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ABSTRACT

Lanthanum manganite-based oxides conform an extensive family of compounds de-
riving from LaMnOs: a perovskite with general formula ABOs. Its physical prop-
erties can be drastically modified by cation substitution. In this thesis we explore
two compounds obtained by A-site and B-site substitutions. On the one hand,
La,CoggMn; ;06 (LCMO), obtained by substitution of Mn by Co (B-site substitution),
leads to a double perovskite structure with ferromagnetic insulating properties. On
the other side, the Lag 7Srg3MnO3 (LSMO) compound resulting from the partial sub-
stitution of La by Sr (A-site substitution) turns the material into a ferromagnetic
half-metal.

The development of techniques for the growth of oxide materials in the form of
thin films ease their integration in semiconductors technology and enable the de-
sign of micro and nanoscale devices with potential in spintronics and non-volatile
memory applications. Nowadays, there is an increasing interest in the study of dou-
ble perovskite thin films combining ferromagnetic and insulating properties due to
their relatively high transition temperature and their integration on top of other per-
ovskite oxides. The implementation of ferromagnetic insulators (FM-I) as substitutes
of ferromagnetic metal-based devices can lead to much higher switching efficiency
and less dissipative current transport. For instance, ultrathin films of (FM-I) might
be used as spin-selective active tunneling barriers acting as spin-filters. Therefore,
the main objective of the first part of this thesis has been to give a comprehensive
understanding of LCMO physical properties and propose a guide to potential appli-
cations.

Firstly, we present a detailed study of the growth of the LCMO films as well as
their structural and magnetic characterization. We demonstrate that we can obtain
high quality thin films, with transition temperatures up to 230 K and with good
cationic order despite a certain degree of off-stoichiometry. Then, we analyze mag-
netic anisotropy effects, focusing on the following aspects: i) the study of the ap-
pearance of strong perpendicular magnetic anisotropy (PMA) with large coercive
and anisotropy fields, and ii) the relation of magnetic anisotropy strength and sign
with lattice mismatches. In particular, we show that PMA appears for the tensile
strain case while compressive strain produces in-plane easy axis. We also give a
more detailed understanding of the origin of magnetic anisotropy using a simple
atomistic model based on first-order perturbation theory calculations. We relate our
predictions with X-ray magnetic circular dichroism (XMCD) experiments and evi-



dence that magnetic anisotropy in LCMO has a magnetocrystalline origin due to the
strong spin-orbit coupling of Co®* ions.

With the aim of integrating ferromagnetic insulating properties and PMA in a
device, we have fabricated tunnel junctions using LCMO as a magnetically active
barrier and have explored its spin-derived functionalities. We have found that the
device provides high spin-filtering efficiency (of almost 100% of spin-polarization)
as well as anisotropic sensing and memory functionalities. This is, the strong strain-
induced PMA provokes a large difference between magnetoresistance curves mea-
sured with the magnetic field applied in the perpendicular or parallel directions,
this phenomenon is the so called tunneling anisotropic magnetoresistance (TAMR).
TAMR values as high as 20-30% have been found. Finally, we have proven that the
device can be used as a magnetic memory as we can detect the existence of two non-
volatile resistive state that switches depending on the direction of the magnetic field
used to write it.

The last part of thesis presents results focused on the A-substituted manganite,
LSMO, thin films. We show that growth instabilities can lead to the formation of
double-terminated surfaces. Indeed, deviations from the ideal growth behaviour
constitute a way to obtain spontaneously formed nanostructures with modulated
local functional properties at the surface. The transport properties and the composi-
tion of these films have been analyzed by making use of scanning probe techniques
and space-resolved photoemission electron microscopy, which are surface-sensitive
techniques suitable to characterize properties at the nanoscale of this type of sys-
tems.
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RESUM

Els oxids basats en manganites de lanta formen una extensa familia de compos-
tos derivats del LaMnOs;: una perovskita de la forma general ABO;. Les propietats
fisiques d’aquesta es poden modificar substancialment per substituci6 cationica. En
aquesta tesi estudiem dos compostos obtinguts per substitucié dels cations A i B.
D’una banda, el La;CopsMn; ;06 (LCMO), obtingut per substitucié del Mn per Co
(cati6 B), que conforma una estructura doble perovkita amb propietats aillants i ferro-
magnétiques. D’altra banda, el Lag 7Sro sMnO3 (LSMO) format per substituci6 parcial
de La per Sr (catié A) i que resulta en un material metallic i ferromagnétic.

El desenvolupament de tecniques de creixement de materials oxids en forma de
capes primes els dona un gran potencial per ser integrats en la tecnologia de semi-
conductors i per dissenyar dispositius micro i nanomeétrics per a aplicacions en spin-
tronica i memories no-volatils. Actualment hi ha gran interés en Iestudi de capes
primes de perovskites dobles amb propietats ferromagnétiques i aillants, ja que tenen
una temperatura de transicio relativament alta i son facils d’integrar sobre altres 0x-
ids. La implementaci6 d’aillants ferromagnétics com a substituts dels dispositius fer-
romagnetics basats en metalls pot conduir a una eficiéncia de commutacié molt més
gran i un transport de corrent menys dissipatiu. Assolir capes ultra primes d’aquests
materials permetria obtenir una barrera tinel activa que selecciona l’espin, per tant
actua com a filtre d’aquest. Aixi, 'objectiu principal de la primera part d’aquesta tesi
és comprendre les propietats fisiques del LCMO 1 obrir una via per futures aplica-
cions potencials.

En primer lloc, es presenta un estudi detallat del creixement i la caracteritzaci6
estructural i magnética de capes primes de LCMO. Demostrem que podem obtenir
capes d’alta qualitat, amb temperatures de transici6 de fins a 230 K i amb un bon
ordre cationic tot i petites desviacions de ’estequiometria. A continuaci6, analitzem
els efectes d’anisotropia magnetica centrats en els aspectes segiients: 1) 'estudi de
l’aparicié d’una forta anisotropia magnética perpendicular (PMA) amb un alt camp
coercitiu i d’anisotropia, i 2) la relaci6 del signe i la for¢a de ’anisotropia magnética
amb els desajustos estructurals amb el substrat. En particular, la PMA apareix en el
cas que la tensié sigui expansiva mentre que la tensié compressiva produeix un eix
facil d’imantacié dins el pla.

Per trobar una explicaci6 a origen de I’anisotropia magnética desenvolupem un
model atomic simple basat en calculs de primer ordre de teoria de pertorbacions. A
més, relacionem les prediccions extretes amb experiments de dicroisme magnetic
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circular de raigs X (XMCD tot demostrant que I’anisotropia magnética en 'LCMO
té un origen magnetocristalli a causa del fort acoblament d’espin-orbita del Co?".

Amb l'objectiu d’integrar les propietats aillants ferromagnétiques i la PMA en
un dispositiu, hem fabricat unions tinel utilitzant el LCMO com a barrera magnéti-
cament activa i hem explorat les seves funcionalitats d’espin. Hem trobat que el
dispositiu proporciona una alta eficiéncia de filtratge d’espin (gairebé el 100% de po-
laritzaci6) i funcionalitats de sensor i memoria anisotropica. Es a dir, que la forta
PMA induia per la tensi6 epitaxial provoca una gran diferéncia entre les corbes de
magnetoresisténcia mesurades amb el camp magneétic aplicat perpendicular o paral-
lelament; aquesta és 'anomenada magnetoresisténcia tinel anisotropica (TAMR).
S’han trobat valors de TAMR de 20-30%. Finalment, s’ha provat que el dispositiu pot
funcionar com una memoria magnética ja que podem detectar dos estat no volatils
de resisténcia ben diferenciats que s’escriuen canviant la direccié del camp magnetic
aplicat.

En la darrera part de la tesi, s’han presentat resultats basats en ’altre sistema de
manganita, el LSMO. Mostrem que les inestabilitats del creixement poden conduir a
la formaci6 de superficies de doble terminacid. Allunyar-se del comportament ideal
de creixement constitueix una forma d’obtenir nanoestructures formades esponta-
niament amb propietats funcionals locals en superficies. Les propietats de trans-
port i la composicié d’aquestes superficies s’analitzen utilitzant técniques de sonda
d’escaneig i microscopia electronica de fotoemissié amb resoluci6 lateral. Aquestes
técniques sensibles a la superficie son adequades per caracteritzar les propietats a la
nanoescala d’aquest tipus de sistemes.
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INTRODUCTION

1.1 MOTIVATION

A common characteristic of the development of future devices in spintronics and
storage information applications is the drive towards smaller dimensions. The
seek for improved performance is additionally enhanced by the discovery of size-
dependent new properties and phenomena. In this sense, nowadays great scientific
and technical efforts are dedicated to the development of experimental tools and
modeling techniques to close the gap between the fundamental knowledge with the
microscale.

Regarding fundamental science, this aim of miniaturization has required the un-
derstanding of elemental physical phenomena and the manipulation control of mat-
ter at the nanoscale. Therefore, in the last past years, experimental systems have
been developed to design tailored nanostructures. Nanostructures refer to materials
where one, two or the three dimensions are in the nanoregime leading to architec-
tures as thin films, nanowires, nanoparticles, quantum wells, etc. Sometimes the
challenge is to make every dimension as small as possible, as in nanodevices, but
other times the purpose is to enlarge one dimension magnifying the surface area.
The enlargement of surface-area-to-volume ratio is one of the main reasons for the
appearance of unknown phenomena [1] and has triggered research fields as, for in-
stance, surface and interface engineering in thin films. On the other hand, advances
in the understanding of these phenomena have been possible mainly thanks to the
development of novel characterization techniques such as atomic force and electron
microscopies or X-ray based techniques.

Finding the right materials fulfilling the requirements for competitive technology
is another challenging task. In this sense, transition metal oxides are one of the most
exciting families of potential candidates as they present an incredibly rich spectrum
of functionalities that can be tuned via structural, chemical modification or via ex-
ternal stimuli. Therefore, one-dimensional nanostructures of oxides conform thin
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films, engineered interfaces or tunnel junctions and will be explored in the course
of this thesis.

Among transition metal oxides (TMO), lanthanum manganite-based materials are
one of the most extensively studied family of oxides since the discovery in the 90s of
colossal magnetoresistive effects that can display. On the other hand, manganites ex-
hibit other intriguing phenomena as half-metallicity, charge ordering, orbital order-
ing, metal-insulator transitions or multiferroic behaviour [2]. The parent compound
of lanthanum manganites is LaMnOs (LMO), a perovskite material with chemical
formula ABO; composed by A=La and B=Mn. It is an antiferromagnetic insulator
whose properties can be substantially modified by cation substitution. In this thesis
we explore, two kind of compounds obtained by A-site and B-site substitution. In
particular, we study La;Cog gsMn; ;04 (LCMO) obtained by substitution of Mn by Co
which conforms a double perovskite structure, and Lag 7Srg 3sMnO; (LSMO) resulting
from the partial substitution of La by Sr. In the first case, LCMO turns into a ferro-
magnetic insulator (FM-I) while in the second case, LSMO becomes a ferromagnetic
half-metal. These physical properties make them potential materials for spintronics
and memory applications.

Spintronics is expected to lead to future technologies of information processing
and storage functionalities. Devices based on spin manipulation confer important ad-
vantages in front of conventional semiconductor devices: non-volatility, low power
consumption, higher data processing speed and high integration densities [3]. Spin-
polarized devices such as magnetic tunnel junctions (MTJ) are the main building
blocks of spin-based electronic components such as magnetoresistive random-access
memory (MRAM). Commonly, MTJs are composed by ferromagnetic metals sepa-
rated by an ultrathin non-magnetic insulating barrier to tunnel through. With the
discovery of tunneling magnetoresistance (TMR) these devices gained tremendous
importance. This phenomenon implies that the relative orientation of the electrodes
magnetization determines whether the MT]J exhibits a low or a high resistance state.
As first approximation, the transport through this kind of junctions is extremely sen-
sitive to interface effects such as interfacial chemical purity or interface scattering,
thus the quality of the barrier becomes a major concern. Since then, other routes to
use magnetoresistive effects in tunnel junctions have been explored, for instance, the
tunneling anisotropic magnetoresistance (TAMR) effect. TAMR measures resistance
changes that depend on the orientation of the magnetization of magnetic compo-
nents in the tunnel junction with respect to its crystallographic axes [4, 5]. It arises
from SOC effects and, unlike conventional TMR, it can be found in tunnel structures
with only one magnetic electrode. In fact, TAMR seems to be a generic effect in ferro-
magnetic metals with SOC [6]. In particular, in this thesis we explore TAMR effects
in a ferromagnetic insulating material. Additionally, ferromagnetic insulating mate-
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rials can be used as spin selective barriers in spin filtering structures. The FM-I acts
as a potential barrier whose height depends on the spin orientation of the carriers,
so it actively filters the spin. Actually, the implementation of ferromagnetic insula-
tors as substitutes of ferromagnetic metal-based devices can lead to much higher
switching efficiency and less dissipative transport [7]. The main obstacle of FM-I is
its scarcity in nature. LCMO is one of these rare materials and will be one of the
topic of study of this thesis.

Remarkably we have found that LCMO presents strong perpendicular magnetic
anisotropy (PMA) when grown on substrates that induce tensile strain. This prop-
erty is of great interest for technology, for example, it enables to fabricate highly
dense devices. Therefore, as an ultimate objective after LCMO thin film optimization,
we seek for integrating FM-I and PMA properties in a device. The device is based on
a LCMO barrier sandwiched between non-magnetic (NM) electrodes. In this sense,
exploiting TAMR in junctions that could operate without magnetic electrodes repre-
sents an alternative of much easier technological implementation, avoiding the need
of two magnetically decoupled ferromagnetic electrodes and coherent tunneling.

The last part of the thesis has been focused on the study transport properties in
smaller nanostructures than tunnel junctions in LSMO thin films. The fabrication
of epitaxial oxide thin films with well-defined atomically sharp interfaces requires
thorough optimized conditions. Increasing interest in controlled thin film growth
arises from the possibility of modulating the interface properties. Actually, inter-
faces between complex oxides comprise an extensive field due to the possibility of
tailoring their electronic structures to display novel functionalities. Varying growth
parameters (deposition rate, temperature, oxygen pressure,...) or inducing defects
(cation excess, oxygen vacancies,...) can provoke local structural or stoichiometric
deviations in the films and in their surfaces. In general, the reasons for instabilities
in the growth process are mostly thermodynamic or kinetic. For instance, the forma-
tion of stacking faults is one frequent source of growth instability. Taking advantage
of this fact, nanostructured LSMO films can be achieved without the need of special
substrate preparation.

Getting away from then ideal growth behaviour constitutes a way to obtain spon-
taneously formed nanostructures leading to modulated local functional properties
of thin film surfaces. Transport properties of these films are analyzed by making use
of scanning probe techniques which are suitable to characterize materials at such
nanosized level.
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1.2 ORGANIZATION OF THE THESIS

Starting with this introductory chapter, we present general concepts of transition
metal oxides particularly focusing on processes related to transport in certain man-
ganite based oxides systems. Then chapter 2 briefly explains the most important
facts of the experimental techniques used in the course of the thesis.

Chapter 3 and chapter 4 are centred in results related to ferromagnetic insulating
lanthanum-cobalt manganite thin films (LCMO). In chapter 3 we present a detailed
study of growth and structural and magnetic characterization of LCMO thin films.
Firstly, we discuss about stoichiometry and cationic ordering of the films. Having
proved that we can obtain high quality thin films with good cationic order despite
a certain degree of off-stoichiometry, we analyze the appearance of strain-induced
perpendicular magnetic anisotropy. Then, in chapter 4 we discuss about the origin
of this strain tunable magnetic anisotropy using a theoretical approach and X-ray
magnetic circular dichroism experiments.

In chapter 5, we explore the possibilities of using PMA in a spintronic device.
Hence, we present the fabrication and evaluation of tunneling transport on a tunnel
junction composed by LCMO barrier sandwiched between non-magnetic electrodes:
metal/LCMO/Nb:SrTiOs. In particular, spin filtering effect and sensor and memory
capabilities based on TAMR are analyzed.

In chapter 6, we examine double-terminated LSMO thin films making use of sur-
face sensitive techniques such as Atomic force microscopy and X-ray photoemission
electron microscopy. We relate local transport properties with different composition
and explore the effect of the termination on resistive switching related phenomenol-

ogy.

1.3 ELECTRONIC AND MAGNETIC PROPERTIES OF
TRANSITION METAL OXIDES

Electronic and magnetic properties in most oxides are determined by its outermost
electrons and the overlap of the orbitals where they are comprised. In particular,
TMO are compounds whose emerging properties are governed by d-electrons and
present a broad range of interesting functionalities, such as high temperature super-
conductivity, piezoelectricity, colossal magnetoresistance, fully spin-polarized cur-
rents, multiferroic properties, etc. The physics of these phenomena relies on the
strong electronic correlations. Besides, the hybridization of the transition metal d-
orbitals with the oxygen p-orbitals produce narrow energy bands where spin, charge
and lattice degrees of freedom are coupled. Then emergent properties can be tuned
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via strain, chemical doping or application of external fields, pressure or temperature.
For its part, perovskite oxides have a simple crystalline structure that allows the epi-
taxial growth of thin films of them on top of each other. Hence oxide materials with
different functionalities can be combined in thin film heterostructures giving rise to
a great plethora of possibilities for new oxide devices.

