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Résumé:
Développer les propriétés physiques uniques des
couches minces d’oxyde de métal de transi-
tion (TMO) est un objectif de longue date en
physique du solide. Dans le cas où un couche
mince de TMO est en contact avec un matériau
ferroélectrique (FE), la ferroélectricité impacte
profondément les propriétés structurelles et élec-
troniques du TMO, variant éventuellement avec
la configuration de la polarisation FE. Cepen-
dant, la complexité des effets d’interface né-
cessite encore une compréhension globale no-
tamment en raison de la richesse des degrés de
liberté impliqués.
Cette thèse explore principalement les effets
d’interface entre le matériau FE et les couches
minces de TMO à l’échelle nanométrique. La
microscopie électronique à transmission à bal-
ayage (STEM) en conjonction avec la spectro-
scopie de perte d’énergie électronique (EELS)
fournit une étude microscopique des couches
minces, de leur hétérostructures et nanostruc-
tures avec une résolution spatiale et spectrale
élevée. Dans un premier temps, les signa-
tures spectroscopiques EELS des excitations
plasmoniques du massif et des surfaces sur
des couches minces et des nano-structures de
SrVO3 sont abordées. L’objectif est de met-
tre en relation ces excitations avec la struc-
ture électronique et la nanostructuration sur
un métal corrélé référentiel afin d’établir la sen-
sibilité à une description nanométrique d’une
transition métal-isolant de ces signatures. La
présence de fortes résonances plasmoniques de
surface localisées avec un facteur de qualité

élevé est également démontrée sur diverses
nanostructures à la fois par des simulations
et des expériences, indiquant que SrVO3 a le
potentiel en tant que matériau plasmonique al-
ternatif. Deuxièmement, l’évolution des config-
urations des domaines FE pour les films minces
à hétérostructure FE PbTiO3 pris en sandwich
par les électrodes à base de TMO (SrRuO3)
est observée en fonction de l’épaisseur du film.
En augmentant l’épaisseur, les domaines FE
évoluent d’un type de complexe de fermeture
de flux vers des domaines de type a/c. En
outre, l’analyse microscopique révèle que la
configuration du domaine FE imprime sur la
structure des électrodes SrRuO3, par exemple
en contrôlant leur mosaïcité cristallographique.
Enfin, des hétérostructures FE Pb(Zr,Ti)O3
avec différentes couches de TMO (LaMnO3
et NdNiO3) et avec des épaisseurs de film FE
variables sont etudiés. Nous rapportons que
la configuration FE peut être contrôlée par le
choix de la couche tampon TMO en raison
de different mecanismes de relaxation des con-
traintes dans ces hétérostructures. Une évolu-
tion similaire des contrainte peut être obtenue
en modulant l’épaisseur du film FE, contrôlant
ainsi les propriétés structurelles et électroniques
du NdNiO3 voisin.
Ces descriptions nanométriques STEM-EELS
rapportent plusieurs couplages et contrôles
structurels différents aux interfaces entre le
matériau FE et la couche mince de TMO per-
mettant un développement ultérieur dans le
TMO nanostructuré accompagné de matériau
FE.
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Abstract:
Developing the unique physical properties of
transition metal oxide (TMO) thin films has
been a long-standing goal in solid-state physics.
In case a TMO thin film is in contact with a
ferroelectric (FE) material, the ferroelectricity
profoundly impacts the structural and electronic
properties of the TMO, possibly varying with
the configuration of the FE polarization. How-
ever, the complexity of the interfacial effects
still needs a comprehensive understanding due
to the rich degrees of freedom involved.
This thesis mainly explores the interfacial ef-
fects between FE material and TMO thin film
at the nanoscale. Scanning transmission elec-
tron microscopy (STEM) in conjunction with
electron energy-loss spectroscopy (EELS) pro-
vides microscopic investigations of thin film
heterostructures and nanostructures with high
spatial and spectral resolution. At first, the
EELS spectroscopic signatures of bulk and sur-
face plasmonic excitations on SrVO3 thin films
and nanostructures are addressed. The goal
is to relate these excitations to the electronic
structure and the nanostructure on a referen-
tial correlated metal, in order to establish how
sensitive these signatures are to a nanometric
description of a metal-insulator transition. The
presence of intense localized surface plasmon
resonances with a high-quality factor is also
demonstrated on the various nanostructures

through both simulations and experiments, in-
dicating SrVO3 has the potential as an alterna-
tive plasmonic material. Secondly, the evolution
of FE domain configurations for FE PbTiO3
thin film heterostructures sandwiched by TMO-
based electrodes (SrRuO3) is observed as a
function of FE film thickness. By increasing
the FE film thickness, the FE domain configu-
ration evolves from a complex flux-closure type
to a a/c type domain. Further, microscopic
analyses reveal that the FE domain configu-
ration imprints on the crystal orientations of
the SrRuO3 electrodes, controlling their crys-
tallographic mosaicity. Lastly, FE Pb(Zr,Ti)O3
thin film heterostructures with different TMO
buffer layers (LaMnO3 and NdNiO3) and with
varying FE film thicknesses are investigated.
We report that the FE domain configuration
can be controlled by the choice of buffer layer
due to different strain relaxation mechanisms
within the whole heterostructure. Moreover,
modulating the FE film thickness can affect the
structural and electronic characteristics of the
neighboring NdNiO3 layer.
These STEM-EELS nanometric descriptions re-
port varying couplings and structural control at
the interfaces between FE material and TMO
thin film, allowing further research into fer-
roelectric proximity effects in nanostructured
TMO.
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Résumé

L’oxyde de métal de transition (TMO) et ses hétérostructures font partie des sujets fasci-
nants de la physique de l’état solide. Les métaux de transition, comme le vanadium (3d1)
et le nickel (3d7), ont des orbitales d partiellement remplies, et présentent de fortes interac-
tions électron-électron. Dans le cas de la pérovskite TMO (c’est-à-dire la structure ABO3),
qui est constituée de 6 atomes d’oxygène liés à unmétal de transition central, l’hybridation
entre le métal de transition-3d et l’oxygène-2p donne lieu à une levée de dégénérescence
de l’énergie des orbitales d et participe au couplage entre degrés de liberté de charge, de
réseau, d’orbite et de spin de la TMO. De nombreuses propriétés uniques résultent de ces
degrés de liberté et de leurs couplages, comme la transition métal-isolant (MIT), la supra-
conductivité à haute température et une magnétorésistance colossale, qui font défaut aux
semi-conducteurs classiques ou à d’autres composés métalliques.

Il est possible de renforcer artificiellement le couplage entre les degrés de liberté de la
charge et du réseau, par exemple à l’interface entre un matériau ferroélectrique et un film
mince de TMO. Il est alors possible demoduler les propriétés structurelles et électroniques
de TMO par différentes polarisations ferroélectriques et configurations de domaines du
matériau ferroélectrique adjacent.

Ces recherches ont été menées en collaboration avec plusieurs groupes de recherche de
l’Université deGenève et de l’Université de Strasbourg, fournissant des techniques d’analyse
planaire oumassique, telles que lamicroscopie à force atomique (AFM), la diffraction des
rayons X (XRD), la microscopie à force piézoélectrique (PFM), et des mesures de trans-
port. Cependant, il est nécessaire d’étudier les propriétés physiques près de l’interface à
l’échelle nanométrique, en particulier à l’échelle atomique, ce qui peut être réalisé par la
microscopie électronique à transmission à balayage (STEM) en conjonction avec la spec-
troscopie de perte d’énergie des électrons (EELS).
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Tout au long de la thèse, nous présentons trois exemples de TMO. La première partie
de cette thèse analyse les propriétés plasmoniques du SrVO3 (SVO). Le SVO est consid-
éré comme un prototype pour l’étude des interactions fortes électroniques, et sa signature
spectroscopique dans les gammes de l’infrarouge et du visible n’a pas encore été rapportée
à l’échelle nanométrique. De plus, cette étude peut être utilisée pour démontrer l’efficacité
de notre EELS monochromatique dans la mesure des excitations à basse énergie de TMO.
La présence de résonances de plasmons de surface localisés (LSP) avec des facteurs de
haute qualité est démontrée sur les différentes nanostructures à la fois par des simula-
tions et des expériences. L’objectif de cet exemple est de relier les structures électroniques
de TMO et les effets de surface et d’interface. Ensuite, pour en revenir aux matériaux
ferroélectriques, nous étudions une série d’hétérostructures ferroélectriques en couches
minces de PbTiO3 (PTO) prises en sandwich par des électrodes de SrRuO3 (SRO) à base
de TMO, dans lesquelles les couches de PTO sont d’épaisseurs variables. Les configura-
tions de domaines ferroélectriques sont examinées en contrôlant l’épaisseur de la couche
de PTO. De plus, nos résultats indiquent également que le ferroélectrique peut affecter
les électrodes de SRO voisines, ainsi qu’induire des domaines cristallins de SRO. Enfin,
dans la continuité d’une hétérostructure similaire, des hétérostructures ferroélectriques
en filmmince de Pb(Zr,Ti)O3 (PZT) avec deux types de couches tampons TMO (LaMnO3
(LMO) et NdNiO3 (NNO)) et avec des épaisseurs variables de PZT sont étudiées. En rai-
son des différentes couches tampons, la direction de polarisation ferroélectrique du PZT
peut être inversée, et la polarisation ferroélectrique est capable de moduler les propriétés
structurelles et électroniques des couches NNO.
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Propriétés plasmoniques duSrVO3, dumassif
aux nanostructures
Compte tenu de ses riches propriétés physiques, le SrVO3 sert de prototype pour l’étude
du couplage des corrélations électroniques et des effets interfaciaux dans le TMO. Tout
d’abord, les calculs ab-initio basé sur théorie de la fonction de densité dépendant du temps
(TDDFT)dans l’approximationde la densité locale adiabatique (ALDA)ont révélé une ex-
citation électroniquedu SVOà 1,35 eVdans la région infrarouge, correspondant à l’excitation
plasmonique globale du SVO, et ont fourni l’énergie plasmonique et la dispersion de
l’énergie dans des conditions dipolaires et non dipolaires, qui étaient en bon accord avec
les mesures expérimentales EELS à résolution de momentum. En outre, dans des con-
ditions non dipolaires (transfert de moment q > 0), le plasmon de surface disparaît, et
le spectre retrouve les caractéristiques proches du plasmon du massif. La dispersion
d’énergie sur 0,5 Å-1 est d’environ 170 meV, ce qui est beaucoup plus petit que dans la
plupart des matériaux plasmoniques.

De plus, nous avons observé des propriétés plasmoniques dans des nanostructures SVO,
telles que des « slab » quasi-infinies, des demi-batons et des fentes, qui sont fabriquées
par faisceau d’ions focalisé (FIB). Ces nanostructures présentent des modes LSP de type
Fabry-Perot qui sont comparables aux simulations dans le domaine temporel à différences
finies (FDTD) effectuées par le logiciel Lumerical. Les nanostructures SVO présentent
plusieurs modes LSP, dont le pic d’énergie plasmonique et la distribution spatiale sont
fortement influencés par les caractéristiques géométriques des nanostructures, telles que
la forme et le rapport d’aspect. Plusieurs modes LSP présentent une largeur totale à mi-
hauteur (FWHM) inférieure à 100 meV, et le SVO a des facteurs de qualité d’environ 2
à 5 dans une plage de 0,2 à 0,9 eV. La comparaison du facteur de qualité du plasmon de
surface du SVO avec d’autres matériaux plasmoniques connus suggère que le SVO peut
être appliqué au domaine plasmonique.

Enfin, le nanorod de SVO a démontré un plasmon de type massif dans des conditions
non dipolaires, confirmant que la mesure EELS non dipolaire peut sonder l’excitation
électronique de type massif, même dans la nanostructure. La différence de structures
électroniques entre les zones du cœur et de l’enveloppe du nano-battons est probablement
liée à une transition métal-isolant. Comme la nanostructure propose l’apparition du MIT
associé aux effets interfaciaux, les deux chapitres suivants sont consacrés à la description
du couplage entre les hétérostructures de couches minces ferroélectriques et le TMO.
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Ingénierie des domaines d’hétérostructures
ferroélectriques en couchesminces de PbTiO3

Le matériau ferroélectrique implique le couplage des degrés de liberté de la charge et du
réseau, présentant une polarisation électrique spontanée et commutable, souvent accom-
pagnée de plusieurs domaines ferroélectriques avec des directions de polarisation uni-
formes. Les configurations dedomaines ferroélectriques, en particulier dans les hétérostruc-
tures de films minces, sont fortement influencées par les conditions limites mécaniques et
électrostatiques, ce qui entraîne le développement de diverses configurations de domaines
aux propriétés distinctes. Ce chapitre examine une série d’hétérostructures de filmmince
de PbTiO3 prises en sandwich par des électrodes de SrRuO3 de 55 cellules unitaires (uc),
en croissance sur un substrat de DyScO3 (DSO) orienté (110)o, et dont l’épaisseur du
film mince de PTO varie de 23 à 133 uc. Cette série d’échantillons a été étudiée par une
combinaison d’images AFM, XRD, microscopie à balayage de nanodiffraction de rayons
X (SXDM) et STEM, révélant leurs périodicités et les configurations des domaines fer-
roélectriques. Cette étude a été réalisée en collaboration avec le groupe de l’Université
de Genève, qui a fourni cette série d’échantillons de PTO et les mesures d’AFM, XRD, et
SXDM.

En augmentant l’épaisseur du film mince de PTO, la configuration du domaine évolue
d’un état complexe de type fermeture de flux vers le domaine ferroélectrique a/c typ-
ique. Néanmoins, tous les échantillons ont des configurations de domaine périodiques
et peuvent être divisés en deux régions présentant des comportements structurels dis-
tincts selon l’épaisseur. L’influence de l’épaisseur du film sur les configurations de do-
maines ferroélectriques est révélée. En outre, il existe une corrélation entre les déforma-
tions anisotropes et les distorsions structurelles des domaines ferroélectriques dans les
couches de PTO, ce qui entraîne une réorientation de la structure cristalline de la couche
supérieure de SRO. Ces travaux suggèrent que les effets ferroélectriques peuvent influ-
encer les propriétés des couches adjacentes.
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Contrôle des propriétés des hétérostructures
en couchesminces deNdNiO3 par la ferroélectricité
Le couplage entre les degrés de liberté du réseau et de la charge, qui sont associés à la
ferroélectricité, est abordé dans le chapitre précédent. Après avoir exploré les matériaux
ferroélectriques, ce chapitre se penche sur la façon dont les matériaux ferroélectriques in-
fluencent les propriétés électroniques et structurelles des TMOs. Ce chapitre se concentre
sur l’étude dunickelate deNdNiO3 associé à unfilmmince ferroélectrique de Pb(Zr,Ti)O3.
La première section présente les hétérostructures de couches minces ferroélectriques PZT
en utilisant différentes couches tampons à base de TMOs et une couche de surface NNO,
sur un substrat SrTiO3. L’utilisation de couches tampons à base de NNO et de LaMnO3
permet d’obtenir des couches PZT avec des directions de polarisation ferroélectrique op-
posées. L’orientation cristalline de la couche tampon et la distribution de la déformation
dans l’hétérostructure sont des paramètres clés pour inverser la direction de polarisation
ferroélectrique. En outre, les couches de surface NNO présentent une distribution inho-
mogène de la composition chimique, ce qui indique que le contrôle des propriétés de la
couche NNO de recouvrement à l’aide de la méthode de la couche tampon reste à réaliser.

La deuxième section se concentre sur les hétérostructures PZT avec une couche tampon
NNO et des épaisseurs de PZT variables. Les différentes épaisseurs conduisent à dif-
férentes configurations de polarisation ferroélectrique et démontrent des caractéristiques
structurelles et électroniques distinctes de l’ensemble des hétérostructures à couchemince.
Avec la réduction de l’épaisseur du PZT, de multiples orientations cristallines sont ob-
servées dans la couche tampon NNO, et le mécanisme de relaxation des contraintes dans
la couche PZT devient plus complexe. L’épaisseur de la couche ferroélectrique et de la
couche tampon variable peut être utilisée pour accorder les propriétés de la couche fer-
roélectrique puis de la couche de nickelate voisine, en modulant leur structure et, par
conséquent, leurs propriétés électroniques.
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Pour conclure, cette thèse porte sur l’étude des couplages interfaciaux entre les matéri-
aux ferroélectriques et le film mince de TMO par l’utilisation des techniques STEM-EELS.
Cette recherche vise à démontrer les propriétés MIT contrôlables du film mince de TMO
en appliquant un champ ferroélectrique. Nous fournissons plusieurs exemples de la façon
dont les matériaux ferroélectriques et le TMO interagissent à l’interface, entraînant des
changements remarquables dans les propriétés structurelles et électroniques des films
minces de TMO. Cette thèse détaille le rôle fondamental des interfaces entre matériau
ferroélectrique et TMO et fournit une base pour les recherches futures, notamment en
lien avec les applications.
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Introduction
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1.1 Transition metal oxide (TMO) and its degrees of freedom

Transition metal oxide (TMO) and its heterostructures are probably one of the most inter-
esting topics in solid-state physics [1, 2, 3, 4]. Since the TMO has partially filled d orbitals
(e.g., 3d1 of vanadium and 3d7 of nickel) and narrow 3d bands, it is necessary to take
into account the strong electron-electron interactions. Consequently, these strong elec-
tronic correlations give rise to charge, lattice, orbital, and spin degrees of freedom [4, 5].
These degrees of freedom and their couplings lead to unique physical properties, such as
metal-insulator transition (MIT) [6], high-temperature superconductivity [7], and colos-
sal magnetoresistance [8], which are less presented or do not coexist in conventional semi-
conductors or other metal compounds.

The couplings between these degrees of freedom can be artificially enhanced, for instance,
in nanostructures or at interfaces between two different materials. It is the case when a
ferroelectric (FE) material is in contact with a TMO. At this interface, there are significant
interactions between the charge and lattice orderings due to the FE effects, and emergent
physical properties are expected [9, 10, 11, 12]. At first approximation, the FE ordering
(primary lattice-governed instability) couples with the TMO’s transport properties (pri-
mary charge-governed properties). Indeed, FE polarization can inject charges into the
TMO to screen the FE potential, thereby modulating its resistivity [13]. In principle, large
resistive switching, up to the control of theMIT, might be obtained by polling up or down
FE polarization. The interaction between charge and lattice orderings makes the situa-
tion more complex than simple charge modulation due to FE gating. For instance, the
properties of TMO might also be affected by its lattice modulation imprinted from the
FE distortions of the neighboring FE material [9]. Oxygen networks in perovskites are
strongly correlated with orbital ordering, and this ordering is likely to be influenced by
the neighboring FEmaterial, when the FE polarization direction of the nearby FEmaterial
is reversed, and could impact the transport properties as well [10, 11].
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From the present example, a clear goal can be identified: controlling the structural and
electronic properties of TMOby a FE thin film. However, the complexity of interfacial phe-
nomena often prevents their realization, or a clear understanding of the primary parame-
ters is still lacking. In this thesis entitled "STEM-EELS investigation of ferroelectric proximity
effects in transition metal oxide thin films (SrRuO3, NdNiO3)", I will try to bring elements to
address the complexity of such interfacial couplings among TMO thin films by scanning
transmission electron microscopy and electron energy-loss spectroscopy (STEM-EELS).
In order to achieve such a goal, I notably use the new capability given bymonochromated
and/or Cs-corrected microscopes.

1.2 The contribution of quantitative microscopic descriptions in
TMO

While all the orders interact and might play a role in each other, the lattice and charge
instabilities seem crucial, and the STEM-EELS technique enables us to obtain their micro-
scopic descriptions. STEM imaging is able to investigate FE properties at atomic resolu-
tion, notably in thin film heterostructures and their interfaces. Further, local charges can
be revealed by EELS spectra, such as by measuring the valence states of transition metals.
In chapter 2, I briefly describe our STEM-EELS equipment and its abilities in these aspects.
Further, elements to address the complexity of interfacial couplings among TMOs will be
addressed through the following three chapters:

As a prelude to discussing ferroelectricity, in chapter 3, I first discuss the infrared proper-
ties of SrVO3 (SVO) by STEM-EELS. SVO is a prototype of correlatedmetal [14], which can
be used to investigate strongly electronic interactions. In addition, its spectroscopic signa-
ture has not yet been reported at the nanoscale. The goal is to link the electronic structure
of TMO and interfacial effects. Several questions are addressed by combining monochro-
mated EELS measurements with numerical simulations. Additionally, monochromated
EELS is capable of measuring low-energy plasmonic excitations with high-energy reso-
lution. We examine the presence of strong plasmon excitations (a possible indication
of metallicity) in conjunction with the calculated EELS loss function derived from time-
dependent density-functional theory (TDDFT) done by our collaborators. As expected,
the plasmon excitation of correlated metal has a small energy dispersion among plas-
monic materials. Following the observation of the bulk plasmon, we then investigate the
localized surface plasmon (LSP) resonances on SVO nanostructures and compare them
with numerical simulations by the finite-difference time-domain (FDTD) method. Fur-
thermore, the quality factors of the LSP resonances on the SVO nanostructures are quanti-
fied, and the possibility of SVO as a potential alternative plasmonic material is discussed.
Finally, I present how EELS can efficiently measure the bulk-type plasmon on the SVO
nanostructure with nanometric resolution. It is reported thatMIT exists at the surface of a
SVOnanorod, which is indeed a prerequisite for quantitatively investigatingMIT in nanos-
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tructures as a result. Momentum-resolved EELS under dipole or non-dipole conditions,
accompanied by FDTD simulations, enable us to be deep into the electronic properties of
SVO. This work is done in collaboration with Dr. Matteo Gatti from the École Polytech-
nique, Dr. Kari Ruotsalainen, andDr. AlessandroNicolaou from the Synchrotron SOLEIL,
who performed the TDDFT calculation and offered valuable advice. These results have
been published in Advanced Optical Materials [15].

Turning to ferroelectricity, in chapter 4, I focus on a series of FE PbTiO3 (PTO) thin film
heterostructures. The complexity of the FE domains in thin film heterostructures has mo-
tivated a dozen works [16, 17, 18, 19, 20]. However, FE materials in contact with elec-
trodes have received fewer studies than those in contact with insulators (e.g., SrTiO3).
One reason might be the difficulty of performing piezoresponse force microscopy (PFM)
when a thick top electrode is deposited. Therefore, I report microscopic investigations of
the FE domain evolution with respect to a series of PTO thin films sandwiched by TMO-
based electrodes (SrRuO3, SRO), whose PTO layers have varying thicknesses. Further-
more, different FE domain configurations imprint on the structures of the SRO electrodes
and control their crystallographic mosaicity. This work was done in collaboration with
Dr. Céline Lichtensteiger from the Université de Genève in Switzerland, who synthesized
this series of samples. Different types of STEM images, strain analysis by geometric phase
analysis (GPA), atomic-resolved images, and fast Fourier transform (FFT) analysis en-
able us to comprehend the FE domain configurations and the impact on the neighbor-
ing SRO electrodes. STEM microscopic measurements are compared with the results ob-
tained through atomic force microscopy (AFM), X-ray diffraction (XRD), and scanning
X-ray nanodiffraction microscopy (SXDM) at the synchrotron by our collaborators from
the group of Prof. Jean-Marc Triscone, department of quantum matter physics (DQMP),
Université de Genève, especially Dr. Céline Lichtensteiger, Dr. Marios Hadjimichael, and
Ludovica Tovaglieri. Combining all these techniques provides systematic investigations
of these samples, allowing us to understand how the FE domain configuration evolves
across a series of layers and how they affect neighboring layers. A manuscript is being
prepared for the publication of these results.

As a continuation of the similar thin film heterostructures, in chapter 5, I present the
STEM-EELS investigation of a series of NdNiO3 (NNO) thin films, which are in contact
with FE Pb(Zr0.2,Ti0.8)O3 (PZT) layers. It is known that FE polarization switching enables
modulating the orbital occupancy, magnetic moment, and charge density of TMO, associ-
ated with interfacial polar distortion [10, 11]. However, a study has not yet been reported
to determine how the evolution of FE polarization switching as a function of film thickness
relates to structural and electronic properties, such as strain relaxation and MIT tempera-
ture modulation. With the aim of controlling the properties of NNO thin films by the FE
domain of the PZT layer, in the first part, I report that different buffer layers (LaMnO3 and
NdNiO3) have the ability to inverse the FE polarization direction of the PZT. Additionally,
their NNO capping layers exhibit structural and chemical compositional inhomogeneity.



