a role in this case. The negatively charged 

CuO2 layers attract the positively charged LaO layers and the SrO layers are pushed upwards. 

[139] The abrupt termination of the SrO segregation takes place after the charge is compensated by 

the LaO layers. Therefore, one can speculate that in addition to the elastic strain energy induced by 

the size difference of La
3+

 and Sr
2+

, the local charge difference triggered by La
3+

 and Sr
2+

 substitution 

plays role in this picture as well. Nevertheless, these interfaces need further examination for detailed 

evaluation of the mechanism lays behind. 

On the other hand, the elemental intermixing on the next interface (i.e. 113-214 interface; 

manganite-cuprate) shows an interesting contrast at the SMO-LMO interface. The Sr distribution in 

the system clearly demonstrates the dissimilarity of Sr profiles in two different phases (Figure 6.1.4). 

In particular, the 2D-doping of Sr in the La2CuO4 phase exhibits an asymmetric profile, as reported in 

previous studies. [55,84] However, our results demonstrate different redistribution lengths in both 

substrate and growth directions. The distribution in the growth and substrate directions are measured 

around 1.3 nm (~2 uc) and ~0.65 nm (~ 1 uc), respectively, which gives rise to a sharper interface 

similar to that of Sr and Ca-doped M-I bilayer structures reported recently. [79] Such difference can 

be ascribed to the epitaxial strain from LaMnO3, since the growth conditions (~600-650 °C, 3x10
-5

 

Torr) are the same as for the previous 2D-doping case [84], and therefore, cannot induce different 

growth kinetics and one can refer to an indirect influence. Nominally, when the compressive strain is 

induced via the LSAO substrate, 2D-doping in related La2CuO4-based systems demonstrate 

superconducting transition temperatures over 35K [55]. However, in this case, the superconducting 

transition temperatures are around 25 K instead [245].  
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The octahedral distortions at oxide heterostructure interfaces are crucially affected by local 

elemental distribution [89] and have a direct link to the magnetic [153] and electronic [16,79] 

properties. Therefore, I further conducted STEM-ABF and STEM-HAADF imaging  (Figure 6.1.5) 

that are appropriate methods to quantify the local distortions when combined. Basal (in-plane) and 

apical (out-of-plane) O–O and La–La interatomic distortions are measured on ABF (Figure 6.1.5a) 

and HAADF (Figure 6.1.5c) images, respectively. Measured distances versus the number of Cu-O (or 

Mn-O) layers, which are visible in this particular projection, are displayed in Figure 6.1.5b,d.  

 

 

Figure 6.1.5. a) STEM-ABF image displaying all atomic column positions including O-column 

positions. b) O–O interatomic distances along basal (in-plane) and apical (out-of-plane) directions 

exhibit the variations across the interfaces. c) The STEM-HAADF image displays the coherent 

interfaces and the weaker contrast in the Sr-rich region (1-2 MLs). d) La–La interatomic distances 

along basal (in-plane) and apical (out-of-plane) directions exhibit the variations across the 

interfaces. The blue and orange arrows on the images indicate the nominal 214-113 and 113-214 

interfaces. The apical and basal distances are indicated with straight and dashed lines, respectively. 

The error bars give the 95% confidence interval (corresponding to 2 times the standard error) of the 

average of 14 unit cells of the perovskite lattice along the basal (in-plane) direction.  

 

First of all, the basal (in-plane) interatomic distances are about the same along the layers and 

are measured around 3.90 Å for both of the O–O and La–La basal (in-plane) distances (Figures 

6.1.5b,d). This is an indication of the compressive in-plane epitaxial strain induced by the substrate. 

Regarding the O–O interatomic distance, the larger distances measured in cuprate layers (~ 4.30 ± 

0.05 Å) compared to manganite layers, which saturates around 3.90Å, show an abrupt decrease after 

the 4
th
 layer. Interesting findings stand out when both Sr-containing interfaces are taken into 

consideration and compared. In particular, the abrupt increase of O–O distance at the last unit cell of 

the manganite layer (i.e. 12
th
 layer) is noteworthy. Such increase may be related to the space-charge 

region formed next to the nominal interface. [55] Moreover, the gradual increase of O–O interatomic 

(apical) distances starting from 13
th
 layer is an example of an anti-Jahn–Teller distortion as observed 

in homogenously-doped La2CuO4 systems. [33] This gradual increase instead of an abrupt change is 
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due to the longer Sr tail in growth direction. The measurements also showed that, instead of a sharp 

transition, the apical O–O distances shows a gradual increase just after the 113-214 interface, which 

suggests that the 214-113 interface is sharper than the 113-214 interface.  

Another point to consider is the local effect of substituting La
3+

 cations with Sr
2+

 cations, for 

which the measurement of La-La apical interatomic distances provides direct information (Figure 

6.1.5d). In particular, while in the first LCO layer the La–La distances are constant (~3.61 Å), in the 

last Sr-containing unit cell of SMO-LMO contact (i.e. 7
th
 layer), the distance is measured as 

3.82±0.04 Å. This is followed by the LMO layer with a La–La distance measured as 3.93±0.04 Å 

which demonstrates that the presence of a larger (i.e. Sr
2+

) cation in the system suppresses the La–La 

interatomic distances. Besides, on the 113-214 interface, (again, similar to O–O distances) a smooth 

transition of the interatomic distances is observed, and this can be explained via the Sr redistribution –

with a decay length of 1.3 nm – in growth direction after the nominal interface.  

 

Conclusion 

In conclusion, in order to examine the interface formation and the structural and chemical 

sharpness at the interfaces, ALL-oxide MBE grown lanthanum cuprate-lanthanum manganite 

heterostructures are probed utilizing comprehensive STEM techniques. The investigations 

demonstrate the differences of Sr profiles together with the interrelated local lattice deformations that 

affect the interface sharpness. The observations not only substantiate the tunability of Sr redistribution 

at oxide heterostructures interfaces via employing different phases but also indicate that sharper 

interfaces can be obtained via 113-214 contacts. It is further suggested that hetero-epitaxial contacts 

can be used as a tool to tailor the sharpness of the interfaces, which may lead to tune the physical 

properties.  

 



                 Nickelate-based oxide heterostructures 

 

 

105 

 

 

 

 

 

 

 

 

 

7. Nickelate-based oxide 

heterostructures 
 

 

 

Abstract 

In this chapter, state of the art scanning transmission electron microscopy is 

used to investigate the crystallographic reorientation of NdNiO3 grown on [011]-

oriented NdGaO3 substrates. A comprehensive analysis of the microscopy data relates 

the observed reorientation from the [011]-phase (α-phase) to the [101]-phase (β-

phase) to the specific [011]-directionality of the substrate induced epitaxial strain, 

which can be understood within the framework of DFT+U calculations. In addition, 

the calculations reveal enhanced NiO6 octahedral breathing distortions for tensile 

strained β-phases of NdNiO3, which can rationalize recent reports of enhanced metal-

insulator transition temperatures in similar NdNiO3-NdGaO3 heterostructures. The 

observation of a crystallographic reorientation within an epitaxial thin film suggests a 

new route to tune material properties in heterostructures for future applications in 

functional devices.   
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7.1 Structural reconstruction in NdNiO3 thin films 

 

Introduction 

Over the last years, technical advances in the synthesis of epitaxial thin films have allowed to 

stabilize materials of extraordinary stoichiometry and to tailor their properties in an unprecedented 

fashion. [1,2,4,250] Along these lines, in addition to molecular beam epitaxy (see previous chapters), 

ablation techniques such as pulsed laser deposition (PLD) [14,15] enable the epitaxial combination of 

transition metal oxides (TMOs) and other material classes in artificial multilayer systems. In this 

unique environment, where distinct electronic, magnetic, and orbital correlations can be brought 

together, novel phenomena, which are not present in the constituents alone, can emerge. [3,4] 

Prominent examples for such phenomena are induced electronic and magnetic phase transitions [251], 

orbital reconstructions [6], and interface superconductivity. [9,10]  

A profound understanding of the mechanisms leading to the occurrence of novel phases is of 

utmost importance and enables their controlled appearance, as required for their exploitation in future 

functional devices. One approach to gain deeper insights explores the materials' response to a 

variation of external parameters like strain [86,252], doping [79], or electric [253] and magnetic 

fields. In the case of perovskite TMOs, it was reported that, in addition to the aforementioned 

parameters, the oxygen octahedral network at the interfaces plays a key role. [33,254–256] The 

peculiar interfacial epitaxial connection of the substrate or a buffer layer and the deposited film 

material imposes structural constraints that allow to widely tune emergent material properties, due to 

the close relation between crystal lattice and electronic, magnetic, and orbital correlations.  