1.3.1 Crystal Field

The first step to understand the properties of TMO is to examine how interactions
with neighboring ions alter the configuration of partially filled d-levels. This has
been addressed in the framework of crystal field theory (CFT). Within this theory,
interactions with neighboring cations are modeled as static electric fields produced
by them. The effects of the resulting electric field, known as CF depend crucially on
the symmetry of the environment. TMO perovskites present octahedral coordina-
tion: the metal ion is placed in the center of a cube surrounded by 6 oxygen atoms
forming an octahedron. The CF arises from Coulombic repulsion between electrons
in 3d orbitals of the metal ion and electrons in the 2p orbital of oxygen and breaks
the degeneracy of the d-levels depending on the symmetry of the orbitals. In par-
ticular, CF in perovskites with regular octhaedral coordination splits the electronic
levels into t,; and e, manifolds. As it is observed in Figure 1.1, t;, are comprised by
dxy, dx, and d,, orbitals and e, by d,2_2 and d;2 (ds;2_,2). Electrons in e, strongly
interact with electrons in oxygen orbitals so they have higher energy than #,,.
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Figure 1.1: Perovskite structure and orbital energy levels under a cubic CF due to oxygen
ions. M is a metal ion; RE, rare earth elements, and AE, alkaline earth elements.
Figure reproduced from Ref. [8].

For completeness, in Figure 1.2 we show how the lobes of d orbitals are oriented
relative to the negative charges at the corner of the octhaedra: the lobes of the d,2 and

7
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dy2_,2 orbitals (b and c) point toward the charges (so the repulsion force is higher)

while the lobes of the dy, dx. and dy, orbitals (d-f) point between the charges.
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Figure 1.2: (a) Metal ion at the center of an octahedral array of negative charges. (b-f) The
orientations of the d orbitals relative to the negatively charged ligands. Figure
reproduced from Ref. [9].

In addition to CF effects, in general, other interactions must be taken into account
to understand the properties of TMO. Of particular relevance in the framework of
this thesis are the SOC and, under the application of a magnetic field, the Zeeman
term.

CFT is useful to find the eigenstates and corresponding energy levels on the basis
of the known symmetry of the system, treating these interactions as perturbation.
Therefore in CFT one tries to find the solution of the Schrédinger equation with an
interaction Hamiltonian described as:

H;,=Hy+Hcr+His+Hz (1.1)

where H, is the Coulomb interaction, Hcr is the interaction with the CF, H; s is the
SOC interaction and Hz accounts for the Zeeman effect.

It is important for the solution of this Hamiltonian to observe the energy scales.
Thus, in transition metal oxides the magntitude of Hy lies between 1-10 eV, Hcr
between 12.5 meV-1.25 eV, Hr s between 1.25-250 meV and H is smaller than 1.25
meV [10]. On one hand, note that CF and SOC are always much larger than Zeeman
effect, therefore it will be treated as a small perturbation. In particular, in this thesis
we will see how magnetic properties of LCMO thin films system can be described
solving a perturbative problem.

Having this in mind, the distribution of electrons in the orbitals will depend on
the magnitude of the energies named above and also in intratomic exchange split-
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ting (Jg). Jg is the difference between spin-up and spin down levels due to Hund’s
coupling.

Three empirical rules were suggested by Friedrich Hund in 1925 for the energetic
ordering and filling of electronic states in atoms. Hund’s rules dictate the lowest-
energy configuration for electrons in the 3d-shell for a given electronic configura-
tion. They originate from interatomic exchange interaction and SOC, hence, they
are used to identify the ground state average spin (S), orbital (L) and total angular
moments. Hund’s rules state that:

1. The sum of the spin angular momentum (S) of all electrons in the shell is
maximized, remembering that the orbitals can only accommodate one electron
T and one electron | each according to Pauli exclusion principle.

2. Angular momentum (L) maximizes consistent with S. For a given spin arrange-
ment, the configuration with the largest L is the lowest in energy.

3. L and S couple to form the total angular momentum J so that J=L-S if the shell
is less than half-filled an J=L+S if the cell is more than half-filled. When it is
exactly half-filled, then L=0 and J=S.

For AEcr < Jy the Hund’s rules are applicable while for AEcp > Jy only lowest
levels are occupied. In the later case, orbital motion is impeded by the strong influ-
ence of the lattice. Then the L is quenched and S become the significant quantum
number.

As a practical case, here we present the electronic structure for the three magnetic
ions that comprise our materials of study: Mn**, Mn** and Co?*. Electronic config-
urations for each one are: [Ar]3d* for Mn>* and [Ar]3d® for Mn** and [Ar]3d’ for
Co?*.

The distribution of electrons for each spices is depicted in Figures 1.3 and 1.4.
For the Mn** the three t,4 levels are completely filled and spins are parallel and
coupled to S=3/2 following Hund’s interaction. The largest L compatible with this
S is L=3. In Mn>*, whith 4 electrons in the d-level, three electrons fill tzg levels and
the remaining one is placed in one of the e, levels. Again due to the strong Hund’s
interaction the electron spin remains parallel to the spins in t;, electrons leading to a
total spin moment of S=2. As all spins remain parallel, a high spin (HS) configuration
is defined in both ions (Mn** and Mn**). For Mn>*, the largest L compatible with
S=2is L=2.

Additionally, for Mn3* electronic structure, we have to take into account Jahn-
Teller (JT) effect. This effect leads to a distortion in the octahedron caused by the
coupling of the e, electron with the lattice. In a perfect octahedral environment, the
ey electron of Mn®" can occupy either the dy2_y2 or the d2 orbital because in this

9
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case levels are degenerate. In reality, the deformation of the octahedron produces a
structural distortion which lowers the energy of one of these orbitals at expenses of
raising the energy of the other, hence breaking the degeneracy [11]. As the raised
orbital is unoccupied, there is a net lowering of the energy of the system, thus JT
distortion yield to a more favorable energy state. The JT effect has important impli-
cations in the physical properties of manganites. For example, it is responsible of the
orbital ordering phenomena and introduces strong interactions between electronic
and lattice degrees of freedom in manganites.

3d orbitals,  |10Dg

Figure 1.3: Energy splitting of the 3d-electron states in an octahedral CF (Mn**) and due to
the Jahn-Teller effect (Mn®*). Figure reproduced from Ref. [2].

From its part, Co?* can show within the same oxidation state both HS (% ge;) and
low spin (LS) (tg g e;) configurations. This happens because Ji, which is the difference
between spin up and spin down levels due to Hund’s coupling, is comparable with
AEcf. AEcF < Jy favors the filling of spin up band before the filling of #,;, spin down
band as depicted in 1.4, yielding to a HS with S=3/2. Contrary, if AEcr > Jg the ty4
levels for both spin states are filled before e, as they lie at lower energy, then six
electrons occupy t;, and the remaining one eventually occupies the ey, defining a
LS with S=1/2. When Hund’s coupling dominates, the maximum angular moment

compatible with S=3/2 is L=3.

1.3.2 Exchange interactions

Another factor that determines the electronic and magnetic properties of TMO, such
as long range magnetic order, are the exchange interactions. Exchange interactions
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Figure 1.4: Energy splitting of the 3d-electron states in an octahedral CF for Co?* in HS and
LS configurations

are essentially electrostatic interaction arising because charges of the same sign
bring up a gain of energy when they are apart and a cost of energy when they
are close together. Exchange interactions depend on the overlap of magnetic ions
wavefunctions which are exponentially decaying. Therefore, in perovskite oxides,
there is small direct overlap of the wavefunctions of the nearest-neighbor cations
(direct exchange), but can strongly overlap with the 2p-orbitals of the neighboring
non-magnetic anions (indirect exchange). That is, direct exchange is very weak due
to the localized nature of d-electrons and because magnetic cations are separated by
a non-magnetic anion, thus too far apart to interact. Instead exchange interactions
in oxides are indirect, mainly comprised by superexchange and double exchange,
and use O~ as intermediary to interact.

Superexchange

Superexchange in oxides is the magnetic interaction between neighboring magnetic
cations mediated by chemical bonding through oxygen where no real charge trans-
port is involved. The interaction involves the virtual transfer of one electron. As
depicted in Figure 1.5, when a 2p-electron of the oxygen transfers to a neighbour-
ing Mn ion, the remaining unpaired p-electron of oxygen then enters into direct
exchange with the other Mn ion. The sign of the magnetic interaction is then de-
termined by the relative orientation of the spin of the virtually transferred oxygen
p-electron with respect to the first Mn and the sign of the direct exchange between
the oxygen and the second Mn. As d-orbitals can have different orientations and

11
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configurations, different types of superexchange interactions can take place: ferro-
magnetic (FM) or antiferromagnetic (AF).

Goodenough [12], Kanamori [13] and Anderson [14] proposed a series of rules
(GKA rules) that enable to determine the sign of the exchange integral and the type
of interaction depending on the orbital configuration of the two Mn ions involved in
the interaction. These rules, for octahedral-site cations in perovskite structures, are
applicable for angles of 180° between the three ions. Then Goodenough-Kanamori-
Anderson (GKA) rules state:

1. The interaction between two half-filled e, orbital pointing toward each other
is AF and strong.

2. The interaction between two t,4 orbitals pointing toward each other is AF and
weak.

3. The interaction between one half-filled e, and a t,4 orbitals (empty e,) point-
ing toward each other is FM.

LMO is an example of AF insulator compound with superexchange interaction
at Mn**-O-Mn** bridges (e, — 2p — e;) while LCMO is an example of a FM
insulator due to ferromagnetic superexchange interaction between Mn*"-0-Co?*

(t2g — 2p — €g).
K3 /5t ke
LI I o

Figure 1.5: Schematic of 180° cation-anion-cation GKA rules governing magnetic interaction
between transition metal cations (M, M’) via oxygen. (a) AF interaction of M(tz,)-
O-M(tzg). (b) AT interaction of M’(e4)-O-M’(ey). (c) FM interaction of M(ty4)-O-
M’(ey). Figure reproduced from Ref. [15].

Double exchange

Double exchange interaction is essentially a mechanism of superexchange that takes
place in mixed valence materials, such as manganites, and implies the real transfer of
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an electron, allowing electric conductivity. It was firstly proposed by Zener in 1951
[16]. It consist in the hopping of e, electrons between neighboring Mn sites with
distinct valence (Mn** and Mn**) through the ligand oxigen ion. Therefore, there is
a simultaneous charge transfer of the e, electron of Mn®* to O~ and of one electron
in the 2p of O*~ to Mn** resulting in a net transport of charge. As Hund’s coupling
is very strong, the spin of the e, electron going into Mn** must align its spin with
those of the t4 of the vacant site ion. Therefore, as t;, electrons of Mn3* ion are
parallel to the e, electron, the t,4 electrons of the two Mn ions must be aligned in
the same orientation then, ferromagnetism is induced (see Figure 1.6).

The probability of hopping is dictated by the relative angle between the two Mn
ions. Thus, the system can be described through the effective hopping (t.rr) which
is defined as:

terr(0) =t - cos(60/2) (1.2)

where t is the hopping parameter and 6 is the angle between the t;, spins of neigh-
boring Mn ions. As a result hopping is maximum when 6 = 0 and ions are ferromag-
netically aligned, while t.rr=0 when 6 = 7, due to Pauli exclusion principle, and
spins of the ions are AF aligned.

Double exchange is applied to extended system and drives ferromagnetism and
half-metallicity: electrons of one kind of spin that are allow to hop through the whole
system.

= iy gy [P = g =

—~ # % B g &

(DD O-CEOODEG

T ? TMn“ o Mn* ﬂ T Mn* o* Mn:"T T

Figure 1.6: Double exchange between the 3d,. orbital of Mn** and Mn** ion via the 2p,
orbital of an O%" ion. The 3d,:_,z2 orbital of Mn is shaded in grey. The core spin S
= 3/2 of the three (not-shown) #,, orbitals of Mn is symbolized by triple arrows.

The resulting interaction is ferromagnetic, mediated by the itinerant electron of
Mn**. Figure reproduced from Ref. [17].

1.4 LANTHANUM MANGANITES PEROVSKITES

Lanthanum manganite perovskites are one of the most interesting complex oxides
system studied so far. They exhibit unique electronic and magnetic properties which
are determined by interactions between the lattice, charge, orbital, and spin degrees
of freedom. Among this phenomenology we found effects as colossal magnetore-
sistance, half-metallicity, metal-insulator transitions, charge and orbital ordering ef-



14 INTRODUCTION

fects or strong electron-phonon coupling [18]. Hence, an intense research effort has
been devoted to study the interplay between structure, magnetism, and transport in
perovskite manganites during the last twenty years.

Perovskites oxides adopt the general formula ABOs; and are mostly composed
by a rare-earth (La, Sm, Pr, Nd) or alkali-earth metal (Ca, Sr, Ba) occupying A site,
possessing oxidation states +3 or +2, respectively. Then the B site is composed by a
transition metal oxide such as Mn, Fe, Co, Ni, Ir, Nb, Mo... which can have various
oxidation states. The parent compound of lanthanum manganites is LMO composed
by A=La and B=Mn. LMO is an antiferromagnetic insulator whose properties can be
critically modified by cation substitution.

LMO has an AF ground state due to superexchange interactions when the metal-
oxygen-metal bond angle is close to 180°. Upon full substitution of divalent cations,
CaMnOs;, SrMnO; and BaMnOs;, Mn ion possesses +4 valence, hence, we also
find an AF and insulating state. However, when doping at intermediate degrees
La,D;-,MnOj3 (D=divalent alkaline-earth cation), Mn ions acquire a mixed valence
between +3 and +4, thus, the donor electrons can become delocalized and the mate-
rial highly conductive and FM.

The crystalline structure of the perovskites consists in a 3D arrangement of BOg
linked by the vertex. A cations lie in the empty space between octahedra while B
cations are placed at the center of the octahedra. The perovskite structure tends to
suffer distortions with respect to the parent cubic structure that affect dramatically
its properties. These distortions are mainly given by the relation between the ionic
radius of the cations define by the tolerance factor:

_ratro
V2(rg +ro)

where r4 and rp are the ionic radii of the ions occupying A and B sites and rp is

(1.3)

the radius of the anion, i.e. oxygen. Tolerance factor is an indicator for the stability
and distortion of crystal structures. When it equals to one, the perovskite exhibits
a cubic structure. If t<1, A cation is too small to fill the space between octahedra.
As a result, octahedra rotate making this cavity smaller. These rotations imply a
reduction of the symmetry of the structure that changes from cubic to rombohedral,
tetragonal, orthorombic, monoclinic or even triclinic depending on octahedra tilting
[19, 20]. In the unusual cases where t>1, meaning that B cation is too small to fill the
octahedra, an off-centering of the B cation takes place. The displacement of B cation
is towards oxygen ions to compensate the valence. Hence, non-centrosymmetric
structures, such as BaTiO3 are favored.
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1.4.1 Mixed-valence perovskite manganites: Lay7Sry3MnQOs

As already stated, the substitution of trivalent La by divalent Sr in LaMnOs pro-
duces a redistribution of charge in the compound and so, to fulfill charge neutrality
a mixed valence state on Mn ions is introduced. That is, a certain proportion of
Mn>* converts to Mn**. The doping level (x) establishes the proportion of each Mn
valence: Lal* _Sr2*Mn3* Mn}'O3%". Lanthanum manganite is an AF insulator for x
= 0, while x = 0.3 leads to a FM state with half-metallic character. Thus the mixed
valence state provides a potential charge carrier path for electrical conduction via
double exchange interactions. Due to double exchange Mn ion are aligned parallel
producing ferromagnetism and consequently conduction. That is the reason why
LSMO is additionally half-metallic, meaning that it is constituted by only one kind
of electron spins at the Fermi level.

1.4.2  Double perovskites: LayCoMnOs

B-site substitution in ABOs perovskites can yield to ordered double perovskite ox-
ides with the general formula in A;BB’Og. Thus, the double perovskite structure is
obtained by occupying the simple perovskite B-site with an alternate distribution of
two different cationic spices, B and B’ as it is depicted in figure 1.7.

The unit cell of B-site-ordered double perovskite has in general four times larger
volume than the cell of a simple perovskite, which corresponds to \/Eap X \/Eap X
2a,, where a,, is the lattice parameter for a cubic perovskite. Besides, if cationic order
is achieved the structure is in most of the cases defined by a rock salt-type lattice
arrangement in which each B cation has only B’ as nearest neighboring cations and
viceversa. Cationic ordering depends on the ionic size of the cations and its oxidation
state. In general, cationic order is favored for the largest differences in the ionic radii
and in the oxidation state. Perfect cation ordering is difficult to obtain, specially
when the valence difference is smaller than 3, and in many cases, some degree of
cation mixing is present.

Moreover, the presence of multivalence cations such as Mn or Co is an additional
drawback as they can stabilize in different valence states. Therefore the combina-
tion of cation capable of producing ordered double perovskite compounds is small
and just a limited number of them has been fabricated to the date. Nevertheless, or-
dered double perovskite oxides can present unique properties not found in single
perovskites. Some double perovskites exhibit FM-I properties with relativelly high
Curie Temperature (T¢), e.g. La;NiMnOgy(T¢e =~ 280K) [21], CayCrReOg(Te = 360K)
[22]
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Some double perovskites are half-metallic ferromagnets with very high T¢,
Sr,FeMoOg (Te = 410 K) [23] and SryCrReO¢ (Te = 635 K) [22]. Others can be
ferroelectric as in the case of Bi,NiMnOy [24] or potential candidates for mixed ox-
ide ion/electron conductor as SryMgMoO,_s. [25]

«000
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Figure 1.7: Double perovskite structure of La;CoMnOg.