4 Chapter 1. Introduction

In the second part, a series of NNO-buffered PZT thin film heterostructures with varying
PZT film thicknesses exhibit controllable structural and electronic properties of the NNO
buffer layers. These thin film heterostructures were synthesized by Dr. Daniele Preziosi
from Université de Strasbourg. This work was done in collaboration with Dr. Daniele
Preziosi, Guillaume Krieger, and Dr. Nathalie Viart, who provided a series of samples
and measurements of PFM, XRD, and X-ray absorption spectroscopy (XAS). Combining
all of these approaches provides systematic insight into the properties of NNO controlled
by FE effects.

Finally, in chapter 6, the results of our investigations are summarized.
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Chapter 2

Electronmicroscopy and spectroscopy
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2.1 Scanning transmission electron microscopy (STEM)

Scanning transmission electron microscopy (STEM) is considered to be one of the most
effective techniques for investigating the material’s structural and electronic properties
at the atomic scale. The electron beam is focused to a sub-nm probe and scanned over
a sample, resulting in scattered electrons due to electron-matter interactions. The image
detectors collect these scattered electrons at various scattering angles and form STEM im-
ages, which reveal the material’s structural information, such as crystal structure, strain
distribution, and domain configuration. Furthermore, electron energy-loss spectroscopy
(EELS) is used to collect inelastically scattered electrons, which are linked to the mate-
rial’s electronic properties. This thesis aims to investigate the coupling between the charge
and lattice degrees of freedom in the TMO. Therefore, a combination of STEM and EELS
enables us to obtain a nanoscale analysis of TMO, such as ferroelectric domain config-
urations, atomic displacements, strain distribution, plasmonic excitations, and chemical
composition. As a result of the STEM-EELS technique, we are able to combine the infor-
mation contained in real space with spectral information, notably with the nanometric
resolution.
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However, before discussing how the microscope operates, we would like to point out the
spatial resolution limitation of STEM [21].

d = 0.61λ/sinα (2.1.1)

where d is the minimum attainable size of the probe restricted by the diffraction limit, λ
is the electron wavelength, and α is the convergence semi-angle. In practice, in a spher-
ical aberration-corrected STEM with fifth-order aberration correctors, the minimum at-
tainable size of the probe is typically determined by chromatic aberration, and the con-
vergence semi-angle can be rewritten as αchrom = 1.2

√
λ/(Cc∆E/E0) [22], where Cc is

the chromatic aberration coefficients, ∆E is the energy spread, and E0 is the operating
voltage. The minimum attainable size of the probe dchrom is then given by:

dchrom ≈ 0.5

√
Cc ·

∆E

E0
· λ (2.1.2)

Observing equation 2.1.2, the resolution can be improved in some ways. The first possi-
ble parameter is λ; the electron wavelength decreases by increasing the operating voltage.
However, it could damage the sample with a knock-on effect. Because of that, we operate
the electron microscope at 100 keV (electron wavelength of 3.7 pm) rather than the typi-
cal 200 keV (electron wavelength of 2.5 pm), thus reducing damage andmaintaining high
performance. The second possible parameter is ∆E; a monochromator, an energy filter,
can reduce the energy spread. Our monochromator achieves a few meV-width zero-loss
peak in EELS (operated at lower voltage) [23]. The last possible parameters areCs andCc;
the aberration corrector can correct the geometric aberrations (i.e., spherical aberration,
coma, astigmatism) until the 5th-order component [24]. However, the chromatic aberra-
tion is relatively challenging to fix; nevertheless, theCc is not a huge value (∼ 1 mm), and
the small energy broadening ∆E of a cold-field emission gun, can reduce its influence.
With the advancements in aberration corrector and monochromator, spatial and spectral
resolutions have increased dramatically, making it possible to perform a wide range of
studies in TMOs.
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2.2 Operating principles of STEM

A cross-section of the Nion-UltraSTEM column is shown in figure 2.1. The elements of
STEM and their operating principles will be discussed in more detail in this section.

Figure 2.1: Schematic cross-section of Nion UltraSTEMTM with a monochromator. The electron
beam travels from bottom to top, marked in yellow. Reproduced from ref. [23].

In the beginning, a cold-field emission gun (CFEG, part i) generates a high-density elec-
tron beam extracted from a sharpened tip (cathode) by a strong electric field. CFEG
can achieve extremely high brightness (typically 109A·cm–2·sr–1), a source size of a few
nanometers, and a small energy spread (0.2-0.3 eV). It has the best behaviors than other
types of guns, such as the Schottky field emission gun (SFEG) and thermionic gun, which
are 3 to 4 orders of magnitude weaker in brightness, larger source size (∼ 25 nm for the
SFEG;∼ 5 µm for the thermionic gun), and higher energy spread (0.6-0.8 eV for the SFEG;
∼ 1 eV for the thermionic gun).
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Next, the electron beam will pass through the monochromator (part iv), which is an en-
ergy filter for reducing the energy spread. Before entering themonochromator, two round
lenses (ML, part ii) and a monochromator aperture (MOA, part iii) restrict the electron
beam to have a suitable angular range. The structure of our monochromator, which con-
sists of several multipole lenses and magnetic prisms, is shown in more detail in figure
2.2(a). The electron beam is bent by 75° through the main prism (prism I) and entered
into an alpha-type energy filter. Then, the electron beam is dispersed by energy through
one of the auxiliary prisms (prism II), which bends the electron beamby 105°. The energy-
selective slit allows only the electron beam with limited energy spread to pass through it.
The other auxiliary prism (prism III) concentrates the dispersed electron beam. Finally,
the main prism (prism I) bends the filtered electron beam back to the same axis as the in-
coming electron beam. Figure 2.2(b) shows the performance ofmonochromated zero-loss
peak (ZLP) with full width at a half maximum (FWHM) of 9 meV [25]. The monochro-
mator dramatically improves spectral resolution and opens the opportunity to explore the
EELS fine structure (Figure 2.2(c)), which is crucial for studying the EELS spectrum at
low energy range, such as the sub-eV plasmon excitations.

Figure 2.2: (a) Schematic cross-section of themonochromator, which is the part iv in figure 2.1. (b)
The comparison between monochromated (9 meV) and unmonochromated (250 meV) zero-loss
peak (ZLP) with 60 keV operating voltage and 1meV per channel of the energy dispersion. (c) By
using amonochromator, an optical phonon peak in h-BN at 173 meV can be revealed. Reproduced
from ref. [23, 25].
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Turning back to figure 2.1, the condenser lens (CL, part v) and a virtual objective aper-
ture (VOA, part vi) control the electron beam’s spot size and current density, influencing
the spatial resolution. Then the electron beam enters a C3/C5 aberration corrector (part
vii), which corrects the geometrical aberrations. The objective lenses (part viii), which
comprise two magnetic pole pieces, focus the electron beam at the sample plane (part ix)
with a typical convergence angle of 30 mrad. Then the magnetic coils are used to shift the
electron beam on the x-y plane for scanning the sample.

A projector lens (part x) is used to adjust the magnification of the image or the diffraction
and project it on the detectors to record the signals. There are three image detectors (part
xi): the high-angle annular dark-field (HAADF) detector, the mid-angle annular dark-
field or annular bright-field (MAADF/ABF) detector, and the bright-field (BF) detector
that collect the scattered electrons at different angular ranges and form STEM images
(discussed in section 2.3.1). The CCD detector (part xii) reveals the Ronchigram and
diffraction pattern, which can be used to align the electron beam trajectory and aberration
or to find the sample crystallographic orientation.

Finally, the scattered electron beam enters the EELS spectrometer (part xiii), where the
electron beam is bent 90° by a magnetic prism, then dispersed according to its kinetic
energy. An electron spectrometer records the number of electrons present at each energy
range and obtains an electron energy loss spectrum. Electrons that do not lose energy
are found at the zero energy-loss position (i.e., ZLP), while the spectrum is divided into
the low-loss and core-loss regions, depending on the energy of the electron (discussed in
section 2.4.1).
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2.3 STEM imagings

2.3.1 HAADF, MAADF, and ABF images

There are three imaging detectors equipped in our microscope (part xi in figure 2.1)
that can simultaneously obtain three types of images with different information [22], the
schematic diagram is shown in figure 2.3.

Figure 2.3: Schematic diagram of the STEM imaging modes. The three principal detectors col-
lect scattered electrons from different angular ranges, and form high-angle annular dark-field
(HAADF), mid-angle annular dark-field (MAADF) or annular bright-field (ABF), and bright-
field (BF) images. The BF detector is circular, while the others are ring-shaped. In addition, the
MAADF andABF images can be switched by changing the camera length, and the collection angu-
lar range changes accordingly. The typical collection angular range of the HAADF image is from
80 to 200 mrad, the MAADF image from 30 to 60 mrad, the ABF image from 15 to 30 mrad, and
the BF image from 0 to 10 mrad.
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High-angle annular dark-field imaging (HAADF)

The HAADF image detector is an annular detector that collects the high-scattering angle
electrons (typical > 80 mrad). At the high scattering angle, thermal diffuse scattering
(TDS) is dominant, which is inelastic phonon excitation caused by thermal lattice vibra-
tion. As a result, the intensity of theHAADF image increases dramaticallywith the atomic
number z, the intensity∝ zζ (ζ =1.5-2, typically 1.7); thus, theHAADF image is also called
the z-contrast image. TheHAADF image ismost commonly used in STEM imaging due to
its accuracy and stability in locating the atomic position, revealing the atomic structures
of materials. For instance, atomic positions are used to calculate atomic displacements for
each atom, which indicate the ferroelectric polarization (it will be discussed in figure 2.5)
and strain field map (it will be discussed in section 2.3.4).

Middle-angle annular dark-field imaging (MAADF)

The MAADF detector collects diffracted or inelastically scattered electrons within the
scattering angles, typically between 30-80 mrad. Compared to the HAADF image, the
MAADF image has a higher signal-to-noise ratio for crystal disorder and strain. This is
an effective technique for observing ferroelectric domains, notably at or near the domain
wall, where strains are present.

Figure 2.4(a) compares theHAADFandMAADF images for ferroelectric a- and c-domains
of PbTiO3 thin film heterostructure, which will be described in chapter 4. The thin film
exhibits the coexistence of a- and c-domains that correspond to areas where the ferroelec-
tric polarization lieswithin or perpendicular to the thin filmplane, demonstrated in figure
2.4(b). Through theHAADF image, it is difficult to determine the location or period of the
ferroelectric domains; in contrast, the MAADF image displays a more apparent ferroelec-
tric domain contrast. Additionally, some local regions with stronger or weaker intensities
(such as the acute corner of the ferroelectric domain near the bottom interface) indicate
defects or strains. Furthermore, the "diffraction pattern" can be obtained through the FFT
transformation shown in figure 2.4(c), which provides information on the crystal struc-
ture in the reciprocal space. "Diffraction pattern" is quoted in-between brackets since the
image displaying the FFT is often the logarithm of the modulus of the FFT, resembling a
diffraction pattern, but the phase is still encoded, and information on the real space still
there. Based on this FFT image, we can then filter the diffraction spot of interest and re-
veal information about this spot in real space (e.g., spatial distribution) through inverse
FFT transformation, shown in figure 2.4(d). The FFT analysis will be used in chapters 4
and 5 to discuss domain-related issues.
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Figure 2.4: (a) Typical ferroelectric a- and c-domains of the PbTiO3 thin film heterostructure are
observed by the HAADF and MAADF images, the latter enhancing the contrast of the domains.
(b) Schematic diagramof the ferroelectric a/c domain. (c)A fast Fourier transform (FFT) image of
theHAADF image in (a). The superstructure features (marked in the green rectangle) correspond
to ferroelectric domains. (d) FFT-filtered pattern by selecting a part of the superstructure from
the FFT image reveals the spatial distribution of ferroelectric a-domains.

Annular bright-field imaging (ABF)

As the detector is capable of collecting electrons in different angular ranges by adjusting
the camera length, we can adapt the collecting angles to 15-30 mrad and use the same
detector as MAADF, allowing us to obtain an ABF image. ABF image is a phase-contrast
image that enables us to visualize both heavy and light elements, such as oxygen of light
element. The HAADF image cannot reveal the signal of oxygen due to the relatively small
atomic number compared with other elements. Additionally, the contrast of the bright-
field image is inverse to the dark-field image, with the heavy element appearing as dark
spots.

The atomic-resolved HAADF and ABF images provide the possibility of observing the
ferroelectric polarization direction on each unit cell directly. For instance, in figure 2.5, in
the case of the ferroelectric Pb(Zr0.2,Ti0.8)O3 thin film with an upward ferroelectric polar-
ization, the B-site atom (Zr/Ti in this case) and the oxygen exhibit off-centering atomic
displacements. Due to the tetragonal structure of Pb(Zr0.2,Ti0.8)O3 both the B-site atom
and oxygen shift in the same direction, but the oxygen is displaced further than the B-site
atom, resulting in the upward electric dipole (it will be discussed in chapter 5).
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Figure 2.5: Atomic-resolved HAADF and ABF images of the Pb(Zr0.2,Ti0.8)O3 ferroelectric thin
film reveal the atomic displacements which correspond to the ferroelectric polarization. The B
cations (Zr/Ti atoms, cyan) have atomic displacements toward the bottom with respect to the A
cations (Pb atoms, magenta). It is only the ABF image that reveals the position of oxygen atoms
(red), which have atomic displacements toward the bottom in excess of the B cations. Therefore,
the non-ambiguous formation of a ferroelectric dipole points toward the upper part of the figure.
In many cases, only HAADF images are measured, and the ferroelectric polarization direction
is then assessed in the case described in the right part of the figure, assuming that the oxygen
atoms are more displaced than the B cations, in the same direction. It is noted that the sample was
observed along the [110] axis.

Once we have the ABF images, more structural information can be revealed, such as the
oxygen octahedral distortion (it will also be discussed in chapter 5). However, the high-
quality ABF image is always challenging. Due to the ABF image mixing the coherent
and incoherent electrons, all the parameters need to be well-aligned, such as the zone
axis orientation, the collection angles of the detector, the residual aberration, and sample
thickness.
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2.3.2 Optimization of atomic-resolved STEM image

When acquiring the atomic-resolved STEM images, several environmental parameters
(such as vibration or noise, having different contributions to mostly low-frequency noise)
or instrument instability (such as sample drift and backlash, temperature instability from
thewater chiller, high voltage ripplewith frequencies in the several 10 kHz regimes) could
affect the quality of the images. To increase the credibility of the atomic displacement and
lattice distortionmeasured from the STEM images, we took a series of fast-scan (low expo-
sure time) images, which have a low signal-to-noise ratio butminimize the environmental
noise. A script based on the Gatan DigitalMicrograph software can align the series of im-
ages and then merge them into an image with a higher effective exposure time. In our
case, this technique typically used 20 images with 1 µs exposure time per pixel (figure
2.6(a)); that is to say, the final image has an effective exposure time of 20 µs per pixel (fig-
ure 2.6(b)). According to the FFT image of the optimized image, the radius of the yellow
circle in figure 2.6 is 10 nm-1 in reciprocal space, which indicates that the spatial resolu-
tion is below 1 Å. The value is close to the limitation of our microscope; more precisely,
a theoretical resolution limit of ∼ 0.75 Å is estimated by equation 2.1.1 (at 100 keV and
a 30 mrad convergence semi-angle). It obviously improves the image’s quality, making
follow-up analysis more reliable.
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Figure 2.6: (a) A series of fast-scan (1µs exposure time per pixel) HAADF images and an FFT
image from a single HAADF image. (b)An alignedHAADF image (effective 20 µs exposure time
per pixel) is obtained by combining 20 fast-scanHAADF images in (a), and its FFT image indicates
a spatial resolution < 1 Å.
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2.3.3 Polarization analysis: Atomic displacement arrow map

Sincewe improve the atomic-resolved STEM images’ quality in section 2.3.2, accuratemea-
surements of atomic displacements can be achieved, associatedwith ferroelectric polariza-
tion. With the aid of the image filters and atomic arrow map script, the atomic displace-
ments and corresponding ferroelectric polarization can be calculated by the script from
D. R. G. Mitchell in Gatan DigitalMicrograph software.

Using the PbTiO3 thin filmwith upward ferroelectric polarization as an example. First, the
image quality can be further improved by the Richardson-Lucy deconvolution and ABSF
(average background subtracted filter) image filters; the raw image and the filtered im-
age are displayed in figures 2.7(a) and (b), respectively. The software identifies the large
atoms (A-site atoms) and fits the center of each atom by the center of gravity method,
shown in magenta spots in figure 2.7(c). The software then finds the positions of the
small atoms (B-site atoms) and again uses the same fitting method to calculate their cen-
ters with respect to the large atoms, shown in blue spots in figure 2.7(c). As a result, we
have the measured and computed centers of the small atoms, respectively. The difference
between the measured and computed centers of the small atoms indicates atomic dis-
placement. The inverse of the atomic displacement direction represents the direction of
the electric dipole (according to figure 2.5), and polarization direction is demonstrated by
the yellow arrows in figure 2.7(d). This software will be used to quantitatively determine
the polarization direction of ferroelectric domains.
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Figure 2.7: Aflowdiagram for calculating an atomic displacement arrowmap. An atomic-resolved
image of the ferroelectric PTO layer will be optimized first by image filters, and the raw image and
filtered image are shown in (a) and (b), respectively. (c) The software identifies the large (A-
site atoms, magenta) and small atoms (B-site atoms, cyan), and then computes the positions of
the small atoms with respect to the large atoms by the center of gravity method. (d) The dif-
ference between the measured and computed positions of the small atoms represents the atomic
displacements, and the opposite direction of the atomic displacement of B-site atoms indicates the
ferroelectric polarization direction (yellow arrows), according to the discussion in figure 2.5.
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2.3.4 Strain analysis: Geometric phase analysis (GPA)

Further STEM image analysis has been done using geometric phase analysis (GPA), a
method to quantify the strain field from an atomic-resolved STEM image [26]. The GPA
is based on a power spectrum of the image and calculates the displacement field by using
the Bragg spots in the diffraction pattern; then, strain distributions can be evaluated. The
equation 2.3.3 shows the relation between the phase Pg(r) the displacement field u(r):

Pg(r) = −2πg · u(r) (2.3.3)

where g is reciprocal lattice vector and r is position. By choosing two noncollinear vectors
g = (g1, g2) in the diffraction pattern (see figure 2.9(b)), equation 2.3.3 can be written as
a matrix in the orthogonal xy-coordinate system:[

Pg1

Pg2

]
= −2π

[
g1x g1y

g2x g2y

][
ux

uy

]
(2.3.4)

Therefore, we have the displacement field u(r) = u(x, y) in the form of a matrix as:[
ux

uy

]
= − 1

2π

[
g1x g1y

g2x g2y

]−1 [
Pg1

Pg2

]
(2.3.5)

Then, the lattice distortion tensor e can be computed from the gradient of the displacement
field u(x, y):

e =

[
exx exy

eyx eyy

]
=

[
∂ux
∂x

∂ux
∂y

∂uy

∂x
∂uy

∂y

]
(2.3.6)

This tensor e can be furthur decomposed into a symmetric term ε and an antisymmetric
term ω:

ε =
1

2
(e+ eT ) (2.3.7a)

ω =
1

2
(e− eT ) (2.3.7b)

By substituting equation 2.3.6 into equations 2.3.7, we find that:

ε =

[
εxx εxy

εyx εyy

]
=

[
∂ux
∂x

1
2(

∂ux
∂y +

∂uy

∂x )
1
2(

∂uy

∂x + ∂ux
∂y )

∂uy

∂y

]
(2.3.8a)

ω =

[
ωxx ωxy

ωyx ωyy

]
=

[
0 1

2(
∂ux
∂y − ∂uy

∂x )
1
2(

∂uy

∂x − ∂ux
∂y ) 0

]
(2.3.8b)

where ε and ω represent strain and rotation tensors, respectively. The εxx and εyy are the
strain distributions in the x- and y-axis, εxy is the shear strain, and ωxy is rotation.
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Finally, the strains and rotation can then be presented in the following equations, and a
corresponding schematic is shown in figure 2.8.

εxx =
∂ux
∂x

(2.3.9a)

εyy =
∂uy
∂y

(2.3.9b)

εxy =
1

2

(
∂ux
∂y

+
∂uy
∂x

)
(2.3.9c)

ωxy =
1

2

(
∂ux
∂y

− ∂uy
∂x

)
(2.3.9d)

Figure 2.8: Schematic diagrams of different deformations measured by geometric phase analysis
(GPA), from left to right representing in-plane strain (εxx), out-of-plane strain (εyy), shear strain
(εxy), and rotation (ωxy), respectively.

The GPA can efficiently investigate the strain distribution in the thin film heterostructure.
For instance, figure 2.9(a) shows the ferroelectric thin film with the a- and c-ferroelectric
domains (the same sample was presented in figure 2.4). The GPA enables us to observe
these domains within another aspect. First, the masks (yellow circle) are used to select
two reciprocal vectors g from the power spectrum of the image in figure 2.9(b). The
phase maps in the real space (figure 2.9(c)) are extracted from the phase parts of these
twomasks, and the strain fields can be obtained by equations 2.3.3 and 2.3.9. The strains in
thin film heterostructure can be revealed (figure 2.9(d)), possibly associated with strain
relaxation, flexoelectricity, and ferroelectric polarization. In the present case, we show
what the GPA refers to the "out-of-plane strain" in figure 2.9(d), which, more precisely,
corresponds to the lattice expansion along the growth direction when compared to the
reference substrate. In the ferroelectric layer, the red part indicates the regions where a
strong out-of-plane lattice expansion, while the green part corresponds to the reduced
out-of-plane lattice as compared to the substrate. Since the ferroelectric polarization im-
plies a strong lattice distortion along the ferroelectric vectors, the red and green colors
correspond to the regions where the ferroelectric vectors lie out or within the thin film
plane.
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Figure 2.9: (a)AHAADF image of a thin film heterostructure consisting of a PbTiO3 ferroelectric
layer, two SrRuO3 electrodes, and a substrate. (b) The power spectrum of (a). Two diffraction
spots (yellow circles) are selected and extracted their phase parts to form a phase map in (c).
In addition, a part of the substrate is chosen as a reference area. (d) Based on the phase map
presented in (c), for instance, the out-of-plane strain can be calculated by equations 2.3.3 and
2.3.9b.
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2.4 Electron energy-loss spectroscopy (EELS)

2.4.1 EELS spectrum

When an electron beam interacts with a specimen, the electrons may undergo inelastic
scattering and lose their kinetic energies, and the EELS spectrometer (part xiii in figure
2.1) then collects these transmitted electrons. The magnetic prism disperses the electron
beam based on the energy, and a spectrum is obtained as a function of loss energy.

Electrons within a material are excited by the incident electron beam, causing them to
scatter to available electronic states (in a one-electron approximation). Thus the EELS can
map the empty electronic states above the Fermi level and reflect some useful elements
of the density of electronic states, such as chemical composition and bonding situation.
EELS is also an analysis technique that provides significant information about collective
electronic structures associated with the inter- and intra-band transitions, including those
encountered in plasmon excitations [27]. The typical EELS spectrum is shown in figure
2.10, which can be considered two principal regions based on the range of energy: the
low-loss region (< 50 eV), and the core-loss region (> 50 eV).

Figure 2.10: A typical EELS spectrum, consisting of the zero-loss peak ZLP, low-loss region (< 50
eV), and core-loss region (> 50 eV). Reproduced from ref. [22].

Low-loss region

The low energy-loss region (< 50 eV) indicates the information of phonons, excitons,
inter- and intra-band transitions (valence and conduction bands), and collective oscilla-
tion (such as plasmon excitations). An extremely high-intensity peak at zero energy-loss
position corresponds to non-scattered and elastically scattered electrons, known as the
zero-loss peak (ZLP). The full width at half maximum (FWHM) of ZLP can be examined
as the spectral resolution. In addition, the ratio of the ZLP intensity and the total inelastic
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signal is commonly used to estimate the relative thickness of the specimen. The thick-
ness measurement is essential when discussing the surface and bulk properties. With
the monochromator, such low-energy excitations can now be investigated (discussed in
figure 2.2(c)). In chapter 3, we will focus on plasmon excitations located below a few eV.

Core-loss region

The core-loss region represents the electronic transitions from the inner shells (such as O-
K, Ti-L, Ni-L, andNd-M edges) to the empty states of the conduction band and thus carries
characteristic information about materials. Intensity fluctuations at the EELS edges indi-
cate fine structures containing rich chemical information. For instance, the energy shift of
titanium-L or nickel-L edges primarily corresponds to their valence states, revealing the
charge issue.

2.4.2 Data acquisition: Spectrum imaging

Since the HAADF image and EELS spectra provide different information, it is possible to
combine both signals, known as spectrum imaging. Figure 2.11 shows a spectrum imag-
ing three-dimensional data cube, which consists of two spatial axes (x- and y-axis) and
one axis of electron energy-loss. When an electron beam scans the sample, theHAADFde-
tector and EELS detector will acquire the signals simultaneously; that is to say, each pixel
of the HAADF image corresponds to one EELS spectrum. We can extract an EELS spec-
trum at a specified position in the HAADF image (cyan column in the spectrum imaging
data cube in figure 2.11).