In more detail, it was found by means of scanning transmission electron microscopy (STEM) 

[152,153] that the octahedral coupling between TMO perovskite materials does not only transfer 

epitaxial strain but also octahedral rotations of the underlying substrate or buffer layer, yielding a 

modification of properties such as the magnetic anisotropy. [153] In general, the material-substrate 

relation in the closest interface is of one-to-one type, i.e. the material adopts the in-plane lattice 

parameters, the octahedral tilt pattern, and the crystallographic orientation of the substrate, while with 

increasing film thickness these parameters relax towards the bulk values of the material. For particular 

material combinations, however, epitaxial films can adopt the substrate’s tilt pattern even on length 

scales of several tens of nm away from the interface. [257] In case of matching crystallographic 

symmetries of substrate and epitaxially deposited film, the film material's unit cells are expected to 

coincide in their orientation with the substrate, i.e. the substrate orientation determines the orientation 

of the film.  

In this work, spherical aberration (Cs) corrected [104] STEM is used to investigate 

heterostructures of the perovskite NdNiO3 (NNO) and the paramagnetic insulator NdGaO3 (NGO). 

TMO heterostructures containing RNiO3 (R = rare earth element) have recently attracted wide-spread 

interest following theoretical predictions of possible high-Tc superconductivity. [58] In the octahedral 

environment of the RNiO3 perovskite structure the Ni
3+

 ions are coordinated to six O ions, formally 

providing Ni with 3d
7
 (t2g

6
 eg

1
) configuration. The degree of the Ni‒O‒Ni bond angle distortion 

determines the transition temperature for the phase transition from the high temperature paramagnetic 

metallic state to the insulating and antiferromagnetic ground state, occurring for all members of the 

RNiO3 family, except for R = La. [258] Moreover, the metal-insulator transition coincides with a 

structural phase transition from orthorhombic to monoclinic symmetry characterized by a octahedral 
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breathing distortion yielding two inequivalent Ni sites Ni
3+δ

 and Ni
3-δ

. For the prototypical rare-earth 

nickelate NNO, which in a thin film undergoes a metal-insulator and paramagnetic-antiferromagnetic 

transition at ~150 K [259], it was shown that the metal-insulator transition temperature is significantly 

elevated to ~335 K, when NNO films are epitaxially grown on [101] oriented (β-phase) NGO 

substrates. [260] It was speculated that the specific lattice matching condition between the 

orthorhombic NNO and NGO for [101] orientation might yield a transfer of the NGO octahedral 

rotations (i.e. the Ga‒O‒Ga bond angles) to the NNO octahedral rotations (i.e. the Ni‒O‒Ni bond 

angles) not only in proximity to the substrate-film interface, but across the whole thickness of the 

studied 17 nm thick NNO film. Such an alternation of the Ni‒O‒Ni bond angle distortions would tune 

the hopping integral between the O 2p and Ni 3d orbitals and therewith increase the effective 

electronic bandwidth of the system, which could explain the elevated metal-insulator transition 

temperature. 

Here, a similar material system is investigated, i.e. an NNO thin film epitaxially grown on a 

[011]-oriented (α-phase) NGO substrate. From high-angle annular dark-field (HAADF) [105] and 

annular bright-field (ABF) [106,107] imaging it is found that the NNO film reorients after a few unit 

cells from [011] to [101] orientation (α to β-phase), as opposed to maintaining the [011] orientation 

given by the substrate. Such reorientation is revealed in both, the local Nd- and Ni-site displacements 

and the alteration of Ni‒O‒Ni bond angles across the interface region and the film. To rationalize the 

unexpected emergence of the β-phase on an α-phase substrate, DFT+U calculations are employed to 

simulate epitaxial strain along different crystallographic directions, reproducing the observed phase 

reorientation and predicting the absence of reorientation for growth on β-phase substrates. Further, 

from the ABF analyses, the previously suggested transfer of the NGO octahedral rotations across the 

full thickness of an NNO film is not confirmed, but instead a relaxation of the NNO octahedral 

rotations (i.e. the Ni‒O‒Ni bond angles) to bulk-like values after a few unit cells from the substrate-

film interface is revealed. Furthermore, the DFT+U calculations show that in the tensile strained β-

phase the monoclinic breathing distortion can be enhanced. Such behavior correlates with an elevated 

metal-insulator transition temperature, and hence is consistent with the reported increase of the 

transition temperature in ref. [260]. 

 

Results 

Several NNO samples were grown by PLD by G. Cristiani and Dr. G. Logvenov (MPI-FKF). 

Here, the focus is on an NNO thin film with a thickness of 11.4 nm grown on a NGO substrate 

(Figure 7.1.1a) with [011] orientation (α-phase), i.e. the NGO substrate surface corresponds to a (011) 

plane (Figure 7.1.1b). Both, bulk NNO and NGO exhibit the orthorhombic space group Pbnm at 

room-temperature. The lattice parameters are a = 5.428 Å, b = 5.498 Å, and c = 7.709 Å in the case of 

NGO [261] and a = 5.387 Å, b = 5.383 Å, and c = 7.610 Å in the case of NNO. [262] In this work, the 

main focus is on the α and β substrate orientations, corresponding to the cuts perpendicular to the 

(111) body diagonal of the pseudocubic unit cell. Note that, while in the simplified pseudocubic 

reference frame all body diagonals are equivalent, the (011) and (101) planes (α-and β-planes) of the 

orthorhombic Pbnm unit cell of NNO and NGO are not (Figure 7.1.1a). In a typical epitaxial film 

growth scenario involving a perovskite TMO material deposited on a compatible oxide substrate, the 

thin film orients in congruence with the substrate. Moreover, the epitaxial film-substrate relation is 

expected to be particularly robust for substrates with surfaces perpendicular to one of the pseudocubic 
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body diagonals (e.g. α- and β-orientation), due to the 3-fold interconnectivity of the octahedral 

network across an epitaxial interface (Figure 7.1.1b).  

 

 

Figure 7.1.1. (a) Depiction of the NdNiO3 unit cell (black lines) in orthorhombic space group Pbnm. 

The planes corresponding to the [011] –and [101]– cut (α- and β-cut) are indicated in blue and red, 

respectively. For clarity only one NiO6 octahedron (gray) is superimposed to the unit cell. (b) 

Schematic of the interconnectivity of the octahedral network across the epitaxial NdNiO3–NdGaO3 

interface. One NiO6 octahedron (gray) is shown in proximity to the α-cut NdGaO3 substrate surface 

(blue). Each interfacial NdNiO3 octahedron connects to three NdGaO3 octahedra (black arrows). 

(c)-(f) Illustration of the in-plane epitaxial strain induced to the NdNiO3 unit cell (gray rectangular) 

by an underlying NdGaO3 substrate (orange rectangular) for different combinations of α -and β-cuts. 

The indicated in-plane directions of the projected unit cells lie within the α- and β-planes. Unit cell 

dimensions are exaggerated for clarity. The numbers are the strain magnitudes along these 

directions calculated as explained in the text. Note that the effective strains for the growth modes α 

on α (c) and β on α (f) are closely similar. 
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The larger NGO unit cell dimensions yield tensile in-plane strain for all epitaxial combinations 

of the NNO unit cell to an NGO substrate. The magnitude of the epitaxial strain along the main in-

plane directions depends strongly on the combination of orientations of the two materials. The 

schematics illustrating the epitaxial film-substrate relation are depicted in Figure 7.1.1c-f with the 

gray and orange rectangulars corresponding to the in-plane projections of an NNO and NGO unit cell 

in α- and β-orientation, respectively. The calculated effective strain (lNGO−lNNO)/lNNO with l being the 

lattice parameter along the respective main crystallographic direction, based on the material's bulk 

lattice parameters at room temperature, yields ~1.3% along the [01-1] and ~0.5% strain along the 

[100] direction for α-oriented NNO on α-NGO and ~0.8% along the [-101] and ~2.0% strain along 

the [010] direction for β-NNO on β-NGO. The (at this point) hypothetical combination of α-NNO on 

β-NGO (Figure 7.1.1e) yields a similar magnitude of strain along the in-plane directions as β-NNO on 

β-NGO (Figure 7.1.1d). The same applies for β-NNO on α-NGO (Figure 7.1.1f) and α-NNO on α-

NGO (Figure 7.1.1c). As a consequence, simple strain minimization cannot explain a potential 

occurrence of reconstructed phases such as α on β or β on α (Figure 7.1.1e,f). 

Aberration-corrected STEM investigations provide valuable local information on structural 

details and the chemical composition at oxide heterostructure interfaces. First, the crystalline quality 

and the cation intermixing, particularly in the NdNiO3-NdGaO3 interface region, are examined. An 

overview STEM-HAADF image of the sample together with an EDS line scan across the interface is 

presented in Figure 7.1.2. The low magnification STEM-HAADF image (Figure 7.1.2a) acquired 

along the [011] direction of the NNO substrate reveals the high-quality epitaxial growth of the 

NdNiO3 film as well as a defect-free structure. The NNO film (light gray) and the NGO substrate 

(dark gray) can be discerned by their gray-shades in the image due to the presence of a small 

difference of atomic weights of Ni and Ga (ZNi = 28 and ZGa = 31) providing Z-contrast information in 

HAADF imaging. [105] Complementary LAADF imaging, which exposes defects in its contrast 

[109], confirms the absence of any crystallographic stacking faults in the epitaxial NNO layer on a 

larger- (i.e. micrometer-) scale (see Figure 7.1.2c). The local chemical properties of the interface are 

identified by atomically-resolved EDS line scans acquired across the interface as shown in Figure 

7.1.2b. The scan profiles of Ni-K (gray), Ga-K (orange), and Nd-L (black) lines reveal the chemical 

intermixing of Ga-Ni at the interface, which is limited to 2-3 monolayers (MLs) corresponding to 

<1.5 nm along [011] direction. 

