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ABSTRACT

Transition metal oxides display a rich variety of physical and chemical properties mak-
ing them potential candidates for many different technological applications. At the ori-
gin of this richness lies a complex puzzle of electron, phonon, charge and spin interac-
tions that still requires for larger observation and testing in order to put all the pieces
together. A keystone that can provide many answers to this puzzle is the important
role of the transition metal d electrons contributing to the valence or conduction bands.
These electrons interact with each other, and with electrons in the neighbour oxygens,
transporting the charge or ordering their magnetic moments in many ways, with a
large sensitivity to structural characteristics or to external parameters like temperature,
pressure, electromagnetic fields, ...

It is thus of high interest for the understanding of the physics governing the proper-
ties of transition metal oxides to directly access the electronic structure, and explore
its response as a function of these intrinsic or extrinsic parameters. The possibility to
perform such fundamental experiments has been enabled in the recent decades, thanks
to the development of synchrotron accelerator laboratories that have provided a power-
ful boost to x-ray techniques, which allow to use photon-electron interactions as direct
probe of electronic configurations of the different elements independently. Moreover,
tunable photon polarizations have been used in the recent years to reveal the fine cha-
racteristics of the electronic structure and explore the anisotropy of electron clouds or
spin arrangements.

In this thesis we have taken advantage of these techniques, and other more standard
ones, to monitor the electron and spin orderings in different transition metal oxide
compounds, allowing us to address the following topics:

1. Influence of strain in the electron distribution of transition metal oxide films:
When growing nanometric films of these materials on single crystal substrates,
bulk properties can be widely modified, due to the breaking of symmetry around
the transition metal ions as induced by the strain imposed by the coherent growth
of the films, adapting to the substrate lattice constraints. We study how strain
in thin films can induce charge localization, and how depending on the sign of
the strain, distinct electronic configurations can be stabilized, favouring different
orbital states that can couple to the spin ordering as we will show in materials pre-
senting magnetic order. Structural distortions as induced by strain can also affect
the band structure due to modified bondings between transition metal and oxy-
gen ions. As we demonstrate in this thesis, important covalency effects need to be
taken into account and correlate well with the measured macroscopic properties.

2. Effect of symmetry breaking at surfaces of transition metal oxides: Although
strain effects are important and can dominate the response of thin films, a large
symmetry breaking is inevitably found at interfaces. Boundaries can impose a
completely different atomic surrounding to transition metals, that will strongly
affect to the electronic structure. A large effort in this thesis has been dedicated
to disentangle the interface effects and separate them from strain induced effects.
Special attention has been directed to the free surface of these oxides, where the
large rupture of symmetry -at surface/vaccuum or surface/atmosphere interfaces-
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is expected to promote profound alterations on the local electronic structure and
induce a large charge localization.

3. Interfacial reconstructions in transition metal oxide heterostructures: When
growing heterostructures of transition metal oxides, the configuration at inter-
faces can also suffer from rearrangements leading to charge deviations or orbital
and spin reconstructions. We explore these phenomena at interfaces between dis-
similar oxides showing how the orbital hierarchy can be tuned at interfaces by
proper selection of layer components or crystallographic orientations.

Our study has been focused to different trending systems (mixed-valence manganites,
nickelates and LaAlOs/SrTiOs heterostructures) where the information of the strain
and interface induced configurations can provide new insight into the observed effects
in these materials. Nevertheless, the methodology used in this work and the conclusions
derived from our results can be of relevance for the understanding of interface-related
phenomena in other transition metal oxides.

RESUMEN

Los 6xidos de metales de transicion muestran una gran variedad de propiedades fisicas
y quimicas que los hacen candidatos potenciales para diversas aplicaciones tecnolégicas.
El origen de esta diversidad yace en un complejo puzzle de interacciones que atn
requiere de una mayor observacion y experimentacién que permita juntar todas las
piezas. Una pieza angular en este puzzle viene dada por los electrones d de los metales
de transicién que forman las bandas de conduccion o de valencia. Estos electrones
interactian entre ellos, y con los electrones de los oxigenos vecinos, transportando carga
o ordenando sus momentos magnéticos en diversas maneras, siendo muy susceptibles
a las caracteristicas estructurales o a parametros externos como temperatura, presion,
campos electromagnéticos, etc.

Es por tanto de gran interes para el entendimiento de la fisica que gobiernas las
propiedades de los 6xidos de metales de transicién examinar su estructura electrénica
y explorar su respuesta en funcién pardmetros intrinsecos del material o de pardme-
tros extrinsecos inducidos sobre él. La posibilidad de realizar dichos experimentos ha
sido posible en las tdltimas décadas, gracias al desarrollo de laboratorios de luz sincro-
trén, que han ayudado a perfeccionar las técnicas de rayos-X, que permiten emplear
las interacciones fotén-electrén para investigar la configuracién electrénica de diferen-
tes elementos independientemente. Ademads, la polarizacién de la luz ha podido ser
usada como herramienta en los dltimos afios para revelar la estructura fina de las con-
figuraciones electrénicas y explorar la anisotropia de la distribucion electrénica y del
ordenamiento magnético.

En la presente tesis hemos sacado provecho de estas técnicas, y de otras mas estandar,
para monitorizar el ordenamiento electronico y de espines en diferentes compuestos de
6xidos de metales de transicion:
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1. Influencia de la tensién en la distribucién electrénica de capas finas de 6xidos
de metales de transicién: Al crecer capas nanométricas de estos materiales en
sustratos cristalinos, las propiedades del material masivo pueden verse profunda-
mente modificadas, debido a la ruptura de simetria inducida en torno a los iones
de metales de transicion por la tensién impuesta por el crecimiento coherente de
las capas, que adaptan su red cristalina a la del sustrato. Estudiamos en esta tesis
como la tensién en capas finas puede inducir localizacién de carga, y como de-
pendiendo del signo de la tensién, distintas configuraciones electronicas pueden
estabilizarse, favoreciendo diferentes estados orbitales que pueden influir en el
ordenamiento de los espines, como demostraremos en materiales que presentan
orden magnético. Las distorsiones estructurales inducidas por la tensién pueden
también modificar la estructura de bandas debido a las alteraciones producidas
en los enlaces entre los iones de metales de transicién y los oxigenos. Como de-
mostramos en esta tesis, efectos de covalencia han de ser tenidos en cuenta ya que
se correlacionan visiblemente con las propiedades macroscépicas.

2. Efecto de la ruptura de simetria en la superficie de 6xidos de metales de transi-
cién: A pesar de que los efectos debidos a la tensién son importantes y pueden
dominar la respuesta de las capas finas, en las intercaras puede existir una consid-
erable ruptura de simetria al imponerse un entorno atémico totalmente distinto,
que alterard notablemente la estructura electrénica de los metales de transicion.
En esta tesis se ha dedicado un amplio esfuerzo para desentrafiar los efectos de
intercara y separarlos de los efectos debidos a la tensién. Se ha dedicado una
atencion especial a la superficie libre de estos 6xidos, donde la importante rup-
tura de simetria -en la superficie en contacto con el vacio o la atmésfera- puede
producir profundas alteraciones en la estructura electrénica local e inducir impor-
tantes efectos de localizacién de carga.

3. Reconstrucciones en las intercaras de heteroestructuras de 6xidos de metales de
transicion: Al crecer heteroestructuras de 6xidos de metales de transicion, la con-
figuracién en las intercaras puede también sufrir reestructuraciones dando lugar
a desviaciones de carga o a reconstrucciones orbitales 0 magnéticas. Aqui explo-
ramos estos fendmenos en las intercaras entre distintos 6xidos mostrando cémo
la jerarquia orbital pude ser modificada en las intercaras mediante la apropiada
seleccion de materiales y de orientaciones cristalograficas.

Nuestro estudio se ha focalizado en diferentes sistemas de gran interés en la actuali-
dad (manganitas de valencia mixta, niquelatos y heteroestructuras LaAlO3z/SrTiO3) en
los que el conocimiento adquirido sobre las configuraciones inducidas por efectos de
tensién y de intercaras puede proveer un mayor entendimiento de las propiedades ob-
servadas en estos materiales. No obstante, la metodologia empleada en este trabajo y
las conclusiones derivadas de nuestros resultados pueden ser de amplia relevancia para
el entendimiento de los fendmenos de intercara de otros sistemas de 6xidos de metales
de transicion.
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INTRODUCTION

1.1 INTRODUCTORY CONCEPTS
1.1.1  Electronic states and orbital physics in transition metal oxides

Transition metal oxide (TMO) perovskites are highly versatile materials. They can be
superconductors with high transition temperatures, they can decrease their resistivity
by several orders of magnitude upon the application of a magnetic field, or they can
show coexistance of diverse magnetic phases and even ferroelectricity, among other
countless fascinating properties. The possibility to present different properties that can
be tuned with temperature, pressure, magnetic field, or other external stimulus is a
result of the complexity of their microscopic interactions. Unveiling the origin of such
interactions is thus a stimulant challenge for physicists and provides a great potentiality
for technological applications.

In a general description, perovskite oxides are compounds with ABO3 composition
where an alkaline earth or rare earth is positioned in the A-site at the corner of the lat-
tice, as shown in the fig.1.1(a), while B- sites, at the center of the lattice are occupied by
transition metal elements, surrounded by 6 oxygen ions forming a regular octahedron.
This coordination profoundly affects the electronic structure of transition metal (TM)
ions, having a nd configuration. As d orbitals are strongly anisotropic, the electronic
cloud in each orbital is very directional and can point either towards the oxygen ions or
away from them. Naturally, electrons prefer to orient their clouds away from the oxy-
gens to reduce the electrostatic repulsion and these orbitals (named t5¢) get their energy
reduced with respect to the orbitals pointing towards the oxygens (e;) (fig.1.1(b)). This
crystal field induced breaking of the degenerancy is inherent to the cubic environment of
the TM. Further lowering of this symmetry, e.g., by volume-preserving tetragonal dis-
tortion, produce an additional removal of degenerancy in which the orbitals oriented
along the directions with shortened B — O distances will increase their energy (fig.1.1(c)).
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Figure 1.1: a) Perovskite structure of ABO3 compounds. b) Splitting of d levels in octahedral
crystal field (cubic symmetry). c) Splitting in tetragonal symmetry; schematic draw-
ings indicating the shape and orientation respect neighbouring oxygens of corre-
sponding orbitals for each level are pictured



INTRODUCTION

This coupling between the oxygen displacements and the crystal field splitting of the
TM is known as Jahn-Teller coupling, and reveals the strong correlation effects in these
perovskites due to electron-electron and electron-lattice interactions.

In TMOs the electronic and magnetic structure is dictated by these d electrons that
constitute the valence/conduction bands. Correlation effects due to electron-electron in-
teractions can promote insulating behaviour in materials that, according to one electron
picture, should be metallic given the presence of partially occupied bands; however, the
large repulsive Coulomb energies between d electrons can promote charge localization,
impeding the electron jump among TM sites. On top of that, in some TMOs, the over-
lapping between oxygen p and TM d orbitals leads to largely hybridized bands in which
the hybridization strength of 4 bands with that of oxygen ligands determines the effec-
tive bandwidth, thus certifying the semi-covalent character of atomic bonds in these
compounds. On the other hand, orbital ordering, as induced by symmetry constraints
imposed by the lattice, can influence the charge transfer process (different orbitals will
hybridize differently), promoting larger electron delocalization in certain directions or
difficulting the electron jump in others. This induced anisotropy can strongly affect the
interatomic spin-spin interactions leading to different types of magnetic order coupled
to the orbital order[1].

It is therefore the interplay between these charge, orbital, lattice and spin degrees of
freedom what provides the richness of physics phenomena to TMOs.

1.1.2  Strain tuning of electronic structure

One way to explore and manipulate the electronic interactions in TMOs is to play with
the lattice degree of freedom imposing different symmetry constraints that will influ-
ence in the charge, orbital and spin orders. This can be done by strain engineering.

The good structural stability of TMO perovskites permits the fabrication of heterostruc-
tures in the form of thin films, or multilayers, deposited in single crystal substrates.
Physical vapour deposition techniques (pulsed laser ablation, sputtering, molecular
beam epitaxy) allow to obtain, under the appropiate conditions, a crystalline textured
growth with a proper stoichiometric transfer between the target material and the sub-
strate. An epitaxial growth (that is, with single domain orientation) can be achieved in
thin films of materials having a lattice parameter (af;;,;) with a low mismatch with that
of the substrate (ag,ps). If the lattice mismatch is high, or if the film thickness is large
enough, the film lattice will relax towards its bulk structure, creating extended defects.
Other possible relaxation mechanisms include cation segregation or creation of oxygen
vacancies, that will reduce the elastic energy needed by the film lattice to adapt to that
of the substrate.

As many TMO materials show good structural compatibility with commercially avail-
able single crystal oxide substrates, epitaxial films with high quality can be obtained of
a wide range of interesting materials. In this manner, structural distortions promoted by
the substrate lattice can profoundly alter the TM symmetry in the B site, which will be
mainly affected by the modification of B — O distances and O — B — O angles promoted
by octahedra tetragonal distortions and rotations, respectively. This way, by proper
substrate selection, strain induced in the films can be tuned from in-plane compressive
(asups < Agim) to in-plane tensile (as,ps > i), enabling the tuning of TM electronic
structure. In fig.1.2, the lattice parameters (approximated by a pseudo-cubic unit cell)
of several typical TMOs used as substrates or target materials are shown.
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Figure 1.2: Pseudocubic lattice parameters of different oxides in their bulk structures.

1.1.3 New physics and new materials at interfaces

Strain provides a way to impose symmetry constraints in thin films, extending for sev-
eral tens or even hundreds of nanometers. However, boundary conditions cannot be
avoided and the presence of interfaces imposes additional symmetry constraints. At
interfaces, the local crystalline environment of the TM is dissimilar to that of the bulk
material. This symmetry breaking thus promotes a different crystal field that can in-
duce local reconstructions of the orbital, charge and spin configurations, leading to
new modified properties at interfaces.

Relevant phenomena occuring at the interface between two dissimilar TMOs include
charge transfer, the same way it occurs in semiconductor structures. However, in TMOs,
electron or hole doping can have striking effects on the material behaviour, as is can
induce a phase change, completely altering the properties at the interface. This permits
for example to obtain large magnetolectric coupling at interfaces between a doping
sensitive magnetic TMO and a ferroelectric. Furthermore, electronic reconstruction at
interfaces can lead to the occurrence of unexpected 2-dimensional high mobility phases
between insulating systems, or even superconductivity.

All these phenomena at interfaces are ultimately associated to the state of the d elec-
trons in the transition metals at interfaces and their relative occupancies. Therefore,
determining the d orbitals configuration is of primary importance to unveil the origins
of interfacial phenomena in TMO heterostructures.

1.2 OUTLOOK

In this thesis we will explore the origins and effects of electron redistribution, as in-
duced extendedly by epitaxial strain in TMO thin films, or locally due to the presence
of structural defects and interfaces. Among the different studied interfaces, special at-
tention will be given to the free surface, which is the most dramatic one and provides
an ideal scenario to study the symmetry breaking effects in the electronic configuration.

Mixed valence manganites ((Ri_yAx)(Mn3" Mn%")O;, R= rare-earth, A=alkali) are
archetypical systems to explore charge and orbital dependent phenomena. In mangan-
ites, the transport mechanism is mediated by electron hopping between Mn>Tand Mn**
sites and the magnetic moments are coupled by double exchange mechanisms between
the cations. The carge mobility can be tuned by stoichiometric variations (changing
hole doping x), but also charge localization can be promoted by strain (that can reduce
the hopping in certain directions) or by the occurrence of structural defects. In thin
films, an important source of charge trapping is found at interfaces, where the mag-
netotransport mechanism can be completely suppressed. In chapter 3, we shall study
the origin and extension of this charge trapping phenomena in manganite films with a

5
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doping x = 1/3, optimal for stabilizing a ferromagnetic metallic phase. Using Nuclear
Magnetic Resonance spectroscopy we design experiments to monitor the evolution of
the charge localization and magnetic anisotropy sensed by Mn nuclei, as a function of
samples thickness or induced defects in the films, providing new insights into the phase
separation phenomena in manganites.

In chapter 4 we inspect the microscopic origins of charge localization in optimally
doped manganites. By means of x-ray absorption measurements we get access to the
electron occupancy of the different d states in the conduction band. The orbital polar-
ization, given by the occupancy difference of the e, states, is known to depend on the
strain imposed in the films. However, in ultrathin films, this Jahn-Teller related effect on
the orbital occupancy seems to be violated. By extensive examination on the films thick-
ness, orientation and layer termination dependence of the anisotropy of the absorption
signal we identify the contribution of free surfaces to the orbital polarization.

The rupture of symmetry at the free surfaces must necessarily be modified when cap-
ping the manganite films with layers of other structurally equivalent TMOs. In chapter
5 we study the induced charge modifications at the interfaces between optimally doped
magnanites and oxide capping layers. More specifically, charge transfer and orbital
reconstructions are explored at the manganite interfacial layers in contact with several
capping materials, as well as their influence on the magnetic interactions. The results
put some light into the factors regulating the electron distribution at oxide interfaces.

The strain tunability of orbital order can have a profound impact on the properties of
manganite thin films having a composition in the verge of two magnetic phases. This is
proved in chapter 6, where low temperature polarized x-ray absorption is used to reveal
the magnetic order of half-doped manganites (x = 1/2) thin films. The results show a
strong correlation between magnetic and orbital orders, and explain the strain regula-
tion of the coexistance between ferromagnetic and antiferromagnetic phases in mangan-
ite compounds with this doping. Furthermore, by substituting the doping cation, the
effect of different bandwidth on the effectivity of the strain regulation is examined.

The knowledge acquired in the prototypical manganite system is tested in another
system with similar electronic configuration in chapter 7. We study here for LaNiO3
epitaxial thin films the role of the strain and surface contributions to the orbital polar-
ization, enabling a explanation for the apparent assymetric orbital response to strain
reported for this system. Moreover, we explore the relevant covalency effects due to hy-
bridization of nickel and oxygen states and the relevance of strain and surface induced
distortions in the Ni — O distances and bonding angles affecting the orbital overlapping
and, consequently, the conduction properties in the films.

Finally, in chapter 8 we study the observed orbital reconstruction of the Ti — 34 states
at the interface between two insulating TMOs (SrTiO3 and LaAlOs3). At these interfaces,
a highly mobile electron gas is observed, and proposed to be responsible for the or-
bital reconstruction. The promoted orbital symmetry in the lowest energy states can
also influence in the interactions giving rise to magnetism and superconductivity in
these interfaces. We show here, how, by proper selection of crystallographic samples
orientation, this orbital symmetry can be modified.

Chapter iii is dedicated to compeil the results obtained in the thesis, analyzed in a
wider perspective and proposing ideas for future works in transition metal oxides.



SOFT X-RAYS ABSORPTION TECHNIQUES APPLIED TO
TRANSITION METALS

The development of x-ray sources have enabled the advance in the investigation of
matter. Nowadays, synchrotron radiation sources allow for the use of powerful tech-
niques to study the inner structure of matter at the nanoscale. Synchrotron radiation
provides a photons flux 10° times larger than typical x-ray tubes allowing for a larger
data adquisition in reduced time and with higher quality. Other features enabled by
synchrotron radiation sources are the posibility to tune the x-rays energy allowing for
element selective measurements, or the high focalization of x-ray beam that permits
having micrometer focal spot sizes. Furthermore, the energy resolution have been pro-
foundly improved with the use of insertion devices like wigglers and undulators, which
also enable to precisely adjust the polarization of x-rays in the soft x-ray regime (photon
energies lower than 5keV), which is the region of interest to study the core to valence
band transitions in many common elements, specially in the transition metals.

In this chapter we will review the basics of X-ray absorption related techniques ap-
plied to the study of electronic structure of transition metals. For a deeper understand-
ing on the soft X-ray absorption techniques, recommended lectures can be found in refs.

[2, 3, 4, 5].
2.1 X-RAY ABSORPTION

Since the first observation of an absorption edge by Maurice de Broglie in 1913 [6],
there has been a profound development in the x-ray spectroscopic techniques, which
nowadays allow to have an insight into the electronic structure and the local atomic
environment of materials.

One of the main spectroscopic techniques is x-ray absorption spectroscopy (XAS),
where the absorption coefficient is measured as a function of the energy of the incident
photons. This absorption process is produced through the excitation of a core electron
to an empty state in the valence shell, followed by a de-excitation process in which
photons, Auger and secondary electrons are emitted (see fig.2.1). The absorption is
resonant and produces a clear peak in the spectra, at the energy corresponding to the
energy difference between excited and core states. In addition, an step jump is observed
at the same energy due to core electrons excited into the continuum, producing a non-
resonant absorption process, that contributes to the background intensity of the spectra.
Thus, the absorption intensity depends on how many available states are for the excited
electrons: the larger number of empty final states, the more photons are absorbed.

There are different methods to measure the absorption coefficient. The most direct
method is to measure the intensity of the transmitted photons though the sample, how-
ever, due to the strong absorption in the soft x-ray regime, this technique is rarely used.
Most common are the detection methods based on the measurement of the intensity of
emitted photons in the de-excitation process (fluorescence yield mode, FY) or the detec-
tion of emitted electrons (total electon yield, TEY). The probability of emission of both
photons and electrons is proportional to the absorption probability (excluding phenom-
ena like saturation effects [7]). The main difference between both detection modes is the
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characteristic probing depth in each case: while FY mode probing depth is limited by
fluorescence photons escape depth, which is in the order of 50 — 100nm, in TEY mode,
where the signal is dominated by the secondary electrons (inelastically scattered elec-
tron cascade originating from the primary Auger electrons), the sampling depth is in
the order of 2 — 5nm, thus TEY mode provides a more surface sensitive measurement
of the absorption coefficient, while FY signal has larger contribution from the bulk of
the sample. FY has the advantage to be aplicable to insulating materials [8], however,
in general FY measurements are largely affected by self-absorption effects [? ].

In this thesis we have mainly used TEY mode for the XAS measurements of our sam-
ples, measuring the sample drain current by means of a picoammeter inserted between
the surface of the sample and ground. The detected current is a direct measurement
of the total emitted electrons by the sample in the absorption process. An alternative
mode is the partial electron yield (PEY) in which the emitted electrons are detected
by a channeltron electron detector, placed behind a mesh where a variable retarding
voltage is applied. In this manner, only the electrons with kinetic energy larger than
the retarding voltage are detected [9]. As the electron mean free path depends on their
kinetic energy, by varying the retarding voltage, one can modify the probing depth of
the detected signal.

The transition probability in the absorption process (which will be proportional to
the absorption coefficient) can be described by the Fermi’s golden rule,

T 2
Fi_>f o ’<f’ Aoge_l(kr_Wt) ’l>‘

p(Ey) (2.1)

where |i) and |f) are the initial and final states, Ao, € k and w are the wave amplitude,
polarization, wave vector and frequency of the incident electromagnetic field, and p(Ey)
describes the density of the final states.

Large intensities are achieved with dipole allowed transitions. For most of the tran-
sition metals, the most suitable dipolar transition available is 2p — 3d, that is, an
excitation of a 2p core electron to a 3d available state in the valence shell. The energy
necessary to produce this excitation will depend on the element studied (the more pro-
tons in the nucleus, the larger binding energy of the core electrons to the ion), so that
the absorption edge will appear at different energies depending on the atom explored.
The absorption edge due to this 2p — 3d transitions is traditionally known as L edge. In
fig.2.2(a) some examples of L edge absorption spectra are shown for different transition
metal atoms. It is firstly noticed that two peaks appear in the absorption spectra: the
origin of this two edges lies in the spin-orbit coupling of the core 2p levels, which are
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Figure 2.1: X-ray absorption process by core to valence transition, and subsequent decay chan-
nels: x-ray fluorescence emission and Auger electron emission. Auger primary elec-
trons originate a cascade of inelastically scattered secondary electrons
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Figure 2.2: a) L-edge x-ray absorption spectra for 34 transition metals Fe, Co, Ni and Cu; inset:
integrated area under XAS (after proper background substraction); b) Integrated
area as a function of calculated number of holes for each transition metal. Figure
extracted from[2]

splitted in 2p; (j = |l + 5|, |l —s| = 3,3) levels, giving rise to the two observed edges,
named L3 (for transitions from 2p;,;) and Ly(for transitions from 2p; ;). In transition
metals, 2p core levels do not overlap between neighbouring atoms and therefore their
density of states (DOS) can be treated as a delta function, so that the XAS intensity,
which is a convolution of the initial and final states, will reflect only the DOS of the
unoccupied valence shell. As there are two times more electrons in the 2p;3/, level, L3
edge will have 2 times larger intensity than L, edge, but the reflected DOS for both
edges will be equivalent.

The second important observation that one can get from the spectra shown in 2.2(a)
is that the absorption cross-section (the normalized intensity of the spectra) varies for
different elements. This is an evidence of the fact that XAS depends on the DOS of the
unoccupied valence states, that is, the XAS resonance intensity is proportional to the
total number of available final states. The area under the XAS spectra (after substraction
of non-resonant absorption) is directly proportional to the total number of valence holes
h in the electronic ground state (fig.2.2(b)):

Iy =C-h (2.2)

where C is a proportionality constant, and the subscript av indicates that the intensity
needs to be averaged over all sample directions to account for element symmetry, as will
be explained later on.

Although the main characteristics of XAS have been explained under a one-electron
scheme, electron correlations should be taken into account to describe the different
features in the absorption spectra of transition metals. In TMOs, ligand orbitals are pro-
vided by oxygen atoms, whose p orbitals can hybridize with transition metal 4 orbitals.
The hybridization strength, which is parametrized by A (the energy necessary for one
O — 2p electron to jump to the transition metal d shell), depends on the orbitals consid-
ered and will be affected by the crystal field or local symmetry of the transition metal.
Furthermore, the splitting between the different states within one configuration will de-
pend on the electron-electron repulsion, parametrized by U (Coulomb repulsion energy
between electrons in 3d shell - Uy, or between 2p and 3d electrons - U,,). Taking into
account these interactions, the possible final 2p°3d" ! states can split in energy, giving
rise to a large number of transitions that produce the so called multiplet structures in
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the XAS spectra, providing information on the local electronic structure of the ground
states.

2.2 POLARIZATION DEPENDENCE. PROBING ORBITAL AND MAGNETIC ORDERS

For dipoled allowed transitions, the intensity for the final state depends on the sym-
metry of the inital ground state. This symmetry can be explored with the absorption
dependence on the incident light polarization, which will interact with either the spin
configuration (case of circularly polarized light) or with the charge distribution (case of
linearly polarized light) of the core and valence shells.

X-ray circular dichroism

By using photons with a defined helicity, the absorption process can be made spin-
dependent. If the incident x-rays are circularly polarized, and the valence states exhibit
a Stoner splitting, the measured absorption signal is shown to be dependent on the rel-
ative orientation of the photon angular momentum and the sample magnetization. The
difference absorption between parallel and antiparallel orientations of the sample mag-
netization and the incident photon momentum -that gives the x-ray circular dichroism
(XMCD) signal- is shown to be proportional to the magnetic moment 7 of the sample.

The atomic process giving rise to the XMCD signal can be divided into two steps:
first, the circularly polarized incident photon transfers its angular momentum Eph to
the excited photoelectron through spin-orbit coupling. In the most typical case of an L
edge, the p core electrons are spin-orbit splitted into / + s and | — s levels. Therefore,
the spin polarization will be opposite at the two edges and more spin down (spin
up) electrons will be excited with positive (negative) helicity x-rays. In the second
step, the exchange split valence band acts as a detector for the spin of the excited
photoelectrons. For the case presented in fig.2.3(a) , the positive (negative) helicity x-
rays mainly cause the absorption to the states in the minority (majority) band. Due to
the opposite polarization of L3 and L, edges, the XMCD signal will have opposite sign
at each edge, but same magnitude, proportional to the imbalance of the majority and
minority bands. However, apart from an spin imbalance in the valence band, it can also
occur that the valence band posseses an orbital magnetic moment. In that case, there
exists an imbalance in the states with quantum numbers +m; and —m; and this will
cause that the XMCD signal at the L3 and L, edges will not be identical.

As a consequence, the spin and orbital magnetic moments (s and m,) can be deter-
mined from the analysis of the XMCD spectra. The sum rules derived for the L3, edges
[10, 11] link the dichroism integrated intensities to the atomic values of ms and m,:

ms = up(2ALy — AL3)/C (2.3)

My, = —2Up (AL3 + ALQ)/3C (2.4)

where C is the proportionality constant defined in eq.2.2. Thus, knowing the number
of holes h and the averaged XAS intensity I,,, XMCD signal provides the spin and
orbital magnetic moments per atom, by integrating over the L, (AL;) and Lz (AL3)
edges in the XMCD signal. These sum rules have to be applied with caution, as in
some cases, the overlapping between Lz and L, edges can cause an important error in
the determination of ms [12]. Also, an additional term in eq.2.3 may be considered,
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Figure 2.3: a)Scheme for helicity dependent transitions at the L3, edges of a 3d transition metal
with spin polarization in the valence band. b) Resulting XAS spectra for circularly
polarized x-rays with angular momentum parallel (blue), antiparallel (orange) and
perpendicular (black) to sample magnetization. Figures adapted from [3, 2]

accounting for the asphericity of the spin magnetization [13], and saturation effects can
drive for a wrong determination of magnetic moments [7].

The XMCD signal will be optimal for the case of photon angular momentum parallel
to magnetic moment, and scales as cos 6 (0 being the angle between E,,h and 7). Being
odd in the magnetization, XMCD is therefore not sensitive to antiferromagnetic order,
which in turn will be sensed by linear dichroism measurements, as shown below.

X-ray linear dichroism

X-ray absorption with linearly polarized light is sensitive to the charge distribution
around the atoms causing the absorption. In the case of a non-spherical charge distri-
bution, atoms can produce a different absorption for different orientations of the linear
polarization respect to the sample. The resulting linear dichroism can be originated by
anisotropic charge distribution due to anisotropic atomic bondings, leading to a “nat-
ural” linear dichroism (XNLD), or due to a magnetically induced deformation of the
charge distribution, leading to a “magnetic” linear dichroism (XMLD).

The XNLD can be explained by the “search light effect” of the linearly polarized light:
the transition intensity is proportional to the projection of the number of holes in the
direction of the electric field vector E. By measuring along three orthogonal directions,
one can get the averaged number of holes in the final state, as it was stated in eq.2.2.

XNLD in transtition metals is usually originated due to a difference in orbital occu-
pation at the d levels. By measuring the difference in the XAS at L-edge transitions
(2p — 3d) with linearly polarized light parallel to the different orientations of the 4
orbitals, we can access to the preferred d orbitals occupancy. A clear example is shown
in fig.2.4, where the Cu — L3> XAS edges have been measured in a cuprate system
with Cu:3d° configuration, for two orthogonal orientations of the electric vector of the
incident x-rays. The crystal field in the system lifts the degenerancy of the 3d levels,
localizing the only hole in the 3d(x? — y?) orbitals. Therefore, when the incident light is
polarized in the z direction (perpendicular to the (x> — y?) orbitals orientation), no reso-
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Figure 2.4: X-ray L3, edge absorption spectra for 3d° Cu in Laj g557015CuO, perovskite, taken
with linear polarization parallel to ab plane (red) and parallel to ¢ axis (green) as
drawn in the inset of right figure. Left scheme shows the 2p — 3d transitions,
considering single hole in e, (x> — y?) states. Figure adapted from [14]

nant absorption is observed, while a large absorption occurs when the light is polarized
in the x direction (parallel to the orientation of (x> — y?)).

The transition probability is governed by the integrals (p; |q| d;), where the subscript
i denotes the different orbitals and g is the wave vector with linear polarization (x, y or
z). In a 2p — 3d transition, the only integrals related to e, states which are non-zero are

(px|x|dy2), < Py || dy2> and (p: |z|ds,2_,2), for the three polarization directions. Here
dep =— \/gd?)zz,rz + \/gdxz,yz, and thus with x polarized light both 3z2 — r? and x* — y/?
orbitals are excited, in a proportion 1 to 3.

From the evaluation of the transition integrals for all possible transitions and light
polarizations, sum-rules for 2p — 3d transitions relating the integral intensity of XAS

measured with polarization i (I;) with the number of holes / in the d-orbitals can be
derived [5]. For a system with tetragonal symmetry O:

L = Iy = %(%hxy + %hxz + %hzz + %hxz_yz)
IZ = %(%hxz + %hyz + %hzz)

, and in the case of filled t,;, band, we can write hyy = hy, = hy,; = 0, thus obtaining:

(2.5)

(2.6)

, reflecting the mixed contribution of x* — y? and 3z — 12 orbitals to the XAS measured
with in-plane polarization. After some calculation, we can obtain the expression for the
holes ratio in the e, orbitals:

Mg 3L,

X = - .
ooy, AL L @7)

, which is applicable for systems with a single hole in the 3d — e, orbitals, allowing
for a quantitative analysis of the XNLD spectra from the XAS integrated intensities for
linear polarization parallel to (x?> — y?) (I,) and parallel to (3z% — 1?) (I.)[15, 16].
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So far, we have seen how a linear dichroism is originated by the difference in the
population of d levels. However, in the case of completely empty d orbitals, a XLD
signal can also be detected if a energy splitting exists in the d states. For e, states, an
energy splitting between (x> — y?) and (3z% — r?) levels will be manifested by a shift in
the energy position of the L3 and L, absorption edges explored with the different x-ray
polarizations, resulting in a XLD signal with derivative-like shape, as it is the case for
Ti**, explored in chapter 8.

Experimentally it is rather difficult to achieve a measurement geometry such that E is
parallel to c-axis (E || (322 — #2) in a system like in fig.2.4). Usually, a grazing incidence
geometry allows to have a large projection of E parallel to the c-axis. In that case, a
geometric correction to the XAS is applied, accounting for the light incidence angle 6
(angle between surface sample and incidence light vector):

(" = (1/ cos?(0)) (I — I, sin®(6)) (2.8)

where [ ﬁ"” is the corrected intensity for the XAS obtained with E closely parallel to
the c-axis. For the typical case of 8 = 30 deg, eq. 2.8 yields [17]:

4 1

i =30 - 71 (2.9)

a) ; b) Edlill ll:l*
Pas2 , ' . Q-
e F{ e

LT #afj-s

m;

c) ~r=:3lal-1fo]  [2f2
XMLD spectrum -1
é-» LS L? m,
g +3/2
= 2Py, +1/2
o * -1/2
% 0 312
kG ~15eV
a 1 14
O 3337 m -3+
Photon energy | 2Py, -1/2

+1/2

Figure 2.5: a) Charge distributions of p3,, substates considering spin quantization direction in
the z axis; b) Possible 2p — 34 transitions considering a single hole in the spin-up
band. XMLD intensity is calculated as the difference in absorption for E vector paral-
lel (1)) and perpendicular (I, ) to sample magnetization; ¢) Schematic representation
of individual XMLD signals for the individual transitions from 2p sub-states. Figure
adapted from [2]

We turn now to the magnetic effects on the linear dichroism. When a sample gets
magnetically ordered, the spin-orbit coupling can lead to a deformation of the charge.
This distortion is aligned with the atomic spins directions and therefore, XMLD is sen-
sitive to ferromagnetic and antiferromagnetic orders.
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The anisotropy of the charge density relative to the spin axis is shown in fig.2.5(a) for
each of the p3/, substates. The sum of all substates leads to a spherical symmetry, thus,
only if there is a splitting between m; substates, a linear dichroism will appear. In the
presence of exchange interaction a splitting between 1, states arises both in the valence
and core shells. In fig.2.5(b), the transition probabilites for each of the p substates
in the p — d transition are plotted. Here a single spin — up hole is considered in a
spherically symmetric d band (equal weight for all d; substates) and x-rays incide with
E vector parallel and perpendicular to the sample magnetization direction. The XMLD
is then plotted as XMLD = | | — 1 and will have independent contributions from all
the anisotropic 2p substates, as depicted in 2.5(c).

While XMCD is odd in the magnetization (XMCD « (M)), XMLD does not distin-
guish between antiparallel orientations of 7 (XMLD <M2>). Thus, XMLD can be
applied to examine local magnetism of ferromagnetic as well as antiferromagnetic ma-
terials. XMLD can be applied to study the relative orientation of ferromagnetic and
antiferromagnetic orders at interfaces [18], to explore element magnetic anisotropies
[19] or extract local magnetocrystalline energies [20] in a wide range of magnetic mate-
rials.

The x-ray absorption experiments shown in this thesis have been performed in two
beamlines: BACH beamline at Elettra synchrotron radiation source (Trieste, Italy), and
BOREAS beamline at ALBA-CELLS synchrotron radiation source (Barcelona, Spain).
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RESULTS






STRAIN AND INTERFACE INDUCED PHASE SEPARATION IN
MANGANITE THIN FILMS

Charge localization promoted in manganite thin films by strain and interface related
effects profoundly affect their magnetotransport properties, diminishing the performance
of these materials in tunnel devices. In addition, structural distortions imposed by single
crystal substrates and propagated through relevant distances in the films can also be
determinant for the observed magnetic response. In this chapter we will study the origins
of these phenomena and their relevance for the performance of manganite thin films as
magnetic electrodes.
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3.1 INTRODUCTION

Mixed valence manganese oxides with the formula (Ri_yAyx)MnO;, where R= rare-
earth cation (La®t, Nd>T,...) and A=divalent alkali cation (Sr**,Ca?",...) show a com-
plex phase diagram in which the magnetic and transport behaviour finely depends on
the doping of divalent cations (x). This doping modulates the number of holes that
can move in the e, orbital bands of the Mn ions. The electron transfer between Mn
ions -which is mediated via oxygen ions- is spin and charge dependent: in order to
have an effective transfer, a simultaneous jump of an electron from a Mn3T ion to an
adjacent oxygen and from the oxygen to the neighbouring Mn** ion occurs. The proba-
bility to have this electron jump is dependent on the spin state of the neighbouring Mn
ions: if the spins of the two d shells are parallel, the transfer probability is the highest.
This mechanism is known as double-exchange and was first proposed by Zener[21]. In
this model, a degenerancy of the Mn®" — O — Mn*t and Mn*" — O — Mn®" states is
considered; however, in an ordered lattice, this degenerancy can be lost, inhibiting the
double-exchange mechanism [22]. It can be demonstrated that the doping for which
the double-exchange interaction is optimized, leading to the highest Curie temperature
and minimum electrical resistivity, occurs for x ~ 1/3 [23].

For this optimal composition, La,,3A1,3Mn0O3 manganites are half-metallic ferromag-
nets displaying a full spin polarization, making them excellent candidates for electrodes
in magnetic tunnel devices. However, despite of the high Curie temperature of these
materials (= 370K), it is always observed that the tunnel magnetorresistance (TMR) in
these devices decays rapidly and nearly vanishes at room temperature[24]. This unex-
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pected large decay has been related to a different magnetism at the surface boundary of
the films [25], resulting in a non-ferromagnetic and insulating “dead layer”. Electronic
phase separation (PS) -localization of regions with higher/lower carrier density- has
been proposed as the origin of the detrimental magnetotransport properties. This PS
can be promoted by orbital reconstructions associated to symmetry breaking at surfaces
and interfaces[26, 27] (that will be discussed later in this thesis) as well as by spurious
chemical gradients in the films [28].

In this chapter we will make use of Laz/;Sr1/;MnO3 (LSMO) films epitaxially grown on
SrTiOs (STO) single crystal substrates as a prototypical system to explore the influence
of structural distortions -either promoted by the substrate or by unavoidable structural
relaxation- and the presence of interfaces strongly breaking the symmetry (either with
the substrate or at the bare surfaces) in the magnetic properties of the films (magne-
tization, transition temperature, magnetic anisotropy and magnetic domain configura-
tion) and we will study in detail the phase separation phenomena by means of nuclear
magnetic resonance (NMR) technique, providing a new insight into the extension and
origin of the magnetically depleted region, as well as on the thickness dependent mag-
netic anisotropy in the films, which are factors strongly degrading the magnetic and
electronic homogeneity in the films.

3.2 STRUCTURAL AND MAGNETIC PROPERTIES OF La,/;Sr1/;MnO3z FILMS

To study the thickness dependence of structural and magnetic properties, LSMO films
were grown by pulsed laser deposition (PLD) on cubic STO single crystal substrates
with (001) orientation, using the optimal conditions (P = 0.2mbar, T = 725°C), that
were obtained after proper optimization of the growing parameters (see appendix B),
in order to achieve epitaxial films with flat surface and magnetic properties close to the
bulk LSMO (saturation magnetization Mg ~ 590emu / cm3, Curie temperature T¢c ~
370K). Substrates were thermally treated (1000°C, 2/ in air) previous to deposition,
in order to get an atomically flat and single terminated surface. The number of pulses
during deposition was varied in order to get thicknesses in the range between 3 and
370nm. While for an intermediate range of 10 — 60nm, x-ray reflectometry (XRR) was
used to determine the thickness of the films, for lower and higher ranges, the value was
estimated by proper calibration of the growth rate.