The cobalt-substituted manganite, La,CoMnOg, subject of study in this thesis,
presents special interest because the resulting compound exhibits FM-I character
and relatively high T¢ of 230 K, making it a promising materials for spintronic ap-
plications. Its magnetic properties strongly depend on cationic ordering. Since Mn
and Co have stabilized different valences, it could be possible to obtain an ordered
rock-salt structure with a strong net magnetic moment and a ferromagnetic ordering.
When magnetic moments of Co and Mn order ferromagnetically, they give a Tc~230
K and an total magnetic moment of 6 ug/f.u.. It is generally accepted that in order
to obtain cationic order Co adopts +2 oxidation state while Mn adopts +4. Then, the
origin of ferromagnetism is attributed to superexchange interactions between Co?**
and Mn**. Disorder is associated with the presence of Mn and Co in +3 valence state,
this may favor Co®**-Co*, Mn**-Mn>* or Mn®*-Co>" interactions which are com-
monly antiferromagnetic. Then disordered La,CoMnOg will present lower T¢ (= 150
K [26]) and lower saturation magnetization. To obtain thin films with good ordering,
growth conditions must be optimized. A common way to achieve cationic order is
by proper annealing conditions as will be explained in chapter 3 of the thesis. The
insulating behaviour in La,CoMnOs is driven by Coulomb-assisted spin orbit cou-
pling within the Co-¢, states in the octhaedral sites and the Coulomb correlations
arising within CF splitting in Co d-mainfold [27].

1.5 MAGNETIC ANISOTROPY

Most ferromagnetic crystals, especially those that posses strong SOC, exhibit pre-
ferred crystallographic directions of magnetization, named "easy axes". Thus, mag-
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netic anisotropy refers to the dependence of the magnetic properties on the direc-
tion of the applied field relative to the crystal axes. Magnetic anisotropy is closely
related to phenomenology such as orbital moment formation, magnetoelasticity or
magnetoresistance [28]. It has gain increasing attention in technology for applica-
tion as magnetic information storage and magneto-optical recording [29]. Magnetic
anisotropy can be classified by its physical origin. It can be a result of its crystal
chemistry or its shape, or it can be induced by external factors such as strain or
pressure. In systems of finite size there are two main contributions to magnetic
anisotropy, named magnetocrystalline and shape anisotropy. The former is a bulk
property and involves CF and SOC, while the later originates from magnetic dipole-
dipole interaction and depends on the geometry of the sample. In thin films sys-
tems, its particular shape (2D dimensional) as well as the appearance of symmetry
breaking elements in form of surfaces and interfaces confers the systems anisotropy
properties different from bulk. In particular, the shape of a thin film always favors
in-plane magnetization. However, in certain conditions, when the thickness of the
film is further reduced, the preferential direction of magnetization can change from
in-plane to out-of-plane. This is due to a surface anisotropy term.

The magnetic anisotropy energy can be expressed phenomenologically in terms of
magnetization angle and anisotropy constants. The simplest anisotropy energy (E,)
expression is:

E, = K;Vsin®0 (1.4)

where V is the volume of the magnet, K; the first-order uniaxial anisotropy con-
stant and 0 is the angle between the magnetization and the film normal [28]. This
expression is very limiting as excludes any higher order term, hence it is only useful
for uniaxial magnetic anisotropy. In any case, the expression enables to interpret
anisotropy direction in low-dimensional systems such as thin films. Thin films mag-
netic materials are treated as flattened cylinder because the thickness of the film
is very small relative to lateral dimensions. Thus lateral dimensions are considered
to be infinite and the symmetry axis correspond to the normal to its surface. If we
inspect the sign of K; we note that for positive Kj, the minima of energy will be
found for 6 = (0, 7), implying that the easy axis will be parallel to the symmetry
axis (perpendicular to the plane); while for negative K;, the energy minimum will
be at 0 = /2, thus the in-plane direction.

Additionally in thin films, it is useful to define magnetic anisotropy K; as the sum
of volume (K, per unit volume) and interface (K, per unit area) contributions:

K
Ki =K, + 275 (1.5)
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where t is the thickness of the system. The prefactor 2 accounts from assuming that
the magnetic layer is bounded by two identical interfaces. This being pointed out,
in the following, each of the possible anisotropy sources that concern the thin film
systems presented in this thesis are briefly presented in some more detail.

Shape anisotropy

Shape anisotropy is produced by long range magnetic dipolar interactions. If the
sample is not spherical the magnetostatic energy of the system depends on the ori-
entation of magnetic moments within the sample.

Then shape anisotropy is characterized by a shape- dependent demagnetizing field
Hy = —NM, being N the demagnetizing tensor and M the magnetization of the
system per volume unit. Then the demagnetizing energy will be expressed as [30]:

L Y
= / M- Hydo (1.6)

If the sample is an ellipsoid, it will be uniformly magnetized so the demagneti-
zation field will be uniform and will be easily calculated using a demagnetization
tensor where all the elements will be zero except the diagonals. In the case of thin
films, all tensor elements will be zero except for the direction perpendicular to the
layer, then anisotropy energy per unit volume will be expressed as ! [30]:

1
Eg= E,quzcosz@ (1.7)

There is an energy saving if magnetization is kept in the plane. According to this
equation, in-plane orientation of magnetization will be favored. As we have men-
tioned, thin films are treated as flattened cylinder in the continuum approach to
calculate the integral above-written. Therefore this term only contributes to K,,. For
ultrathin films, the number of elementary magnetic dipoles becomes countable. The
calculation of the demagnetizing field will become a discrete sum of dipolar inter-
actions. The symmetry of the surface will become important and anisotropy will be
expressed by the sum of K, and K contributions.

Surface anisotropy

Louis Néel showed in 1954 that there must exist a surface anisotropy energy that
depends on the orientation of the spontaneous magnetization with respect to the
surface and it is not related to the classical phenomenon of the demagnetizing field

1 Note that cos®0 = 1 — sin®0, thus the contribution to Ky, is —%,qug < 0.
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coming from the shape anisotropy [31]. Therefore, at the surface of a magnetic film,
the absence of neighboring atoms in one of its interfaces critically modifies the mag-
netocrystalline anisotropy and occasionally causes the moments to align perpendic-
ular to the surface (PMA). The great potential for application of PMA in spintronics
has triggered the attention of studying these systems for its potentials for ultrahigh
density recording. Nevertheless the nature of PMA is not always related with the
surface anisotropy and can have a magnetocrystalline origin.

Magnetocrystalline anisotropy

As already stated, the origin of magnetocrystalline anisotropy is the SOC interaction.
The orbital moment of 3d-electrons in TMO is generally coupled to the lattice though
the CF at the same time that spins are coupled to the orbital moment via SOC.

The SOC can be approximated by a one-atom term AL - S, where A is the SOC
constant and is of the order of 0.05 €V in 3d transition metals [32]. This is a small
term as compared with CF energies of 3d electron systems, of the order of 1 eV. Then
SOC can be considered a small correction to the CF and consequently we can treat
magnetocrystalline anisotropy as a perturbative problem, as we will see in chapter
4.

Therefore, in these systems, the total magnetic moment is coupled to the crystal
axes so the energy required to rotate the spins away from the easy axis is the
energy required to overcome SOC. This results in a total energy which depends on
the direction of the magnetization and follows the same symmetry of the crystal.
In some TMO the SOC is strong enough to produce sizable effects, e.g. the ones
containing Co?*. Once magnetized, a very large field in the direction opposite to the
magnetization is needed to overcome the anisotropy and reverse the magnetization.
The anisotropy holds the magnetization very strongly in the easy axis, and so the
coercivity of the system is large.

Strain-induced magnetic anisotropy

The coupling between magnetism and lattice strain gives rise to magnetoelastic
effect in bulk samples. Magnetoelasticity is the inverse effect of magnetostriction,
where the rotation of the magnetization creates a mechanical strain. In thin films
epitaxial strain can critically influence the magnetic anisotropy. In particular, strain
state can modify the CF. For instance, for cubic materials, such as perovskites, strain
may lead to a tetragonal distortion of the lattice. As we have already explained, in
transition metal oxide the d-orbitals are fixed by the CF. Thus, orbital occupation can,
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in some cases, be tuned by strain with a strong influence on the orbital momentum
L of the unpaired electrons and change the SOC interaction, and consequently the
magnetocrystalline anisotropy. Then, it is interesting to understand how the strain
affects the magnetocrystalline part. Indeed, the way in which epitaxial strain can
affect the magnetocrystalline anisotropy has been an intense subject of research. A
prominent example of such investigations is the spinel compound CoCr,04, which
has a strong magnetostriction coefficient. In CoCr, 0Oy thin films, it was proved that
changing the sign of the strain leads from cooperation to competition of shape and
magnetocrystalline anisotropies. Figure 1.8 has been reproduced here from Ref. [33]
for comprehension.

(a)io.,..__.m,...,....

M (10" EMLY

Figure 1.8: Magnetic hysteresis loops in the in-plane and out-of-plane direction of CoCr,O4
on MgAl,O4, under compressive strain (a), and on MgO, under tensile strain. Fig-
ure reproduced from Ref. [33])

1.6 CHARGE CARRIER TRANSPORT PHENOMENOL-
OGY

1.6.1 Magnetoresistive effects

Magnetoresistance (MR) is a phenomenon that reflects the change of resistivity of a
material when a magnetic field is applied:

MR(%) = P2 PH 100 (1.8)

PH



1.6 CHARGE CARRIER TRANSPORT PHENOMENOLOGY 21

where py and pp are the resistivities in the absence and presence of magnetic field,
respectively. However, the effect in normal metals is usually very small, and does
not have a technological application [11].

A bit larger magnetoresistive effects, of around 5%, were observed in ferromag-
netic metal alloys of Ni-Fe and Ni-Co, in these cases, due to variations on the direc-
tion of the applied magnetic field [34]. This effect is known as anisotropic magne-
toresistance (AMR) and accounts for an anisotropic resistance that depends on the
orientation of the magnetic moments of ions in the system with respect to the elec-
tric current direction. The phenomenon originate from SOC interactions and was
first reported by Lord Kelvin in 1856 [35]. Nevertheless, it was not until the discovery
of giant magnetoresistance (GMR) in metallic multi-layers and colossal magnetore-
sistance (CMR) in perovskite manganites around 1990s that the study of MR effects
became a field of major interest. Nowadays magnetoresistive materials are used in
a great number of technologies, such as magnetic sensors, magnetic memories, and
as the read head in magnetic recording structures.

In the next sections we describe some magnetoresistive phenomena, putting em-
phasis in the ones important for the understanding of the content of this thesis.
Firstly, GMR and CMR are briefly revised. Then we present magnetoresistive effects
that appear in metallic-insulator thin film systems such as TMR and TAMR.

Giant Magnetoresistance

GMR was first discovered in 1988 in Fe-Cr-Fe superlattices which alternate FM with
NM metals [36, 37]. It is defined as the ratio:

_ Ry —-Rn
R

GMR (1.9)

Low resistance is found for parallel alignment (Rq1) of the FM layers and high
resistance for antiparallel alignment (R1|). A negative MR change around 20-50 %
was observed in Fe-Cr multilayers [36, 37]. The orientation of magnetization is con-
trolled, for example, by applying a magnetic field and fixed by gown parameters as
the thickness of the layers. For the discovery of this effect Fert and Griinberg ob-
tained the 2007 Nobel Prize in Physics. The greatness of this phenomena lies in the
fact that it enables to sense external magnetic field strengths in electrical magnitudes
in between the two electric states of resistance. It was rapidly exploit technologicaly
as the base of magnetic field sensors and hard-disk read-heads [38]. The origin of
the effect is commonly attributed to the spin-dependent scattering that occurs in in-
homogeneous systems. GMR was also found in granular systems and was described
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as grains form ferromagnetic clusters embedded in a non-magnetic metal which in-
teract forming a kind of superlattice [39].

Colossal Magnetoresistance

CMR is an extremely large MR typically found in mixed-valence manganite per-
ovskites where a transition to a FM state is accompained by a transition to a metallic
state or by a large reduction of the resistivity. CMR occurs near the paramagnetic-
to-ferromagnetic transition due to the shift of Tc under a magnetic field. The larger
values of CMR reported correspond to field-induced transitions from AF-insulating
to FM-metallic states. Although large MR values in manganites were firstly reported
in 1970 in (LaPb)MnO; compound [40], it is not until the 90s that the study of CMR
in manganites became exhaustive [41-43]. The term CMR was introduced to distin-
guish the MR found in manganites from GMR observed in transition metal struc-
tures in multilayer or granular forms. An example is the the case of La;_,Sr,MnOs3

(x=0.175) depicted in Figure 1.9. The origin of CMR is quite different than in GMR.
CMR effect is not related to a multilayer structure whereas it is an intrinsic property

of materials.
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Figure 1.9: Colossal magnetoresistance (CMR) behaviour for the La;_,SryMnOs (x=0.175)
crystal. Figure reproduced from Ref. [44].

Tunneling Magnetoresistance
Conventional MTJs consist of a non-magnetic insulator (NM-I) sandwiched between

two ferromagnetic metals (FM-M). The resistance of the junction depends on the
relative alignment of the magnetic moments of the ferromagnetic electrodes, phe-
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nomenon known as TMR. The orientation of magnetization can be changed by ap-
plying a magnetic field. Then TMR, in analogy with GMR, is defined as the relative
difference between the resistance of the system when ferromagnetic electrodes are
aligned parallel or anti-parallel.

_ Ru-Rn
Rpp

TMR (1.10)

One way to interpret TMR is by Juliére’s model. The density of states at the Fermi
level of magnetic materials, N;(Er), is spin dependent resulting in an unequal filling
of the bands for spin-up and spin-down electrons, ones being the majority and other
the minority charge carrier electrons. Then the spin polarization can be defined by
Juliére’s formula as:

_ Nit(Er) — N; | (EF)
~ Nip(Ep) + Ni | (EF)

(1.11)

i
where Njq(|)(EF)is the density of spin-up (spin-down) states at the Fermi level.

Then TMR can be also expressed as function of spin polarization of the electrodes:

2P, P,
1-PP,

TMR =

(1.12)

It is worth noting that the most successful approach to obtain large TMR ratios
will be through coherent tunneling between half-metallic electrodes [45].

Tunneling Anisotropic Magnetoresistance

In magnetically anisotropic systems the resistance of the tunneling junction can
depend on the magnetization direction of each ferromagnetic layer. This effects is
known as TAMR and measures the dependence of the magnetoresistance on the
orientation of the magnetization with respect to the crystallographic axes [4, 5, 46].
We define TAMR ratio as:

R(e) - R(emm)
R(emin)

where 0 is the position of the sample with respect to the magnetic field and 6,,;, the

TAMR() = (1.13)

angle where the resistivity is minimum.

SOC is a source of TAMR. The analogue effect in bulk is the above mentioned AMR,
but in tunneling junction can be highly enhanced as SOC effects can be much sig-
nificant at the interfaces and have a larger contribution [47]. The effect was initially
described in magnetic semiconductors and tunneling junctions with FM metal elec-
trodes [48, 49]. TAMR, unlike TMR, can also be found in tunnel structures with only
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one magnetic component. It has been measured in structures were only one of the
electrodes is ferromagnetic [50, 51], and in this thesis we will show that it can be
measured in a device with a FM-I barrier as the only magnetic component.

Moreover, TAMR in thin film systems can be found in two different configura-
tions depending on the plane in which the magnetization is rotated. In-plane (IP)
configuration is defined for the magnetization rotating parallel to the sample surface
(renamed ¢ in Figure 1.10) and out-of-plane (OOP) when magnetization is rotated
within the angle between surface plane and the normal direction.

(a} out-of-plane configuration (b} in-plane configuration
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Figure 1.10: Schematic of OOP (a) and IP (b) configurations used for measuring TAMR in a
MT]Js with just one ferromagnetic layer. x is the reference crystallographic axis
and z the normal axis, 7 indicates magnetization orientation. Figure reproduced
from Ref. [46].