After revealing the high quality of the sample, a detailed investigation of the structural 

distortions and the local octahedral network at the NGO-NNO interface is conducted by STEM-

HAADF and by STEM-ABF imaging, respectively. Figure 7.1.3 shows the STEM images together 

with the corresponding data analysis. The nominal interface is defined in accordance with Figure 

7.1.2b and indicated by an orange line serving as a guide to the eye. The high-resolution STEM-

HAADF image (Figure 7.1.3a) not only displays the coherent interface region between NGO and 

NNO but unveils two different phases in the sample: (i) the α-oriented substrate and (ii) a β-oriented 

NNO film far from the substrate with a gradual reconstruction from α to β in proximity to the 

interface. The presence of the α-orientation is qualitatively deduced from an overlay of a simulated 

NGO crystal structure projection to the zig-zag pattern of the atomic Nd-Ga columns (left inset Figure 

7.1.3a), and congruently, the β-orientation is deduced from an overlay of the NNO crystal structure 

projection to the straight columns of Nd–Ni (right inset Figure 7.1.3a).  
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Figure 7.1.2. a) STEM-HAADF image of the NdNiO3 thin film with a thickness of 11.4 nm on a 

[011] oriented NdGaO3 substrate. The image illustrates the high epitaxial quality and the defect-free 

structure of the film. The inset is a high-resolution STEM-HAADF image of the film-substrate 

interface region. b) EDS line scan profiles along the [011] growth direction indicated by the yellow 

arrow presenting the chemical composition of the NdGaO3-NdNiO3 interface. The orange, black, 

and gray lines correspond to the EDS intensity of the Ga K, Nd L, Ni K, and lines, respectively. 

Intermixing of Ni and Ga atomic species in the interface region of ~1.5 nm is marked by the shaded 

area. The interface is defined at 0 nm and the dashed line corresponds to zero intensity of the EDS. 

c) STEM-LAADF image with NdNiO3 epitaxial layer indicated by the orange arrow. No structural 

defects and/or structural grains can be detected, substantiating high crystalline quality. The layer on 

top of NdNiO3 is the glue from the specimen preparation. The blue box represents the dimensions 

of the STEM-HAADF image in (a). 

 

This unexpected observation is indicative of a phase reconstruction and demands a quantitative 

analysis of the local atomic displacements. To this end, the Nd-site displacements, in particular, the 

interatomic distance variations for the out-of-plane and in-plane directions are quantified. The 

detailed analyses are employed using the recently developed software Oxygen Octahedra Picker tool 

[125] that provides the required precision (see Section 3.2.5). The results can be extracted from the 

panel (b) and (c) displaying the out-of-plane Nd‒Nd interatomic distance (dNd-Nd) while moving away 

from the interface (orange line), which is indicated here as the number of Ni–O planes. Please note 

that each data point in (b) and (c) corresponds to the average of 8 atomic columns. Obviously, a 

strong zig-zag behaviour evolves as a function of increasing number of Ni–O planes corresponding to 

an alteration in the structure. In more detail, with the present calibration, the out-of-plane Nd–Nd 

distances in the NGO substrate are determined as 2.68 ± 0.04 Å, whereas a decrease to 2.59 ± 0.02 Å 

is observed in the 4
th
 Ni‒O plane after the nominal interface. The sharp decrease is followed by a 

narrow-range (5-6 MLs) with Nd‒Nd interatomic distances around dNd–Nd = 2.65 Å. Starting from the 

11
th
 Ni‒O plane, the fluctuation (or absolute difference) in dNd–Nd between the adjacent Ni‒O planes 

increases and exceeds 0.016 ± 0.05 Å and saturates. Next, the in-plane Nd‒Nd interatomic distances 

are considered (Figure 7.1.3c) and a constant dNd–Nd ~3.80 Å is observed. The entire Nd cation 
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sublattice of the film is coherently strained. This interpretation is also confirmed by the absence of 

any extended defects in the structure (c.f. Figure 7.1.2). 

 

 

Figure 7.1.3. a) STEM-HAADF image taken along the epitaxial layer including the 

substrate/epitaxial layer interface. Blue and green arrows indicate measured out-of-plane and in-

plane Nd–Nd interatomic distances, respectively, shown in (b) and (c). d) STEM-ABF image, 

simultaneously acquired with the STEM-HAADF image in (a), providing the oxygen column 

positions, and (e) Ni‒O‒Ni bond angle measurements performed on the ABF image shown in (d). 

The orange lines and the dashed lines mark the nominal interface in the images and the plots, 

respectively. The error bars of the bond angle determination (95% confidence interval, 

corresponding to 2 times the standard error) is less than 1º. The blue and red colored areas are 

guides for the eye indicating the α- and β-phases, respectively.  
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To gain deeper insights on the interface-induced reconstruction, I have used the STEM-ABF 

technique, which allows imaging of light elements [105], i.e. oxygen in the present case. A STEM-

ABF image of the interface region is presented in Figure 7.1.3d with the entire set of clearly resolved 

atomic columns in the structure, which are Nd‒O, Ga, Ni and O atomic columns in this projection. It 

should be emphasized that the STEM-ABF image (Figure 7.1.3d) was simultaneously acquired with 

the STEM-HAADF image presented in Figure 7.1.3a. Focusing on the Ni and O atomic columns, it is 

obvious that the Ni‒O‒Ni pattern exhibits a clear transition from a straight line in NGO to a zig-zag 

pattern in NNO away from the interface. This indicates a reorientation of the crystallographic unit cell 

which can be corroborated quantitatively by measuring the bond angles between the cation sublattices 

along the growth direction, namely the Ga‒O‒Ga angles in the substrate and the Ni‒O‒Ni angles in 

the interfacial region and beyond. The analyses averaging 9 atomic columns (Figure 7.1.3e shows a 

section of the analyzed image) give a projected Ga‒O‒Ga bond angle of 174º ± 1º. However, a 

decrease of 2º of this bond angle is observed just after the interface (i.e. 7
th
 and 8

th
 columns). In the 

consecutive columns, the measured Ni‒O‒Ni angle indicates a transition between two different 

phases. Such transformation to a β-phase is characterized by a saturation of the Ni‒O‒Ni angles 

around 155º ± 1.2º. The value of ~155º extracted for the Ni‒O‒Ni angles is consistent with the bond 

angle of bulk NNO, while NGO exhibits a bond angle of 153º in the corresponding projection of the β 

phase.  

While the presence of the reconstruction is clear from the experimental STEM data and the 

detailed analyses, the mechanism behind its occurrence is not directly evident, as elucidated earlier in 

the text and in the strain minimization consideration of Figure 7.1.1c–f. Therefore, DFT+U 

calculations representing an α- and β-oriented NGO substrate, respectively (Figure 7.1.4) were 

performed by Dr. Z. Zhong and Dr. P. Hansmann (MPI-FKF). An effective Hubbard U of 2 eV, 

typical for nickelates [263,264], was employed. In Figure 7.1.4, the DFT ground-state energy 

calculated as a function of the out-of-plane lattice spacing “d” for NGO α-phase and NGO β-phase are 

presented, respectively. For the α-phase and β-phase calculations, the spacing d correspond to the 

distance between consecutive NiO3 planes along the [011] and [101] directions, respectively. Figure 

7.1.4a,b shows the energies in dependence of relative spacing d0 = d/dbulk. While the in-plane atomic 

distances were fixed to the values of NGO in (011) and (101) planes, the out-of-plane distances were 

allowed to vary in the calculations to account for the effect of tensile strain. For both types of 

substrate cuts, i.e. α-NGO (Figure 7.1.4a) and β-NGO (Figure 7.1.4b), it is revealed that the β-NNO 

phase/orientation is energetically favourable compared to the α-NNO phase/orientation within the 

error bar of the experimentally obtained relative out-of-plane lattice plane spacing of 0.989 ± 0.04 Å. 