3.2.1  Structure of LSMO thin films. Determination of pseudo-cubic lattice parameters

The surface topography of the films was probed by atomic force microscopy (AFM). As
shown in 3.1(a), LSMO films presents a flat surface with steps and terraces morphology,
with ~ 1 unit cell (uc) height. This kind of surface morphology was achieved for films
with thicknesses lower than 30nm, while for larger thicknesses, films develope into a
more 3-dimensional growth.

The larger lattice parameter of STO (3.905A) as compared to the LSMO pseudocu-
bic lattice parameter in the bulk structure (3.873A) [29] imposes a tensile strain in the
film lattice, that causes a tetragonal distortion: the in-plane lattice distances (in the
crystallographic [100], [010] directions) adapt to the STO planar distances and the
out-of-plane parameter (in the direction [001]) gets reduced accordingly. Out-of-plane
lattice parameters were measured by means of x-ray diffraction (XRD) ¢ — 2¢ scans
for samples with thicknesses between 10 and 370nm. In fig. 3.1(b) the film reflection
appears at higher angles than STO substrate reflection and also higher than the reflec-
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tion angle corresponding to bulk LSMO, indicating the contraction of the out-of-plane
parameter as expected from the tensile strained tetragonal distortion of the cubic lat-
tice. It can be observed how, for films with a thickness above 60nm, the film reflection
gradually moves towards the bulk LSMO value, indicating a progressive increase of
the out-of-plane lattice parameter, signaling a structural relaxation in the LSMO struc-
ture, as discussed below. The film with 10nm thickness also shows a shift to lower
angles, suggesting that for the films with reduced thickness, a gradual expansion of
the unit cell occurs, which is at odds with the expected elastic deformation of the unit
cell under tensile strain. This observation is in agreement with earlier results in LSMO
[30] and La,,3Caq,3MnO3 (LCMO) [31], however, as shown in appendix C, this shift
is attributed to an artifact of the measurement due to interference of diffracted waves
from substrate and lattice, largely affecting the diffracion patterns in ultrathin films,
and the correct lattice parameter cannot be calculated from the observed position of the
diffraction pattern, but from simulation of the diffraction pattern considering the phase
of the diffracted waves. Thus, for thicknesses above 27nm, lattice parameters were ob-
tained by fitting of LSMO diffraction peaks observed in fig. 3.1(b) * and, for films with
thickness of 27nm and below, high-resolution diffraction experiments were made for
more proper fittings to diffracted patterns (see appendix C). The resulting out-of-plane
lattice parameters are represented in fig. 3.1(e) (solid squares), as a function of LSMO
thickness.

The epitaxial relationship between substrate and film was furtherly checked by pole
figure measurements, as shown in fig.3.1(c) for 27nm film. The (220) reflections of both
substrate and film are observed for 26 ~ 68° and x ~ 45°. Exploring the full ¢ range, we
find (202), (022), (—202) and (0 — 22) poles of the LSMO film and of the STO substrate
(bottom part of fig.3.1(c)), separated by Ap = 90deg . These scans indicate single crystal
in-plane orientation with LSMO(001)[100]//STO(001)[100] epitaxial relationships.

For investigation of the lattice relaxation in LSMO films, we performed reciprocal
space maps measurements around asymmetrical reflections for films between 27 and
370nm, in order to get information on the in-plane lattice parameters. From the exam-
ination of the (103) reflection in (001)-oriented films (fig. 3.1(d)), coinciding in-plane
reciprocal coordinates (g) -within the diffractometer resolution- for substrate and film
demonstrates the fully strained state of the films until 370nm. The calculated in-plane
parameters for all measured films are plotted in fig. 3.1(e). From the plot, it is no-
ticed that the structural relaxation in (001)LSMO films occurs via expansion of the
out-of-plane parameter (keeping in-plane parameters unaltered due to clamping to the
substrate), and consequent increase of unit cell volume, for films with thicknesses larger
than 30nm. This indicates that, in order to accommodate the epitaxial strain, the unit
cell expands in volume either by elastic deformation of the lattice or by creation of
extended or point defects. Indeed, the formation of twin domain arrays in LSMO
films has been identified by means of high-resolution XRD measurements, pointing to
a relaxation mechanism by tilts of the octahedral coordination polyhedra [32, 33] and
nonhomogeneous cationic distributions have been observed by Electron Energy Loss
Spectroscopy in strained films of LCMO and related compounds[34, 35, 36, 37].

To fit the diffraction peaks from LSMO layers, pseudo-voigt functions were used, considering the diffrac-
tions due to k,; and k,p lines, with the intensity of the later being half of the intensity of the former.
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Figure 3.1: a) AFM image of 10nm thick LSMO film grown on STO. b)# — 2¢ scans, showing the
(002) symmetrical reflections STO substrate and LSMO films with different thick-
nesses, as indicated; dashed line indicates the expected reflection angle for bulk
LSMO. c) Top: example of (220) reflections in 26 — x area scan; Bottom: pole figures
showing the four equivalent (220) reflections corresponding to LSMO film (27nm)
and STO substrate. d) Reciprocal space maps around the (103) reflection for 27, 220
and 370nm LSMO films deposited on STO substrates. e) Left: calculated interplanar
in-plane (empty squares) and out-of-plane (full squares) distances as a function of
films thickness; Right: Unit cell volume as a function of film thickness; Dashed line
indicates the interplanar distance and unit cell volume in the (pseudo)cubic bulk
structure of LSMO and STO.

3.2.2  Magnetic properties. Determination of magnetization and Curie temperature

LSMO films were measured by using a SQUID magnetometer. Sample magnetization
was obtained by measuring hysteresis loops at low temperatures (10K) and Curie tem-
perature was determined from the observed transition of field cooled curves taken at
a field of 1kOe, which was large enough to get a magnetic saturated state in all the
samples. In fig.3.2(a,b), some examples of M(H) and M(T) curves - normalized by the
LSMO film volume- are presented. It is evident from these curves that samples with
lower thickness suffer a loss of magnetization and get magnetically ordered at lower
temperatures than the thicker films,which is a common observation for manganite thin
films [31, 38, 39]. In fig.3.2(c)(main panel), M, and T, calculated values are shown for
all measured samples in the range of thicknesses 3 — 370nm.

From the hysteresis loops, LSMO films can be considered as magnetically soft (satu-
ration fields lower than 5000e at low temperature). However, a thickness dependence
is noticed from the magnetic loops, as shown in the inset of fig.3.2(a), which is a zoom
from the main panel: while an initial drop of the coercive field H, is observed for in-
creasing thickness between 3 and 17nm, an increase of H, is observed for the 120nm
film. The thickness tendency is more clearly presented in the inset of fig.3.2(c), where
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the values obtained for all the measured films is plotted. From the dependence of H(t),
three contributions to the magnetic anisotropy of the films can be assumed: an intrinsic
soft magnetocrystalline anisotropy, inherent to the structure of the films, a surface mag-
netic anisotropy, which contributes relevantly for the thinnest films, strongly enhancing
their anisotropy, and a defect induced magnetic anisotropy, which also contribute to
magnetically harden the films due to pinning effects at punctual or extended defects
present in the films upon structural relaxation and thus contributes in films with larger

thicknesses.
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Figure 3.2: a) Magnetization versus magnetic field (applied in the plane of the samples) mea-
sured at 10K, for LSMO samples with different thicknesses; inset: zoom in the low
fields region of the magnetic loops. b) Magnetization versus temperature measured
with an applied field of 1kOe, for LSMO samples with different thicknesses. c) cal-
culated saturation magnetization (left axis) and Curie temperature (right axis) as a
function of LSMO thickness; inset: Coercive field as a function of sample thickness

3.2.3 Magnetoelastic coupling between Lazj;Sr1/;MnOs films and SrTiOs substrates

The extreme sensitivity of manganites to structural modifications, that can alter the
Mn — O — Mn bond angles and distances -affecting the DE mechanism- can be ef-
fectively probed by means of the strong link between substrate and films structures
demonstrated above. STO substrate, in this respect, provides an optimal system to test
the influence of structural modifications in manganite thin films, due to the phase tran-
sition occurring at low temperatures affecting its crystal structure. More specifically:
STO is a cubic perovskite at room temperature, however, at 105K it undergoes a tetrag-
onal distortion induced by the rotation of TiOg octahedra, that displaces the oxygens
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leading to an elongation of c-axis and contraction of a-axis [40]. This cubic to tetragonal
transition produces the formation of domains with different orientations of the elon-
gated c-axis, giving rise to a complex pattern of twins (changes of orientation of a and c
axis) and antiphase (adjacent regions of opposite rotation patterns) structural domains.
In addition, upon the occurrence of structural transition, soft phonon modes generate
in the STO lattice, propagating the structural deformation with low energy cost. This
transition involves small changes of lattice parameters, as oxygen displacements are
less than 0.03A.

In order to probe the magnetic response of LSMO films to the structural transition of
STO substrate, we performed AC magnetic susceptibility measurements on some of the
LSMO films characterized in the previous section, applying a small AC-magnetic field
(hae = 10e) along different crystallographic directions, and measuring the components
of the magnetic susceptibility response of the films (see appendix A for brief description
of the technique).
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Figure 3.3: Temperature dependence of (a) the real and (b) imaginary components of ac suscep-
tibility, measured at 1111Hz, for the 26nm LSMO film. Black circles correspond to
hgc || [100], red triangles correspond to K, || [110]. In the insets, the full temperature
range for the measurements is shown.; ¢) Real component of ac susceptibility, x’/,
along [100] direction for 17nm LSMO film under superimposed dc-field in the same
direction as the ac-field; d) Sketch illustrating the S and B magnetic domain patterns
as described in text.

The temperature dependence of the in-phase (x’) and out-of-phase (x”') components
of the low-field AC-susceptibility for a 26nm film is shown in fig.3.3(a,b) (insets) for
hac || [100] and hge || [110]. The film orders magnetically below 320K, as evidenced by
appearance of non-zero x" below this temperature and a rapid increase of x’, which
forms a peak just below the transition. At lower temperatures another peak devel-
ops in both components, reflecting the evolution of spontaneous magnetization and
anisotropy; the enhanced susceptibility (x’) and losses () indicate the formation and
freezing of the magnetic domain structure at a temperature slightly below the Curie
temperature. It can be noticed that the susceptibility measured along [110] is substan-
tially smaller than along [100] in agreement with the biaxial anisotropy of the LSMO
film with (100) easy axes[41].
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In the vicinity of the STO structural transition we observe that, while for . || [110]
the susceptibility changes smoothly on crossing the STO structural transition, there is
a clear rise of both components on decreasing the temperature just below about 105K
when . || [100] and they go through a maximum at lower temperatures (fig.3.3(a,b)).
The observation of ' (T) and x” (T) susceptibility peaks developing close to Tsro
strongly suggests signatures of changes in the magnetic structure related to the sub-
strate structural changes. The fact that these peaks are only observed in the [100]
main crystallographic directions suggests that this magnetic reconstruction takes place
mainly along that directions. This anomaly in the ac-susceptibility was observed for sev-
eral measured films (with thicknesses between 10 and 26nm). As shown in fig. 3.3(c) the
ac-susceptibility x’ (T) anomaly below Tsro is greatly suppressed upon superimposing
a rather small dc-field (= 200¢) parallel to h,. || [100].

Twins and antiphase boundaries created in the STO substrate at Ts7o can promote
the occurrence of stripe regions (S) in the film, displaying a stripe pattern of magnetic
domains with a small out-of-plane component of the magnetization alternatively point-
ing up or down, which in turn, form new magnetic domain boundaries [42, 43]. These
S-regions are formed within the pre-existing large regions (B) with in-plane magnetiza-
tion. Below Tsro, B-regions coexist and are bounded by magnetic stripes of S-regions
(see sketch in fig.3.3(d)), as observed by magnetooptical microscopy [42, 43]. The partic-
ular magnetic domain pattern in these regions should not be identical to that existing
above Tstp, since domain reconstruction must occur after changes in the domain bound-
ary conditions and the magnetostatic energy triggered by S-regions.
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Figure 3.4: a) Top: Temperature dependence of magnetization for 26nm LSMO film with alkOe
magnetic field, applied along [110], [100] and [001] (inset) directions; Bottom: Deriva-
tives of the curves from top panel b) Temperature dependence of magnetization for
220nm film (left axis) and corresponding derivative dM/dT (right axis) under an ap-
plied field of 1kOe along [100] direction. Dashed line in all panels marks the STO
structural transition temperature.

We turn now to the examine more carefully the DC-magnetization. Although the
temperature dependence of the magnetization M(T) appears to be smooth and feature-
less at all temperatures, a close inspection reveals a dip at T ~ Tsto (fig. 3.4(a-top)).
This feature in the magnetization is visible for different magnetic fields and for dif-
ferent orientations ([100], [110] and [001]) and is better appreciated in the derivatives
dM/dT, shown in fig. 3.4(a-bottom). It is important to notice that the magnetization dip
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(~ 100K) is still well visible even at H = 1kOe. and in films with the largest thickness
(220nm, fig. 3.4(b)), signaling that the effect of strain propagates deep in the film.

The origin of this DC-magnetization dip, although also appearing at ~ Tsto, should
be different to the domain reconstruction phenomena originating the peaks in the
susceptibility. It can be argued that, across the closure domains formed at the new
domain boundaries strongly antiferromagnetically coupled regions of antiparallel do-
mains could appear. Such rigid non-collinear magnetic moment alignment would cause
the reduction in magnetization at fields even higher than the technical saturation field.

Two limiting different scenarios have been proposed as responsibles for the magne-
toelastic coupling in La;_yAyMnO3(A = Sr,Ca) thin films grown on STO: a dynamic
one, in which the softening of the STO lattice couples to spin excitations of the mangan-
ite film [44], and a static response linked either to polyhedra deformation or rotation
and twining [42, 43, 45, 46, 47]. Whereas the former points to a phenomenon limited
to the immediate vicinity of the manganite/STO interface, the latter may, in principle,
propagate much deeper in the films, which is in better accordance with our results.

3.3 INTERFACE AND BULK CHARGE LOCALIZATION IN MANGANITE THIN FILMS
3.3.1  Nuclear magnetic resonance applied to the study of phase separation in manganites

It has been shown that ®°Mn Nuclear Magnetic Resonance (NMR) is a powerful tool
to disentangle phenomena contributing to the existence of magnetic and insulating
dead-layers in manganite thin films [31, 38, 48, 49, 50]. Indeed, ®®Mn NMR spectra
of ferromagnetic-double exchange interaction (DE) in manganites is dominated by a
strong resonance line associated with Mn’"/#* ions participating in DE coupling and oc-
curring at a frequency that, depending on the hole concentration, lies within the range
fo ~ 370 — 400MHz [31, 38, 48, 49, 50, 51, 52, 53]. It turned out that when recording
NMR spectra of LSMO (and also of LCMO) as a function of film thickness (t), the in-
tensity of this fy line was found to decrease linearly to zero at a finite thickness ¢y thus
suggesting the presence of a non-ferromagnetic dead-layer in thin films[38]. Experi-
ments conducted on granular LSMO and LCMO of different grain size led to similar
conclusions|54, 55]. Of relevance here is that the thickness of the dead-layer (fp) was
found to be of about 2 — 5nm. An interfacial dead-layer is also commonly invoked to
explain the observed reduction of magnetization and conductance in thin films when
reducing thickness[56]. Interestingly a similar thickness ¢y was found to separate the
ferromagnetic/metallic and non-ferromagnetic/insulating regimes of thin films, some-
how depending on the used substrates[57]. On the other hand, the suppression of the
DE ferromagnetic contribution in the ®>Mn NMR spectra of LSMO and LCMO is accom-
panied by the gradually increasing importance of an additional resonant line occurring
at lower frequency (310 — 330MHz). This line is attributed to localized ferromagnetic
Mn** states [31, 38, 48, 49, 50, 51, 52, 53], which contribute to the total magnetization of
the films but not to the conduction mechanism through electron hopping. Its presence
is a fingerprint of the existence of PS in the material. To preserve charge neutrality,
a third line corresponding to Mn®" should be present at frequencies above 400MHz,
however, the strong anisotropy of Mn3* hyperfine field causes a wide broadening of
this line, preventing its observation [50]. We note that the relative intensity of the Mn*+
line is found to increase when reducing film thickness and accordingly, it is taken as
a signature of charge localization associated to interface phenomena [31, 38, 48, 49, 50]
which thus weakens the double-exchange coupling. However, detailed inspection of
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reported data (References [38, 48, 50]), reveals intriguing features that cast some impor-
tant questions on this interpretation. Indeed, in the reported data on LCMO films it
can be observed [38, 48] that the intensity of the Mn*" line keeps increasing well above
the dead-layer thickness and only saturates for t > 20 — 30nm; in contrast, Sidorenko
et al. [50] reported that in LSMO films the intensity of the Mn** line is independent
on film thickness. These observations suggest that charge trapping is not restricted to
interfaces, probably indicating a multiple origin for the charge trapping phenomena.

In order to shed a new light on this problem and to disentangle the distinct mecha-
nisms of charge trapping and subsequent PS, we performed 5%5Mn NMR measurements
on our LSMO epitaxial thin films grown on STO substrates, previously characterized in
section 3.2. It will be shown that phase separation (PS) is not restricted to an interface-
related dead-layer, only few nm thick. Quite the contrary, and in contrast to early
thoughts, it also occurs deep into the films. From detailed measurements of the depen-
dence of the NMR intensity on the excitation r.f. field amplitude £, it is observed that
the restoring fields sensed by spins of *>Mn nuclei of ferromagnetic manganese display
a distinctive magnetic hardness depending on film thickness. Specific analysis of the
data allows to distinguish the contributions from both surfaces or interfaces and defects
to the restoring field, thus unraveling the origins of the anomalous thickness depen-
cence of the coercive field found in section 3.2 (recall fig.3.2(c)). These results evidence
that surfaces and other defects promote distinguishable effects on the charge localiza-
tion and magnetic anisotropy. These views have been confirmed by NMR analysis of
LSMO films where engineered defects have been created after appropriate irradiation
by energetic He™ ions. While the results presented here provide a clear and new view
of the extent and origin of the observed PS in manganite thin films, they also suggest
hints on how to reduce it, allowing to obtain films with more homogenous electronic
and magnetic properties as required for spintronic devices.

NMR experiments have been carried out at 4.2K with the use of a broadband spin
echo spectrometer, in the absence of an external magnetic field. The Panissod protocol
[58] has been applied to correct for the variation of the NMR enhancement factor within
the studied sample, as explained in appendix A.

3.3.2 Thickness dependence of hole localization

In fig.3.5(a) we show the ®Mn NMR spectra of LSMO films of various thicknesses
(6.5nm — 119nm). The spin echo NMR intensity has been determined in such way as to
ensure that the intensity is proportional to the fraction of resonating (*>Mn) nuclei [58]
(section A.3.3). Therefore, the reduction of intensity when reducing film thickness is en-
tirely due to a decreasing number of >Mn nuclei at the resonance. Careful inspection of
spectra reveals the presence of two resonance lines: a main line appearing at a frequency
fo ~ 374MHz, and a secondary line, at lower frequency f; ~ 335MHz (fig.3.5(b)). The
line at fy is associated with Mn ions having fast relaxing Mn3*+/4*configurations and
participating in the DE coupling. Therefore Mn ions giving rise to this line are contribut-
ing to the magnetization and to electric conduction[31, 38, 48, 49, 50, 51, 52, 53]. The
frequency of the fj line (indicated by arrows in fig.3.5(a-right panel)) shows a slight shift
towards lower frequencies for low thicknesses. This frequency shift can be attributed to
a depletion of the free carrier density in the conduction band, or a band narrowing re-
sulting in the observed reduction of the Curie temperature (T¢) in these films[38, 48, 53].
Fig.3.5(b) shows also the NMR enhancement factor as a function of frequency, deter-
mined for this particular sample (thickness 27 nm). The NMR line occurring at lower
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frequency is attributed in the literature to ferromagnetically coupled localized Mn**
states[31, 38, 48, 49, 50, 51, 52, 53]. Accordingly, we assign the f; (~ 335MHz) line to
Mn** ions, which contribute to the total magnetization but do not participate in the con-
duction through electron hopping. In previous reports of NMR study on LSMO films
[49, 50] and in LCMO [31, 38, 48] films, an additional resonance line due to Mn** was
found at f, = 312 — 322MHz and was attributed to charge trapping at interfaces. The
different frequency values (f; — f» = 15 — 20MHz) suggest distinct charge localization
mechanisms or magnetic coupling strength of Mn*" species in these films, as discussed
below. It should be noted, however, that similar high NMR frequency of Mn** line has
been previously reported e.g. in LaggsS7915MnO3_s for 6 = 0 [59].
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Figure 3.5: a) Right: spin-echo ®>Mn NMR spectra of LSMO films of various thicknesses with
the spectrum intensity normalized to sample surface. Vertical line is an eye-guide.
Left: zoom of the low frequency region; Spectra of 27 nm thick sample (blue points)
and data fits to lines centred at fy and at f;. The dotted line represents the intrinsic
enhancement factor at each frequency point; c) Left axis: intensity of peak centred
at fo (solid diamonds, intensity divided by a factor 10) and peak centred at f; (solid
circles) as a function of thickness. Right axis (open symbols): Ratio between in-
tensities of f; and fy peaks. d) Left axis: restoring field H,e: (see the text for the
data fit description). Right axis: out-of-plane lattice parameter c¢ of the films as a
function of layer thickness. e) Depth-profile of the density D(t) of localized Mn**
ferromagnetic states (blue-shaded area). Black-dashed area indicates dead layer of
non-ferromagnetic material.

As illustrated in fig.3.5(b), the intensity of the f; and fy lines can be extracted after a
proper decomposition of the Mn** and Mn3+/4* contributions. As shown in fig.3.5(c-
left axis, solid rhombi), the intensity of the DE peak at fo (I(fo)) is linearly dependent
on the layer thickness. Its intensity drops to zero for a thickness of about 4.6nm ob-
tained from extrapolation, which is in agreement with previous reports [38, 48, 50] and
interpreted as a signature of the presence of the non-(ferro)magnetic dead-layer located
at interfaces. In fig.3.5 (c-left axis, solid circles) we also plot the intensity of the f; line
(I(f1)) for each film. It can be noticed that I(f1) initially increases almost linearly with
the layer thickness but there is some sort of saturation for films above 40 — 50nm. This is
better illustrated by the intensity ratio I(f1)/I(fo) (fig.3.5 (c, right axis, empty squares)),
which displays two well defined regions (A and B). In region A, for film thicknesses
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between 6 and 27nm, the intensity ratio I(f1)/I(fo) remains roughly constant. Thus, in
contrast with earlier reports [50], the contribution from localized Mn**t ions does not
remains constant, but it grows in parallel with the intensity of fy line when increasing
film thickness in the range of a few tens of nanometers. This observation indicates that
the f; line is not simply related to interface localization, as it grows with the volume
of the samples. For larger thicknesses (60 — 120nm, region B), the relative intensity
I(f1)/1(fo) decays with increasing thickness, thus indicating that the Mn** contribu-
tion becomes less abundant in the spectra. At the same time, the Mn** line becomes
broader and more extended to lower frequencies (see fig.3.5(a-left panel)), probably in-
dicating that charge localization occurs in a wider variety of defective surroundings as
film thickness increases. The distinct behaviour of I(f1)/I(fy) in regions A and B as
a function of thickness, also finds its correspondence in the restoring field (H.s) as a
function of the film thickness. The restoring field averaged over the NMR spectrum
shows a non-monotonic behaviour as a function of thickness (fig.3.5(d-left axis, solid
symbols). It is obvious that H,.s; has a minimum value for the 27nm film, at the frontier
between A /B regions, increases rapidly for thinner films and also shows some increase
for thicker films. Increasing H,.; indicates that the spin precession giving rise to the
NMR signal is harder to excite, i.e. require a stronger magnetic field. Therefore, the
increase of H,,s for the thinner films can be interpreted in terms of an enhanced mag-
netic anisotropy, likely surface or dead layer-dominated, as it is well documented in
metallic ferromagnets [60, 61]. In contrast, the H,.s increase observed for thicker films
indicates a larger spin pinning that could be related to either an enhanced contribution
of spins at magnetic domain walls when increasing film thickness or, alternatively, to
other kind of defects producing a non-homogeneous magnetic texture. Indeed, in NMR
experiments under zero-DC magnetic field, the NMR intensity is largely dominated by
spins in non-homogeneously magnetized regions, such as domain walls [50, 62].

In correlation with coercive field explored in section 3.2.2, the behaviour of the restor-
ing field can be attributed to the contribution of different sources to the mangetic
anisotropy of the films, namely intrinsic “bulk” magnetocrystalline anisotropy, sur-
face magnetic anisotropy (relevant in ultrathin samples) and defect induced magnetic
anisotropy (observed for thicker films showing structural relaxation). In analogy to
an expression for an effective anisotropy constant containing bulk and surface compo-
nents [60, 61], the NMR restoring field Hye (t) can be written as: Hyes(t) = Ho (1/£) +
HY.,(t) , where H:, and HY(t) reflect the surface and bulk restoring fields which
can be related to surface and bulk anisotropy fields, respectively, as probed by the res-
onating ®°Mn nuclei. The solid line through the data in fig. 3.5(d), corresponds to
the fit using Hyest(t) = Ho,(1/t) + HY,. It describes properly the experimental data
for t smaller than the critical thickness t,, = 30nm, providing values for the restor-
ing fields HY , = 2.6(Oe) and H;,, = 463(Oe - nm). These values are consistent with
a negligibly small magnetocrystalline anisotropy of cubic manganites [63, 41, 64] and
confirms the prevailing role of the surface/dead layer in determining the magnetic stiff-
ness of the layers, at least for the thicknesses smaller than the critical value t.,. Above
this thickness, however, the bulk contribution Hr‘gst(t > t) shows an increase pro-
portional to the reduced thickness t' = (t — t.,) with a slope of 0.770e, as shown by
a dashed line in fig.3.5(d), indicating the prevalence of a more inhomogeneous mag-
netic texture, likely associated to a gradually larger density of domain walls. Although
available data does not allow quantifying the magnetic domain wall density, detailed
observation of the X-ray diffraction data gives a hint. The evolution of the out-of-plane
cell parameter of LSMO explored in section 3.2.1, and replotted in fig.3.5(d-right axis,
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open symbols) shows an unambiguous expansion of the cell parameter, particularly ev-
ident for ¢t > 30nm, indicating an elastic lattice deformation and signalling a relaxation
mechanism leading to the creation of extended or point defects. These structural trans-
formations, occurring for partially relaxed thicker films, could be at the origin of the
anomalous increase of restoring field, caused by the increase of pinning centres at twin
domains, dislocations or cationic defective regions.

For a better understanding of the origin of localized Mn*" states, we need a function
D(z) describing their profile distribution along the depth z inside the film. Once we
have D(z), the intensity of the f line for the film of thickness ¢ should be given by I(t) =
fti) D(z)dz, where, for simplicity, we write I(t, f1) = I(t). To guess the distribution of
the localized states, we assumed then that snapshots of the distribution D(z) could be
obtained from the intensities of the f; line at different thicknesses, so that we could

extract the average profile distribution function as D(z) = dfi—(tt) o where dI(t)/dt
=Z

was evaluated from data in fig.3.5(c). Using this procedure, we finally obtained the
average density profile D(z) of localized Mn** states as a function of film thickness
(fig.3.5(e), solid symbols and blue shaded area). In this figure a dead-layer of thickness
to, as inferred from data of fig.3.5(c), has also been indicated (black dashed area). Data
in fig.3.5(e) clearly evidences that charge localization extends much deeper in the film
than the interface-related dead-layer and two regimes can be distinguished as a function
of depth. In particular, whereas the density of Mn*" remains roughly constant below
a critical thickness t.,, above this threshold it is strongly depressed and only a residual
density extends to larger thicknesses.

3.3.3 Charge localization in artificially created defects

To further explore the charge localization phenomena and its NMR fingerprints (i.e.
Mn**-related resonant lines), a set of LSMO films (20nm thick), grown under nomi-
nally identical conditions, have been irradiated with different doses of light He™ ions
at different energies. For films irradiated with He™" ions of 500keV at different doses,
a small and controlled structural damage is caused in the samples. The He™ beam is
swept across the sample surface, producing collision cascades throughout all the film,
displacing atoms from their original positions, before getting implanted deeply into the
STO substrate. In fig.3.6(a), a simulation of the ions trajectory and the collision cascades
are shown for the layer (left panel) and for the substrate (right panel) *. As shown in the
simulations, the straight He™ ion track produces a gradually expanding footprint of dis-
placed ions within the film and finally stops at the substrate. According to simulations,
at 500keV each He™ ion produces about 0.4 atom vacancies, about 60% of them being
oxygen vacancies. The irradiation dose was varied between 0 (reference sample) and
4.3 -10'%ion /cm? resulting in a total number of vacancies in the LSMO layers between
0 and 10% with respect to total number of atoms in the film. On the other hand, the
effects of the irradiation on the crystalline quality of the samples were monitored by
Rutherford Backscattering Spectroscopy (RBS) and X-ray diffraction. RBS experiments
were conducted by using highly energetic alpha particles (1.57MeV) as projectiles and
probes measuring the backscattered signal. Both, random (sample not aligned with ion
beam) and channeling (beam aligned with [001] crystallographic direction) spectra were
acquired for all samples. A random spectrum for the non-irradiated reference sample
(A1) is shown in fig. 3.6(b) (black points), where the observed peaks originate due to

2 Simulations were performed with TRIM software http://www.srim.org/
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backscattered alpha particles by the different atoms in the LSMO film, while STO sub-
strate produces backscattering of ions over wide energy regions, due to energy loss of
ions when crossing the thick substrate.
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Figure 3.6: a) Simulated collision cascade for incident punctual He™ beam in LSMO layer (left)
and in STO substrate (right); black points show ions trajectories and coloured points
show atoms displacements caused by beam; b) RBS spectrum in random sample-
beam alignment for non-irradiated sample (black points); simulation of the spectrum
with indicated composition and thicknesses values (red line); c¢) RBS-channelling
spectra taken for samples irradiated with different doses; d) Diffraction pattern
around (002) peak of STO/LSMO samples before (sample A1) and after ion irradi-
ation (samples A2 — A4); e) Magnetization curves versus temperature for irradiated
films.

Simulation of the spectrum (red line in fig. 3.6(b))3 using as input parameters the
nominal compositions and thicknesses for LSMO film and STO substrate results in
good agreement with experimental data and enables the identification of independent
atoms contribution to the spectra, as indicated in the figure. The effects of damage
caused by irradiation are visible in fig.3.6(c), where channelling spectra are shown for
samples irradiated at different doses (A2, A3 and A4), as compared to the reference
non-irradiated sample (A1). The increased yield signal (normalized to charge of the
impinging helium ions, the detector solid angle and the conversion factor of the mul-
tichannel analyser) with increasing dose is clearly visible for the energy regions corre-
sponding to the lightest ions (Mn, Ti, O), signalling the increment of point defects due
to irradiation-induced displacement of these atoms. Similarly, the reduced channelling
observed over all energy range is also a signature of the enhanced formation of defects

3 Spectrum simulation performed using SIMNRA program http://home. rzg.mpg.de/~mam/
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by irradiation. X-Ray diffraction 6 — 26 scan measurements provide an additional view
on the structural changes occurring in the substrates and in the LSMO layers (fig. 3.6(d))
produced by the implanted and colliding He-ions. It can be noticed in fig. 3.6(d) that
after irradiation the substrate (002) peaks display a pronounced broadening towards
lower angles indicating an expansion of the corresponding cell parameter. Of interest
here is the evolution of the LSMO(002) peak that also shifts towards smaller angles
thus signalling an increment of the out-of-plane lattice parameter. It is interesting to
note that the intensity of the LSMO(002) peak remains rather constant, thus suggest-
ing the absence of a significant amorphism of films due to irradiation. On the other
hand, the irradiation effects have a clear impact on the magnetic properties of the films.
In fig. 3.6(e) we show the temperature-dependent magnetization (measured using an
in-plane magnetic field of 1kOe) of the A1 — A4 samples. This data reveals that the
magnetization is rapidly suppressed by He™ irradiation, thus indicating the creation of
non-ferromagnetic regions in the films. Interestingly, the Curie temperature remains
barely unchanged for all films. This suggests that the regions unaffected by irradiation
remain virtually unperturbed.
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Figure 3.7: a) Temperature dependence of resistivity. Inset: zoom of the low-temperature region
of the p(T) data collected for sample A4 upon cooling down to 5K and the p(T)
measured upon heating, after a p(H) measurement (from H = 0 to 90kOe and back
to zero). Arrows indicate the sense of the temperature excursion. Axes and units are
as in the main panel. b) Magnetic field dependence of resistivity measured at 5K.

We have performed temperature-dependent resistivity measurements and magnetore-
sistance measurements on some of the irradiated films. In fig.3.7(a) we show some illus-
trative results. It can be appreciated that the resistivity p of the films gradually increases
with irradiation dose. The low temperature magnetoresistance MR(H) = p(H)/p(H =
0) has been measured after a zero-field cooling process down to 5K, followed by the
application of a magnetic field up to 90kOe and subsequent field retreat to zero. It can
be appreciated in fig.3.7(b) that MR(H) increases with irradiation dose and displays
some hysteretic behaviour that becomes more apparent for larger doses. The increase
of resistivity by irradiation simply reflects the irradiation-induced formation of non-
conducting or spin-disordered regions in the film. The increase of magnetoresistance
shown in fig. 3.7(b) is fully consistent with this view. More interesting is the hystere-
sis observed in fig.3.7(b). It reveals the coexistence of conducting and non-conducting
regions of the film. Finally, the consequences of defects induced by irradiation and the
subsequent charge localization on the transport properties of films are also reflected
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in the low-temperature upturn of the resistivity observed in irradiated samples. As
example, we show in fig. 3.7(a-inset) data of an illustrative sample (Ag4). It is clear that
upon cooling, the resistivity displays a minimum which is related to charge localiza-
tion effects. In the fig. 3.7(a-inset), we also include the data collected when heating
up the sample after performing a p(H) measurement (0kOe to 90kOe and back to zero)
at 5K, as in fig 3.7(b). It is clear that the charge localization has been irreversibility
erased by the magnetic field. The fraction of non-conducting regions is reduced by the
magnetic field and they cannot convert back to insulating when retreating the magnetic
field. This gives rise to the observed hysteretic behaviour. The increasing amplitude
of the hysteresis upon irradiation indicates that irradiation is creating patches of non-
conducting regions in the films. According to the magnetization data these regions are
non-ferromagnetic. A similar hysteretic behaviour was previously suggested to be resul-
tant of the presence of charge-ordered regions in the films[48]. The observed reduction
of magnetization is in full agreement with this observation described above.

The ®>Mn NMR spectra of irradiated samples (A1 — A4) (fig.3.8(a)) reflect the reduc-
tion of magnetization throughout a dramatic reduction with increasing dose of the
intensity in the main DE line at fy (= 374MHz). Nevertheless, in accordance with
the observation of a robust T in all films, the frequency of the DE line remains un-
altered (within a frequency margin of 0.5MHz). Close inspection of NMR spectra re-
veals also the presence of additional lines (fig.3.8(a-inset)). Apart from the DE line at
fo = 374MHz, a line situated at about 335MHz is also clearly visible. Its position coin-
cides with the f; line observed in the non-irradiated, pristine samples discussed above.
In addition, superimposed to the low frequency tail of f;, we identify the contribution
of a new resonant line, labelled f3, at about 310MHz that, as discussed above, we as-
sign —together with £}, to localized Mn** states. A more accurate determination of the
position of the weak f3 line has been done by a Gaussian fit of the NMR spectra by fix-
ing the position of the fy and f; lines to the values 374MHz and 335MHz, respectively,
obtained for the non-irradiated samples, which lead to f3 = 313MHz. To extract the
intensities of all fy, f1 and f3 lines from all NMR spectra, we have subsequently fixed
their positions to the values indicated above. The decomposition of the NMR signal
into fo, f1 and f3 components are presented and these fits are used to extract the corre-
sponding intensities I(fy), I(f1) and I(f3) in all films (A1 — A4). In fig.3.8(b) (left axis,
solid symbols), we show the dependence of I(fy), I(f1) and I(f3) on the He™ radiation
dose together with the corresponding loss of macroscopic magnetization of the samples
with irradiation dose (fig.3.8(b), right axis, open symbols). It is clear that the DE contri-
bution I(f) and the localized-Mn** contribution I(f;), both decrease when increasing
the irradiation dose. However, it is also clear that the decay of f; is slower than that
of fo. This can be better appreciated in fig.3.8(c), where the plot of the intensity ratio
I(f1)/I(fo) versus dose emphasizes the relative increase of I(f1)/I(fo). The observed
trend implies that irradiation damage promotes not only the suppression of ferromag-
netic regions (DE Mn®*/4* and charge-localized ferromagnetic Mn**) by transforming
them into non-magnetic regions (which account for the overall decay of fy and f1) but
it also indicates that additional charge-localization is induced. It thus follows that He™
irradiated samples contain an increasing fraction of non-magnetic regions coexisting
with magnetic regions which are composed of basically undisturbed areas giving rise
to I(fo), I(f1) and I(f3) contributions and regions where the relative contribution of
I(f1) is increased, as sketched in fig.3.8(c-inset).

As suggested by data in fig.3.8(b-c), in irradiated samples one may expect to find ferro-
magnetic regions where radiation-induced damage has created point defects rendering
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Figure 3.8: a)Normalized >Mn NMR spectra of irradiated LSMO samples; inset: comparison
of reference sample Al (not irradiated-black points) with sample A4 (irradiation
dose=4.3 - 10'%on /cm?-green points). Red and blue lines correspond to fittings to
the lines centred at fy, f1 and f3 frequencies; b) Left axis: Spin-echo intensity of lines
centred at fy (black squares-intensity divided by a factor 10), lines centred at f; (blue
triangles) and lines centred at f; (red circles), as a function of irradiation dose; Right
axis: Saturation magnetization as a function of irradiation dose. c) Intensity ratio of
the line centred at f; and the line centred at fy. Inset: sketch of the distinct regions
in the film after irradiation as inferred from the >Mn NMR data.

magnetization locally inhomogeneous. Like in the pristine films discussed above, un-
der such circumstances the restoring field H,.s; in defective and non-defective regions,
should differ. Following the extensive description in Reference[58], we have inspected
the spin echo NMR intensity as a function of h; for each frequency in the irradiated
samples, thus enabling to separate the spectra corresponding to different soft and hard
magnetic components. In fig.3.9(solid symbols) we plot the spin echo intensity as a
function of the excitation field (in Bh; units) for the fy frequency. It is clear that, upon
irradiation, the optimum hy,; field increases, thus illustrating that the ferromagnetic
fraction remaining after the ion irradiation becomes magnetically harder. In fig.3.10 we

plot the values of Hyest = ﬁhgi) ; as a function of the dose (solid symbols). In this figure
the coercivity field values extracted from the corresponding magnetization loops, mea-
sured at 10K, are also included (open symbols). As expected, both set of data follow
the same trend and illustrate the hardening of the manganite films by the enhanced PS
induced by irradiation. A similar behaviour had been reported in phase separated mag-
netic oxide system [65]. A more detailed examination shows that for the non-irradiated
sample (A1), the spin echo intensity as a function of the excitation r.f. field /; can be
simply described by using a single log-normal distribution. In contrast, the intensity
distribution of the irradiated samples (A2, A3 and A4) can be better described by a

superposition of two different lognormal distributions centered on two different values

2

of hy, i.e. h%opt and hy,,, corresponding to two different restoring fields Hr(:s)t = ﬁh&;t

and Hr(eZS)t = ,Bh%;t, as it is illustrated in fig.3.9. It is interesting to note that a soft com-

ponent exists in all irradiated films with a restoring field Hr(els)t similar to that of the

non-irradiated sample. Probably, it reflects the response of pristine-like regions in the
films, not affected by the ion irradiation. Therefore, this analysis clearly reveals that,
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Figure 3.9: Spin echo intensity (solid symbols) of irradiated samples (A1l — A4) at the frequency

of the main DE line (fy = 374MHz)) as a function of the rf field /; (in units of Bhy).

Solid lines through experimental points are the results of the data fit using a single
log-normal restoring field distribution of spin echo >Mn NMR intensity (A1 sample)
or two log-normal distribution of NMR intensity as indicated by the corresponding
dashed lines.

ferromagnetic regions with clearly higher restoring fields and of increasing abundance
are produced by irradiation.