1.6.2  Spin filtering

Spin filtering consists in spin selective tunneling through a magnetically active bar-
rier sandwiched between two metals. As schematically depicted in Figure 1.11, the
barrier height is sensitive to spin orientation and, due to exchange splitting, two
different barrier heights for spin-up and spin-down electrons, ®; and ®|, will be
formed.
The current density of spin-up and spin-down electrons depends exponentially
on the barrier height [52]:
T e—d\/d% (1.14)

As a consequence, a small difference in barrier height results in very efficient spin
selection, and the tunnel current can become spin-polarized even for nonmagnetic
electrodes. Therefore spin-filtering efficiency (or polarization) of the tunnel barrier
can be expressed as:

P:h—h

It

A spin-filter tunnel barrier is sandwiched between two metal electrodes. If the
counter-electrode is magnetic and magnetically decoupled from the magnetic in-

(1.15)

sulator spin polarization can be directly detected using TMR measurements. The



1.6 CHARGE CARRIER TRANSPORT PHENOMENOLOGY 25

H

SO

itk bite

dith

Figure 1.11: Schematic diagram of the spin filtering effect. Electrons with randomly oriented
spins tunnel from the Fermi level of the metal through the spin-selective barrier
resulting in a highly spin-polarized current. ®; is the mean tunneling barrier
which is split into @1 and ®. In the zoom, A is the exchange splitting and &y
is the additional splitting of the barrier under an applied magnetic field.

method consist in collecting the transmitted current with the ferromagnetic elec-
trode while playing with respective coercive fields of the magnetic elements. If the
FM-I is a harder magnet than the FM electrode, the electrode can be flipped with
a small magnetic field after fixing polarization of the FM-I with a higher magnetic
field. Spin polarization can extracted through Juliére’s formula:

2Pelect‘rodepbarrier
1- Pelectrodepbarrier

TMR = (1.16)

Then the total current density depends on the relative orientation of the magne-
tization direction in the spin-filter barrier and in the magnetic electrode. For paral-
lel alignment, there are empty states available for the majority spin electrons that
experience the lower barrier height, leading to a large tunnel current and a low bar-
rier resistance. For antiparallel alignment, there are more states available for the
minority spin electrons, but due to the larger barrier height, the tunnel current is
substantially reduced and the resistance is high. The Meservey-Tedrow technique is
another method to measure the spin polarization. It uses a superconducting counter-
electrode instead of a ferromagnetic metal as spin detector [53]. In an applied mag-
netic field, the junction conductance as a function of bias voltage reveals the un-
equal densities of spin-up and spin-down electrons states as an asymmetry in the
conductance-voltage curve [54], from which the spin polarization can be inferred.
However this technique is limited to very low temperatures.
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Two-current model

If the electrodes are non-magnetic spin-filtering efficiency can be estimated using
the two-current model. This model assumes two differentiated tunneling channels
for the spin-down and spin-up electrons and an additional splitting of the bands due
to a Zeeman term when an external magnetic field is considered. This method has
been used in systems such as Fe;O04/Nb:SrTiO; and y-Fe,O3/Nb:SrTiO3 [55-57]. In
these works they use two-current model to treat the magnetic field dependence of
the tunneling current through the Schottky barrier formed at metal-semiconductor
contacts systems.

According to two-current model spin-down and spin-up conduction bands of the
insulating barrier lie at different energies due to the exchange splitting. When a mag-
netic field is applied those energies change in opposite directions and the tunneling
barrier must be described as:

Dy =0y A/2+Dy (1.17)

where @ is the average barrier height, A is the exchange splitting of the conduction
band, and &g accounts for the effect of magnetic field on this band (see Figure 1.11).
Note the exchange splitting in much larger than the Zeeman field.

Describing an spin-dependent barrier, we can determine spin-up and spin-down
current densities from magnetotransport curves, and using an adequate expression
for the current density, generally described in eq. 1.14, estimate the spin filtering
efficiency using eq. 1.15.

1.6.3 Transport mechanisms

MT]Js in MRAM and Resistive switching (RS) memory cells in RRAM are commonly
built in metal-insulator-metal (MIM) or metal-insulator-semiconductor (MIS) struc-
tures. Transport in these structures are usually interpreted either by a tunneling cur-
rent or by a Schottky thermionic emission current models [58]. In the next section
we will present the theoretical basis for the understanding of the main mechanisms
of transport in tunnel junction and RS systems.

1.6.3.1 Tunnel junctions

Tunnel junctions are the main building blocks for spintronic devices. Tunnel barriers
in MIS structures are useful to avoid the conductivity mismatch between electrodes
that diminished the effectiveness when injecting and detecting spin-polarized cur-
rent [59]. The study of I-V characteristics of this type of structure is important for
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understanding spin dependent transport phenomena studied in this thesis. In this
section we focus on explaining the basis of transport in MIS system interpreted
through thermionic-field emission theory.

Transport through a barrier will occur in two possible ways: carriers surmount-
ing the barrier by thermal activation or by tunneling through it. These mechanisms
are known as thermionic emission and field emission, respectively [60, 61]. For sim-
plicity, to build a qualitative picture, we consider a metal/semiconductor interfase.
Then current density in thermionic emission (J7g) is described as:

v
Jre=Js [eXp (n,e(?) - 1} (1.18)

where e is the electron charge, V the applied voltage, kg the Boltzmann constant, T
the temperature, n the ideality factor and J; is the saturation current expressed as:

* —qCIJO
= A'T? 1.19
o= AT exp |0 ) (1.19)
where A* is the Richardson constant, and @ is the barrier height.
On the other hand, current density for field emission (Jrg) is expressed as:

eV

Jre =Js [exp| —] —1 (1.20)
00

Eyo is the characteristic energy at 0 K. It represents transmission probability of an
electron from the bottom of the conduction band. It is defined as

h | Np
Ep = -/ —
2\ m*eg

(1.21)

7 is the Planck constant, Np is the doping density, m* is the effective mass of the
electrons and eg the dielectric constant.

Hence, Ey is a parameter that enables to differentiate transport regimes. If it is
compared with thermal energy kgT, when Egy > kpT pure tunneling occurs, thus
field emission dominates. When Eoy < kgT, is dictated by the Schottky barrier with
thermionic emission prevailing. Then when Eyy ~ kpT thermionic-field emission
dominates which refers to the tunneling of thermally excited carriers.

In addition, tunneling conduction process strongly depends on the bias voltage. At
low voltages it is described as direct tunneling. Field emission, which corresponds to
high voltages regimes, is described by Fowler-Nordheim tunneling (FNT) formalism.
So the tunneling current density will follow the next equation [63]:

3
e3V? t 8mV2m*d;

_er 1.22
srh2d, CP\TV T 3en (1.22)

JENT =



28 INTRODUCTION

105 L
[p— | 10°F
10'
“\'E 10!
o
<10°®
By E 107
107
; 10°]
(\ -15-10-05 00 05 10 15
Ee ] Voc (V)

Figure 1.12: (Left) Diagram of three possible transport mechanisms through ultrathin bar-
rier: direct tunnelling (DT), Fowler-Nordheim tunnelling (FNT) and thermionic
emission (TE). (Right) Current densities (J) versus voltage (Vpc) of the contribu-
tions from DT, FNT and TI through an insulating barrier. Figure adapted with
permission from Ref. [62]

where @ is the barrier height, h is the Planck constant and ¢ is the barrier thickness.

Each transport mechanism can be identified through temperature or voltage de-
pendencies. In particular, thermionic emission is a thermally activated process that
should lead to strong variations with temperature, while field emission should be
constant with temperature variations. For its part, FNT current will have a partic-
ular dependence as ln% oc V1. This approach will be more deeply analyzed and
applied in chapter 5.

1.6.4 Resistive Switching

Resistive switching (RS) refers to a voltage-induced change in the resistance state
of the so called memristive devices, where the state of internal resistance can be re-
tained until another electrical pulse with particular characteristics is applied. Mem-
ristive devices have great potential for non-volatile memories as they can be scaled
down to less than 10 nm and offer fast and low-energy electrical switching [64]. The
most simple RS device is a two-terminal MIM or MIS structure and typically the
sandwitched layer between the electrodes is an oxide. Conventionally, RS implies
high to low resistance transition and requires an initial step of electroforming to ac-
tivate the switching property. There are particular cases, as in the case of manganites,
where the initial state is conductive and the switching leads to a high resistance state
without the need of an electroforming process.

In the basis of I-V characteristics, the switching operation mode can be bipolar
or unipolar. As depicted in Figure 1.13a-b, bipolar switching requires opposite volt-
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Figure 1.13: I-V curves for (a) unipolar switching in a Pt/NiO/Pt cell and (b) bipolar switch-
ing in a Ti/Lay;CuO4/Laj ¢5Srg 35CuOy cell. In unipolar switching, the switching
direction depends on the amplitude of the applied voltage. Bipolar switching de-
pends on the polarity of the applied voltage. Mechanisms for RS can be classified
according to their conducting path either (c) a filamentary, or (d) an interface-
type. Figure reproduced from Ref. [65].

age polarities to switch between ON (set) and OFF (reset) states, whereas unipolar
switching can be induced with both voltage polarities (it only depends on the am-
plitude of the applied voltage). The type of switching depends on the material but
principally on the structure of the device: asymmetric electrodes typically lead to
bipolar cases.

The different RS mechanisms have been a matter of intense discussion and there
is not a unequivocal theory of the origin of the underlying mechanisms. It seems
that each kind of material has its own. Still it is widely accepted that the mechanism
behind RS in transition metal oxides is a redox reaction, induced by oxygen-ion
migration [64-67].

To simplify a plausible picture to understand the effect, TMO-based switching can
additionally be classified in terms of the conducting paths: filamentary or interface-
type (see Figure 1.13c-d). Filamentary-type occurs in insulating materials and re-
quires the formation/rupture and reconstruction of conducting filaments of metallic
cations or oxygen vacancies (more likely in TMO). Filaments are localized channels
with lower concentration of oxygen that enable electrical conductivity between two
electrodes. Oxidize cations from the electrode or oxygen vacancies are able to mi-
grate through the conduction filaments towards the other electrode that becomes
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reduced. On the other hand, interface-type switching emerges at the oxide/electrode
interface. The accumulations of oxygen vacancies at the metal/oxide interface act as
donor dopants. The resulting local dopant distribution modifies the Schottky barrier
at the interface with the top electrode and leads to a low resistance (LR) state. The
reset process consists in recovering the high resistance (HR) state with opposite bias
by reoxidizing the switching area. As a consequence, oxygen concentration is mod-
ulated along the thickness of the resistive layer and across the whole electrode area.
To distinguish between these two types of RS one can consider the area dependence
of the cell resistance. Filamentary switching, due to its local nature, is not dependent
on the area of the electrode while interface-type leads to a more uniform effect that
scales with electrode area.

Focusing on RS in the LSMO system [68-70], the underlying effect cannot based
on dielectric breakdown via the formation of conducting filaments as LSMO is a
conducting oxide. Nowadays, the most plausible mechanism to explain RS in LSMO-
based cells is the electric-field driven migration of oxygen vacancies occurring pri-
marily at the interface [67]. It is discussed for other manganite systems that the
consequent formation of an interfacial transition oxide layers between a reactive
metal electrode and an insulating or conducting oxide is the key component for RS
[71-74].

Recently, numerous local spectroscopies [67] as well in-situ transmission electron
microscopy (TEM) [75] have emerged as a powerful techniques for the analysis of
structural features and redox processes following the application of voltage pulses.
A glaring example of direct observation of RS switching in LSMO thin films has
been published by Yao et al. They give evidence that the resistive transition orig-
inates from a reversible horizontal migration of oxygen vacancies within the man-
ganite film, driven by combined effects of Joule heating and bias voltage, that finally
triggers a structural transition to brownmillerite phases [75]. Indeed, LSMO with a
brownmillerite structure consists in a superstructure with ordered oxygen vacany
planes and is a mixed ionic-electronic conductor whose resistance, at room temper-
ature, tends to be higher than that of the original perovskite structure.
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This chapter includes a brief explanation of the experimental techniques used in this
thesis that include thin film growth, morphological, structural, compositional and
physical properties characterization.

2.1 RF MAGNETRON SPUTTERING

Manganite epitaxial thin films studied in this thesis have been grown using radio-
frequency (RF) sputtering technique. Sputtering is a deposition method classified as
a physical vapor technique together with pulsed laser deposition (PLD) or molecular
beam epitaxy, in which chemical species are physically evaporated by means of ion
bombardment. It is advantageous in terms of large area coverage and wide range
of available materials. Hence, it is one of the preferred techniques for growing high
quality thin films for industrial use. Sputtering consists in ejecting components from
a target source of the desired material onto a substrate (see Figure 2.1). Substrates
are placed in a vacuum chamber and evacuation of gases is firstly conducted. In our
sputtering we operate at a vacuum level around 107¢ Torr.

Secondly, high purity gases as oxygen and argon are introduced at a controllable
pressure. Complex oxides films can be grown at a wide range of oxygen pressures
from very low 5 - 102 Torr to high as 0.5 Torr. In particular, for the growth of man-
ganite thin films, high oxygen pressure are used (190 mTorr for LSMO and 400 mTorr
for LCMO) which enable low growth rates, so the control of very small thicknesses.
So, when a constant flow of gas is reached, a plasma with positively charged oxygen
(or argon) ions is created by the application of a high negative voltage (of hundreds
of volts) to a target material. Oxide material target are dense ceramic pellets of 1.3"
which are often attached to the backside of a magnetron. This consist in an arrange-
ment of permanent magnets that can create a magnetic field near the target surface
that confine the plasma, increase the probability of collision of the ions and accel-
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Figure 2.1: Schematic of a sputtering system.

erates them against the cathode. This greatly increases the efficiency of sputtering
achieving high degrees of ionization even for very low pressures.

Therefore, a plasma is created by the application of a high voltage between the an-
ode beneath the target and the cathode behind the substrate, formed by accelerated
positively ionized atoms of the chamber gas up to kinetic energies of 0.1-1 keV [76].
Then, momentum of these ions is transferred to the atoms at the surface of the tar-
get material atoms are ejected. The ejected particles expand away, with high kinetic
energies of several eV, until they are deposited on the surface of the substrate. The
deposited atoms and molecular are sometimes trapped at a local minimum energy
state rather than lying at a global minimum state. This can lead to the formation of
metastable phases [77].

The plasma is stoichiometrically similar to the target, one can achieve thin films
of practically the same composition as the target. If the target is insulating, an ac-
cumulation of charges can appear on its surface. For this reason, for oxides and/or
insulators a RF power supply is used. For conducting materials, as metal coatings,
DC voltage is more adequate. In RF, during part of the cycle, oxygen ions bombard
the target and for the rest of the cycle, electrons neutralize the build up of positive
charge.

In general, for epitaxial growth of crystalline structures, substrates are previously
heat to temperatures around 700-900°C. Such high temperature assures high diffu-
sivities for the ions on the surface, yielding an ordered growth process of the films.
Finally, after sputtering step an in-situ post annealing treatment in high pressure
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oxygen atmosphere is commonly carried in order to achieve the correct oxygen sto-
ichiometry in the deposited material. At high temperatures, the ease of diffusion of
oxygen ions in the crystal enables to reach thermal equilibrium between the sample
and the atmosphere at certain po,.

2.2 SCANNING PROBE MICROSCOPY

Atomic force microscopy (AFM) is a powerful technique for characterizing surface
properties of materials within a range from few nanometers to hundreds of microme-
ters. AFM was invented by Binning, Quate and Gerber in 1986 [78]. Resolution of the
order of the dangstrom can be achieved in the vertical scale. The lateral resolution
is limited by the convolution with the tip but less than tens of nm can be reached.
Nowadays, the technique enables to detect several kinds of interactions such as van
der Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic
and electricl forces, electromechanical responses, etc. [79].

Figure 2.2: (left) Schematic illustration of an AFM head (Asylum Research MPF-3D) and its
working principle (right). The Z-piezo adjust the tip-sample distance in order to
keep cantilever deflection/oscillation amplitude at a given setpoint. Figure repro-
duced from Ref. [80].

The basic operating principle for AFM consists of a physical probe that is scanned
over a sample mapping out the surface topography in three dimensions. The probe
consists of a silicon or silicon nitride cantilever with a sharp integrated tip at one end.
The vertical bending (deflection) or lateral bending (torsion) of the cantilever due to
forces acting on the tip is detected by a laser focused on the metallic back side of the
cantilever. The laser is reflected by the cantilever onto a four sectors photodetector.
The movement of the laser spot on the photodetector gives a measurement of the
movement of the probe. The probe is moved over the sample by a XYZ scanner,
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typically a piezoelectric element, which can make extremely precise movements.
The detected signal is controlled by means of an electronic feed back on the Z-piezo
that compares the signal at each point with a pre-established set-point value. If they
are not equal, a voltage is applied to the scanner in order to move the probe either
closer to or farther from the sample surface to bring the error signal back to zero.

The combination of the sharp tip, the very sensitive optical lever, and the highly
precise scanner, combined with the careful control of probe-sample forces by a feed-
back electronics provides the extremely high resolution and sensitivity of the AFM.

The original measuring mode, the so-called contact mode, is based in monitoring
of the deflection of the cantilever due to repulsive/attractive forces. Later on, dy-
namic AFM modes were developed in which the cantilever is used as a mechanical
resonator and brought to oscillate very close to the surface. Interactions of the res-
onator probe with the surface lead to changes in the amplitude, phase, and frequency
of the oscillation. These changes are used as imaging parameters.

Simultaneously with the acquisition of high-resolution images of surface topogra-
phy, secondary or even a ternary signal can be measured revealing other properties
of the sample. Some examples are compositional mapping of laterally heterogeneous
surfaces or local electromechanical, electrical and magnetic properties. Each of the
measuring modes used in this thesis is briefly introduced here.

In this thesis AFM experiments have been performed with an MFP-3D AsylumRe-
search AFM (Oxford Instruments) for the majority of measurements and an Attocube
for MFM measurements at low temperature

2.2.1 Contact mode. Friction Force Microscopy

In contact AFM, topography images are achieved from accurate measurement of the
deflection of the cantilever at each position. Every elevation on the sample causes
the tip to move up and bend the cantilever upward and every depression makes
the cantilever move down. As schematized in Figure 2.2, the diode records vertical
changes with respect to an initial pre-defined deflection point (the setpoint). Then,
the original deflection of the cantilever is restored via a feedback loop by motion of
the scanner in the z direction. The changes in the scanner position are recorded and
used as the topography image.