This explains the experimentally observed reorientation of NdNiO3 grown on α-cut NdGaO3. For 

these small values of the relative spacing d0, the calculation yields a phase (α'-phase) with α-

orientation but an altered octahedral tilt pattern, i.e. symmetry corresponding to the crystallographic 

space group 𝑅3̅𝑐. While bulk LNO exhibits this space group, to the best of our knowledge, there are 

no experimental reports observing NNO in space group 𝑅3̅𝑐. Since moreover the α'-phase does not 

yield a global minimum, this phase is not discussed further here. Instead, the β-phase is considered in 

more detail in the following. The most striking feature of the calculated NNO β-phase in the global 

minima of Figure 7.1.4a,b is an enhancement of the monoclinic breathing distortion. The Ni–O bond 

disproportionation for α and β-induced tensile strain (Ni–O bond lengths 1.97 Å and 1.90 Å for long 

and short bond lengths, respectively) is two times larger than that of the bulk case (1.94 Å and 1.91 

Å).  
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Figure 7.1.4. DFT+U ground state for different epitaxial configurations depicted in Figure 7.1.1(e-

f). (a) In-plane lattice constants of NdNiO3 are fixed at the values corresponding to the α-cut 

NdGaO3, while the NdNiO3 out-of-plane lattice constant is allowed to relax, simulating the effects 

of epitaxy on an α-NdGaO3 substrate surface. The NdNiO3 in-plane directions are [100] and [01-1], 

and the out-plane is [011] for the α-phase calculation (blue curve). For the β-phase calculation, in-

plane directions are [010] and [-101] and the out-plane direction is [101] (red curve). The global 

minimum is obtained for the β-phase calculation indicating the energetically most favorable state 

that corresponds to β-phase NdNiO3 unit cells in epitaxy to the α-phase NdGaO3 substrate. This 

explains the experimentally observed reorientation of NdNiO3 grown on α-cut NdGaO3. 

Furthermore, the magnitude of the octahedral breathing distortion in the NdNiO3 β-phase ground 

state is strongly enhanced which promotes its emergence. (b) Analogous calculation to (a), but with 

NdNiO3 in-plane lattice fixed at values corresponding to β-cut NdGaO3. The global minimum is 

obtained within the beta-phase calculation suggesting that no reorientation takes place in case 

NdNiO3 is grown on β-cut NdGaO3. 
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Discussion 

The present study is an important example for non-trivial occurrence of phase reconstructions. 

As illustrated in Figure 7.1.1c-f a simple consideration of strain minimization cannot explain the 

observed α-to-β phase reconstruction. By means of STEM imaging, however, several important 

insights on the investigated system could be gained. First, the high quality of the NdNiO3 film in 

terms of epitaxy and coherency of the crystal structure could be corroborated (Figure 7.1.2a,c). This 

makes it unlikely that the observed α-to-β phase reconstruction is due to accumulation of defects and 

stacking faults in the crystal lattice. Chemical intermixing at the NdGaO3–NdNiO3 interface (Figure 

7.1.2b), which typically is a consequence of growth kinetics and surface segregation [79,84], was 

revealed to be limited to only 1-1.5 nm in the growth direction. The transition region [265] of the 

reorientation of the epitaxially connected α and β layers was, however, determined to extend up to 

~10-12 ML away from the film-substrate interface (Figure 7.1.3a). This length scale is significantly 

longer than the chemical intermixing region, thus interfacial disorder as a major driving mechanism 

for the phase reconstruction can also be ruled out. The STEM-HAADF and STEM-ABF image 

analysis gave a detailed quantification of the α and β phases, and the transition region in terms of Nd, 

Ni, and O atomic positions as well as the Ni‒O‒Ni bond angles. It is shown that the Ni‒O‒Ni angle is 

relaxed to the value of ~155º after the transition region implying that the NGO octahedral rotations 

have not been transferred across the whole NNO film. Deeper insights on the mechanism and the 

energy landscape behind the phase reconstruction were provided by the DFT+U calculations. A 

global minimum in the energy landscape for the strain induced by an α-phase substrate is obtained for 

NNO in β-phase orientation, rationalizing the experimentally observed phase reconstruction (Figure 

7.1.4a). On the other hand, for a substrate orientation corresponding to the β-phase, also the β-phase 

NNO exhibits the global minimum, i.e. no reconstruction will take place in this case (Figure 7.1.4b). 

The second important result of the calculation is that the magnitude of the octahedral breathing 

distortion in the NNO β-phase ground state is strongly enhanced as compared to bulk NNO. This 

promotes its emergence over the α-phase and also gives an explanation for the elevated metal-

insulator transition temperature reported in ref. [260]. 

 

Conclusion 

In conclusion, a comprehensive study of the structural properties and the interface chemistry of 

epitaxial NdNiO3 thin films grown on NdGaO3 substrates revealed a substrate induced 

crystallographic reconstruction. The atomically-resolved STEM investigations provided a unique 

local probe of the samples and allowed to quantify not only structural deformations but also 

modifications of the octahedral network (i.e. the alteration of Ni‒O‒Ni bond angles across the 

interface region). DFT+U calculations corroborated the reconstruction found from the STEM 

analysis. Thus, the present work emphasizes the importance of epitaxial strain and local structural 

details at interfaces for the emergence of novel phases in thin films and heterostructures. The 

methodology used can be applied to similar oxide material systems and help to improve the 

understanding of strongly correlated interactions occurring at interfaces. 
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8. Epilogue 
 

 

 

 

Abstract 

This chapter gives a brief overview to the study: The aim and the motivation of 

the thesis are blended with the outcomes and the conclusions obtained within the 

thesis. 
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In this thesis, I looked for an answer to the following question: “To which extent can epitaxial 

oxide heterostructures and interfaces be controlled and identified?” For this purpose, various projects 

were conducted in which not only the growth of La2CuO4-based systems are performed but also the 

structural and chemical identifications and octahedral distortions at the interfaces are 

comprehensively investigated. Through the projects, different factors such as (i) dopant size effects, 

(ii) two-dimensional doping (i.e. δ-doping), (iii) growth temperature gradient, (iv) contact of different 

phases, (v) layer-thickness variations, (vi) different substrates and their influences on the interface 

structures and/or on the functionalities are examined. Besides, the applications of STEM imaging and 

quantification as well as the analytical techniques are extensively employed, which are associated 

with the interface structures of oxide heterostructures. 

It is revealed for La2CuO4 metal-insulator bilayer systems that the different cationic radii of the 

dopants (Ba
2+

, Sr
2+

, Ca
2+

) remarkably affect the superconducting mechanisms (i.e. bulk vs interface), 

as a consequence of dopant redistribution near the interface. In the case of the La2-xCaxCuO4/La2CuO4 

and La2-xSrxCuO4/La2CuO4 systems, the interfaces were found to be sharper, and thereby, striking 

interface effects, i.e. electronic redistribution, are predominant. However, in the case of La2–

xBaxCuO4/La2CuO4, high-temperature superconductivity (HTSC) is rather ascribed to “classical” 

homogeneous doping determined by wide cationic intermixing. Moreover, the dopant distribution has 

a remarkable effect on the O–O distances, which are suggested to be related to different mechanisms 

leading to HTSC: While the sharp interfaces are correlated with Jahn–Teller distortion, anti-Jahn–

Teller distortion is dominant for the homogeneous doping (Ba-doping) case. On the other hand, for 

2D-doping of La2CuO4, it is found that the cationic dopant profiles are highly asymmetric with 

different sharpnesses: Abrupt at the downward side of the interface and broadened in growth direction. 

Conversely, the hole distribution, as measured by STEM-EELS, is symmetric across the interface and 

is decoupled from the dopant profile at the downward interface. This indicates that hole doping is 

achieved on the two sides of the Sr-doped plane by two distinct mechanisms: Heterogeneous doping 

at the downward side of the interface and homogeneous doping at the upward side. 

In the case of lanthanum cuprate–lanthanum nickelate multilayers, where LNO is employed as 

two different phases (i.e. 214-La2-xSrxNiO4 and 113-LaNiO3), different properties, in addition to 

structural considerations, are studied. For La2CuO4-La2-xSrxNiO4 contact, a chemically sharp interface 

inducing a hole accumulated space-charged layer is detected by STEM-EELS analyses, while a 

certain tendency for Sr to migrate from La2-xSrxNiO4 to La2CuO4 that gives rise to a ‘less’ sharp 

interface. Moreover, concerning the thermoelectric properties of La2CuO4–LaNiO3 heterostructures, 

the importance of the choice of the individual layer thicknesses is revealed: The thinner the individual 

La2CuO4 and LaNiO3 layers, the more chemical intermixing at the interfaces occurs, which directly 

influences the physical properties. 

As far as the heterojunctions of La2CuO4/LaMnO3 layers are concerned, it is found that 

dissimilar Sr profiles are present in cuprate and manganite phases, which lead to different interface 

sharpness suggesting the tunability of Sr redistribution using oxide hetero-structural contacts. 

Moreover, the quantification of local octahedral distortions indicates that 113-214 interfaces are 

sharper compared to 214-113 interfaces. Concerning the NdNiO3 thin films, the realization of a 

structural reorientation from the [011]-phase to the [101]-phase could be understood via DFT+U 

calculations suggesting enhanced NiO6 octahedral breathing distortions. 
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In conclusion, the exciting output of this thesis can be summarized as the following:  

(i) The choice of the dopant (size) directly affects the interface sharpness, namely, the dopant 

re-distribution, local octahedral distortions and thereby the interface functionalities in 

La2CuO4 based systems.  