Figure 2.11: The spectrum imaging technique. It collects a three-dimensional data cube with a
HAADF image (spatial x- and y-axis) and corresponding EELS spectra (an energy-axis) at each
pixel in the HAADF image.
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2.4.3 Energy-filtered STEM-EELS map

By using the spectrum imaging technique, we are able to obtain the spatial image and
associated spectrum, which greatly enhances our ability to interpret data. For instance, in
figure 2.12, we can extract a sub-plane (yellow planes in the spectrum imaging data cube)
and obtain energy-filtered STEM-EELSmaps. With the energy-filtered STEM-EELSmaps,
we can observe the localized surface plasmon (LSP) resonances of the nanostructures
(they will be discussed in chapter 3), and the chemical composition maps of thin film
heterostructures (they will be discussed in chapter 5).

Figure 2.12: By selecting an energy range of interest (yellowwindows presented in the EELS spec-
trum) from an EELS spectrum imaging data cube, an energy-filtered STEM-EELS map is gener-
ated, revealing the spatial distribution of the chosen spectroscopic signature.



24 Chapter 2. Electron microscopy and spectroscopy

2.4.4 Momentum-resolved EELS

As we discussed earlier, the EELS collects inelastically scattered electrons, and the differ-
ential cross-section of inelastic scattering can be described by the Born approximation,
which can be written as [28]:

∂2σ

∂E∂Ω
≈ q−4

∑
f

|⟨ψf |exp(iq · r)|ψ0⟩|2 × δ(Ef − E0 − E) (2.4.10)

where q is momentum-transfer (also known as scattering vectors), r is the effective ra-
dius of the excitation, ψ0 and ψf are initial- and final-state wavefunctions, and their corre-
sponding energies E0 and Ef , respectively. Then, the exponential term can be expanded
as follows:

exp(iq · r) ∼= 1 + (iq · r) + (iq · r)2/2! + · · · (2.4.11)

Consequently, for small q, the dipole transition (second term in equation 2.4.11) domi-
nates; for large q, the high-order terms enhance the intensity ofmonopole and quadrupole
transitions.

It is noted that the EELS cross-section is similar to the one for non-resonant inelastic X-ray
scattering (NIXS). Several NIXS works [29] have reported dipole-forbidden d-d excita-
tions at larger scattering vectors; however, those methods lack the spatial resolution. Res-
onant inelastic X-ray scattering (RIXS) [30] makes the investigation of these electronic ex-
citations go further with more options for the selection rules, and similar possibilities are
not present in EELS. Nevertheless, momentum-resolved EELS (also called angle-resolved
EELS) can describe low-energy electronic excitations, such as d-d excitation in TMO, with
higher spatial and spectral resolution [31].

The setup of the momentum-resolved EELS is shown in figure 2.13. By displacing the
EELS aperture, we can select different scattering vectors. As a result, this technique can
be useful for understanding the symmetry of electronic excitations in anisotropic materi-
als [32], the phonon dispersion in the local regions, like vibrational spectroscopy [33, 34],
the optical response of plasmonic [35] and as mentioned, non-dipolar contribution. Ad-
ditionally, the energy dispersion of plasmon excitation at small q was reported as E =

Ep+α(ℏ2/m)q2, where E = Ep is plasmon energy at q= 0 and α is a coefficient [36]. The
behavior of plasmon excitations on nanostructures will be discussed in chapter 3 under
dipole and non-dipole conditions, notably with nanometric resolution.
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Figure 2.13: Schematic diagram of the momentum-resolved EELS experimental setup. The inci-
dent electrons with k0 direction are scattered into kf direction, and the difference between k0 and
kf represents the momentum-transfer q. The momentum-transfer selection was achieved by in-
serting a rectangular EELS aperture in the diffraction plane, allowing the scattered electron with
a particular momentum-transfer to enter into the EELS spectrometer.
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2.5 Summary

This chapter presents the working principles of STEM-EELS and its analysis techniques.
STEM imaging provides rich spatial information at atomic resolution, which is especially
useful for revealing the behaviors of ferroelectric domains and strain distributions of thin
film heterostructures. Additionally, the EELS spectrum discloses electronic fine features
under dipole and non-dipole conditions, as well as illustrates the spectroscopic signatures
in real space through the spectrum imaging technique. It is evident that the combination
of STEM-EELS is a powerful tool for analyzing the coupling between ferroelectric order-
ing and the properties of TMOs, allowing a more local understanding of materials at the
nanometric scale.
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Plasmonproperties of SrVO3 bulk and
nanostructures
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3.1 Introduction: SrVO3 correlated metal oxide

In this chapter, we examine the electronic properties of strontium vanadium oxide SrVO3
(SVO), which has 3d1 electron configuration of the transitionmetal V. It has been reported
to have a high conductivity of∼ 104 S·cm-1, high charge carrier density of∼ 1022 cm-3 [37].
SVO exhibits remarkable optical transparency in the visible range as a transparent conduc-
tor material [14]. The transparent property is caused by the transition from the O-2p to
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unoccupied V-3d bands (p-d excitation, also known as charge transfer excitation), whose
energy exceeds ∼ 4 eV (above the visible range). Additionally, the plasmon excitation
energy, which is associated with electron transfer within the V-3d bands (known as d-d
excitation), is located in the infrared spectrum; therefore, it exhibits a bulk plasmon of 1.3
eV [38]. This SVO bulk plasmon can be described as a Drude-type plasmon with a charge
density of 1.7x1022 cm-3 corresponding to the V-3d1 band and a mass enhancement due to
strong electronic correlations.

Based on the strong electron correlation, the SVO is considered a novel transparent con-
ductor in comparison to the traditional transparent conductor of tin-doped indium oxide
(ITO) [39]. The doped oxide semiconductors usually have lower charge carrier density
(∼ 1021 cm-3) than correlatedmaterials that drive their plasmon energies (∼ 0.7 eV) below
the visible range without a need for a strong enhanced effective mass [14]. Furthermore,
the transparent property and electronic correlations of SVO,which are associatedwith the
bandwidth, can be tuned by several parameters, such as crystallinity [37] and lattice mis-
match [40, 41]. Electron correlations within the vanadium Wadsley conductors (metal-
lic VO2(B) and V6O13) can induce redshift plasmon energy and lead to enhanced trans-
parency in the visible and infrared ranges [42]. Additionally, it has been reported that
SrNbO3 has higher transparency due to lower plasmon energy in the ultraviolet regime
resulting from its Nd-4d1 electron configuration [43]. As a result, it has been described
that electron correlations in 3d and 4d TMOs are responsible for the plasmon energy. The
SVO bulk plasmon excitation and its energy dispersion will be discussed through EELS
measurements and TDDFT calculations in the following section.

Surface plasmons are known to exist on the surface of metallic nanostructures, and sev-
eral oxide nanostructures have been reported on localized surface plasmons (LSP), such
as ITO [44], BaSnO3 [45], and MoO2 [46]; however, the presence of LSP on SVO nanos-
tructures has not been reported or discussed. As the LSP can be observed several tens of
nanometers away from the surface of nanostructures, we will use EELS in the aloof beam
mode to measure the LSP with nanometric spatial resolution. The LSP can be estimated
by its quality factor [47], which can be compared with other plasmonic materials.

In addition to surface plasmons, bulk plasmon excitation may be related to another elec-
tronic phenomenon. For instance, SVOwas reported thatmetal-insulator transition (MIT)
occurs at reduceddimensionality, such as thin film, and exhibits thickness-dependentMIT
with a critical thickness of 2-3 unit cells [48], and occurs at nanodomain or interface [49].
Bulk plasmons are generally expected to be more localized, particularly when probed
through the non-dipole transition [50]. We have been able to measure the bulk and sur-
face plasmon excitations under dipole and non-dipole conditions bymomentum-resolved
EELS, and the properties of SVO plasmons at the nanoscale can then be investigated.

Considering the SVO’s rich physical properties, it represents a prototype to study the role
of electron correlations in the transition metal d bands, associated with interfacial effects.
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Through plasmon excitations of SVO, this chapter aims to answer the following questions:

• How does the electronic structure of SVO correlate with the behaviors of the plas-
mon excitations and energy dispersion?

• What are the behaviors of LSP in different SVO nanostructures, and is numerical
simulation capable of reproducing them?

• How can EELS efficiently measure the bulk-type plasmon excitation on nanostruc-
ture with nanometric resolution?

3.2 Plasmon properties of SrVO3

3.2.1 Bulk plasmon

The purpose of this section is to analyze SVO plasmon excitations by EELS in order to
gain an overview understanding of the plasmonic behavior of this material. Figure 3.1(a)
shows the EELS spectrum of micrometrical SVO particles at a distance greater than 300
nm from any lateral surface and a local thickness above 300 nm; under these conditions,
a bulk plasmon is expected to dominate. The spectrum displays well-defined features,
notably an intense and sharp peak at 1.35 eV, and is in agreement with the calculation
of time-dependent density-functional theory (TDDFT) using the adiabatic local-density
approximation (ALDA) in figure 3.1(b) (calculation done by M. Gatti).

The plasmonic excitation within the V-3d band (d-d transition) can be identified at the
peak of 1.35 eV (experiment) and 1.7 eV (theory); and the transition from theO-2p band to
V-3d band (p-d transition) is located at 3-4 eV for both experiment and theory. In addition,
the dip (∼ 2.5 eV) in between the d-d and p-d transition represents transparency in the
visible range, as discussed in ref. [14].

Figure 3.1: The electron loss function of micrometrical SVO particles as a function of momentum-
transfer q, obtained from (a) EELS experiment and (b) time-dependent density-functional theory
(TDDFT) calculation using the adiabatic local-density approximation (ALDA). It is noted through-
out this chapter that the reciprocal lattice vector is expressed as 2π/a (Å-1), where a=3.841Å is the
lattice parameter of SVO, and then the momentum-transfer q is defined accordingly. The TDDFT
calculation was performed by our collaborators.
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3.2.2 Behaviors of the bulk and surface plasmons

The bulk plasmon of SVO is found on a very thick sample, which is assumed to be quasi-
bulk. We then turn our attention to the case of bulk and surface plasmons that might
happen in the case of thinner slab geometries. We measured the plasmon excitations on
the SVO slabs with various thicknesses t of 240 nm, 120 nm, and 50 nm. First, under
the dipole condition (q = 0), the thickest slab (t = 240 nm, figure 3.2(a)) shows a bulk
plasmon peak (ωb) at 1.35 eV, as we observed on the micrometric SVO particles in figure
3.1. The medium thickness slab (t = 120 nm, figure 3.2(b)) exhibits the bulk plasmon
peak and an additional peak at∼ 1.1 eV, which corresponds to surface plasmon excitation
(ωs), due to the relation between the bulk and surface plasmon written as ωs = ωb/

√
2.

The thinnest slab (t = 50 nm, figure 3.2(c)) exhibits only the surface plasmon peak at
about 0.9 eV. As a result of the thinner thickness samples (SVO slabs with 120 nm and
50 nm thickness), the presence of surface plasmon is caused by the increased interfacial
contribution of the slab’s entry and exit planes (top and bottom interfaces of the slab).

Figure 3.2: A series of momentum-resolved EELS spectra of the SVO slabs with the thickness of
(a) 240 nm, (b) 120 nm, and (c) 50 nm. Where ωb and ωs represent the bulk plasmon (at 1.35 eV)
and surface plasmon (at 0.7-1.1 eV), respectively.

Under the non-dipole conditions (q> 0), the surface plasmon vanishes for the slabs of all
thicknesses, and the spectra retrieve the bulk-type plasmon features. The surface plasmon
disappears because its intensity at q > 0 rapidly decreases with q-3 . With increasing q,
the transformation from the bulk plasmon to surface plasmon has also been observed
from other plasmonic materials [51, 52]. Nevertheless, the effect of thickness on energy
dispersion is stronger than inmost plasmonicmaterials. For instance, when the silver thin
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film exceeds 20 nm, its energy dispersion of surface plasmon becomes negligible [52].

Figure 3.3 compares the energy dispersion of the plasmon peaks between the EELS exper-
iment (gray) and the TDDFT calculation (red and blue). At q = 0, the surface plasmon
peak locates in a range between 0.7 and 1.1 eV; in contrast, the bulk plasmon peak always
shows at 1.35 eV. For q> 0, the plasmonpeaks are independent of the thickness; the energy
difference at the same q for all the slabs is less than 40 meV. Further, the energy dispersion
across 0.5 Å-1 is about 170 meV, which is much smaller than in most plasmonic materials.
For example, the plasmon energy dispersion of Ag is∼ 0.4 eV over 0.4 Å-1 [53]. This weak
plasmon energy dispersion is certainly limited by the V-3d band. It is here to note that this
dispersion seems larger than what is measured for TMOs that correspond to crystal-field
excitation within 3d bands [54]. The energy dispersion of the SVO excitation is indeed
way larger than that of d-d crystal-field excitations; for instance, the CoO and NiO cases
have been reported with energy dispersions below 100 meV over 5 Å-1 [29]. As a result of
these differences, the SVO 1.35 eV loss is more likely to exhibit plasmonic character than
pure crystal-field excitation.

Figure 3.3: A comparison of the q-dependence of plasmon energy between the EELS experiment
(gray square), ALDA calculation (blue diamond), and renormalized ALDA calculation (red dia-
mond). Where reciprocal lattice unit (r.l.u.) = 0.43 Å-1.

We now turn our attention to the TDDFT calculation curve in figure 3.3. As we can see,
the calculation (blue spots) predicts a stronger blue shift of 300 meV (across 0.5 Å-1) than
the observation in the experiment (gray curve). There are two factors that contribute to
theory overestimation: the ALDA overestimates the bandwidth in TMO and the choice of
exchange-correlation. In order to compensate for the effects of overestimation, the band-
width is reduced by a factor of 1.5 [55], and the renormalized curve is shown in red. The
energy dispersion of the renormalized curve agrees perfectly with the experimental data,
confirming that the V-3d band dispersion is at the origin of theweak plasmonic energy dis-
persion. Additionally, a good match has been obtained with a band renormalization that
is smaller than the value often suggested by dynamical mean-field theory calculations of
the quasiparticle band in SVO [15].
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3.3 Numerical simulation: Finite-difference time-domain (FDTD)
method

3.3.1 Localized surface plasmon (LSP)

Since we observed the intense bulk and surface plasmons in the quasi-infinite SVO slabs
with different thicknesses (section 3.2), we are interested in the behavior of these LSP
for nanostructures and their possible performance. The LSP can be considered as surface
charges of nanostructures excited by an electromagnetic wave, such as an electric field
caused by an electron beam, and surface charges exhibit damped harmonic oscillators.
Figure 3.4 shows that the gold nanorod is excited by fast electrons and causes oscillations
of the surface charges, thus allowing the LSP modes to be revealed in the frequency do-
main [47]. That is to say, we can observe the LSP modes by EELS [56]. A considerable
number of plasmonic materials have been reported with excellent LSPs, such as gold [47],
silver [57, 58], and copper [59]. It is not only conventional noble metals that are capable
of LSPs, but there are more and more studies concerning potential alternative materials
as well [44, 45, 46]. Additionally, the energy of the LSP modes strongly depends on the
shape and size of nanostructures, such as nanorod [60] and nanotube [61], even the more
complex structures have been reported [47, 62]. We will discuss the geometric effect on
LSP in section 3.4.

The EELS is an appropriate technique to investigate the LSP of nanostructures, thanks to
the spatial-resolved EELS spectrum imaging at nanometric resolution. Nevertheless, a nu-
merical simulation also plays an indispensable role in interpreting the behaviors of LSP on
different nanostructures. Several techniques have been established for calculating the LSP,
such as photonic local density of state (LDOS) [63], boundary element method (BEM),
discrete dipole approximation (DDA), finite element method (FEM) and finite-difference
time-domain method (FDTD) [64, 65, 66, 67, 68]. Here, we simulate the EELS spectrum
by the FDTD method [64, 69], and the basic principles of EELS spectrum calculation are
briefly presented step by step in this section.
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Figure 3.4: (a) The fast electrons excite the surface charges of the gold nanorod and cause the sur-
face charges to oscillate. Localized surface plasmon (LSP) resonances are shown in (b) time and
(c) frequency domains, which can be transformed by Fourier transformation. (d) The EELS spec-
trum imaging reveals the LSP resonance with spatial resolution. For instance, a dipolar LSPmode
is clearly visible at 0.7 eV with two maxima of intensity at both tips of the nanorods. Reproduced
from ref. [47].

3.3.2 Electron energy loss probability

First, a fast electron with velocity v = vẑ passes through near an object along the z-axis,
and the position of the electron in the time domain can be described as r(t) = r0 + vt,
where r0 is the initial position of the electron. The electric field of the electron interacts
with the object, and the object responds to an induced electric field Eind, and then this in-
duced electric field acts back to themoving electron, causing energy loss. This energy loss
of the electron can be written as the work due to the forces along the electron trajectory:

∆E = e

∫
v ·Eind(r, t)dt =

∫ ∞

0
ℏωΓEELS(ω)dω (3.3.1)

where negative electron charge -e has been included (i.e., ∆E > 0), and ΓEELS(ω) is the
energy loss probability of EELS. The time-domain induced electric field Eind(r, t) can be
transformed to the frequency domain by Fourier transform:

Eind(r, t) =
1

π

∫ ∞

0
e−iωtEind(r, ω)dω (3.3.2)

and the energy loss probability of EELS in the frequency domain is written as

ΓEELS(ω) =
e

πℏω

∫
Re

[
e−iωtv ·Eind(r, ω)

]
dt (3.3.3)
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Up until now, according to the equation 3.3.3, the induced electric field is the key point of
this calculation. A schematic diagram of the energy loss probability calculation process
is shown in figure 3.5.

Figure 3.5: Schematic diagram of the electron energy loss probability calculation process. (a) A
fast electron travels along the positive z-axis. The coordinate system is employed by r = (R, z)
with R = (x, y). (b) Substituting the electron for an electric dipole p(z′, ω), and Ez(z, ω) repre-
sents the z-component of electric field generated by the electric dipole. (c) The electron beam can
be considered as a series of electric dipoles (p1 to pn) placed along the z-axis electron trajectory,
and the integration of the electric field generated by all the electric dipoles isEz . (d)With a similar
approach with Ez , but the electric field E0

z is calculated without the nanostructure, i.e., the back-
ground electric field. The induced electric field Eind

z is described as the electric field calculated in
(c), deducting the electric field calculated in (d).

Let’s now consider the moving electron along the z-axis trajectory by its electron charge
density ρ(r, ω)

ρ(r, ω) = −e
∫
eiωtδ[r− (r0 + vt)]dt (3.3.4a)

= −e
v
δ(R−R0)e

iω(z−z0)/v (3.3.4b)

where r = (R, z), with R = (x, y) representing the impact parameter on the x-y plane,
and the initial position r0 = (R0, z0). The external current density j(r, ω) = v · ρ(r, ω)
can be substituted by the electron charge density in equation 3.3.4b and then the external
current density becomes:

j(r, ω) = −eδ(R−R0)e
iω(z−z0)/v ẑ (3.3.5)

The electric field generated by this external current density can be rewritten by Green
tensorG(r, r′, ω) as:

E(r, ω) = −4πiω

∫
G(r, r′, ω) · j(r′, ω)dr′ (3.3.6)
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where the Green tensor satisfies the solution of the inhomogeneous Helmholtz equation
as follows:

∇×∇×G(r, r′, ω)− (
ω

c
)2ε(r, ω)G(r, r′, ω) = − 1

c2
δ(r− r′) (3.3.7)

where ε(r, ω) is the permittivity of the medium. The energy loss probability of EELS
(equation 3.3.3) can be rewritten by substituting the external current density (equation
3.3.5) and the electric field (equation 3.3.6):

ΓEELS(ω) =
4e2

ℏ

∫ ∫ ∞

−∞
cos[

ω(z − z′)

v
]× Im[−Gind

zz (z, z′, ω)]dzdz′ (3.3.8)

where Gind
zz (z, z′, ω) is z-component of the induced Green tensor. The induced Green ten-

sorGind can be considered as a Green tensorG removing the background contribution; in
other words, the Green tensor in vacuumG0 needs to be taken away. The induced Green
tensor is written as:

Gind(z, z′, ω) = G(z, z′, ω)−G0(z, z′, ω) (3.3.9)

Then, according to equation 3.3.8, only z-component term of the induced Green tensor
Gind needs to be considered. The z-component of the inducedGreen tensor can bewritten
as Gind

zz = ẑ ·Gind · ẑ, therefore, the z-component of the induced Green tensor is

Gind
zz (z, z′, ω) = ẑ · [G(z, z′, ω)−G0(z, z′, ω)] · ẑ (3.3.10)

The z-component of Green tensor Gind
zz (z′, z, ω) can also be described by the z-component

induced electric field Eind
z (z, ω) and the electric dipole p(z′, ω) located at z’ along the elec-

tron trajectory:

Gind
zz (z, z′, ω) = − 1

4πω2

Eind
z (z, ω)

p(z′, ω)
(3.3.11)

Finally, substituting the z-component of the induced Green tensor of equation 3.3.11 into
equation 3.3.8, allows us to simplify the energy loss probability of EELS as follows:

ΓEELS(ω) =
e2

πℏω2

∫ ∫ ∞

−∞
cos[

ω(z − z′)

v
]× Im[

Eind
z (z, ω)

p(z′, ω)
]dzdz′ (3.3.12)

It is interesting to note that in order to calculate the energy loss probability of EELS by a
fast electron (figure 3.5(a)), we only need to take into account the z-component of the in-
duced electric field, which is produced by the electric dipoles along the electron trajectory
(figure 3.5(b)).
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In practice, the loss function calculation requires a numerical estimation of this double
integration along z, z’. One needs first to sum the Eind

z (z, ω) over all z positions for a
given dipole positioned at z’, as shown in figure 3.5(c). Then, the second integration
corresponds to the sum when the position of the dipole is shifted along the electron tra-
jectory, as shown in figure 3.5(d). An integrand is mainly weighed by the cosine term,
which considers the distance between the electric dipole and the induced electric field.
The Eind

z (z, ω) can be numerically computed through the FDTD method.

3.3.3 FDTD algorithm

The next step is to calculate the induced electric field in order to reproduce the energy loss
probability of EELS (based on equation 3.3.12). The FDTDmethod is a powerful approach
for solving time-dependent Maxwell’s equations in complex nanostructure geometries.
The advantage of this time-domain method is that it provides a spectrum with a wide
range of frequencies within a single simulation.

FDTD algorithm starts from time-dependent Maxwell’s equations:

∇×H = ε
∂E

∂t
(3.3.13a)

∇×E = −µ∂H
∂t

(3.3.13b)

Figure 3.6: (a) A Yee cell in three-dimensional real space. Hx, Hy, Hz and Ex, Ey, Ez are x-, y-,
and z-component of magnetic and electric fields respectively. Where h is the grid spacing. (b)
The Yee cells in time evolution. The primary (green) and secondary Yee cells (orange) show their
intertwined magnetic and electric fields.
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To drive time-dependentMaxwell’s equations, K. Yee proposed theYee cell that discretizes
the equations in both space and time with a uniform grid that spatially staggered the
magnetic and electric fields [70]. The magnetic and electric fields in three-dimensional
spatial space can be described by the following equations, and the schematic is shown in
figure 3.6(a):

Hx = H[(x+
h

2
, y, z), t− ∆t

2
], Ex = E[(x, y +

h

2
, z +

h

2
), t]

Hy = H[(x, y +
h

2
, z), t− ∆t

2
], Ey = E[(x+

h

2
, y, z +

h

2
), t]

Hz = H[(x, y, z +
h

2
), t− ∆t

2
], Ez = E[(x+

h

2
, y +

h

2
, z), t]

(3.3.14)

where h is the grid spacing, and ∆t is a time-step. The discretized time components of
the magnetic and electric fields are notated as H(t) → Hn+ 1

2 and E(t) → En, where
superscript represents the time term (n is an integer ≥ 0).