When the tip is brought into close proximity to the sample surface, the cantilever
bends up due to repulsive interactions. If the bending of the cantilever is z, then the
force exerted on the sample surface follows Hooke’s law F = —kz, where k is the
spring constant of the cantilever. The force exerted by the cantilever can take values
from 1 nN to several pN. Typically, for contact mode AFM imaging, soft cantilevers
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with spring constant in a range within 0.01-10 N/m are used to prevent sample dam-
age while scanning.

Friction Force Microscopy

Commonly, the photodiode consist in four quadrants, allowing the detection of the
longitudinal bending as well as the lateral torsion of the cantilever. Therefore, when
scanning in contact mode, in addition to cantilever normal deflection (topography),
the cantilever torsion caused by friction can be monitored as a lateral deflection of
the reflected laser beam in a secondary channel.

T 2 =k
Forward F,
/1 mean Friction
Backward F,
Al Al
u1 14‘,2—1 t

Figure 2.3: Schematics of mechanism of formation of friction image by subtracting lateral
force backward scan line from forward scan line.

In this case, the laser beam moves sideways and by comparing the signals from
the right and left segments of the photodiode, a map of the friction can be derived.
The local friction signal is defined as half the amplitude of the so-called friction
loop, F = 1/2[F;(forward) — Fj(backward)] where F; is the lateral force signal for
forward and backward scans (see Figure 2.3). Applying this line by line procedure to
the lateral force images, a friction map is derived. This mode, also known as Friction
Force Microscopy (FFM), is useful to highlight differences in composition of diverse
surface regions [81].

2.2.2  Amplitude Modulation AFM. Phase lag

Amplitude modulation AFM (AM-AFM) is a dynamic intermittent-contact technique
commonly known as tapping mode. It maps topography by slightly tapping the sur-
face with an oscillating probe.

The cantilever is mechanically excited at a frequency close to its resonance fre-
quency (fres) with a free oscillation amplitude ranging between 5 and 100 nm [82].
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Figure 2.4: Force dependence on tip-to sample separation distance.

At resonance the harmonic oscillator is very sensitive to perturbations. As depicted
in Figure 2.4, in response to tip-sample interactions, f,.s (and as a consequence the
amplitude and phase) of the cantilever shifts: amplitude and f,.s decrease if the inter-
action is attractive and increase if its repulsive. Shifts will be used as measurement
parameters for acquiring images.

In AM-AFM, one uses a fixed amplitude as a setpoint, so the error signal of
the amplitude monitored by the photodiode is used as feedbak loop to adjust the
tip-sample distance. Thus, one can obtain topography, amplitude and phase lag
images. Cantilevers for tapping typically have spring constants within a range of
10-100 N/m and resonant frequencies of 100-500 kHz. As the cantilever resonant
frequency goes up, they get stiffer and have a higher quality factor, Q. Higher Q
provides greater amplitude amplification and better frequency discrimination for
small shifts [83].

Depending on the amplitude of the probe oscillations, the tip-sample interaction
will range over a wide distribution of forces, from attractive to repulsive forces (see
the force-distance-to-surface dependence depicted in Figure 2.4). What one mea-
sures is thus a convolution of the force-distance curve with the oscillation trajec-
tory. The interpretation of AM-AFM measurements is complicated as they cannot
be converted to a force-distance curve and numerical simulations are required to
a better understanding of the complex relationship between forces and oscillation
parameters. Although AM-AFM is not suitable to obtain quantitative information of
tip-sample force interaction, a qualitative interpretation is possible thus, the tecn-
hique appears very useful for imaging exerting minimal damage on the sample.
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2.2.2.1 Phase lag

Phase imaging consists in mapping the phase lag of the cantilever oscillation rela-
tive to the external driving oscillation [84]. Phase lag is a useful tool to distinguish
different materials in heterogeneous samples which present, for example, variation
in the composition. However, composition changes are only interpretable as phase
shifts in repulsive mode regime. In repulsive mode, different materials will produce
changes in the tip oscillation due to unequal adhesion, friction or viscoelastic forces
[85]. These changes can be indistinct in the amplitude signal but produce large in
the phase contrast due to the sharpness of the phase signal, when transiting between
attractive and repulsive regime regions.

2.2.3 Conductive AFM

When using a conductive tip in the contact AFM mode, one can simultaneously
map the topography and measure the current distribution over the sample surface.
Thus, Conductive atomic force microscopy (C-AFM) is technique to characterize lo-
cal variations of electrical properties in resistive samples. In C-AFM the topography
information is completely separated from the electrical part. Topography maps are
acquired using the deflection of the cantilever as the monitoring parameter while
the electric conductivity is measured through an electric current amplifier attached
either to the conducting tip or to the sample. Apart from 2D current images, one can
perform I-V characteristic curves at specific points of the sample surface which give
greater insight of the transport properties of materials revealing the corresponding
behaviours: ohmic, Schottky barriers, resistive switching behaviours, etc.

In this thesis measurements are performed using an MFP-3D Asylum Research
AFM (Oxford Instruments) system equipped with an ORCA module with a specially-
designed cantilever holder that encloses two different amplifiers (one with a gain of
10°V/A and another of 10° V/A).

The tip is brought into contact with the surface at a prefixed load and a bias volt-
age (Vpigs) is applied between the conductive AFM tip and the sample. For I-V curves
the voltage is ramped to a pre-set value and with a certain rate. In our measuring
set-up the Vp;4s is applied directly to the sample and, as the tip is mounted in a vir-
tual ground, a potential difference between the tip and sample equal to the applied
VBgias value is produced. The sample is usually mounted on a sample holder using
conductive silver paste to ensure good electrical contact.

Transport measurements based on the use of a conductive AFM tip as a top elec-
trode are strongly affected by the conductive tip properties and the contact resis-
tance. One seeks to have a tip-sample electrical contact as small and stable as possi-
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Figure 2.5: Schematics of C-AFM experimental setup in the AFM system in our laboratory.

ble. For semiconductor samples, a Schottky barrier between the semiconductor sur-
face an the metallic tip appears, and strongly depends on the work function of the
metal used for the conductive coating. There are various available conductive probes
for C-AFM. Metal-coated probes with coatings made of Ptlr, TiN, Au and probes
with conductive diamond coating (B-doped diamond) are the most commonly used
tips for the technique. Wear resistance and quality of conduction, thus low resistiv-
ity, are the most important aspects for the choice of the tip. Metal-coated probes
present lower resistivity but higher ease to wear while diamond-coated tips show
higher resistance to wear but also higher electrical resistivity, of the order of tens
of kQ. Moreover, the radius of curvature is smaller for metal-coated tips (typically
35 nm compared to 100 nm for diamond-coated probes [86]) so they provide better
lateral resolution.

224 MFM

In MFM, probes coated with a ferromagnetic or a superparamagnetic material are
used. Then one measures the stray field generated from the sample that couple with
the magnetic coating of the cantilever via the magnetostatic interaction. Generally,
MFM is a two-pass technique (see Figure2.6). In the first pass the surface is scanned
in AM-AFM mode to measure surface topography. The tip is kept close to the sample,
so that the tip-sample interaction is dominated by short-range interactions, and the
tip measures topography rather than longer-range interactions. In the second pass
the topograhpy signal from first pass is used to control the Z-position (feedback loop
on the amplitude is turned off, so the cantilever is in free oscillation), keeping the
tip at a fixed height, generally further away from the surface. Here, tip-sample inter-
action is dominated by long-range forces, such as those arising from the electric or
magnetic field of the sample. Thus, magnetic forces induces a phase shift of the can-
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tilever resonance if the driving frequency is held constant. Phase shifts are directly
related to the net force acting on the probe and by mapping them one obtains an
image of the magnetic domain structure.

Figure 2.6: Sketch of second pass method for MFM imaging.

The shape of conventional cantilever tip favors magnetization to be perpendicu-
lar to the sample surface, hence, conventional cantilever tips are most sensitive to
perpendicular fields generated from the sample. As depicted in Figure 2.7, samples
with an in-plane magnetic configuration of domains will show only magnetic con-
trast at a domain wall where the magnetization partially or fully rotates out-of-plane.
Perpendicularly magnetized samples, exhibit more direct imaging of up and down
domains (black or white contrast in the Figure).

oop | [ Magnetization P

Figure 2.7: (left) Contrast observed when imaging samples with an OOP magnetization ac-
counts for magnetic domains. (right) In the case of IP magnetization, it highlights
the presence of domain walls (Figure reproduced from Ref. [87]).
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2.3 STRUCTURAL AND COMPOSITIONAL CHARACTER-
IZATION TECHNIQUES

2.3.1 X-ray diffraction

X-ray diffraction is the most established method for structural analysis of thin film
materials. It is useful to determine structural phases, the degree of epitaxy, film thick-
ness, presence of parasitic phases and defects, structural distortion, etc. Diffraction
technique uses low energy X-rays which interact with matter non-destructively. As
these X-rays wavelengths (0.5-10 A) are comparable with interatomic distances (1-4
A), the scattered radiation from a periodic array of atoms composing a crystal will
suffer interferences with itself. The coherent (or elastic) scattering leads to diffrac-
tion patterns from where one extracts the structural information.

In this thesis we present two types of XRD measurement: 6 — 26 scans and recip-
rocal space map (RSM). Measurements have been acquired at the Institut Catala de
Nanociencia i Nanotecnologia (ICN2), using a PANalytical X’Pert Pro MRD diffrac-
tometer (Cu K, radiation). This diffractometer is composed by a four-circle goniome-
ter as it is depicted the schematic in Figure 2.8.
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Figure 2.8: Schematic representation of four-circle goniometer. Figure reproduced from Ref.

(88]).

In this scheme, w is the angle between the incident beam and the direction defined
by the intersection between the surface and the diffraction plane (the diffraction
plane is the plane defined by the incident and the diffracted beams). y is the angle
formed between the diffraction plane an the normal to the surface. Also referred
to ¥ (y=90°-y). ¢ defines the rotation of the sample around the normal axis to the
surface plane. Finally, 26 is the relative angle between the incident beam and the
diffracted beam.
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Symmetric reflexions, for those where the incident beam is symmetric to the re-
flected one with respect to the normal to the surface, are easily measured with 6 — 26
scans. On the other hand, to be able to map asymmetric reflexions (not symmetric
to the surface normal), one needs to play with y and ¢ angles. For instance, RSM
one can access to these reflexions by fixing one of this angles and scanning along
another angle, normally w.

All measurement in this thesis were performed keeping the diffraction plane per-
pendicular to the film surface.

23.1.1 0 —20 scan

0 — 20 scans are line scans in which the @ angle is fixed to one half of the diffraction
angle 20. These line scans are only able to detect diffraction produced by crystallo-
graphic planes parallel to the film surface. The corresponding reflections are called
symmetric reflections and satisfy the Bragg’s law:

nA = 2dpy; sin 6 (2.1)

where n is a positive integer defining the order of diffraction, A is the wavelength of
the characteristic X-ray beam, 0 is half of the dispersion of angle 26, dy;; the interpla-
nar distance between the atomic planes defined by Miller indices (hkl). The intensity
of the diffraction peaks obtained by scanning over 6 can be related to Bragg’s law to
obtain interplanar spacing. If the film is single oriented, then the out-of-plane lattice
parameter can be determined. As an example, (001)-oriented STO single crystals are
one of the most employed substrates for epitaxial thin film growth. A 0 — 26 of a
manganite film grown (001)-oriented on top of (001)STO will only give diffraction
peaks in the (00l) reflections. Additionally, if films have a high degree of crystallinity
and the sample is well aligned, depletion and boardening of the recorded peaks can
give information about the strain state.

In this thesis, for high resolution 6 — 20 XRD data analysis, we have used the ap-
proach presented by Pesquera et al. in Ref. [89]. They propose that for an accurate
description of the diffraction patterns, the superposition of the scattered waves by
the substrate and film should be considered rather than a simple addition of inten-
sities. Using this approach, accurate out-of-plane cell parameters and the thickness
of the films can be extracted.
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23.1.2 RSM

RSM measurements are useful to determine the in-plane and out-of-plane lattice
parameter of films and to study degree of epitaxy and the influence of strain on
the film. An RSM measurement is composed by successive 260 scans for different w
at a certain region around a selected diffraction peak. It usually requires a careful
alignment of the sample around the substrate peak close to the film reflection.

In order to plot the diffraction peaks, a 2-D map is constructed with respect to
the reciprocal space lattice vectors g and g, . Then, the positions in the reciprocal
space for the chosen reflection are given by:

q) = 2/A-sinfsin(0 — w)
q.L = 2/A-sinfcos(0 — w) (2.2)
The cell parameters can be obtained from the position of the diffraction peak and
the Miller indices of the reflection. As an example, in a tetragonal system, with lattice

parameters a = b # c, the in-plane (normally, a) and out-of-plane (c) parameters can
be calculated as:

Vh2 + k2
q|

a =

2.3.2  Electron probe microanalysis

Electron probe micro-analysis (EPMA) is a widely used technique for determining
the elemental composition of solid samples. It consists in bombarding a micrometer
volume of a sample with a focused electron beam; then, the X-ray photons emit-
ted by the various elements are collected by energy and dispersive spectrometers.
EPMA instruments possess both wavelength dispersive spectrometers (WDSs) and
energy dispersive spectrometers (EDSs). WDS detectors are the ones that confer the
analytical power to the technique that enables accurate quantitative analysis. WDS
identifies the emitted X-rays according to their wavelengths while EDS according to
their energies. WDS gives much better spectral resolution (~ 5-10 V) than energy-
dispersive spectroscopy (~ 120-130 eV), however data collection is slower [90].
EPMA determines the concentration of the elements based on the intensities of
the emitted X-rays. The results are commonly displayed as weight percentages of
elements. First the entire energy spectrum is collected with EDS (or WDS) to iden-
tify the major elements contained in a specimen. Then quantitative analysis is per-
formed with the WDSs. Each WDS contains diffracting crystals dedicated to a given



2.4 MAGNETIC CHARACTERIZATION BY SQUID 43

range of X-ray wavelengths. X-ray intensities for all the elements identified are com-
pared with standards of known composition after correcting effects of fluorescence,
absorption and atomic number.

24 MAGNETIC CHARACTERIZATION BY SQUID

Superconducting quantum interference device (SQUID) magnetometry is one of the
most sensitive methods to measure magnetization. In particular, it allows direct de-
termination the overall magnetic moment of a sample in absolute units. SQUID sys-
tem used in ICMAB is a Quantum Design MPMS-XL. It enables to measure magnetic
moments as small as 10~ emu with magnetic fields up to 9 Tesla and at temperatures
between 2 and 380 K.
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Figure 2.9: Schematics of SQUID magnetometer with longitudinal pickup coils. Reproduced
from Ref. [91].

SQUID is mounted in a magnetometer with a sensor consisting in a supercon-
ducting ring with one or more Josephson junctions that act as resistive barriers that
separate superconducting regions. The sensor is connected to a pickup coil with
four windings (see Figure 2.9). When the sample is moved up and down it produces
an alternating magnetic flux in the pick-up coil which leads to an small alternating
output voltage when transfered to a flux-to-voltage converter. This voltage is then
amplified and read out as a voltage that is proportional to the magnetic moment of
the sample.

The magnetic properties of a material are commonly identified through magne-
tization wvs. field and magnetization vs. temperature measurements. The magnetic
moment of the film is then normalized by its volume to determine its magnetization.
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It is typically measured in emu/cm®. The signal of a thin film is generally weak (of
the order of 10 emu) and has a diamagnetic contribution coming from the sub-
strate which is not negligible. When measuring hysteresis loops, the diamagnetic
contribution gives a negative slope at high magnetic fields. This is slope should be
substrtacted by adjusting the slope of the cycle at high fields. Sometimes saturation
at high fields is not reached and diamagnetism cannot be accurately corrected. To
solve this, an hysteresis loop over critical temperature can be measured and use the
resulting slope to do the corrections.

2.5 ELECTRICAL TRANSPORT CHARACTERIZATION

Electrical transport measurements are used to determine the resistance and magne-
toresistance of thin films and tunnel junction structures. Measurements were per-
formed on a Quantum Design Physical Property Measurement System with mag-
netic fields up to 9 Tesla and over a temperature range of 2-300 K. To determine
in-plane transport properties of the thin films, the four point method is used with
4-inline bar geometry. In this geometry, four parallel Pt stripes are deposited by
sputtering using a shadow mask. Current is passed through the outer bars, I+ and I-,
inducing a voltage between the inner bars, V+ and V-. Then resistance is calculated
using Ohm’s Law.

In tunnel junctions, a two-point method is used to measure the current flowing
though pillar structures in an OOP configuration. To ensure that the resistance ac-
curately reflects that of the junction, the magnitude of the electrode resistance must
be orders of magnitude less than the junction. We can simultaneously extract bias
dependence characteristics with field- and temperature-dependent measurements.
Additionally, using a rotating holder we can measure the magnetoresistance depen-
dence with the orientation with respect to the magnetic field (TAMR).

OOP configuration IP configuration

Figure 2.10: Sample holders used in PPMS for OOP and IP configurations.
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2.6 SYNCHROTRON-BASED X-RAY TECHNIQUES

2.6.1 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) enables to obtain valence and site symmetry
information about the atomic species of a compound. In XAS, core electrons are
excited into empty states above the Fermi energy, thus probing specifically the un-
occupied density of states. As X-ray energy is tunned to a characteristic element
absorption edge, only one atom spice is excited because each element has specific
excitation energies. Therefore to measure different states one needs a tunable radia-
tion source, as the one we found available in a synchrotron.