(ii) Two-dimensional doping (i.e. δ-doping) of La2CuO4 in the form of superlattices results in 

different dopant distribution at both sides of the interfaces due to the growth kinetics and 

correlatively induces the different superconducting mechanisms at two sides of the 

interfaces. 

(iii) The defect chemistry and the transfer of the species can induce space-charge regions in 

both homoepitaxial (e.g. δ-doping of La2CuO4) and heteroepitaxial (e.g. La2CuO4 - La2-x 

SrxNiO4 contacts) oxide systems with sharp interfaces.  

(iv) The choice of the layer thickness in heterojunctions, e.g. La2CuO4-LaNiO3 contacts, is of 

great importance and may result in the unintentional occurrence of different phases or 

solid solutions.  

(v) The dopant distribution of the same element (i.e. Sr) in different materials exhibit different 

elemental distribution even at consecutive interfaces.  

(vi) In NdNiO3 films, a reconstruction of the crystallographic orientation is detected when 

tensile strain is imposed by a [011]-oriented NdGaO3 substrate.  

In summary, in addition to the remarkable capabilities of ALL-oxide MBE system, the 

feasibility of using spherical aberration corrected STEM to quantitatively describe the elemental 

distribution, charge distribution and the local atomic distances in LCO-based interfaces are discussed. 

Although numerous oxide heterostructures with different novel properties have been studied, this 

thesis provides a comprehensive overlook to homoepitaxial and heteroepitaxial interfaces. This work 

underlines that various factors affect the interface profiles and give rise to different physical 

properties, although atomic-precise engineering and identification are possible.  
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List of Figures 

Figure 2.1.1. Structural models of (a) n =1, including ideal perovskite structure (ABO3), (b) (n = 2) 

and (c) (n = 3) members of Ruddlesden–Popper phases. The denotation of n represents the number of 

stacked octahedral layers separated by a rock salt AO layer with different perovskite layer thicknesses. 

Reproduced with permission from Ref. [20] 

Figure 2.1.2. Illustration of the crystal field effect on d-states of a transition metal cation. The colored 

orbital drawings (right) are reproduced from Tokura et al. [22] 

Figure 2.1.3. Illustration of the crystal-field effect on d-states of a Cu
2+

 cation with 3d
9
 configuration. 

The presentation of the c-axis elongated CuO6 octahedra represents the (enhanced) JT distortion. 

[23,29,30] 

Figure 2.1.4. Illustration of the crystal field effect on d-states of a Cu
2+

 cation with 3d
9
 configuration. 

The c-axis-contracted CuO6 octahedron represents the anti-JT distortion. [26,35] 

Figure 2.2.1. Structural model of La2CuO4. La, Cu, and O are colored with green, blue and red, 

respectively. 

Figure 2.2.2. a) A schematic showing the superconducting transition temperatures of various classes 

of superconductors versus the years of each materials’ discovery. b) Layered copper oxides are 

composed of CuO2 planes, typically separated by insulating spacer layers. The electronic structure of 

these planes primarily involves hybridization of a 3𝑑𝑥2−𝑦2  hole on the copper sites with planar-

coordinated 2px and 2py oxygen orbitals. Reproduced with permission from Keimer et al. [44] 

Figure 2.2.3. Illustration of a simplified phase diagram of hole-doped La2CuO4 systems. Different 

colors mark different phases (AFM, antiferromagnetic; SG, spin glass) and the dashed lines represent 

the optimum doping and the related Tc (~40 K for Sr-doping). The diagram is in agreement with 

Hashimoto et al. [49] and Keller et al. [50] 

Figure 2.2.4. Plot showing the dependence of resistance on temperature for single-phase and bilayer 

films. a) and b) display insulating and metallic single-phase films, respectively. c) includes I-M, M-I 

and M-S bilayers with different superconducting transition temperatures, i.e ~15 k, ~30 K and ~50 K, 

respectively. Reproduced with permission from Gozar et al. [10] 

Figure 2.5.1. a) Defect concentration in La2CuO4 as a function of oxygen partial pressure at given Sr-

content and constant temperature. b) Modeled defect concentration in La2CuO4 as a function of Sr-

doping at constant temperature and oxygen partial pressure. Reproduced with permission from Maier 

et al. [74] 

Figure 2.6.1. a) Structural models exhibiting the pseudo-tetragonal lattice representation for LCO 

(top) and the tetragonal LSAO (bottom). b) STEM-HAADF image representing the tetragonal 

(LSAO) and pseudo-tetragonal (LCO) structures on the bottom and on the top part of the image, 

respectively. The dashed line indicates the interface. Reproduced from Suyolcu et al. [89] 

Figure 3.1.1. Basic sketch of an oxide-MBE chamber. The illustration includes effusion cells, 

electron gun and RHEED screen, ozone delivery system and heater as well as the substrate. 

Figure 3.1.2. Photographs of (a) the backside SRO coated LSAO substrate and b) the view of the 

sample holder after fixing the substrate via tantalum wires. 
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Figure 3.1.3. The specular spot (00) (red) and Bragg spot (10) (blue) oscillations are recorded during 

the growth of La1.6 Ba 0.4CuO4/La2CuO4 bilayer. The intensities were integrated over selected areas, 

and one oscillation corresponds to a half u.c. thickness of the La2CuO4-based crystal structure. The 

dashed lines indicate the nominal M–I interface. 

Figure 3.1.4. RHEED images obtained during the growth of optimum (x =0.16) Sr-doped La2CuO4. 

The two additional streaks in (a) and four additional streaks in (b) indicate the “half” and the 

“complete” deposition of the Cu–O layer, respectively. 

Figure 3.1.5. RHEED images obtained during the growth of La1.84Sr0.16CuO4 films grown on (a) (100) 

STO and (b) (001) LSGO substrates inducing tensile strain: Three diffraction lines refer to the 4a 

width (in-plane) atomic ordering for both cases. (c) RHEED image after the deposition of the Cu layer 

during the growth of La1.84Ca0.16CuO4 film on LSAO substrate exhibits three diffraction lines 

similarly. 

Figure 3.1.6. RHEED images of epitaxial La1.84Sr0.16CuO4 films acquired after the Cu layer 

deposition in (a) vacuum and (b) after ozone annealing. The oxidation atmosphere causes different 

surface reconstructions. 

Figure 3.3.1. Cross-sectional simple illustration model of the ray diagram, optical axis, spherical 

aberration corrector, and detector positions for HAADF, ABF and EELS spectrum imaging. Please 

note that, nominally, an EEL spectrum is formed at the end of the spectrometer (see Figure 3.3.5 for 

an example). 

Figure 3.3.2. a) STEM-HAADF image taken of a Ca-doped bilayer and b) absolute thickness profile 

obtained from the EELS spectrum image showing the homogeneous thickness of the sample. 

Figure 3.3.3. Steps of TEM specimen preparation: a) diamond wire saw used for cutting, b) grinding 

and wedge polishing with the Allied MultiPrep system [102], c) sample glued on a half grid and d) 

argon ion-milled sample with apparent thickness fringes as observed in the light microscope. 

Figure 3.3.4. A plan-view illustration of HAADF and ABF detectors. Representative HAADF (darker, 

outer) and ABF (inner, brighter) experimental images taken from the SrTiO3 specimen are bestrewed 

on the detector schematics. Please note that the experimental images are illustrated for a better 

presentation; nominally, there is no image formation on the detector, instead, a diffraction pattern is 

detected.  

Figure 3.3.5. a) Simultaneously acquired STEM-HAADF and b) STEM-ABF images of (4) LSMO / 

(8) SRO multilayer sample presenting the coherent interfaces as well as projecting all possible atomic 

column positions. The images taken in [1-10] direction were processed with a multivariate weighted 

principal component analysis routine (MSA Plugin in Digital Micrograph) to decrease the noise level. 

Figure 3.3.6. a) Schematic diagram of a general EELS spectrum. b) The origin of the ELNES 

intensity which reflects the unoccupied DOS above the Fermi level. Reproduced with permission 

from Ref. [120]. c) Experimental EELS spectrum from obtained Ba-doped La2CuO4 bilayer sample 

showing O-K, Ba-M5,4, La-M5,4, and Cu-L3,2 edges. 

Figure 3.3.7. Sr (La)–Sr (La) (a; left column) and O-O (b; right column) interatomic (out-of-plane 

and in-plane) distances obtained from (4) LSMO / (8) SRO PLD grown samples. The interatomic 

distances measured by the O–O picker tool reveal the “constant” in-plane interatomic distances 

substantiating the epitaxial growth. Out-of-plane measurements employed for both on HAADF and 

ABF images show interesting local distortions: (i) the La (Sr)-La (Sr) interatomic distances in 

SRO/LSMO are different from those in LSMO/SRO, (ii) similar to La(Sr)–La(Sr) interatomic 

distances, O–O distances are larger in the SRO/LSMO interface compared to LSMO/SRO. The blue 

and green arrows on the images indicate the nominal SRO–LSMO and LSMO–SRO interfaces. 
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Figure 3.3.8. Illustration of a raster scan in scanning transmission electron microscopy. The 

schematic presents the fast and slow scanning directions. Note that the fast scan direction is composed 

of many small steps instead of one long scan.  