The electric and magnetic fields can be rewritten in the time evolution form by equation
3.3.13 and finite difference equation, then we have

Hn+ 1
2 = Hn− 1

2 − ∆t

µ
∇×En (3.3.15a)

En+1 = En +
∆t

ε
∇×Hn+ 1

2 (3.3.15b)

The magnetic and electric field updates are staggered in time evolution, i.e., the magnetic
field update is followed by succeeding electric field updates (shown in figure 3.6(b)),
and conversely. Consequently, with the initial conditions ofH− 1

2 = 0 and E0 = 0, we can
calculate magnetic and electric fields in the order of time evolution:

(H− 1
2 ,E0) → H

1
2 → E1 → H

3
2 → E2 → H

5
2 → · · · (3.3.16)

By iteratively calculating the electric field, a convergent field can be substituted into equa-
tion 3.3.12.
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3.3.4 Lumerical FDTD simulator

Here, we use the Lumerical software to achieve the calculation of the electric field. The
Lumerical software is a state-of-art software for optoelectronic simulation and photonic
circuit design. The FDTD solver package of the Lumerical software is an easy and reliable
tool to solve Maxwell’s equations by the FDTD method in a friendly operational environ-
ment. The setup for the calculation is briefly described in this subsection.

Description of nanostructure (geometry and permittivity)

Initially, an arbitrary three-dimensional object needs to be designed, and the correspond-
ing complex relative permittivity is imported to describe the material (relative permittiv-
ity of SVO is shown in figure 3.7). Nevertheless, the discrete values of the relative per-
mittivity cannot be used directly in the simulation; an analytic material model should be
used instead. In order to obtain the most accurate fit, we can modify several parameters,
including the fit tolerance, the maximum coefficients, and the imaginary weight. Finally,
the RMS (root-mean-square) error is 0.16 when the wavelength range of the relative per-
mittivity is from 500 nm to 12000 nm (i.e., from 2.48 eV to 0.1 eV). With a frequency point
of 300, the spectrum has an energy dispersion of 8 meV per channel.

Figure 3.7: (a)The real and imaginary parts of the SVO relative permittivity. The discrete values of
relative permittivity are shown as green spots and the fitting curve by Lumerical software is shown
as blue curves. (b) Extracted visible and near-infrared portions of the SVO relative permittivity
(marked as red boxes in (a)).
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Source - electric dipole

A series of electric dipoles are placed along the z-axis electron trajectory, and these electric
dipoles can be regarded as a continuous electron beam (according to the integral for all
the electric dipoles in equation 3.3.12). A finite number of electric dipoles is sufficient to
represent an electron beam since the contribution of electron energy loss by the dipoles
further away from the object can be ignored. We place equally spaced 10 electric dipoles
(an amplitude of 7.78×10-31 C·m; a pulse length of 3.3 fs; a frequency of 312 THz) between
z = ±125 nm along z-axis. These parameters are for a 100 nm thick object, balancing
the number of electric dipoles and computation time. In order to calculate the spatial-
resolved LSP,we adjust the impact parameter of the electric dipoles, and the electric dipole
is located at 2 nm from the surface of the object, like the aloof beammode. Since we focus
on the LSP in our case, we do not take into account the plasmon response inside the object,
and a modification of the equation is required if the electron beam penetrates the object
[64].

Boundary conditions

The boundary conditions have to be optimized in order to avoid spurious effects such
as the reflection of electromagnetic waves from the box wall. Perfectly matched layers
(PMLs) are defined as boundary conditions that absorb all reflections fromexterior bound-
aries. The mesh type of PMLs is auto non-uniform, where the mesh cell in the FDTD algo-
rithm is set as a graded rectangular cell whose size is a function of position. The software
automatically optimizesmesh size (minimummesh of 0.25 nm) tominimize artifacts from
numerical dispersion, using the finer mesh near the interface or curved surface. Auto non-
uniform mesh setting gives higher precision than uniform mesh and requires less com-
putation time and memory, due to computation time being proportional to (1/dx)4 for a
three-dimensional structure, where dx is the size of a mesh.

In order to improve the convergence of calculation, we defined an overridemesh to specify
the object; the override mesh of the object consists of uniform 4 nm3 unit cells. The over-
ridemesh extends 2 nmoutward from the object’s surface. Additionally, a one-dimensional
monitor is used for recording the z-component of the electromagnetic field, and another
override mesh grid covers the monitor to improve convergence.

Additionally, the simulation time of 100 fs is the maximum duration of the simulation.
The auto-shutoff value of 10-5 ensures that the simulation will end when the ratio of total
energy to maximum injected energy drops below this value.
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Induced electric field

The calculation for the induced electric field needs to operate twice: the first time, we
calculate the electric field with the object and obtain the Ez(z, ω); the second time, we
calculate the electric field without the object (i.e., in the vacuum) and obtain the E0

z (z, ω).
By subtracting E0

z (z, ω) from Ez(z, ω), we can obtain the induced electric field Eind
z (z, ω),

similar concept to equation 3.3.9 and figure 3.5(c,d). Furthermore, using a Matlab script,
which is doing the double integral to all the induced electric fields according to equation
3.3.12 can achieve the EELS spectrum calculation.
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3.4 SrVO3 nanostructures

3.4.1 Presence of LSP on slabs

We are intrigued by the possibility of SVO nanostructures supporting LSPs. In this study,
we measured the EELS spectra of SVO slabs a few tens of nanometers away from the
edge. Firstly, a HAADF image of a slab with a thickness of ∼100 nm and its EELS spec-
tra are shown in figure 3.8(a, c), respectively. Impact parameters from 2 nm to 100 nm
correspond to dark blue to light blue curves in the spectrum. The surface plasmon peak
(peak-ωB) and the edge state peaks (peak-ωA,1 and ωA,2) are visible; in addition, they are
still able to survive at a far distance from the edge (more than 100 nm). The intensity of
the edge state peak increases with moving away from the surface, while the intensity of
the surface plasmon peak decreases. The FDTD calculation of the similar slab (the model
in figure 3.8(b) and corresponding spectrum in figure 3.8(d)) can roughly describe the
intensity trends of surface plasmon and edge states. However, the single peak-ωA of the
calculation rather than the two peaks of the experiment is probably due to the approxi-
mation in the slab shape model.

Figure 3.8: A comparison between the (a,c) experimental and (b,d) simulated EELS spectra by
the FDTDmethod of the SVO slabwith a thickness of∼ 100 nm. (a) TheHAADF image of the SVO
slab and (b) correspondent three-dimensional model of the SVO slab created by Lumerical soft-
ware. (c,d) The spatial dependence EELS spectra with impact parameters from 2 nm (dark blue)
to 100 nm (light blue). The spectrum is taken from the position indicated by the corresponding
color in (a,b).
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Since we calculated the slab with simple geometry (figure 3.8), a more complex slab has
also been investigated. Figure 3.9(a,c) show theHAADF image and spectrum of the three-
step slab with a gradient thickness from 50 nm to 100 nm. In figure 3.9(c), the intensity
ratio of the surface plasmon (ca. 0.7-0.9 eV) and edge state peaks (below 0.6 eV) depends
on the impact parameters; surface plasmon peaks weaken as they move away from the
surface, while edge state peaks become stronger. We extracted the spectrum from several
positions, which are marked in A, B, and C in figure 3.9(a), and the corresponding spec-
trum is displayed from top to bottom in figure 3.9(c), respectively. Nevertheless, trends
are also captured by the FDTD calculation of a similar structure, whose model and spec-
trum are shown in figure 3.9(b,d), respectively.

From these results of SVO slabs, we can confirm that the SVO has mostly LSP modes
located in a range from 0.4 to 1.2 eV, which strongly depends on the geometries of nanos-
tructures. Additionally, the FDTD calculation can effectively investigate the trend of LSP
with varying geometrical structures.

Figure 3.9: A comparison between the (a,c) experimental and (b,d) simulated EELS spectra by
the FDTDmethod of the SVO step-like slab with a thickness of ∼ 100 nm. (a) The HAADF image
and (b) correspondent three-dimensional model of the SVO step-like slab created by Lumerical
software. (c,d) The spatial dependence EELS spectra with impact parameters of 2 nm (blue), 20
nm (red), 40 nm (green), and 60 nm (brown). In (c,d), from the top to bottom row correspond
the spectra of positions A, B, and C, respectively.
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3.4.2 LSP of rod-like nanostructures

As a result of the LSPs observed in SVO quasi-infinite slabs, several geometric models also
show them; for instance, nanoparticles and nanowires are widely investigated [71, 72].
The rod-like nanostructures are more accessible to control than complex nanostructures;
in addition, the rod-like nanostructures have the possibility to display Fabry-Perrot type
LSP. Here, we will discuss how the LSP behaves on different nanostructures, such as half-
rod and slit.

Figure 3.10 shows the low magnification STEM images of SVO nanostructures fabricated
from a single crystal by the focused ion beam (FIB). A shorter (0.85 µm), a longer (2.5
µm), and a triple neighboring half-rod (2.5 µm) are shown in figure 3.10(a); slits of 2.5
µm length with different widths are shown in figure 3.10(b). Aspect ratios can be used
to quantify the geometric shapes of these nanostructures, and we will demonstrate the
performance of LSP on these SVO nanostructures.

Figure 3.10: The SVO nanostructures of (a) half-rods and (b) slits fabricated by the focused ion
beam. The aspect ratio (AR) is calculated by dividing the length by the width of a nanostructure.

Half-rods

First, the EELSmeasurements of an isolated 850 nmhalf-rod are shown in figure 3.11(a,b).
Spectra are extracted fromdifferent spatial positions, which correspond to the color-matching
spots in the HAADF image, and several LSP peaks are observed. The energy-filtered
STEM-EELS maps in figure 3.11(b) reveal the spatial distribution of these LSP modes,
whose energywindows correspond to 240, 510, and 740meVwith a 100meV energy range,
respectively. Furthermore, figure 3.11(c) demonstrates the simulated FDTD model, con-
sisting of a 0.85 µm × 0.1 µm rod connected to a 2.5 µm × 1.5 µm substrate with 0.1
µm thickness, whose structure roughly corresponds to the experiment in figure 3.11(a).
There are also several LSP peaks visible in the spectra. Figure 3.11(d) shows the two-
dimensional simulated EELS map, which clearly identifies the first-order to fourth-order
LSP modes. Figure 3.11(b,d) are comparable with their LSP spatial distribution at each



44 Chapter 3. Plasmon properties of SrVO3 bulk and nanostructures

mode; notably, the tip of the rod consistently exhibits the LSP as we expected for the rod-
like structure. However, since the experimental sample does not have the exact shape of
the simulated model, differences in nanostructure geometries can significantly affect the
energy and spatial location of LSP modes, and we will discuss this phenomenon later.

Figure 3.11: (a) HAADF image of the 850 nm length half-rod and the zero-loss-peak subtracted
EELS spectra, which are extracted from the positions in matching color in the HAADF image. The
black solid lines highlight the energy of LSP modes. (b) Several LSP modes can be presented by
energy-filtered STEM-EELS maps, with energy-selecting windows of 100 meV. (c) The correspon-
dent three-dimensional model of the SVO half-rod and the simulated EELS spectra extracted from
the positions in matching color in the model. The black dashed lines highlight the energy of sim-
ulated LSP modes. (d)A two-dimensional simulated EELS map indicates the spatial distribution
of the LSP modes.
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Figure 3.12(a,b) show energy-filter STEM-EELS images and a two-dimensional simulated
EELS map of a 2.5 µm length half-rod. In comparison with the shorter half-rod, the LSP
energy peaks shift to lower energy (first-order to third-order modes are observed below
0.5 eV), and the intervals between different LSP modes decrease. Therefore, more nodes
are revealed for higher-order LSP modes. Additionally, the LSPs have an asymmetric
spatial distribution due to the asymmetric geometry of the half-rod.

Figure 3.12(c) reveals the LSP modes for triple neighboring half-rods. The geometry of
each rod is not identical (with slightly different widths) as the result of the spatial shifting
of the LSP, confirming that slight variations in aspect ratios can significantly affect the
position and energy of LSP.

Figure 3.12: (a) HAADF image and the energy-filtered STEM-EELS maps and (b) two-
dimensional simulated EELS map of the 2.5 µm length half-rod. The white dashed lines highlight
the energy of simulated LSPmodes. (c)HAADF image and the energy-filtered STEM-EELSmaps
of the 2.5 µm length triple neighboring half-rods.
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Slits

Lastly, a result of the 2.5 µm length slit is shown in figure 3.13, where both experimen-
tal (figure 3.13(a)) and simulated results (figure 3.13(b)) show several LSP modes. As
expected from the Babinet principle, which predicts the plasmonic response of two com-
plementary structures [73, 71, 72], the lowest LSP mode is not at the tip but rather at the
center of the slit. Additionally, for the FDTD simulation, the closed structure enhances the
reflection of the electromagnetic wave inside the slit, causing small ripples in the low en-
ergy range (below 0.3 eV). Since we confirmed that the geometric effect plays a significant
role in LSP mode, we then simulate LSP in different geometries.

Figure 3.13: (a) HAADF image and the energy-filtered STEM-EELS images and (b) two-
dimensional simulated EELS map of the 2.5 µm length slit. The white dashed lines highlight
the energy of simulated LSP modes.
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3.4.3 A series of rod-like nanostructures with different aspect ratios

Further, a comparison of the two-dimensional simulated EELS map between the LSPs of
the rods, slits, and half-rods is shown in figure 3.14. With increments of the length l and
the fixed-width d, the aspect ratios (AR = l/d) of nanostructures can be turned from 20 to
80. Obviously, the rods (first row) and the slits (middle row) exhibit complementary LSP
patterns thatmatch Babinet’s principlewell. The half-rods (bottom row) have asymmetric
patterns due to the effect of the substrate. In this way, we are able to understand howLSPs
are spatially distributed based on different geometries. Moreover, there is a larger energy
dispersion (> 0.5 eV) by geometry effect than energy-momentum dispersion (∼ 0.2 eV).

Figure 3.14: Two-dimensional simulated EELS maps of different types of nanostructures with a
series of aspect ratios (AR = l/d). The sizes of the rods (upper row), the slits (middle row), and
the half-rods (bottom row) are (a) l = 500 nm, d = 25 nm (AR = 20); (b) l = 1000 nm, d = 25 nm
(AR = 40); (c) l = 1500 nm, d = 25 nm (AR = 60) and (d) l = 2000 nm, d = 25 nm (AR = 80). The
values of l and d are the same in each column, and all the scale bars are 200 nm.
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3.4.4 Quality factor of LSP

In order to evaluate the quality of the LSPs on these nanostructures, we estimated the
quality factor of each LSP mode. In figure 3.15(a), the quality factors of the LSPs are
plotted as a function of plasmon energy and FWHM. The quality factor Q can be derived
from the damped harmonic oscillators [47], and be written as:

Q ≈ ωp

Γ
(3.4.17)

where ωp is the energy of the LSP mode, and Γ corresponds to its FWHM. Several LSP
modes exhibit FWHM below 100 meV, and SVO has quality factors around 2-5 in a range
of 0.2 to 0.9 eV. A clear feature of three LSP modes can be seen in the EELS spectrum
of the slit in figure 3.15(b). Without deconvolution of the EELS spectrum, the quality
factor estimation is rather conservative due to an energy broadening of approximately 40
meV in the zero-loss peak (ZLP). Nevertheless, these quality factors almost reach those
of known metallic oxides. For instance, indium tin oxide (ITO) nanostructures exhibit
LSP excitations between 150 and 550 meV with an FWHM of around 150 meV, resulting
in quality factors of 1-3 [44]. The cerium-doped indium oxide (Ce:In2O3) nanocrystal
has been reported to exhibit a LSP peak at 313 meV with a narrow FWHW of 77 meV,
indicating its quality factor of ∼ 4 [74]. La-doped BaSnO3 nanoparticles have also been
reported that the LSPs below 0.8 eV with quality factors of 3-5 [45]. Compared to doped
semiconducting oxides, SVO has a different electronic structure that provides a possibility
for alternative plasmonic materials.

Figure 3.15: (a)Quality factors of the SVO LSPmodes for the half-rods (triangle symbol) and slits
(circle symbol) as a function of plasmon energy and full width at half maximum (FWHM). Their
peak energy and FWHM are fitted by the Lorentzian function. (b) The zero-loss-peak subtracted
EELS spectrum of the slit shows three LSP modes.
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3.5 A possible alternative plasmonic material

More alternative plasmonic materials have been developed [75, 76, 77, 78, 79], focusing
on lower loss materials to expand plasmonic applications from the near-infrared to the ul-
traviolet range. Figure 3.16(a) compares the relative permittivity of potential plasmonic
materials, whereas the relative permittivity of SVO is shown separately in figure 3.16(b).
Additionally, several materials show high potential to be candidates but unavoidably suf-
fer some drawbacks (see appendix A).

Figure 3.16: Summary of the optical properties of various plasmonic materials. (a) the real and
imaginary parts of their relative permittivity (εr = ε′r + iε′′r ), where TCOs include AZO, GZO,
and ITO. Data of Ag and Au are reproduced from ref. [80]; TiN and ZrN are reproduced from
ref. [79]; TCOs are reproduced from ref. [81]. The relative permittivity of SVO calculated by the
renormalized ALDA for the linear-response TDDFT at q= 0.136 Å-1 is presented separately in (b).
Additionally, plasmon energy is defined as the real part of the permittivity at zero. The relative
permittivity of SVO is provided by our collaborators.

The relative permittivity of different plasmonic materials (figure 3.16(a)) can be used to
estimate their quality factors. Two types of geometries are used as models for estimation
[76]. The quality factor of a spherical nanoparticle can be written as:

Qsphere =
−ε′r(ω)
ε′′r (ω)

(3.5.18)

and for the cigar-shaped spheroid nanoparticle, the form of quality factor changes into:

Qspheroid =
ε′r(ω)

2

ε′′r (ω)
(3.5.19)
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Figure 3.17(a,b) are the quality factors of various plasmonic materials calculated by two
kinds of formulas (equation 3.5.18 and 3.5.19, respectively). The noble metals (Ag and
Au) have the highest quality factor as expected; the transparent conductive oxides (TCOs),
such as ITO, GZO, and AZO are the lowest; the transition metal nitrides (TiN, ZrN) are
in between. From our earlier discussion, SVO shows comparable quality factors on nanos-
tructures, suggesting a high potential as a plasmonic material.

Figure 3.17: Estimation of the quality factor of the LSP for various plasmonic materials using
the formulas of (a) −ε′r/ε′′r and (b) ε′2r /ε′′r . The database of relative permittivity is based on ref.
[79, 80, 81].
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3.6 Retrieving bulk properties from nanostructure

Thepresence of strong d-d surface plasmon excitations in nanostructures is of interest from
an optical point of view. Unfortunately, such a surface contribution may energy shift the
measured plasmon or even dampen the bulk contribution. On the other hand, a "true"
measurement of the bulk plasmon will be of interest for investigating with high spatial
resolution the electronic structure evolution, such as in the case ofMIT in correlated oxide.

Here, we retrieve the bulk-type plasmon on the nanostructure at the nanometric scale
under dipole and non-dipole conditions. The dipole (q < 0.1 Å-1) and non-dipole (q =
0.2 Å-1) EELS measurements at the tip of a 2.5 µm half-rod are demonstrated in this sec-
tion. Under the momentum-resolved EELS experiment, the collection angle of the STEM
dark-field image is restricted within a small range (4-8 mrad), so the dark-field image
in figure 3.18(a) exhibits diffraction contrast (similar to the MAADF image). In figure
3.18(b), the energy-filtered STEM-EELS map under the dipole condition with an energy
filter window at 0.2-0.3 eV shows the LSP pattern. On the other hand, in figure 3.18(c),
the energy-filtered STEM-EELS map under the non-dipole condition with an energy fil-
ter window at 1.4 eV presents the bulk-type plasmon in the central part of the nanorod.
Figure 3.18(d,e) compare the dipole and non-dipole EELS spectrum between different
spatial positions near the tip of the nanorod. The bulk-type plasmon is invisible under
the dipole condition in figure 3.18(d), while the surface plasmons (the peak below 1 eV)
are observed everywhere. In contrast, the spectrum under the non-dipole condition in
figure 3.18(e) displays strong bulk-type plasmon (d-d excitation) at the central part of
the nanorod and up to ∼ 30 nm from the surface (cyan and red curves) and eventually
vanishing in the vacuum (blue curve).

Figure 3.18(f,g) reveal the electronic structures of the core (blue) and shell (brown) areas
of the nanorod, indicating the difference between their V-L2,3 edge (521 and 513 eV, respec-
tively) and O-K edge (532 eV). Their V-L and O-K edges exhibit different fine structures,
which are indicative of their different electronic structures, and even small changes in the
electronic structure can have significant effects. For the shell area, the V-L edge exhibit
more resolved multiplet peaks, and the splitting of the O-K pre-edge (∼ 527-530 eV) is
reduced and accompanied by a blue shift of 0.8 eV. This phenomenon is a result of sam-
ple preparation by the FIB damaging the shell area and causing a more amorphized SVO
area. The splitting of the oxygen pre-edge is partially affected by the crystal field since
amorphous oxides are expected to have a weaker crystal field than typical perovskite unit
cells. It might be evidence that the band gap has opened in the shell area. It is noted that
disordered and ultra-thin SVO thin films are reported to undergo an MIT [48, 82]. Fur-
ther, figure 3.18(h) compares the core and shell areas within the non-dipole condition (q
= 0.2 Å-1). In the shell area, the bulk d-d plasmon excitation has disappeared, and the p-d
excitation (the energy difference between O-2p and V-3d) exhibits an edge shift of 0.8 eV,
which matches perfectly with the shift of the O-K pre-edge. That is also evidence that the
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amorphized shell area exhibits a different electronic structure compared to the bulk SVO,
which is likely to be associated with MIT.

Figure 3.18: (a) Small-angle annular dark-field (SAADF) image of the tip of a 2.5 µm length half-
rod (one of the triple neighboring half-rods, shown in figure 3.10(a)). Energy-filtered STEM-EELS
maps under (b) dipole (0 < q < 0.1 Å-1) and (c) non-dipole (q = 0.2 Å-1) conditions indicate the
surface plasmon at a range 0.2-0.3 eV and bulk plasmon at 1.4 eV, respectively. (d,e) The spectra
are extracted from the different positions marked in the images in (b,c), respectively. (f) EELS
spectra of the V-L and O-K edges are measured at the core (blue) and shell (brown) areas, and
the corresponding fitting weight profiles for the core and shell areas of the tip are shown in (g).
(h) EELS measurements under the non-dipole condition (q = 0.2 Å-1) at the core and shell areas,
indicating their d-d and p-d transitions.
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3.7 Summary

This chapter investigated the plasmonic excitations of SVO bulk and nanostructures. First,
the ab-initio calculations revealed an electronic excitation at 1.35 eV in the infrared region,
corresponding to the bulk plasmon excitation of SVO, then providing the quantitative
plasmon energy and energy dispersion at dipole and non-dipole conditions and agree-
ing well with the experimental results. Additionally, LSPs have been observed in SVO
nanostructures, and slabs, half-rods, and slits exhibit Fabry-Perot-type LSPmodes that are
comparable to FDTD simulations by Lumerical software. Comparing the quality factor of
SVO with other known plasmonic materials suggests that SVO can be further applied to
plasmonics. Finally, the nanorod demonstrated bulk-type plasmon under non-dipole con-
ditions, confirming that the non-dipole EELSmeasurement can probe bulk-type electronic
excitation, even in the nanostructure. The difference in electronic structures between the
core and shell areas of the nanorod probably relates to MIT.

Considering that the nanostructure suggests the occurrence of MIT and the coupling be-
tween electronic structure and interfacial effects, the coupling between ferroelectric thin
film heterostructures and TMO, associated with MIT, is presented in the next two chap-
ters.
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4.1 Introduction: Ferroelectric thin films with electrodes

Ferroelectric material involves the coupling of charge and lattice degrees of freedom, ex-
hibiting spontaneous and switchable electric polarization, accompanied by ferroelectric
domains with uniform polarization directions. Ferroelectric domain configurations, espe-
cially in thin film heterostructures, are highly influenced by mechanical and electrostatic
boundary conditions, resulting in the development of various domain configurationswith
distinctive properties.

Figure 4.1 gives a schematic representation of ferroelectric thin-film capacitors. In the
case in figure 4.1(a), one considers a ferroelectric thin film in a vacuum, where the noted
charges in figure 4.1(a) are bound charges, which are dependent on the ferroelectric
dipole (Pferro) within the material. These uncompensated polarization charges at both
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surfaces give rise to a so-called depolarization field (Edepolar). The inner field and its
energy cost will, however, hinder ferroelectricity’s development. As a result, the case pre-
sented in figure 4.1(b) is a striped domain configuration, which is a possibility to avoid or
reduce the depolarization field and minimize electrostatic energy. Figure 4.1(c) is a ferro-
electric thin film with short-circuited perfect electrodes, that will null the depolarization
field by having mobile charges at the interfaces, and will not form a ferroelectric domain.
The coexistence of several effects is common in many cases. For instance, in figure 4.1(d),
a ferroelectric thin film with short-circuited imperfect electrodes will still have a residual
depolarization field, possibly combined with ferroelectric domains, which can formmore
complex ferroelectric domains.