The required energy for an absorption process is defined as Eps=Ef - E; where
Ef is the energy of the excited final state with the core electron into the conduction
band and E; is the energy of the not excited initial state. Allowed transitions are
mainly governed by the dipole selection rules (Fermi golden rule): only transitions
which change the angular momentum [ of the excited electron by one can occur
(Al = £1). The spin momentum s is conserved (As = 0), so that the z-component of
the orbital momentum m must obey Am = 0, +1. In particular, Am = +1 corresponds
to left- and right-hand circularly polarized light and Am = 0 for linearly polarized
light.

The energy range of soft X-rays is well-controlled for 2p to 3d transitions in 3d
transition metals. The spectra of these elements typically exhibit two broad peaks
which arise from spin-orbit interactions that split the 2p core states into 2p3;, and
2py; states; thus, leading to the L3 and L, edges, respectively. These spectra exhibit
fine structure as the empty states of 3d are affected by crystal field and other
interactions, for example from SOC. An understanding of the fine structure can
be gathered from simulations using multiplet-based software. However, it is often
sufficient to perform a qualitative analysis and compare it to published spectra to
identify the valence and site symmetry of an element.

XAS experiments gathered in chapter 4 were performed on BOREAS beamline at
ALBA synchrotron in Cerdanyola del Vallés. In our measurements we use two dif-
ferent detection modes: total electron yield (TEY) and total fluorescence yield (TFY).
The core holes created by absorption processes are subsequently filled by an elec-
tron with lower binding energy resulting in either the emission of a fluorescence
photon or the emission of an Auger electron.

On one hand, TEY method takes advantage of the avalanche of low kinetic energy
secondary electrons produced through inelastic scattering processes from the emit-
ted photoelectrons. The resulting photoelectron current is measured with a picoam-
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perimeter that measures the electrons flowing back into the sample from ground.
TEY is extremely surface-sensitive with a probing depth of 2-5 nm (see in section
2.6.3 more discussion about the relation between the penetration depth and the ki-
netic energy of detected electrons).

On the other hand, in TFY one measures the intensity of radiant recombination.
Fluorescent photons have a large escape depth and render probing depth ~ 100 nm.
Thus, TFY is useful to explore bulk properties in XAS experiments.

2.6.1.1  Self-absorption correction in TFY mode

TFY measurements of films frequently exhibit distortions due to "self-absorption
effects". They are caused by the absorption of both the exciting photons that pene-
trate the sample and the absorption of the generated fluorescence radiation when
escaping the sample. As shown in Figure 2.11, in a grazing-incidence geometry, all
incoming photons are absorbed close to the sample surface compared to the pho-
ton penetration length. Nearly all generated fluorescence photons contribute to the
signal which is less affected for the absorption coefficient. On the contrary, in nor-
mal incidence the absorption of the generated fluorescence radiation substantially
attenuates the detected signal.

Figure 2.11: (a) General geometry for measuring TFY spectra: incident radiation enters the
sample under the glancing angle &, and produce fluorescence radiation detected
under the angle f. Two possible configurations: (b) in grazing-incidence and (c)
in normal incidence. Reproduced from Ref.[92].
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The absorption of the photons and the angular dependence can be described an-
alytically. Eisebitt et al. reported a methodology to correct self-absorption [92] and
derive the real absorption coefficient. It consist in measuring at two different inci-
dence angles (a7 and a;): one nearly normal and one in grazing incidence. The total
absorption coefficient ()u4p5) can be calculated using the following expression:

GoI2(E) — g1 11(E)

1(E) = L(E) @4

Habs(E) = ;uabs(Ef)
E in the incident photon energy, I; the measured intensity and g; = % As in
our setup a; + f;= 90°, then g; = tan(a;) which is directly determined. Then, the
absorption coefficient can be evaluated relative to ;o (Ef).
This procedure is exemplified in Figure 2.12. We show the correction procedure
used to obtain TFY spectras for LCMO and LSMO spectra presented in 3.7 in chapter
3.
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Figure 2.12: a) Corrected Mn L-edge TFY-XAS spectra for (a) LCMO and (b) LSMO samples
at 60°(dashed line) and 7°(dots) incidence angles and their corrected curve (con-
tinuous line).

2.6.2  X-ray Magnetic Circular Dichroism

XMCD is obtained from the difference in intensity of XAS spectra when measured
at alternating polarization of circularly polarized light in systems where magnetic
moments are aligned.

Left- and right-circularly polarized light confers X-rays opposite angular mo-
menta which are transferred to the excited photoelectron. The excitations are spin-
selective, thus leading to spin-dependent absorption processes. This difference is
measured by the spin dependent absorption coefficients y, and p_ for circular po-
larized light with parallel (+) and antiparallel (-) helicity with respect to the majority
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Figure 2.13: a) Diagram of the helicity dependent excitation process of a 3d magnetic mate-
rial in an XMCD experiment . b) XAS spectra at the Co L3 ;-edges for for right
(p+) and left (u_) circularly polarized light. The difference spectrum, thus, the
XMCD is shown on the bottom. Figure reproduced from Ref. [93].

spin. An intense magnetic field should be applied to make sure that the spins are
parallel or antiparallel aligned to the direction of propagation of the light.

In a simple picture, XMCD can be described as a two-step process. As depicted
in Figure 2.13, the 2p core state of a 3d metal is split, due to SOC in a j = 3/2 level
(2p32 or Ls-edge) and j = 1/2 level (2p;/, or Lo-edge) with its spin coupled parallel
and antiparallel, respectively. In the first step, the emission with the light helicity
vector parallel (antiparallel) to the 2p orbital moment results in excited electrons
of preferred spin up (down) direction. In the first step, circularly polarized light
excites a spin polarized electron from the 2p level. From the 2p;/, level X-rays with
positive helicity (+) excite 62.5% spin up electrons and those with negative helicity
(-) excite 37.5% spin-up electrons, while the 2p,/; level (-) gives 25% spin-up and (+)
gives 75% spin-up. In the second step, the excited electron has to find a place in the
unoccupied 3d valence band, and if there are less spin-up than spin-down holes
available, the XMCD spectrum has a net negative Ls and positive L, peak.

X-ray magnetic circular dichroism (XMCD) is an element-specific magnetic char-
acterization technique and enables to estimate orbital and spin magnetic moments
(mr and mg, respectively) using the so-called magneto-optical sum rules. Sum-rules
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derived by Thole et al. [94] relate the integrated intensity of the XMCD signal di-
rectly to the expected value of the orbital moment, (L,), which can be written as:

2 iy ery e (B) = o (BN

where p_ and p, are are left- and right—circularly polarized light (for a Poynting
vector along z), i, for z-polarized light, and N}, the number of holes.

On the other hand, Carra et al. [95] derived another sum rule which enables to
determine the expected value for the spin, (S;), and the magnetic-dipole moment,

<Tz>:

(Lz) = (2.5)

3 [, (e (B) = p—(E)E =2 [, (u(E) — p—(E))dE
3/2 [y, o1, 1+ (B) + p-(E))dE

2(S.) + I (T;) = Ny (2.6)
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Figure 2.14: Cobalt L, 3-edge (a) XAS, (b) MCD spectra and (c) summed XAS with corre-
sponding inegration with dashed lines. The dotted line shown in (d) is the two-
step-like function for edge-jump removal before the integration. The p, q and r
are the three integrals numbers needed in for sum-rule analysis. Figure adapted
from Ref. [96].

For the sum rule one can derive the ratio mr/mg,

mp < Lz> _ =2 /(L3+Lz)(u+ B ’u_)dE
msp  (25:+7L2) 3 [ (uy —p-)dE~2 [ (4 — po)dE

(2.7)
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The integral curves are used to set the correct limits to calculate integrals for
sum rules. Chen et al. [96] introduced an alternative notation using p = ALz, q =
ALy + ALs, and r = py + p—, which rewrites the sum rules as:

my = —IN, (2.8)
r
ms. .., = —Njp, (2.9)

Then, the integral numbers p, q and r are graphically depicted in Figure 2.14. In
order to use sum rules one needs to estimate the denominator; thus, the volume
of the spectrum. XAS spectra show a constant offset and an edge-jump (the "back-
ground" is higher after L,-edge than before L3). Thus, in order to calculate the total
XAS integral r, the background must be carefully corrected. Using the ratio between
the orbital and the spin moment (m/ms, ) avoids the possible error induced from
the correction r and also from imprecise Nj,.

2.6.3 X-ray photoemission electron microscopy (X-PEEM)

X-ray photoemission electron microscopy (X-PEEM) is a spatially-resolved charac-
terization technique that records electrons emitted from the sample as a result of
irradiation with an incoming photon beam from a synchrotron light source. High
photon flux in combination with full polarization control makes this technique a
powerful tool for space resolved element selective study of nanostructures by means
of chemical maps and magnetic domain imaging.

Experiments presented in this manuscript has been performed in UE49-PGMa
beamline at BESSY II synchrotron in Berlin The instrument is an Elmitec PEEM III
equipped with energy filter and Helium cooled manipulator.
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Figure 2.15: Schematics of X-PEEM setup. Reproduced from Ref. [97].
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The sample is homogeneously irradiated with soft X-rays radiation (80-1800 eV)
and with a spot size around the field view of the microscope. At typical working
conditions the field of view is about 3-10 ym which is of the order of the x-ray spot
size (10x20 pm) [98]. The electrons generated from the sample are accelerated by a
strong electric field between the sample and the outer electrode of the objective lens.
As depicted in Figure 2.15, the objective lens is used to extract the emitted electrons,
focusing them to an intermediate image. This image is further magnified by a series
of electromagnetic electron lenses onto a 2D detector. Structures as small as 20 nm
can be distinguished.

Photoelectrons emit in a wide range of energies. We can find core level, Auger
peaks, valence band emission and secondary electron excitations. An energy ana-
lyzer allows to use X-PEEM in different modes. In this thesis we use two of them:

1. Analyzer set for detection of secondary electrons. In this case the intensity
of detected electrons at the screen is proportional to the absorption of the
element at the given photon energy. High photon flux in combination with full
polarization control allows to obtain space resolved images in XAS, XMCD or
XLD modes.

2. Analyzer set for detection of core electrons. This is equivalent to X-ray photo-
electron spectroscopy (XPS) and allows to obtain information about the com-
position of the sample.

As explained for XAS, when a photoelectron excites electrons in core levels (e.g.,
from 2p to 3d level), the emitted electron escape at an energy equal to its absorption
edge (e.g., 640 eV for the case of Mn). The core hole decay leads to the emission of
highly energetic electrons. These electrons suffer multiple inelastic scattering events,
finally leading to a secondary electron cascade. Secondary electrons that are able to
reach the detector have very small kinetic energies (1-5 eV) and are the ones one de-
tects in conventional X-PEEM mode (detecting secondary electrons). The electrons
that could escape the sample without suffering scattering, which are few, are the
ones used in XPS mode. The probing depth is determined by the relation between
the inelastic mean free path and the kinetic energy of the electrons for the different
elements. As it is depicted in Figure 2.16, for an energy of 150 eV one measures a
depth circa 5 A while for low energies around 2 eV one can prove circa 20 A of depth.
Therefore, XPS is much more surface sensitive than XAS.

2.6.3.1 Chemical contrast in XPS-mode in X-PEEM

An spatially resolved XPS image of a chemically heterogeneous surface can directly
map the distribution of different elements selected by the corresponding photon en-
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Figure 2.16: Universal curve: the inelastic electron mean free path (escape depth) vs. initial
kinetic energy. Reproduced from Ref. [99].

ergy. In XPS mode in XPEEM an energy filter is used to select the Ex of the photo-
electrons which enables to determine the binding energies of the emitted electrons.

The technique is based on the photoelectric effect as depicted in Figure 2.17. A
highly energetic photon is capable of removing an electron from a core level confer-
ing it enough kinetic energy (Ex) to reach the vacuum level. Hence, the excitation
energy of the photon (hv) must be larger than the work function of the material
(W), so that the following conservation equation is obeyed:

hv =Ep + Wf + Ex (2.10)

where Ep is the binding energy relative to the Fermi level. The Ep provide informa-
tion on the chemical composition. For instance, Eg shifts give information about the
oxidation sate, the type of bonding, etc.
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Figure 2.17: Schematic of the photoelectron emission process.

2.7 DEVICE FABRICATION

In this thesis nanometric and micrometric MIS junctions are fabricated. The fabrica-
tion processes is described in the following section. In order to build pillar structures,
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after patterning with UV-litography, ion milling technique is used to etch a certain
thickness of material from the non-exposed areas. Once the pillar structures are iso-
lated, another UV-litography process is performed to open micrometric overtures.
As a final step in device fabrication, in order to fill these overtures with a metal and
build macrocontacts, shadow mask are applied. After fixing a shadow masks on top
of the surface, the metal layer is sputtered. As an example, in Figure 2.10 we have
applied a shadow mask to achieve a 3x3 matrix of Pt contacts.

2.7.1 UV photolitography

Photolithography is performed with a micro writer system that consists in a
UV-beam scanning system. It has the advantage to create patterns of various size
and shape over a quite large surface. The pattern designed by software is transfered
to a light-sensitive film previously deposit on the sample. In our process, the pattern
corresponds to the areas that we want to remove as we use a positive photoresist.
This means that the resist is exposed with UV light wherever material needs to be
removed. In these photoresists, UV light changes the chemical structure of the resist
so that it becomes more soluble in the developer. The developer solution removes
the exposed resist (positive). After etching of the exposed areas with the developer,
the non-exposed areas become harder but can be easily remove with acetone.

The photolithography process consists of several steps:
» Apply photoresist coating by spin coater.
« Soft baking on a hot plate at 70°C for 1 minute.
« Sample alignment and manual focus in the UV-beam scanner.

« Pattern transfer by UV-exposure (parameters used: 1 ym of laser spot, 180
mJ/cm? dose.

+ Apply developer solution to remove exposed areas.

2.7.2  E-beam litography

Electron beam lithography (EBL) is a versatile lithography method which enables
to pattern nanometric size structures. Since the electron beam (30-100 keV) wave-
lengths are much smaller than interatomic distances (~ 0.1 nm), the minimum size
of the pattern is not fundamentally set by the beam wavelength as it is for pho-
tolithography [100]. The process is very similar to the one used for photolitography
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Figure 2.18: Schematic of the photolitography procedure.

but using an electron beam instead of UV-light. The electron beam exposes previ-
ously patterned areas of a sample with a resist such as PMMA. It is possible to create
patterns with computer software and directly write them to the sample without any
intermediate step. Scattering events and secondary electron generation can affect
the resolution and generate parasitic effects. These generated electrons contribute
to the exposure of the resist Therefore proper adjustments of dose for each material
is needed.

As in the case of photolithography, EBL is advantageous for designing any desired
patterns without the need of shadow mask, and additionally is of great value for
research in nanotechnology due to the ability to write nanometric features. However,
it is slow and not practical for large area and serial writing processes needed for
industry applications.

2.7.3 Ion milling

After a first litography step, resin that has not been removed in the developing pro-
cess becomes harder. Then, we can proceed with the ion milling step in order to
etch a specific thickness of material. Prior calibration of etched thickness vs. expo-
sure time is needed as etching velocity is different for each material, i.e. metals or
oxides.

An ion milling system is mounted in a vacuum chamber equipped with a highly
energetic ion beam source. The ionized gas used for bombardment onto the sample
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is commonly Ar, which is inert. The sample is mounted on a rotating holder tilted
5° with respect to the incident ion beam so that it is kept in continuous rotation
to provide uniform etching and prevent sputtered redeposition. Ar is introduced to
the vacuum chamber at pressures around 7 mbar. Then a voltage is applied between
cathode and anode to ionize Ar gas. Ions are accelerated in order to hit the sample
and etch material. A previously discharged filament is immersed in the ion beam,
and is used to neutralize the ion beam space charge thus, preventing the charging
of the sample.
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TUNNING MAGNETIC
ANISOTROPY BY STRAIN IN
LagCog'gMn1_206 THIN FILMS

In this chapter we present aspects of the growth and characterization of LCMO
grown by RF magnetron sputtering and, in more detail, of the effect of structural
strain, which appears to tune magnetic anisotropy. We have grown LCMO epitax-
ial thin films on top of different perovskite-oxide substrates that impose different
structural strain: (001) oriented SrTiO3 (STO), (LaAlO3)3(Sr;AlTaOg)o 7 (LSAT) and
LaAlOs3 (LAO). We prove that tensile strain, produced when LCMO is grown on top
of STO, is the responsible of the appearance of PMA. In addition, we study stoi-
chiometry and valence states of our films via EPMA and XAS and we relate them
with SQUID magnetometry measurements.

3.1 INTRODUCTION

An important motivation for the study of FM-I is the practical capability and great
potential of combining magnetic and insulating functionalities in a single system for
spintronics applications. Materials combining these two properties are very scarce
in nature since in many cases ferromagnetic interactions are of exchange-type and
driven by charge carriers. Among these rare materials we found some oxides as EuO
(79 K) and simple perovskites as YTiO3 (T¢=29 K), SeCuO3 (T¢=29 K), and BiMnO4
(Tc=105 K) [11]. Double perovskites as La;CoMnOg and La;NiMnOg have also at-
tracted great attention as they present a rather high T¢ (230 and 280 K, respectively).
In this thesis we focus our attention in study La,CoMnOg material in the form of
thin film.