Figure 3.3.9. (a) Non-linear distortion partially corrected STEM-EELS SI data, (b)–(e) atomic-

column-resolved Nd-M4,5 (red), V-L2,3 (green), Ga-L2,3 (blue), and La-M4,5 (magenta) elemental maps 

extracted from the distortion-corrected SI. 

Figure 4.1.1. Structural model of the La1.6A0.4CuO4/La2CuO4 bilayers grown on the LSAO substrate. 

The bilayers are composed of two different layers: (i) overdoped (metallic, M) La1.6A0.4CuO4 and 

undoped (insulator, I) La2CuO4, respectively. 

Figure 4.1.2. RHEED patterns of the three different bilayers: a) LCCO/LCO, b) LSCO/LCO, c) 

LBCO/LCO. AFM images of the top surface of the three different bilayers: d) LCCO/LCO, e) 

LSCO/LCO, f) LBCO/LCO. One can observe the different surface morphology, in particular, in the 

case of LBCO/LCO, secondary phase precipitates can be observed (some are marked by blue arrows). 

The atomic steps with heights of less than one unit cell (u.c.) are attributed to a small substrate miscut 

angle (~0.1°). g) rms roughness values of three bilayers versus cation radius (pm). Reproduced from 

Suyolcu et al. [79]. 

Figure 4.1.3. High magnification AFM images of three different bilayers: a) LCCO/LCO, b) 

LSCO/LCO, c) LBCO/LCO. Line scan profiles obtained from the AFM images given in a-c: d) 

LCCO/LCO, e) LSCO/LCO, f) LBCO/LCO. One can observe the different surface morphology. In 

the case of LBCO/LCO, secondary phase precipitations can be observed with up to 3-4 nm height. g) 

The critical thickness of the LBCO film versus Ba concentration at which RHEED patterns indicate 

nucleation of secondary phase precipitates. The top inset RHEED image has extra diffraction spots in 

comparison to the bottom RHEED image. h) AFM image of a 15 u.c. thick LBCO (x = 0.18) film on 

LSAO (001) substrate. Reproduced from Suyolcu et al. [79]. 

Figure 4.1.4. XRD θ-2θ scans for three different bilayers: a) LCCO/LCO, b) LSCO/LCO, and c) 

LBCO/LCO and d) c-axis lattice parameter versus ionic radii of dopants in three different bilayers: 

LCCO/LCO, LSCO/LCO, and LBCO/LCO. Reproduced from Suyolcu et al. [79]. 

Figure 4.1.5. Transport measurements for three different bilayers. The upper panels show resistance 

versus temperature for a) LCCO/LCO, b) LSCO/LCO, c) LBCO/LCO, whereas the bottom panels 

show the real (Re) and imaginary (Im) parts of mutual inductance measurements for d) LCCO/LCO, 

e) LSCO/LCO, f) LBCO/LCO. Reproduced from Suyolcu et al. [79]. 

Figure 4.1.6. Dependence of Tc on the average c-axis lattice parameter. The red squares show the Tc 

values measured in Ca-, Sr-, and Ba-doped bilayers in the present study, whereas the black circles 

refer to I–M (La2CuO4 / La1.56Sr0.44CuO4), S (superconducting; La2CuO4+δ), M–I (La1.56Sr0.44CuO4 / 

La2CuO4) and M–S (La1.56Sr0.44CuO4 / La2CuO4+δ) structures as reported in Ref. [52]. Reproduced 

from Suyolcu et al. [79]. 

Figure 4.1.7. Atomically resolved STEM imaging and EELS spectrum imaging. a) HAADF image 

showing the growth quality, a defect-free structure and coherent interfaces of LCCO/LCO. b) High 

magnification of the area highlighted by the red rectangle in a. In d, f, and h, RGB elemental maps 

(La = green, Cu = red, dopant = blue) are shown. In e, g and i the Ca-, Sr- and Ba-doped bilayers 

dopant distributions, as obtained from the maps in (d), (f), and (h), are displayed. Reproduced from 

Suyolcu et al. [79]. 

Figure 4.1.8. Dopant distribution of the Ba-doped bilayer as a plot of intensity vs. distance obtained 

from the map in Figure 4.2.2d. The vertical lines indicate the nominal interfaces and dashed lines 

indicate zero intensity. Reproduced from Suyolcu et al. [79]. 
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Figure 4.1.9. Illustration of two different superconductivity mechanisms observed in M–I bilayers: 

Interface superconductivity (HT-IS; i.e. Sr- and Ca-doping, top) vs. bulk superconductivity (HTSC; 

i.e. Ba-doping, bottom). Due to different dopant distribution based on the dopant size (i.e. Ca and Sr 

vs. Ba), different superconducting mechanisms are induced. The turquoise arrows indicate the 

nominal M–I interface position.  

Figure 4.1.10. STEM-HAADF images showing coherent interfaces of a) Ba- (LBCO), b) Sr- (LSCO), 

and c) Ca- (LCCO) doped bilayers. The HAADF images were taken along the [100] direction of the 

LSAO substrate. Reproduced from Suyolcu et al. [89].  

Figure 4.1.11. Atomically resolved EELS spectrum image of the Ba-doped bilayer. a) Simultaneously 

acquired HAADF image. (b–d) Atomically resolved Cu-L23 edge, La-M45 edge, and Ba-M45 edge 

elemental maps. The arrows indicate the nominal interface positions. Reproduced from Suyolcu et al. 

[89]. 

Figure 4.1.12. Atomically resolved EELS spectrum image of the Sr-doped bilayer. a) Simultaneously 

acquired HAADF image. (b–d) Atomically resolved Cu-L2,3 edge, La-M4,5 edge, and Sr-L2,3 edge 

elemental maps. The arrows indicate the nominal interface positions. Reproduced from Suyolcu et al. 

[89]. 

Figure 4.1.13. Atomically resolved EELS spectrum image of the Ca-doped bilayer. a) Simultaneously 

acquired HAADF image. (b–d) Atomically resolved Cu-L23 edge, La-M45 edge, and Ca-L23 edge 

elemental maps. The arrows indicate the nominal interface positions. Reproduced from Suyolcu et al. 

[89]. 

Figure 4.1.14 ABF images showing coherent interfaces and all atomic column positions including O-

positions for the a) Ba-, b) Sr-, and c) Ca-doped bilayers. The yellow arrows indicate the nominal 

interface positions. d) Illustration of measured apical and basal O–O distances on a magnified (and 

colored) section obtained from (b). Reproduced from Suyolcu et al. [89]. 

Figure 4.1.15 Graphs showing the concentration per CuO2 block for the a) Ba-, b) Sr-, and c) Ca-

doped bilayers. The horizontal dashed lines delimitate the region corresponding to the 

superconducting phase. (d–f) O–O atomic column spacing along the apical (red) and basal (green) 

directions for the LBCO/LCO, LSCO/LCO, and LCCO/LCO bilayers, respectively. The yellow 

arrows indicate the nominal interface positions. The error bars represent the 95% confidence interval 

(corresponding to 2 times the standard error) of the average of 14 unit cells of LCO along the basal 

direction. Reproduced from Suyolcu et al. [89]. 

Figure 4.1.16. High-resolution STEM-HAADF image and quantitative analyses of the structural 

distortion in the Ba-, Sr-, and Ca-doped bilayers: a) representative STEM-HAADF image of 

LBCO/LCO bilayer given as a guide for the eyes; b), c) and d) La–La atomic column spacings along 

the basal (green) and apical (red) directions for the Ba-, Sr-, and Ca-doped bilayers, respectively. The 

error bars represent the 95% confidence interval (corresponding to 2 times the standard error) of the 

average of 14 unit cells of LCO along the basal direction. Reproduced from Suyolcu et al. [89]. 

Figure 4.1.17. Dependence of local lattice parameter on the cation radii of dopants (i.e. Ba
2+

, Sr
2+

, 

and Ca
2+

). Reproduced from Suyolcu et al. [89]. 

Figure 4.2.1. a) Resistivity vs temperature curves for Sr (black line), Ba (blue line), Ca (orange line) 

two-dimensionally doped La2CuO4 (N = 9). The resistance values have been normalized by 

multiplication with the number of superlattice repetitions (M). b) AFM micrograph of Ba δ-doped 

La2CuO4 multilayer indicating the high tendency of secondary phase formation in the structure. 

Reproduced from Bauitti et al. [84]. 