Figure 4.1: A schematic of ferroelectric thin-film capacitors. (a) A ferroelectric thin film in a vac-
uum. The ferroelectric dipole (Pferro) causes the bound charges close to the surfaces, and the
uncompensated polarization charges at both surfaces induce a depolarization field (Edepolar). (b)
The thin film forms a striped domain structure to avoid or reduce the depolarization field, and
minimize electrostatic energy. (c)A thin filmwith short-circuited perfect electrodes, in which the
depolarization field is zero and has no ferroelectric domain. (d) A thin film with short-circuited
imperfect electrodes, in which the depolarization field is reduced.

These schemes are rather a simplified description of a ferroelectric thin film. For instance,
ferroelectric thin films exhibit different ferroelectric domain configurations as a function
of temperature and epitaxial strain. In addition, the phase diagrams have also been theo-
retically predicted [83, 84].

Since the continuous electric dipole rotational behavior in ferroelectric thin film was ob-
served [85], increasing research has been conducted on complex ferroelectric domain
configurations, such as flux-closure [16], vortices [17], and skyrmions polar domains
[86]. Nowadays, scientists can manipulate various polar domain structures through the
thickness effect and external electric field [18, 87]. For instance, figure 4.2 shows that
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the PbTiO3(n)/SrTiO3(10) multilayer films with gradient thickness of PbTiO3 (n = 1-21)
exhibit domain configuration evolving from a/c domain to polar wave, vortices, and even-
tually flux-closure state with increasing thickness of ferroelectric PbTiO3 layer.

Figure 4.2: Structural characterization of the PbTiO3(n)/SrTiO3(10) multilayer, where n = 1-
21. (a) STEM image with a scale bar of 10 nm. (b) EDS-mapping1shows that the interfaces of
PTO/STO are well-defined. (c) Ti atomic displacement maps of the PTO thin film with different
thicknesses. The ferroelectric domain evolves from a/c to wave, vortices, and finally flux-closure
type domain configuration, with increasing the PTO thickness. (d) iDPC-STEM2image shows
atomic displacements of Ti (green) and O (yellow), which correspond to the polarization direc-
tion. Reproduced from ref. [18].

Furthermore, electrostatic boundary conditions according to adjacent layers, which can
be insulators or electrodes, are able to affect the domain configuration of ferroelectric
thin films significantly [20, 88, 89, 90]. In principle, the electrode and the presence of
a screening charge tend to reduce the depolarization field and may favor larger or more
simple polar domain configurations. However, PbTiO3 superlattices with an electrode of
SrRuO3 exhibit ordered arrays of polar nano-domains in the ferroelectric layers [19], and
Co/PbTiO3/(La,Sr)MnO3 ferroelectric tunnel junctionwhose PbTiO3 layer is sandwiched
by electrodes present the flux-closure polar domains in the ferroelectric layer [91]. It has
not been reported how the ferroelectric domains are affected by the electrodes, and the

1Energy dispersive X-ray spectroscopy (EDS) can be used to analyze elemental identity and reveal chem-
ical composition maps at atomic resolution.

2The integrated differential phase contrast-STEM(iDPC-STEM) image technique directly uses atomic elec-
trostatic potentials to measure atomic positions, and its image contrast is linearly correlated with the atomic
number.
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role of the electrode remains unclear. There are a number of open questions that remain
to be addressed.

We then investigated a series of PbTiO3 (PTO) thin film heterostructures sandwiched by
SrRuO3 (SRO) electrodes of 55 unit cells (uc), grown on (110)o-oriented DyScO3 (DSO)
substrate, and the PTO thin film thickness varies from 23 to 133 uc. This investigation
has been done in collaboration with the group of Prof. Jean-Marc Triscone from the de-
partment of quantum matter physics (DQMP) at the University of Geneva. In particular,
I would like to express my gratitude to Dr. Céline Lichtensteiger, as well as Dr. Mar-
ios Hadjimichael and Ludovica Tovaglieri, for providing this series of PTO samples and
the measurements of atomic force microscopy (AFM), X-ray diffraction (XRD), and scan-
ning X-ray nanodiffractionmicroscopy (SXDM) at synchrotron, which present systematic
analyses of the ferroelectric domain periodicities and possible ferroelectric domain con-
figurations.

In conjunction with the AFM and X-ray analyses, we further investigate these PTO ferro-
electric domains from a microscopic perspective by STEM technique. This chapter aims
to answer the following questions:

• What kind of PTO ferroelectric domain configurations are present in these thin film
heterostructures as a function of PTO thickness, especially when we observe them
at the nanometric scale?

• What is the structural difference between the top and bottom SRO electrodes, and
how do they associate with the PTO ferroelectric domains? Can we control or engi-
neer the structure of electrodes via the ferroelectric domain?

4.2 Parameters of thin film heterostructures

A series of PTO thin films have been grown on (110)o-oriented DSO substrates, with bot-
tom and top SRO electrodes of 55 uc, and PTO film thickness of 23, 45, 51, 76, 90, 101, and
127 uc. All the samples were deposited using an off-axis radio-frequencymagnetron sput-
tering system, equipped with three different guns allowing the deposition of heterostruc-
tures and solid solutions of high crystalline quality. PTO thin films are typically deposited
around 560 ◦C and 580 ◦C, in 180 mTorr of a 20:29 O2/Ar mixture using a power of 60 W
and a Pb1.1TiO3 target with 10% excess of Pb to compensate for its volatility. SRO elec-
trodes were deposited in situ from a stoichiometric target at 640 ◦C in 100 mTorr of O2/Ar
mixture of ratio 3:60 using a power of 80 W.

The DSO substrate has an orthorhombic structure (space group of Pbnm, No. 62) with
the lattice parameters ao = 5.443 Å, bo = 5.717 Å, and co = 7.901 Å [92]. The orthorhombic
unit cell is often described as a pseudo-cubic unit cell with the lattice parameters apc =
bpc =

√
a2o+b2o
2 = 3.947 Å, cpc = co/2 = 3.951 Å, and αpc = βpc = 90◦, γpc = 2 arctan(ao/bo)

= 87.187◦, where the subscripts "o" and "pc" refer to the orthorhombic and pseudo-cubic
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unit cells, respectively. For (110)o-oriented DSO substrate, the out-of-plane direction of
[001]pc parallels to [110]o, and the in-plane direction of [010]pc and [100]pc parallel to
[001]o and [110]o, respectively.

The metallic TMO of SRO is often used as an electrode in ferroelectric oxides. SRO has
been reported to show metallic conductivity and have a phase transition from paramag-
netic to ferromagnetic at 160 K. SRO has an orthorhombic structure (space group of Pbnm)
with lattice parameters ao = 5.567 Å, bo = 5.530 Å, and co = 7.845 Å, which also can be
described as a pseudo-cubic unit cell with the lattice parameters apc = bpc = 3.924 Å, cpc
= 3.923 Å, and αpc = βpc = 90◦, γpc = 90.382◦. Furthermore, SRO is found in six differ-
ent possible orientations when grown on a substrate [93]. Figure 4.14 provides a detailed
schematic diagram of the relation between pseudo-cubic and orthorhombic unit cells, as
well as possible SRO orientations.

Ferroelectric PTO has a tetragonal structure (space group of P4mm, No. 99) with lattice
parameters a = b = 3.904 Å and c = 4.152 Å at room temperature. Growing on a DSO
substrate results in a tensile strain in the PTO.

Throughout this chapter, the pseudo-cubic notation "pc" is primarily used, and the or-
thorhombic notation "o" is mainly used in the further analysis of orthorhombic structure
in section 4.4.5. The lattice parameters of each component in thin film heterostructures
are listed in table 4.1.

Material Space group Lattice parameters Pseudo-cubic
lattice parameters

a (Å) b (Å) c (Å) apc (Å) bpc (Å) cpc (Å)
DyScO3 Orthorhombic (Pbnm) 5.443 5.717 7.901 3.947 3.947 3.951

SrRuO3 Orthorhombic (Pbnm) 5.567 5.530 7.845 3.924 3.924 3.923

PbTiO3 Tetragonal (P4mm) 3.904 3.904 4.152 - - -

Table 4.1: The crystal structure and lattice parameters of each component in thin film heterostruc-
tures. The correspondingpseudo-cubic lattice parameters are calculated as: apc = bpc =

√
a2 + b2/2,

cpc = c/2 for Pbnm orthorhombic.
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4.3 AFM and X-ray analyses

4.3.1 Periodic patterns at the surface

In the beginning, AFM is a typical surface analysis technique to obtain topographic surface
maps, providing surface information, such as surface texture. The topography images of
a series of samples with PTO thickness varying from 23 uc to 127 uc are shown in figure
4.3(a), performed by our collaborators at the University of Geneva.

For the thinner samples (23 uc and 45 uc), only homogeneous topography patterns are
observed, while periodic patterns (trench patterns) are noticeable as the PTO thickness
increases. By observing the topography images of the thicker samples (above 51 uc), the
trenchpatterns parallel to [010]pc and [100]pc exhibit anisotropic features, and those along
[010]pc are longer and deeper than those along [100]pc. In order to reveal the periods
of these trench patterns, an autocorrelation analysis is used, which is more sensitive to
periodic patterns than a direct Fourier transformation of the topography image [94]. The
process of estimating the period of the 90 uc PTO using the autocorrelation technique is
illustrated in figure 4.3(b-e). Two periodic peaks along [010]pc are revealed (red curve),
while a single periodic peak exhibits along [100]pc (blue curve). More precisely, for the
90 uc PTO, the autocorrelation analysis reveals periods of 75 nm and 259 nm along the
[010]pc, and 347 nm along the [100]pc. The measured periods of all the samples will be
compared in section 4.5.
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Figure 4.3: (a) AFM topography images of a series of PTO thin films sandwiched by SRO elec-
trodes grown on (110)o-oriented DSO substrate. The scan area of the top row and bottom row are
2x2 µm2 and 10x10 µm2, respectively. (b-e) Autocorrelation analysis on the 90 uc PTO sample.
Starting from the topography image in (b), the autocorrelation function (ACF) gives the result in
(c), and the Fast Fourier transformation (FFT) of this image is shown in (d). (e) The intensity
profiles along [100]pc (blue) and [010]pc (red) are extracted from the FFT image, revealing the
periodic peaks.



62 Chapter 4. Domain engineering of ferroelectric PbTiO3 heterostructure with SrRuO3 electrodes

4.3.2 Ferroelectric domain periodicities

As the domains of topography images are revealed by AFM analysis, we then used XRD
techniques to identify periodic ordered phases and domains in this series of samples.
TheseXRDmeasurementswere performedby our collaborators at theUniversity ofGeneva
using a Panalytical X’Pert diffractometer with Cu Kα1 radiation (1.5405980 Å) equipped
with a 2-bounce Ge(220) monochromator and a triple axis detector at the University of
Geneva.

The reciprocal space maps (RSM) around the (001)pc peak are projected onto Q[001]pc-
Q[100]pc plane (figure 4.4(a)) andQ[001]pc-Q[010]pc plane (figure 4.4(b)), and the correspond-
ing intensity profiles shown below are from intensity cut atQ[001]pc = 1.55 Å-1 (marked by
white dashed lines in figure 4.4(a,b)), corresponding to a lattice parameter of 2π/Q[001]pc

∼ 4.05 Å. By observing the RSM, the thicker PTO samples (76 uc and higher) exhibit the
butterfly shape, which comes from the tilts in a- and c-domains [95] (orientations of these
tilts will be defined in section 4.3.3). Further, satellite peaks along [010]pc (figure 4.4(b))
are found, while periodic peaks along [100]pc are invisible; hence we pay more attention
to the periodicity along [010]pc. The intensity profiles along [010]pc are extracted to figure
4.4(c), and their periods as a function of thickness are shown in figure 4.4(d). Moreover,
the additional peaks in thicker samples (76 uc and higher) have been observed, which are
marked with the green stars in figure 4.4(c), indicating the appearance of a longer period.
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Figure 4.4: Reciprocal spacemaps (RSM) of a series of the PTO samples with different thicknesses.
The (001)pc peak projects in Q[001]pc -Q[100]pc plane shown in (a) and Q[001]pc -Q[010]pc plane shown
in (b). The Q[100]pc and Q[010]pc vary from -0.1 Å-1 to 0.1 Å-1, and the Q[001]pc varies from 1.4 Å-1 to
1.8 Å-1. The intensity profiles below are obtained from a cut at Q[001]pc = 1.55 Å-1 (marked white
dashed lines). The summary of these samples is shown in (c) for the peak profiles from (b), and
(d) for the corresponding domain periods.
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4.3.3 Tilts in ferroelectric a- and c-domains

The 90 uc thick PTO samplewas specifically examined using scanningX-ray diffractionmi-
croscopy (SXDM), whichwas performed by our collaborators at the University of Geneva.
SXDM is able to investigate localized regions and allows a more detailed investigation
than the ensemble average of previous XRDmeasurements. As we will see later, SXDM is
strongly complementary to STEM analysis, and we have decided to present them in this
manuscript before discussing our electron microscopic investigation. In particular, both
techniques enable real space mapping of the crystallographic or ferroelectric domains by
filtering different regions of interest in the reciprocal space.

This SXDM is equipped on the ID01 beamline at the European Synchrotron Radiation
Facility (ESRF) [96]. An incident X-ray energy of 9.5 keV was selected using a Si(111)
double crystal monochromator with resolution ∆λ/λ = 10-4. A 0.7 µm-thick tungsten
Fresnel zone plate with 300 µm diameter and 20 nm outer zone width was used to focus
the X-ray beam down to a spot size of ∼ 30 × 30 nm2 FWHM.

For 90 uc PTO sample, two projections onto Q[001]pc-Q[100]pc and Q[001]pc-Q[010]pc planes
from the 3D-RSM of SXDM measurements are shown in figure 4.5(a,c). They exhibit
a similar butterfly shape as observed in the XRD results. The areas with a larger value
in Q[001]pc (corresponding to out-of-plane lattice parameter) represent the ferroelectric
a-domains, which have smaller out-of-plane lattice parameters. On the other hand, the
areas with a smaller value in Q[001]pc represent the ferroelectric c-domains, which have
larger out-of-plane lattice parameters.

The butterfly shape indicates that the a- or c-domain has the possibility of being tilted in
one of the four directions: [100]pc, [100]pc, [010]pc, or [010]pc. For instance, on Q[001]pc-
Q[010]pc plane (figure 4.5(c,d)), four corners clockwise from top left correspond to a[010]pc ,
a[010]pc , c[010]pc , and c[010]pc , respectively. The spatial distribution maps of the tilted a- and c-
domains are shown infigure 4.5(b,d), which come from the color-matching boxes in figure
4.5(a,c), correspondingly. Moreover, examining the figure 4.5(d) inmore detail, for a- and
c-domains tilting in [010]pc or [010]pc direction, a[010]pc and c[010]pc , as well as a[010]pc and
c[010]pc display similar patterns, respectively. Therefore, the clear correlations of domain
bundles of a[010]pc/c[010]pc and a[010]pc/c[010]pc are revealed. Additionally, figure 4.5(e) shows
the topography image of the 90 uc PTO samplewith the same scale, and its periodic trench
pattern is comparable with the spatial distribution maps in figure 4.5(d), indicating the
period measured by topography images in figure 4.3 are related to the domain bundles of
a- and c-domains.

Since the clear domain bundles (a[010]pc/c[010]pc and a[010]pc/c[010]pc) are revealed, and the
XRD results (figure 4.4(b)) only exhibit satellite peaks along [010]pc, our attention is
drawn to the behavior of the ferroelectric domain along [010]pc.
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Figure 4.5: Scanning X-ray diffraction microscopy (SXDM) results of the 90 uc PTO sample. The
projections of (a) Q[001]pc -Q[100]pc and (c) Q[001]pc -Q[010]pc planes cut from the 3D-RSM. (b,d) The
spatial distribution maps of different orientations of the a- and c-domains, which are extracted
from the color matching boxes defined in (a) and (c), respectively. (e) The topography image of
the AFM result at the same scale, whose domain period is comparable to the patterns in (d).
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4.4 Microscopic investigations through STEM

4.4.1 STEM images

According to the AFM and X-ray analyses presented in the preceding section, we have a
first understanding of the domain periods and tilting of the a- and c-domains of this series
of PTO samples, notably in the 90 uc PTO sample. However, there are still some puzzling
questions; for instance, what is the ferroelectric domain configuration on each sample?
And why do the samples with lower PTO thicknesses have fewer periodicities in X-ray
measurements and no super-periodicity in topography images? What is the role of the
SROelectrodes, and are they associatedwith the PTOdomain? Our goal is to control TMO
properties with the ferroelectric proximity-induced effect, which implies at least some
interfacial couplings. In this section, we continue to investigate using STEM techniques,
such as different types of STEM images, geometric phase analysis (GPA), atomic-resolved
images, and fast Fourier transform (FFT) analysis, allowing us to examine themicroscopic
details of these samples.

Among this series of PTO thin films, we chose three representative samples: 90 uc, 45 uc,
and 23 uc PTO samples. The differences have been observed between the 90 uc and 23
uc PTO samples, not merely the trench patterns in the topography images (section 4.3.1)
but also in the behaviors of periodic peaks in the RSM (section 4.3.2). These two distinct
behaviors might mix in the 45 uc PTO sample. Additionally, we prepared STEM cross-
section lamellas of these three samples by focused ion beam (FIB), andwe observed them
on the Q[001]pc-Q[010]pc plane (along [010]pc), which shows more interesting phenomena
as discussed earlier.

From the STEM images shown infigure 4.6(a-c), the high-angle annular dark-field (HAADF)
images barely observe the ferroelectric domain (discussed in figure 2.4), while bothmiddle-
angle annular dark-field (MAADF) and bright-field (BF) images are able to demonstrate
clearer contrasts of the ferroelectric domain configurations in the PTO layers. As the PTO
thickness decreases, the domain contrast transforms from a typical ferroelectric a/c pat-
tern into a flux-closure-like pattern (figure 4.6(d)). Further, we extracted the periods of
these PTO domains using FFT analysis (detailed in section 4.4.4), and found the period
of 46 nm ± 3 nm for the 90 uc PTO, 26 nm ± 1 nm for the 45 uc PTO, and 13 nm ± 1
nm for the 23 uc PTO. These periods are in perfect agreement with the XRD results and
it confirms that the main peaks in figure 4.4(d) is associated with the PTO ferroelectric
domain.
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Figure 4.6: TheMAADF (collection angles of 15-30 or 30-60mrad) and BF (collection angle of 0-15
mrad) STEM images of (a) 90 uc, (b) 45 uc, and (c) 23 uc PTO samples. (d) A flux-closure-like
ferroelectric domain configuration (reproduced from supplementary information of ref. [19]) is
comparable with the domain contrast of the enlarged image of (c).
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4.4.2 Ferroelectric polarization configurations

The HAADF images reveal poor domain contrast, while it is a powerful tool to directly
observe atomic displacement and unit cell crystal structure distortion, which relate to fer-
roelectric polarization direction and domain wall reconstruction. In the case of tetragonal
PTO, the atomic displacement of the titanium determines the ferroelectric polarization
direction (discussed in figure 2.5).

Figure 4.7 and 4.8 shows the atomic-resolvedHAADF images of the 90 uc, 45 uc, and 23 uc
PTO samples. The 90 uc PTO sample (figure 4.7) exhibits typical a/c domains as discussed
earlier, and the corresponding polarization directions can be further confirmed in this part.
First, the ferroelectric domain wall of the a- and c-domain can be easily identified and are
marked in the red lines in figure 4.7, according to atomic distortions (the columns of atoms
rotate at a certain angle when crossing a domain wall). Second, we found that there are
two kinds of a-domains with opposite inclined directions (the left and right in figure 4.7),
both of their polarization directions always point to the right with respect to the substrate
at the bottom. On the other hand, the polarization directions of the c-domains always
point toward the bottom. This is a bit intriguing since it gives different types of the domain
wall, notably distinct charge distributions near the domain wall, exhibiting head-to-head
or tail-to-tail polarization for the a-domain on the left, and head-to-tail polarization for
the a-domain on the right.

The polarization arrow map, whose working principles were discussed in section 2.3.3,
can effectively quantify ferroelectric polarization in localized areas. The polarization ar-
row map of the 45 uc PTO sample is shown in figure 4.8(a). The PTO layer has two op-
posite polarizations: the upper area with a polarization pointing toward the top; and the
lower area with a polarization pointing toward the bottom. The center area of the PTO
layer with slight in-plane polarization roughly separates the PTO layer into two regions.
Additionally, there is the possibility of presenting some incomplete a-domains, which only
exist in the upper or lower half of the PTO. Finally, in figure 4.8(b), the 23 uc PTO sample
shows the polarizations pointing to the top and bottom and a wave-like region with slight
in-plane polarization at the center, which is similar to the 45 uc PTO sample.

The 45 uc and 23 uc PTO samples have complex flux-closure type polarization configu-
rations, and their driving mechanism remains unclear. We tried to match the observed
MAADF contrast that resembles a typical flux-closure type contrast to the HAADF arrow
maps, but we were not able to obtain a non-ambiguous distribution of the ferroelectric
domain. In particular, in the case of the 23 uc, the observed domain is not compatible
with a flux-closure type domain as shown in figure 4.6(d) and the measurements done
byM. Hadjimichael [19]. A major difference is that the ferroelectric polarizations close to
the interface are in the majority pointing toward the interface while a pure flux-close type
tends to have the ferroelectric polarizations lyingwithin the planes near the surfaces or in-
terfaces. This is comprehensible since the SRO electrodes can provide screening charges.
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Figure 4.7: The atomic-resolved HAADF images of 90 uc PTO sample. The two kinds of ferroelec-
tric a/c-domains with opposite inclined directions are found; in addition, the polarizations of the
a-domains always point to the right, and the polarizations of the c-domains always point to the
bottom, with respect to the substrate.

In the 45 uc, the ferroelectric polarizations also often point within the electrodes, but a
nascent c/a type domain is also present near the top interface. It has already been reported
that, as the ferroelectric layer thickness decreases, the typical ferroelectric domain turns
into complex domain structures, which might be the result of the incomplete screening of
depolarizing field due to the electrode [97], the instability of the ferroelectric properties
in ultrathin films [89], or topological defects [98].
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Figure 4.8: The atomic-resolved HAADF images of (a) 45 uc and (b) 23 uc PTO samples. (a) The
polarization arrow map shows the PTO layer has opposite out-of-plane polarizations (tail-to-tail
polarization) in the upper and lower areas, which are shown in the enlarged images on the right,
and a slight in-plane polarization in the middle. Moreover, some incomplete a-domains are found
(the domain walls are marked in red lines). (b) The polarization arrowmap shows the PTO layer
has opposite polarization in the upper and lower areas, similar to the case of the 45 uc PTO sample,
but a wave-like area with in-plane polarization in the middle.
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4.4.3 Strain analysis

The epitaxial strain is an essential parameter in the thin filmheterostructure, and the strain
pattern provides another method of identifying the ferroelectric domain structures [20,
99]. The strain maps of 90 uc, 45 uc, and 23 uc PTO samples are shown in figure 4.9(a-c),
respectively; the columns from left to right correspond to the out-of-plane strain, in-plane
strain, shear strain, and rotation map, respectively.

Figure 4.9: Strain maps for the (a) 90 uc, (b) 45 uc, and (c) 23 uc PTO samples. The patterns
from left to right correspond to the out-of-plane strain, in-plane strain, shear strain, and rotation,
respectively. All the strain maps are at the same color intensity scale from -8% to 8%, while the
rotation map is from -5° to 5° (anticlockwise positive). In the out-of-plane strain map in (a), two
black circles indicate acute and obtuse corners that have different out-of-plane expansions. As a
result of this gradient of strain, horizontal flexoelectricity is involved.
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For the 90 uc PTO, the regions with lower out-of-plane strain and higher in-plane strain
indicate the ferroelectric a-domain (in-plane polarization); the other regions correspond
to the c-domain (out-of-plane polarization), confirming that this sample exhibits typical
ferroelectric a/c domains. Shear strain and rotation maps indicate that the ferroelectric
domain walls exhibit slight shear behavior and atomic rotation.