In principle, in this double perovskite compound, magnetic cations should be or-
dered in a fully alternating way in the crystal lattice to yield to optimal FM-I be-
haviour. Then ferromagnetism should be explained by FM-superexchange interac-

59
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tions between Co?* and Mn** cations in base of the GKA rules, as explained in the
chapter 1 [13, 14, 101]. Full cationic ordering of Co?*/Mn** leads to a saturation mag-
netization of 6 g/ f.u. and a T¢ of about 230 K [26, 102]). Magnetic properties in dou-
ble perovskites are very sensitive to cationic ordering. In disordered samples satura-
tion magnetization and T¢ are substantially reduced [103, 104]. In this regard, a lot of
discussion has been addressed on the nature of the magnetic interactions leading to
ferromagnetism in bulk La;CoMnQg (also expressed as LaCog 5sMnj 503). Most of the
discrepancies and interpretations in the literature come from discussing how the de-
gree of cationic order is achieved. Divergences of stoichiometry are a common prob-
lem in Co-based oxides. Co is a very volatile element and usually thin film growth
techniques require high working temperatures. The major challenges in the growth
of this materials lie in the convergence of these two delicate aspects. In particular,
in our films we have found a certain degree of Co-deficiency. As it will be presented
in the next sections, the exact composition of our films has been determined by
EPMA measurements, showing a stoichiometry of the type La;Co;_xMnj 4O with
x=0.23. Fortunately, FM-I character in La,CoMnOg extends beyond the 1:1 Mn:Co
ratio as reported in the literature. FM behaviour has been found in single crystals
[105] and polycrystalline samples [106] of LaCo,Mn;_, O3 with y~0.35. In fact, Bar-
ilo et al. [105] reported optimal FM properties in samples with Co content y=0.36.
More importantly, Bull et al. [107] have recently shown, using neutron-diffraction
experiments, that Co/Mn cationic order for y=0.35 composition is even better than
for y=0.50 (i.e., stoichometric La,CoMnQg), in the sense that for the former no Co
ions are present in the Mn sublattice while in the stoichiometric case about 12%
of Mn sublattice sites are occupied by Co. Additionally, magnetic measurements
showed a Tc~210 K for y=0.36 very similar to that of y=0.50 samples (Tc~225 K),
and an ordered magnetic moment per cation above 3 pg [107]. Thus, one can con-
sider that the LaCo,Mn;_,O3 system, in a range of y values from 0.50 down to at
least 0.35 present a high degree of cationic ordering, so it must be considered as a
double perovskite structure La;Co;_,Mny, O (with x=1-2y for x=0 to x=0.3). We
will see that the magnetic properties of our films agree with those in the literature
for Co-deficient La;CoMnOg bulk presenting Mn/Co cationic order: they present
Tc around 220 K and a saturation magnetization of 6 yp/f.u. (based on the double
perovskite Lay;Co;_xMny4,Og f.u.) [105, 106].

Regarding LCMO thin films growth, few experimental reports have been found
in literature, most of them are grown by PLD technique [103, 104, 108]. In these
works, films seem to present not full cationic ordering. In another recent work it is
claimed that high degree of cationic ordering can be obtained by growing LCMO
on (111)STO substrates instead of the common used (001)STO [109]. The growth
of LCMO on (111)STO was also explored using metal-organic aerosol deposition
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(MAD) [110]. In our group, we demonstrate that highly-ordered LCMO thin films
can be achieved using RF magnetron sputtering technique [111].

On the other hand, by growing LCMO film on top of different substrates that im-
pose different structural strain we have observed that compressive strain induces IP
magnetic anisotropy while tensile strain promotes PMA. It has been proved in dif-
ferent material systems that the easy magnetization axis can be changed from IP to
OOP by means of tensile strain as in (GaMn)As [112], (IrMn)As [113], (GaMn)(PN)
[114], Fe garnets [115]; or by means of compressive strain in Lag 7Sro3MnOs [116]
and SrRuOs [117]. Other examples that in particular show strain-tunable magne-
tocrystalline anisotropy are YsFe;O1,, which is widely used in microwave applica-
tions [118], CoFe;O4 and CoCr;0, spinel systems that also present large magne-
tostriction [33, 119-122] and double perovskite systems such as Sr;FeMoOg [123]
and SryCrReOg [124, 125]. As it will be discussed in chapter 4, we have found that
in our LCMO thin films magnetic anisotropy has also a magnetocrystalline origin.
Much interest is added as for LCMO/STO films it is perpendicular. Thus, the pos-
sibility of controlling PMA opens the door to the implementation of high density
magnetic memory devices.

3.2 GROWTH AND CHARACTERIZATION OF EPITAX-
IAL LA2COO_8MN1'206 ON SRTIO3

As already mentioned, thin films of La,CoMnOQOg reported in literature have been
mainly grown by PLD [103, 104, 108]. In there, high temperatures (700-800°C) and
high oxygen pressures (200-600 mTorr) are used as growth conditions in order to
achieve a high degree of cationic ordering. We have achieved high quality films
using RF magnetron sputtering. Its optimization process is presented in the next
section.

3.2.1 Morphological, structural and magnetic characterization

The growth of LCMO thin films by RF magnetron sputtering was accurately opti-
mized as it is explained in Ref. [111]. In that work variations in magnetic properties
were directly attributed to variation in oxygen stoichiometry. Here, we firs revisit
this finding as we consider it will be useful to understand the rest of the results.

The growth conditions and characteristics of all the samples analyzed in this chap-
ter are gathered in table 3.1. All samples have been grown at a substrate temperature
of 900°C and annealed at the same temperature.
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Table 3.1: Growth conditions and properties of samples studied in this chapter.

Sample name substrate t(nm) Tc po, (Torr) deposit time (min) anne. po, (Torr) anne. time (h) cooling rate (/min)

LCMO-A ‘ STO ‘ 15 ‘ 225 ‘ 0.4 ‘ 100 ‘ 400 ‘ 2 ‘ 10
LCMO-6B ‘ STO ‘ 14 ‘ 150 ‘ 0.4 ‘ 100 ‘ 2:107¢ ‘ 1 ‘ 10
LCMO-6C ‘ STO ‘ 15-20 ‘ 120 ‘ 0.3 ‘ 100 ‘ 0.3 ‘ 0 ‘ 25
LCMO-6D ‘ STO ‘ 15-20 ‘ 220 ‘ 0.4 ‘ 100 ‘ 400 ‘ 1 ‘ 10
LCMO-6E ‘ STO ‘ 21 ‘ 228 ‘ 0.4 ‘ 100 ‘ 400 ‘ 1 ‘ 1
LCMO-2 ‘ STO ‘ 2.5 ‘ 200 ‘ 0.4 ‘ 20 ‘ 400 ‘ 2 ‘ 10
LCMO-4 ‘ STO ‘ 4 ‘ 190 ‘ 0.4 ‘ 25 ‘ 400 ‘ 2 ‘ 10
LCMO-8 ‘ STO ‘ 8 ‘ 223 ‘ 0.4 ‘ 50 ‘ 400 ‘ 2 ‘ 10
LCMO-34 ‘ STO ‘ 34 ‘ 225 ‘ 0.4 ‘ 200 ‘ 400 ‘ 2 ‘ 10
LCMO-66 ‘ STO ‘ 66 ‘ 223 ‘ 0.4 ‘ 400 ‘ 400 ‘ 3 ‘ 10
LCMO-LAO-15 ‘ LAO ‘ 15 ‘ 232 ‘ 0.4 ‘ 100 ‘ 400 ‘ 2 ‘ 10
LCMO-LAO-4 ‘ LAO ‘ 4 ‘ 232 ‘ 0.4 ‘ 25 ‘ 400 ‘ 2 ‘ 10
LCMO-LSAT-15 ‘ LSAT ‘ 15 ‘ 230 ‘ 0.4 ‘ 100 ‘ 400 ‘ 2 ‘ 10
LCMO-LSAT-4 ‘ LSAT ‘ 4 ‘ 207 ‘ 0.4 ‘ 25 ‘ 400 ‘ 2 ‘ 10

Samples LCMO-6B, LCMO-6C, LCMO-6D, LCMO-6E are samples grown on
(001)STO used for the optimization process in Ref. [111] which present different oxy-
gen content. Best degree of oxygen content has been achieved for LCMO-§E which
only differs from growth condition of sample LCMO-D by the use of a slower cool-
ing rate of 1°C/min. This cooling rate was exceedingly time consuming thus, we have
proved that we can achieve almost the same degree of cationic order by increasing
the annealing time to 2h (instead of 1 h) and using a cooling rate of 10°C/min (sample
LCMO-A). Therefore, the optimized conditions fixed for the growth of LCMO films
are the ones for LCMO-A.

Samples LCMO-6B and LCMO-§C are considered low-oxygenated with a high
degree of cationic order. In LCMO-6C growth and annealing is performed at lower
po, of 0.3 Torr and faster cooling rate while in LCMO-6B annealing is performed in
vacuum conditions (2 - 107 Torr) but the other growth conditions are kept the same
as in LCMO-6D. Therefore, the significant reduction of T¢ is attributed to a decrease
of oxygen content mainly dictated by annealing conditions [111].

This argument is further confirmed by structural analysis with X-ray diffrac-
tion (XRD). High resolution XRD has been carried out in ICN2 services. Figure 3.1
shows high resolution 6/20 scans of a low- and high-oxygenated film (LCMO-6B
and LCMO-68E). The secondary oscillations observed in the scans represent thick-
ness fringes and additionally indicate the high quality of the films. /20 plots can be
fitted in order to compute thickness and c-parameter of the film. We observe that the
low-oxygenated sample is thinner (¢;cp10-s5=14 nm) than the high-oxygenated one
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(tLcmo-se=21nm), and that it presents a larger c-parameter (c;cp0-55=3.878 A and
cremo-se=3.865 A). The tendency of the c-parameter reflects the presence of oxy-
gen vacancies. Oxygen vacancies favor the appearance of Mn** which has a larger
cationic radius than Mn**, thus producing an increase of the cell parameter. This
feature is further analyzed in more detail by RSM when arguing about the strain
dependence on oxygen content in section 3.4.1.

a) s b) s
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Figure 3.1: High resolution /20 XRD scans of films LCMO-6B and LCMO-JE. Red lines
show the fitting according to expressions given in Ref. [89]
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Figure 3.2: Magnetization vs. Field of LCMO-6B and LCMO-§E samples measured at 10 K
with the field applied IP (red) and OOP (black)

Magnetization vs. field curves of these samples at 10 K are plotted in Figure 3.2.
Magnetic properties have been explored using SQUID magnetrometry that can op-
erate within temperature a range of 2-300 K and up to 9 T. We have detected a great
difference between measuring placing the sample perpendicular (OOP) or parallel
(IP) to the applied magnetic field. Red curves corresponds to OOP configuration
and black ones to IP. Thus, in Figure 3.2 its is proved that both samples exhibit
PMA. M(H) data have been corrected subtracting the diamagnetic contribution of
the subtrate and normalized using thickness and molar density to obtain magnitudes
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Figure 3.3: Magnetization vs. temperature measured after ZFC (open symbols) and FC (solid
symbols) for sample LCMO-A with magnetic field of 0.1 T applied OOP (red
squares, left axis) and IP (black circles, right axis)

of up/fu.. We observe that LCMO-JE reaches saturation magnetization of 6 upg/f.u,
values expected for good Co/Mn cationic ordering. In contrast, LCMO-6B shows a
saturation magnetization around 5 pg/f.u. In literature, low magnetization in double
perovskite systems has been attributed to the presence of antisite disorder that. in
this case, could induce a change of valence to Mn®* and Co®* [102, 126]. Hence, the
presence of Mn*" and Co*" could produce AFM interactions which would decrease
of the overall magnetization (this aspect will be clarified later). On the other hand,
we also observe that magnetic anisotropy (the difference between OOP and IP mag-
netization loops) is greater for the high-oxygenated sample. The origin of this effect
together with the possible valence changes will be discussed in sections 3.3 and 3.4.1.

In addition, Figure 3.3 shows magnetization vs. temperature curves of an opti-
mized sample (LCMO-A) under an applied field of 0.1 T in both IP and OOP con-
figurations and in FC and ZFC. The T¢ value is derived from the minima of dM/dT
which accounts for a T-~225 K for both curves. T¢ is similar to the one found in bulk
samples with the similar stoichiometry [105]. The magnetization value obtained at
low temperature with the field applied OOP is nearly ten times larger than when
field is applied IP (note the scale of each axis magnitudes). This large difference is
due to the fact that the magnetic field used (0.1 T) is considerably smaller than the
coercive field (Hc=1 T; see M(H) in Figure 3.2b). This means that at the end of the
ZFC process, a similar number of domains with magnetization up and magnetiza-
tion down must be expected, rendering a small value of the overall magnetization.
The small field applied is not able to switch the domains up to a temperature near
Tc. In addition, IP curve (FC branch) presents a small kink at about 100 K. Similar
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kinks are also present for LCMO films grown by PLD, e.g. in [103, 104, 108], yet
those works do not specify whether the measures were performed IP or OOP. In our
case, this anomaly is not present neither in IP-ZFC branch nor in the OOP curve.
Thus, we discard that it comes from a second phase or from a second transition and
suggests that the anomaly could appear due to the competition between anisotropy
and cooling field.
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Figure 3.4: (Left) High resolution /26 XRD scans around the (002)-STO substrate peak of
films of various thickness (t=2.5, 8, 21, 34, 66 nm). (Middle) RSM around (103)-STO
peak and (right) STEM image of LCMO-15.

Following on, films in a wide range of thicknesses (from 2.5 nm to 66 nm) have
been studied. It is interesting to characterize the behaviour of LCMO films as a func-
tion of thickness for two reasons. First, to examine the properties of very thin films
that could be useful as active insulating barriers; and second to study whether or
not the PMA found is present in thicker films. In thicker samples the total energy
induced by the demagnetizing field (E = M - Hy) could be strong enough to put
magnetization in the plane.

Good quality films were obtained for the whole thickness range proved by XRD
and AFM characterization. High resolution 6/20 XRD scans and RSM in Figure 3.4
(left and middle) prove that LCMO films on STO grow tensile-strained. The quality
of the interfase has been also checked by scanning transmission electron microscopy
(STEM), as it can be seen in Figure 3.4 reproduced from Ref. [127], which reveals a
sharp interface with STO substrate. AFM topography images shown in Figure 3.5
(left) prove atomically flat steps and terraces-like surfaces for t=4, 8, 15 nm samples.
For the thicker samples (LCMO-66) the terrace structure has disappeared. In fact,
the small bumps appearing in LCMO-15 at the terrace-edges seems to indicate the
starting of 3D-island formation. Therefore in LCMO-66 this could be the dominating
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Figure 3.5: (Left) Topographies of LCMO films of t=4, 8, 15, 66 nm. (Right) M(T) and M(H)
for LCMO films of t=4, 8, 15, 35, 66 nm.

growth mechanism. Nevertheless roughness RMS values for all samples are smaller
than 1.4(1.1) nm.

Figure 3.5 (top right) shows the temperature dependence of the magnetization
measured with the magnetic field applied OOP for LCMO/STO films of different
thicknesses. It can be appreciated that the shape of the magnetization curves is very
smooth and that the T¢ hardly depends on t down to 8 nm (calculated thicknesses are
displayed in Table 2.1). For the thinnest samples LCMO-4 and LCMO-2 (not shown)
Tc is shifted down to ~190-200 K. All samples present easy axis of magnetization in
the OOP direction. M(T) and M(H) shown in Figure 3.5 are all measured in the OOP
configuration. In the inset of Figure 3.5 (top right) the measurement corresponding
to LCMO-66 for both IP and OOP is shown. PMA is also present in the thicker films
confirming that the demagnetizing field is not strong enough to put magnetization in
the plane. All M(H) present a remarkable square shape with a square remanence/sat-
uration ratio very close to 1, proving the strong magnetic anisotropy of the films and
that the easy axis is OOP. Coercive field remarkably grows when reducing film thick-
ness (Hc=1.5 and 0.55 T for t=4 and 66 nm films respectively). Most of M(H) loops
present an slight jump at H=0, an anomaly that do no decrease/increase with ¢ (at
least for t< 34 nm). There are several hypothesis of where this contribution comes
from: misalignment of the sample in the OOP configuration, as SQUID setup is not
precise or presence of some region at the interface or at the surface with a different
Hc. The later could be because interfaces may introduce disorder and changes on
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Table 3.2: Quantitative compositional data for target and thin films of Lay;Co;_»Mny,Os.
The percentage of each element is normalized by the atomic weight. Growth con-
ditions of films are summarized in table 3.1.

Sample name La(at.%) Co(at.%) Mn(at.%) O(%) La(perf.u) Co:Mn x

LCMO Target | 18.2(1.9) 7.3(8) 74(9) | 67.1(3.0) |  2.51(37) 1.02(9) | 0.01(4)
LCMO-66 16.1(2) 6.1(1) 9.3(9) 68.5(4) 2.10(2) 0.65(1) | 0.21(1)
LCMO-A 16.3(1.9) 6.1(6) 10.2(1.0) | 67.4(3.4) 2.01(4) 0.50(2) | 0.25(2)
LCMO-5C 8.1(5) 3.0(6) 4.7(3) 84.2(1) 2.12(6) 0.65(2) | 0.22(1)
LCMO-5D 12.0(2) 4.2(1) 7.1(1) 76.6(5) 2.12(2) 0.59(1) | 0.25(1)
LCMO-6X 15.4(6) 6.0(2) 9.93) | 68.8(1.0) 1.94(4) 0.61(1) | 0.25(1)

the strength of magnetic interactions and anisotropy due to translational symmetry
breaking and other interface effects. Those effects could be especially relevant when
the material is strongly anisotropic as in the present case.