Figure 4.2.2. HAADF images for a) Ca, b) Sr, and c) Ba δ-doped multilayers. All images exhibit the 

structural quality of the samples. [84] 
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Figure 4.2.3. The respective elemental maps and averaged concentration profiles from atomically 

resolved EELS spectroscopy are shown in (a, b), (c, d), and (e, f) for Ca-, Sr-, and Ba- doping, 

respectively. Black dashed lines are used as a guide and indicating “0” nm. (g) Average extension, 

resulting from EELS data analysis, of the, Ca, Sr, and Ba redistribution widths at the upward side 

(solid diamonds) and at the downward side (open circles) of the interface, as a function of the dopant 

ionic size mismatch with La. (h) Redistribution width ratio (upward/downward) for Ca-, Sr-, and Ba- 

two-dimensionally doped La2CuO4. Error bars express the standard deviation of the mean. 

Reproduced from Bauitti et al. [84].  

Figure 4.2.4. a) HAADF image showing some extended defects originating from Dy-doped area b) 

HAADF image of Dy two-dimensionally doped La2CuO4. c) Dy-L intensity profile acquired by EDX 

during a linescan across several Dy-containing planes in a defect-free region. Reproduced from 

Bauitti et al. [84]. 

Figure 4.2.5. a) HAADF image of a Sr δ-doped La2CuO4 structure, in which the doped regions 

(collimated with arrows) have been deposited at gradually decreasing (~35 ºC) temperatures. b) Sr-

L2,3 EELS profile linescan acquired along the growth direction. The smoothed data (red) is given with 

the raw data (black) and the error bars are smaller than the symbols. c) The Sr average redistribution 

length as resulting from EELS analyses for the downward and upward sides of the interface are 

reported in (b). Reproduced from Bauitti et al. [84]. In order to allow for a better comparison, the data 

have been normalized with respect to the reference values (interfaces grown at 600 ºC).  

Figure 4.2.6. a) HAADF image of a Sr δ-doped La2CuO4 multilayer grown on LSAT substrate 

presenting the overview of the sample. White arrows indicate the δ-doped regions and orange arrows 

indicate the structural defect. b) High magnification of the area highlighted by the blue rectangle in a. 

c) Sr-L3,2 (red) and La-M5,4 (green) EELS profile linescans acquired along the growth direction. Black 

arrows indicate the Sr distribution tendencies on both sides of nominal δ-doping and dashed lines 

indicate zero intensity. 

Figure 4.2.7. (a) Fitting of the Sr concentration profile across the nominally doped interface (marked 

by the black dotted line). The blue circles represent the Sr experimental profile as retrieved from the 

STEM-EELS analysis reported in ref 16. At the downward interface side, the experimental data are 

fitted using a Gaussian function, which simulates the evolution of a delta-dopant profile upon thermal 

diffusion. At the upward interface side, the fitting curve (green line) stems from the Muraki equation, 

xn = x0(1 − P) P
n−1

, with fitting parameters x0 = 0.78 and P = 0.58. In particular, the stars represent the 

resulting concentration of each (La,A)O−(La,A)O−CuO2 constituting block (labeled with n). In panels 

b−d, a sketch of the cationic intermixing process based on thermodynamical considerations is shown 

(“entropic model”). In panel b, the last undoped La2CuO4 constituting block (labeled with n = 1) is 

depicted on the surface of the film, together with the incoming two-dimensionally doped La2CuO4 

block (n = 2) (note that, for simplicity, the growth process is pictured as “block-by-block” deposition, 

rather than as the real atomic-layer by atomic-layer). Here the film (excluding the last La2CuO4 

constituting block) is labeled as “bulk La2CuO4”. Imposing the equilibrium conditions to be verified 

between the surface and the incoming block (n = 1 and n = 2) results in the A-cation being equally 

distributed between these two, as shown in panel c. Afterwards, when the next block (n = 3) is 

deposited, the situation evolves as follows: n = 1 now pertains to the bulk phase, i.e., is no more 

involved in the mixing process, whereas the blocks n = 2 and n = 3 share the same A-cation amount in 

order to establish conditions of thermodynamic equilibrium. The resulting dopant distribution after 

this iteration is sketched in panel d (for each step, the “active” blocks are highlighted in red). Such a 

process can be formally described by the Muraki equation having P = 0.5 (dotted green line in panel a, 

resulting x0 = 0.69). Reproduced from Bauitti et al. [84]. 
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Figure 5.1.1: Electrical properties of LCO / LSNO structures. a) Resistance curves as a function 

of temperature, for a set of superlattices (N = 2.5) having different doping levels x of LSNO. In order 

to allow for a direct comparison between the curves, the resistance values have been normalized to R 

(T = 273 K).  b) Dependence of Tc on the doping level x for LCO / LSNO superlattices for a set of 

representative samples (the corresponding R vs T curves are reported in (a)). c)  R vs T for LCO 

(bottom layer) / LSNO (top layer) bilayers and d) R vs T for LSNO (bottom layer) / LCO (top layer) 

bilayers for representative doping levels x (refer to Figure 5.1.1a for the color legend). Reproduced 

from Bauitti et al. [205]. 

Figure 5.1.2. Dependence of Tc with the LCO thickness for LCO / LSNO superlattices. a) R vs T 

curves for 1 x La1.56Sr0.44CuO4 + S x (2.5 x La0.7Sr1.3NiO4 + N x La2CuO4) superlattices, for different 

LCO thicknesses N. b) Tc values as a function of the thickness of the LCO phase N for the 

La0.7Sr1.3NiO4/La2CuO4 superlattices, whose R vs T curves are reported in (a). Reproduced from 

Bauitti et al. [205].  

Figure 5.1.3. Low-magnification STEM-HAADF images of (a) x = 0.8 and (b) x = 0.4 

LCO/LSNO/LCO trilayers. The images demonstrate the epitaxial quality and the defect-free 

structures for both samples. Depending on the different doping (i.e. Sr doping) of the samples the 

image contrasts are different.  

Figure 5.1.4. STEM imaging and EDX spectroscopy for LCO / LSNO / LCO trilayers. In panels 

a) and c), HAADF images of structures in which the doping level of LSNO are x = 0.8 and x = 0.4, 

respectively, are displayed. EDX linescans for Ni and Sr are shown in panels b (for x = 0.8) and d (x = 

0.4). Reproduced from Bauitti et al. [205]. 

Figure 5.1.5. HR-STEM investigations at the La2CuO4 / La0.7Sr1.3NiO4 / La2CuO4 interfaces. a) 

HAADF image of a the superlattice structure (N = 9). b) Spatial elemental distribution, extracted from 

the EELS spectrum image across a La0.7Sr1.3NiO4 region and neighboring LCO areas (the analyzed 

region is highlighted by the orange rectangle in panel (a) ). The color code is as follows: La-green, 

Cu-red, Ni-orange, Sr-blue. c) EDX signal for Sr (blue) and Ni (orange) (top panel), together with the 

simultaneously acquired O-K edge prepeak profile as obtained by an EELS linescan (red line, bottom 

panel). The blue and red arrows indicate the upper limits for the Sr and holes distributions, 

respectively. Reproduced from Bauitti et al. [205]. 

Figure 5.1.6. (a) HAADF image showing the line along which the EELS and EDXS line scan was 

acquired. (b) Raw EDXS spectrum image. (c) EELS spectrum image of the O-K edge after 

background subtraction. (d) Oxygen-K edge from different positions as indicated in Figure (a). The 

intensity of the pre-edge peak has been quantified by multi-Gaussian peak fitting using a non-linear 

least square (NLLS) routine for all spectra in the line scan profile across several interfaces. 

Reproduced from Bauitti et al. [205]. 

Figure 5.1.7. Sketch of the thermodynamic situation at the boundary layers of LCO and LSNO 

(if both are equilibrated with the same oxygen partial pressure and a net transfer of holes and 

vacancies occurs from LSNO to LCO). a) The condition of thermodynamic equilibrium for the 

defect species (the abbreviations v, i, p, n are used for the building units oxygen vacancies, oxygen 

interstitials, electrons and holes respectively) and with the external oxygen partial pressure defines a 

horizontal profile for the electrochemical potential of V (�̃�V = 𝜇V + 2𝐹𝜑) and p (𝜇 ̃_𝑝 = 𝜇_𝑝 + 𝐹𝜑), 

as well as for the chemical potential of oxygen 𝜇O = −𝜇V + 2𝜇𝑝. Therefore, as a consequence of the 

difference in the bulk chemical potentials for the defect species, the bending of 𝜇V and 𝜇𝑝  at the 

interface is expected. b) Resulting charge concentration profiles at the interface. Reproduced from 

Bauitti et al. [205]. 

Figure 5.2.1. a) Electrical conductivity and b) Seebeck coefficient of superlattices with different 

individual layer thicknesses, as a function of temperature. Reproduced from Kaya et al. [238] 
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Figure 5.2.2. a), b) and c) low, intermediate and high-magnification HAADF images of the thick-

layered sample grown on LSAO substrate, respectively. d) XRD pattern of the sample and e) EDXS 

line scan profiles of Ni (red) and Cu (blue) along the green arrow in (b) and (c). Reproduced from 

Kaya et al. [238]. 