Further, taking a closer look at the out-of-plane strain map at the bottom of the PTO layer,
showing the horizontal strain gradient (the obtuse corner has a lower strain value than
the acute corner, and the corners are marked in black circles). The strain gradient be-
tween the obtuse and acute corners can induce a horizontal flexoelectric polarization [100].
From the GPA results, we can estimate the gradient of out-of-plane strain ∆εyy, which
spans from 1.5% to 3% between the obtuse and acute corners, and the relaxation length
w (i.e., the width of c-domain) is 15-25 nm. With the typical flexoelectric coefficient µ of
PTO ≈ 200 nC·m-1, the horizontal flexoelectric polarization Px(flexo) can be estimated as
µ(∆εyy/w) ≈ 20-25 µC·cm-2. Regarding the typical ferroelectric polarization of PTO with
40-60 µC·cm-2, this value of flexoelectric polarization is not negligible. Therefore, hori-
zontal flexoelectric polarization could affect ferroelectric domains, and the charge might
be removed from or injected into the domain walls as a result. It might be one of the rea-
sons why different polar domain walls, such as head-to-head, tail-to-tail, and head-to-tail
domainwalls, can be observed. The horizontal flexoelectricity reduces the energy cost dif-
ference by reducing the charge differences at the domain wall. The possible ferroelectric
domain configurations are shown in figure 4.10). In the case of figure 4.9(a), compared
with the two kinds of left-inclined a-domains in figure 4.10(a,b), the flexoelectric polariza-
tion effect tends to reduce rather than increase the charge in the domain wall; therefore,
the configuration in figure 4.10(a) is observed.
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Figure 4.10: The possible ferroelectric domain configurations. The PTO layers with (a,b) left-
inclined a-domains, and (c,d) right-inclined a-domains. In our case, the domain configuration in
(a) is observed.

For the 45 uc PTO, the strain maps show much more complex patterns, a reduced strain
area at the center of the PTO layer, and intense out-of-plane or in-plane strain near the
top and bottom interfaces of the PTO layer. According to these strain behaviors, sole flux-
closure type domain configurations might not be accepted. In fact, the GPA confirms that
an out-of-plane expansion is dominating near the bottom and top interface of the PTO
layers which is in agreement with ferroelectric vectors pointing toward the electrodes. In
the case of the 45 uc, the nascent a/c domain configuration is visible, with the presence
of a small tilted a domain near the top interface. For the 23 uc PTO, the strain maps show
homogeneous patterns, and no visible ferroelectric domain contrast can be identified in
the PTO layer from this GPA measurement. The domain configurations of the 45 uc and
23 uc PTO samples are not able to be directly determined at this moment. Moreover, the
top SRO layers of the 90 uc and 45 uc PTO samples exhibit periodic patterns associated
with the PTO domains, and these findings will be discussed in section 4.4.5.
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4.4.4 FFT analysis

Through the use of FFT analysis, more information is uncovered in reciprocal space. Fig-
ure 4.11(a) shows the reconstructed colored FFT images from theHAADF image of the 90
uc PTO sample, and figure 4.11(b) shows the corresponding MAADF image to illustrate
where the domains are, due to the domain contrast of the HAADF image being hardly
visible. The butterfly pattern around (001)pc peak can be defined by four orientations of
the a- and c-domain, according to the result of SXDM in section 4.3.3. The reconstructed
colored FFT image highlights two kinds of the a/c-domains in different colors. The green
pattern results from the a/c-domains, which slope from top-left to bottom-right; the red
pattern results from the a/c-domains, which slope from top-right to bottom-left; both of
them can be observed in figure 4.11(b). Additionally, the satellite peaks in the FFT image
indicate a periodic phase, and we can estimate the corresponding period of the domain.
However, the satellite peaks are barely visible in this butterfly pattern, which only con-
sists of a small number of a/c domains and is not enough to display clear satellite peaks.
Further, a zoomed part in the upper right corner of the figure 4.11(a) shows the satellite
peaks of the a[010]pc domain, which comes from the other region consisting of more than
15 a[010]pc domains, giving an apparent period of ∼ 46 nm.

Then, we select four corners of the butterfly pattern in the FFT image and reveal their spa-
tial distributionmaps through inverse FFT in a similarmanner as itwas reported by SXDM
in figure 4.5. The FFT-filtered patterns, which are filtered by the cyan and orange boxes
in the FFT image, are presented in figure 4.11(c,d), respectively. In figure 4.11(c), it is
evident that the colored areas correspond to the a-domains (a[010]pc in green and a[010]pc in
red); and in figure 4.11(d), the colored areas correspond to the c-domains (c[010]pc in green
and c[010]pc in red). The a[010]pc and c[010]pc are always present together, as well as a[010]pc
and c[010]pc . As a result, the domain bundles of a[010]pc/c[010]pc (green) and a[010]pc/c[010]pc
(red) are consistent with the result of the SXDM.
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Figure 4.11: FFT analysis of the 90 uc PTO sample. (a) The reconstructed colored FFT image
highlights the different orientations of a/c domain. The green and red patterns correspond to the
left-inclined a/c-domain and right-inclined a/c-domain, respectively. The butterfly shape of (001)pc
peak is defined as four orientations, a[010]pc , a[010]pc , c[010]pc , and c[010]pc . A zoomed part in the upper
right corner of (a) shows the satellite peaks of the a[010]pc domain, which comes from the other
region consisting of more than 15 a[010]pc domains, giving an apparent period of ∼ 46 nm. (b)
The MAADF image, where the FFT analysis has been done, illustrates the position of the domain.
(c,d) The FFT-filtered patterns, which are filtered by the cyan and orange boxes in the FFT image,
correspond to the a-domain and c-domain, respectively.
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The FFT image of the 45 uc PTO sample is shown in figure 4.12(a). The (001)pc peak shows
the satellite peaks of PTO and indicates a period of ∼ 26 nm, which can be observed by
the MAADF image in figure 4.12(b). The butterfly pattern in the FFT image is not clearly
identified the four orientations of a- and c-domains, and it might associate with incomplete
a-domains, which is presented in figure 4.8(a) and figure 4.9(b). The FFT-filtered pattern
is shown in figure 4.12(c) in a similar manner as in figure 4.11(c,d).

Finally, for the 23 uc PTO sample, the FFT image is shown in figure 4.13(a); from the
(001)pc peak, only the satellite peaks of the PTO can be observed, and the butterfly pattern
is invisible. The satellite peaks indicate a period of ∼ 13 nm, which can be observed by
the MAADF image in figure 4.13(b). The FFT-filtered pattern of PTO is shown in figure
4.13(c).

Consequently, the diffraction patterns of the 45 uc and 23 uc PTO samples do not exhibit
the visible butterfly shape, making it difficult to determine the orientations of the a- and
c-domains. This phenomenon could be associated with complex polarization configura-
tions. In general, the periodicities of all these samples agree well with the results of the
X-ray analysis, and we will compare them in section 4.5.

Figure 4.12: FFT analysis of the 45 uc PTO sample. (a) The (001)pc peak of FFT images. (b) The
MAADF image, where the FFT analysis has been done, illustrates the position of the domain. (c)
The FFT-filtered pattern by filtering the colored areas marked in (a).

Figure 4.13: FFT analysis of the 23 uc PTO sample. (a) The (001)pc peak of FFT images. (b) The
MAADF image, where the FFT analysis has been done, illustrates the position of the domain. (c)
The FFT-filtered pattern by filtering the colored areas marked in (a).
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4.4.5 Domains of the SrRuO3 electrodes

Recalling the GPA result in figure 4.9, the strain contrast modulations of the top SRO lay-
ers are visible by observing the shear strain and rotation maps of the 90 uc and 45 uc PTO
samples. Additionally, these strain contrast modulations are coupled with ferroelectric
domains in PTO with the same period, indicating another domain in the top SRO. There-
fore, we examine the neighboring SRO layers to identify what types of domains exist in
them, and how they correlate with the ferroelectric PTO domains.

Since the lattice parameters ao and bo of SRO are not identical (ao = 5.567 Å and bo = 5.530
Å), its pseudo-cubic unit cell can be observed a slight distortion angle of either ∼ 90.4°
and ∼ 89.6° (see figure 4.14(a)). Six possible orthorhombic orientations grown on STO
substrate have been first reported by J. C. Jiang [93, 101], and the schematic diagram is
shown in figure 4.14(b). According to the direction of orthorhombic c-axis, they can be
defined as X-, Y-, Z-orientation; since there are two distortion angles (90.4° and 89.6°),
there are X′-,Y′-, Z′-orientation as well.

Figure 4.14: (a) The crystal structure of orthorhombic SRO projected along [001]o(i.e., [010]pc),
showing the distortion angles (90.4° and 89.6°) in the pseudo-cubic unit cell. (b) Schematic dia-
gram showing six possible orientations of SRO thin film grown on a substrate. The red axis refers
orthorhombic c-axis, and the colored planes highlight the planewhere two axes are not orthogonal.
Reproduced from ref. [93].

According to our analysis, the SRO layers exhibit different orientations, and the FFT im-
ages are shown in figures 4.15(a,b). Figure 4.15(a) shows the superstructures of {111}o
family (i.e., (1 1 1)o, (1 1 1)o, (1 1 1)o, and (1 1 1)o, encircled in dark yellow), correspond-
ing the orthorhombic c-axis SRO[001]o parallels to DSO[001]o, defined as X-orientation.
On the contrary, figure 4.15(b) shows the superstructures of {100}o (i.e., (100)o and (100)o)
and {010}o families (i.e., (010)o and (010)o, encircled in cyan), corresponding to the or-
thorhombic c-axis SRO[001]o parallels to DSO[110]o, defined as Y-orientation. Further-
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more, filtering the superstructures ofX-orientation (dark yellow circles in figure 4.15(a))
and Y-orientation (cyan circles in figure 4.15(b)), the matching colored FFT-filtered pat-
terns of the 23 uc, 45 uc, and 90 uc PTO samples are shown in figure 4.15(c-e), respectively.
For the bottom SRO, all samples exhibit the same X-orientation, probably pinned by the
interfacial continuity imposed by the (110)o-DSO substrate (X-orientation). For the top
SRO, the 23 uc and 45 uc PTO samples have only Y-orientation, while the 90 uc PTO
sample exhibits a mixture of both X- and Y-orientations.

When observing the X- and Y-orientation along DSO[110]o, it is noted that the X- and
X′-orientations cannot be identified; therefore, X-orientation is used to refer to either X-
and X′-orientations in this section. On the other hand, the structural difference between
the Y- and Y′-orientations is visible from our observation axis (see the colored plane in
figure 4.14(b)), and they can be distinguished through the Bragg peaks of the FFT image
and atomic-resolved image as well.

Figure 4.15: FFT analysis of the top and bottom SRO electrodes of the 23 uc, 45 uc, and 90 uc
PTO samples. (a,b) FFT images correspond to two families of SRO orthorhombic orientations, in
which the superstructures aremarked. (a) corresponds toX-orientation due to the superstructures
of {111}o family, and (b) corresponds toY-orientation due to the superstructures of {100}o and
{010}o families. (c-e) FFT-filtered patterns of the 23 uc, 45 uc, and 90 uc PTO samples, respectively.
The dark yellow and cyan areas correspond to the X- andY-orientations, respectively.



4.4. Microscopic investigations through STEM 79

The GPA results of 90 uc and 45 uc PTO show their top SRO layers have periodic shear
strain and rotation, which are extracted into figure 4.16(a,d). It is evident that their top
SRO exhibit two types of domains (marked in black boxes). The FFT images from these
two regions in black boxes in figure 4.16(a,d) are colored andoverlapped in figure 4.16(b,e),
respectively. In order to emphasize the slight shift between the Bragg peaks of the red and
green FFT images, the corresponding schematic diagrams are displayed in figure 4.16(c,f),
whose distortion angles have been enlarged by five times, due to the difference in the an-
gular distortion being smaller than 0.8°. First, for the 45 uc PTO, the {100}o and {010}o
peaks exhibit shear behavior, while the {220}o peaks exhibit rotational behavior, corre-
sponding to the shear strain and rotation maps of the GPA measurements. Therefore,
they correspond to the Y- and Y′-orientations. Second, the 90 uc PTO exhibits a similar
FFT pattern as the 45 uc PTO, showing the Y- and Y′-orientations as well. Additionally,
the interface between the Y- and Y′-orientations of the 90 uc PTO is not well defined,
resulting in a small rotation of all {220}o peaks.

We enlarge the interface of Y- and Y′-orientations to examine their crystal structures by
atomic-resolved HAADF image. A HAADF image of the 45 uc PTO is shown in figure
4.17(a). In fact, the interface of PTO and top SRO has a zigzag distorted behavior due to
the presence of small ferroelectric a-domain near the top PTO layer, inducing SRO twin-
ning Y- and Y′-crystal domains. Both the SRO crystal domain and PTO ferroelectric do-
main have roughly the same periodicity (∼ 26 nm), sharing interface connectivity. In
addition, the measured distortion angle matches the ideal crystal structure ofY- andY′-
crystal domains in figure 4.17(b), which overlaps the Y- and Y′-crystal domains. This
finding demonstrates the ferroelectric c/a domain near the top PTO layer imposes the
crystallographic domain distribution in the top SRO layer.
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Figure 4.16: A comparison of the top SRO layers in (a-c) 45 uc and (d-f) 90 uc PTO samples. (a,d)
The shear strain and rotation maps are extracted from figure 4.9(b,a), respectively. (b,e) The FFT
images from two regions of interest (enclosed with black boxes in (a,d)) in the top SRO layers
are colored and overlapped. These two regions represent the Y- and Y′-orientations. (c,f) The
corresponding schematic diagrams, whose distortion angles have been enlarged by five times, due
to the difference in the angular distortion being smaller than 0.8°. The {100}o and {010}o peaks
exhibit shear behavior, while the {220}o peaks exhibit rotational behavior.
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Figure 4.17: (a)High-resolution HAADF image of the 45 uc PTO sample. The red lines highlight
the distorted atomic layers, showing a small angular difference near the interface of the PTO and
SRO layers. The corresponding rotation map of the GPA result overlays the image. (b) The over-
lapping of the crystal structure of the Y- and Y′-orientations. It reveals the continuity of cation
along [110]o and a slight clockwise or counterclockwise rotation.
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4.5 Domain period as a function of PbTiO3 film thickness

The periodicities of this series of PTO samples measured by the topography images of
AFM, RSM of XRD, and FFT analysis of STEM images are summarised in figure 4.18. Ac-
cording to our investigations, this series of samples can be divided into two regions in
terms of thickness that exhibit distinct behaviors. The first region (region I) consists of
samples with a thinner PTO layer than 50 uc, in which trench patterns in topography
images are not visible, and the additional peaks in RSM cannot be observed. The PTO
layers exhibit complex domain configurations and a null or weak connection to the top
SRO electrode. On the other hand, the second region (region II) consists of samples with
a thicker PTO layer than 50 uc, in which trench patterns are apparent in topography im-
ages, and the additional peaks are displayed in RSM.Moreover, the PTO in this region has
well-defined ferroelectric a/c domains and is strongly correlated to the top SRO electrode.

Figure 4.18: Summary of the period along [010]pc as a function of PTO thickness. The values are
obtained from the topography images of AFM (red dots), RSM of XRD (blue and green triangles
correspond to the additional period and primary period, respectively), and FFT analysis of STEM
images (purple diamonds). Two different regions are defined: region I for the samples with a PTO
thickness of less than 50 uc; region II for the samples with a PTO thickness of more than 50 uc.
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According to our observations of the period of PTO ferroelectric domains as a function
of film thickness, the period p decreases with decreasing film thickness t as a function
of p ∝ tn with n = 0.8 ± 0.1. Similar results were reported in a series of PTO thin film
heterostructures, giving the exponent n = 0.68 ± 0.3 [94].

The sample in region II exhibits typical a/c ferroelectric domains with the expected peri-
ods. As the film thickness reduces, in the region I, we expect to observe c+ and c− fer-
roelectric domains [102]. Instead, we observed the complex polarization configurations
and strain patterns that might associate with the energies between ferroelectricity and fer-
roelasticity [103], and the behavior of our samples in region I could be determined by the
complex interaction between strain and electrostatic boundary conditions.
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4.6 Summary

This chapter examines the evolution of the ferroelectric domain through PTO thin filmhet-
erostructures with various PTO film thicknesses. A series of PTO thin films sandwiched
by SRO electrodes was investigated through a combination of AFM, XRD, SXDM, and
STEM analyses, revealing their periodicities, a/c domain with tilted orientations, and fer-
roelectric domain configurations. Increasing the PTO thin film thickness results in the
domain configuration evolving from a complex flux-closure-like state into the typical fer-
roelectric a/c domain. Nevertheless, all the samples have periodic domain configurations,
and can be divided into two regions exhibiting distinct structural behaviors according to
thickness. The influence of film thickness on ferroelectric domain configurations is re-
vealed.

Furthermore, anisotropic strain and structural distortion in the PTO layers are correlated
with the top SRO electrode and result in a reorientation of the crystal structure of the
SRO. This finding indicates the possibility of affecting the properties of neighboring layers
through the ferroelectric effects.

Subsequently, the investigation regarding nickelate’s structural and electronic properties
modulated through the ferroelectric effect is presented in the next chapter.
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Controlling the properties of NdNiO3
thin films through ferroelectricity
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5.1 Introduction: Structural and electronic properties of RNiO3

nickelates

The coupling between lattice and charge degrees of freedom, which are associated with
ferroelectricity, is discussed in chapter 4. Following the investigation of ferroelectric mate-
rials, this chapter investigates how the electronic and structural properties of TMOs, such
as the metal-insulator transition (MIT), are controlled by ferroelectric materials.

There is an essential topic amongTMOs regarding theRNiO3 perovskite nickelates (where
R is the rare-earth element, e.g., La, Pr, Nd), which are characterized by their extraordi-
nary structural and physical properties [104, 105]. Figure 5.1 shows a phase diagram of
the RNiO3 family with different R cations. With increasing the size of the R cation (except
for R = La), the MIT temperature decreases according to the structural distortion of Ni-
O-Ni bond angles [106], which couples with the charge and orbital degrees of freedom.
As a result, there are a variety of parameters that can be modulated in order to alter the
physical properties of nickelates.

Figure 5.1: Phase diagram of RNiO3 nickelate family. The evolution of crystal structure, metal-
insulator transition andNéel transition temperatures as a function of Goldschmidt tolerance factor
t (values are calculated from experimental measurements of the R-O andNi–O distances), andNi-
O-Ni bond angle. BD represents the bond disproportionated state. Reproduced from ref. [104].

In recent years, there has been an increasing interest in RNiO3 thin films and their het-
erostructures [107]. As the thin film is easier to distort within a few unit cells, interface-
driven effects have the potential to enhance the physical properties or generate novel func-
tionalities with promising rich applications [108].



5.1. Introduction: Structural and electronic properties of RNiO3 nickelates 87

For instance, the performance of nickelate strongly depends on the epitaxial strain by se-
lecting different substrates [104, 109, 110]. Nickelate thin films under compressive or
tensile strain are often associated with the presence of Ruddlesden-Popper (RP) fault
[111, 112], which can involve MIT [113]. Additionally, nickelate thin film heterostruc-
tures usually exhibit structural phase transitions, such as oxygen octahedra tilting and
distortion [114, 115, 116], which can cause charge disproportionation [117]. The NiO6 oc-
tahedral exhibits breathing distortion resulting in inequivalentNi-O bonds and symmetry
breaking [118]. This bond modulation induces charge disordering due to the Ni-3d band
lying close to the ligand oxygen-2p band, the electron can hop from the 2p band to the 3d
band and create a ligand hole L in the oxygen band (i.e., 3d7 → 3d8L1) [119]. Moreover,
as a result of the bond disproportionation, the nickel-3d8L1 can split into two different Ni
sites 3d8L0 and 3d8L2, that is to say, 3d8L1 +3d8L1 → 3d8L0 + 3d8L2. The superposition of
3d8L0 and 3d8L2 state indicate the Ni2+ and Ni4+ valence states rather than the nominal
Ni3+ valence state. Consequently, the self-doped oxygen-2p ligand hole causes a rocksalt-
type distortion of the NiO6 octahedral, which can be described as compressed 3d8L2 and
expanded 3d8L0 octahedra [120].

In this chapter, we will report the investigation of NdNiO3 (NNO) nickelate thin films in
contact with Pb(Zr,Ti)O3 (PZT) ferroelectric thin films. The interest of such heterostruc-
tures resides in the possibility to engineer the properties of theNNO, such as theMIT tem-
perature, the magnetic transition, and control of the charge disproportion by the neigh-
boring ferroelectric effects. This workwas done in collaborationwith Dr. Daniele Preziosi,
who focused on the growth of oxide thin films and the study of their magneto-transport
and electronic properties at the Strasbourg Institute of Material Physics and Chemistry
(IPCMS) at the University of Strasbourg (UNISTRA), France. My gratitude also goes
to Guillaume Krieger and Dr. Nathalie Viart, from the same group, for their help and
their participation in this motivating collaboration. Nickelate thin films were prepared by
our collaborators, then analyzed by them using X-ray diffraction (XRD), piezoresponse
force microscopy (PFM), and transport measurements. Different parameters of the het-
erostructures were changed, such as the nature of buffer layers (a very thin film next to
the substrate) or the thickness of the ferroelectric films.
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This chapter is divided into twoparts. The first part discusses the 20/80 PZT (i.e., Pb(Zr0.2,Ti0.8)O3)
ferroelectric heterostructures growth with different TMO-based buffer layers on a SrTiO3
substrate. We will show that the NNO and LaMnO3 (LMO) buffer layers result in ferro-
electric layers with opposite directions for ferroelectric polarization. On top of this fer-
roelectric layer is grown an additional NNO film that is then in contact with differently
polarized ferroelectric layers. Such control of the ferroelectric by a buffer layer could be
useful, but its origin is unclear, and we will try to elucidate its origin. The second part fo-
cuses on the NNO-buffered PZT heterostructures with different PZT thicknesses. Differ-
ent thicknesses result in different ferroelectric polarization configurations, accompanied
by different physical properties of the nickelate, such as the NiO6 octahedra distortions,
which are reported by X-ray absorption spectroscopy (XAS) by the Strasbourg’s team.

However, both PFM and XRD analysis can be used to determine the average properties,
such as the general polarization direction of the ferroelectric layer and lattice parame-
ters of each layer; they hardly reveal local information. For instance, the evolution of the
NiO6 octahedral distortions only occurs over a few unit cells at interfaces, and the strain
relaxation could play a crucial role. To understand the physical properties of such het-
erostructures, we must examine their strains, defects, and structural distortions, with the
challenging constraint of nanometric resolution. Thus, we aim to investigate how the fer-
roelectric layers affect the structural and electronic properties of the NNO layers using the
STEM-EELS technique, including atomic-resolved STEM images, GPA, FFT analysis, and
fine structures of the EELS spectrum. In conjunction with the microscopic investigations,
we hope to be able to carry out a more comprehensive analysis of these samples.



5.2. Modulation of ferroelectric properties with different buffer layers 89

PART I

5.2 Modulation of ferroelectric properties with different buffer
layers

5.2.1 PFM and X-ray analyses of NdNiO3/Pb(Zr,Ti)O3/(LaMnO3 or NdNiO3) het-
erostructures

In the beginning, the PFM and XRD investigations of the sandwiched heterostructures of
60 nm PZTwith 5 nmNNO or LMO buffer layer grown on STO substrate were performed
by our collaborators at the University of Strasbourg.

The PFM gives an overview of the polarization behavior of the PZT ferroelectric layers in
these two thin film heterostructures. Observing the topography and PFM phase images
in figure 5.2, either as-grown or switched by a negative (-5 V) and positive (+5 V) tip bias
on these thin films, the PFMphase image of the LMO-buffered PZT sample (figure 5.2(a))
has an intense upward polarization (pointing to the surface). On the other hand, the PFM
phase image of the NNO-buffered PZT sample (figure 5.2(b)) shows a majority of down-
ward polarization (pointing to the substrate). The PFM phase image of this sample does
not show an entirely coherent downward polarization, therefore, the other ferroelectric
domain configuration is expected to exist in this PZT layer. In any case, as a result of the
different buffer layers, these two samples exhibit nearly opposite polarizations.
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Figure 5.2: Topography and PFM phase images of the thin film heterostructures, which are com-
posed of 60 nm PZTwith 5 nm LMO or NNO buffer layer grown on a STO substrate. After switch-
ing a negative (-5 V) and positive (+5 V) tip bias, (a) LMO-buffered and (b)NNO-buffered PZT
show as-grown upward and downward ferroelectric polarizations, respectively. This figure is re-
produced courtesy of D. Preziosi at IPCMS, University of Strasbourg.