We finally note that the intensity of the minority contribution I(f3) (fs3 = 313MHz)
remains almost insensitive to the He™ irradiation dose thus indicating a different origin
of the corresponding charge-localized Mn*" states as discussed in the following. While
this line could tentatively be attributed to charge trapping at interfaces (in the same
way as Mn*" line observed at similar frequency (f» = 320 — 322MHz in References
[31, 38, 48, 50]), it is more likely that its origin could be related to the damage caused by
RBS measurements themselves which imply irradiating the samples with high energetic
He particles. Experimental evidence pointing towards this interpretation can be found
by comparing the spectral intensity of a non-irradiated He™, but RBS-analysed, sample
(Al) around f; = 313MHz), with the spectra of non RBS-analysed films of similar
thickness (fig.3.11). It is evident that the f3 line is absent in the films that have not
been analysed by RBS (fig.3.11-inset). Although the channelling-RBS experiments were
performed using highly energetic He ions, which should not have strong influence on
the film microstructure, still some damage cannot be avoided. As the energy and dose
for RBS experiments were unchanged, the damage caused in all the explored films
should be similar, as observed.
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irradiated sample (20nm thick) (He™ at 1.54MeV). Inset: Zoom of Mn**t resonance
lines. The positions of the f; and f3 resonant lines are indicated.

3.3.4 Concluding remarks

In summary by using *>Mn NMR, we have provided evidence of the existence of dis-
tinct localized Mn** states in LSMO films associated to hole trapping which is not re-
stricted to the interface-dominated dead-layer but extends deep into the film. Although
these different defective states display the resonance at a common frequency (around
335MHz, in our films), the distinct magnetic surrounding, either close to interface or
to other defects, produce distinguishable local magnetic anisotropy and hardness. In-
terfaces and the associated breaking of symmetry in the coordination polyhedral of
the metal ions (Mn3+/4") have been proposed to be the origin of the dead layer and
phase separation in manganite thin films. The present results, although do not exclude
this unavoidable effect as a source of charge localization, establish that PS occurs and
extends several tens of nanometers deep into the films, away from the interface, thus
pointing that extrinsic charge trapping centres are playing a prevalent role.
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3.4 SUMMARY

In the present chapter we have studied the magnetic and structural properties of LSMO
films grown on STO substrates. XRD characterization signals an epitaxial growth of the
films, producing a coherent tensile strain that extends to thicknesses as large as 370nm,
however films with a thickness above 30nm display a structural relaxation evidenced
by the progressive growth of unit cell volume, that may be associated to the creation of
punctual or extended defects. While films with thickness above 60nm display magnetic
properties very close to the bulk LSMO, thinner samples show evident signs of magnetic
depletion.

In addition, the magnetoelastic coupling between the magnetic domain structure of
the LSMO and the STO structure was proved by ac and dc magnetic measurements
at temperatures close to the cubic to tetragonal transition of STO, signaling a domain
reconstruction in the films induced by the structural distortions of the substrate, accom-
panied by the creation of regions with enhanced anisotropy, that extend deep into the
films, thus pointing to structural deformations in the LSMO induced by the substrate
transition as the origin of the coupling mechanism.

By means of NMR spectroscopy, we have studied the charge localization phenom-
ena and local magnetic anisotropy of LSMO films. The thickness dependence of NMR
resonance peaks associated to itinerant charge and localized charge in Mn** sites re-
veals that charge trapping is not restricted to interfacial regions, as commonly accepted,
but extends for several nm deep into the films. The restoring field related to the mag-
netic stiffness of Mn sites displays a thickness dependence equivalent to the observed
macroscopic coercive fields, both pointing to the existence of three sources contribut-
ing to the magnetic anisotropy: a soft magnetocrystalline anisotropy inherent to the
LSMO and two other contributions that enhance the anisotropy of ultrathin films (sur-
face magnetic anisotropy) and of thicker films showing relaxation signatures (magnetic
anisotropy due to pinning at defects). The enhancement of both charge localization and
defect-induced magnetic anisotropy was furtherly proved by studying the NMR spectra
of He™-irradiated LSMO films, showing a clear increase of both effects with increasing
damage produced by irradiation.

Thus, these results provide new information on the electronic phase separation phe-
nomena and magnetic anisotropy in manganite thin films, and its relation with samples
microstructure and provide guidelines for the growth of electric and magnetic homoge-
neous manganite films.
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SURFACE SYMMETRY BREAKING EFFECTS ON THE ORBITAL
OCCUPANCY OF MANGANITE THIN FILMS

Symmetry breaking produced by strain in thin films is known to affect the population
of the d states in the valence or conduction band in transition metals. However, a
larger rupture of the symmetry is present at the surfaces, that can profoundly alter the
orbital hierarchy promoting electron localization in certain orbitals, as we will study in
this chapter in optimally doped manganite thin films.

4.1 INTRODUCTION

Electron localization in manganites can be widely promoted by substrated-induced epi-
taxial strain in thin films. Mediated by Jahn-Teller (JT) interaction, strain tailors the
occupancy of the d orbitals, that can lead to dramatic changes in the electron interac-
tions which drive the functional properties of the bulk of the films. In La;_,Sr,MnOs3,
the electron occupancy in the e, (x* — y?/3z*> — r?) orbitals strongly depends on the
hole doping level (x) and the strength of the JT coupling [1]. In bulk La;/35r1,3MnO3
(LSMO), the partially filled e, orbitals are responsible for the metallic character and the
carrier-mediated Mn"*-O~2-Mn"* double exchange interaction is responsible for the
ferromagnetic coupling. Epitaxial strain in LSMO thin films, similarly to the JT distor-
tion, breaks the (x> — y?/3z? — r?) degeneracy and dramatically changes their transport
and magnetic properties [66]. In agreement with simple electrostatic expectations, it has
been shown [27, 39, 67, 68] that tensile strain favors x> — y?> occupancy whereas the com-
pressive strain favors 3z2 — r? occupancy, thus providing some understanding for the
so-called magnetic and electric “dead” layers [38, 48, 57] observed in thin films. When
two dissimilar oxides are brought together, charge transfer, electrostatic boundary con-
ditions or/and elastic strain may also produce an additional modification of orbital
filling which can produce charge, orbital and spin reconstructions [69, 70]. Similarly,
interface-mediated bonding in heterostructures [71, 72] largely depend on the relative
position of the (x? — y?/3z* — r?) orbitals at interfaces and thus their determination is
of paramount importance.

Linear dichroism in the X-ray absorption (XLD) has been used to firmly demonstrate
that, while tensile strain favors the x> — y? occupancy, a compressive strain favors the
3z% — 12 occupancy [27, 39, 68]. In section 4.2 of this chapter we will probe the strain tun-
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ing on the orbital occupancy of LSMO epitaxial films, providing a method to calculate
the orbital polarization.

A distinction of the surface and interface effects on the orbital occupancy requires of
a more careful and detailed study and analysis of the XLD signal to separate the strain-
induced “bulk” contribution from the surface or interface contribution. By studying the
XLD signal dependence on the films thickness, and modeling this thickness dependence
with a simple exponential decay, characteristic of the electron yield signal, we identify
the XLD contribution from free surfaces in manganite films. In section 4.3, we will
show that, although the (x?> — y?/32z% — r?) orbital configuration is primarily related
to the strain-state, an additional well-defined contribution emerges at the free surface,
favoring the occupancy of the out-of-plane oriented e, orbitals. Moreover, we will show
that this surface contribution can also be controlled by selecting the specific termination
((La, Sr)O or MnO; ) of the film or the growth orientation.
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Figure 4.1: Top panel: Representation of the MnOg octahedral distortions as a function of strain;
middle panel: subsequent effect of the Jahn-Teller distortion on the e, levels of Mn®"
ions; bottom panel: X-ray linear dichroism simulated for the Mn L-edge of Mn3* ion
in a tetragonal crystal field with c<a (left), with c>a (right), and with octahedral field
(center)

4.2 STRAIN TUNING OF ORBITAL OCCUPANCY

XLD derived from the absorption at the Mn-L edges gives information on the distri-
bution of empty Mn — 3d states: larger (smaller) absorption for in-plane polarization
indicates more in-plane (out-of-plane) empty states in the e, band and thus a higher
occupancy of out-of-plane (in-plane) orbitals [27]. In (001)LSMO films the out-of-plane
direction is [001] (c-axis) and the in-plane E; is parallel to [100] and therefore I, and
I are proportional to the hole occupancies of 3z2 — 12 and x? — y? orbitals, respectively.
Strain in epitaxial thin films is expected to create distortions in the MnOs octahedra,
elongating (compressing) the ¢ axis for compressive (tensile) strain (fig.4.1-top panel).
This breaking of symmetry lifts the degeneracy of 3d orbitals, favoring the occupancy
of the orbitals oriented along the elongated direction (x> — y? for tensile strain, and
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Figure 4.2: 6 — 20 scans for films grown on the indicated substrates: NdGaOsz (NGO)-150uc,
(LaAlOs3)o3 — (Sr2AlTaOg) o7 (LSAT)-150uc, LaGaOs (LGO)-150uc and SrTiO3 (STO)-
70uc

322 — r? for compressive strain) (fig.4.1-middle panel). The XLD signals expected for
the unstrained as well as the compressive and tensile states can be simulated [73]" by
introducing tetragonal distortion parameters to the crystal field (Ds, Dt) that cause a
energy splitting in the e, levels: Ae; = E(x* — y?) — E(3z2 — r?) = 4Ds + 5Dt. As it can
be appreciated in the simulated spectra in fig. 4.2-bottom panel, the sign of the XLD
spectra (defined as XLD=I| — I ) around the L, edge (648 — 660eV) is a good indicative
of the sign of this energy splitting (negative for Ae; < 0 and positive for Aeg > 0).

In order to study the strain-induced orbital tunability of manganite thin films, we
grew LSMO samples with a thickness much larger than the typical TEY probing depth

( 3nm), grown on substrates having different mismatch (J = %) with the bulk
LSMO pseudo-cubic lattice parameter: SrTiOz (STO) with 6 = 0.8%, LaGaO3 (LGO)
with 0 = 0.40/0, (LaA103)0.3 — (ST’zAlTﬂO6)().7 (LSAT) with 6 = —0.1% and NdG003
(NGO) with 6 = —0.5%, considering the pseudo-cubic in-plane lattice parameters. The
thickness of the films was 60nm (corresponding to about 150uc of LSMO) for the films
grown LGO, LSAT and NGO and 27nm (about 70uc) for film grown on STO.

The high resolution 6 — 26 diffraction patterns around the (004) reflection of the
LSMO films and substrates was recorded to explore the induced structural distortion.
In figure 4.2, the reciprocal interplanar distances d(004) (the interplanar (004) distance
in LSMO) of all films have been normalized to that of the corresponding substrates
(1/csyps) for better comparison of the strain state of the films. The shift towards a lower
d(004) /csyps ratio (< 1) for the film grown on STO illustrates the substrate-induced
in-plane tensile state and the resulting shrinking of 4(004). The d(004)/cs,ps ratio is
larger for the film grown on LGO as compared to STO and equals unity for sample
grown on LSAT, as expected from the structural mismatch values. Similarly, the shift of
d(004) / csyps to values > 1 as observed for film on NGO illustrates the corresponding
compressive in-plane strain.

The c/a ratios calculated from the position of the (004) film reflection and the sub-
strate in-plane parameter are listed in table 4.1. The comparison between the experi-
mental values and the theoretical c/a ratios -calculated considering fully strained films
with bulk LSMO unit cell volume- shows an accordance within a 0.6% maximum devi-

Atomic model calculations were performed using CTM4XAS software with a cubic crystal field 10 Dq = 1.6
eV and adding a tetragonal distortion inducing a splitting of the 5, and e levels equal to 3Ds — 5Dt and
4Ds + 5Dt, respectively. Here we used Dt = 0.02 and Ds = 0.1 (for c>a) and Dt = —0.02 and Ds = —0.08
(for c<a)
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substrate aGubs) (A) 5 (%)  c/atheor) (A)  c/aw-20) (A)

STO 3.905 +0.8 0.976 0.980
LGO 3.887 +0.4 0.989 0.987
LSAT 3.87 -0.1 1.002 1.00
NGO 3.855 -0.5 1.014 1.008

a(LSMO bulk)=3.873A [29]

Table 4.1: Cubic/pseudo-cubic lattice parameters, lattice mismatch with LSMO, theoretical c¢/a
ratio (considering ideal volume conservation) and experimental c/a ratio (considering
fully strained state) for the different substrates studied.

ation. This observation, together with the demonstration of nearly fully strain state of
LSMO films grown on STO substrates for thickness as large as 370nm shown in section
3.2, denotes a fully strained state for all the studied films.

X-ray absorption spectroscopy (XAS) measurements were performed at the Mn Lj3-
edges with linear photon polarization parallel to the sample plane (E|) and almost
perpendicular to it (E;) in total electron yield mode. The spectra were recorded at
temperatures well above the corresponding Curie temperatures (~400 K) to avoid any
contribution from sample magnetic configuration to the XLD. The XLD spectra are cal-
culated as the intensity difference (I — I, ) between the spectra measured with in-plane
(Ej) and out-of-plane (E_ ) polarizations. In (001)LSMO films, out-of-plane (E, ) corre-
sponds to E || [001], thus mostly accessing transitions from 2p core levels to 3d(3z2 — r?)
unoccupied levels; for in-plane (E), the polarization was chosen such as E || [100],
being mainly responsible for transitions 2p — 3d(x? — y?) (see inset of fig.4.3(a). The
absorption spectra, obtained for each polarization and normalized to the incident in-
coming light, are shown in fig. 4.3(a-d) for all four samples. The data is normalized
in the pre-edge region (630 — 635¢V)*and divided by the maximum intensity of the av-
eraged XAS, defined as (I + I, )/2. The difference between the two spectra result in
the XLD spectra shown in fig. 4.3(e-h). Here, a geometrical correction accounting for
the grazing angle of incidence (60 deg respect to surface normal) has been applied, as
explained in section 2.2 (eq.2.9).

Data in fig. 4.3(e-h) display a clear trend: a positive XLD signal is observed for
the film on NGO, while a negative one is found for sample on STO. This indicates
enhanced 3z% — 72 electron occupancy for the compressively strained film on NGO; con-
versely, the negative XLD signal for the tensile strained film on STO reflects a preferen-
tial x> — y? electron occupancy. These results are in agreement with previous findings
[67]. However, a detailed inspection of the data for films on LGO and LSAT reveals an
unexpected and remarkable 3z? — % contribution, especially dramatic in LSAT sample,
where a clearly positive XLD is observed. We stress that the LSMO film on LSAT is
barely unstrained and thus a mostly degenerated (3z> — r?/x? — y?) occupancy should
be expected and, accordingly, the XLD should vanish.

The tendency observed in 4.3(a-d) is better visualized in fig.4.4(a), where the inte-
grated area under the XLD signal is plotted as a function of c/a ratio of the films. The
tendency is shown to be robust and independent on the integration range, as both the

For this normalization, independent spectra I and I, are multiplied by an arbitrary factor in order to
match intensities in the pre-edge region. Reliable XLD can be obained if both spectra result also coincident
in the post-edge region at high energies (E > E(L;)) where no dichroism is expected
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Figure 4.3: Polarized X-ray absorption measurements of samples grown on NGO (a), LSAT (b),
LGO (c) and STO (d) substrates taken in grazing incidence with linear polarization
mostly in-plane (red curves) and out-of-plane (blue curve); inset in (a): sketch of
the orbitals explored for incident radiation polarized out of the plane of the samples
(E1) and in the plane of the samples (E|); XLD measurements for samples grown
on NGO (e), LSAT (f), LGO (g) and STO (h) substrates; insets: corresponding MnQOg
octahedra distortion for each case.

total area under XLD (blue empty circles in the figure) and the area under L, edge
region (red squares) show the same behaviour.

Following the procedure of refs.[15, 16], we can apply the sum rules for XLD [74] to
quantify the orbital polarization of the films: from the total area under the XAS and
XLD spectra we can calculate the ratio of holes in the e, levels as:

h(32 — 1?) 3 f155 L (E)IE

X = =
h(x? —y?) 4fL3,2 IH(E)dE_fm,z I, (E)dE

(4.1)

, where | = XAS — XLD/2 and I | = XAS + XLD/2, after geometrical correction.

The results of this calculation are shown in fig.4.4(b). Here, a ratio of holes X > 1 is
obtained for film on NGO, while films on STO and LSAT show X < 1. For LGO sample
we obtained a X value close to 1. The orbital polarization, is defined as [75]:

n,2 —2 N3,2_ 42

P = .
My2_y2 + N32_p2 (42)

,considering ny2_\p =1 —hp_p, 30 0 =1 —h3p2_p2, e, =2 —he, 3 and eq. 4.1 we

get:
2 X—-1
P=|—-1| 57— .
(neg >X+1 (4-3)

3 For LSMO we consider that only spin-up states contributes to the absorption
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Figure 4.4: a) Integrated area under XLD for integration range 1 (blue circles) and range 2 (red
squares) as a function of c/a ratio. The two integration ranges are indicated in the
inset. b) Calculated holes ratio X (left axis) and orbital polarization P (right axis) as
a function of c/a ratio. Negative values indicate preferential occupation of in-plane
3z2 — r? orbitals, while positive values indicate preferential occupation of x> — y?
orbitals.

While the value of Ne, will be discussed later in next chapter, for the moment we will
consider n,, = 1, resulting in the polarization values depicted in fig.4.4(b-right axis),
showing that for the studied range of strain, the orbital polarization can be tuned
from +1.7% to —2%. For nearly unstrained films, as it is the case for LSAT sample,
a significant negative polarization is observed (P = —0.9%) and only for films with a
tensile strain like that of LGO sample we obtain an orbital polarization close to zero
(ny2_y2 ~ n3;2_ ). These observations indicate that strain alone cannot be the only driv-
ing force for the orbital energetic ordering, and another source of dichroism slightly
favours the occupancy of 3z — r? orbitals, pushing the polarization towards more neg-
ative values that those expected by strain-induced Jahn-Teller effect.

4.3 SURFACE SYMMETRY BREAKING EFFECTS ON ORBITAL OCCUPANCY

Jahn-Teller distortion, as induced by strain, is a way of reducing the symmetry, that
promotes a preferential occupation in the anisotropic 34 orbitals. However, in thin films,
a more drastic change of symmetry occurs at interfaces where the atomic environment
is largely modified and this can have relevant consequences for the electron distribution
in the 3d orbitals. Among all possible interfaces, the naturally occurring surface is the
most dramatic one. As we will show in this chapter, the lack of oxygen neighbours
strongly modifies the charge distribution around the surface Mn ions, promoting a
large energy splitting in the e, levels that can locally alter the orbital occupancy.

In the following we show how this surface contribution can be isolated from the
bulk contribution, allowing for an identification of the surface orbital occupancy that
superimposes to the strain induced occupancy in the ultrathin films, and how this
surface effect depends on the manganite terminating layer and sample crystallographic
orientation.
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Figure 4.5: XLD spectra for thick (t > 70uc) and thin (t < 8uc) films, grown on NGO (a), LSAT
(b) and STO (c) substrates

4.3.1  Surface orbital polarization

In order to enhance the surface contribution to XLD, we grew ultrathin film LSMO
samples with a thickness of 4uc on NGO, LSAT and STO substrates. The thickness of
these samples was controlled by RHEED system, monitoring the layer-by-layer growth
during PLD deposition. In addition, 8 and 13uc samples were grown on STO, to study
the evolution of XLD with thickness.

The observation of a fully strained state in the 150uc and 70uc LSMO films anticipates
that the thinnest films used in this section (= 4 — 13uc) are also fully strained. The
Curie temperature T¢ and saturation magnetization Mg for these ultrathin films show
a remarkable depression respect to bulk LSMO values (Tc < 300K, Ms < 400emu /cm?),
as it was shown in section 3.2, and as it is typically found in ultrathin manganite films
[27, 31, 38, 39].

XLD spectra of the thinnest samples -measured in grazing incidence geometry and at
300K (in the paramagnetic state of the samples)- is shown in fig. 4.5, where the spectra
of films with reduced thickness (f < 10uc) is compared with that of thickest films
(t > 70uc). Due to the exponential decay of TEY signal, the dichroism originated in the
first layers is always more relevant that the underlying layers. However, by reducing
the sample thickness below the TEY probing depth (~ 3nm), the “bulk” contribution
(that of underlying layers) gets reduced and thus enhances the surface contribution to
the total measured XLD signal. Therefore, the modifications in the XLD spectra for
thinnest samples can be mostly attributed to surface effects.

It can be appreciated in fig.4.5 that the spectra of 4u.c samples is substantially modified
with respect to the thicker samples. In the case of samples grown on NGO and LSAT
(tig.4.5(a,b)) the XLD signal is greatly enhanced, while for STO samples (fig.4.5(c)), a
reduction of the dichroism is observed and eventually, for the thinnest sample (4uc) an
inversion of the XLD sign is observed in the L, edge.

Computing the integrated area and applying the XLD sum rules we obtain the holes

ratio X = Z((sj_-;j)) shown in fig. 4.6. While the strain tendency is conserved for the 4uc

samples, we observe how the holes ratio X is displaced towards lower values for these
samples. It is remarkable the case of STO (c/a = 0.98) where the X value changes sign
in the thinnest samples.
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Figure 4.6: Holes ratio for thick (¢ > 70uc) and thin (t = 4uc) samples, as a function of c/a ratio

For LSMO films grown on STO we explored a larger thickness range, including 8uc
(shown in fig.4.5(c)) and 13uc samples. The calculated X values are plotted in fig.4.7(a-
blue circles). The thickness evolution of holes ratio X can be fitted by an exponential
function of the form:

X = A+ Bexp(—t/9) (4-4)

where t is the thickness (in unit cells), 6 is the decay factor, directly related to the
TEY probing depth, A = tlimX is the bulk contribution to X (Xj,x), and the surface
—00

contribution can be extracted from X(0) = X,,s = A + B, therefore: B = Xyyrr — Xpuix-
Eq. 4.4 can thus be written as:

X = Xpuik + (Xsurf — Xpuix) exp(—t/9) (4.5)

which allows us to separate bulk and surface contributions by fitting the experimen-
tal data. Fitting to X data on STO films (blue curve in fig.4.7(a)) leads to a J value of
8.3uc, which corresponds to ~ 3nm, in accordance to expectations [76, 77], and con-
trasting values for Xp, (1.03) and X;,,£(0.96). Fitting the data obtained for films on
LSAT and NGO with eq.4.5 and using the same value for probing depth § = 8.3, leads
to the curves plotted in fig.4.7(a). From the resultant X values we calculated the corre-
sponding bulk and surface orbital polarizations (assuming n., = 1 in eq. 4.3), for each
substrate series. The results, shown in fig.4.7(b), evidence a bulk strain-dependent or-
bital polarization that changes sign close to c/a = 1, and a surface orbital polarization
which is less dependent on strain and always shows a negative sign, thus indicating
that at the surface a preferential 3z? — r? orbital occupancy is promoted.

A natural origin for the prominent orbital occupancy at the free surface could be a
vacuum-interface induced contribution to the orbital configuration, favoring occupancy
of the out-of-plane oriented 3z> — 2 states. This conclusion is supported by the theo-
retical work of Calderon et al. [69], who suggested that the free surface of (001)LSMO
manganites should be prone to display a preferred occupancy of 3z% — 12 orbitals due to
the absence of apical oxygen coordination and the resulting reduction of the repulsive
Mn -3d(3z2 — 1?) to O-2p(z) electron-electron interaction at the MnO, termination layer
of the manganite. This surface-related 3z2 — 2 contribution here disclosed should be,
in fact, a lower limit, as electron occupancy at 3z% — 2 orbitals could have been partially
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Figure 4.7: a) Holes ratio as a function of sample thickness; lines are resultant from the fitting
to function indicated in the graph, for each series. b) surface and bulk orbital polar-
ization as a function of c/a ratio.

reduced or screened by unavoidable surface contamination that would diminish the
prominent surface contribution to the XLD.

4.3.2  Tuning of orbital occupancy in single terminated films

A stringent test of the above conclusions could be obtained by comparing the XLD spec-
tra of LSMO films with either MnO, or (La, Sr)O terminations at their free surface. In
the MnO, terminated surfaces, the preferential 3z> — r? occupancy of Mn — e, orbitals
is expected to be larger than in the (La, Sr)O terminated surfaces because of the square-
pyramidal oxygen coordination of Mn™" in the former and the octahedral oxygen coor-
dination of the buried Mn™" ions in the latter. This surface engineered terminations are
achieved by the RHEED assisted layer-by-layer LSMO growth on (001)STO substrates
having either TiO, or SrO terminations respectively, which promote either MnO- or
(La, Sr)O- terminations, respectively.

Single terminated substrates were obtained by chemical etching and subsequent ther-
mal annealing, according to common prescriptions [78, 79]. The RHEED pattern of
STO-single terminated TiO; is shown in fig.4.8(a). As indicated by the monitored oscil-
lations of the intensity of the specular spot during deposition, LSMO grows layer-by-
layer on top of TiO,-STO (fig.4.8(b)), and the Bragg spots on the 0th Laue circle in the
pattern of the deposited film (fig.4.8(c)) attest for a flat surface. On the other hand, SrO-
terminated STO RHEED pattern presents extra spots at intermediate positions on the
0 Laue circle suggesting a surface reconstruction (fig.4.8(d)), and intensity oscillations
of low amplitude are observed during deposition of LSMO (fig.4.8(e)). The RHEED
intensity variation with deposition could be caused by mixed growth mode, with both
layer-by-layer and step flow mechanisms occurring, with the pattern at the end of the
deposition the pattern (fig.4.8(f)) signaling a flat surface.
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Figure 4.8: a) RHEED pattern of TiO;-terminated STO substrate taken with the incident beam
along STO[100]. b) Intensity oscillations of the specular spot. The arrows indicate the
start and the end of the deposition. ¢) RHEED pattern of the deposited film TiO;-
terminated STO. (d) The RHEED pattern of the SrO-terminated STO taken along
STO[100]. (e) The intensity of the specular spot (note that the intensity of the incident
e-beam was manually increased); intensity oscillations are observed (see the zoom).
f) RHEED pattern of the deposited film SrO-terminated STO.

Figure 4.9: AFM images of TiO, (a) terminated (001)STO substrate and corresponding 4uc
LSMO film grown on top (b). AFM images of SrO (c) terminated (001)STO sub-
strate and corresponding 4u1c LSMO film grown on top (d)

The atomic force microscopy images of TiO,- and SrO-terminated (001)STO sub-
strates are shown in fig.4.9(a) and fig.4.9(c), respectively; the corresponding images
of the deposited 4uc thick LSMO films are shown in fig.4.9(b) and fig.4.9(d). The LSMO
films on TiO;-terminated STO present a terrace and step morphology mimicking the
substrate, with 2uc high steps. The step bunching caused by the high temperature an-
nealing done after chemical etching, is due to the relatively high miscut angle of the
STO substrate (around 0.4°). The SrO-terminated STO has a smaller miscut (< 0.1°) and
show steps of luc high, highly kinked along [100] and [010] directions, which is a dis-
tinctive hallmark of the SrO chemical termination. The LSMO film on SrO-terminated
STO maintains the saw-like shape of the steps, but with a larger dispersion in the terrace
width.

The XAS spectra of these films (fig.4.10), were taken in grazing incidence (30 degrees
respect to surface plane) with linear polarization (both in-plane and out-of-plane ori-
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Figure 4.10: Polarized spectra of (La,Sr)O and MnO,-terminated LSMO films

ented respect to the sample surface). In the XAS spectra of MnO, terminated film,
some differential features in the low energy region of L3 are exhibited. These features
can be attributed to Mn?", which was observed to evolve during measurement (see
appendix D). Although Mn?*, not being a Jahn-Teller ion, should not contribute to
XLD signal, its time-evolution during measurement can artificially affect the observed
dichroism. In order to diminish this effect, beam flux in the sample was reduced and
several spectra in alternate sequences (Ej — E; — E| — E|) were acquired in order to
reduce time-dependent effects.
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Figure 4.11: a) XLD spectra of (La,Sr)O and MnO,-terminated LSMO films. b) Zoom of the
XLD spectra in the L, region, including XLD on LSMO deposited on as-received
substrate (cyan curve). c) Integrated area under XLD in the L, region for samples
grown on as-received, TiOp and SrO terminated substrates.

In fig. 4.11(a) we show the XLD spectra of single terminated 4uc LSMO films. Al-
though quality of data at L3 edge does not allow for full range area integration to obtain
the corresponding orbital polarization, a close look at L, edge (fig. 4.11(b)) shows that
the LSMO-MnO, terminated film displays a somewhat more positive dichroism than
its LSMO-(La, Sr)O terminated counterpart, and comparable to that of 4uc LSMO with
both terminations present. Integration of the XLD data in the L, energy region shows
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that the corresponding XLD area value for (La, Sr)O terminated LSMO sample is sig-
nificantly more negative than MnO, and double-terminated LSMO, thus indicating a
diminished 3z2 — 72 occupancy, according to expectations.

4.3.3 Orientational dependence of surface orbital localization
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Figure 4.12: a) 6 — 260 scans for the (110) reflection of LSMO films on (110) oriented STO sub-
strates; red lines correspond to pattern fittings. b) Out-of-plane interplanar dis-
tances obtained from the XRD simulations for (110) films (red triangles) as com-
pared to interplanar distances obtained for (001) films. ¢) Q-plot around the (130)
reflection for 27nm film. d) Q-plot around the (222) reflection for 27nm film. e)
Structure representation for (110) films, indicating in-plane ([001] and [110]) and
out-of-plane ([110]) crystallographic directions.

It follows from the arguments presented above, that the electron occupancy of out-of-
plane orbitals should be favored irrespectively of the particular crystallographic plane
of LSMO considered. This has been assessed by comparing the LSMO films of similar
thickness grown simultaneously on (001) and (110)STO substrates. (110) films show
slightly different structural characteristics to their (0o1) counterparts: in fig. 4.12(a),
the 6 — 26 patterns of several (110) LSMO films with thickness in the range 3 — 27nm
is shown. Simulated patterns allowed for the extraction of out-of-plane parameters, as
presented in fig. 4.12(b), resulting in slightly larger lattice parameters (after rescaling
with factor v/2) than (001) films. In plane parameters for the two orthogonal dissimi-
lar in-plane directions were assessed by means of RSM exploring the (130) and (222)
pseudocubic LSMO and STO reflections in order to have access to the [110] and [001]
in-plane directions, respectively. As evidenced in figs.4.12(c,d), both in-plane directions
are coincident with those of the substrate, indicating a fully strained state of the sam-
ples, at least until the explored thickness of 27nm.
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Thus, the strain response of the unit cell is different for samples with dissimilar orien-
tations, being lower the out-of-plane contraction for (110) samples, resulting in a larger
cell volume.
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Figure 4.13: a) Magnetic field dependence of sample magnetization for LSMO(110) films. b) Sat-
uration magnetization values as a function of thickness for (110) LSMO films (red
triangles) as compared to (001) counterparts (black squares). ¢) Temperature depen-
dence of LSMO(110) samples magnetization. d) Curie temperature as a function of
thickness for (110) LSMO films (red triangles) as compared to (001) counterparts
(black squares)

Notable differences are found in the magnetic response of both series of samples. In
fig.4.13(a,c), some examples of M(H) and M(T) curves -volume normalized- are shown
for (110) LSMO samples with different thicknesses. Although a depletion in both Mg
and Tc is found analogously to (001) samples, when comparing Mg values obtained
for both series of samples (fig.4.13(b)), as well as T¢ values (fig.4.13(d)), we find that
(110) samples show superior magnetic properties, reaching bulk LSMO values for lower
sample thickness.

Before examining the XLD spectra of (110)LSMO samples, a point has to be clarified
in the orbital geometry of (110) oriented samples: as pictured in fig.4.12(e), in (110)
samples, c-axis ([001] direction) is along one of the in-plane directions, while [100] and
[010] directions (in-plane a and b axis for (001) samples) are pointing 45 degrees out of
the surface plane, defined by [001] and [110] crystallographic directions. In consequence,
the disposition of e, orbitals is different from that of (001) samples. In fact, for (110)
orientation, 3z> — r? orbital are oriented along one of the in-plane directions ([001])
and x? — y? orbitals are pointing out-of-plane, with their lobes at 45 degrees from the
surface plane. A sketch of the orbitals orientation, and the corresponding interaction
with linearly polarized light is shown in fig.4.14(a-inset).

In fig.4.14 we include data corresponding to films of 70uc and 8uc grown on (110)STO
substrates. In the XLD signal (fig.4.14(b)), defined as I — I, as conventionally, it can
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Figure 4.14: Polarized spectra of LSMO(110) (70uc) film with the measurement sketch indicat-
ing the orientation of ey orbitals respect to linear polarizations of incident beam. b)
XLD spectra of 8uc and 70uc (110) LSMO films.

be observed that the overall XLD is mostly negative, implying that the out-of-plane
absorption I is larger than the in-plane I. Importantly, the amplitude of XLD signal
is reduced when reducing film thickness thus indicating a gradual enhancement of the
out-of-plane contribution when the surface contribution is larger. A comparable XLD
signal was obtained when measured in normal incidence geometry, where the cross
section for each of the light polarizations should be resembling.

Recalling that in this geometry, E, explores the x* — y* orbitals and E| explores the
3z2 — 12 orbitals, we now redefine the holes ratio X to be consistent with previous
results, where it was defined as the ratio between out-of-plane oriented holes and in-
plane oriented holes. In order to maintain this definition, we now calculate X for (110)

films as:
h(x?—y?) 4 Jiap LL(E)AE — [15, 1) (E)dE

XllO — —
h(322 —7’2) 3fL3,2 I”(E)dE

The calculated holes ratio values obtained from the integration of the area under the
XLD/XAS spectra are shown in fig.4.15, together with the fitted curve to eq.4.5. A
strain-induced preferential occupancy of 3z2 — ¢2 orbitals is derived from these values,
as well as a prominent surface-induced x* — y? occupancy more relevant in the thinnest
films. These data thus confirm that also for (110) LSMO films, the out-of-plane orbitals
determine the electron orbital occupation at the surface.

From the results of the fitting to eq.4.1, we derive the bulk and surface polarization
values (assuming 1., = 1). The results are outlined in table 4.2 together with the (oo1)
oriented films values. It is remarkable that (110) films on STO show lower orbital
polarization values than the (001) analogues, both for surface and bulk. This lower
prominence to show orbital polarization, both by strain effects or due to surface local-
ization, could be at the origin of the enhanced magnetic properties observed in (110)
oriented LSMO films.

4.4 SUMMARY

In this chapter we have provided experimental evidence that the symmetry breaking at
the free surface of manganite thin films promotes a lifting of the degeneracy of the 3d —
e¢ electronic states of the transition metal and produces an enhanced electron occupancy
of the out-of-plane oriented orbitals, irrespective of their symmetry (3z2 — r? or x* — y?).
The resulting orbital filling can be modulated through strain, to the point that the e,-
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Figure 4.15: Holes ratio thickness dependence of LSMO films grown on STO(110), as compared
to (001) films grown on STO, LSAT and NGO

substrate c/a  Pbulk(%) Psurf(%)

STO(oo1) 0.980 1.7 -1.9
STO(110) 0.983 0.87 -1.0
LSAT 1.00 -0.84 -2.6
NGO 1.008 -2.3 -4.5

Table 4.2: Summary of bulk and surface orbital polarizations obtained for the different studied
substrates, as indicated.

band structure can be reversed for large enough tensile stress, populating preferentially
the in-plane orbital states. The data depicted here show that the ultimate orbital filling
at the free surface of La,/35r1,3MnO3 depends significantly on the terminating atomic
planes, i.e., (La, Sr)O or MnO; and on the crystallographic orientation of the films.
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CHARGE AND ORBITAL RECONSTRUCTIONS AT MANGANITE
INTERFACES

At interfaces the electronic and chemical interactions of manganite layers with adjacent
materials or with the atmosphere can locally alter the orbital hierarchy promoting re-
constructions or charge deviations that will also profoundly affect the properties of the
films at interfaces. Element selective spectroscopies provide a idoneous tool to explore
the influence of the local environment in the electronic and magnetic configuration of
transition metal ions.

ofe  ofe ofe i

M- o< affe: e
+ 4+ + 4+

5.1 INTRODUCTION

Manganites, like most perovskite oxides, show a high surface reactivity, making them
profitable as catalyst materials. However, this high reactivity can, in some cases lead
to unexpected stoichiometric deviations or reduction/oxidation processes that can pro-
duce strong modifications in the functional properties. In order to study the effect
of surface exposure to atmosphere, we compare in sec.5.2 the XAS spectra of “bare”
LSMO films with that of “capped” films, where the manganite surface is protected and
thus never exposed to atmosphere. We use different oxides structurally equivalent to
LSMO as capping layer materials, showing that, not only atmosphere can produce a
modification in the oxidation state of the surface Mn, but also the oxide cappings can
promote redox reactions at the interface with the manganite, thus modifying the elec-
tronic distribution among the mixed-valence Mn ions, promoting or avoiding electron
localization.

While at manganite free surfaces there exists an unavoidable breaking of symmetry
that imposes a preferential orbital order, interfaces with other oxides are expected to
remove or modify this orbital order, due to the different electron interactions between
manganite orbitals at terminating layers and those of the capping layers. In section 5.3
we will study this orbital modifications at the interface between manganite thin films
and different oxide capping layers, which will allow us to draw a simple picture for
the orbital control phenomena at manganite interfaces, that could be extended to other
transition metal oxides.
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Figure 5.1: a) RHEED pattern of TiO,-terminated STO substrate, LSMO film deposited on STO
substrate and LAO, STO and SZO capping layers deposited ot top of LSMO films. b)
Left panel: Intensity oscillations of the specular spot during growth of LSMO layer;
Right: Intensity oscillations during growth of 8uc STO capping layer. The arrows
indicate the start and the end of the deposition.

5.2 REDOX REACTIONS AT OXIDE SURFACES/INTERFACES

Whenever two oxides are grown together in a heterostructure, interfacial effects take
an important role, locally modifying the properties of the materials. These interfacial
effects manifest due to electrostatic phenomena, structural modifications or species dif-
fusion between the two materials. In epitaxial oxide thin films, phenomena like the
polar catastrophe or the movement of oxygen vacancies are determinant for the interfa-
cial properties. Furthermore, at surfaces, the interaction of atmosphere atomic species
can also produce large modifications in the oxide films. In this section we study the be-
haviour of interfacial layers in LSMO thin films, in contact with different environments
(either with vacuum/atmosphere or with other oxides grown on top). Close examina-
tion of features in XAS spectra give us clues on the processes leading to redox reactions
due to interaction of manganite surface with the adjacent environment.

5.2.1 Samples preparation

In order to examine interfacial effects in manganite films, three series of LSMO sam-
ples with controlled termination were grown by PLD-RHEED assisted deposition, on
(001)STO-TiO; terminated substrates. RHEED system allowed to monitor the growth
of the films and to ascertain a layer-by-layer growth and control the atomic termination
of LSMO layer. On top of LSMO layer, an oxide capping layer was grown in the same
deposition process, with similar conditions (725°C and 0.1mbar oxygen pressure), which
assures an epitaxial growth on top of LSMO.

All LSMO layers were grown with the same thickness (13 unit cells) — controlled by
RHEED monitored growth —ensuring that atomic LSMO termination was MnQO; in all
cases. With this low thickness (around 5nm) we also guarantee that films grow epitax-
ially and with a tensile strain state as expected by the mismatch with STO substrate
(4+0.8%). To disentangle the influence of bare surface and oxide capping layer on the
LSMO layer, we grew three set of samples with epitaxial capping layers on top of LSMO
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Figure 5.2: a) AFM images of STO substrate, bare LSMO sample and films capped with 8uc
of LAO, STO and SZO. b) Height distribution for 8uc LAO, STO and SZO capped

samples.

with varying thickness: 1, 4 and 8uc, each set with a different capping material (LAO,
STO and SZO). In addition one LSMO bare film (with no capping material) was grown
as a reference.

The RHEED pattern of TiO, terminated STO substrate is shown in fig.5.1(a). As
indicated by the monitored oscillations of the intensity of the specular spot during
deposition (fig.5.1(b-left panel)), LSMO grows layer-by-layer on STO substrate, and the
Bragg spots observed in the RHEED pattern indicate a flat LSMO surface (fig.5.1(a)).
Similar patterns are observed for capped films, however, the observed elongation of
diffracted spots for LAO and SZO capped samples denotes an increased roughening at
the surface (fig.5.1(a)). The layer-by-layer growth of the capping layers could only be
observed for STO, which shows clear intensity oscillations during the growth process,
as displayed in fig.5.1(b-right panel) for 8uc capping layer. In the case of SZO and
LAO cappings, however, no clear oscillations were observed and the number of pulses
needed to obtain the desired capping thickness was set according to preliminar growth
rate calibration.

The AFM image of TiO, substrate is shown in fig.5.2(a). The steps and terrace mor-
phology displayed by the substrate is reproduced in the LSMO film grown on top (also
shown in the figure) and is maintained for the 8uc-LAO, STO and SZO capped sam-
ples. All films show a flat surface with low roughness values (RMS lower than 2.54 in
all cases). However, a full surface coverage may not occur for such ultrathin capping
layers. In the graph of fig.5.2(b), the height distribution in the AFM images is shown
for 8uc capped films. As it can be derived from these plots, the presence of holes larger
than luc (~ 0.4nm) is possible for all cappings and more probable for SZO and LAO
cappings, where height distribution extends to depths as large as 1.5nm (~ 2.5uc). Nev-
ertheless, capping layers with 4 and 8uc thickness are expected to fully cover the LSMO
film surface.