Figure 5.2.3. a), b) and c) low-, intermediate- and high-magnification HAADF images of the thin-

layered sample grown on LSAO substrate (inset images indicate the corresponding red and green 

rectangular regions, blue dashed line indicates the 113-structure). d) XRD pattern of the sample and e) 

EDXS line scan profiles of Ni (red) and Cu (blue) along the green arrow in (b) and (c). Reproduced 

from Kaya et al. [238]  

Figure 5.2.4. Seebeck coefficient (blue) and electrical conductivity (black) of superlattices with thick 

constituent layer as a function of temperature obtained experimentally and calculated by applying the 

parallel slab model. Reproduced from Kaya et al. [238] 

Figure 6.1.1. Basic sketches of the (a) thick-LCO (N = 9) and (b) thin-LCO samples (N = 3). Both of 

the samples are composed of 21 repetitions.  

Figure 6.1.2. (a) Low magnification STEM-HAADF images of the thick-LCO SL demonstrate the 

high-quality epitaxy. (b) STEM-HAADF image intensity profile along the orange arrow in Fig. 1a, 

averaged along the perpendicular direction. The image intensity indicates the periodicity of the 

contrast related to the Sr distribution at the interfaces. (c) High-magnification image of the area 

highlighted by the red rectangle in (a) confirming the structurally coherent 214-113 and 113-214 

interfaces.  

Figure 6.1.3. (a) Low magnification STEM-HAADF images of the thin-LCO SL demonstrate the 

high-quality epitaxy. (b) STEM-HAADF image intensity profile along the orange arrow in Fig. 1a, 

averaged along the perpendicular direction. The image intensity indicates the periodicity of the 

contrast related to the Sr distribution at the interfaces. (c) High-magnification image of the area 

highlighted by the red rectangle in (a) confirming the structurally coherent 214-113 and 113-214 

interfaces. 

Figure 6.1.4. The atomically resolved elemental maps obtained via EELS spectroscopy, are displayed 

in panels a), b), c) and d) for Sr (blue), La (green), Mn (red), and Cu (cyan) respectively. e) displays 

the overlay of the three elements. f) shows the Sr distribution profiles across both interfaces. The 

linear distortion in the experimental spectrum image is corrected via STEM SI Warp software [129] 

for the Sr profile plot in (f). Please note that, for clarity, the nominal SrMnO3 and Sr δ-doped 

La2CuO4 layers are shaded light-blue. 

Figure 6.1.5. a) STEM-ABF image displaying all atomic column positions including O-column 

positions. b) O–O interatomic distances along basal (in-plane) and apical (out-of-plane) directions 

exhibit the variations across the interfaces. c) The STEM-HAADF image displays the coherent 

interfaces and the weaker contrast in the Sr-rich region (1-2 MLs). d) La–La interatomic distances 

along basal (in-plane) and apical (out-of-plane) directions exhibit the variations across the interfaces. 

The blue and orange arrows on the images indicate the nominal 214-113 and 113-214 interfaces. The 

apical and basal distances are indicated with straight and dashed lines, respectively. The error bars 

give the 95% confidence interval (corresponding to 2 times the standard error) of the average of 14 

unit cells of the perovskite lattice along the basal (in-plane) direction.  
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Figure 7.1.1. (a) Depiction of the NdNiO3 unit cell (black lines) in orthorhombic space group Pbnm. 

The planes corresponding to the [011] –and [101]– cut (α- and β-cut) are indicated in blue and red, 

respectively. For clarity only one NiO6 octahedron (gray) is superimposed to the unit cell. (b) 

Schematic of the interconnectivity of the octahedral network across the epitaxial NdNiO3–NdGaO3 

interface. One NiO6 octahedron (gray) is shown in proximity to the α-cut NdGaO3 substrate surface 

(blue). Each interfacial NdNiO3 octahedron connects to three NdGaO3 octahedra (black arrows). (c)-

(f) Illustration of the in-plane epitaxial strain induced to the NdNiO3 unit cell (gray rectangular) by an 

underlying NdGaO3 substrate (orange rectangular) for different combinations of α -and β-cuts. The 

indicated in-plane directions of the projected unit cells lie within the α- and β-planes. Unit cell 

dimensions are exaggerated for clarity. The numbers are the strain magnitudes along these directions 

calculated as explained in the text. Note that the effective strains for the growth modes α on α (c) and 

β on α (f) are closely similar. 

Figure 7.1.2. a) STEM-HAADF image of the NdNiO3 thin film with a thickness of 11.4 nm on a 

[011] oriented NdGaO3 substrate. The image illustrates the high epitaxial quality and the defect-free 

structure of the film. The inset is a high-resolution STEM-HAADF image of the film-substrate 

interface region. b) EDS line scan profiles along the [011] growth direction indicated by the yellow 

arrow presenting the chemical composition of the NdGaO3-NdNiO3 interface. The orange, black, and 

gray lines correspond to the EDS intensity of the Ga K, Nd L, Ni K, and lines, respectively. 

Intermixing of Ni and Ga atomic species in the interface region of ~1.5 nm is marked by the shaded 

area. The interface is defined at 0 nm and the dashed line corresponds to zero intensity of the EDS. c) 

STEM-LAADF image with NdNiO3 epitaxial layer indicated by the orange arrow. No structural 

defects and/or structural grains can be detected, substantiating high crystalline quality. The layer on 

top of NdNiO3 is the glue from the specimen preparation. The blue box represents the dimensions of 

the STEM-HAADF image in (a).  

Figure 7.1.3. a) STEM-HAADF image taken along the epitaxial layer including the 

substrate/epitaxial layer interface. Blue and green arrows indicate measured out-of-plane and in-plane 

Nd–Nd interatomic distances, respectively, shown in (b) and (c). d) STEM-ABF image, 

simultaneously acquired with the STEM-HAADF image in (a), providing the oxygen column 

positions, and (e) Ni‒O‒Ni bond angle measurements performed on the ABF image shown in (d). The 

orange lines and the dashed lines mark the nominal interface in the images and the plots, respectively. 

The error bars of the bond angle determination (95% confidence interval, corresponding to 2 times the 

standard error) is less than 1º. The blue and red colored areas are guides for the eye indicating the α- 

and β-phases, respectively. 

Figure 7.1.4. DFT+U ground state for different epitaxial configurations depicted in Figure 7.1.1(e-f). 

a) In-plane lattice constants of NdNiO3 are fixed at the values corresponding to the α-cut NdGaO3, 

while the NdNiO3 out-of-plane lattice constant is allowed to relax, simulating the effects of epitaxy on 

an α-NdGaO3 substrate surface. The NdNiO3 in-plane directions are [100] and [01-1], and the out-

plane is [011] for the α-phase calculation (blue curve). For the β-phase calculation, in-plane directions 

are [010] and [-101] and the out-plane direction is [101] (red curve). The global minimum is obtained 

for the β-phase calculation indicating the energetically most favorable state that corresponds to β-

phase NdNiO3 unit cells in epitaxy to the α-phase NdGaO3 substrate. This explains the experimentally 

observed reorientation of NdNiO3 grown on α-cut NdGaO3. Furthermore, the magnitude of the 

octahedral breathing distortion in the NdNiO3 β-phase ground state is strongly enhanced which 

promotes its emergence. b) Analogous calculation to (a), but with NdNiO3 in-plane lattice fixed at 

values corresponding to β-cut NdGaO3. The global minimum is obtained within the beta-phase 

calculation suggesting that no reorientation takes place in case NdNiO3 is grown on β-cut NdGaO3. 
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Symbols and abbreviations 
 

List of most used abbreviations 

ABF   Annular bright field 

AFM   Atomic force microscopy 

ALL  Atomic-layer-by-layer  

EDXS  Energy dispersive X-ray spectroscopy 

EELS  Electron energy loss spectroscopy 

HAADF High-angle annular dark field 

HT-IS  High-temperature interface superconductivity 

HTSC  High-temperature superconductivity 

LBCO  La2-xBaxCuO4 

LCO  La2CuO4 

LCCO  La2-xCaxCuO4 

LSCO  La2-xSrxCuO4 

LNO  La2NiO4; LaNiO3 

LSAO  LaSrAlO4 

MBE  Molecular beam epitaxy 

MSA  Multivariate statistical analysis 

NNO  NdNiO3 

NGO  NdGaO3 

PCA  Principal component analyses 

STEM  Scanning transmission electron microscopy 

STO  SrTiO3 

TEM  Transmission electron microscopy 

TMO  Transition metal oxide 

RHEED Reflection high-energy electron diffraction 

XRD  X-ray diffraction  
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List of most used symbols 

ℎ• Electron hole according to the Kröger-Vink notation 

δ Oxygen nonstoichiometry 

ρ Electrical resistivity 

n Electron concentration 

P Pressure 

p Electron hole concentration 

T Temperature 

Tc Superconducting critical temperature 

 𝑉𝑂
•• Oxygen vacancy according to the Kröger-Vink notation 

𝑂𝑖
′′ Oxygen interstitial according to the Kröger-Vink notation 
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