5.2. Modulation of ferroelectric properties with different buffer layers 91

The XRD analysis of these two samples is shown in figure 5.3. After the incident X-ray ir-
radiates the thin films, the intensity and scattering angle of the scattered X-ray reveal the
crystallographic structure and the lattice parameters of each component. From measur-
ing the scattering angles of the characteristic peaks of the PZT, one can find that the c-axis
(out-of-plane) lattice parameters of the PZT in these samples are not identical: 4.23 Å for
the LMO-buffered PZT (red curve) and 4.14 Å for the NNO-buffered PZT (green curve).
This difference in the lattice parameter indicates that these PZT layers do not grow with
the same strain on the LMO and NNO buffer layers, and behave differently during strain
relaxation. Compared to LMO-buffered PZT, the lattice parameter of NNO-buffered PZT
is much smaller and it is evidencing a possible stronger strain relaxation in the PZT ferro-
electric layer.

Figure 5.3: XRD pattern of the LMO-buffered (red) and NNO-buffered (green) samples, indi-
cating the out-of-plane lattice parameter of 4.23 Å for the LMO-buffered PZT and 4.14 Å for the
NNO-buffered PZT. This figure is reproduced courtesy of D. Preziosi at IPCMS, University of
Strasbourg.
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5.2.2 Strain relaxation caused by different buffer layers

The analyses by PFM and XRD in the previous subsection revealed that different buffer
layers can manipulate the polarization directions of the neighboring PZT ferroelectric lay-
ers, and strain relaxation issues could play a role in this system. Here, we examine the
differences between these two samples in structural properties by STEM-EELS to under-
stand why the PZT ferroelectric layers behave differently depending on the buffer layers.

First, the LMO and NNO buffer layers grown epitaxially are under different strains due
to the lattice-mismatched STO substrate, and then the electronic properties could be sig-
nificantly affected by epitaxial strain [110]. The lattice parameters of each layer in thin
film heterostructure and corresponding pseudo-cubic (pc) lattice parameters are listed in
table 5.1. The LMO thin film has been reported as rhombohedral [121] and orthorhombic
crystal structures [122], and their pseudo-cubic lattice parameters (apc = bpc = cpc = 3.905
Å for rhombohedral; apc = bpc = 3.974 Å and cpc = 3.859 Å for orthorhombic) resemble
of the STO substrate (a = b = c = 3.905 Å), causing a weakly strained LMO layer. More
precisely, the LMO layer with the rhombohedral-type lattice parameters is strain-free; the
LMO layer with the orthorhombic-type lattice parameters can have a (3.974 - 3.905)/3.905
= 1.8% compressive bi-axial strain (cpc-axis lies in the out-of-plane direction) or a mixed
compressive and (3.859 - 3.905)/3.905 = -1.2% tensile strain (cpc-axis lies in the in-plane
direction), which could compensate each other and create a nearly strain-free LMO layer.
On the other hand, the pseudo-cubic lattice parameters of orthorhombic NNO (apc = bpc
= 3.808 Å and cpc = 3.805 Å) are both smaller than the STO substrate, causing NNOwith
typically (3.808 - 3.905)/3.905 = -2.5% tensile strain. Therefore, weakly strained LMO and
tensile strained NNO buffer layer is the first difference that could cause the neighboring
PZT layers to relax their strains in different manners.

Material Space group Lattice parameters Pseudo-cubic
lattice parameters

a (Å) b (Å) c (Å) apc (Å) bpc (Å) cpc (Å)

LaMnO3
Rhombohedral (R3c) [121] 5.523 5.523 13.324 3.905 3.905 3.905
Orthorhombic (Pbnm) [122]1 5.539 5.699 7.718 3.974 3.974 3.859

NdNiO3 Orthorhombic (Pbnm) [123] 5.387 5.383 7.609 3.808 3.808 3.805

Pb(Zr0.2Ti0.8)O3 Tetragonal (P4mm) [124] 3.950 3.950 4.150 - - -

SrTiO3 Cubic (Pm3m) 3.905 3.905 3.905 - - -

Table 5.1: The crystal structure and lattice parameters of each component in thin film heterostruc-
tures. The corresponding pseudo-cubic lattice parameters are calculated as: apc = bpc = cpc = a/

√
2

for rhombohedral; apc = bpc =
√
a2 + b2/2, cpc = c/2 for Pbnm orthorhombic.

1Ref. [122] using Pnma as the coordinates, and the lattice parameters "abc" of Pnma correspond to "bca" of
Pbnm.
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The GPA technique is used to analyze the strain distributions of the thin film heterostruc-
tures and investigate how their strains are relaxed. Figure 5.4 shows the GPA strain maps
of the LMO- and NNO-buffered PZT samples, from left to right representing the HAADF
image, out-of-strain strain, in-plane strain, shear strain, and rotation map, respectively.

Figure 5.4: Strain maps for the (a) LMO-buffered and (b) NNO-buffered samples. The patterns
from left to right correspond to the out-of-plane strain, in-plane strain, shear strain, and rotation,
respectively. All strain maps are at the same color intensity scale from -15% to 15%, while the
rotation map is from -10° to 10° (anticlockwise positive). The dislocations are marked with cyan
circles.

For the LMO-buffered PZT sample (figure 5.4(a)), the LMO buffer layer shows homo-
geneous out-of-plane and in-plane strain patterns with values close to zero, revealing the
weakly strained LMO layer as expected. The dislocations at the interface between the PZT
and LMO layer (marked by cyan circles), one of which is enlarged in figure 5.5, relax the
strain caused by the lattice mismatch between PZT and LMO; therefore, a homogeneous
in-plane strain map of PZT is observed.

Then, the neighboring PZT layer exhibits out-of-plane strain (6-7%) and in-plane strain (∼
0.8%) with respect to the STO substrate. Therefore, the in-plane lattice parameter of the
PZT is about 3.936 Å, corresponding to a 0.35% in-plane strain with respect to the bulk
PZT (3.950 Å). According to the hypothesis of a Poisson ratio of 0.3, the ideal relaxed
lattice parameter of the PZT is 4.154 Å (i.e., 6.4% out-of-plane strain with respect to the
STO), which is close to the GPA measurement (6-7%). Additionally, the out-of-plane
strain map shows slightly larger lattice expansion in the bottom region of the PZT layer
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(below the black dashed line) than in the top region, in relation to these defects, but it can
be considered that the strain of the PZT is homogeneously relaxed within about 20 nm.

Figure 5.5: Dislocations in the LMO-buffered sample are located at the interface between LMO
and PZT layers, as indicated by the cyan circles in 5.4.

For the NNO-buffered PZT sample (figure 5.4(b)), the NNO buffer layer is expected to
have a -2.5% tensile strain; as a result, its out-of-plane lattice parameter shrinks by at least
3% with respect to the STO substrate in accordance with the GPA map observation.

Then, the neighboring PZT layer presents a minor out-of-plane strain (5-6%) than the
previous sample, and with a noticeable absence of dislocations at the interface between
the PZT and NNO layer. However, the strain needs to be relaxed in another way, leading
to the generation of ferroelectric a-domains in the upper region of the PZT layer and some
dislocations in themiddle of the PZT layer (marked by cyan circles) providingmore strain
relaxation.

Indeed, the weakly strained LMO buffer layer generates dislocations at the interface be-
tween LMO and PZT, allowing a partial but rather homogeneous relaxation of the PZT
layer. In contrast, the tensile-strained NNO buffer layer does not seem to relax the PZT
layer at the interface, and the dislocations and ferroelectric a-domains are induced to later
relax the strain. This is verymuch in accordance with the XRD results in figure 5.3, the lat-
tice parameter of the NNO-buffered PZT (4.14 Å) being smaller than the LMO-buffered
PZT (4.23 Å), resulting in a more relaxed PZT.
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5.2.3 Flexoelectric effect

The NNO-buffered PZT exhibits relatively complex out-of-plane and in-plane strain pat-
terns, and the inhomogeneous strain, such as strain gradient, can lead to flexoelectric effect
[125, 126, 127]. The profiles of the out-of-plane and in-plane strains of the LMO-buffered
(red) and NNO-buffered (green) PZT layers are shown in figure 5.6(a,b). The out-of-
plane strains (figure 5.6(a)) of both samples are generally homogeneous throughout the
PZT layer, while the top area of the NNO-buffered PZT has the appearance of the ferro-
electric a-domains, causing the average strain to slightly decrease. However, the in-plane
strain (figure 5.6(b)) of both LMO-buffered andNNO-buffered PZT layers exhibits an ob-
vious strain gradient in the bottom area, indicating a toward-up flexoelectric polarization
(pointing from the region with lower strain to higher in-plane strain), and a schematic
diagram is shown in figure 5.6(c). The flexoelectric polarization can be estimated in a
similar manner as in section 4.4.3. In the case of NNO-buffered PZT, the in-plane strain
spans from 0.5% to 1.5% (i.e.,∆εxx = 0.01) within 30 nm (i.e., w = 30 nm), and the strain
gradient ∆εxx/w ≈ 0.01/30 nm = 3.3 × 105 m-1. The flexoelectric coefficient of PZT µPZT

is roughly 1.4 µC·m-1 [128], which is seven times larger than the flexoelectric coefficient
of PTO. The flexoelectric polarization Pflexo = µPZT · (∆εxx/w)≈ 46 µC·cm-2. Compared
with the typical PZT spontaneous polarization of ∼ 80 µC·cm-2, this flexoelectric polar-
ization has a certain effect on the polarization of PZT but is not able to change the overall
polarization direction.

Figure 5.6: (a) out-of-plane strain and (b) in-plane strain intensity profiles of the LMO-buffered
(red) and NNO-buffered (green) PZT layers. (c) Schematic diagram of the in-plane strain gradi-
ent that generates an upward flexoelectric polarization (Pflexo) within the PZT layers.
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5.2.4 Ferroelectric polarization

Finally, in order to determine the overall polarization in the PZT layer, spontaneous ferro-
electric polarization needs to be considered. The direction and intensity of ferroelectric po-
larization are associated with the atomic displacements of the B cation (Zr/Ti, in the case
of PZT) and oxygen. The ferroelectric polarization of these two samples can be estimated
by analyzing atomic-resolved HAADF images, which allowed us to determine the atomic
displacement of each atom and calculate the polarization direction and the value accord-
ingly. The atomic displacements and corresponding ferroelectric polarization direction
of the LMO-buffered PZT are shown in figure 5.7(a-c) and NNO-buffered PZT in figure
5.7(d-f)). Figure 5.7(a,d) are HAADF images of these two samples, and the extractions
of a small part of the PZT layer are displayed in figure 5.7(b,e), revealing the B cations
(marked in cyan) have opposite atomic displacements between these two samples; more
precisely, the Zr/Ti atoms of LMO-buffered PZT have downward displacements, and the
Zr/Ti atoms of NNO-buffered PZT have upward displacements. The yellow arrows in
figure 5.7(c,f) represent the polarization direction of the PZT layers, whose directions are
opposite to the atomic displacements of B cations. Then the ferroelectric polarization can
be estimated by Pferro = κ · δB-O [129, 130], where κ is an elastic constant associated with
the ferroelectric polarization and it is in a range from 2500 to 2900 µC·cm-2·nm-1 for PZT
[130], and δB-O is the average atomic separation between B cation and oxygen. By mea-
suring atomic-resolved HAADF images in figure 5.7(b,e), the average δB-O of the LMO-
buffered PZT is about +0.2 Å and the δB-O of theNNO-buffered PZT is about -0.3 Å, where
positive value represents the upward direction, which gives the ferroelectric polarization
of LMO- and NNO-buffered PZT of +55 and -80 µC·cm-2, respectively.



5.2. Modulation of ferroelectric properties with different buffer layers 97

Figure 5.7: The HAADF images of (a-c) LMO-buffered and (d-f) NNO-buffered samples reveal
atomic displacements and corresponding ferroelectric polarizations, in accordance with the con-
cept discussed in figure 2.5. (a,d) Low-magnification HAADF images observed along STO[100]c
axis, and their enlarged atomic-resolved HAADF images of the PZT layers are shown in (b,e),
respectively. The atomic displacements of B cation (i.e., Zr/Ti, cyan), with respect to A cation (i.e.,
Pb, magenta), are shown as downward in (b) and upward in (e). (c,f) The polarization maps of
the PZT layers, whose directions are opposite to the atomic displacements of the B cations, indi-
cate an upward ferroelectric polarization for the LMO-buffered PZT and a downward ferroelectric
polarization for the NNO-buffered PZT.
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As a result of combining ferroelectric polarization and flexoelectric polarization, the over-
all polarization in the PZT can be revealed. The LMO-buffered PZT layer shows an up-
ward ferroelectric polarization (+55 µC·cm-2) with also an upward flexoelectric effect; on
the other hand, the NNO-buffered PZT exhibits a downward ferroelectric polarization
(-80 µC·cm-2) and an upward flexoelectric polarization (+46 µC·cm-2), but the PZT still
maintains a downward polarization.

According to the PFM phase images, the sharp contrast of the LMO-buffered PZT (figure
5.2(a)) indicates the unique ferroelectric polarization direction. The LMO-buffered PZT
displays an inhomogeneous pattern (figure 5.2(b)), which is a strong indication of the
presence of inverse flexoelectric polarization contribution and ferroelectric a-domains. As
a result, the PFM results are in good agreement with our STEM measurements.

5.3 Structural differences between the buffer layers

5.3.1 Interface termination

Several mechanisms have been reported that can modulate the ferroelectric polarization
direction, such as the termination layer of the interface [131], thickness-dependent inter-
facial charge screening [132], surface reconstruction [133], and breaking of orbital degen-
eracy [10, 11]. This section will take into account the difference in structural parameters
between these two buffer layers, focusing on the interface termination, and crystal orien-
tation.

First, the interface termination of each layer can bedeterminedusing energy-filtered STEM-
EELS map, which reveals the distribution of chemical compositions in each atomic layer.
The EELS chemical composition maps of the LMO buffer layer are shown in figure 5.8(a).
EELS chemical compositionmaps are obtained by selecting characteristic edge peakswith
an energy-selecting window of∼ 5 eV width. For instance, the distribution of lanthanum,
manganese, and titanium is mapped by La-M4,5 (∼ 849 eV), Mn-L2,3 (∼ 640 eV), and Ti-
L2,3 (∼ 462 eV) edges, corresponding to red, green, and cyan patterns, respectively. In
figure 5.8(c), the profiles of La (red) and Mn (green) indicate the LMO buffer layer has
both LaO-terminated atomic layers at the bottom (between LMO and STO substrate) and
top interface (between LMO and PZT).

On the other hand, the EELS chemical composition maps of the NNO buffer layer are
shown in figure 5.8(b). An energy-selecting window selects the Nd-M4,5 (∼ 978 eV) and
Ni-L2,3 (∼ 855 eV) edges tomap the distributions of neodymium (red) and nickel (green).
In figure 5.8(d), the NNO buffer layer has both NdO-terminated atomic layers at the bot-
tom and top interfaces.
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Both buffer layers have the interface termination of the A cation (LaO or NdO) at the bot-
tom and top interfaces. Additionally, both LMO and NNO components have the same va-
lence, i.e. (LaO)+1/(MnO2)-1 and (NdO)+1/(NiO2)-1, when they are in contact with the
charge-neutral interface termination of the STO substrate ( (SrO)0/(TiO2)0) at the bottom,
and also the charge-neutral interface termination of the PZT layer ( (PbO)0/[(Zr,Ti)O2]0)
at the top, causing a similar interfacial dipolar discontinuity.

It has been demonstrated the important role, and even the possibility of controlling the
ferroelectric polarization by inverting the interface termination in perovskitewith charged
planes (within an ionic description of the charges, eg., (LaO)+1/(MnO2)-1 termination)
[131]. NNO and LMO are different materials, and the potential discontinuity is not only
controlled by the interface sequences, but also work function or mean inner potential of
the bulk materials. Nevertheless, interface terminations have also been demonstrated to
strongly control, for instance, the work function of such perovskite when a polar surface
is formed [134]. Therefore, due to the similarity in the plane sequences, it is reasonable to
consider that interface termination should not have a dominant effect on the polarization
direction of the ferroelectric layer.

Figure 5.8: The EELS chemical composition maps of (a) the LMO buffer layer and (b) the NNO
buffer layer. The La-M4,5 (∼ 849 eV), Mn-L2,3 (∼ 640 eV), Ti-L2,3 (∼ 462 eV), Nd-M4,5 (∼ 978
eV), and Ni-L2,3 (∼ 855 eV), edges were used for mapping the chemical compositions. (c,d) The
intensity profiles obtained from the patterns in (a,b) illustrate chemical composition distributions
at each atomic layer, with the black dashed lines representing the interfaces. Both interfaces of the
LMO (NNO) buffer layer are terminated by LaO (NdO).
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5.3.2 Crystal orientation of LaMnO3 and NdNiO3 buffer layers

Second, the crystal orientation of the buffer layers might be another parameter to tune the
properties of the neighboring layer, such as strain relaxation. LMO thin film has been
reported that the crystal orientation can be controlled by the oxygen concentration of
growth, which can modify the out-of-plane lattice parameter and thus affect strain [135].
Additionally, orthorhombic thin films with Pbnm structure have been reported to be com-
posed of multiple crystal domains, such as LMO [136], YMnO3 [137], and SrRuO3 [93];
the orthorhombic c-axis can lie in the in-plane, or out-of-plane directions. As a result of
multiple domains, it is challenging to investigate oxygen octahedrons on these orthorhom-
bic thin films.

The FFT images of the LMO buffer layer are displayed in figure 5.9(a,b), illustrating two
possible crystal orientations of the LMO.The crystal orientation can be identified by the su-
perstructure Bragg peaks in the FFT images (marked by red and green circles), revealing
that LMO has the orientation of [110]o (figure 5.9(a)) and [001]o (figure 5.9(b)). HAADF
images inserted on the right of the FFT images demonstrate that misaligned La atoms
(the cyan line in the magnified HAADF image), which can be observed along the [110]o
orientation. It is noticed that the La atom has an elliptical shape, observed along the [001]o
orientation, owing to the overlap of two La atoms. The [110]o and [001]o orientations of
the LMO indicate that the orthorhombic c-axis always lies in the in-plane direction (per-
pendicular to the growth direction). The presence of these two orientations is probably
normal since the STO symmetry does not induce a preferential direction and such "textur-
ization" will reduce the strain and its asymmetry. Additionally, a more detailed descrip-
tion of the orthorhombic diffraction patterns and corresponding crystal structures in real
space are given in appendix B.

For the other sample, the NNO buffer layer shows a unique orientation of [110]o in figure
5.9(c); however, it rotated 90° compared to the LMO[110]o orientation (figure 5.9(a)), in-
dicating the orthorhombic c-axis lies in the out-of-plane direction (parallel to the growth
direction).

It has been found that the interfacial oxygen octahedral coupling has the capability to
switch the growth orientation in orthorhombic structures [136]. For instance, the LMO
thin film has rotatedMnO6 octahedra with anMn-O-Mn angle of 155° (observed the bulk
LMOalong [010]o) [136], when the rotatingMnO6 octahedron of the LMO layer is coupled
with a nonrotating TiO6 octahedron of the STO substrate, the octahedral rotation of the
LMO is slightly suppressed, inducing the orthorhombic c-axis to lie in-plane direction. On
the other hand, for the NNO buffer layer, the tensile strain can restrict the orthorhombic
c-axis to grow only along the out-of-plane direction [138].
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Figure 5.9: The possible crystal orientations of (a,b) LMO buffer layer and (c) NNO buffer layer,
with the corresponding crystal structure models andmagnifiedHAADF images. The LMO shows
the (a) [110]o and (b) [001]o orientations which can be identified by the superstructure Bragg
peaks encircled with the red and green circles, respectively; both orientations of LMO correspond
to the in-plane orthorhombic c-axis. The yellow circles in HAADF images represent A-site atoms,
and the cyan lines highlight their zigzag behaviors. (c) The NNO shows a unique orientation of
[110]o, while its orthorhombic c-axis lies in the out-of-plane direction.

In summary, the buffer layers are responsible for tuning the neighboring ferroelectric lay-
ers. The LMO favors a polarization pointing up, and the NNO favors a polarization point-
ing down. We will see in part II of this chapter that PZT of different thicknesses grown
on NNO also favors downward polarization. This difference in PZT polarization is ac-
companied by a different mechanism for strain relaxation (through dislocation or ferro-
electric a/c domain). We then examined that the interface terminations of both buffer
layers are similar (i.e., [(Zr,Ti)O2]0/(AO)+1, with "A" being La or Nd), with compara-
ble inter-diffusion, and might not be the prime origin of the difference. Additionally, the
EELSmeasurements at theMn-L andNi-L edges at the interfaces do not evidence obvious
chemical shift differences, which are not presented here. Themost evident difference is in
the buffer layer crystal orientations. Both buffer layers have octahedra rotation (formally,
their space group of bulks are Pbnm), and the oxygen network will couple differently to
the PZT, resulting in different polarizations.
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5.4 Inhomogeneity of NdNiO3 capping layer

The difference in the PZT ferroelectric polarization affected by the buffer layer gives the
opportunity for an extended investigation into nickelate. One can grow a NNO layer on
the PZT layer, having an as-grown stable interface with upward and downward polar-
izations, and the different ferroelectric polarizations could have an impact on the NNO
capping layer. Our initial objective of the structural investigation by STEM of the NNO
layers was to relate the different PZT polarization with the Ni-O-Ni angle in the nickelate,
an essential structural parameter that controls the MIT and the magnetism.

Here, we explore the NNO capping layers of both samples through a combination of the
atomic-resolved HAADF and ABF images, and of energy-filtered STEM-EELS maps. The
NNO capping layer of the LMO-buffered PZT sample is presented in figure 5.10. First, a
HAADF image (observed along [110]c direction) in figure 5.10(a) illustrates structural
disorder in the NNO capping layer. For instance, it is possible to observe zigzag-type Nd
atomic columns in the region enclosed by the green box on the left in figure 5.10(a), and
the aligned Nd atomic columns enclosed by the other green box. At least two different
crystal orientations are observed in this NNO capping layer, and then these two regions
with different orientations are extracted to figure 5.10(b-e) and (f-i), respectively. The
HAADF images (figure 5.10(b,f)) and ABF images (figure 5.10(c,g)) of these two regions
are displayed. Since only the ABF image reveals the signals of oxygen atoms, HAADF
and ABF images can be combined and reconstructed as a colored image to highlight the
oxygen atoms, which are displayed in orange in figure 5.10(d,h). Additionally, the first
5-6 uc of the NNO capping layers exhibit well-developed crystal structures (defect-free
NNO), and the crystal structure of this region will be discussed further below.

The magnified reconstructed colored images of the defect-free region of the NNO cap-
ping layers are shown in 5.10(e,i). The first crystal structure (figure 5.10(e)) reveals
the Nd exhibiting zigzag off-aligned atomic columns and the oxygens are ellipse-shaped.
Through this crystal structure and the superstructure Bragg peaks marked in the FFT im-
age; as a result, this crystal structure corresponds to the NNO[100]o orientation. The
observations are perfectly in agreement with the NNO[100]o crystal structure model.
On the other hand, the second crystal structure (figure 5.10(i)) reveals that oxygen has
zigzag off-aligned atomic columns and nearly aligned Nd atomic columns, indicating the
NNO[010]o orientation. The orthorhombic diffraction patterns and corresponding crystal
structure models are described in detail in appendix B. It is noted that the orthorhombic
c-axis of these two orientations always lie in the out-of-plane direction, similar to NNO
buffer layers (figure 5.9(c)).
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Figure 5.10: (a) The NNO capping layer of the LMO-buffered sample, observed along STO[110]c
axis. The defect-free areas on the lower part of the NNO capping layers exhibit two distinct crystal
orientations, which are marked by green boxes, and are extracted and shown in (b-e) and (f-i),
respectively. (b,f) HAADF and (c,g) ABF images are combined to highlight the oxygen atoms
in orange in (d,h). (e,i) The magnified reconstructed colored images of the defect-free region
of the NNO capping layer, and the FFT images and corresponding crystal structure models. The
structure in (e) reveals Nd with zigzag off-aligned atomic columns, and oxygen exhibits ellipse-
shaped, indicating theNNO[100]o orientation. The yellow arrows indicate Bragg’s superstructure
peaks, and the cyan line highlights the zigzag behavior of Nd. Moreover, the other structure in
(i) shows zigzag off-aligned oxygen columns coupled with nearly aligned Nd atomic columns,
indicating the NNO[010]o orientation. The yellow arrows also indicate Bragg’s superstructure
peaks, and the cyan line highlights the zigzag behavior of O.
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The NNO capping layers often exhibit well-developed perovskite structures at the first
5-6 uc for both LMO- and NNO-buffered samples, while disordered structures dominate
beyond 5-6 uc of theNNO layers. It has been reported that theNNO layer often has numer-
ous defects, such as RP fault in which theAOmonolayers are inserted inABO3 perovskite
(AO[ABO3]n, where n = 1, 2, or 3), and the defect can affect the crystal structure and
physical properties [139]. Additionally, the first few unit cells exhibit defect-free NNO
that might relate to the lattice strain [111, 140].