5.2.2  Probing Mn valence state by XAS

In order to explore the manganese valence state of the different samples, Mn-L; 3 absorp-
tion edges were measured. The extreme surface sensitivity of the TEY measurements
(probing depth lower than 5nm ) guarantees that we are mostly sensitive to LSMO top
interface, in contact with either atmosphere or capping layer. Although the intensity of
the raw signal measured profoundly depends on the capping material and thickness,
it must be noted that by proper normalization, no variation in the probing depth of
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Figure 5.3: Representation of absorption intensity from stacking layers in a film: a) raw signal
for a bare film; b) raw signal from capped film; c) signal normalized by the total
intensity for a bare film; d) normalized signal for a capped film.

the signal is expected for the different capping thicknesses. To visualize this statement
more clearly, we plotted in fig.5.3(a) the independent resonant absorption intensity of
each layer in a bare film. The raw signal measured with TEY mode (which is normal-
ized by the incident beam intensity) decays exponentially with the sample depth and
the total signal measured will be the sum over all layers, having a more relevant contri-
bution the superficial layers. When capping the film with another layer not contributing
to the resonant absorption, the total measured raw signal will decay correspondingly
due to the screening of measured current produced by the capping (fig.5.3(b)). This
screening may depend on the capping thickness as well as on its conduction properties.
Thus, a lower raw signal will be measured for capped films with a signal reduction not
intrinsic to the film properties. However, when normalizing the spectra (figs. 5.3(c-d))
by the total measured intensity, both signals (from bare and from capped sample) can
be compared, as their decay will be analogous, that is the absorption intensity for each
layer shall be identical so that the depth information is equivalent in both cases (bare
and capped sample).

In fig.5.4(a-c), the spectra for bare LSMO sample (no capping — LSMO film exposed to
atmosphere) and films with 1, 4 and 8uc epitaxial capping are shown. For the normal-
ization of the spectra, a background accounting for the two edge jumps was subtracted,
and the resultant spectra were normalized to a constant area under the curves. Relevant
changes in absorption spectra are observed when capping layers are grown on top of
LSMO films. These changes are particularly evident in L3 edge (640 — 645¢V), zoomed
in fig.5.4(d), where 8uc capped films spectra (colored curves) are compared with bare
LSMO spectra (grey area). In this graph, we can clearly observe the modifications pro-
duced by the capping layers in the manganite interfacial layers. As the spectra are
normalized by the area under the curves, which is proportional to the number of holes
in the system, the local intensity variations are referred to the total number of accessible
states. For the case of LAO and SZO capped sample (fig.5.4(d)), L3 edge shows a clear
shift towards higher energies respect to bare LSMO sample. At the same time, a clear
reduction of the absorption intensity is observed at energies lower than the maximum
absorption. However, while in the case of LAO capping (green curve), an increase of the
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Figure 5.4: XAS spectra of bare LSMO sample (grey area) and LAO (a), STO (b) and SZO (c)
capped samples with different capping thickness, as indicated. Zoom of L3 region
for bare and 8uc capped samples is shown in (d), where the main contributions of
Mn"" independent spectra are indicated

intensity at the maxima at 642¢V is present, as well as slight increase in the high energy
part, in the case of SZO capped layers (red curve), intensity at maximum is reduced and
a shoulder at higher energies appears. For STO capping (blue curve), although not so
manifest as for LAO and SZO cases, a reduction of absorption intensity is also observed
at energies lower than the maximum, but no clear energy shift is present. Analogously
to SZO, the intensity at the maximum of L3 is reduced, and a shoulder appears at higher
energies.

The spectral features of XAS can be interpreted in terms of different oxidation states
contributing to the observed intensity or related to different crystal field atomic envi-
ronments that modify the ground state configuration and therefore the transition prob-
ability at each energy. While the former consideration (different oxidation states) will
be treated here, the later (crystal field modifications) will be studied in the next section.

In general, the high energy sensitivity of XAS technique allows to discern the con-
tributions of Mn ions with different valences to the spectra: while main contribution
at maxima of L3 is due to Mn3*, an increase of intensity at lower energies is often at-
tributed to the presence of Mn?** [8o, 81, 82, 83, 84], and Mn** displays a maximum
displaced to higher energies respect to Mn®[82, 85, 86, 87].

A better way to visualize the differences in XAS spectra for the different samples is
shown in fig.5.5. The difference between spectra of capped samples and reference bare
film has been represented for epitaxial LAO (fig.5.5(a-top)), STO (5.5(b-top)) and SZO
(5.5(c-top)) -capped films. These difference spectra have been simulated with CTM34XAS
program?, considering the contributions from Mn?*, Mn®** and Mn*" to the XAS spec-
tra and summing their spectra weighted by a variable parameter, adjusted to obtain the
best fit to experimental data.

The total spectra obtained by I = Wy - [(Mn?*) + Wy - [((Mn3t) + W5 - [(Mn*"), where
-1 < W, < 1 is shown in the bottom of fig.5.5(a-c) for the simulation of 8uc capped
films difference spectra, together with individual Mn"* spectra. A considerable agree-

XAS spectra of Mn®>*, Mn®+ and Mn** in octahedral coordination were simulated for crystal fields
10Dg = 0.5,1.6 and 2.0eV, respectively
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Figure 5.5: Spectra difference for LAO (a), STO (b) and SZO(c) capped films respect to bare film:
experimental difference spectra are shown in the top part for 1, 4 and 8 uc capped
samples and simulated difference spectra are shown in the bottom part for 8 uc
sample, together with independent Mn"" spectra multiplied by the corresponding
weight parameters W,

ment with experimental data was obtained?, leading to the weight parameters repre-
sented in fig.5.6, as a function of capping layer thickness. Although a reliable quantita-
tive information cannot be obtained from these values, they show the different tendency
of Mn valence as a function of capping material. It can be appreciated in fig.5.6(a) that
all three cappings produce a reduction of the Mn?** content, being more relevant for
LAO and SZO cappings, and increasing with capping thickness. Although not so evi-
dent from raw data, the simulations show that all cappings produce also an oxidation
of Mn, leading to an increase of Mn*" (fig.5.6(c)), which barely changes with capping
thickness. Furthermore, a significant difference of the effect of the three capping mate-
rials is observed in fig.5.6(b), where an opposite trend of Mn>* content is observed for
LAO capped layers respect to STO and SZO: while LAO capping produces an increase
of Mn3t, STO and SZO tend to diminish the Mn®t content. Both set of samples show a
saturating behaviour in the Mn*" contribution to XAS spectra as a function of capping
thickness.

5.2.3 Discussion on charge transfer effects

The clear modifications of Mn valence state observed in our measurements show the
large sensitivity of manganite surfaces to the atomic surrounding, either during growth
process or a posteriori. The first consideration to be taken into account is the interac-
tion between LSMO surface and the atmosphere. It has been reported that manganite
surfaces, in contact with atmosphere, show a prominent Mn?" peak in the XAS spectra.
This observation has been interpreted as a reduction of Mn3*/4* jons due to interac-
tion with atmospheric CO at the surface [88], that acts as a reducing agent contributing
electrons to the system or removing oxygen. While the oxygen removal was shown to
increase the Mn?* content at the manganite surface [80], in LSMO films not exposed

Non-zero intensity in experimental difference spectra in the region between edges- 646-649 eV- can be
attributed to non-perfect background subtraction for all samples, due to considerable overlapping between
Lz and L, edges.
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Figure 5.6: Weight parameters for Mn?*, Mn3* and Mn** independent spectra obtained from
best fittings of difference spectra as a function of thickness for LAO, STO and SZO
capped films.

to atmosphere, the creation of oxygen vacancies was not accompanied by the forma-
tion of Mn**[89]. A different mechanism for the formation of Mn>* was proposed in
ref.[9o], where a charge disproportionation reaction Mn®* + Mn®* — Mn?* + Mn**
is suggested to take place in La;_,Ca,MnOs3_s polycrystals. While the stabilization of
Mn*" + Mn** complex may be limited in the bulk by the large cation size of Mn*" (30%
larger than Mn®* [90]), oxygen displacements at the surface can favour this mechanism
[91].

From our data analysis we can clearly sustain that bare LSMO films show the largest
Mn?" content, indicating a reduction caused by exposure of the films to atmosphere.
Although we cannot discern the mechanism behind this Mn reduction, it seems clear
that capping layers protect the sample surface from exposure to atmosphere, thus de-
creasing the Mn?* content at the surface. The evolution of Mn?* content with capping
thickness can be associated to the increasing surface coverage with increasing amount
of capping material, leading to better protection from atmosphere and thus avoiding
the formation of Mn?*.

It should not be rejected also the considerable beam damage produced during mea-
surements under synchrotron radiation, that promotes the Mn reduction and conse-
quent appearance of Mn?" peaks in the spectra, during measurement. This effect
was identified and diminished during our measurements, but a minor contribution
can also occur due to unavoidable exposure to the beam. Further discussion on this
phenomenon can be found in appendix D.

At this point it is important to notice the dissimilar behaviour between the different
LSMO/ capping interfaces. While the results for LAO capped samples can be explained
as a result of surface protection from atmosphere, decreasing the Mn>* content and,
consequently, restoring the Mn3*/4* valence in the Mn cations, in the case of STO
and SZO capped samples, further phenomena is involved, as an abnormal decrease of
Mn3t/Mn** ratio is observed, evidencing an oxidation process that leads to a hole-
doping at the interface.

This oxidation process can be explained by different scenarios involving either charge
transfer influenced by electrostatic phenomena at the interface (scenario 1), oxygen ex-
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Figure 5.7: Representation of stacking planes and corresponding electrostatic charge for (001)
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change between manganite and capping layers (scenario 2) or considerations on the
Mn(3d) — O(2p) orbital hybridization in a not fully ionic picture(scenario 3):

1. In terms of electrostatic equilibrium at LSMO/SrXO; (X = Ti,Zr) interface,

LSMO is formed by stacking planes with alternate charge (+%e/ — 3e), while in
SrXOs all planes are neutral (see fig. 5.7(a)) , thus terminating the LSMO layer on
an atomic plane exhibits a polar discontinuity, and a electronic reconstruction is
expected at the interface, similarly to LAO/STO interfaces [92]. In our case, being
(La, Sr)O/MnO; || SrO /X0, the stacking sequence in the samples, it would be re-
quired injecting 1/3 hole per unit cell at the interface, to compensate the interface
charge. This hole doping is possible in the interfacial LSMO layers, thus promot-
ing the oxidation of Mn [93, 94], and the consequent decrease of Mn3t / Mn*t
ratio, which is consistent with our observations. Following this same reasoning
for the LSMO/LAO interface, LAO capping layer atomic planes are charged (+1e)
(fig. 5.7(b)) and the electrostatic equilibrium would impose extra electrons at the
MnO,/LaO interface, so we would expect an electron doping at the interface,
thus increasing the Mn®*/Mn** ratio. However, for the case of LAO capping,
data cannot confirm this scenario.

. It is known that STO can act as an oxygen getter layer [95, 96] and also as an

oxygen supplier. As shown in ref. [97], STO films/substrates can either give/take
away oxygen during film growth due to large oxygen diffusion through STO. On
the contrary, LAO was shown to have a larger tendency to retain oxygen. These
results may indicate that STO capping layers, as well as SZO capping, can modify
oxygen content in LSMO during growth process, while LAO capping does not
interact with LSMO. Regarding our observation of decreasing Mn3*/Mn** ratio
in the LSMO/STO and LSMO/SZO interfaces, this would be in accordance with
an increase of oxygen content in the LSMO layer.

. The different atomic environment of Mn ions at the interface, respect to the bulk,

and respect to the surface atoms, can lead to modified Mn — O interactions at
the interfacial layers. More specifically, the Mn(3d) — O(2p) orbital hybridization
at the LSMO terminating layer with the interfacial capping layer can depend on
the local crystal field modifications introduced by the capping layer. A change in
the hybridization strength or covalency can cause a change in the observed Mn
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Figure 5.8: XAS spectra at the L3 region obtained for bare and LAO, STO and SZO capped (110)
LSMO samples (a) and for (001)LSMO samples capped with amorphous cappings

(b).

valence due to the redistribution of electrons in the covalent Mn — O bonds [98],
that may depend on the capping layer.

In order to inspect the validity of scenario 1, we measured the XAS spectra of samples
with same stacking and thickness (LSMO-13uc/capping-8ic), but grown on a STO(110)
substrate3. For this orientation, the charge discontinuity at the interface disappears, as
in all cases the atomic planes for LSMO and capping layers are charged equally (+-4e)
(fig. 5.7(c,d)) and therefore, a polar catastrophe scenario can be excluded. Neverthe-
less, the features observed in the L3 edge of the area-normalized XAS spectra for these
samples show analogous features to that of (001) oriented samples (see fig.5.8(a)), that
is, an increase of the intensity at the maximum for LAO-capped films, respect to the
bare film, and increase of intensity at the high energy region of L3 edge for STO and
SZO capped films, showing that there exists a similar redox behaviour for Mn ions at
LSMO/ capping interfaces for both (001) and (110) oriented samples and thus declining
the polar catastrophe scenario at these interfaces. On the other hand, no clear evidence
of the tendency for Mn?" content at the different samples could be derived from the
XAS spectra of (110) films, probably due to the lower initial Mn?* content at the surface
of this bare film as compared to the (001) oriented film.

Although scenario 2 is more difficult to prove, a test experiment can be done: on
top of LSMO (13uc thick) films grown at the standard conditions specified previously,
we deposited capping layers of the same materials (LAO, STO, SZO) at close-to-room
temperature. Capping layers were grown with the same number of pulses needed to
obtain 8uc cappings at high temperature growth. By growing at low temperatures, the
capping structure is expected to be amorphized. In the XAS spectra of amorphous
capped films, shown in fig.5.8(b), a clear shift of L edge of about 400meV towards
higher energies is evidenced in all samples, independently of capping material. This
shift indicates an important oxidation process Mn** — Mn*" at the LSMO interface
with the capping, showing a spectral shape resembling to MnO, [87], thus indicating
the formation of a new phase at the interface, probably promoted by the enhanced
oxygen diffusion from capping amorphous layers.

Up to now we have considered a rigid ionic picture where the oxidation state is
given by the local charge of Mn. However, for TMOs, a large degree of covalency can

3 To assure the same deposition conditions, these films were grown simultaneously to their (001) counter-
parts
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exist, and therefore bonding electrons are shared between O(2p) and Mn(3d) electrons.
Within this more complex picture, the observed Mn oxidation states can be altered
by the charge regulation in the bonding states [98], that may redistribute the charge
either localizing it in the oxygen or in the Mn ion or even transferring to the bonding
states through the interface. A modification of the local crystal field in the Mn ion at
the interface can readjust the Mn — O hybridization scheme. This is the considered
scenario 3, and in order to explore this phenomena, a more extensive study of the
orbital configuration at interfaces is needed. We will dedicate the following section to
study the electron distribution among Mn — 3d orbitals at LSMO/ capping interfaces.

5.3 ORBITAL RECONSTRUCTION AT INTERFACES

It was shown in section 4.3 that the natural breaking of symmetry between the epitaxial
film and the vacuum produces a special orbital occupancy at the d orbitals of the transi-
tion metal, due to the local modification of the crystal field produced by the absence of
apical oxygen in the Mn at the terminating layers, resulting in a lowering of the energy
of the orbitals oriented in that direction [69], that is, the 3z> — r? states in (001) films.
This occupancy was shown to be partially modulated by controlling the manganite ter-
mination, thus either enhancing or removing the surface effect. One could think then,
that capping the manganite films with a structurally similar oxide layer could lead to
a complete removal of the surface effect, thus recovering the bulk orbital occupancy
(or, due to the inherent structural distortion imposed by the substrate in thin films, the
strain induced orbital occupancy). This is, however, a too simplistic view, as oxide cap-
ping layers can also affect the local crystal field by means of modified Mn — O distances
or second neighbour interactions (Mn — O — X), that can alter the local electric fields
acting on the Mn-d orbitals, the Mn local charge, as described in previous section, or the
Mn — O hybridization, leading to a redistribution of the charge among the d orbitals.

In this section we will study the orbital polarization of the LSMO (001)-oriented
films (13uc) capped with LAO, STO and SZO epitaxial layers (1 — 8uc), discussed in
the previous section. Although the redox processes observed previously may indirectly
affect the orbital occupation, the XLD signal is not expected to be directly influenced
by the presence of Mn*" or Mn*" ions, as only Mn*" ions have partially occupied eq
states and they will be the only ones contributing to XLD.

5.3.1 Capping dependent-orbital configuration at interfaces

The x-ray absorption intensity is represented in figs.5.9(a-c) for the LSMO films capped
with 8uc of LAO, STO and SZO, measured at grazing incidence configuration with
both linear polarizations (E|-red and E | -blue). The XLD signal, calculated as I — I
and normalized as explained in sec. 4.2, is shown in figs.5.9(d-f) for Ouc capping (bare
sample), as well as 4 and 8uc capping thicknesses. Samples with luc capping were
also measured but they did not show relevant differences in the XLD signal respect to
the bare samples, indicating that one monolayer is not sufficient to produce significant
changes in the dichroic signal of LSMO films. It can be thought that the deficient surface
coverage by the capping layer with 1uc (see fig.5.2) is not enough to override the surface
contribution to XLD.

Spectra of bare LSMO film (13uc) shows the same behaviour as those studied earlier
in this chapter, with a predominant negative contribution, indicating an average prefer-
ential occupation of x> — 1 orbitals in the explored depth. This signal is less negative
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Figure 5.9: Polarized XAS spectra for LAO (a), STO (b) and SZO (c) 8uc capped samples. XLD
spectra for bare and 4 — 8uc capped samples is shown in (d-f) for the different cap-
ping materials, as indicated.

than the XLD proved in thicker films (see section 4.3), accounting for the already well
known surface 3z — r? contribution to the XLD. For capped films, however, a rather dif-
ferent dichroic signal is observed, that is noted to be dependent on the capping material
as well as on the capping thickness.

We firstly note that the XLD signal of LAO capped films show an increase towards
a more negative signal (fig.5.9(d)), increasing with growing capping thickness. The in-
creasing negative contribution on the spectra is related to a larger absorption of the out
of plane orbitals, that is, larger number of unoccupied states in the 3z — 12 or, equiva-
lently, larger occupancy of x> — y? states. However, in the case of epitaxial STO capping,
shown in fig.5.9(e), no relevant change is observed in the XLD spectra of capped sam-
ples, respect to the bare film, indicating that STO does not induce significative changes
in the orbital reconfiguration at the surface/interface. Finally, for SZO capped films
(tig.5.9(f)) an inversion of the XLD signal respect to bare LSMO is observed, indicating
a larger occupancy of 3z — r? states at the LSMO/SZO interface.

The holes ratio X = 7!((?;222:;22)) can be calculated from expression 4.1, resulting in the
values plotted in fig.5.10(a), as a function of capping thickness. This graph shows
clearly the different behaviours for the three capping materials, however the X values
here obtained are averaged over the signal probed depth. Following the conclusions
of section 4.3, the XLD signal here measured is expected to have two contributions: a
contribution coming from the “bulk” of the film, which is induced by the octahedra
distortion due to strain effect, and a surface contribution due to the symmetry breaking
described previously. In order to separate both contributions, we can assume that the X
values here obtained are resultant of the sum of a surface (interface) contribution from
the first manganite layer, and a bulk contribution, weighted by a exponential decay. This
decay is determined by a constant ¢ (probing depth) which we will assume identical to
the previous found value (nearly 3nm), and bulk holes ratio value Xj,, that can also
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Figure 5.10: a) Holes ratio as a function of thickness for LAO, STO and SZO capped samples.
b) Surface holes ratio (left axis) and surface orbital polarization (right axis) as a
function of capping thickness.

be taken from the model described in sec.4.3 (for LSMO on STO substrate, X;,,;; = 1.03).
Thus, the surface holes ratio Xj,, s can be obtained from eq.4.5.
Using this simple model we obtain the surface hole ratios depicted in fig.5.10(b-left

axis). From these values, the surface orbital polarization can be calculated using eq. 4.3.
1 (x2—y2) 1 (322-12)
1, is shown. Referring to bare manganite, which has a negative orbital polarization

(—2.1%, meaning 0.51 electrons in 3z2 — 12 orbitals at the surface), LAO capped samples
tend to revert this surface orbital polarization. In fact, for 4uc capping, the polarization
turns positive (+1.3%), and even increases for 8uc (+4.2%, or 0.48 electrons in 322 — 12
orbitals), overriding the bulk strain-induced occupancy.

For STO capped samples, the tendency differs from LAO capping, maintaining or
even increasing the 3z — r? occupancy observed at LSMO surface, and at least until
8uc, no relevant modification of the orbital polarization is observed. A value of —3.5%
is achieved for 8uc STO capping (0.52 electrons in 3z> — r? orbitals). For SZO, on the
other hand, a clear increase of the 3z2 — r? occupancy at the interface is derived from
the values of Xy, s obtained. With 8uc capping, a negative polarization of —14.7% is
achieved (0.57 electrons in 3z% — r?).

Up to now, we have considered a single electron in the e, orbitals of Mn>* jons. How-
ever, from the observations of section 5.2, and the consideration of not fully ionic picture
in the Mn — O bonding, it is unavoidable to think that a fractional number of electrons
may exist, which may depend on the capping layer. The observed modifications in the
Mn-XAS for samples with a capping layer can invoke a partial increment or detriment
of electrons in the Mn3*-d orbitals, that should be considered for the calculation of the
orbital polarization. In the fig.5.11(a), two cases (0.2 electron increment and 0.2 elec-
tron detriment) are considered, in comparison with the already treated case of n,, = 1,
showing the produced modification in the Py, values for both cases (as calculated
from expression 4.3), assuming a rigid band model (see fig.5.11(b)). The deviation of
these values from the single electron picture can be larger than 10%, however, although
orbital polarization can be increased (for 1., < 1, lower Fermi level) or decreased (for
neg > 1, higher Fermi level), the consideration of distinct number of electrons in the
Mn*" — e, states can never lead to a inversion of the observed orbital polarization, as
sketched in fig. 5.11(b) where the displacement of Fermi level is shown to modify the oc-
cupation number in each band affecting the magnitude -but not the sign- of the orbital

In fig.5.10(b-right axis), the orbital polarization P = , considering 1., =
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Figure 5.11: a) Surface orbital polarization obtained considering 1 (full circles), 1.2 (triangles
pointing up) and 0.8 (triangles pointing down) electrons in e, levels, as a function
of thickness. b) Schematic representation of Fermi level displacement in a rigid
band model, for the case of P < 0.

polarization P. In other words, although we cannot obtain precise values for surface or-
bital polarizations without precisely knowing the occupation number 7,,, the observed
tendencies for the different capped samples are robust against any change of electron
occupation.

Direct evidence of orbital reconstruction in LSMO/LAO interface

The surface orbital polarization inversion observed for LSMO/LAO samples suggests
a profound orbital reconstruction at these interfaces, inverting the e, occupation with
respect to that of the free surface and, to some extent, recovering the x> — y? prefer-
ential occupancy corresponding to the strain-induced effect. The occurrence of this
reconstruction was more deeply studied in samples with a reduced LSMO thickness in
order to enhance the interface contribution to the XLD respect to the bulk contribution.
LSMO samples with a thickness of 4uc were grown on STO substrates and capped with
epitaxial LAO layers of 2 and 4uc. A reference bare LSMO film was also grown. The
substrates were treated to have a TiO, termination, as in the previous experiments, and
PLD-RHEED system was used to obtain a controlled growth of 4uc, with a terminating
layer of MnO; at the surface/interface. The Mn — L3 XAS spectra of these samples
(fig.5.12(a)), here normalized by the maximum intensity, display analogous trends as
the series of samples shown in previous section, with a reduced Mn** contribution in
the capped samples, respect to bare film. More relevant here are the results shown in
fig.5.12(b), where the XLD signal at the Mn — L3 edges (normalized by XAS at 642¢V)
is presented for the bare film and the LSMO films capped with 2 and 4uc of LAO. Due
to the reduced thickness that enhances the contribution of surface effects, here bare
LSMO film shows a predominant positive XLD signal (preferential 3z> — r? occupancy),
as expected from previous measurements. A drastic inversion of the XLD signal is
observed in the case of LAO-capped films, turning the XLD signal from positive to neg-
ative with the growth of 2uc of LAO on top of LSMO. This negative signal is further
increased for the film with 4uc of LAO capping, demonstrating the clear influence of
the LAO capping in the electron distribution at the LSMO/LAO interface.

The values of surface holes ratio (X, f) calculated from eq.4.5 are shown in fig.5.12(c-
left axis), together with the corresponding surface orbital polarization calculated for
1neg = 1 (right axis). These values are consistent with those obtained for thicker LSMO
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Figure 5.12: XAS (a) and XLD (b) spectra of bare LSMO(4uc) samples and capped with 2 and 4
uc of LAO. Surface holes ratio (left axis) and surface orbital polarization (right axis)
of these films as a function of capping thickness.

capped films previously, confirming the orbital reconstruction scenario in LAO capped
films.

Orbital reconstruction at LSMO/BTO interface

Up to now we have only considered “non-functional” materials as capping layers. While
the use of insulating materials for magnetic tunnel junctions is compulsory, recent ad-
vances in the fabrication of all-oxide heterostructures have enabled the possibility to
provide active functionality to the tunnel barriers, by implementing ferroelectric ma-
terials in the heterojunctions, giving rise to ferroelectric tunnel junctions (FTJs) [99].
The basic functioning of these devices would be the capability to change the magneto-
transport properties at the electrode interfaces by tuning the polarization state of the
ferroelectric tunnel barrier, thus obtaining a resistance switching effect by modulating
the extension of the effective tunnel barrier.

Relevant works have been made in the exploration of FTJs properties combining man-
ganite electrodes with BaTiO3z (BTO) ferroelectric barriers [100, 101, 102], demonstrating
the promising functionality of these heterostructures. However, in order to fully under-
stand the effect of a ferroelectic tunnel barrier in the interfacial properties of the elec-
trode, preliminar work is needed to explore the interfacial effects in the initial state of
the ferroelectric material. Here we explore the effects of BTO capping layers on LSMO
interfacial orbital polarization and (in the next section) in the magnetic interfacial prop-
erties, as compared to the bare LSMO films.

For that purpose a series of LSMO films was grown at the standard conditions, on
STO(001) substrates, with a thickness ~ 13uc and in situ capped with BTO layers (2, 4
and 8uc), grown at 700°C and 0.02mbar of oxygen pressure, in order to assure a coherent
growth of BTO with preferentially c-oriented domains, which favors the out-of-plane
orientation of ferroelectric domains [103, 104].

XAS spectra were measured at Mn — L edges with linear polarization in grazing
incidence configuration and calculated as (I} + I, )/2 (after proper geometric correction
to the I, intensity). In fig. 5.13(a), the XAS normalized by the area under the spectra
(after background subtraction) is shown at the L3 region from bare LSMO as well as
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Figure 5.13: a) XAS spectra at the L3 region for bare (grey area) and n uc BTO-capped LSMO
films (color curves). b) Same XAS spectra at the complete energy region measured
(top) and spectra difference between n uc BTO-capped and bare LSMO films (bot-
tom). Dashed lines indicate the main Mn"" contributions.

BTO-capped films. While the presence of different features at the low energy region
may indicate slight variations in the Mn?" contents, no relevant changes in intensity
above 642¢V are observed, thus ruling out significant modifications in the Mn3* / Mn**
ratio in capped films. An analysis considering spectra difference, as shown in fig. 5.13(b-
bottom panel) reveals variations at least 50% lower than in the case of LAO, STO and
SZO cappings, difficulting the difference spectra simulation.

Independent spectra do however show significant variations respect to bare sample.
In fig. 5.14(a) the XAS spectra taken with both linear polarizations for 8uc BTO capped
sample shows a notable dichroism, much larger than bare sample, that denotes relevant
effects of crystal field distortion at the interface.
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Figure 5.14: a) Linearly polarized spectra for bare (bottom) and 8uc BTO-capped (top) LSMO
films, taken in grazing incidence configuration. b) XLD spectra of bare and BTO
capped films. c) Holes ratio as a function of capping thickness. d) Surface holes
ratio (left axis) and corresponding surface orbital polarization (right axis) as a func-
tion of capping thickness.
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The XLD signal is resembling for all capping thicknesses (fig.5.14(b)) and shows an
average positive sign, indicating a preferential occupation of 3z2 — r? orbitals, as demon-
strated by the holes ratio X = %:y’j, calculated by sum rules (fig.5.14(c)), which shows a
decreasing tendency with increasing BTO capping thickness, thus signaling an increas-
ing number of x? — 32 holes, induced by BTO capping. By applying the model to obtain
the surface holes ratio, outlined by eq.4.5, we find that -considering 7., = 1- BTO cap-
ping can produce orbital polarizations as large as —19%, that is an orbital occupancy of

0.6 electrons in the 3z% — 12 states, which is the largest among all the studied cappings.

5.3.2 Mechanisms for orbital reconstruction at interfaces

The data shown here reveals an indisputable orbital reconstruction at the interface be-
tween epitaxial LSMO and capping layers, strongly dependent on the capping material
and thickness (see fig.5.15). Indeed, capping thickness tends to reinforce the observed
reconstruction for each capping material, increasing the magnitude of the orbital polar-
ization with increasing thickness.

The obtained surface orbital polarizations -calculated according to our simple model
(eq.4.5), that is, considering a reconstruction only in the interfacial layers- cannot be
justified as resultant from a symmetry restoring at the interfaces: far from removing the
surface preferential 3z2 — 2 occupancy observed in bare films, capping layers largely
distort the orbital anisotropy.
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Figure 5.15: Surface orbital polarization of capped LSMO films as a function of capping thick-
ness (a) and estimated Mn — X distance at the interface (b) (X = Al, Ti, Zr)

The different behaviour observed for LAO capped films -where x? — y? is favoured at
interface- and STO, SZO and BTO capped films, where 3z? — r? occupancy is stabilized
at the interface in different degrees, suggests a material dependent orbital reconstruc-
tion at the manganite interfaces. A first simple consideration can be to take into account
local strain effects induced in the manganite by the capping layers, however, in the case
of LAO, having a bulk cubic lattice parameter (3.79A) smaller than LSMO (3.873A), a
compressive local strain would be expected thus favoring 3z> — r? orbitals, opposed to
what is observed. The cases of STO (3.905A), SZO (4.1A) and BTO (tetragonal with
a=3.99A, ¢ ~ 4.04A) would also suggest reconstructions opposite to our findings.

Nevertheless, capping material structure can influence in the electronic structure of
the underneath manganite layer, by modifying the Mn-O interatomic distances at the
interface. Taking into account the strained out-of-plane lattice parameters of the LSMO
film as well as the expected strained lattice parameters of LAO, STO, SZO and BTO
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capping layers, one can draw conclusions based on the varying distances between Mn
and the apical ion (Al, Ti or Zr). In figs.5.16(a-d) the interfacial layers of all the studied
cases are sketched. In the first case (bare surface), the absence of apical oxygen in the Mn
surface ion at the bare surface induces a lowering of the 3z> — 2 levels respect to x> — /2,
leading to a highly localized electron density of states at the 3z2 — 12 levels. In reality,
however, this picture would be a limiting case, as in ambient conditions, atmosphere
molecules (OH, CO, ...) can be adsorbed to the MnO, surface, thus diminishing the
electron localization.

d
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Figure 5.16: Representation of interface stacking planes for bare (a) and LAO (b), STO (c), SZO
(d) capped samples indicating the idealized atomic distances (top part) and the
resultant expected band diagrams of eg levels at the interface. e) Surface orbital
polarization as a function of expected Mn — X atomic distances (X = Al, Ti, Zr) for
LSMO films with 8uc capping layers.

This situation can be reverted if oxygen is restored to the apical position at the MnO,
termination of the LSMO layer, as in fact it is observed in the case of LSMO/LAO
interface (panel b). In principle a similar situation should be expected for the case of
LSMO/STO interface (panel c), but due to the larger lattice parameter of STO, respect
to LAO, an increased Mn-O distance is expected in the out-of-plane direction, probably
avoiding the inversion of the e, population at the interface. In SZO (as well as in BTO),
even larger Mn-O distance in the out-of-plane direction is expected, thus leading to a
lower electron repulsion in that direction and a major localization of electrons in 3z% — 12
levels. It is noticeable that this electron localization in 3z? — 2 states is significantly
larger than in the case of bare samples.

Hence, according to this picture, Mn — 3d orbital occupation at interfaces can be
modulated by modifying interatomic distances at the interface, being this attainable
by using capping materials with different lattice parameter. In fig.5.16(e), the orbital
polarization observed at the manganite interface with each capping (with 8uc thickness)
studied is represented versus the Mn-X distances (X=Al, Ti, Zr) expected considering
fully strained capping layers with conserved volume respect to bulk values. One can
see that P, ¢ follows a linear tendency as a function of dyp,—x for the cases of LAO,
STO and SZO cappings. However, BTO capping layers seem to escape this tendency,
probably indicating the presence of polar displacements at the BTO interfacial layers
increasing the Mn — O distance. So far, due to the reduced thickness of the layers, we
have not been able to check the ferroelectric state of the BTO films

This simple picture however, does not explain the capping thickness dependence of
the orbital polarization, suggesting that more complex phenomena needs to be taken
into account. In refs.[105, 106] it is considered that the structural asymmetry create
internal electric fields that promote the displacement of the transition metal cations re-
spect to the oxygen anions, thus either elongating or reducing the M-O bond distances
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Figure 5.17: Representation of LSMO/capping stacking sequences considering the possible
cation displacements at interfaces with LAO (a), STO (b) and SZO (c). Arrows
indicate the magnitude of the rumpling distortion at each stacking plane. Rum-
pling and c/a ratio modifications are sketched in (d) with the corresponding orbital
polarization P induced for each case.

responsibles for the orbital polarization and creating rumpling distortions. In fig.5.17
we envisage the possible distortions occurring at the different interfaces. Here, the ver-
tical displacements between Mn and O have been indicated with red arrows. Following
the conclusions from refs.[105, 106], these rumpling distortions and Mn-O separations
can propagate for several unit cells in the manganite and the magnitude and extension
of the distortion could depend on the capping material as well on its thickness. While
anion-cation separations can either favor x? — y? (orbital polarization P > 0) or 3z — r?
(P < 0), rumplings always favor the stabilization of x> — y? orbitals, as they always pro-
duce a diminished overlapping with in-plane oxygens (fig.5.17(d)). Thus, in our case,
orbital occupation is mainly mediated by local modifications of c/a ratio.

Whereas these considerations are restricted to a local Jahn-Teller ionic picture, where
the Mn orbital occupancy is regulated by the Mn-O electron repulsion, modulated only
by Mn-O distances, a wider picture should be considered here, taking into account the
Mn(3d) — O(2p) hybridization. In ref.[75], the orbital polarization of Ni — 3d levels
at LaNiO3/LaXOs interfaces was theoretically studied as a function of X cation. It
was found by DFT calculations that orbital polarization was dependent on the energy
of X orbitals as well as on X-O hybridization strength. Basically, it was found that a
M(x2—y2) =1 (322~
X-O hybridization or a strong (weak) mixing of Ni(3z> — r?) orbitals and apical O(p.).
Thus, X ions influence in the Ni orbital polarization by shifting the properties of p,
oxygen states, that is, regulating the X-O orbital admixture which influences in the Ni-
O hybridization. These so called “chemical effects” were found to be determinant to
the resultant orbital polarization, affecting P values more notably than Ni-O distances,
which, in turn, enhance the chemical effects on P.

It should be mentioned, however, that in the case of ref. [75], all the studied X ions
have (s) orbital symmetry. In our case, the lowest energy states in the X ions across
the interface that can hybridize with oxygen bridge anions are 3s for AI**, 3d for Ti**
and 4d for Zr**, all being initially empty in the nominal valence state of the capping
materials.. Therefore, the states hybridizing with O(p) orbitals differ in symmetry (s
vs d symmetry) and in radial extension (3d vs 4d) (sketches of the possible orbital

higher (lower) orbital polarization P = was resultant of a weak (strong)
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Figure 5.18: Considered orbital overlappings and possible charge transfer paths for Mn — O — X
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hybridizations across interfaces are depicted in fig.5.18), being the experimental fact
that cappings with s orbital symmetry stabilize a positive orbital polarization (thus in
accordance with a weak X-O hybridization) and cappings with d orbital symmetry favor
a negative P (in agreement with stronger X-O hybridization).

Unfortunately, in our samples we could not reliably evaluate the degree of Mn —
O covalency for each capping case. While this measurement is possible though the
exploration of the pre-edge structure of O — K edge, the overlapping between capping
and LSMO film oxygen signals prevents from extracting quantitative information from
the Mn — O hybridization-related peaks.

In any case, it is found that both the reduced (increased) distance between Mn and
apical oxygen through the interface and the reduced (increased) hybridization between
interfacial oxygen and apical capping cations can influence in the negative (positive)
orbital polarization observed in each case.

The consideration of these different hybridization schemes for the several capping
layers should also be taken into account to explain the charge transfer phenomena dis-
cussed in section 5.2.3 as scenario 3, where the oxidation state observed was suggested
to be resultant of the charge distribution through the oxygen bonding states across the
interface. Charge transfer can therefore be regulated through the hybridization between
Mn and capping cations, with oxygen acting as a bridge between them. For cappings
favoring the O-X hybridization (as it could be the case of cappings with available 4
states in X cation) a more effective charge transfer from Mn to X could occur. Such phe-
nomena was already proposed to take place in LaMnQO3/SrTiO3 heterostructures[107],
where the titanate was assumed to be doped by a charge transfer process mediated by
the Mn-O-Ti hybridized bonds.

5.4 INTERFACE MAGNETISM
5.4.1 Capping influence on macroscopic magnetic properties of LSMO films

The effect of capping layers on the magnetic behaviour of the manganite layer was ex-
plored by means of SQUID measurements. In fig.5.19(a-d) field cooled curves measured
for bare and capped films (4 — 8uc) are shown. All samples show a Curie temperature
Tc lower than bulk LSMO value (370K), as commonly observed in thin films. Refer-
ring to bare LSMO samples, an increase of T¢ is observed for LAO capped samples
and, more significantly, for BTO capped samples, while STO and SZO cappings do not
produce a clear relevant effect on the LSMO T¢.
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Figure 5.19: Field cooled curves (a-d) and magnetic loops (e-h) obtained for the bare films (black
curves) and films capped with layers of the indicated materials and thicknesses.
Magnetic field and temperatures used for the measurements are indicated in each
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Figure 5.20: Variation of T¢ (a) and Mg (b) respect to bare samples, as a function of capping
thickness for the different capping materials

The magnetic hysteresis loops measured at 10K (fig.5.19(e-h)) show as well a reduced
magnetization respect to bulk LSMO (3.7up) and an increased magnetization for LAO
and BTO capped samples respect to the bare LSMO films, being less clear the effect on
films capped with STO and SZO

The variations of Tc and Mg respect to bare LSMO sample are shown in figs.5.20(a,b)
as a function of capping thickness for all the samples measured. From the plots it
can be observed that BTO capped films show the largest Tc increment (reaching 17%
for capping thickness > 4uc), and LAO capped films show the largest increment in
magnetization (reaching 30% for 8uc).

5.4.2 XMCD at low temperatures - ferromagnetic phase at interfaces

In order to investigate the origin of the observed modifications to the films magnetic
properties induced by the capping layers, we studied the circular and linear dichroic



5.4 INTERFACE MAGNETISM

signals of several capped and bare samples at low temperatures. While x-ray magnetic
circular dichroism (XMCD) provides information on the average magnetic moment of
the more superficial layers of LSMO films, with x-ray magnetic linear dichroism (XMLD)
we can reveal the presence of antiferromagnetic phases at the interfaces.

Mn — L edge XAS spectra with circular (right(+) and left(-)) polarizations were mea-
sured at 2K in grazing incidence configuration. XMCD is mostly sensitive to the mag-
netic moments aligned in the direction of the x-rays propagation vector and the signal
scales as cos 0, being 6 the angle between the magnetic moment and the propagation
vector. Thus, magnetic moments perpendicular to the light propagation vector will
not contribute to the XMCD and the same will occur for antiferromagnetically coupled
moments that will null their independent contributions to XMCD signal.

Therefore, in order to enhance the XMCD signal, a magnetic field was applied in
the direction of the beam, thus aligning all the ferromagnetically coupled magnetic
moments parallel to the light propagation vector. For that, a 2T magnetic field was
applied in the direction of the beam (see inset in fig. 5.21(a)), large enough to saturate
the magnetic moments of the sample (according to SQUID measurements). The XMCD
signal was obtained as the difference between both polarizations, normalized to the

maximum intensity of the averaged XAS (I, = w). The normalized XMCD
spectra for LSMO bare (13uc) and capped samples (8uc capping thickness), shown in
fig. 5.21(a-d), reveal the modifications in the Mn average magnetic moment induced by
the capping layers. From the spectra of the capped samples, compared in each panel
of the figure to the spectrum of the corresponding bare sample, it can be appreciated
how there exists a considerable increment of the average magnetic moment in the LAO
capped sample (panel a), while other cappings produce minor modifications.

Whether the uncertainty of XMCD rules applied to Mn-L edges [12] avoids to obtain
a reliable value for the spin magnetic moment m;, a comparison between different
samples is possible. The spin magnetic moment m; can be obtained from eq.2.3 as:

_ 2AL, — ALg
e
Iﬂ?}

, being AL, and AL3 the XMCD areas under the L, and L3 edges, I, the area under
the averaged XAS spectrum and & the number of holes in the Mn d levels (for the
nominal composition of Lay /351 ,3MnO3, h =10 — (4 - % +3- %) « 6.3). The calculated
modification of the average spin magnetic moment m?’ in the capped films respect
to the bare samples is shown in fig. 5.21(e) for the four cappings studied. While the
tendency seems to confirm the results obtained in SQUID measurements, the values are
in discrepancy. It needs to be reminded here that XMCD mainly explores the interfacial
layers of LSMO with the capping, thus the signal is largely affected by the modifications
in the magnetic moment produced at the interfaces. Moreover, SQUID measurements
can be affected by random magnetic impurities present in the sample (usually in the
substrates), while XMCD measures only the magnetic moment of Mn ions.

In any case, XMCD results confirm the dramatic increase of magnetization in the
LSMO/LAQO interface (60% increment), and reveals a detriment in the magnetic mo-
ment produced by STO and SZO cappings (9 and 20% detriment), and slight increment
produced by BTO capping (9%).

For this calculation, the number of holes have been considered to remain constant in
all samples. However, as we already know from the results exposed in section 5.2, bare
films are prone to show a Mn%t contribution at the surface (that is, extra electrons),
that gets reduced in capped films. On the other hand for both STO and SZO capped

h
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Figure 5.21: a) XMCD spectra taken at grazing incidence at 2K with 2T magnetic field applied
in the direction of the beam for LSMO bare and 8uc capped samples; calculated
ms/ny, values are shown in the bottom part. b) SQUID M(T) curves measured at
5000¢ in-plane magnetic field. c) SQUID M(H) curves measured at 10K

films, increased Mn**t contribution (extra holes) was detected at interfaces. These con-
siderations would in fact decrease the calculated m; value for bare samples and increase
for STO and SZO capped samples, thus diminishing the difference Am; depicted in fig.
5.21(e). However, this difference would be increased for LAO and BTO cappings.

In order to enhance the surface and interface contributions to the XMCD, thinner bare
and LAO-capped samples were measured. In the fig.5.22, the normalized XMCD signal
of 4uc bare LSMO (black curve), measured at 5K in grazing incidence configuration
and with a 2T field applied in the direction of the beam, is compared to the signal
obtained for films capped with 2 and 4uc (orange and green curves, respectively). The
observed increase in the magnetic moment is even more dramatic than for thicker films,
exceeding 300% increase, and it is confirmed by macroscopic SQUID measurements,
shown in the inset of the figure, where a notable increase of T¢ is also observed (AT¢ ~
30K), revealing a reinforced ferromagnetic interaction in the LSMO/LAO interface.

Moreover, from the shape of the XMCD signals for bare and capped samples, it can
be disclosed a prominent contribution at 640eV in the XMCD signal of bare sample. By
comparing the signal of bare sample (multiplied by a factor 4-red curve in fig.5.22) with
that of capped samples, it can be appreciated how the intensity around 640eV is more
relevant to the spectrum in the bare sample. This observation reveals a ferromagnetic
contribution of Mn?* at the bare surface of the samples.

5.4.3 XMLD at low temperatures - antiferromagnetic phases at interfaces

So far, we have explored the macroscopic magnetization (by SQUID) and microscopic
average Mn magnetic moment (by XMCD) of bare and capped samples. The observed
modifications in the magnetization at interfaces (revealed by changes in the Mg and T¢
by SQUID and in the average spin magnetic moment by XMCD), indicate an effective
influence of the different cappings in the magnetic interactions at the manganite inter-
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Figure 5.22: XMCD obtained for 4uc LSMO films, bare (black curve and grey area) and capped
with LAO layers, 2 (orange) and 4 (green) uc. Red curve is a scaling of XMCD from
bare sample; inset: Field-cooled curves of bare and LAO-capped samples taken
with a 1kOe in-plane magnetic field

facial layers. From our observations, a clear increment of the ferromagnetic interaction
is promoted by capping LSMO films with LAO and BTO capping layers.

To furtherly explore how this magnetic interactions are modified at interfaces, we
performed XLD measurements at the Mn — L edges at low temperatures, that allow to
explore the presence of antiferromagnetic phases in the samples.

While in the paramagnetic phase (above sample T¢) XLD explores the orbital anisotropy,
at low temperatures, when magnetic interactions come into play, XLD is also sensitive
to the charge deformation produced by the spin-orbit coupling in the core and valence
band levels, thus allowing to explore the anisotropy of the spin axis. Briefly, if spin axis
is parallel to the beam direction, no difference in absorption due to magnetic moments
will be present for both linear polarizations (with electric field components perpendic-
ular to the beam) and therefore the “magnetic linear dichroism” (that we can name
XMLD) will be zero (see sketch in fig.5.23(a)). On the other hand, if the spin axis is
oriented perpendicular to the beam and mostly parallel to one of the electric field vec-
tors of the incoming beam (and perpendicular to the other), the XMLD signal will be
maximum. Furthermore, the shape of the XMLD signal will provide information on the
orientation of the spin axis, relative to the beam incidence direction.

In order to separate the ferromagnetic and antiferromagnetic contributions, a mag-
netic field large enough to saturate the ferromagnetic component can be applied in the
direction of the beam. In that way, the ferromagnetically coupled spins will align per-
pendicular to the photon polarization, thus canceling their contribution to XLD, and
leaving only the antiferromagnetic contribution, that will not be affected by magnetic
field, and the orbital contribution, that -assuming no temperature dependence- can be
subtracted to the XLD considering the measurement taken at T > Tc.

Proceeding in this manner, by means of XLD measurement at low temperatures with
applied magnetic field in grazing incidence configuration, a distinction of the predom-
inant antiferromagnetic axis in the surface can be made. In the case of Mn — L edges,
the shape of the signal allows for distinction of an out-of-plane oriented axis, leading
to a dichroic signal -after subtraction of orbital contribution- as depicted in fig. 5.23(b-
bottom), corresponding to Mn showing c — AF phase [108], or an in-plane oriented axis,
leading to the curve depicted in fig. 5.23(c-bottom), similar to the signal found in other
materials with in-plane antiferromagnetic alignment [18].
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Figure 5.23: Sketches showing the relative orientation of incident beam (and E-field vectors)
and ferromagnetic and antiferromagnetic moments in the different measurement
configurations (top) and expected XMLD signals (bottom)

We applied this procedure to study the AF order at LSMO interfaces. Absorption
spectra were acquired in grazing incidence configuration (30deg incidence) with linear
polarization both in-plane and almost out-of-plane, at low temperature (2K) and with
a 2T magnetic field applied in the direction of the beam (see sketch in fig.5.24(a)). The
dichroic signal, obtained as the difference in absorption obtained for both polarizations
as I — I, is shown in fig.5.24(a) for 13uc bare LSMO film and the corresponding 8uc
LAO-capped sample, both at room temperature (in the paramagnetic phase) and at low
temperature (in the magnetic phase), with an applied field to remove the ferromagnetic
contribution. The subtraction of this two signals (XMLD(2K,2T) — XMLD(300K,0T))
is shown in fig.5.24(b) for bare and capped samples. Being the signal at L3 more ill-
defined, we can focused our analysis on the L, edge signal, that shows a characteristic
shape with a positive (negative) sign in the lower energy region and negative (positive)
sign in the higher energy region for in-plane (out-of-plane) preferential spin alignment
(see 5.23(a,b)).

Paying attention to the signal at the L, edge (see fig.5.24(b)), XMLD of bare sample
reveals an in-plane spin axis, which is at odds with previous findings in LSMO films
[108, 109], where a ¢ — AF phase was detected for both bare and capped samples. Nev-
ertheless, the XLD signal gets reverted for films capped with LAO and BTO, signaling
a ¢ — AF phase at the LSMO interfacial layers. On the other hand, STO capped sample
does not show signatures of signal reversal, and sample with SZO capping shows an
intermediate signal that can be approximately reproduced by the average of the sig-
nals from bare and LAO-capped samples (orange curve in fig.5.24(b)), suggesting an
intermediate spin axis orientation.

To furtherly explore the origins of the XMLD signals observed, we measured the tem-
perature evolution of XLD in bare and LAO capped samples, that show opposite signs
in the XMLD (XLD signal after subtraction of orbital contribution) at low temperatures.
Interestingly, for bare LSMO films, a clear transition in the L, edge signal was observed.
As depicted in fig. 5.25(a) for 13uc bare LSMO sample, when increasing T, the first peak
of the L, edge XMLD signal changes sign, the transition being around 100K. On the
other hand, LAO capped sample, showed in fig.5.25(b) does not show any transition.
This behaviour is more clear in panel (c), where the XMLD intensity at 651.4eV (first
peak of L, edge, as indicated by dashed line in panels (a) and (b)) is plotted versus
temperature. While LAO capped sample shows an out-of-plane axis related signal for
the whole range of temperatures, vanishing for a T close to sample T¢, bare LSMO
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Figure 5.24: a) XMLD spectra measured in grazing incidence at 2K with 2T and at 300K with 0T
for bare (bottom) and 8uc LAO capped (top) LSMO samples. b) Spectra obtained as
a result of subtraction of XMLD spectra obtained at 300K, 0T from XMLD spectra
at 2K, 2T in films capped with 8uc of the indicated cappings; upper curve (orange)
shows the averaged signal between bare and LAO capped samples; sketches indi-
cate preferential out-of-plane/in-plane AF spin alignment at the interfaces.

sample shows a in-plane axis signal at low temperatures, transiting to out-of-plane sig-
nal between 100 and 150K, and finally vanishing at similar temperature as LAO capped
sample. These measurements thus show that at the surface of LSMO samples two differ-
ent magnetic contributions can be present and have a different temperature dependence,
namely a in-plane oriented component that vanishes low temperatures (100 — 200K) and
an out-of-plane component, that vanishes at higher temperatures (close to sample T¢).
While the former is removed when capping LSMO samples with LAO (as well as BTO)
capping layers, the later remains.

5.4.4 Discussion on magnetic interactions at LSMO interfaces

The magnetic behaviour at LSMO interfaces was studied in this section, showing im-
portant modifications strongly dependent on the interfaces considered (that is, on the
capping materials in contact with the LSMO film). Firstly it was found that LAO and
BTO capping layers promote an increased magnetization and Curie temperature in the
LSMO films, whereas samples with STO and SZO cappings showed similar or depleted
properties respect to bare LSMO films. In magnanites, the Curie temperature is associ-
ated to electron delocalization in the e, levels and, for ultrathin films, a large in-plane
delocalization is expected to increase the Curie temperature [110]. Therefore, electron
localization in 3z2 — 72 levels, as it is observed at the surface of bare LSMO films, is
expected to deplete the Tc. LAO capping was shown to remove this surface effect and
promote a stabilization of x> — y? orbitals, that could enhance the in-plane double ex-
change interaction leading to an increase of T¢ in the films, as we observed in our films,
confirming previous results on LSMO/LAOQO heterostructures increasing the ferromag-
netism at interfaces[86, 94, 109]. BTO capped films, however, are shown to promote the
occupancy of 3z2 — r2 levels, largely than in bare surfaces and contrary to expectations,
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Figure 5.25: XMLD measured with 2T magnetic field in grazing incidence after subtraction of
330K signal measured without applied magnetic field, as a function of measurement
temperature for bare (a) and 8uc LAO capped (b) LSMO samples. ¢c) XMLD signal at
651.4eV (indicated by dashed lines in a and b) as a function of temperature; positive
(negative) singal indicates preferential in-plane (out-of-plane) AF spin alignment.

a large increase of T¢ is also found in these samples. Therefore, orbital ordering cannot
be the only factor regulating the double exchange interaction at the interfaces.

In order to explore the presence of other magnetic phases, we measured the linear
dichroism signal at low temperatures applying a magnetic field that is expected to
supress the FM contribution. We found a prominent in-plane magnetic axis alignment
-relevant for temperatures below 100K- for bare LSMO films that could be interpreted as
resultant of an a-type AF coupling, however it should not be discarded the existence of
a hard ferromagnetic phase at the surface, not saturated with the applied magnetic field.
Such enhancement of surface anisotropy was already studied in the previous chapter,
where restoring field (associated with local magnetic anisotropy) was increased in the
thinnest films, accounting for a large magnetic stiffness at the surface.

This magnetic behaviour at the surface could also be related to the presence of diva-
lent manganese -Mn?*- promoting a relevant exchange interaction at low temperatures.
In fact, it has been proposed for LaMnO;_; films the occurrence of Mn?t — O — Mn>*
double exchange interaction, producing a robust ferromagnetism at the surface of the
films [111]. This Mn?" related contribution was observed to be relevant for temper-
atures below 100K and favor an in-plane orientation of the magnetization axis [84].
Further studies in this respect should be done to disentangle the Mn?* contribution to
the magnetic behaviour at the surfaces of the films.

On the other hand, a signal related to an out-of-plane spin axis was also identified at
the interfaces with several capping layers (LAO, BTO and, to some extent, with SZO)
that seems to be intrinsic to the LSMO layers and related to a c-AF phase present in the
films, as pointed out in ref.[109], where identical XMLD signal was found irrespective of
the capping layer used. Although in that case it was associated to preferential 3z2 — r?
orbital ordering at the interfaces, here we can rule out this relationship, as in both
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LAO and BTO-capped samples, having opposite orbital orderings at the interfaces, we
identify an identical c-AF phase related XMLD signal. This phase was shown to be
present even in bare films, where the previously mentioned signal associated to surface
in-plane spin alignment overrides the c-AF related signal at low temperatures.

In summary, in bare films we observe an a-AF/in-plane FM phase relevant at low tem-
peratures (below 100K) that is removed with different effectiveness by capping layers.
The efficiency of the removal of this phase seems to be accompanied by increased mag-
netic properties (increased magnetization and transition temperature) and it is larger for
LAO and BTO cappings. On the other hand, a c-AF phase is proposed to be present in
all films, but only observed in the ones not showing the previously mentioned magnetic

phase, and could be related to unavoidable phase separation phenomena occurring in
LSMO films.

5.5 SUMMARY

In this chapter we have probed the influence of the atomic environment in the electronic
structure of manganite films at bare surfaces and at the interface with dissimilar oxide
capping layers. Absorption spectra reveals notable modifications in the Mn valence
state, due to different redox processes occurring at LSMO terminating layers. We have
shown that a relevant interaction with atmosphere in bare films due to reducing process
takes place at the surface. Whereas oxide capping layers minimize this effect, other pro-
cesses promote the observed charge deviations at the interfacial layers of LSMO films
with the different capping materials. By exploring the influence of sample crystallo-
graphic orientation and capping crystallinity, eletrostatic-related phenomena could be
disregarded as causative of the charge modifications.

Furthermore, it was shown that interfaces with other oxides can also induce strong
modifications in the distribution of the electrons among the e, orbitals in Mn® sites.
This orbital reconstruction was shown to be determined by the capping material and
thickness and could be correlated with the expected Mn-O distances: capping materials
inducing an enlarged distance between interfacial Mn atoms and apical oxygens favour
the occupancy of Mn orbitals oriented in the direction towards the apical oxygens (322 —
72 in the studied (001) oriented samples), while capping materials reducing this Mn-O
distance lead to the inverse orbital population (preferential x> — y? in (001) samples).

Although most of these observations match with a simple ionic picture, the semi-
covalent behaviour of these materials needs to be taken into account. At the interfaces,
the hybridization properties of Mn-O-X bonds (where X is a cation that depends on the
capping material) can play a role in determining both the charge distribution and the
valence state of Mn ions. In fact, our results could point to a dependence of the Mn
orbital polarization on the symmetry of the available states in the capping X cations,
where s (d) available orbitals in X cations favor the occupancy of x* —y? (322 — 12)
Mn(3d) states. Thus, further experimental and theoretical work is necessary to elucidate
the relevance of covalency effects in the electron distribution and in the charge transfer
processes that lead to the observed Mn valence deviations at the interfaces.

Finally, the magnetic properties at the interfaces were studied. It was shown that the
magnetic behaviour of LSMO films is widely dependent on the capping material and
capping thickness, leading to large deviations in the measured magnetic moment and
Curie temperature of capped films respect to bare films. It was shown that induced or-
bital order may not play a major role in the magnetic configuration, while the supression
of hole/electron doping at interfacial layers can strongly enhance the ferromagnetism
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at interfaces, in relation to magnetic depleted surfaces. Indeed, capping layers promot-
ing increased magnetization and Curie temperature, were shown to be largely effective
suppressing certain magnetic interactions present at the bare surfaces, and probably
associated to the unavoidable Mn reduction observed in manganite surfaces.



ORBITAL MEDIATED CONTROL OF PHASE SEPARATION IN
HALF-DOPED MANGANITE FILMS

Strain induced orbital order can be determinant for the phase selection in magnanite films.
As it will be shown in this chapter, strain -via modulation of orbital occupancies- can
trigger the magnetic state in half-doped manganite films, in a different manner depending
on the electronic bandwith.

b

ol X
R 1

6.1 INTRODUCTION

In chapter 4 we demonstrated the effect of structural distortions on the orbital ordering
in manganite thin films. The modification of orbital order can directly influence in the
spin order, stabilizing different magnetic configurations depending on the preferentially
occupied orbitals. The sensitivity of manganites (with the composition Ln;_,A,MnOs
(Ln =lantanide, A =divalent ion)) to orbital order depends on the carrier density, that
can be modified by composition (varying the hole doping factor x), as well as on the
electronic bandwidth (W), related to the orbital overlapping (large overlapping leads to
large electron delocalization and consequent wide bandwidth), that is dependent on the
Mn — O — Mn bond angles, that can be tuned by substituting the A cation (in general,
cations with lower size promote lower bond angles and thus lower bandwidth).
Half-doped manganites (doping x = 1/2) represent a perfect playground to explore
the effects of orbital occupancy in the spin order. Phase diagram of La;_,A,MnO3
manganites situate x = 1/2 in the border of ferromagnetic metallic (for x < 0.5) and
antiferromagnetic insulating (x > 0.5) phases in bulk compounds [112, 113]. There-
fore, tuning the orbital occupancy by means of structural distortions (like the ones pro-
duced by strain in thin films) are expected to profoundly influence the magnetotrans-
port properties of half-doped manganites. In fact, the strain dependent phase diagram
in these compounds have been explored by first-principles band-structure calculations
[66, 114], demonstrating that in tetragonally distorted films, the ground state can be
tuned from antiferromagnetic C-type insulating (c-AF/I) to ferromagnetic-metallic state
(FM/M) and antiferromagnetic A-type metallic (a-AF/M) by changing the strain from
compressive (elongated c-axis) to tensile (compressed c-axis). This magnetic and elec-
tronic phase modulation has been experimentally demonstrated in La;_, St MnOj3 films
grown on different substrates by Konishi et al.[115]. More recently, Gutierrez et al. [116]
showed by means of an exhaustive study of the transport and magnetic properties of
Laq /5511 /2MnOs3 (LSMOs) and La; ,Caq /,MnO3z (LCMO5) thin films with a controlled
tetragonality, that the ground state of half doped manganite thin films can be effectively
controlled via strain in LSMOs films, largely modifying the magnetization and metallic
behaviour with strain, while LCMOs5 films, having a narrower bandwith, remain in an
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antiferromagnetic insulating state independently of the applied strain. The lower tun-
ability of LCMOs5 has been explained in terms of larger electron localization, favouring
the appearance of electronic phase separation and charge ordered phases.

In this chapter, following the work of Gutierrez et al. [116] we will fully address the
orbital and magnetic orders induced by strain in thin films of LSMO5 (section 6.2) and
LCMOs5 (sec.6.3), grown on different single crystal substrates.

6.2 STRAIN INDUCED PHASE SEPARATION IN WIDE-BAND HALF-DOPED MANGAN-
ITES (Lay,257r1/,MnO3 )

LSMOs films with a thickness of 20nm were epitaxially grown by PLD on several
(001)-oriented single-crystalline substrates, having different mismatch with LSMOs:
DyScO3 (DSO : 6 = 4+2.13%), SrTiO3 (STO : 6 = +1.22%), (LaAlO3)03 —
(SrpAlTaOg)o7 (LSAT : 6 = +0.31%), LaAlO3 (LAO : 6 = —1.71%) and
YAIO3 (YAO : 6 = —3.58%). The films were deposited at 725°C in 0.2mbar oxygen
atmosphere with subsequent free cooling in 100mbar oxygen pressure. The structural
characterization of the films was performed by D.Gutierrez and G.Radaelli at ICMAB,
and it is summarized in fig.6.1 and in ref. [116].
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Figure 6.1: a)f — 26 scans for the (002) reflection of LSMO5 films and substrates; ¢, /a5 are
indicated in the corresponding film reflections. b) g-plots for the (113) pseudocubic
reflections of LSMOs5 films grown on YAO (left) and DSO (right) substrates; blue
lines represent expected positions for completely relaxed film and dashed green line
correspond to expected position for fully strained films.

The 6 — 26 diffraction patterns around the (002) reflection of the LSMOs films and
substrates were recorded. In fig. 6.1(a) the reciprocal interplanar distances 4(002) of
all films have been normalized to that of the corresponding substrates (1/cs,;s) for
better comparison of the strain state of the films. A shift of LSMOs5 peak towards lower
d(002) / csyps values is observed for films grown on DSO and STO, while the peak shiftes
towards higher d(002) /¢, for films deposited on LAO and YAO, thus implying that
films on DSO and STO are tensile strained (d/c < 1) whereas those on LAO and YAO
are under compressive strain (d/c > 1). In order to ascertain the in-plane parameter
of the films, reciprocal space maps (RSM) around the (113) reflections were collected.
The RSM’s for the films with largest strain are shown in fig.6.1(b). It can be appreciated
how films on YAO substrate (6 = —3.58%) show the (113) film reflection close to the
reciprocal space coordinates for bulk LSMOs5, indicating a structural relaxation of the
films. On the other hand, films on DSO (6 = 4-2.13%) show the in-plane coordinates of
the film almost coinciding with that of the substrate, signalling a fully strained state of
the films.
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substrate (%)  a(gplo (A)  cw@-20) (A) c/a

DSO +2.13 3.925 3.761 0.958
STO +1.22 3.907 3.803 0.973
LSAT +0.31 3.87 3.833 0.990
LAO -1.71 3.802 3.965 1.043
YAO -3.58 3.864 3.891 1.007

a(LSMOs bulk)=3.858A

Table 6.1: Lattice mismatch, in-plane and out-of-plane calculated parameters and c/a ratio for
all LSMOs films (20nm thick).
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Figure 6.2: XAS spectra for 5nm Lay;35r1,3MnO3(LSMO) film (blue) and 10nm
Lay /2571, MnO3(LSMO5) film (orange); inset: magnification of Lz peak.

The in-plane lattice parameters (obtained by RSM’s) and the out-of plane parameters
(obtained by 6 — 26) of all the LSMOs5 samples are summarized in table 6.1, together
with the resultant c/a ratio values, that denote the tetragonal distortion of the films.

The XAS spectra of LSMO5 films was obtained as the average over the absorption
intensity for both linear polarizations ((Ij + I.)/2), measured in TEY mode with the
x-rays inciding at 60 degrees respect to surface normal. The XAS spectra of LSMOs5
films is compared to that of LSMO films in fig.6.2, where the spectra of a 5nm LSMO
sample grown on STO and that of a 10nm LSMOs5 sample grown on STO are displayed.
The energy calibrated spectra does not show any significative difference in the spectral
shape, but a close look to the maximum of Lz reveals an energy shift of 150meV for
LSMOs spectra respect to LSMO. This shift towards higher energies is a consequence
of the larger Mn valence state of LSMOs5 (3.5) as compared to LSMO (3.3) [85, 117].

X-ray natural linear dichroism at room temperature

XAS spectra of 20nm LSMOs5 films grown on different substrates is shown in fig.6.3(a).
A two peaks feature is clearly visible in the lower energy region of L3 peak for all films
except for DSO. The difference between a XAS spectrum presenting this double peak
structure (LSAT) and a one not showing it (DSO) results in a spectrum (green curve at
the bottom of fig.6.3(a)) that ressembles Mn?* spectrum, as shown in the figure, where
a Mn?*" simulated spectra is displayed for comparison (magenta curve). Although the
origin of the presence of Mn?" in these films has not been fully ellucidated, Mn reduc-
tion due to atmosphere exposure and aging effects may be involved (samples showing
Mn*" were one year older than the ones not showing it). A more detailed examina-
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Figure 6.3: a) XAS spectra of LSMOs5 films grown on the indicated substrates; green and ma-
genta curves correspond to difference between LSAT and DSO sample XAS spectra
and Mn?TXAS simulation, respectively. b) XLD spectra of LSMOs5 films measured
at 300K.

tion of the Mn reduction observed in manganite films and the effects on dichroism is
presented in appendix D.

The XLD signal of LSMOs films, measured at 300K in grazing incidence configuration
(incidence angle 6 = 30deg), is displayed in fig.6.3(b). These spectra ressemble those re-
ported previously in LSMOs films grown both on LAO and STO substrates [118]. A
clear evolution of XLD signal with tetragonal distortion of the films is evidenced from
the figure, better visualized in fig. 6.4(a), where the integrated area under XLD spectra
has been computed for all films, in the L, energy region (solid symbols) and in the
whole energy range (empty symbols). The resembling tendency of both curves shows
the robustness of data and indicates that Mn>* (contributing mostly in the lower energy
region of L3) does not significantly contribute to the XLD signal, as expected. The negli-
gible contribution of Mn** to XLD signal of LSMOs5 samples is furtherly demonstrated

in appendix D.

h(3z%—1?)

h(x*=y?)

(eq. 4.1) and orbital polarization P (eq.4.3, assuming n, = 1), as shown in fig.6.4(b).
Analogously to LSMO films, also displayed in the plot, we observe a strain induced
orbital polarization, mainly driven by Jahn-Teller distortion, favouring the occupancy
of x2 — y? orbitals for tensiled strained films (DSO, STO), reaching orbital polarizations
as large as 6%, while compressively strained films (LAO,YAO) show a preferential oc-
cupancy of 3z2 — r? orbitals with orbital polarizations reaching —12%. Similarly to
LSMO case, nearly unstrained films show an abnormal polarization (—5% for films on
LSAT), revealing the surface symmetry breaking effect favouring a 3z> — r? occupancy

(see section 4.3).

From the XAS and XLD area integration we can obtain the holes ratio X =

X-ray magnetic circular and linear dichroism at low temperatures

At low temperatures, the films get magnetically ordered. With a view to disentangle the
magnetic exchange interactions between Mn ions, we performed XAS measurements
with circular and linear x-ray polarizations at low temperatures (below 5 K) and with
applied magnetic fields (up to 2 T) in the direction of the x-ray beam.
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Figure 6.4: a) Integrated area under XLD spectra for L, edge region (left axis, rthombii), and

Ly + L3 region (right axis, empty circles). b) Calculated holes ratio X (left axis) and
orbital polarization P (right axis) of LSMOs films as a function of c/a ratio. Neg-
ative polarization values indicate preferential occupation of 3z% — r? orbitals, while
positive values indicate preferential occupation of x? — y? orbitals. La, /3511 /3MnOs3
(LSMO) films values are also indicated by semi-transparent symbols.
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Figure 6.5: Polarized XAS spectra taken with right and left circular polarization at grazing
incidence configuration and with a 2T applied field in the direction of the beam,
as indicated in the sketch, for LSMOs5 sample on LSAT (upper curves) and LSMOs5
samples on DSO (bottom curves)

In fig. 6.5, we show two examples of XAS spectra taken with circular polarizations.
As it can be appreciated, film on LSAT has an important dichroic signal in both edges,
while the spectra of sample on DSO do not show any significative difference for both
polarizations, indicating that films on LSAT are largely ferromagnetic whereas those on
DSO are not.

The XMCD spectra (normalized by the maximum intensity in the averaged absorption
spectra) for all measured samples is shown in fig. 6.6(a). It is noticed that samples with
lower strain (LSAT, YAO) show the highest XMCD signal, which is reduced for strained
films (both compressive and tensile) eventually reaching a null signal for sample on
DSO. The application of XMCD sum rules [10, 11] -considering the nominal number
of holes nj, = 3.5- results in the spin and orbital magnetic moments depicted in fig.
6.6(b-empty and full circles). While the orbital magnetic moment is negligible for all
samples, the evolution of iy, as a function of ¢/a ratio is clear. Although the tendency
is reliable, it needs to be noted that the values obtained from applying sum rules to
Mn L;3 edges can result in large errors for the absolute value of m;,;;, due to the
overlapping of L3 and L, edges [12].
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Figure 6.6: a) XMCD spectra of LSMO5 samples grown on the indicated substrates. b) Calcu-
lated spin (black empty circles) and orbital (blue circles) magnetic moments as a
function of ¢/a ratio. In grey empty triangles the corrected i, values substracting
Mn?* contribution are represented.

It is also important to remark that in the XMCD spectra of LSAT, STO, YAO and LAO
samples, an important signal is visible at energies close to 640eV, corresponding to the
Mn?* peak observed in XAS spectra for these samples, thus evidencing a ferromagnetic
contribution of Mn2", parallel to the magnetic moments of Mn?t/4+ . The magnetic
contribution of Mn?* is furtherly studied in appendix D, where an excess magnetic mo-
ment of 0.3p5 due to Mn?" is detected. The correction of this excess magnetic moment
for all samples showing Mn?" peaks in XAS leads to the values respresented in fig.6.6(b-
empty triangles). This minor correction thus certifies that the Mn?" contribution does
not mask the strain tendency of the magnetic moment in these samples.

To study the existence of antiferromagnetically aligned spins in the samples measured
the linear dichroism signal at low temperatures (I' < 5K), proceeding in the same
manner as in sec.5.4.3, that is, substracting the natural dichroism obtained at 300K and
supressing the ferromagnetic contribution to XLD by means of a magnetic field (2T)
aligned with the x-rays beam).

XLD measurements were performed in grazing and normal incidence geometries.
We first discuss the results of grazing incidence XLD measurements. In this geometry,
both XAS with linear photon polarization parallel to the sample plane (E|) and almost
perpendicular to it (E, ) are registered. The magnetic linear dichroism (XMLD) curves
-obtained after substraction of the XNLD measured at 300K (data in fig.6.3(b)) to the
XLD measured at low temperature- of all measured samples are plotted in fig. 6.7(a).

Firstly, it can be noticed how the XMLD signal for the sample grown on LSAT
(c/a = 0.99), after substraction of XNLD measured at 300K, is barely zero. Thereby,
no antiferromagnetic (AF) signal is detected in this configuration. All other samples,
on the contrary, show a significative XMLD signal, accounting for an AF spin align-
ment. From the shape of the spectra, and comparing with previous works [18, 109], the
orientation of the AF axis can be elucidated. A fine indicative for the AF axis orien-
tation is the shape of the dichroic signal at L, edge (648 — 655¢V'), which corresponds
to transitions from 2p;,, to 3d levels. Exchange interactions split the 2p;,, levels into
two sublevels with magnetic quantum numbers m; = +1/2 and m; = —1/2; the charge
distribution of these sublevels is anisotropic and this gives rise to a linear dichroism for
each of the sublevels, whose sign depends on the relative orientation between the mag-
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netization direction (that will affect the charge distribution) and the light polarization.
It can be shown that for incident light parallel (perpendicular) to the AF-axis the shape
of XMLD signal at the L, edge -defining the XMLD as (I — I, )- is positive (negative)
in the lower energy region and negative (positive) in the higher energy region [18, 109].
That being so, we can estimate the orientation of the AF-axis in the measured samples
from the grazing incidence measurements: for samples on DSO (c/a = 0.96) and STO
(c/a = 0.97), AF axis is mostly parallel to the beam incidence direction, and thus paral-
lel to the sample surface, while for samples on YAO (c/a = 1.01) and LAO (c/a = 1.04),
the AF axis is mostly perpendicular to the beam, and thus perpendicular to the sample
surface. The evolution of the AF axis can be graphically visualized by monitoring the
XMLD intensity at the first peak of L, dichroic signal (650.8eV), as plotted in fig. 6.7(c),
as a function of c/a ratio. We observe how the signal at this peak changes from positive
(mostly a-AF alignment) to negative (mostly c-AF alignment) when increasing the c/a
ratio.

The spin alignment can be furtherly checked by measuring the XLD signal in normal
incidence. In this geometry, no orbital contribution needs to be subtracted, as no orbital
anisotropy is probed in normal incidence (same orbitals are explored for both linear
polarizations), and spins with AF axis perpendicular to the sample surface do not give
any dichroic signal. In fact, that is what we observe in 6.7(b) where samples on YAO
and LAO have a negligible XMLD signal. On the other hand, a clear XMLD signal
is observed for sample on DSO, signaling a preferential in-plane AF orientation that
could be caused by the orthorhombic distortion existing in this substrate. Sample on
STO however, does not show a clear shape of the XMLD, probably indicating a random
in-plane direction of the AF domains.

Therefore, in this section it was shown that LSMO5 films under compressive strain
(c/a > 0) show a preferential occupation of 3d(3z> — r?) orbitals and an antiferromag-
netic spin alignment perpendicular to the sample surface (c-AF). On the other hand,
films under tensile strain (c/a < 0) show a preferential occupation of 3d(x*> — y?) or-
bitals and an antiferromagnetic spin alignment parallel to the sample surface (a-AF).
Films having the lowest strain values (c/a ~ 0) show the smallest AF signal and the
highest magnetic moment, thus indicating a preferentially ferromagnetic exchange in-
teraction. However, still an orbital polarization is detected in unstrained films signaling
a preferential occupation of 3d(3z% — r?) orbitals, that can be attributed to surface sym-
metry breaking.

The results of the magnetic and orbital characterization shown here are in perfect
agreement with the predicted phase diagram [66], shown in fig.6.8, demonstrating the
intricate correlation between lattice, orbital and spin degrees of freedom in these sys-
tems. Our measurements here also reveal an important phase coexistence in some of
the films, presenting both FM and AF orders simultaneously.

6.3 STRAIN INDUCED PHASE SEPARATION HALF-DOPED NARROW-BAND MANGAN-
ITES (LLZ1/2CEI1/2M7’103 )

An analogous study of the orbital and magnetic order was performed in LCMOs5 films,
deposited by PLD under the same conditions as LSMO5 samples. The substrates used
and sample thickness were also identical to LSMOs5. The structural characterization
resulted in analogous trend as LSMO5 samples, with nearly fully strained samples for
all substrates except for samples on YAO and DSO, that showed partial relaxation. A
summary of the in-plane and out-of-plane lattice parameters, obtained by means of g-
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Figure 6.7: a) XMLD spectra of LSMOs5 films grown on the indicated substrates, obtained as
XLD(5K, 2T)-XLD(300K, 0T), in grazing incidence with magnetic field applied in the
direction of the beam as sketched in the figure. b) XMLD spectra taken in normal
incidence, as sketched. c) Intensity at the first peak of XMLD signal (indicated by
rhombus in panel a) for grazing incidence measurements as a function of c¢/a ra-
tio; positive (negative) signal indicates preferential in-plane (out-of-plane) AF spin
alignment, as indicated by sketches.
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Figure 6.8: Phase diagram as calculated by Fang et al.[66] for tetragonally distorted
Lay_SryMnOjz. Dots correspond to the c/a values obtained for our Lay /5571, MnO3
films. The pictures indicate the corresponding orbital and spin orders in each phase.
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plots and 6 — 26 scans (see ref. [116] for full structural characterization information) is
shown in table 6.2.

substrate 3 (%)  a(gplov (A)  c@-20) (A) c/a

DSO +2.87 3.91 3.733 0.955
STO +1.96 3.907 3.74 0.957
LSAT +1.04 3.865 3.77 0.975
LAO -0.99 3.793 3.88 1.023
YAO -2.87 3.833 3.90 1.017

a(LCMOs bulk)=3.83oA

Table 6.2: Lattice mismatch, in-plane and out-of-plane calculated parameters and c/a ratio for
all LCMOs films (20nm thick).

XAS spectra, resulting from the average of intensities taken with in-plane and (almost)
out-of-plane linear polarized light in grazing incidence configuration (30deg incidence
respect to sample surface) at 300K are shown in fig. 6.9(a). While no big differences
are observed in the XAS for the different samples (and no relevant contributions from
Mn**t), XLD (fig.6.9(b)) reflects the differences in orbital occupancies for the different
samples.
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Figure 6.9: a) XAS spectra of LCMOs5 films grown on the indicated substrates. b) XLD spectra
of LCMOs films measured at 300K.

The area under the L, edge and under the total XLD spectra is plotted in fig.6.10(a)
as a function of tetragonal distortion of the films (represented by c/a ratio). Although,
within error, the tendency is similar, the strain modulation does not show as clear as in
LSMOs films. This is better visualized in the fig. 6.10(b), where the holes ratio X and
orbital polarization for LCMOs5 films is compared with LSMOs5 series: while in LSMOs5
the orbital polarization shows an almost linear dependence with the c/a ratio, the strain
induced orbital tunability does not show as evident in LCMO5, where all samples show
a negative orbital polarization (larger occupancy of 3z — r?) except the sample on STO.

The magnetic moment of the samples was explored by means of XMCD measure-
ments. Due to the largely insulating character of LCMO5 films leading to high resis-
tance at low temperatures, XMCD measurements had to be acquired at 50K. A magnetic
field of 1T was applied in the direction of the beam to maximize the XMCD signal. The
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Figure 6.10: a) Integrated area under XLD spectra for L, edge region (left axis, rhombi), and
Ly + L3 region (right axis, empty circles). b) Calculated holes ratio X (left axis)
and orbital polarization P (right axis) of LCMOs films as a function of ¢/a ratio.
Negative polarization values indicate preferential occupation of 3z> — 2 orbitals,
while positive values indicate preferential occupation of x> — y? orbitals. LSMOs5
films values are also indicated by semi-transparent symbols.
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Figure 6.11: a) XMCD spectra of LCMOs5 samples grown on the indicated substrates (vertical
scale is the same as in fig.6.6). b) Calculated spin (black empty circles) and orbital
(blue circles) magnetic moments as a function of c¢/a ratio for LCMOs5 films. In
magenta the iy, values obtained for LSMOs5 are shown for comparison.

spectra, normalized to the average absorption, are shown in fig. 6.11(a) for all sam-
ples measured. Only samples on YAO and LAO showed a visible XMCD signal, being
quite reduced or almost zero for the rest of the samples in the series. The calculated
spin and orbital magnetic moments are shown in fig. 6.11(b), where spin magnetic
moment of LSMOs5 samples is also shown for comparison. As observed here, the val-
ues for LCMOs5 films lay far from the maximum expected magnetic moment of 3.5
for LCMOs, demonstrating that a ferromagnetic phase cannot be stabilized within the
strain values explored here.

The antiferromagnetic spin alignment was explored by magnetic linear dichroism
measurements in grazing incidence, also at 50K. The XMLD spectra (obtained after
subtraction of XNLD and suppression of ferromagnetic component by applying a 1T
magnetic field) are shown in fig. 6.12(a) for the measured samples. Paying attention to
the signal at the L, edge, it can be observed an inversion of the dichroic signal between
tensile strained films (STO, DSO) and compressively strained films (LAO, YAO), as
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Figure 6.12: a) XMLD spectra of LCMOs5 films grown on the indicated substrates, obtained as
XLD(50K, 1T)-XLD(300K, 0T), in grazing incidence with magnetic field applied in
the direction of the beam as sketched in the figure. b) Intensity at the first peak
of XMLD signal (indicated by rhombus in panel a) for grazing incidence measure-
ments as a function of c¢/a ratio; positive (negative) signal indicates preferential
in-plane (out-of-plane) AF spin alignment.

evidenced by monitoring the intensity of the first peak in the L, edge signal, as a
function of c/a ratio (fig. 6.12(b)), signaling a transition from a preferential in-plane AF
spin alignment for tensile strained films to a preferential out-of-plane AF alignment for
the compressive strained ones.

Thus, LCMOs5 films show an orbital order less sensitive to tetragonal distortion in
the films. Tensile strained films show an AF phase with in-plane oriented axis and
compressive strained films show out-of-plane AF spin alignment in coexistence with a
weak ferromagnetic signal, thus evidencing a notable phase separation in these films.
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Figure 6.13: Tentative phase diagram for half-doped manganite films as a function of strain in
the films
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ORBITAL MEDIATED CONTROL OF PHASE SEPARATION IN HALF-DOPED MANGANITE FILMS

In this chapter we have explored the orbital and magnetic order in LSMO5 and
LCMOs thin films, epitaxially grown on substrates imposing a tetragonal distortion
in the films. In LSMO5 a clear modulation of the orbital occupancy, promoted by the
splitting of e, levels due to the structural symmetry lowering, follows the expected ten-
dency with strain in the films. This strain induced orbital occupancy matches perfectly
with the expected magnetic phase diagram, where the stabilization of x> — y? levels
(case of tensile strain) favors a a — AF phase and the stabilization of 3z%2 — 12 levels (case
of compressive strain) favors a ¢ — AF phase. While intermediate strain values show
clear signatures of phase separation (coexistence of AF and FM phases), unstrained
films show the largest magnetic moment values, signaling the stabilization of a FM
phase.