However, the NNO capping layers display more complex disorder structures, not only
RP faults. For instance, the regions where two neodymium layers are present without
a nickel layer in between (marked by blue arrows in figure 5.10(f)) seem to correspond
to the crystal structure of Nd2NiO4. Consequently, the upper part of the NNO capping
layer might mix various crystal structures of different components, such as Nd2NiO4 or
NiO [113], rather than uniqueNNO. These disordered structures located above the defect-
free layer are difficult to identify and cannot be explored further. In the subsequent step,
STEM-EELS is used to examine defects in the NNO capping layers.

Using the energy-filter STEM-EELS map, we can reveal the chemical composition of the
NNO capping layer. Figure 5.11(a) is an EELS spectrum extracted from theNNO capping
layer and a portion of the PZT layer, showing Ti-L2,3 (456-462 eV), O-K (∼ 532 eV), Ni-L2,3
(855-872 eV), and Nd-M4,5 (978-1000 eV) edges, which are used to extract the chemical
composition maps below. The HAADF images and energy-filter STEM-EELS maps of
the NNO capping layers of the LMO-buffered and NNO-buffered samples are shown in
figures 5.11(b-f) and (g-k), respectively. The images from top to bottom represent the
HAADF image, the chemical composition map of Nd (red), Ni (green), Ti (cyan), and
the mixed map of these three chemical compositions. As a result, both NNO capping
layers exhibit chemical inhomogeneity as a patchwork pattern, consisting of the nickel-
rich regions (marked by the white arrows in figure 5.11(f,k)).

Despite the failure to achieve a defect-free NNO capping layer for both LMO- and NNO-
buffered samples, wehave investigated theNNOcapping layer by atomic-resolvedHAADF
and ABF images, revealing that the first 5-6 uc of NNO have obvious either [100]o and
[010]o orientation with the out-of-plane orthorhombic c-axis. As a result of the multi-
orientation of the NNO layer, it is challenging to achieve quantitative measurements of
oxygen octahedral and give a clear picture of the coupling between oxygen octahedral
and the upward/downward ferroelectric polarization. In the similar multi-orientation
LMO buffer layer, it was also not possible to quantify the Mn-O-Mn angle and draw a
conclusion on the neighboring PZT having an upward polarization.
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Figure 5.11: (a) The EELS spectrum of the NNO capping layer shows the Ti-L2,3, O-K, Ni-L2,3,
and Nd-M4,5 edges. The HAADF images and corresponding EELS chemical composition maps of
the LMO-buffered and NNO-buffered samples are shown in (b-f) and (g-k), respectively. The
images from top to bottom represent the HAADF images, the EELS maps of Nd (red), Ni (green),
Ti (cyan), and the mixed maps of these three chemical compositions.

Due to the presence of numerous defects in the NNO capping layer, which is absent in
the buffer NNO layer, the next part of this chapter will discuss the case of NNO thin
film as buffer later on the STO substrate, modulated by varying the thickness of the PZT
ferroelectric capping layer, and without additional NNO capping layer.
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PART II

5.5 Modulation of nickelate properties with varying ferroelec-
tric film thickness

5.5.1 PFM and X-ray analyses of Pb(Zr,Ti)O3/NdNiO3 heterostructure

Following the understanding that properties of the ferroelectric layer can significantly be
modulated through different buffer layers, and strain relaxation and crystal structure of
the buffer layer play a crucial role, it would be interesting to investigate how the nickelate
properties would respondwhen the ferroelectric layer is capped as a function of thickness.
With increasing the ferroelectric thickness, the polarization can be modulated by strain-
induced flexoelectric field, crystal structure, and oxygen octahedral distortion [9]. Here,
we continue with a similar design of PZT heterostructures with the NNO buffer layer of
7 nm grown on the STO substrate, and the PZT thickness is from 30 nm, 13 nm, to 6 nm.
However, these structures are not capped with the NNO layer due to the NNO capping
layer is challenging to control its property.

Figure 5.12(a-c) shows the topography and PFMphase images of samples with PZT thick-
nesses of 30 nm, 13 nm, and 6 nm, respectively. Through the PFM phase images, the thick-
est PZT sample (30 nm) has mainly downward polarization, which is consistent with the
sample discussed in PART I. On the other hand, the thinnest PZT sample (6 nm) might
have a mixture of downward and upward polarizations. These samples exhibit evolution
from monodomain to multidomain with decreasing thickness.
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Figure 5.12: Topography and PFM phase images of the thin film heterostructures, which are com-
posed of PZT layers with 8 nm NNO buffer layer grown on a STO substrate. After switching a
negative (-2 V) and positive (+2 V) tip bias, the ferroelectric domain structure in the PZT layer
with a thickness of (a) 30 nm, (b) 13 nm and (c) 6 nm is converted frommonodomain to multido-
main. This figure is reproduced courtesy of D. Preziosi at IPCMS, University of Strasbourg.
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The XRDmeasurements in figure 5.13 are used to identify the differences in lattice param-
eters between these samples. Firstly, as the PZT thickness decreases from 30 nm to 6 nm
(from figure 5.13(a) to figure 5.13(c)), the c-axis (out-of-plane) lattice parameter of the
PZT increases, indicating that the PZT layer becomes more strained. Secondly, the PZT
peaks condense along the a-axis (in-plane) direction, expecting the disappearance of the
ferroelectric a-domain in the lower thickness sample.

Figure 5.13: XRD reciprocal-space maps (RSM) of (a) 30 nm-PZT, (b) 13 nm-PZT, and (c) 6 nm-
PZT samples. The peaks of PZT are marked by red-dashed circles. This figure is reproduced
courtesy of D. Preziosi at IPCMS, University of Strasbourg.

In figure 5.14(a), the XAS measurements of the samples with PZT thickness of 6 nm
(green), 13 nm (black), and 30 nm (red) reveal their electronic properties at low tempera-
ture (20K). As the thickness increases, the expanded/compressed (E/C) octahedral inten-
sity ratio decreases, indicating more compressed NiO6 octahedra. The energy separation
of the E and C peaks and their intensity ratio are compared in figure 5.14(b). There can be
divided into two regions according to the PZT thickness; the thinner sample has stronger
breathing distortion (largerC-E energy separation and E/C ratio) than the thicker sample,
indicating an enhancement of bond disproportionation.
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Figure 5.14: (a)Ni-L3 edge of isoXAS spectra measured at low temperature (20 K) of the samples
of 6 nm-PZT (green), 13 nm-PZT (black), and 30 nm-PZT (red) samples. The E and C peaks
represent expanded and compressed octahedra in the distorted phase. (b)A comparison of these
three samples and the uncapped NNO sample as a function of C-E energy separation and E/C
ratio. This figure is reproduced courtesy of D. Preziosi at IPCMS, University of Strasbourg.

Following analyzing this series of samples using PFM, XRD, and XAS performed by our
collaborators at the University of Strasbourg, these measurements indicated that the dif-
ferent thicknesses of PZT layers can affect the whole heterostructure in both structural
and electronic properties.
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5.5.2 Structural disorder

Using STEM-EELS, we examined two of these samples, the thickest (30 nm PZT) and the
thinnest (6 nm PZT) in more detail. It is noted that we observed these two samples along
different projection axes. The 30 nm-PZT sample is observed along STO[100]c axis, and
it shows pseudo-cubic unit cells; the 6 nm-PZT sample is observed along STO[110]c axis,
and it shows orthorhombic unit cells. The pseudo-cubic and orthorhombic unit cells can
be referenced as figure B.1 top and bottom row, respectively.

Firstly, we observe these two samples through atomic-resolved HAADF images in figure
5.15. For the 30 nm-PZT sample (figure 5.15(a,b)), we observe RP faults in the NNO
buffer layer as well as dislocations at the interface of PZT and NNO layer, as shown in
figure 5.16, which magnifies the region with RP fault in figure 5.15(b). Misfit dislocations
are mixed in the RP fault. As a result of the presence of both dislocations and the RP
fault, it is believed that this sample is mostly relaxed. Additionally, the PZT layer exhibits
downward polarization as expected.

Figure 5.15: HAADF images of the (a,b) 30 nm-PZT and (c,d) 6 nm-PZT samples, observing
along STO[100]c and STO[110]c axis, respectively.
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Figure 5.16: An RP fault (marked in red) in the buffer NNO layer of the 30 nm-PZT sample, mag-
nifying the region marked by the red box in 5.15(b). This RP fault is accompanied by misfit dislo-
cations at the interface between the NNO and PZT layers.

For the 6 nm-PZT sample (figure 5.15(c,d)), observing its low-magnification HAADF im-
age (figure 5.15(c)), the PZT layer is incomplete and shows an island-like distribution
with massive structural distortions. The PZT thin film has been reported to have island
growth (Stranski-Krastanov growth) on the MgO substrate [141]. In the early stages of
crystal growth, misfit strains could lead to changes in interface structural stability, and
cause structural distortions in an ultrathin film. Additionally, the NNO layer seems to
have RP faults as well, similar to the NNO buffer layer of the 30 nm-PZT sample.

By examining both NNO buffer layers in more detail in figure 5.15(b,d), the first ∼ 5
uc of the NNO layer usually shows a well-developed crystal structure, which has been
presented in the NNO capping layer in figure 5.10 and defined its crystal orientations;
above ∼ 5 uc NNO, some disordered structures appear, such as RP faults (highlighted
with the red box in figure 5.10(b)).

Compared with the NNO buffer layer in PART I (the sample of the PZT layer sandwiched
by the NNO layers), the NNO buffer layers of 30 nm-PZT and 6 nm-PZT samples (figure
5.15) exhibit more RP defects. There is the possibility that the RP fault can be helpful in
relaxing the lattice misfit strain [111]. J. Bak reported that the LaNiO3 thin film (lattice
parameter of 3.838 Å) grown on different substrates, which has an intense compressive
strain (on LaAlO3 substrate with a 3.791 Å lattice parameter) or slight tensile strain (on
STO substrate with a 3.905 Å lattice parameter), demonstrate different strain relaxations.
The LaNiO3 with a compressive strain needs both the dislocations and RP faults to relax
it; in contrast, the LaNiO3 with tensile strain is observed only with the RP faults. This
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investigation indicates that strain can be relaxed by creating RP faults, without the associ-
ation of dislocations. It is believed that numerous RP faults in our NNO layer contribute
to strain relaxation.

5.5.3 Strain relaxation caused by different film thicknesses

Subsequently, the GPA analysis of the 30 nm-PZT (figure 5.17(a)) and 6 nm-PZT (figure
5.17(b)) samples indicates that both NNO layers of these samples display complex strain
distributions accompanied by strong structural distortions, as we observed in the atomic-
resolved HAADF images in figure 5.15(b,d).

For the 30 nm-PZT sample, the PZT layer exhibits homogenous out-of-plane (∼ 5.5%) and
in-plane (∼ 1.2%) strains with respect to the STO substrate. The lattice parameters of the
PZT layer can be estimated as the out-of-plane lattice parameter of∼ 3.095× 1.055 = 4.120
Å, and the in-plane lattice parameter of ∼ 3.905 × 1.012= 3.952 Å, indicating the PZT is
perfectly relaxed (out-of-plane lattice parameter of 4.150 Å and in-plane lattice parameter
of 3.950 Å for bulk PZT).

For the 6 nm-PZT sample, the PZT layer might be relaxed by the island-like structure;
however, as a result of the severe structural distortions in the PZT layer, its strain maps
are difficult to interpret.

Figure 5.17: Strain maps for the (a) 30 nm-PZT and (b) 6 nm-PZT samples. The patterns from
left to right correspond to the out-of-plane strain, in-plane strain, shear strain, and rotation, respec-
tively. All strain maps are at the same color intensity scale from -15% to 15%, while the rotation
map is from -10° to 10° (anticlockwise positive). For the 30 nm-PZT samples the dislocations are
located at the interface between the NNO and PZT layers, where the regions are marked by cyan
circles.
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5.5.4 Crystal orientation of NdNiO3 buffer layer

Finally, we use FFT analysis to identify the crystal orientations of these NNO layers. Fig-
ure 5.18(a) shows theHAADF image of the 30 nm-PZT sample observed along STO[100]c,
and its FFT image is shown in figure 5.18(b), whose superstructure Bragg peaks (marked
by green arrows) indicateNNO[110]o orientation. By selecting these superstructure Bragg
peaks in the FFT image, the FFT-filtered pattern in figure 5.18(c) reveals the spatial distri-
bution of NNO[110]o orientation. The NNO layer is primarily composed of NNO[110]o
orientation with the out-of-plane orthorhombic c-axis.

Figure 5.18: (a) HAADF image of the 30 nm-PZT sample, observed along STO[100]c. (b) The
FFT image of the NNO layer. The superstructure spots (marked by green arrows) indicate the
orientation of NNO[110]o. (c)AFFT-filtered pattern, which is filtered through the superstructure
spots in (b), indicates the NNO layer is dominated by NNO[110]o orientation.
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With regard to the 6 nm-PZT sample, figure 5.19(a) illustrates its HAADF image, which is
observed along STO[110]c, and the FFT image of theNNO layer is shown in figure 5.19(b).
In the FFT image, there aremultiple superstructure Bragg peaks; however, only two orien-
tations are identifiable, theNNO[100]omarked by the red arrows andNNO[010]omarked
by the green arrows. In figure 5.19(c), the FFT-filtered pattern highlights the regions with
the NNO[100]o orientation in red, NNO[010]o orientation in green, and the unidentified
orientation in blue. The corresponding magnified HAADF images and crystal structure
models are displayed. The zigzag behavior of neodymium provides direct evidence to
distinguish between the NNO[100]o (with zigzag Nd) and NNO[010]o (without zigzag
Nd) orientations.

Figure 5.19: (a)HAADF image of the 6 nm-PZT sample, observed along STO[110]c. (b) The FFT
image of the NNO layer shows multiple superstructure spots, which are marked by green arrows
for NNO[010]o, red arrows for NNO[010]o, and blue arrows for unidentified orientations. (c) A
FFT-filtered pattern emphasizes the NNO[100]o in red, NNO[010]o in green, and the unidentified
orientation in blue, alongside the respective zoomed-in HAADF images.
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5.5.5 Behavioral characteristics of Ni-L edges

EELS spectrum can be used to estimate the Ni valence or reveal the fine structure of Ni-
d orbitals (e.g., regarding NiO6 octahedral distortion) in principle in comparison to the
XAS results. The spectral resolution of EELS is more limited since we did not use the
monochromated microscope on this series of samples. Furthermore, the NNO exhibits a
metallic phase at room temperature where the EELS is done, while the XASmeasurement
in figure 5.14was performed at low temperature (with aNNO transferred to an insulating
phase). At room temperature, the Ni-L3 peak separation is less evident, and the change
of intensity ratio as well [142] and so a direct comparison between the XAS and the EELS
will not hold at different temperatures.

Figure 5.20 shows the EELS spectra of Ni-L3 andNi-L2 edges of the 30 nm-PZT (red) and 6
nm-PZT (green) samples. It is visible that the ratios of L3/L2 of these samples are slightly
different and that the edges have different shapes. Notably, the 6 nm-PZT sample has a
narrower Ni-L3 edge and a smaller contribution at high energy (∼ 859 eV) where a typ-
ical charge transfer configuration might sit. The peak broadness is semi-directly related
to bandwidth and spectral density at ∼ 859 eV might be due to an increase in a charge
transfer configuration, and the difference can arise from a different hybridization level
(smaller hybridization for the 6 nm-PZT sample, or at least a smaller interaction between
the charge transfer configuration 3d8L1 and the ionic configuration 3d7). While a direct
comparison with XAS is not fully adequate, it is noteworthy that such a feature might be
the correspondence of the XAS measurement but at room temperature before the breath-
ing distortion happened.

Figure 5.20: EELS Ni-L2,3 edge spectra extracted from the NNO buffer layers of the 30 nm-PZT
(red) and 6 nm-PZT (green) samples.
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5.6 Summary

This chapter reports how the PZT ferroelectric polarization can interact with TMO (NNO
and LMO) thin films for two series of samples. Firstly, it is reported that different buffer
layers (NNO or LMO) can change the ferroelectric as-grown polarization of the PZT. The
crystal orientation of the buffer layer, as well as the strain distribution within the het-
erostructure, are considered to be themain parameters for reversing ferroelectric polariza-
tion. Additionally, the NNO capping layers of both samples are accompanied by inhomo-
geneous chemical composition distributions, indicating that control of the NNO capping
layer’s properties has not yet been achieved using such a buffer layer method.

Second, PZT layers with varying thicknesses capped on the NNO buffer layer result in
heterostructures with different structural and electronic properties. As the PZT thickness
decreases, multiple crystal orientations in the NNO layer and island-grown PZT layer are
observed, and the PZT layer displays more complicated strain relaxation.

The summary of the strain relaxations of these two series of samples can be found in table
5.2. The strain relaxation in the PZT layers is strongly associated with the RP faults in the
nickelate and the misfit dislocations. Once the above two relaxation mechanisms do not
entirely relax the strain, the ferroelectric a-domains probably are induced to relax the PZT
layer.

Sample Relaxation mechanism

PART I NNO/PZT(60 nm)/LMO//STO dislocation
NNO/PZT(60 nm)/NNO//STO dislocation + a-domain

PART II PZT(30 nm)/NNO//STO dislocation + RP fault
PZT( 6 nm)/NNO//STO island-grown PZT

Table 5.2: An overview of the strain relaxation mechanisms results from two series of samples
measured in this chapter.

To conclude, the thickness of the ferroelectric thin film and different buffer layers can be
used to tune the ferroelectric layer itself and the neighboring nickelate layer regarding
crystal structures, and consequently, their physical properties as a whole. The numerous
defects and complex strain relaxations in the system of ferroelectric material and nickelate
remain a challenge for the control of nickelate properties.
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Chapter 6

Conclusions
Throughout this thesis, I have explored the coupling between ferroelectricity and the struc-
tural/electronic properties of TMO. The STEM-EELS technique has shown to be a power-
ful tool for microscopic investigation with high spatial and spectral resolution, allowing
nanoscale exploration of nanostructures and thin film heterostructures.

In order to investigate the control of MIT by ferroelectricity, this thesis consists of three
steps. To begin with, I investigated the plasmon properties of SVO bulk and nanostruc-
tures and indicated the possible MIT on the nanostructure. Second, I demonstrated the
evolution of PTO ferroelectric domains as a function of thickness, as well as the effect of
the ferroelectric domains on the SRO electrodes. Finally, I described how the buffer layers
and film thickness modulate the ferroelectric polarization direction and strain relaxation,
thereby affecting the NNO properties.

The spectroscopic signatures of SVO regarding plasmon excitations have been demon-
strated, especially at the nanoscale. The monochromated EELS and numerical simula-
tions confirmed the existence of intense bulk and surface plasmons. The SVO nanostruc-
tures exhibit LSP resonances, which strongly depend on geometry, and their high-quality
factors indicate that SVO is promising as a TMO-based plasmonic material. Additionally,
the EELS spectrum under non-dipole conditions provides efficient measurements of bulk-
type plasmon excitations in the nanostructure. It predicts that MIT could occur between
the shell and core areas of the nanorod, suggesting that MIT behavior can be observed at
the nanoscale.

Systematic measurements have been conducted on the PTO ferroelectric thin film in con-
tact with the SRO electrodes, demonstrating the evolution of ferroelectric domain con-
figurations based on film thickness. Ferroelectric domains cause changes in the crystal
structure on the neighboring SRO electrode, indicating that the ferroelectric field has the
ability to affect the properties of nearby materials.
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The polarization configurations of the PZT ferroelectric layers have shown strong correla-
tions with the buffer layers and the film thickness, and the PZT layer exhibits a complex
combination of ferroelectric and interfacial effects, which affect the strain relaxationmech-
anism and flexoelectricity. Additionally, NNO buffer and capping layers rarely display
defect-free regions and then cause different strain relaxations and crystal orientations. As
a result of the difficulty of growing the NNO layer and quantitative measurements of oxy-
gen octahedra, there is still an open question regarding the role of ferroelectric proximity
effects.

This thesis provides a few examples of the interfacial coupling between ferroelectric mate-
rials and TMO thin films by STEM-EELS techniques, revealing the controllable MIT prop-
erties of TMO thin film heterostructures by ferroelectric effects.
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Appendix A

Searching for alternative plasmonicma-
terials
Plasmonics has been dominated by noble metals for a long time, due to the fact that their
real parts of permittivity have strong negative values, allowing them to exhibit excellent
plasmons. Their imaginary permittivities, however, are high in visible and near-infrared
wavelengths. As a result, they suffer from high losses in these ranges, which are caused by
interband (an electron jumps from an occupied valence band to the next unoccupied con-
duction band) and intraband (electron transfers within the valence or conduction band)
transitions. Noble metals are limited by their plasmon frequencies lying in the ultraviolet
range and their loss issues. Illustrations of potential plasmonic materials are shown in
figure A.1.

Figure A.1: Material space of potential plasmonic materials with carrier concentration, carrier
mobility, and interband losses. The spherical (elliptical) bubbles represent material with lower
(higher) interband loss. Reproduced from ref. [75].
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First, we search for alternative plasmonic materials within metals. For example, alkali
metals have lower loss issues than gold and silver, but extreme reactivity in ambient con-
ditions restricts their fabrication. Copper, the second-best conductor among metals, has
the potential to replace conventional materials, although it is challenging to fabricate elec-
tronic devices and overcome the problem of oxidation. The application of aluminum is
more effective in the ultraviolet range than that of gold or silver; however, there are strong
interband transitions in the visible range, and oxidation is another potential problem. The
optical properties of amajority of the elements in the periodic table have been summarized
by Blaber et al. [143].

Transparent conducting oxides (TCOs), such as Al-doped ZnO (AZO), Ga-doped ZnO
(GZO), and Sn-doped In2O3 (ITO), can be candidates [144]. TCOs have a large bandgap,
allowing them to be transparent in the visible range. Due to the high doping, they exhibit
metal-like properties with high carrier concentration (n> 1020 cm-3), which results in the
plasmon frequency lying in the near-infrared range. Their plasmon frequencies and prop-
erties are tunable by adjusting the doping level. A demonstration of plasmonic excitations
has been made on thin films as well as nanostructures of TCOs [79].

The heavily-doped semiconductors (doping densities up to 1020 cm-3) achieve a quasi-
metallic behavior and a negative real permittivity in the infrared range [145, 146, 147]. A
wide bandgap (> 1.5 eV) implies low interband losses. It is however a challenge to achieve
such high doping within the solubility limit of the dopants.

Transition metal nitrides (TMNs) like TiN and ZrN show plasmonic properties in the
visible range [144, 148]. Their optical properties are strongly related to deposition condi-
tions because of their non-stoichiometric properties. Thesematerials are chemically stable,
hard, and refractory; moreover, they can be grown epitaxially in ultrathin films and ultra-
smooth on varying substrates. With the advantages of fabrication, they could be helpful
in plasmonic nanoelectronics [149].
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Appendix B

Orthorhombic orientations and corre-
sponding diffraction patterns

Figure B.1: The simulated diffraction patterns of an orthorhombic structure (Pbnm) by “JEMS”
software, and the corresponding crystal structures in real space. NdNiO3 is used as a reference in
this simulation.
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List of abbreviations
[hkl]c Cubic orientation
[hkl]o Orthorhombic orientation
[hkl]pc Pesudo-cubic orientation
ao, bo, co Orthorhombic lattice parameters
apc, bpc, cpc Pesudo-cubic lattice parameters
ABF Annular bright-field
AFM Atomic force microscopy
ALDA Adiabatic local-density approximation
AZO Al-doped ZnO
BF Bright-field
DSO DyScO3

EELS Electron energy loss spectroscopy
FDTD Finite-difference time-domain
FE Ferroelectric
FFT Fast Fourier transform
FWHM Full width at a half maximum
GPA Geometric phase analysis
GZO Ga-doped ZnO
HAADF High-angle annular dark-field
ITO Sn-doped In2O3

LMO LaMnO3

LSP Localized surface plasmon
MAADF Mid-angle annular dark-field
MIT Metal-insulator transition
NNO NdNiO3

PFM Piezoresponse force microscopy
PTO PbTiO3

PZT Pb(Zr,Ti)O3

RP fault Ruddlesden-Popper fault
RSM Reciprocal space maps
SRO SrRuO3

STEM Scanning transmission electron microscopy
STO SrTiO3
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SVO SrVO3

SXDM Scanning X-ray nanodiffraction microscopy
TCOs Transparent conducting oxides
TDDFT Time-dependent density-functional theory
TMNs Transition metal nitrides
TMO Transition metal oxide
uc Unit cell
XAS X-ray absorption spectroscopy
XRD X-ray diffraction
ZLP Zero-loss peak
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