On the other hand, LCMOs5 films show a somewhat lower correlation between orbital
polarization and structural distortion. Low temperature dichroism show a FM/c — AF
phase coexistence for compressively strained films, while tensile strained films show
a barely null magnetic moment and an in-plane AF interaction, that may correspond
to a — AF phase or to the proposed CE-type ordering (consisting on FM zigzag chains
coupled antiferromagnetically)[114].

These conclusions can thus be summarized in the tentative phase diagram pictured
in fig.6.13



STRAIN TUNING OF ORBITAL STATES IN NICKELATE
PEROVSKITE THIN FILMS

Nickelate perovskites constitute another prototypical system to explore the effects of
strain induced structural distortions in the tuning of 3d orbital occupancy in thin films.
In this chapter we will explore the influence of these structural distortions in the orbital
polarization as well as on the degree of covalence, directly related to the conduction
properties of the films, and the relevance of surface symmetry breaking effects

HedHe

7.1 INTRODUCTION

As stated by M.L.Medarde in her review on RNiO3z (R =rare earth) perovskites [119],
these materials provide a remarkable opportunity to study the relationship between
structural and physical properties. The main characteristic of these compounds is a
sharp metal-to-insulator (M-I) transition occurring at a temperature Tys_; that can be
correlated with the size of the R ion: the smaller the R ion, the larger Tjs_; value is
found. In addition, antiferromagnetic order appears at low temperatures.

In RNiO3 compounds, the conduction bandwidth is determined by the degree of
hybridization between oxygen p and nickel d orbitals: when the hybridization gets
reduced a gap opens and the material becomes insulator. Thus, Ni — O — Ni bond
angles play a major role in the properties and, by reducing the R ion size, the perovskite
structure gets distorted and the bond angles get reduced, thus reducing also the orbital
overlapping [120].

In the same manner as R ions can control the bandwidth, strain in epitaxial films
can be considered as a more suitable parameter to tune the properties of nickelate
compounds via substrate-imposed structural distortions. This strategy has been proved
to be effective in the control of M-I transition temperature in several compounds [121,
122], however the influence of strain on Tj;—; was found to be strongly asymmetric,
pointing to different kind of structural distortions for tensile and compressive strained
films.

LaNiO3 (LNO), contrary to the rest of compounds in the RNiOj3 series remains metal-
lic and paramagnetic at all temperatures. Having a rhombohedral structure (while the
rest of RNiO3 compounds show orthorhombic symmetry), LNO displays the largest
Ni — O — Ni bond angle (165.2deg) [123], and the most stable stoichiometry, favouring
its obtention in bulk and thin film form. The metallic character of LNO and its structural
similarity with many oxide perovskite compounds makes of LNO highly profitable as
electrode in oxide heterostructures. Recently, LNO has attracted the attention due to the
theoretical possibility to obtain a 2D conduction confinement leading to orbital ordered
superconducting phases in superlattices composed of thin LNO layers separated by in-
sulator layers [124] and theoretical and experimental studies are focused on achieving
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large orbital polarizations leading to electronic structure configurations resembling that
of high-T¢ cuprate superconductors [16, 75, 105].

Recent reports in LNO films have revealed asymmetric orbital response to substrate
induced strain [125], thus suggesting a mechanism for strain control of the single e,
electron of Ni** (having a low spin configuration 3d” : (tggeé)) different from the Jahn-
Teller related distortion mechanism observed in Mn®*[26, 27]. Indeed, strain-induced
structural distortions have been shown to promote different octahedra rotation modes
in the perovskite structure, modifying bonding angles and distances in a different way
for tensile and compressive induced strains [126, 127], factors that can profoundly affect
the orbital configuration and hybridization schemes in LNO thin films, requiring further
investigation in this respect.

In this chapter we will explore the influence of structural distortions induced by
biaxial strain in LNO thin films in the orbital ordering of Ni — 3d states and in the
Ni(3d) — O(2p) hybridization strength, probing as well the impact on the conduction
properties of the films. Furthermore, the effects of symmetry lowering produced at the
surfaces of the films or in structurally relaxed films will be examined.

7.2 STRAIN DEPENDENT TRANSPORT PROPERTIES OF LE[NZOg EPITAXIAL THIN
FILMS

7.2.1  Structural characterization
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Figure 7.1: a)0 — 26 scans around the symmetrical (002) reflection of 14nm LNO films and indi-
cated substrates. Dashed line indicates the expected angular position for bulk LNO
reflection. b) Grazing incidence 6 — 26 scans around (110) reflection for 5 and 14nm
LNO films on YAO. ¢) Grazing incidence 6 — 26 scans around (220) reflection for
14nm LNO films on LAO, LSAT and STO substrates.

Epitaxial growth of LaNiOs; (LNO) films on single crystal substrates was achieved
by PLD deposition technique at an oxygen pressure P = 0.15mbar and keeping the
substrate at a temperature T = 700°C. The number of laser pulses was varied to ob-
tain films with nominal thickness between 2 and 35nm, according to previous growth



7.2 STRAIN DEPENDENT TRANSPORT PROPERTIES OF LﬂNlO?, EPITAXIAL THIN FILMS 95

Substrate (mismatch*) Film thickness (nm) a (A) ¢ (A) strain** (%)

STO (+2%) 14 389 380  +1.6%
LSAT (+1.0%) 14 386 382  +0.8%
LAO (—1.0%) 14 380 391  —0.8%
YAO (—3.1%) 14 382 38  —03%
YAO (—3.1%) 5 381 - —0.5%

* mismatch = (as,ps — apN0) /ALNO

** strain = (a Film — LNO)/ALNO see substrate pseudo-cubic parameters in fig.1.2

Table 7.1: In-plane (2) and out-of-plane (c) lattice parameters and calculated strain values for
LNO films with the indicated thickness grown on the indicated substrates.

rate calibrations. We used single crystal substrates with a (001) orientation having a
(pseudo)cubic lattice parameter smaller (YAO, LAO) or larger (LSAT, STO) than the
pseudocubic parameter of LNO (3.83A).

In the 6 — 20 patterns of fig. 7.1 (a), we can observe the symmetrical reflections cor-
responding to (002) diffraction planes of substrates and films (the latter ones indicated
by arrows) with a thickness of 14nm. Biaxial strain promoted by cubic substrates is ex-
pected to induce a tetragonal distortion in the pseudocubic LNO lattice, elongating the
lattice in the in-plane directions and therefore compressing in the out-of-plane c axis
for tensile strain (case of STO and LSAT), while the contrary is expected in the cases
of substrates inducing compressive strain (LAO and YAQO). These expectations are in
accordance with the position of the observed film reflections respect to the substrate:
films on STO and LSAT show reflections at higher angles than substrate (and also at
higher angles than the expected reflection for bulk LNO), indicating compression of c
axis, and films on LAO and YAO show the reflection at lower angles. However, the
film on YAO, having the largest mismatch along the series, displays the film reflection
at higher angles than expected, and close to the bulk LNO position, thus evidencing a
lower effect of the biaxial strain.

The strained state of the films structure was furtherly explored by means of grazing
incidence x-ray diffraction, which enables the access to symmetrical in-plane reflections.
We explored the (hh0) reflections of our films, thus accessing the in-plane lattice pa-
rameters of the films. As we observed by exploring the (110) reflection for films grown
on YAO (see fig.7.1 (b)), the in-plane lattice parameter is not coincident with that of
substrate (reflections appear at different angular positions), even for film thicknesses
as low as 5nm, thus confirming the rapid lattice relaxation occurring in films grown
on YAO substrate (which have the largest mismatch with LNO: —3.1%). Films on
other substrates however, show a barely coincident angular position for film and sub-
strate in-plane (220) reflections, attesting for an almost fully strained state of the films.
A summary of the lattice parameters obtained by exploring symmetrical reflections is
shown in table 7.1.

So far we have considered the substrates to induce a tetragonal distortion, modi-
fying the c/a ratio in the LNO films respect to bulk pseudocubic lattice parameters.
However, a more intricate picture may be considered in LNO thin films, where the
distortion induced by the substrate does not only modify the ¢/a ratio but can also pro-
mote rotations of the NiOg octahedra, thus furtherly lowering the structural symmetry.
The oxygen octahedral rotations have been measured in epitaxial LNO films grown on
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Figure 7.2: Reciprocal space maps around (103) (a) and (113) reflections in STO/ /LNO(14nm)
, and around (103) (c) and (113) (d) reflections in STO//LNO(35nm)

LAO and STO substrates [127], showing different rotational patterns for both films, that
force to describe the atomic structure by monoclinic space group. In order to explore to
which extent this monoclinical distortion is relevant in our films, we measured different
asymmetrical reflections by means of high resolution x-rays reciprocal space mapping
in films deposited on STO substrates. In fig. 7.2(a) the RSMs around (103) and (113)
reflections obtained for 14nm LNO film on STO are shown as example. Within the reso-
lution of the diffractometer, a single LNO diffraction peak is observed"' thus signaling a
tetragonal structure in this film with no evident signatures of octahedra rotations that
would induce the presence of extra peaks in the RSM.

The situation is however different in the case of thicker films. In fig 7.2(b), RSM
around (103) and (113) reflections for 35nm LNO film on STO show a much broader
structure where the contribution from different peaks can be evidenced: while still a
predominant tetragonal fully strained phase is derived from the RSMs, the observed
extra peaks signal a structural relaxation towards bulk LNO structure with the possible
emergence of domains of lower symmetry phases that could be related to rhombohedral
bulk LNO structural phase.

7.2.2  Conduction properties

The temperature dependent resistivity of LNO films was measured by four-contact
Van der Pauw method, as described in appendix A. As expected, the films show a
metallic behaviour in all range of temperatures. It is however noticeable (see fig. 7.3)
an increasing resistivity when reducing films thickness and, for ultrathin films (2nm -
tig.7.3(a)) a kink at low temperatures evidences a metal to insulator transition.

1 identical RSMs were obtained for the (—103), (013), (0 — 13) and (1 — 13) reflections
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Figure 7.3: Temperature dependence of resistivity in 2nm (a), 5nm (b) and 14nm thick LNO
films grown on the indicated substrates (in parenthesis the lattice mismatch between
LNO and substrates)

For each thickness, a same sample sequence is observed: films grown on YAO dis-
play the largest resistivity, and the tendency of other samples is such that p(STO) >
p(LSAT) > p(LAO). While the increased resistivity of films grown on YAO can be
attributed to the observed structural relaxation of these films, thus presenting more de-
fects acting as scattering centers that disturb the metallic behaviour, in the rest of the
films where similar sample quality and epitaxy is expected, the resistivity dependence
can be related to strain effects. Indeed, the data suggest a favoured conduction for com-
pressively strained films, while tensile strained films show reduced conductivity. This
is even more evident for ultrathin samples (fig.7.3(a)), where film on LAO (mismatch
—1%) show a clear metallic behaviour in all range of temperatures, while films on LSAT
(mismatch +1%) and -more markedly- on STO (mismatch +2%) display a minima in
the resistivity at low temperatures (below 50K). The insulating behaviour at low tem-
peratures was already reported for LNO films on STO [128, 129] and was associated to
weak localization phenomena in ultrathin films, originated by quantum interference be-
tween the wavefunctions of scattered electrons, specially relevant at low temperatures,
where the mean free path becomes comparable to the electron wavelength [130].

The temperature dependence of the resistivity could be fitted by using the following
expression [130, 131, 132]:

1
T) = ———
p(T) o T ar T

Here oy is the classical Drude conductivity, while the term a;T7 accounts for weak
localization effects, where the exponent p reveals the relevance of electron-phonon (for
p = 3/2) or electron-electron (p = 1/2) interactions in the localization effects. In our
case, for thicker films (t > 2nm) a successful fitting at low temperatures was obtained
for p = 3/2, while for the thinnest films (t = 2nm) a value of p = 1/2 resulted in
better agreement with the experimental data, showing the relevance of electron-electron
interactions in ultrathin films. The last term, bT*, represents the temperature dependent
scattering, where « varies depending on the scattering mechanism. At low temperatures
electron-electron repulsion yields « = 2, however in strongly correlated systems charge

+bT" (7.1)
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Figure 7.4: a) Fittings to experimental p(T) curves using eq.7.1 for 2nm (top) and 14nm (bottom)
LNO films on STO. b) Strain dependence of conductivity for LNO films with the
indicated thicknesses

localization can reduce this value [133]. In our case, all fittings resulted in a value
x ~ 1.3 — 1.4, in accordance with previous reports [131, 133]. Some examples of the
tittings obtained for LNO films on STO are shown in fig. 7.4(a).

The values of conductivity op obtained from the fittings (fig. 7.4 (b)) show the ten-
dency of the conduction properties as a function of strain. As already observed in the
resistivity curves, in fully strained films (those on LAO, LSAT and STO), larger conduc-
tivities are obtained for compressive strained films, while tensile strained films show
reduced values. A large decrease is also found in partially relaxed films (those on YAO),
not following the tendency observed for the other films in each thickness series.
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Figure 7.5: Temperature dependence of resistivity (a) and conductivity as a function of sample
thickness (b) for LNO films on STO

The intimate link between structural and transport properties of the films is furtherly
evidenced by studying the thickness dependence of resistivity curves. As shown in
tig. 7.5 (a) for STO series, the conductivity increases with sample thickness in the range
2 — 14nm, however, films with larger thickness (35nm) display a drop in the conductivity
(tig. 7.5 (b)). This non-monotonic behaviour may be related to the observed structural
transformations in the films, evolving with sample thickness. From the XRD studies
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shown in previous section, it can be derived a tetragonal to (probably) rhombohedral
structural transition with increasing film thickness, occurring between 14 and 35nm,
presumably responsible of the conductivity drop. In fact, domain formation, associ-
ated to the rhombohedral distortion, can introduce twin boundaries or other extended
defects affecting the conduction mechanisms in these samples.

7.3 STRAIN AND SURFACE INDUCED ORBITAL OCCUPANCY IN LHNZO3 EPITAXIAL
THIN FILMS

To explore in detail the origins of the strain and thickness dependent transport proper-
ties in LNO films, we examined the Ni — L edge (in this section) and O — K edge (in
the next section) XAS in order to get insight into the distribution of Ni — 34 electrons
and their hybridization with O — 2p states, respectively.
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Figure 7.6: a) XAS spectrum for 14nm LNO film on STO (black) and resultant XAS curve (blue)
after substraction of lorentzian fit to La — My peak (dashed line); inset: zoom of La-
peak subtracted XAS in the Ni — L3 edge for 14nm LNO films grown on the indicated
substrates. b) Normalized XLD spectra of 14nm LNO films.

Ni — L edge absorption spectra were acquired at 300K in grazing incidence configu-
ration (30 degrees incidence respect to sample surface) with linear polarization (both
parallel and almost perpendicular to sample surface) measuring the total electron yield.
The isotropic XAS spectra were obtained as the average of intensity obtained with both
linear polarizations, (I + I,)/2. In fig.7.6(a) the XAS spectrum of 14nm sample grown
on STO is shown (black line, main panel). The La — My edge absorption is unavoidably
overlapping part of the Ni — L3 edge, so a lorentzian fit to the La peak was subtracted
from spectra, in order to leave alone the Ni — L3 edge contribution. Ni — L, on the
other hand, is not affected by any overlapping with La peaks.

The resultant Ni — L;3 spectrum resemble that of N 3T (see refs. [121, 122, 134, 135,
136]) and presents a double peak structure in the Ni — L3 edge, as indicated in the inset
of fig. 7.6(a) as peaks a and b. The splitting and relative intensity of these peaks have
been associated to the Ni — O hybridization strength [121, 122, 135, 136]. In our case,
however, these two parameters (energy splitting and relative intensity) do not variate
appreciably (within the error introduced by La — M edge substraction) along the strain
series. Therefore, as we will see in next section, other methods need to be employed to
study the evolution of Ni — O hybridization in these samples.

Nevertheless, the linear dichroic signal, XLD = [ — I is not greatly affected by
La — M, edge absorption signal and can provide reliable information on the orbital oc-
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Figure 7.7: a) Area under XLD at L, edge (full circles) and under full spectra (empty rhombi). b)
Holes ratio (left) and orbital polarization (right) obtained for 14nm thick LNO films
as a function of strain in the films

cupancy of the single e, electron in the Ni*" — 34 states (having a low spin configuration
3d” : (t,¢5)) - Indeed, the XLD spectra of 14nm LNO samples (fig.7.6(b)), normalized to
Ni — L, absorption, reveal profound strain induced modifications in the electron occu-
pancy of d orbitals. As observed in the figure, sample on LAO (compressively strained)
shows a clear positive signal in both L edges, thus indicating larger absorption for in-
plane oriented orbitals (more available states at in-plane orbitals), while sample on STO
(tensile strained) displays a clearly negative signal (more available states in out-of-plane
orbitals). Samples on LSAT (slight tensile strain) and on YAO (compressive - partially
relaxed) show intermediate-barely positive signals.

The integrated area under XLD (in the region 858 — 882¢V) resulted in analogous
tendency as the integration in the L, edge region - not affected by La — M, edge (fig.
7.7 (a)), thus proving the robustness of the data. In the same manner as in manganites
(chap. 4), we can apply the sum rule to the XLD [15, 74], to obtain the ratio of holes

in the 3d — e, levels, X = }]2((1222:;22)). The results, depicted in fig. 7.7 (b) as a function of

strain in the films, demonstrate the effective tunability of orbital occupancy induced by
Jahn-Teller distortion in the films, favouring the occupancy of x? — y? (3z> — r?) orbitals
for tensile (compressive) strain. The orbital polarization can be calculated as:

b N2 o —MN32 2 _ (4 B 1) X—-1 (7.2)

My2_yp +N3z2 g2 Me, X+1

, where the factor 4 accounts for all spin up and spin down e, states (while for LSMO
we only counted with spin up states in eq.4.3). Assuming a constant number of e,
electrons 1., = 1 along the series, the orbital polarization is altered from —9% to 9% ap-
proximately (fig.7.7-right axis), within the explored strain regime (from —1% to +1.6%
). This result thus is at odds with previous report showing an asymmetric orbital re-
sponse to strain in LNO films [125], but seems to be coherent with more recent results
in LNO superlattices grown on different substrates imposing tensile strain [16].

Being revealed the strain induced orbital polarization, we studied the thickness de-
pendence of absorption signal in order to ascertain the surface effects on the orbital
configuration in ultrathin LNO films by measuring the Ni — L edge XAS/XLD of STO
samples series in the thickness range 2 — 35nm. It is firstly noticed, in the XAS spec-
tra (fig. 7.8(a)) an evolution of the absorption signal, specially evident in the Ni — L3
edge, where a large modification in the double peak structure previously mentioned is
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Figure 7.8: a) Top: Ni — L edge XAS spectra of LNO films grown on STO, for different sample
thicknesses; inset in top: zoom of Ni — L, edge; Bottom: Reference XAS spectra from
ref.[134]. b) Intensity ratio between a and b peaks in Ni — L3 edge, obtained from
gaussian fitting as shown in the inset for 5nm LNO sample.

observed. Comparing our experimental spectra with others reported in literature (see
bottom panel of fig.7.8(a)), we can identify a spectral shape resembling Ni** for thicker
films (> 14nm), however, thinner films, displaying a prominent larger intensity in the
low energy region of the Ni — L3 edge, and an incipient double peak structure in the
Ni — L, edge (see inset of fig. 7.8(a)) shows a closer similitude to the reported spectra
associated to Ni*T.

These spectral variations can also be interpreted in terms of modified orbital hy-
bridization. Indeed, the origin of the double peak in Ni** edge is attributed to a mul-
tiplet structure due to the presence of ligand holes (L) from O(2p) hybridized states,
leading to a Ni ground state configuration 3d” + 3d®L + 3d°L?, where the relevance of
ligand terms depends on the degree of hybridization. Experiments and calculations
show that in the insulating state a clear splitting of this double peak structure is ob-
served [135]. While the splitting energy was directly correlated with the charge transfer
energy (the energy necessary for one O(2p) electron to jump to the Ni(3d) state) [121]
it was shown that similar values of energy splitting could be found for different RNiO3
films, and splitting was only dependent on the measurement temperature, showing a
larger value in the insulating regime than in the metallic one [136]. On the other hand,
the intensity ratio between the peaks (named a and b as seen in fig.7.8(b-inset)) was
shown to be strongly dependent on the R ion, increasing I(a)/I(b) for decreasing R
cation size [135], thus evidencing the influence of decreased hybridization on the XAS
spectra. This increasing ratio was also observed in SmNiO3 [122] and EuNiOs[121]
films by imposing a tensile strain.

In our case, although we cannot directly appreciate the strain evolution in our films,
the peaks ratio -obtained by gaussian fitting of a and b peaks in the Ni — L3 measured at
300K (see inset in the fig.7.8(b))- show a clear evolution with sample thickness (fig.7.8(b-
left axis)), notably increasing for t < 14nm. According to previous observations, this
thickness dependence points to a weaker hybridization at the surface layers in the films,
that would explain the depleted conduction properties observed in thinner films. On
the other hand, the energy splitting between both peaks remains at a constant value of
1.3+ 0.05eV (fig.7.8(b-right axis)).

The orbital occupancy of the 3d states also shows a pronounced evolution with thick-
ness. As shown in fig. 7.9(a), the XLD signal, mainly negative for 14nm film, as cor-
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Figure 7.9: a) Normalized XLD spectra of LNO films grown on STO with different sample thick-
nesses. b) Holes ratio (left) and orbital polarization (right) obtained for STO//LNO
films as a function of sample thickness

responding to tensile strain state in the films grown on STO, becomes positive when
reducing the thickness, indicating a reversed orbital occupancy at the surface. Interest-
ingly, thicker film (35nm) escapes from the observed tendency, showing a reduced XLD
signal. The evolution of XLD signal with sample thickness, translated to holes ratio X
and orbital polarization P, is represented in fig.7.9(b).

These data can be interpreted in the same way as the thickness dependent XLD found
in manganite thin films (chap. 4): in thicker films, where the contribution of bulk orbital
polarization -induced by strain effects- dominates the dichroic signal, the sign of the
XLD is determined by this strain induced polarization; however, by reducing the sam-
ple thickness below the TEY probing depth (~ 3nm), the signal originated at the surface
layers becomes more relevant to the total XLD signal, and surface induced orbital polar-
ization dominates the XLD. In this case, tensile strained films on STO show a positive
orbital polarization in the bulk - as expected from strain effect, but a negative orbital
polarization emerges at the surface, identically to LSMO films studied earlier in this
thesis. The origin of this negative polarization can be attributed to surface symmetry
breaking, favouring a 3z> — r* occupancy, due to the reduced Ni coordination in NiO,
terminating layers [137]. Furthermore, polar distortions observed at the surface of LNO
films can also induce relative displacements between oxygen and cations in the out-of-
plane z direction [138]. The elongated dy;_o distances in z also favours the occupancy
of 3z% — 72 orbitals and polar distortions induce a decrease in the Ni — O — Ni angles
that could be responsibles of the weakened hybridization observed in the thinnest films.

From these conclusions we can therefore give an explanation to the observed asym-
metric strain effects on the orbital polarization observed in previous reports [125]: while
in the case of compressive strained films both strain and surface effects promote a
3z% — r? occupancy in the e, levels, for tensile strained films, surface layers show an
opposite orbital occupancy to that of underneath layers and the resultant XLD signal
will depend on the relative contribution of both effects to the total signal.

In thicker films, where structural relaxation takes place, strain is shown to be less
effective at modulating the orbital occupancy, and in the most superficial layers -where
structural relaxation is expected to be more pronounced- both significant octahedra ro-
tations and reduced coordination can profoundly affect the orbital polarization, leading
in this case to an almost negligible orbital polarization.



7-4 STRAIN-INDUCED MODIFICATION OF ORBITAL HYBRIDIZATION

7.4 SPECTROSCOPIC EVIDENCE OF STRAIN-INDUCED MODIFICATION OF ORBITAL
HYBRIDIZATION

Epitaxial strain, as discussed above, is known to promote modifications in the Ni — O
distances and Ni — O — Ni bonding angles through octahedra distortions and rotations,
modulating the Ni(3d) — O(2p) orbital overlapping that regulates the hybridization
strength responsible for the semicovalent character of nickelates.

This orbital overlapping is also responsible for the availability of excited states related
to O(2p) levels hybridized with Ni(3d), that can be explored by O(1s) — O(2p) tran-
sitions originating the O — K absorption edge. In fig. 7.10 (a) O — K edge spectra of
14nm LNO films grown on LAO, LSAT and STO substrate are shown. The spectra have
been normalized in the high energy region (above 550eV’). Each of the peaks observed
in the spectra is related to hybridized states between oxygen and adjacent cations [139],
as indicated in the figure. Of interest here is the prepeak showing up below 530eV,
associated to hybridization with Ni(3d) states. The more available O(2p) states (due to
ligand holes introduced by hybridization with Ni(3d)), the larger absorption intensity
will be observed in this prepeak. Thus, the O — K prepeak intensity provides a mea-
sure of the orbital hybridization strength, that can be quantified by calculating the area
under the prepeak [140].

Performing this integration in the spectra of the 14nm sample series leads to the val-
ues indicated in fig.7.10 (b-black points) as a function of strain, evidencing a strain
modulation of the hybridization strength. In addition, the energy threshold of the pre-
peak shows a shift towards lower energies for increasing tensile strain (fig. 7.10 (b-red
triangles), in accordance with previous reports [125]. This shift towards lower values
can be explained as a result of larger occupancy of O(2p) levels for tensile strained
films, resulting in a better shielding of nuclear charge and consequent reduction of the
binding energy of O(1s) level [141].

Examination of the spectra for 5nm sample series (see fig. 7.10 (c)), resulted in anal-
ogous strain tendency of the prepeak intensity and energy threshold (fig. 7.10 (d)). It
is however noticeable a double peak structure observed in the spectrum of the LNO
film on STO, that could indicate the presence of divalent N 2t states for this sample,
as shown in ref. [139]. Nevertheless, it cannot be ruled out the contribution from oxy-
gen signal coming from STO substrate, which is known to have a contribution around
530eV [142].

Having into account the results depicted in section 7.2.2, we can correlate the macro-
scopic conduction properties of the films with the hybridization strength evidenced
by spectroscopic measurements. This is represented in fig. 7.11, where the relation-
ship between the O — K edge prepeak area -affected by the strain in the films- and the
conductivity of the samples is plotted. The induced distortions introduced by substrate-
imposed strain in the films modulate the bandwidth via modifications of the Ni — O
hybridization. A larger hybridization (and thus larger bandwidth) is obtained in films
subjected to a compressive strain, showing the largest conductivity values. Tensile
strain reduces the hybridization and consequently -due to reduced bandwidth- the con-
ductivity in the films gets depleted.

In RNiOj3 nickelates the transfer integral between Ni(3d) and O(2p) (proportional to
the bandwidth) is given by [138]:

sin(6/2)
tpa = KT (73)
Ni—O
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Figure 7.10: O — K edge XAS spectra of 14nm (a) and 5nm (c) LNO films; in the insets, a zoom
of the pre-peak region is displayed. Area under O — K edge prepeak as a function
of strain in the films for 14nm (b) and 5nm (d) thick films.

Figure 7.11: Plots showing the dependence of sample conductivity on the O — K prepeak area
and films strain for 14nm (a) and 5nm (b) thick LNO films.



7.5 SUMMARY

, where 6 and dy;_o are the Ni — O — Ni in-plane bonding angle and Ni — O in-plane
bond distance, and K is determined from the p — d orbital covalent hopping integral
(K = 13.7eV A35 [138]). Values of 6 and dy;_o have been reported for LNO films grown
on STO and LAO (857 = 165.8°, 9140 = 164°, d3[° = 1.9684, dk\9, = 1.916A)[127],
leading to transfer integral values tigo = 1.27eV and t%o = 1.39¢V. Thus, compressive
strained films (LNO on LAO) are expected to display a larger transfer integral (larger
bandwidth) than tensile strained films (LNO on STO), which is in accordance to our
results showing larger hybridization (and larger conductivity) for compressive strained
films. According to the structural data extracted by May et al. [127], the increased
overlapping leading to enlarged hybridization would be mainly dictated by the reduced
in-plane Ni — O distances imposed by compressive strain.

7.5 SUMMARY

We have grown LNO films on different substrates, achieving fully strained epitaxial
growth for films grown on substrates having a mismatch under 2% and for films having
a thickness under 15nm. Films grown on substrates with a lattice parameter 3% lower
than bulk LNO (YAO) grow almost fully relaxed even for film thicknesses as low as
5nm, while thicker films on other substrates (STO) start showing relaxation for film
thicknesses larger than 14nm.

It was shown that in fully strained films, the conductivity of the samples could be
correlated with the strain state, showing larger conductivity values the films subjected
to a substrate imposed compressive strain. The increased conductivity values in these
samples could also be correlated to a larger degree of Ni(34) — O(2p) hybridization.
However, ultrathin films show a large depletion of the metallic character as well as
notable decrease in the hybridization strength.

The strain modulation of this hybridization could be correlated to the induced distor-
tions in the Ni — O in-plane distances: increased distances induced in tensile strained
films reduce the orbital overlapping thus reducing the effective bandwidth. On the
other hand, at the surface of the films, reduced coordination and polar distortions pro-
mote both charge localization and reduction of Ni — O — Ni bond angles, also reducing
the bandwidth at the surface layers.

The effect of these distortions is also noted in the orbital polarization: the orbital order
of the films was shown to be strain-controlled, favouring the occupancy of x> — y? (3z% —
r?) orbitals in tensile (compressive) strained films. However, in ultrathin films, a relevant
orbital polarization induced by surface symmetry breaking is evidenced, promoting the
occupancy of 3z% — r? orbitals.
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ORBITAL RECONSTRUCTION IN HIGHLY CONDUCTIVE OXIDE
INTERFACES

At the interface between two band gap insulators, a highly conductive 2-dimensional
electron gas emerges, in conjunction with a band reconstruction, induced by the quantum
confinement at the interface. Here we show that the band symmetry of the interfacial
states can be controlled with the crystallographic orientation.
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8.1 INTRODUCTION

Probably one of the most celebrated breakthroughs in the field of oxide materials (to-
gether with the discovery of high-T¢ cuprate superconductors or the colossal magne-
torresistance in manganites) has been the finding of metallic behaviour at interfaces
between two band insulators: LaAlO3 (LAO) and SrTiO5; (STO) [143]. The conductance
in these kind of heterostructures is highly confined (within few unit cells), forming a
2-dimensional electron gas (2DEG) with a sheet carrier density above one order of mag-
nitude higher as compared to conventional semiconductors structures, where this kind
of quantum well (QW) confinement can also be observed.

Interestingly, the 2DEG is only observed in STO/LAO heterostructures with STO-
TiO, terminating planes [143] and for LAO thicknesses larger than a critical value [144],
pointing to a microscopic origin related to a electrostatic reconstruction at the interface
[143]. However, the dependence on oxygen content during growth[143, 145] and the
recent observation of 2DEG at interfaces with crystal orientations not showing a polar
discontinuity [146, 147, 148] or even in STO surfaces cleaved in ultra-high vacuum [149],
suggest the influence of different mechanisms like the formation of oxygen vacancies
generating free carriers at the interface [150, 151, 152].

Independently of the still unclear origin of the 2DEG in these systems, these TMO
interfaces provide an ideal playground for the exploration of new physics at interfaces.
Indeed, the much narrower bandwidth of d electronic levels of transition metals -as
compared to the wide s or p bands- results into the emergence of complex electroni-
cally correlated states not present in the traditional semiconductors. Epitomizing this
complexity, both magnetism and superconductivity have been reported to emerge at the
LAO/STO interface [153, 154, 155, 156]. The microscopic nature of the interface mag-
netism has been related to the orbital energy hierarchy of Ti(3d) crystal field splitted t2,
and e levels [157, 158] and even spectroscopic investigations emphasize the specific role
of tyg(dyy)-states regarding the emergence of magnetism [159]. While the vast majority
of these studies have been carried out on (001)-oriented oxide quantum wells, the recent
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discovery of 2DEGs generated along other crystal orientations [146, 147, 148], opens up
novel perspectives in the physical understanding of low-dimensional complex phases.
Given that these novel quantum wells are confined along different crystal orientations,
the different spatial distributions of t; states with respect to the axis of confinement
necessarily implies an different orbital configuration depending on the orientation of
the quantum wells.

In this chapter we will explore the orbital hierarchies of the Ti(3d) states on (001)
and (110) oriented STO\\LAO interfaces. By comparing the results obtained for both
orientations and for bare STO surfaces, we will determine the influence of the quantum
well orientation and the emergence of 2DEG on the orbital symmetry of the lowest
energy available states at interfaces.

8.2 ORBITAL SYMMETRY AND HIERARCHY AT (001) AND (110) LAO/STO INTER-
FACES

Samples were grown by PLD assisted with in-situ RHEED on (001) and (110 )-oriented
STO single crystals, following the growth procedure described in refs. [146, 160]. LAO
films of different thicknesses t were deposited, with t = 0 and 8 monolayers (MLs)
for (001) and t = 0, 2, 9 and 18 MLs for (110), respectively. Samples with t = 0
correspond to bare (001) and (110) STO substrates. Importantly, post-growth in-situ
annealing was performed to promote the removal of residual oxygen vacancies [152].

The low temperature magnetotransport backs up the two-dimensional character of
these quantum wells [148] and scanning transmission electron microscope (STEM) im-
ages certify that (001) and (110)-oriented interfaces are atomically flat and that any
reconstructed surfaces with local {100} microfacets can be ruled out for the (110)-
interfaces [148], thus the different structural characteristics of both interfaces should
lead to different electronic band character, as we will show in the following.
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Figure 8.1: Schematics of the interaction of the linearly polarized light with the d-orbitals for
normal incidence of x-rays on (001)-oriented samples (a) and (110)-oriented samples
(b); same schematics for the case of grazing incidence on (001) samples (c) and (110)
samples (d). Colour legend is shown in the box.
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XAS spectra at the Ti — L3 edges were acquired with linear x-rays polarization at
room temperature in TEY mode, under different measurements geometry (normal and
grazing -60deg respect to normal- incidence). Fig.8.1 shows a schematic description of
the relationship between the photon beam linear polarization and the orbital symme-
tries in the different geometries for both sample orientations. In all cases, the linear
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polarization vector E, (red) was kept in-plane, i.e. E,||[100] for (001)- and E,||[001] for
(110)-samples, respectively. Instead, polarization E;, (blue) was either in plane (normal
incidence) or out-of-plane (grazing incidence). The orientation of E;, with respect to
the crystal axes is given in figs.8.1(a-d) for each case. Photons interact with d-orbitals
according to cross sections that depend on orbital symmetry. This interaction is the
strongest when light polarization is along the direction of the orbital lobes, while it is
null when they are normal with respect to each other [161]. The sketch in the insert
of fig. 8.1 graphically depicts the different possibilities of electric field projection onto
the orbital lobes (largest for coloured lobes, minimal for blank lobes). As a result, the
TEY intensities I, and I, were recorded for the two orthogonal E, and E; polarizations,
and the XLD signal was defined as the difference XLD = (I,—I;), normalized to the
maximum intensity of the averaged absorption XAS = (I, + I,) /2 at the L3 edge.

The main peaks featured in the XAS spectra result from transitions from Ti —2pq »(Lp)
and Ti — 2p3,2(L3) core levels to unoccupied Ti(3d)-states and have a contribution from
trg (dxz, dyz, and dyy) and eg (d3z2-—r2 and dyp—yp) levels (figs.8.2(a,b)). As in the case
of Ti**, d states are empty, an XLD signal will only be detected if a energy splitting
exists in the d states, thus yielding a polarization dependent energy position of the
edges corresponding to each d state. As a result, Ti** XLD signal shows a significant
derivative-like spectrum.
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Figure 8.2: a) Scheme of relative energy position of d states under octahedral (left) and tetrag-
onal (right) crystal fields. Simulations of XAS (b,c) and XLD signal (d,e) for Ti** in
tetragonal crystal field with positive (b,d) and negative (c,e) distortion parameters.
The corresponding orbital hierarchy is shown, as related to the relative orientation
of light polarization and orbitals.

This XLD can be simulated by using the CTM4XAS software [73] in which tetragonal
crystal field parameters Ds and Dt were defined." From the shape of the XLD spectra,
information on the orbital hierarchy can be inferred, and from the fitting to the simu-
lated spectrum, estimated values of energy splittings for e; (Ae; = 4Ds + 5Dt) and tog
(Atage = 3Ds — 5Dt) levels can be obtained (see fig.8.2(a)).

While the averaged absorption spectra (XAS = (I, + I)/2) for different tetragonal
distortion parameters are indistinguishable (figs.8.2(b,c)), the XLD signal -corresponding

For the simulations, we used 10Dg = 2.0eV, charge transfer parameters: A = 3¢V, Udd = 4eV and
Upd = 6¢V, and Lorentzian broadenings: 0.06¢V (for Lz — tag), 0.22¢V (for L3 — eg), 0.4eV (for Ly — tag)
and 0.5eV (for Ly — ey).
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Figure 8.3: a) Normalized XAS spectra of sample LAO (8 ML)/STO(001) measured at normal
incidence. XAS curves are plotted for E,||[100] (I,) and Ej||[010] (I,) polarizations.
The XLD spectra (I,—1;) is also shown. b) Normalized XAS and XLD spectra of
sample LAO (9ML)/STO(110). Here the polarizations are E,||[001] (I,) and E||[1 —
10]

to grazing incidence configuration- is strongly dependent on these parameters. In
tig.8.2(d), the simulated XLD signal for positive tetragonal distortion parameters (Ds, Dt >
0) is shown. Under this imposed distortion, the resultant orbital hierarchy is such that
orbitals having lobes preferentially interacting with out-of-plane polarization (E;,) are
lower in energy. While for (001) orientation these orbitals are xz, yz and 3z> — r? , for
(110) case the corresponding out-of-plane oriented orbitals are xy and x*> — y*>. The
opposite case is presented in fig.8.2(e), where the XLD signal simulated for Ds, Dt < 0
is plotted. This signal, being inverted to the XLD depicted in fig.8.2(d), represents the
reverse orbital hierarchy, in which orbitals preferentially interacting with in-plane po-
larization (E,) are lower in energy. In this case for (001) orientation these orbitals are
xy and x? — y?, while for (110) orientation xz, yz and 3z* — 2 are the orbitals lowered
in energy.

Consequently, the observation of XLD spectra of the same sign for both orientations
necessarily implies that the degeneracy of t,; and e; bands is broken in opposite signs
for (001)- and (110)-oriented samples.

We first discuss experiments done at normal incidence. Due to the inherent four-fold
in-plane symmetry for (001)-samples, light should be absorbed equally for both photon
polarizations. This is confirmed by the negligible XLD of the (001)-LAO/STO interface
(t = 8 MLs) shown in fig.8.3(a). In contrast, the anisotropic character of (110)-interfaces
imprints a distinctive nonzero XLD, as observed in the spectrum of the (110)-interface
(t = 9 MLs), see fig.8.3(b).

In order to unveil the details of the reconstructed electronic structures, XAS spectra
were measured also at grazing incidence (60 degrees away from the normal) that, in
turn, allowed us quantifying the splitting between the t;; and e, sub-states. The XAS
and XLD spectra recorded on bare STO substrates are shown in fig.8.4(a-d, black curves).
The XLD spectra for both (001) and (110) orientations show a significant dichroic sig-
nal, revealing a removal of the orbital degeneracy at the STO surface. Both XLD spectra
show the same spectral shape, signaling, as stated previously, an inverted orbital hier-
archy for these two orientations. More specifically, the sign of the XLD implies that
the lower energy states have xz/yz and 3z> — 12 character for (001)-surfaces, while they
have xy and x? — y? character for (110)-surfaces. The observed degeneracy breaking at
STO surfaces mimics the behaviour observed for (001)- and (110)-oriented manganites
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Figure 8.4: Normalized XAS spectra for bare STO surfaces as well as LAO/STO interfaces for
orientation along [001] (a) and [110] (b). The LAO thickness is 8ML for (001)- and
9ML for (110)-interfaces. The corresponding XLD spectra are shown for (001)- and
(110)-oriented samples in (c) and (d), respectively. Red lines correspond to XLD
simulations by using CTM4XAS, shifted for clarity. The energy splittings for (001)-
and (110)-oriented samples are sketched in (e).

presented in chap.4, in which the symmetry rupture at free surfaces is responsible for
the orbital reconstruction, favouring the orbitals oriented in the out-of-plane direction.

The XLD spectra of STO capped by LAO layers was probed in samples with a number
of LAO monolayers larger than the critical thickness required to obtain a 2DEG (t. =
4MLs for (001) [143], tc = 7MLs for (110) [146]). XAS/XLD on (001)STO capped
with 8ML of LAO and (110) capped with 9ML are shown in fig.8.4(a-d). The XLD
signal appears inverted with respect to bare STO surfaces, for both sample orientations,
indicating that the electronic structure was reconstructed from that of bare surfaces,
that is, for (001) LAO-capped substrates the lower energy states are xy and x> — y?
, while for (110) LAO-capped substrates they are xz/yz and 3z> — r2. In consequence,
the degeneracy within the f5, and e, sub-bands is broken in opposite directions for bare
and capped surfaces.

For a quantitative description of the reconstructed bands we performed atomic model
calculations using the CTM4XAS software using typical crystal field and charge transfer
parameters for Ti*" in octahedral coordination [162, 163] and varying the tetragonal
distortion parameters Ds and Dt to fit the experimental XLD curves. The simulated
spectra, included in fig.8.4(c,d-red lines, shifted for clarity), show good agreement with
experimental data.
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Figure 8.5: a) Normalized XAS spectra for (110)LAO/STO samples with LAO thickness t = 2,
9 and 18ML; inset: zoom of L3 — eq peak. b) Normalized XLD spectra from sam-
ples in panel a (top) and corresponding simulated XLD spectra with the indicated
parameters.

Fig. 8.4(e) summarizes all the information extracted from CTM4XAS simulations: we
observed that:

1. In (001)-oriented interfaces xy orbitals are lower than xz/yz levels by 15meV,
whereas x? — y? states are shifted down with respect to 3z — r2 by about 20meV.
The same orbital hierarchy was reported by Salluzzo et al. [164];

2. Instead, the orbital energy hierarchy of (110)-oriented 2DEGs is reconstructed in
an inverted way, i.e., xz/yz and 3z> — 2 states are lower than xy and x*> — i by
30meV and 50meV, respectively.

We therefore conclude that the electronic structure of LAO/STO 2DEGs is completely
refurbished when the quantum wells are confined along different crystal orientations,
and that the hierarchy of states with different symmetry is reversed.

The spectra dependence with LAO capping thickness was monitored for (110)-oriented
samples. XAS/XLD spectra of samples with different thickness of the LAO overlayer,
t = 2,9 and 18MLs is shown in fig.8.5. Careful inspection of the absorption spectra
reveals important differences as a function of the capping layer thickness. For instance,
a close-up of the eg-peak of the Ti — L3 edge (inset of fig.8.5(a)), shows that the peak is
shifted to higher energies as the overlayer thickness is increased. As the XAS spectra
of all samples were aligned to the Ti — L3(tz;) absorption edge, this shifting reveals
a relative energy displacement between t,; and e, levels or, in other words, a shift in
the crystal field. This shift is also noticeable -although less evident due to larger peaks
broadening- in the L, edges. The corresponding XLD spectra show similar shape for
all samples (fig.8.5(b-top curves)), with slight variations in energy positions and signal
intensity that could be simulated with CTM4XAS (bottom curves). From the simula-
tions, we derived the crystal field (10Dg) as well as the t»,- and e,- energy splittings
as a function of thickness and, in fig.8.5(c) we plotted the order of the energy levels,
calculated as [165]:
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Figure 8.6: Energy levels order as calculated from expressions 8.1, as a function of LAO capping
thickness for (110) STO/LAO samples

E(xz,yz) = —4D,; — D + 4Dy
E(xy) = —4D, +2Ds — Dy
E(32% — 1?) = 6D, — 2D, — 6Dy
E(x* —12) = 6D, + 2D, — D;

(8.1)

The overall picture is that while the energy splitting at the t;, and e, states remains
quite constant —within experimental error—, the crystal field splitting increases steadily
with the LAO thickness, from 10Dg = 2¢V at t = 2ML, to 10Dg = 2,2¢V at t = 18ML,
which could be related with an increased electron occupancy in the 5, band [159].

Remarkably, it was found that an orbital hierarchy inversion with respect to bare sur-
faces is already observed at (110)-oriented sub-critical LAO thickness (t = 2ML, see
XLD spectra in fig.8.5(b-blue points)), i.e. at interfaces that do not show any macro-
scopic conductance. Indeed, this inversion is also found in (001)-oriented interfaces
[164], where even for 1ML LAO thickness a change in the XLD respect to that of bare
surfaces was observed [166].

The orbital reconstruction mechanism in insulating (001) interfaces with under-critical
LAO thickness (t. < 4ML) was proposed to be related to structural distortions at the
STO interfacial layers, where significant rumplings (displacements of oxygens towards
the interface) were observed [166], and opposed to the rumplings detected in bare STO
surfaces. It was shown, however, that these rumplings were strongly reduced in con-
ducting interfaces, which, on the other hand, showed a larger dichroism than insulating
ones.

At interfaces where 2DEG is present, quantum confinement along the z direction
(normal to interface) is proposed to produce a splitting between the different d- bands,
lowering the energy of the bands with lower effective mass (xy for (001) interfaces). This
was proved in STO surfaces presenting a 2DEG, where the lowest energy bands were
shown to have xy character [149], opposed to what is found in insulating STO surfaces,
where surface symmetry breaking effects promote the lowering of xz, yz states.

While this phenomenology still needs to be proved for (110) interfaces, experimental
results shown here point to similar qualitative explanation for both orientations.
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8.3 SUMMARY

In this chapter we have shown the dissimilar hierarchy of the Ti(3d) band electronic
states at the LAO/STO interfaces with both (001) and (110) orientations. Our results
show that, while in bare STO surfaces the degeneracy of t»; and e, levels is removed,
lowering the energy of out-of-plane oriented orbitals, which is in accordance to surface
symmetry breaking expectations, when capping STO with LAO overlayers, the orbitals
lowered in energy turned to be the in-plane oriented orbitals, thus evidencing an orbital
reconstruction for both (001) and (110) -oriented interfaces.

The dissimilar structure of both interfaces imposes a different orbital symmetry for
in-plane and out-of-plane oriented orbitals in each case. While in the case of (001) in-
terfaces, in-plane orbitals have xy and x> — y? symmetry, for (110) case, the in-plane
orbitals have xz,yz and 3z — r? symmetry. These results open a way to explore the link
between orbital symmetry and complex electronic phases at these interfaces [159, 167].
Indeed, orbital symmetry can profoundly affect the effective mass of the d bands, due
to different overlapping between the highly anisotropic d orbitals [149], and can pro-
vide different intra- and interband pairing mechanisms leading to 2D superconductiv-
ity [168], along with other possibilities where selective orbital filling could control the
conductivity and magnetism at interfaces.
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SUMMARY

In this thesis we have addressed several topics. From them we select here the most
important results obtained:

1. We have examined the electronic inhomogeneity present in manganite thin films,
manifested by the presence of localized hole trapping promoting phase separa-
tion. Our results demonstrate that this phase separation is largely extended in
the films, revealing the role of extrinsic charge trapping centers probably related
to structural defects in the films. Indeed, artificially introduced punctual defects
were shown to enhance this charge trapping. In addition, the magnetic anisotropy
profile of the films could be extracted, revealing the contribution of interfaces and
structural defects to the enhancement of magnetic anisotropy.

2. We have evidenced the strain modulation of the electron occupancy in the 3d(eg)
states of several transition metal oxide (TMO) thin films: Lay ;3571 ,3MnO3 (LSMO),
Lay/5Sr1,2MnO3 (LSMOs) and LaNiOs (LNO), demonstrating that in all of them
a Jahn-Teller picture correctly describes the phenomena inducing the preferential
occupancy of the orbitals oriented in the direction of the elongated TM — O dis-
tances. Moreover, the strain tuning of orbital occupancy was shown to be strongly
effective in the magnetic phase selection of wide bandwidth half-doped mangan-
ites, LSMOs, while in Lay,,Ca; /o MnO3 (LCMOs) -having a arrower bandwith-
strain was not so effective for the tuning of orbital/magnetic order, probably re-
lated to a larger tendency to show charge localization, as evidenced by the high
insulating character of the films.

3. Surface symmetry breaking was shown to be a remarkable source of orbital po-
larization in TMO films, strongly favouring the occupancy of the orbitals hav-
ing lobes oriented in the out-of-plane directions (3z> — r? states in (001)-oriented
epitaxial films and x? — y? states in (110)-oriented films). This phenomena was
explained as originated due to the reduced coordination at the surface of the
films, where the abscence of apical oxygens in the out-of-plane direction strongly
favours the occupancy of the orbitals directed normally to the surface, due to re-
duced Coulomb repulsion. In fact, partially restoring the coordination by proper
terminating atomic layer selection was shown to be effective for the reduction of
the surface symmetry breaking effect. Nevertheless, recent structural studies sug-
gest that polar distortions present at the surface of the films may also have an
influence in the observed orbital polarization at free surfaces.

4. The strain and surface induced distortions in the films were also shown to affect
the degree of covalency in the ground state of the transition metal ions, promoted
by the hybridization of the transition metal d states with oxygen p states. More
specifically, it was shown that in LNO films compressive strain in the films pro-
motes a larger hybridization strength, as expected from larger in-plane orbital
overlapping due to reduced Ni — O distances, than films under tensile strain.
However, at the surfaces signatures of strongly reduced hybridization were evi-
denced, probably caused by the reduced coordination or the existence of polar
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distortions largely diminishing O — Ni — O bond angles. The strain and thickness
correlation with hybridization strength could also be connected to the measured
conductivity in the films.

. The large reactivity of TMO is manifested at surfaces and at interfaces where dif-

ferent redox processes are susceptible to alter the nominal valence state of TM
ions. In manganites a notable surface reduction was shown to be caused by expo-
sure of manganite films to atmosphere. While capping layers protect from such
reduction process, certain capping materials were shown to promote a Mn oxi-
dation. As expected, both reduction and oxidation provoke a degradation of the
magnetic properties of optimally doped manganite thin films. Although such
oxidation processes have been proposed to be caused by charge transfer due to
necessary electronic reconstructions occurring at certain interfaces, we could rule
out this possibility by observing valence deviations at interfaces where no elec-
tronic reconstructions should be present. This was done by exploring different
crystallographic orientations and amorphous capping layers. On the other hand,
the influence of oxygen transfer between layers could not be discerned and re-
quires further study.

. The local modification of crystal field at interfaces between TMO epitaxial layers

was evidenced by the observed orbital reconstructions at interfacial layers in the
d states of the TM ions. Capping layers were shown to promote a reconfiguration
of the orbital hierarchy, favouring different states depending on the capping layer
and crystallographic orientation. In this respect, two systems where studied:

a) At the interface between manganite films and dissimilar TMO layers, a de-
pendence on the capping lattice parameter was derived, where cappings with
smaller (larger) lattice parameter than the manganite film were proved to in-
duce a preferential occupancy of in-plane (out-of-plane) oriented orbitals in
Mmn3T ions at the interface. In addition, the induced orbital polarization was
shown to be more prominent with increasing capping thickness. These two
observations seem to point to a mechanism induced by structural distortions
promoted by the capping layer and extending into the capped films. Never-
theless, it could not be disregarded the role of modified orbital hybridization
in the interfacial states.

b) At the highly conductive interface between two band gap insulating TMOs:
SrTiO; (STO) and LaAlO; (LAO), the Ti** orbital hierarchy was shown to be
reconstructed from that of bare surfaces. This orbital reconstruction is pro-
posed to be induced by the presence of a quantum confinement that favours
the bands with lower effective mass, and by the structural reconstruction oc-
curring at STO and induced by the LAO overlayers. In our study, we showed
that the orbital arrangement depends on the crystallographic orientation of
the samples, favouring states with different symmetry depending on the ori-
entation of the quantum well.



SUMMARY, OUTLOOK AND SCIENTIFIC OUTPUT

PERSPECTIVES

From the results and conclusions obtained in this thesis, and taking into account the
trending topics in the investigation on transition metal oxides and their possible tech-
nological applicability, different research lines can be though to continue the work de-
picted here:

1. Phase separation in manganites and Ferroelectric Tunnel Junctions (FTJ): We
have evidenced here the large tendency of manganites to show phase segregation,
specially relevant for compositions close to a phase transition, as it is the case
for half-doped manganites. Although a large electroresistance has been obtained
in FIJ where these materials are integrated, still more work needs to be done to
prove the effectiveness of the metal-to-insulator transition at interfaces and their
reproducibility. Thus, relevant experiments can be performed to address these
points:

a) X-ray absorption and dichroism experiments on half-doped manganite layers
under operating conditions, i.e., integrated in switchable ferroelectric junc-
tions.

b) Magnetic sensitive x-ray photo-electron microscopy (XPEEM) that could pro-
vide a way to observe ferro- and antiferromagnetic domains simultaneously
at the surface/interface in half-doped manganite samples, thus accessing the
extension and arrangement of these phases.

2. Charge and orbital reconstructions at interfaces: We have demonstrated that the
charge distribution and the orbital hierarchy at interfaces between TMO layers can
be largely modified, however our results lead to open new questions of potential
dramatic impact on our understanding of interface phenomena:

a) How charge transfer across interfaces occur and affect the observed orbital
hierarchies in heterostructures?

b) How structural reconstruction at interfaces distort the local symmetry and
how they correlate with the observed orbital reconstructions?

c) Which is the role of oxygen affinity of component species and its influence
in the electron distribution at interfaces?

d) Can there be an influence of the polarity mismatch at interfaces in the elec-
tron distribution?

3. Exploiting orbital engineering for green energy: Our results suggest ways to
tailor the orbital occupancy at surfaces, which can be profited for exploiding the
capabilites of these materials in catalytic processes where the surface states are
determinant. Groundbreaking experiments could be envisaged on this topic by:

a) Studying in-situ oxide surface evolution during catalytic processes (e.g. water
splitting) with XAS and XPS experiments.

b) Dynamically tuning the surface electron states via electric fields and strain,
with views to actively control the surface reactivity.

c) Exploring ways to control the surface reactivity by orbital symmetry selection
(as it can be modified e.g. with crystallographic orientation).
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EXPERIMENTAL TECHNIQUES

A.I GROWTH AND SURFACE CHARACTERIZATION
A.1.1  Pulsed Laser Deposition (PLD)

PLD is a powerful technique for the deposition of complex oxide thin films, heterostruc-
tures and superlattices, with well defined interfaces. In PLD, a pulsed ultraviolet laser
is focused on a target material. If the energy provided by the laser is sufficiently high,
each laser pulse ablates a small amount of material that creates a plasma plume -with
the same composition as the target- directed towards a substrate, placed a few cm away
from the target, where the film will be deposited. Usually the laser irradiates a small
area of the target (few mm?) during a short pulse time (in the order of ns). For oxides
growth, flow of oxygen gas is introduced during the deposition, in order to get the
desired stoichiometry of the films. Typical pressure ranges are in the order of 0.1-0.4
mbar. The particles from the plasma arrive to the substrate and get arranged according
to the minimum energy. In order to increase the diffussivity of the atoms arriving at the
substrate surface, this is heated to high temperatures (typically 600-800°C). To prevent
oxygen loss after the deposition of the film, an annealing in high oxygen pressure is
sometimes required. A scheme of the PLD system is shown in fig A.1.

A.1.1.1  Reflection High Energy Electron Diffraction (RHEED) system

RHEED is used for in-situ monitoring the growth process during PLD deposition.
RHEED allows for the growth rate control on monolayer level, determination of lat-
tice parameters and substrate miscut angles, as well as for the study of the growth
mechanisms and surface reconstructions in the substrates and deposited materials.

A highly energetic electron beam (E~x30keV) incides in the sample with a grazing
angle (typically <1 — 3 degrees). The electrons scattered by the sample are registered
by a phosphorous screen, showing the diffraction pattern of the sample surface. The
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Figure A.1: PLD system representation with in-situ RHEED growth monitoring.
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Figure A.2: a) Different RHEED patterns corresponding to perfect 2D surface (left), roughened
2D surface (center) and 3D surface (right); b) RHEED intensity oscillations, showing
the corresponding substrate coverage for the first grown layer; larger time scan is
shown in the inset (growth simulations extracted from [169]).

condition of diffraction is given by the Laue theorem: a diffraction spot is produced
when the momenta of incident and diffracted beams differ by a reciprocal lattice vector.
This condition is conventionally described by the Ewald sphere. For a 2D surface, the
reciprocal lattice is described by infinite rods which intersect with the Ewald sphere
forming diffraction spots, placed on concentric circles. Therefore, the RHEED pattern
for a perfect 2D surface will appear like fig.A.2(a,left). For a non-perfect surface, the
spots can get broadened or shifted. In the case of a 2D roughened surface, the most
common observation is the appearance of streaks in the place of the diffracted spots
(fig.A.2(a, center)). For a very roughened surface, or a film growing as 3D islands, the
bulk reciprocal lattice will be observed, due to transmitted diffraction beam though
these islands (fig.A.2(a, rigth)).

If the film grows layer by layer, the growth rate of the deposited film can be mon-
itored. As the progressive roughening of a flat surface will produce a reduction of
reflected intensity, the degree of surface coverage can be measured by registering the
RHEED specular intensity, giving rise to a oscillation pattern as a function of time. From
the period of this oscillations, the layer growth rate can be determined, as well as the
concrete time (or number of pulses) for which a full layer is obtained.

For the films depositon, a KrF excimer laser was used in the two PLD deposition
systems located at ICMAB. One of the chambers integrates a RHEED system. It uses
a 30 kV electron gun and two-differential vacuum stages that allow monitoring the
growth under high-pressure up to 0.5 mbar.

A.1.2  Atomic Force Microscopy (AFM)

AFM technique is used to probe the surface topography of solid (or even liquid) sam-
ples, with a nanometric resolution. A sharp tip with a diameter less than 10 nm is
situated at the verge of a cantilever (100-200 um long). The tip is approached to the
sample until the interactions between the tip and the sample cause the bending of the
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cantilever. This bending (also called deflection) is registered by detecting the reflection
of a laser pointing onto the cantilever head. This way, as the tip is scanned though
the sample, the cantilever deflection is measured. This is technique is known as contact
mode.

The most common way to measure the sample’s topography is the dynamic mode, in
which the oscillation of the cantilever is produced near the sample’s surface (typically
10-100 angstroms). This mode has the advantage of lowering the possible sample con-
tamination and reducing the tip damage. On the other hand, the force registered will
be some orders of magnitude lower than in contact mode. The cantilever is vibrated
at a frequency close to its resonance (on the order of hundreds of kHz); when it is
approached to the sample, changes in the oscillation frequency or in the amplitude are
registered. At the same time, the phase lag between the input oscillation signal and
the cantilever output can be recorded. This phase lag is used to monitor changes in the
mechanical properties of the sample surface, detecting regions with different adhesion
or friction. This information can, in some cases, be conected to chemical changes in the
sample surface.

AFM images were taken with 5100 SPM system from Agilent Technologies located
at the ICMAB. Images were analyzed using the software WSxM 3.0, from Nanotec
Electronica S.L.

A.2 STRUCTURAL CHARACTERIZATION
A.2.1  X-ray reflectometry (XRR)

XRR allows to determine the thickness of thin films or heterostructures in a simple, non
destructive way. The range of thicknesses that can be observed by means of XRR to
determine samples thickness with enough accuracy is usually between 10 and 100 nm.

For the acquisition of the spectra, a x-ray beam (usually with the wavelength of Cu
- Ka emission line) irradiates the sample, with a grazing angle incidence ¢ (typically
between 0.5 and 5 degrees). The intensity reflected by the sample is detected and a
spectra is obtained as a function of the incidence angle.

For low angles, below the so called critical angle 9. , x-rays are totally reflected so no
changes in the detected intesity are observed as a function of #. The value of 9. can be
calculated from Snell’s law

8. = arccos(n) = arccos(1 — 6 — if) ~ arccos(1 — &) ~ /26 (A1)

,where 0 and B are the dispersion and absorption components which determine the
refraction index n. Commonly f is orders of magnitude lower than J. As ¢ is directly
proportional to the electronic density of the material p:

1
5= E?’O/\Zp (A.2)

,where 79 = 2.81-107%A and p is the density in (el /cm?); the critical angle is directly
determined by the electronic density.

For ¢ > ¢, photons can penetrate into the sample and the intensity registered at the
detector decays as sin(®)*. However if there is more than one interface, a phenomena
of interference can occur, modulating the intensity of the reflected beam due to the sum
of the waves reflected at the different interfaces. In the simplest case of a single layer
of finite thickness, the waves will be reflected at the top (air/layer surface) and bottom
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Figure A.3: Example of XRR measurement

(layer/substrate) interfaces. Due to the different optical path of these reflections, a pat-
tern of maxima and minima will be observed (alternative constructive and destructive
interferences).

From the position of the maxima and minima, the layer thickness can be determined,
following the expresion:

A\ 2
sin?(9;) = sin?(9,) + i* <2d> (A.3)

;where A is the used wavelength and d is the sample thickness. i and ¢; are the
order and angular position of the different maxima or minima. Typically i is an integer
number, however, if the refraction index of the layer is lower than that of the substrate,
there is a 77 shift in the reflection. In that case, i must be considered as semi-integer.

The procedure to find the value of d consists on finding the position of maxima and
minima in the reflectity curve and assign them the correct i values. The criterion for a
good selection of i values consists on minimizing the residual for the fitting to eq.A.3,
considering also the resulting value of ¢ to be close to the expected value® (fig.A.3).

When the sample consists of more than one layer, the reflecivity spectra can become
more complex, as it will consist on interferences between multiple reflections. In this
cases, the previously descripted method is not useful and a proper fitting of the reflec-
tivity curve must be done. The Parrat method, described in APPENDIX A is the most
commonly used algorithm to simulate and fit reflectivity curves. This model takes into
account the dispersion and absorption components for each layer, as well as the scat-
tering factors due to the roughness at each interface, and evaluates the total reflected
intensity by the whole stacking of the sample.

XRR measurements were performed in the Rigaku Rotaflex RU-200B diffractometer,
located at the ICMAB.

A.2.2  X-ray diffraction (XRD)

XRD measurements are mainly used to determine crystal structure in bulk crystalline
materials. The use of XRD in epitaxial thin films is focused on the study of texture,

1 Tipically 29. ~ 0.6 — 0.7deg for ABO3 oxides
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Figure A.4: Scheme for the measurement of symmetrical and asymmetrical reflections

epitaxial relationship between film and substrate and the determination of films lattice
parameters.

A typical diffractometer apparatus is composed of a cathode ray tube that produce the
x-ray radiation, a monochromator that selects the wavelength, divergence slits to shape
the beam, filters to reduce the undesired characteristic lines coming out of the ray tube
and passing the monochromator, sample holder, exit slits to control the instrumental
resolution and detector. The final resolution of the spectra will depend not only on the
monochromator but also in the settings of the rest of the components.

In thin films, XRD patterns allow to distinguish the type of growth achieved after the
deposition. If the sample has grown amorphous, no pattern will be observed; if the
film is polycrystalline, relatively narrow peaks corresponding to the different growth
orientations can be identified; and if the sample grows crystalline, only one growth
orientation will be observed. When growing thin films on single crystal substrates, a
crystalline growth is expected. Furthermore, if the lattice mismatch between substrate
and film is small enough, the epitaxial relationship between substrate and film can be
achieved. XRD allows to examine the structural correlation between substrate and film.

For crystalline samples, two kinds of reflections can be observed (fig.A.4): those for
which the incident beam is symmetric to the reflected one respect to the normal to the
surface are called symmetric reflections; if they are not symmetric respect to the surface
normal, they are referred to as asymmetrical reflections. The former ones explore the
diffraction planes oriented parallel to the sample surface, while the later ones enable to
explore other orientations.

Different configurations can be used to explore the texture of the films; here we de-
scribed the techniques used in this thesis:

¢ Pole figures: Consists on a 2-dimensional map obtained by a 360 degrees rotation
of the ¢ angle for a fixed w and 6 angles and for a specific range of x (see angles
notation in fig.A.4). By exploring the full rotation of ¢, the observation of substrate
and film reflections containing in-plane components and their symmetry can be
explored. This way, in plane texture of the films can be deduced.
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¢ Theta-z2theta: Is the simplest way to explore symmetrical reflections. In a ¢ — 2¢
measurement, both sample and detector move together. The condition of diffrac-
tion is achieved when the incidence angle fulfills the Bragg’s equation:

nA =2d-sind (A.g)

,where 1 is an integer and d is the interplanar distance in the out-of-plane direction
of the sample. This way, the out of plane lattice parameter can be calculated.

In the same way, grazing incidence in-plane XRD (GIIXD) can be used to determine
in-plane parameters. In a GIIXD measurement, the beam incides perpendicular to the
sample normal. Thereby, the explored planes contain a in-plane lattice component that
can be calculated in the same way as in a normal ¢ — 2¢ measurement.

* Omega scans (Rocking curves): Selecting an incidence angle ¢ that fulfills the
Bragg’s equation, it is possible to test the misorientation of the out-of-plane axis by
keeping the detector fixed and changing the incidence angle around the condition
of Bragg reflection. The full width at half maximum gives an indication of the
degree of deviation of the explored planes. A perfect crystal will produce a sharp
peak, while a sample with defects like mosaicity (existence of grains or domains
with different orientations) or dislocations will give a broader peak.

* Reciprocal Space Maps (RSM, Q-plots): In RSM’s several w — 2¢ coupled scans
are collected for different values of w(that is, for different tiltings of the sample),
around a reflection of the sample. RSM gives information of the in-plane and
out-of-plane lattice parameters of the sample, of possible structural distortions,
relaxation in the films or the presence of defects.

The positions in the reciprocal space for the chosen reflection are given by:

q = % si'n(ﬁ) sin(9 — w) (As)
g1 = 5 sin(9) cos(d — w)

From the values of the wave vectors q| and g obtained for the film reflections, one can
calulate the distances in the real space, by knowing the relationship between the lattice
in the real and reciprocal spaces. As an example, in a tetragonal system, with lattice
parameters a = b # c, the reflection [hkl], in-plane lattice parameter can be calculated
‘/h;“w,and out-of-plane parameter, c = q%

Further information can be obtained by examining the acquired maps. In figure A.5,
some schems are shown regarding the position of the peaks and intensity gradients
around them. In general, if a film grown fully strained on a single crystal substrate,
the gcoordinates of film and substrate coincide for both symmetrical and asymmet-
rical reflections. Some indicators of relaxation can be found if a gradient of intensity
towards the bulk expected position of the film material is observed. Also compositional
gradients can be found along the relaxation line of the film (linking substrate and bulk
position of the film).

Stardard resolution XRD measurements were taken using 2-circle diffractometer Siemens
D500 and Bruker D8 Advance area detector at the ICMAB, while high-resolution mea-
surements were adquired in PANalytical X'Pert Pro-MRD instruments located at CiN2
insitute in Barcelona, University of Barcelona and Charles University in Prague.

as a —




A.2 STRUCTURAL CHARACTERIZATION
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> “Bulk” film @ Defects

Figure A.5: Schematic representation of the possible reflections and gradients observed in a
RSM. Adapted from [170]

A.2.3  Rutherford Backscattering Spectrometry (RBS)

RBS consists on the bombardement of a target sample with highly energetic light ions
(in the order of few MeV). The energy lost by the backscattered ions depends on the
masses of projectil and target atoms and the number of scattering events will depend on
the atomic concentration of the target elements. The backscaterred ions are recordered
with an energy sensitive detector, allowing for a quantitative determination of the com-
positon and thickness of the sample. RBS is specially sensitive to heavy elements and
the probing depth is in the order of microns, depending on the energy and kind of ions
used (usually *He).

In addition, RBS can be used to study the crystalline quality of the sample. This can
be done by alligning the incident ion beam with a crystalline direction of the sample
(that is, with a row of atoms). While surface atoms will be suffer from backscattering in
the same way as a non-alligned sample, the atoms at higher depth are shielded from He
ions, reducing the backscattering phenomena. This way, by measuring the reduction in
the backscattering between a channeled and a random spectra, it is possible to measure
the sample crystallinity.

A.2.3.1  lon implantation

With the same equipement, but using ions in a lower energy range (hundreds of keV),
ion implantation can be performed. While this technique is usually employed to change
the physical properties of semiconductor materials, it can also be used to produce a
controlled damage in thin film samples.

By proper selection of projectile ions and their energy, ions can cross the thin film
layer, causing, by scattering phenomena, different atomic displacements, and get im-
planted in the substrate. This way, by regulating the irradiation dose, samples with
different level of damage can be obtained.

Ion implantation, RBS and channeling measurements were performed at IKS institute
in Leuven, using a 5SHD-2 linear Pelletron Accelerator.
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Figure A.6: a) Configuration of second-derivative coil ; b) SQUID response to magnetic dipole
moving though detection coils. Extracted from [171]

A.3 MAGNETIC AND TRANSPORT MEASUREMENTS
A.3.1  Superconducting Quantum Interference Device (SQUID)

The Superconducting Quantum Interference Device is the most sensitive device for the
measurement of magnetic fields. SQUID is actually a component of the Magnetic Prop-
erties Measurement System (MPMS), which consists of a superconducting magnet, a
superconducting detection coil which detects the inductance generated by the sample,
a SQUID connected to this detection coil and a magnetic shield surrounding the SQUID.

In the MPMS, the sample moves though the detection coils. The magnetic moment
of the sample induces an electric current in the coils, which are connected to a SQUID
input coil. Then, the SQUID produces an output voltage proportional to the induced
current and, therefore, proportional to the change in the magnetic flux. SQUID devices
are able to detect magnetic moments as small as 10~ emu.

A more detailed description of the detection coils configuration is presented in fig.
A.6(a). This second-derivative coil configuration minimizes the possible current fluc-
tuations produced by the magnetic field from the superconducting magnet. The top
and bottom coils are set in clockwise turns while the two central coils are set in counter-
clockwise turn. Like this, the total magnetic flux created by the changes of the magnetic
tield are cancelled.

During a measurement, the sample goes though the detection coils, generating a
position dependent signal as in figure A.6(b). The area under the curve is proportional
to the magnetic moment. This measurement is ideal for point-like samples (samples
with a size much smaller than the coils diameter. For large samples, shape corrections
may be required .

Hysteresis loops and magnetization versus temperature curves were adquired with
Quantum design MPMS XL-7T equipement at ICMAB, which enables a temperature
range of 1.8 - 400 K and a magnetic field range of -7 to 7 T.

A.3.1.1

A.3.2  AC Magnetic Susceptibility (ACMS)

While DC magnetic measurements determine the equilibrium value of the magnetiza-
tion, AC measurements can give information on the dynamics of the magnetization
process in a sample. In ACMS measurements, a small AC field is applied to the sample,
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producing a time-dependent moment that induces a current in the pickup coils. The
induced moment is
MﬂC - X . hac Sil’l(aJt) (A.6)

, where h, is the ac excitation field, w is the driving frequency and x is the magnetic
susceptibility, which -at low driving field frequencies- can be associated to the slope of
the M(H) curve that results form a DC measurement. By superimposing a DC magnetic
field in the direction of excitation field, we can access different parts in the M(H) curve.

However, if the frequency is high, the magnetization of the sample may suffer a delay
respect to the driving field. In this case, the AC moment does not follow the DC curve
and the magnetic susceptibility is described by a real and a imaginary component x =
X' +ix", or, alternatively, by amplitude x = /x’?> + x””? and phase ¢ = arctan (x"/y’)
components. The imaginary component is related to dissipation or irreversible pro-
cesses, like domain wall movement in ferromagnets.

ACMS is a powerful tool to explore magnetic transitions or to distinguish the sources
for the magnetization processes in a magnetic material. In general, there are two dis-
tinct contributions to the ac-susceptibility [172] namely originating from domain mag-
netization rotation or from domain wall displacement — while for ac-field parallel to
the domain magnetization the later is zero, the former contribution is maximum. By
exploring the response of the sample under different excitation field magnitudes, fre-
quencies or orientations respect to the sample, the relevance of both mechanisms can
be revealed.

ACMS measurements were taken in a Quantum design Physical Property Measure-
ment Systems (PPMS) at ICMAB, allowing for a field excitation range from 0.10e to
150e, and a frequency range from 10Hz to 10kHz.

A.3.3  Nuclear Magnetic Resonance (NMR) spectroscopy

The nuclei of many atoms possess magnetic and angular momenta. In the presence of a
magnetic field Hy, the nuclei precess around the direction of the field, with a frequency
wo, proportional to Hy. The constant of proportionality < is the ratio between the
magnetic and the angular momenta and therefore, it depends on the nucleus.

wo = ’)’Ho = %Ho (A~7)
wo is known as the Larmor frequency and usually is in the order of ten to hundreds
MHz.

As the orientations of the magnetic moments respect to Hy are quantized, the energy
levels of the nuclei get splitted, separating the nuclei with the moments oriented parallel
to the field from those oriented antiparallel. The energy required to flip a nuclear
moment is fiw, with w = wy, the Larmor frequency. If the correct energy is applied to
the system, a transition occurs. This is the nuclear magnetic resonance.

From the macroscopic point of view, a rf field H; cos wt is applied perpendicular to
the static Hy field. If the frequency of the rf field couples to the precession frequency of
the nuclei (if w = wy), the nuclear spins will rotate about the direction of H; by yH;jt.

In a typical NMR experiment, an appropriate combination of intensity and duration
of the rf field is applied to get a 77/2 rotation of the spins (7/2 pulse). After the pulse, the
precessing magnetization decays, inducing a rf current in a detection coil. This induced
signal is called Free Induction Decay (FID), and the time constant T, for the decay of
the nuclear spins in the x — y plane is called spin-spin relaxation time, as the spin-spin
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Figure A.7: 2-pulses NMR experiment: a) pulse excitation and system response sequence, b)
schematic representation of the spin rearrangement in response to pulse excitations.
Adapted from ref.[173]

interactions tend to disperse the spins and thus, to reduce the magnetization in the
x —y plane. In order to reduce effects of the magnetic field inhomogeneity, a 7t pulse
is applied after a delay time which has to be T < T,. After a time equal to the delay
between the two pulses, the spins refocuse and induce a signal called spin echo. After
some time, the spins will restablish the equilibrium in the direction of the applied field
z. The time constant for the recovery of the magnetization along z is called Tj, spin-
lattice relaxation time. In order to let the spins relax to the equilibrium position, the
time delay between the sequence of pulses has to be t,,;, > T;. Usually, pulse duration
and delay between pulses are in the order of few microseconds. The repetition time
between pulse sequences is in the order of miliseconds.

A.3.3.1  NMR applied to magnetic materials. Enhancement factor

In magnetic materials, the spontaneous electronic magnetic moment creates a large
internal field: the hyperfine field HF at the nuclei. Therefore, the nuclei are not directly
excited by the external rf field h;, but by the oscillation of HF due the the rotation of
the local electronic moments surrounding the nuclei. The amplitude of this oscillation
can be expressed as:

=g
rest
,where H,, is the restoring field, which is a measure of the magnetic stiffness of the ma-
terial (or the restoring torque exerted on the moments upon small orientation changes).
Thus the oscillation transverse component that is induced in the nuclei is given by:

HF

rest

(A.8)

Hyse = ¢ - HF = Iy :7’/'hl (A.9)
, where 7 is the enhancement factor. The electronic magnetization generates an oscil-
lating component 1 times larger than the nuclear component and thus enhances the
output signal of the spectra by this factor 7.

In order to get the pure NMR spectra contribution from the nuclei, enhancement
factor correction has to be taken into account.

The NMR response will be given by:

N(w)

S(w, 1) = n(w)R(hi)

I(w) (A.10)
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, being R the spins response to n7h; excitation, I the instrument frequency response
(usually independent of w), and N(w) the density of nuclei resonating at frequency w
(the real spectra).

Experimentally, NMR spectra is recorded for different intensities of rf field, in order to
explore the restoring field distribution in the sample. For each frequency, the restoring
field will be that for which the NMR intensity is maximum. A protocol [18] needs
to be applied in order to correct for the variation of the NMR enhancement factor
within the studied sample. The procedure consists in recording every NMR spectrum
at several values of r.f. excitation field #; amplitude, varying over more than one order
of magnitude. At each frequency point the intrinsic NMR enhancement factor # is
computed and the signal intensity corrected accordingly, in addition to the standard
correction for the f? dependence of NMR signal amplitude. The final NMR spectrum
computed in this way, represents the intensity distribution which is proportional only to
the number of nuclei resonating at a given NMR frequency f, and is not falsified by the
frequency variation of the enhancement factor which may be different in different parts
of the sample. The enhancement factor is determined by measuring hyop;, i-e. the r.f.
field amplitude that maximises the spin echo NMR signal. In addition, knowing h1,;
one can calculate the (frequency dependent) NMR restoring field Hy.sy = (HF/y) =
B - h1opt where B is the instrumental scaling factor.

All NMR spectra shown in this thesis were acquired at the Institute of Physics, Polish
Academy of Sciences, Warszawa (Poland) by Dr. M. Wojcik.

A.3.4 Resistivity measurements in Physical Properties Measurement System (PPMS)

Figure A.8: Example of four point method for the measurement of sample resistivity

Transport properties of the samples were probed by means of resistivity measure-
ments, carried out in a four-contacts configuration, in which the current is injected by
two electrodes and the voltage drop is measured along the other two (see fig. A.8).
Four-probes method allows to overcome the problem of voltage drop at the contacts
or cables, specially when the sample to measure is expected to present low resistance
(< 1kOhm). The electric contacts were done by silver paint. The relation between the
resistance measured R and the resistivity is p = CRd, where d is the sample thickness
and C is a geometrical factor that depends on the configuration of the contacts in the
sample. Typically, a squared configuration is used, for which C = 2In(2) [174]. In order
to obtain a precise value we average the resistance values obtained measuring along
different pairs of electrodes (for example AB and AC in fig.A.8), and also averaging
with the inversion of the current sense.

A physical properties measurement system (PPMS) located at the ICMAB allows the
option of AC current for resistance measurements. Resistance vs temperature measure-
ments can be performed in a range of temperatures from 2K to 400K. The maximum
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resistance that can be measured by the equipment is 20M(). In addition, resistance vs
applied magnetic field can be done at a given temperature with a maximum magnetic
eld of 9 Tesla.



GROWTH OPTIMIZATION OF Lay/;Sri;;MnO3 (oo1) FILMS

Pulsed laser deposition growth of LSMO films on (001)STO substrates was optimized
in order to obtain high quality films with functional properties close to that of the bulk
LSMO. At the same time, we took a careful attention to the structural and morpho-
logical properties of the films, with the aim of reaching a coherent epitaxial growth
on the substrate and getting an atomically flat surface, which is highly desiderable for
the study of interfaces and for the application of these films as electrodes for tunnel
magnetorresistance devices.

To explore the optimal conditions for the growth of LSMO films, several parameters
in the PLD deposition procedure were varied. The main parameters that influence both
in the films properties and in the structure and morphology are the oxygen pressure in
the chamber and substrate temperature during growth. Other parameters like the laser
repetition rate were shown to have minor effects on the films properties for frequencies
larger than 1 Hz. Laser fluence and laser pulse energy were left unchanged. Also, the
number of pulses was set to 2000 pulses, leading to an average films thickness of 28(=+ 3)
nm, as measured by x-ray reflectometry.
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Figure B.1: a) AFM images for LSMO films grown at 725°C and oxygen pressure of (from left
to right) 0.1, 0.2 and 0.3 mbar; b)Films grown at 0.1 mbar pressure and substrate
temperature (from left to right) 700, 725, 775 and 825 °C; ¢ and d) RMS values as a
fucntion of oxygen pressure and substrate temperature respectively, obtained from
the AFM images of a) and b)

Oxygen pressure is a crucial parameter in the growth of oxide thin films, as it can
critically modify the properties of the material. In fig.B.1(a) we show how oxygen
pressure can also influence in the surface morphology of the films. By setting a fixed
substrate temperature (725°C) we modified the oxygen pressure during deposition from
0.1 to 0.3 mbar. In the AFM images it can be clearly observed how for lower oxygen
pressures a flat surface is obtained (root mean square (RMS) of the amplitudes lower
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than o.1nm) with a 2D growth morphology of steps and terraces, while by increasing
the pressure, more 3D islands appear and the RMS increases until values close to 1nm
for 0.3 mbar pressure (fig.B.1(c)).

The effect of temperature deposition on the surface roughness was also explored, by
varying the substrate temperature from 700°C to 825°C, at a fixed oxygen pressure of
o.xmbar. It can be observed in the AFM images shown in fig.B.1(b) and the result-
ing RMS values (fig.B.1(d)) that the temperature factor does not strongly influence the
surface morphology within the studied temperature range.

Although low oxygen pressures are more preferable to obtain a flat LSMO surface,
the effect on magnetic properties is clearly detrimental. As shown in fig.B.2(a), SQUID
measurements indicate that films grown at o.1mbar have lower transition temperature
and magnetization than the films grown at larger pressures. In fact, films grown at
an oxygen pressure of o.2mbar or larger shown Mg and T¢ values close to that of the
bulk LSMO. This observation can be understood as LSMO films grown at low pressure
having a relevant amount of oxygen vacancies, thus diminishing the double exchange
interaction between Mn ions. However, 0-26 scans for LSMO films grown at o.1 and
0.2 mbar do not show a significat difference in the position of the (002)LSMO peak
(fig.B.2(b)). If oxygen vacancies were present, a displacement towards lower angles
would be expected for LSMO diffraction peak (as a consequence of increased unit cell
volume due to oxygen loss). A post-growth annealing process at high oxygen pressure
(300ombar, 625°C) was tested in one LSMO film grown at o.1mbar pressure. The effect of
annealing was contrary to the expected: an increased lattice parameter was found in this
sample (fig.B.2(b)) and lower Mg and T values were obtained for this film (fig.B.2(a)).
Thus, annealing is shown not to help to improve the functional properties of the films.
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Figure B.2: a) Magnetization versus temperature curves for LSMO films grown at different oxy-
gen pressures and substrate temperatures, as inidicated in the figure; b) 8-26 scans
for LSMO films grown at different conditions, as indicated.

The counter effect of oxygen pressure for obtaining, on one hand, films with flat
surface and, on the other, films with optimal functional properties, leads to adquire
a compromise between the tendencies observed for the two factors, so we chose our
growth conditions as o.2mbar oxygen pressure and 725°C substrate temperature. Under
these conditions, films show reasonable RMS values (lower than o.2nm) and optimal
magnetic properties.
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X-RAY INTERFERENCE EFFECTS ON THE DETERMINATION OF
STRUCTURAL DATA IN ULTRATHIN FILMS

In thin films, cell parameters are typically extracted from measured X-ray patterns by
assuming incoherent superposition of diffracted waves by film and substrate. Whereas
this standard approach is generally correct, this is not the case when the film is coher-
ently grown on the substrate and the out-of-plane parameters of film and substrate are
closely similar. In this case interference phenomena of diffracted waves can lead to an
inaccurate description of the structural properties. Here we signal the importance of
considering the superposition of the scattered waves by the substrate and film in the
X-ray data analysis, which can, in some cases, lead to a radically distinct determination
of lattice parameters from the conventional analysis of simple addition of intensities
from substrate and film. We will exemplify this study with the analysis of high reso-
lution X-ray diffraction data taken in our manganite La, /3571 ,3MnO3 thin films grown
on SrTiO3(001) single crystals. XRD measurements have been done by using a X'Pert
diffractometer (Cu-Ka radiation).

In fig. C.1(a-c) we show 6 — 20 diffraction scans around the (002) reflection for films of
10, 17 and 27nm, respectively, showing the Bragg peaks (6p) for substrate and layer and
the Laue oscillations. Data analysis can be attempted by fitting the film contribution to
the diffraction pattern to the expected intensity dependence of Laue’s oscillations:

sin? (3QNCc)
I (Q) = T o /1A
sin” (5Qc)
, where N is the number of unit cells along the [00!] direction, Q is the reciprocal lattice
vector, given by 47sin(w)/A where w is the angle of the incident X-rays respect to the
diffracting crystal planes and A is the wavelength of the X-rays. From the fit, both the
thickness (f) — related to N — and c-axis parameter of the film — related to maximum of
intensity at the Bragg angle, i.e. for Q(6 = 6p) — can be extracted. Independently, the
substrate peak could be adjusted to a pseudo-Voigt function centered in the reflection
peak of the substrate. The results of these fits are shown (red solid lines) in figs. C.1(a-c).
It is implicitly assumed here that the diffraction patterns of the LSMO layer and STO
substrate can be simply added. One can observe that the shape of the Bragg peaks for
substrate and film can be well adjusted but there is a clear shift of the fitted fringes
when compared to the experimental ones. This shift is clearly asymmetric, being more
pronounced for w < 0p than for w > 0. A similar discrepancy was observed in related
materials and attributed to strain-gradients in the films [ ].

The thickness dependence of the c-axis values extracted using this approach are
shown (solid circles) in fig.C.2. We first note that all c-values are smaller than the
corresponding bulk value (0.3873nm [15]) as expected from the tensile strain imposed
by the STO substrate. However, data in fig.C.2 suggest that for the thinnest films, a
gradual expansion of the unit cell occurs, which is at odds with the expected elastic
deformation of the unit cell under tensile strain.

We will show in the following that these systematic discrepancies arise from the fact
that the assumed incoherent superposition of diffracted waves for film and substrate is
not adequate for epitaxial ultrathin films grown on closely matching substrates [16].

(C.1)
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Figure C.1: § — 20 X-ray diffraction patterns of selected LSMO/STO samples. Points are ex-
perimental data. In (a-c) solid lines correspond to results of fits by adding the
film and substrate contributions (dashed lines); In (d-f) solid lines are fits using
|Esp(w)]? = |Es(w) + Ep(w)|? as described in the text.
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Figure C.2: Out-of-plane lattice parameters for LSMO films, calculated either by means of (black
circles) Bragg’s law from the position of the diffraction peak of the layer or (open
circles) by fitting the data using |Es; (w)|?> = |Es(w) + Er(w)|? as explained in the

text. Dashed line indicates the bulk value of c-axis of LSMO.
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Figure C.3: (a, b) Amplitudes of the diffracted waves by the STO substrate (eq. C.2) and a
LSMO layer (eq. C.4) respectively. c) Total diffracted intensity calculated as (blue)
|E$L (@) = [Es(w)|* + |EL(w)[* and (red) |Es (w)|* = |Es(w) + EL(w)[?

The electric field of the substrate-diffracted beam Eg (relative to the incoming beam)
must be obtained from the dynamical theory. For a symmetric reflection, the angular
dependence of Eg(w) can be written as [17]:

Es(w) = — (ﬁs + @) (C2)

, where s is,

Bs = ———— (sin (205) (w — 05) + Cus) C3)
Cis - Cois
and Cjs and Cps are the /— and 0—term of the Fourier expansion of substrate’s crystal
polarizability [18]. C’s are complex numbers and thus Eg is complex. 0p is the Bragg
angle of the (00!) reflection. The sign in eq.C.2 should be chosen such as |Es| < 1,
which is the physically relevant solution. In fig.C.3(a) we show |Es(w)|? calculated for
the (002) reflection of the STO substrate which nicely reproduces the measured patterns
(see figs.C.1(a-c)).
The electric field amplitude of the film-diffracted beam E; can be obtained by either
the kinematical or the dynamical approximation. In the simplest kinematical approxi-
mation, Ey is given by [17]:
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Er(w) = iexp [(—iz)ifsmﬁ@)t) - 1] (C.4)

, where By is:

BrL = \/ﬁ [sin(205) (w — 05) + Cos + 2esin®(0p)] (C.5)
, being t the thickness of the layer, A the wavelength of the X-rays; C;; and Cy;, are the
I— and 0—term of the Fourier expansion of film polarizability. ¢ = (c; — cs)/cs is the
relative difference of out-of-plane cell parameters of substrate and film. In fig. C.3(b)
we show |Ep(w)|?, obtained using eq.C.4, for a LSMO layer of t = 20nm, and ¢ = —2.4
(appropriate for a fully strained LSMO on STO). It can be appreciated that |Ep(w)|?
displays the characteristic Laue oscillations. Indeed, it can be shown that |E; (w)|? is
identical to I(Q) given by eq.C.1.

In the case of interest here, i.e, a coherent film on a single crystalline substrate, the
electric field amplitude of the diffracted beam by the substrate-film Eg; must be ob-
tained by computing |Es; (w)|* = |Es(w) + Er(w)]* with Es(w) and E;(w) as given
by egs.C.2 and C.4 [19]. The interference of the Es(w) and Ep(w) diffracted beams
strongly modifies the computed patterns and produces a shift of the measured max-
ima and an asymmetric intensity patterns atw < 3 and w > 03, as indicated by red-
line in fig.C.3(c). |Es.(w)|? differs significantly from the pattern calculated assuming
no-interference of the diffracted beams (|E2, (w)[*> = |Es(w)|*> + |EL(w)[?) shown by
blue-lines in fig.C.3(c).

In fig.C.1(d-f ,dashed lines), we show the results of the corresponding fits obtained
using |Esp(w)|> = |Es(w) + Er(w)|* as described above [20]. It can be appreciated
that the fits are excellent and all asymmetries (maxima position and intensity) are well
reproduced. The c-axes parameters extracted from these fits are included in fig. C.2
(open symbols). It is clear that when considering X-ray beam interference to fit the data,
the extracted c-parameters display a monotonic increase when increasing thickness, as
expected from a gradual tensile-strain relaxation, and in concordance with the data
presented in section3.2.1, for larger LSMO thicknesses.

This illustrative example thus demonstrates that the interaction of diffracted beams
by substrate and films should be considered to extract reliable structural information in
ultrathin films.

In the following, a MATLAB code *, exemplifying the w scan simulation of a symmet-
ric (002) reflection from a STO/LSMO thin film:

lambda=1.5405980;

K=2xpi/lambda;

T=150;% layer thickness (amstrongs)

% SrTi03:

hkl=2;

a5=3.905;
shttp://sergey.gmca.aps.anl.gov/cgi/WwWW_form.exe?template=x0h_form.htm
c0S=-0.29899E-04+1i%0.13516E-05; %xr0 , xi® (n = 1 + xr0 /2 + ixxi0 /2)
chS=0.15430E-04+11i%0.12852E-05 ; %pol sigma

cmhS=chS;

% LSM0002:

azlL=3.87;

CcOL=-0.394E-04+1i%0.358E-05;

1 Dr.Xavi Marti is acknowledged for the elaboration of this code
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chL=0.25E-04+1i%0.42325E-05; %pol sigma

cmhlL=chL;

% components of the diffraction vectors:

hzS=2x*pi/aSxhkl;

hzL=2*pi/azLxhkl;

% position of the substrate peak

theta=asin(hzS/2/K)*180/pi;

alphai=theta-2:0.01:theta+2;

[ES,ELdyn,ELkin,Idyn,Ikin,Pesl,Pes2]=XRDkindyn(lambda,c0S,chS,cOL,chL,hzS,hzL,T,
alphai);

semilogy(alphai,abs(ELkin+ES).”2,’r’, 'LineWidth’,2);

ylabel('Amplitude’),xlabel(’Incidence angle (deg)’);

function [ES,ELdyn,ELkin,Idyn,Ikin,Pesl,Pes2]=XRDkindyn(lambda,c0S,chS,cOL,chL,hzsS,
hzL,T,alphai)

o°

calculation of the waves diffracted from the substrate and the layer, as

well as the total diffraction curve % Single pseudomorph layer o a semiinfinite
substrate. Diffraction from

% the substrate is calculated dynamically (disp. surface of the 2nd

order), diffraction from the layer is calculated dynamically or

kinematically

Coplanar case, S polarization

o°

o® o° o° o°

o°

On input:

lambda. . lambda

cOS .. chi_0@ of the substrate

chS, cmhS .. chi_h, chi_{-h} of the substrate
cOL.. chi_0 of the layer

chL, cmhL .. chi_h, chi_{-h} of the layer

o® o° o° o°

o°

% hx .. common lateral component of the rec. lattice vectors

% hzS .. vertical component of the rec. lattice vector of the substrate

% hzL .. vertical component of the rec. lattice vector of the layer

% T .. layer thickness

% alphai .. vector of the incidence angles in deg

% On output:

% ES .. vector of the complex amplitudes diffracted from the substrate

% ELdyn .. vector of the complex amplitudes dynamically diffracted from
% the layer

% ELkin .. vector of the complex amplitudes kinematically diffracted from
% the layer

% Idyn .. vector of total diffracted intensities, the layer is calculated
% dynamically

% Ikin .. vector of total diffracted intensities, the layer is calculated
% kinematically

o°

The function is called by the command

o°

o°

[ES,ELdyn,ELKkin,Idyn,Ikin]=XRDkindyn(lambda, c0S,chS,cmhS,cOL,chL,cmhL,hx,hzS,hzL
,T,alphai)

K=2+pi/lambda; thetaB=asin(hzS/2/K); eta=alphaixpi/180-thetaB;

deviation of the incident beam from the kinematical maximum:

vertical strain in the layer: epsilon=(hzS-hzL)/hzL;

dynamical diffraction in the substrate:

o o° o°

o°
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betaS=(eta*sin(2xthetaB)+c0S);

yS=betaS/sqrt(chS"2);

cl=-(yS+sqrt(yS.”2-1));

c2=-(yS-sqrt(yS.”2-1));

pp=abs(cl).”"2;

jj=find(pp<1);

€3(jj)=cl(jj);

jj=find(pp>=1);

€3(3j)=c2(jj);

ES=c3;

% dynamical diffraction from the layer:

betal=(eta*sin(2xthetaB)+cOL+2xepsilon*sin(thetaB)"2);

yL=betal/sqrt(chLx*chlL);

cl=-(yL+sqrt(yL.”2-1));

c2=-(yL-sqrt(yL.”2-1));

kz2mkz1l=Kxsqrt(chL"2)/sin(thetaB)*sqrt(yL.”2-1);
cphi=exp(lixkz2mkz1xT);
ELdyn=cl.*xc2.x(cphi-1)./(cphi.*cl-c2);

s kinematical diffraction from the layer:
ELkin=chL/2./betalL.*x(exp(-1lix(K/sin(thetaB)x*betal)*T)-1);
Pesl (exp(-1lix(K/sin(thetaB)*betal)«T)-1);
Pes?2 chL/2./betal;

Elkin = Pesl.xPes2;

\O
o

o°

©

s total diffraction, dynamical layer:
X=(cl.*c2.*(cphi-1)+ES.*(cl-cphi.*c2))./(cphi.*cl-c2+ES.*(1-cphi));
Idyn=abs(X)."2;

% total diffraction, kinematical layer:

Ikin=abs (ES+ELkin) ."2;
end




EMERGENCE OF Mn2* AT MANGANITE SURFACES

The functionality of manganite layers in magnetic tunnel junctions is limited due to
interface phenomena [25]. As it has been studied in this thesis, phase segregation is
promoted by the symmetry breaking at interfaces, that favors the electron localization,
diminishing the magnetotransport performance of these materials in thin films. How-
ever, other extrinsic effects, also mentioned in the contents of this thesis, can promote
chemical deviations at interfaces, manifested by modifications of the M n valence state.
By means of x-ray absorption measurements, these deviations of the Mn oxidation state
can be identified at surfaces/interfaces. In particular, it is commonly observed the oc-
currence of a prominent peak in the Mn — L pre-edge, associated to p — d transitions
for Mn with a 2 + valence state.

In this appendix we study the emergence of Mn?" peaks in the absorption spectra
of Laj_,SryMnQOj thin films, both by the effect of high flux synchrotron x-ray irra-
diation, or intrinsically present at films surfaces. We also study the influence of Mn2™"
in the magnetic response of the films and explore possible pathways to diminish its
contribution.

D.1 SYNCHROTRON X-RAY BEAM INDUCED MANGANESE REDUCTION

In synchrotron radiation experiments, x-rays produce changes in the studied materials
via interaction of the photons with electrons in the solid. In some cases, the x-ray
beam can produce undesired modifications in the samples, due to high brilliance of
the source. This is the case of biological systems, where radiation damage is often
observed [175, 176]. Catalytic systems containing multivalent elements can also suffer
modifications due to radiation, altering the metal valence when exposed to the x-ray
beam [177, 178, 179]. These effects are less studied in solid systems like complex oxides,
where oxygen removal or modification of oxidation state can be promoted by x-ray
beam.

During our X-ray Absorption Spectroscopy (XAS) studies of La,,3571,3Mn0O3
(LSMO) thin films we observed notable modifications of the spectra during data adqui-
sition.The x-ray beam flux influence was identified and diminished, after proper study
of the effects of radiation explored here.

D.1.1  Time evolution of x-ray beam damage

In figure D.1(a), a typical M n — L3 edge spectrum for LSMO sample (57 m LSMO thin
film on STO substrate) is shown (grey area under black curve), normalized by the area
under the spectrum. As already pointed out in the main text of this thesis, the features
in the XAS are influenced by the different electronic and structural environments of Mn
ions present in the surface layers of the sample. Mn ions with dissimilar valence states
have distinct independent contributions which are maximum at different energies. In
that way, we can identify a maximum spectra intensity around 642eV, corresponding
to Mn3+/4+ valence of LSMO samples. However, a prominent contribution at lower
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Figure D.1: a) Mn — L3z XAS spectra of LSMO sample, registered during different consecutive
runs. b) top panel: Mn — L3 XAS spectra of LSMO sample before (black curve)
and after (red curve) long exposition to x-ray beam; bottom panel: XAS difference
between final and initial spectra (blue curve) and simulation of Mn?*+ XAS spectra
in octahedral coordination.

energies (see peak at 640e V) can be attributed to the presence of Mn ions in a 2+
oxidation state [80, 81, 82, 83, 84].

It was observed, during XAS measurements under synchrotron radiation a clear evo-
lution of this peak at 640eV, increasing with measurement time. In fig.D.1(a), area-
normalized XAS spectra taken at a same point in the sample in several rounds is shown.
The zoom in the inset clearly shows the intensity increment of this peak, evolving with
the time under x-rays irradiation. In the area-normalized spectra it can be appreciated
how the increase of intensity around 640eV occurs at the expense of intensity detriment
at the maximum of the spectra, thus signaling a Mn®*/4+ — Mn?* reduction process at
the surface of the samples stimulated by x-ray beam irradiation. The difference between
initial and final spectra (fig. D.1(b)) -here normalized by the intensity at the maximum-
is shown in fig.D.1(b-bottom panel). The difference spectra ressembles that of simulated
Mn?* in octahedral coordination, thus confirming the identification of increasing Mn?*
contribution in XAS experiments under prolonged exposure to x-ray beam.

The influence on the x-ray linear dichroism (XLD) signal was also studied. XLD
spectra (normalized to the maximum intensity of corresponding XAS) taken in graz-
ing incidence (XLD = I — I,) were registered during beam exposure. In figure D.2,
some examples of XLD spectra, taken with two XAS spectra (I, [,) are shown. Minor
variations, that can be considered inside the noise levels of the measurement, are ap-
preciated. In the inset of the figure, integrated area under XLD is shown as a function
of measurement round, for integration regions around the L, edge and in the whole
energy interval measured. It is observed how area deviations are larger in the whole
energy integration range, probably caused by spurious intensity modifications in the
IH, I, couples, due to progressive Mn?t emergence, which is more notable in the L3
edge region.

Once identified the problematic emergence of Mn?" contribution and its possible
influence in the analysis of XLD signal, we designed XAS/XLD experiments with per-
spectives to diminish both the effect of the beam induced reduction -by minimizing
the radiation flux (using exit slits or meshes that notably reduce the beam intensity
reaching the sample surface)- and the spurious influence in the XLD, by averaging over
several polarization sequences I| — I, — I, — I}, that reduce the time-dependent effects
in the dichroic signal.
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Figure D.2: XLD spectra of LSMO sample, registered during different consecutive runs; inset:
evolution of integrated area under XLD signal as a function of time (represented by
number of round)

p.1.2  Depth extension of Mn** formation

By means of partial electron yield (PEY) measurements, we could unveil the sample
depth extension affected by x-ray irradiation. In PEY mode measurements, only elec-
trons having a kinetic energy (KE) larger than some defined threshold are registered,
contrary to TEY mode, in which all electrons generated at the surface layers in the
de-excitation process contribute to the signal. The threshold for the KE is settled by a
retarding voltage applied to a mesh placed between the sample and the channeltron an-
alyzer that captures the electrons emitted by the sample exposed to x-rays. As the mean
free path of electrons depends on their KE, probing depth is changed by modulating
the KE of the emitted electrons (that is, varying the retarding voltage) [9].

We registered several Mn — L3 edge XAS spectra in a 1.5nm LSMO sample, deliber-
ately reduced by beam effects, in PEY mode under different retarding voltages. In fig.
D.3 (a) some of these spectra are shown, as compared to spectra taken in TEY mode. It
can be observed, by normalizing the intensity in the 642¢V peak, that the intensity of
the peak at around 640eV, attributed to Mn?*, largely depends on the KE of electrons.
In fig. D.3 (b),we plotted the relative intensity between the two observed XAS peaks
1(640eV) /1(642¢V), as a function of electrons KE. The resultant curve is essentially
ressemblant to the characteristic KE dependence of electrons mean free path, indicating
that electrons with low mean free path (coming from the most superficial layers in the
sample) show the largest Mn>" signal. Although we cannot calculate with accuracy
the depth extension of the Mn?t contribution, it is relevant to notice that we can ob-
serve this depth modulation in a 1.5nm (~ 4uc) thick sample, thus indicating that Mn?*
appears mostly in a very localized region at the surface, of probably 1 — 2uc.
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Figure D.3: a) Mn — L3 edge XAS spectra registered in TEY (black curve) and PEY (coloured
curves) mode under retarding voltages corresponding to the indicated electron ki-
netic energies. b) Intensity ratio between XAS peak at 640eV and peak at 642¢V, as
a function of electrons kinetic energy; inset: typical distribution of electrons mean
free path as a function of kinetic energy above the Fermi level [180].

D.2 INTRINSIC PRESENCE OF ]\/I?’l2+ AT MANGANITE SURFACES

While extrinsic Mn?* presence in thin films due to beam damage effects could be
controlled and avoided to some extent, it was observed during synchrotron experiments
in LSMO films that, at the surface of the films, there is a notable Mn2* contribution,
more difficult to exclude.

The presence of this Mn?* component in XAS spectra was already studied in refs.
[80, 91, 89, 81, 88] and, although a clear origin could not be attributed, the presence of
oxygen vacancies and the effect of reducing agents in the atmosphere were proposed as
responsibles of the observed Mn reduction at the surface of the films.

It was also studied, in the content of this thesis (see 5.2), the notable effect of capping
layers, contributing to decrease or even completely eliminate the Mn** component.
Thus, LSMO films never exposed to atmosphere (capping layers were in-situ deposited
on LSMO during growth process), show a depleted Mn>" content, reinforcing the effect
of atmosphere reducing agents as probable cause of the appearance of Mn?" at the
surfaces.

D.2.1  Strain dependence of Mn>* formation

While the factors contributing to enhance the presence of Mn?* at the surface of the
films could not be disclosed, we found significant variations within sample series (de-
posited at the same conditions, with same film thickness), signaling a relevant depen-
dence of the Mn>" content as a function of the strain imposed in the films by the
different substrates. An example is shown in fig. D.4(a), where ultrathin LSMO films
deposited on STO, LSAT and NGO substrates show clear dissimilar spectral features in
the low energy region of the Mn — L3 edge. While these features could not be attributed
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Figure D.4: a) XAS spectra (at the Mn — L3 edge) of LSMO samples grown on STO, LSAT and
NGO substrates. b) Intensity ratio between peaks at 640eV and 642¢V as a function
of in-plane lattice parameter of the films.

LSM05
a) (ZOnm) b) T T T T
o R o
] A ]
=
= & laxed (YAO) |
E A & relaxe / b
= S S
A = 3 ]
= * le—"
& 1 380 382 3.84 386 3.88 3.90 3.92 |
3 c a - in plane parameter (A)
B = 1
o - g °
<% ] \o i
T T T T
0.98 1.00 1.02 1.04

cla

Figure D.5: a) XAS spectra (at the Mn — L3 edge) of LSMOs5 samples grown on LAO, YAO,
LSAT and STO substrates. b) Intensity ratio between peaks at 640eV and 642¢V as
a function of c¢/a lattice parameters ratio; inset: same intensity ratio as a function of
in-plane lattice parameter of the films.

to modifications in the crystal field due to substrate dependent distortions, they could
in fact be accounted as variations in the Mn?* content as a function of strain in the films.
If we plot the relative intensity of peaks at 640eV (Mn2*) and 642¢V (Mn3+/4%), as a
function of in-plane lattice parameter of the films (coinciding with substrate in-plane
parameter in these cases) a correlation is found (see fig.D.4(b)), showing an increased
Mn*" content for tensile strained films.

Similar tendency was observed in other series of samples. A remarkable example was
found in Lay /,Sr1 /2MnO; (LSMOs5) samples where, as shown in sec.??, a strong Mn?*
contribution was found in the XAS spectra, here replotted in fig. D.5(a) as a function
of c/a ratio. While the origin of the high intensity of Mn*" related peaks for these
samples could not be discerned, although probably related to aging effects[81], the
ratio of intensities 1(640eV)/1(642¢V) was found to clearly decrease for increasing c/a
ratio (fig.D.5(b)) and, comparable to LSMO samples, increases with increasing in-plane
lattice parameter of the films (inset in fig.D.5(b)).

Therefore, although more experiments are required to clearly discern the factors gov-
erning the presence of Mn?" at the surface of manganite thin films, our experiments
show that films under a tensile lattice strain tend to show an increased Mn?* content.
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This observation could be explained by increased oxygen vacancy content at the surface
of tensile strained films that would help to expand the manganite lattice and hence to
minimize the elastic energy. It could also be proposed a different reducing mechanism
in which the reduction of Mn is favoured by the increased lattice parameter, allowing
for the formation of larger Mn"" cations. In this respect, Mn>" is 30% larger than Mn>",
thus increased lattice parameter could favour the appearance of Mn?*. As it was stated
in ref.[91], the energy needed to displace surrounding oxygen atoms at the surface is
much smaller than in the bulk, possibiliting the creation of Mn?* at the surface of the
films.

p.2.2  Contribution of Mn®" sites to linear and circular dichroic signals

The presence of Mn>" at surfaces can profoundly modify the atomic environment [84]
and the magnetic interactions [111]. In order to study the influence of Mn?* in these
characteristics we measured two similar LSMO5 samples (grown with the same condi-
tions, on the same substrates) with large difference in the Mn%t content at the surface
(probably motivated by different age of the samples). We denominated these samples:
sample A (showing Mn?") and sample B (not showing Mn>").
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Figure D.6: Room temperature XAS (a) and XLD (b) and low temperature (2K) XMCD (c) spec-
tra of LSMOs5 samples grown on STO: blue curve corresponds to sample A (Mn-
reduced sample), cyan curve corresponds to sample B (non-reduced sample) and
red curve corresponds to spectra difference between them. Inset of panel c: calcu-
lated spin and orbital magnetic moments for both samples.

In panel (a) of fig. D.6 the clear difference between both samples in the XAS spectrum
is shown. Red curve in the figure shows the difference between XAS spectra, clearly
ressembling a Mn?" spectrum, as shown previously (see f.e. fig.D.1(b)). The XLD signal
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taken at 300K (above samples T¢) in grazing incidence is shown in panel (b). While the
XLD signal is identical in L, edge, as expected (Mn*" is not a Jahn-Teller ion), a visible
difference is observed in the low energy region of L3 edge. Although this residual signal
could be attributed to minor differences between samples, an artifical contribution from
Mn** could also be considered. The almost perfect matching of the rest of the spectrum,
however, evidences a minor contribution of Mn2" to the XLD.

The magnetic contribution to low temperature dichroism is studied in panel (c) of
fig.D.6: A clear XMCD signal (here measured at 2K under 2T applied magnetic field)
attributed to Mn?* is observed. By applying sum rules to both samples (considering
equal number of holes n;, = 3.5), a relatively minor difference in m; values (~ 0.3up) is
obtained, thus showing a minor effect as compared to the bulk strain-related magnetic
signal observed in these samples (see section ??).

D.2.3 Annealing treatment for Mn reoxidation

Finally, it was proved in a test sample (LSMO(17nm) on LAO), the effectiveness of an
annealing process in reoxidating the surface of the samples. As observed in fig.D.7
(a-black curve), the sample showed an initial large content of Mn%t, as evidenced
by intense peak at 640eV. After an annealing process with oxygen pressure p(O;) =
10~3mbar, at a temperature T = 500°C during 1hour, the sample spectra showed quite
reduced intensity in the XAS spectra at the low energy region of Lz (red curve), clearly
signaling an oxidation process removing the initial Mn?* content and restoring the ini-
tial Mn®t/4* valence state. The difference spectrum, also plotted in the figure shows
the relevant decrease of the Mn*" contribution to the final spectrum after annealing.
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Figure D.7: XAS (a) and XLD (b) spectra of LAO//LSMO sample before (black) and after (red)
annealing process; the difference between both spectra is also shown (magenta).
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It is important to notice as well the insignificant influence of annealing process in the
XLD spectra (fig. D.7(b)), proving the null contribution of Mn?** to XLD, as expected.

The efficiency of this oxygenation process attests for a Mn reduction caused by oxygen
vacancies at the surface of the films. As the oxygen content is restored, by means of the
annealing process, Mn valence is also restored. Still, more study is necessary to explore
the effects of annealing processes in thin film samples, as other phenomena like cation
segregation can modify the stoichiometry and homogeneity of the samples.
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LINEAR AND MAGNETIC DICHROISM IN 44 TRANSITION
METAL OXIDES

E.1 INTRODUCTION

The methodology and results obtained for manganite and nickelate thin films presented
in this thesis opens a way to explore orbital occupancies in other oxides. Of particular
interest is Sr Ru O3 (SRO) which is metallic and sits at the verge of a paramagnetic to
ferromagnetic transition. Indeed, whereas SRO is ferromagnetic, this is not the case of
CaRu O3 [181]. Therefore, it may not be a surprise that the properties of SRO are very
sensitive to fine tuning of its electronic properties. Indeed, by varying the strain and film
thickness of SRO, different behavior are observed, leading to new transport properties
[182] or even identifying new spin configurations [183], which could be explained by
means of electron localization or modifications of the crystal field. In spite of these
dramatic effects, little is known on the electronic occupancy of the 4d* (¢5 ¢ — low spin)
electrons of SRO, and more precisely, on how the ¢, electrons occupy the available
dxy, dy. and d,, states and its impact on functional properties.

The first reason for this lack of experimental evidence is the limited accessibility of
Ru — L absorption edges in conventional synchrotron soft x-rays beamlines, due to
their high energy (> 2500e V), being in the limit between soft and hard x-rays. The
advances in the optics of new synchrotron beamlines have enabled the possibility to
explore larger energy ranges. In particular, our study of Ru — L edge XLD and XMCD
performed at BOREAS beamline in ALBA synchrotron radiation source shows unprece-
dented data in this absorption edge, paving the way for new studies in these materials.

The second reason for the unreported data on Ru electron occupancy is the antic-
ipated difficulty in obtaining large and clear dichroism signal in a 4d system where
electron correlation effects are estimated to be lower, and having a t,¢ configuration,
where orbital hierarchy will be less affected by modifications of crystal field.

Nevertheless, we report here the results obtained for the XNLD at Ru — L edge in
SRO films grown under different strains, remarking the technical difficulties found for
the adquisition of reliable dichroism signals due to possible artifacts masking the real
sample dichroism of the samples. More clearly was found the XMCD signal at low
temperatures in samples with different thicknesses, from which we show here some
preliminar results.

E.2 ELECTRON OCCUPANCY OF Ru — 4d STATES IN SrRuO3 THIN FILMS

SRO films with 16nm thickness (as probed by x-ray reflectometry) were grown by PLD
deposition on single crystal substrates of STO, DSO, GdScO3 (GSO) and NdScOs3
(NSO) with (001) orientation. The substrates temperature during growth was set to
675°C and the oxygen pressure was 0.2mbar. With this conditions a step morphology
was observed in films grown on STO, with low RMS values (< 0.3nm), while for
samples grown on scandates, unavoidable appearance of holes during grown process
superimpose to flat regions with low RMS (fig.E.1(a)).
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Figure E.1: a) AFM images of SRO films (16nm) grown on STO, GSO and NSO substrates. b) 6 —
26 around (002) reflection for 16nm SRO films on the indicated substrates (angular
position normalized to substrate reflection). ¢) RSMs around (103) reflection for SRO
films grown on STO and NSO; film reflection is indicated.

substrate mismatch (%)  aplop (A)  c@-20) (A) c/a

STO -1.1 3.91 3.922 1.003
DSO -0.2 3.94* 3.914 0.993
GSO 0.6 3.97% 3.905 0.983
NSO 1.6 4.01 3.893 0.971

a(SRO bulk)=3.95A
*not measured, fully strained expected

Table E.1: Measured lattice parameters of SRO films (16nm) and corresponding c/a ratio.

X-ray diffraction 6 — 20 symmetrical scans around the (002) planes indicate a sub-
strate induced modulation of the lattice tetragonality (fig. E.1(b)), and the RSMs around
(103) reflection (shown in fig.E.1(c) for films grown on STO and NSO - largest compres-
sive and tensile strains) indicate a fully strained state for all films. In table E.1 the
measured lattice parameters for all films in the series are displayed, together with the
corresponding c/a ratio that signals the tetragonal distortion in the films®.

To explore the orbital occupancy of Ru — 4d levels, XAS measurements at the Ru — L
edge (2p — 4d transitions) with linearly polarized x-ray were performed in grazing
incidence (30deg incidence) at 300K, far above the SRO Curie temperature (Tc = 160K),
acquiring the sample drain current. The averaged spectra XAS = (I + 1.)/2 (fig.
E.2(a)) show featureless L3 and L, edges, in close ressemblance with previously re-
ported Ru*" — L edge spectra [185, 186], and an unidentified satellite structure in the
high energy region of L3. All samples show identical absorption spectra, revealing iden-
tical chemical state independently of strain. On the other hand, in the XLD signal (fig.
E.2(b)) obtained as XLD = (I — I,) and normalized to the L3 absorption peak, some
modifications are observed for the different samples.

Although the shape of XLD signal reminds that of magnetic linear dichroic signals
observed for Mn in chapters 5 and 6, no magnetic interactions are expected for Ru at
such high temperatures (with respect to magnetic ordering temperature T¢). We can,
therefore, in principle consider this XLD signal as natural dichroism originated due to
orbital anisotropy.

1 Lattice parameters for scandate substrates were obtained from ref. [184]



E.2 ELECTRON OCCUPANCY OF Ru — 4d STATES IN SrRuO3 THIN FILMS

157

~ 0144 ) j
S

3 , 012 o
- ] S 0.10 7
0 2 0.10- 1
< @ /
X ] 21 0.081 / 1
g g /
9] g 0.06- // g 1
N o
T @ 0.04 / 1
£ o e
S < 002{ o 1
Z |

. . . . . , . . 0.00-1 . . .
2800 2850 2900 2950 3000 2820 2840 2860 2960 2980 097 098 099 1.00
E(eV) E(eV) cla

Figure E.2: a) Ru — L edge XAS spectra of 16nm SRO films grown on the indicated substrates.
b) Corresponding XLD measured in grazing incidence configuration. c) Area under
XLD spectra around the L, (empty circles) and Lz(empty squares) edges.

Using the same methods as described in the main body of this thesis, we integrated
the area under the L edges, as it should be proportional to the change in relative orbital
occupancy between out-of-plane and in-plane oriented levels. We find (see fig. E.2(c))
that a correlation with structural distortion in the films can be found when integrating
the L, edge area, indicating an increase of positive area (larger occupancy of out-of-
plane oriented orbitals) when reducing the tensile strain in the films, as expected. The
total area under L3, however, does not show a clear dependence with strain.
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Figure E.3: a) Ru XLD signal measured in normal incidence configuration for SRO films on the
indicated substrates. b) Ru XAS (left axis) and XLD (right axis) spectra measured
in normal incidence for SRO film (25nm) grown on LAO substrate. c¢) Same as (b)
with sample rotated by 90 degrees in plane.

To furtherly explore the linear dichroism in these samples we measured the XLD
signal in normal incidence, thus probing the in-plane anisotropy of the charge distri-
bution. Surprisingly, we find a relevant XLD signal, of similar magnitude and shape
as in grazing incidence (fig. E.3(a)). This observation could indicate that samples have
a lower-than-tetragonal symmetry, not observed in our x-ray diffraction measurements.
In fact, scandate substrates have orthorhombic structure, that can induce a orthorhom-
bic distortion with domains having preferential in-plane orientations in the SRO films.
STO, on the other hand, is known to also influence in the in-plane anisotropy of SRO
films, that can show a preferential in-plane orientation of orthorhombic domains in-
duced by step morphology of the substrate [187].

In order to check the influence of substrate in the observed in-plane XLD, we mea-
sured at normal incidence the XLD of a SRO film (25nm) grown on LAO substrate,
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Figure E.4: a) XAS (left axis) and XLD (right axis) spectra of SRO sample grown on LAO, ob-
tained by in-plane sample rotation with fixed photon polarization (vertical direction).
b) same as (a), with fixed photon polarization in the horizontal direction. In both
cases XLD is obtained as XAS(E || [100])-XAS(E || [010])

where no preferential domain formation is expected. We observed, however a similar
XLD signal (fig. E.3(b)) as that of films grown on STO. Interestingly, when rotating the
sample by 90 degrees, the sign of XLD was not inverted.

Indeed, by measuring the in-plane XLD with a fixed x-ray polarization and rotating
the sample, as shown in fig.E.4(a,b), this dichroism is still well visible. The fact that for
“vertical” (E,;) and “horizontal” (E,) photon polarizations an inverted XLD is obtained
points to an origin of the dichroism not intrinsic to the samples. Thus, further system-
atic work is required in this respect to exclude the possible influence of measurements
artifacts.

E.3 MAGNETIC MOMENT OF Ru IONS IN SrRuO3 THIN FILMS

The magnetic moment of Ru ions in SRO samples has been proposed to be tuneable
by the crystallographic orientation of the films [183], allowing to obtain high-spin con-
figurations that greatly enhance the measured sample magnetization. At interfaces, the
local modification of crystal field can also strongly affect the spin configuration. In-
deed, it has been theoretically proposed that orbital reconstructions can occur at the
bare surfaces of (001) SRO films, lowering the energy of e, — 3z? — r? (spin-up) states
due to the symmetry breaking at the surface [188, 189]. This stabilization of 3z% — r2
states favors their occupancy on behalf of the occupancy of t», (spin down) states, thus
promoting a high-spin configuration at the surface (see fig. E.5(a)-bottom) . In order to
obtain this configuration, SRO films should present a RuO; layer termination to make
this symmetry breaking effective.

In our films we did observe a relevant increase in the sample magnetization for
thinnest samples. By comparing the magnetization -measured in SQUID at 10K and
with the magnetic field applied in the out-of-plane direction- of 51m SRO sample with
that of 80nm sample (fig. E.5(b)), both grown on STO substrates, we observed an in-
crease of magnetization of about 60% for the thinner sample, showing a value (2.5p)
larger than the bulk SRO (2p)?, that remains at larger temperatures (see measurement
at 40K -red empty squares in the figure)

2 Experimentally, reduced saturated moment values are obtained, Mg = 1.1 — 1.6up [183]
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Figure E.5: a) Sketches for expected bulk low spin state in Ru — 3d states (top) and predicted
high spin state at the RuO, termination (bottom). b) Magnetic loops for SRO samples
5 and 80nm thick grown on STO, measured at indicated temperatures with magnetic
field oriented normal to the surface. c) XAS obtained with circular polarization (left
axis) and resultant XMCD (right axis) of 5 and 80nm SRO samples, measured at 40K
with magnetic field oriented normally to the surface.

To certify the existence of this high spin state at the surface of the films, we mea-
sured the Ru magnetic moment of these samples by XMCD. The high photon energies
required for the 2p — 4d excitations of the Ru — L3 edges, force to work with a not
fully circular photon polarization in order to have an appropiate beam flux. In our
case, we worked with 70% circular polarization, with the beam inciding normally to
the sample and a 6T magnetic field applied in the same direction (also corresponding
to the easy axis of the samples). The XAS spectra obtained at 40K for both right and left
circular photon polarizations are shown in fig. E.5(b-top) for both 5 and 80nm samples.
The XMCD extracted from these measurements (fig. E.5(b-bottom)) and normalized to
the XAS show similar magnitude of the dichroism for both samples, and the applica-
tion of sum rules (eq.2.7) results in similar values for the spin (m&""" = 1.86up and
m2" = 1.83ug) and orbital (m5*"" = 0.14up and m)" = 0.18up) magnetic moments,
thus pointing to a low spin state at the surface of the films (fig. E.5(a)-top). Therefore,
further measurements should be performed to understand the apparently contradictory
SQUID and XMCD measurements.

E.4 SUMMARY

In summary we have, for the first time, reported the XLD and XMCD signal of SRO
films, acquired at the Ru — L3 edges. Although an incipient strain dependence of the
magnitude of the XLD obtained in grazing incidence anticipates a modulation of or-
bital occupancy induced by the structural distortion in the films, the similar dichroism
observed in normal incidence configuration reveals a more complex phenomena, ei-
ther related to intrinsic structural in-plane anisotropy (and thus a lower-than-tetragonal
symmetry should be considered) or due to extrinsic artifacts occurring during the mea-
surements of XAS at such high energies. Further work is needed to clarify these points.

The XMCD signal, on the other hand shows up as a powerful tool to explore the
spin state of ruthenate films as the large splitting between Lrand L3 edges allows for a
reliable application of sum rules. In our case, XMCD revealed the ressemblant magnetic
moment of samples with different thicknesses, with a close to bulk value, excluding the
possibility of high-spin states at the surface of the films.
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