3.2.2  Stoichiometry of the films

We have performed electron probe micro-analysis to determine the composition of
LCMO thin films and the target. Measurements have been carried by Dr. X. Llovet in
Scientific and Technological Center of the University of Barcelona with a CAMECA
SX-50 electron microprobe equipped with four wavelength-dispersive X-ray spec-
trometers. Details about the technique are explained in the Experimental Methods
chapter.

Quantitative data about the composition of several samples and the target are
gathered in Table 3.2. The first four columns correspond to atomic percentage of
each element. In the other columns we calculate the proportion of La for unit formula
(fu.), the Co:Mn ratio and the x. Oxygen concentration is not computed, as its very
difficult to separate oxygen coming from the substrate from the one coming from the
film. The same issue is found with La in samples with LAO and LSAT as substrates.
Anyway if we impose the nominal stoichiometry of La and oxygen in order to obtain
a good fitting for Co and Mn, we find similar values as for samples grown on STO
(x~0.22 for LCMO-LSAT-15 and x~0.16 for LCMO-LAO-15).

We observe that all thin films present a 1:1 La:(Co+Mn) atomic ratio, hence obey-
ing a stoichiometry of the type LazCo1-xMnj;,O¢. The Co:Mn ratio is clearly below
1:1 (except the target one) meaning that films have a certain degree of Mn excess.
Within the bar of error of the technique, all films shown here present x between 0.21-
0.25 and no relation is found with the oxygen content. On the other hand, EPMA
results show that LCMO target possess good stoichiometry, with Co:Mn~1. There-
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fore, we can conclude that off-stoichiometry must be ascribed to the growth process.
A possible origin could be the high temperatures used during the growth that can
lead to volatilization of Co. However, 900°C are necessary to obtain good magnetic
properties and lowering the temperature to 800°C, does not improve stoichiometry
but has significant effects on magnetic properties. This is the case of LCMO-6X, a
film grown at 800°C (with standard po, of 400 mTorr and 1h annealing) that present
a Tc~140 K, and a off-stoichiometry similar to the other films (Co:Mn=0.61)".

Although Co:Mn relation is not 1:1, we do not expect cationic vacancies of Co
as La:(Co+Mn) relation is indeed equal to one. This suggests that a fraction of Mn
has substituted Co sites. XAS experiments have been used to shed light into this
hypothesis by examining which is the valence of the substituting Mn and in which
proportion is found.

3.3 VALENCE STATE STUDIED WITH X-RAY ABSORP-
TION SPECTROSCOPY

As mentioned in the introduction of this chapter (section 3.1), FM-I character in
La;CoMnOg-based compound extends beyond the 1:1 Mn:Co ratio [105]. In our films,
despite the non-stoichiometry, optimized LCMO samples present T¢ around 225 K
and saturation magnetization of 6 pup/f.u. Assuming that ferromagnetism is driven
by superexchange interactions between Co?* and Mn**, FM-I behaviour can be com-
plex to interpret in off-stoichiometric LCMO films. A deficiency of Co should imply
a redistribution of charge in order to fulfill charge neutrality, and the most reliable
mechanism is indeed the reduction of a part of Mn** to Mn3*". This would be formally
expressed as: Laj*Co?" Mn}" Mn3tO2". Mn’" ion is bigger in size than Mn**, thus
it would preferentially be placed at Co sublattice, as Co®* ion is also bigger than
Mn** ions. Therefore, Mn3* ions would be placed in both Co-sublattice and ran-
domly distributed in the Mn sublattice. In this scenario, the FM-I state displayed by
this system cannot be directly understood as driven by superexchange interactions
between Co?* and Mn**.

To clarify the actual valence states of Co and Mn in our films, we have performed
XAS experiment in BL29-BOREAS beamline at ALBA Synchrotron (Barcelona). XAS
spectra are very sensitive to valence states: different valences produce clearly differ-
entiated final states in the 2p°3d™ to 2p>3d™*! absorption process which are trans-
lated into shifts in the energy position of the absorption peaks of the spectra. Mea-
surements were performed in both TEY and TFY modes under a vacuum of 2 - 1071°

LCMO-6X sample is not included in Table 3.1 because the rest of the samples are grown at 900°C and
this samples is only used for EPMA)
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mbar at room temperature. As explained in chapter 2, TEY is mainly sensitive to the
outermost layers, just few nanometers below the sample surface, while TFY detects
across a deeper region, thus giving information about the bulk of the film. Although
TFY mode is sensitive to an inner region of the sample, it gives a much smaller signal
than TEY. Besides, fluorescence measurements in thin films prone to self-absorption
artifacts. Therefore to recover the real signal of absorption coeflicient, it is important
to apply correction procedures to the fluorescence spectra. As explained in chapter
2, this can be done by measuring at different incidence angles and applying the for-
malism described by Eisebitt et al. [92].
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0
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©
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1.00 ! ! !
770 780 790 800

Energy (eV)

Figure 3.6: Co L, 3-edge XAS of sample LCMO-66 (red lines, comparing TFY and TEY signals)
and LCMO bulk (as extracted from Ref. [128], black line) at 300 K. Spectra have
been vertically shifted for clarity.

We first compare XAS spectra of a thick film of LCMO with bulk XAS data from
literature. Figure 3.6 shows the TFY and TEY spectra around Co L; 3-edge of sample
LCMO-66 measured simultaneously together with the LCMO bulk sample spectra
taken from Ref. [128], that corresponds to a stoichiometric and highly ordered
sample with Tc~225 K. TEY and TFY spectra of LCMO-66 are very similar between
them but also to that of stoichiometric bulk LCMO, for which Co?* in HS state is
settled [128]. From this comparison, we can conclude that the non-stoichiometry
introduced in our films does not alter significantly Co valence state: Co ions are in
2+ oxidation state and in HS configuration. Moreover, we prove that regarding the
Co electronic structure, there are no significant differences between surface and
bulk of the sample.

Now we proceed with Mn-edge evaluation. Figure 3.7 shows XAS spectra around
Mn L;s-edge in both TFY and TEY detection modes, of LaMnOs, Lag7Srg3MnOs,
LCMO-66, and CaMnOs films. Samples of LaMnOs, Lag7Srp3MnOs and CaMnOs;
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Figure 3.7: Absorption-corrected TFY-detected Mn L,3-edge XAS spectra of CaMnOs,
LCMO-66, LSMO and LaMnOj; at 300 K. Spectra have been vertically shifted for
clarity.

have been purposely grown and used as references for Mn-valence analysis, repre-
senting compound with oxidation states of Mn3*, mixed-valence and Mn*", respec-
tively. In Figure 3.7, a progressive shift of the L3 peak with the series of samples can
be clearly appreciated in both sets of spectra. One can observe that Ls absorption
peak for LCMO-66 takes place at an energy value lying between those of LaMnO;
and CaMnO;s. If we consider that LaMnOs3 absorption peak at 642.5 €V corresponds
to Mn** and CaMnO3 one at 644.1 eV to Mn** then, LCMO-66 peak centred at 643.6
eV should correspond to a valence state of +3.7 (considering a linear relation). For
its part, L3 peak of Lag;Srg3MnOs lies at 642.7 eV between those of LCMO-66 and
LaMnOs so corresponds to a mixed valence state of +3.3. In conclusion, the shift of
the center of L3 peak follows an increase of Mn valence from +3 towards +4.
Regarding the line shape of Mn L, 3-edge absorption peaks of LCMO-66, we found
that that they very similar to that published by Burnus et al. [128] for the high-T¢
LCMO bulk sample where they establish that their material was formed essentially
by Mn**. Nevertheless, there are some features that lead us to conclude that our
films present a small quantity of Mn®* such as the small bump at the Mn Lj pre-
edge and the shallower valley at ~ 641.5 eV. In fact, as depicted in Figure 3.8, we can
reproduce spectrum of LCMO-66 by a linear superposition of bulk LaMng 5Cog 503
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(Tc = 225) and LaMnOs spectra from Ref. [128] with weights of 80 % and 20 %, re-
spectively. This must not be considered as an absolute quantification of the balance
between Mn®**/Mn*", as different correcting (unknown) factors are needed, but as
an evidence of the presence of extra Mn>*.
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Figure 3.8: Comparison of Mn L; 3-edge XAS spectra in TFY mode of LCMO-66 with a linear
superposition of LCMO and LMO spectra from Ref. [128] with weights of 80 %

and 20 % (ﬂsum = 0.8 - lLaMng5Coy50; + 0.2 - ﬂLaMnO;)-

It is also interesting to compare TFY and TEY measurements in Figure 3.7. In
general, the only significant difference between both sets of spectra (specially for
LCMO-66 and LSMO ones) is a feature appearing at about 640.5 eV. This typically
reflects the appearance of a small amount of Mn?* on the film surface [129].

We focus now on the series of thinner (+~15 nm) samples prepared under different
conditions resulting in different degrees of oxygenation, and on different substrates
(Table 3.1). Figure 3.9 shows TEY signal around Co L;3-edge obtained for LCMO-
6C,LCMO-6D, LCMO-6E, LCMO-LSAT-15, LCMO-LAO-15 at RT. Except for LCMO-
dC, the shape of the absorption edge is almost identical to that found for LCMO-
bulk samples [128], and to that found for LCMO-66. Thus, we can conclude that it
corresponds to Co?* ion in HS configuration.

We examine in more detail Co and Mn spectrum of the low-oxygenated sample
LCMO-8C, following the same procedure used in Ref. [128] to analyze the spec-
trum of a bulk sample with poor Co/Mn ordering (Tc=150 K). Figure 3.10 presents
the difference spectra resulting from the subtraction of LCMO-SE one from that of
LCMO-6C. A scale factor (X0.75) has been applied to LCMO-SE, enough for making
the difference non-negative within the errors. This curve resembles that of LaCoOs5
at low temperature [128] and indicates that 3d orbitals occupation of a fraction of
Co ions, around 25 %, is Co®* in LS state. For the sake of comparison, the spectra
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Figure 3.9: Co L, 3-edge XAS spectra of LCMO-§C, LCMO-8D, LCMO-8E, LCMO-LSAT-15
and LCMO-LAO-15 samples measured by TEY at 300 K. Spectra have been verti-
cally shifted for clarity.

of LCMO-6D and LCMO-6E are compared in the inset of Figure 3.10a. In this case,
they are very alike. So, the difference in Co valence state between LCMO-6D and
LCMO-§E, if any, is clearly much smaller than between LCMO-§C and LCMO-§E.

The fraction of trivalent Co ions found in LCMO-6D is expected to be compen-
sated by a reduction of dominating Mn** ions towards Mn>*. Therefore Mn spectra
have been examined accordingly. Figure 3.10b shows the comparison of Mn L, 3-edge
of LCMO-6C, LCMO-6D and LCMO-6E. The difference spectrum has its maximum
displaced to a lower energy value (indicated by the vertical line in Figure 3.10b).
In accordance with Ref. [128], this proves that Mn** in LCMO-8C is reduced with
respect to LCMO-6E.

As already mentioned, the origin of these valence changes has been attributed
to the presence of antisite disorder in the double perovskite structure [102, 126].
This would place a certain amount of Co ions in Mn** sites. As the size of Mn**
(0.530 A) is considerably smaller than that of Co®* in both HS (0.745 A) or LS (0.65 A)
states, it is forced to move to Co®* in LS (0.545 A). Besides, Mn ions moving to Co
sites would have enough space to accommodate one extra electron becoming Mn**
(0.645 A) [130]. This would imply that cationic order in LCMO-8C is deficient while
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Figure 3.10: a) Co-Ly 3 XAS of LCMO-6C and LCMO-JE (the last scaled by a factor 0.75) and
the difference between them. The inset compares Co-L, 3 spectra of LCMO-6D
and LCMO-6E and plots its difference. (b) Mn-L; 3 XAS of LCMO-§C and LCMO-
OE (the last scaled by a factor 0.75) and the difference between these two lines.
The inset compares Mn-L, 3 spectra of LCMO-6D and LCMO-§E (this last scaled
by a factor 0.85) and the difference between these two. All plotted spectra were
collected at 300 K.

in LCMO-4E it is optimal. Here we recall that the main difference in the preparation
conditions between LCMO-6C and the other samples is the annealing process. This
would mean that cationic ordering improves during the annealing at 900°C in oxygen
atmosphere, in contradiction with studies in bulk that suggest that cationic ordering
process freezes below 1000°C [131]. We conclude that the only film presenting a
small Te (=150K), due to low oxygen content, has a significant amount (~25%) of
trivalent Co ions in LS state. This fact is pointed out as an alternative explanation
to the lowering of saturation magnetization found in sample LCMO-6B (depicted in
Figure 3.2): Co(Ill) is non-magnetic. On the other hand, in optimized films, divalent
Co, high T¢, and high saturation magnetization rule out a disordered arrangement
of Co and Mn ions in the double perovskite structure, which reinforce that FM is
induced by superexchange interactions.

3.4 SUBSTRATE MISMATCH STRAIN EFFECTS ON
MAGNETIC ANISOTROPY

In this section we focus on examining the dependence of the magnetic anisotropy of
LCMO films on their strain state. Firstly, we study the evolution of PMA in LCMO
films grown on top of STO (tensile case) with different oxygen content. Then we dis-
cuss the compressive case: films grown on LSAT and LAO that present IP anisotropy.
Secondly, we explore the thickness dependence of the anisotropy on both compres-
sive and tensile strain and quantify anisotropy fields using torque magnetometry.
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Figure 3.11: (Left) Magnetic moment vs. field curves of of LCMO-5C, LCMO-6D and LCMO-
OE. Curves are taken at T=10 K with the magnetic field applied IP (black) and
OOP (red). (Right) RSM around (103) reflection measured by synchrotron X-ray
diffraction for the same samples (LCMO-5C, LCMO-6D and LCMO-4E).

3.4.1 Tensile strain case: LCMO/STO

In this section we discuss about the origin of PMA found in samples grown on top
of STO, already introduced in section 3.2.1. We have explained that the change of
the oxygen stoichiometry promotes the change in the OOP parameter of LCMO
on top of the STO substrates (Figure 3.1). This is also proved by RSM performed
with synchrotron diffraction on samples with different oxygen content as we can
observe in Figure 3.11. Here, additionally, we relate structural properties of these
samples with their magnetic properties. Therefore, in Figure 3.11 we show RSM of
the (103) diffraction peak with respect to STO (reproduced from [132]) of LCMO-
6C, LCMO-6D and LCMO-4E (right) and their corresponding M(H) taken with the
magnetic field applied both IP and OOP (left). The oxygen content follows the arrow
direction.

RSMs prove that the films are epitaxial with the same IP lattice parameters as STO,
meaning that films where fully strained and no relaxation was produced. On the
other hand, OOP lattice parameter can be derived: 3.901 A for LCMO-5C, 3.881 A for
LCMO-6D and 3.868 A for LCMO-SE. This reveals that oxygen content shortens the
c-parameter.
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This change in the cell parameter is a consequence of the lattice volume shrink-
age as oxygen approaches the nominal stoichiometric value. As mentioned in sec-
tion 3.2.1, this is linked to a change in oxidation state: oxygen vacancies promote
the appearance of Mn** ions with ionic radius larger than Mn** ions. This volume
shrinkage additionally produces an increase of the lattice mismatch as lattice is un-
der tensile strain (lattice mismatch would be +0.6 % for full oxygen stoichiometry).

Regarding the magnetic properties we clearly observe in the hysteresis loops that
when the field is applied OOP the magnetization is higher than when it is applied
IP. On the other hand, the difference between the two directions is enhanced for
films with larger oxygen content. Hence, these results prove that the three samples
exhibit PMA and that the strength of the anisotropy changes with oxygen content:
the larger the oxygen content the stronger the anisotropy. Besides it is worth to note
that saturation magnetization also increases with oxygen content, indicating once
more that oxygen deficiency promotes the formation of Co(Ill) that would imply a
lowering of the overall magnetization.

All this observations leads us to formulate the hypothesis that the change of the
anisotropy could be attributed to the change in the OOP lattice parameter, so to a
change in the strain state of the films. In fact, the shortening of OOP lattice param-
eter implies shorter Mn-Co distances in the perpendicular direction. This reduction
of cationic distances could alter the SOC interaction and consequently, the magnetic
anisotropy. We will follow this discussion in chapter 4.

3.4.1.1 Torque measurements

In this section we explore which are the contributions to anisotropy in LCMO films
grown on STO by means of torque measurements. Magnetic torque is a useful tech-
nique to quantitatively determine the anisotropy field. The experimental procedure
consist in gluing a sample to a torque-lever chip mounted on a PPMS holder that
enables rotation. We continuously rotate the sample with respect to the magnetic
field directions moving from OOP (= 0°, 180°) to IP (= 90°, 270°). Therefore, at
every angle, we measured the torque that the field B makes on the sample due to
its magnetic moment m. By means of a piezoelectric system, torque magnetometry
measures the torsion of the torque-lever (depticted in Figure 3.12) that appears due
to torque force: 7 = m X B.

We compare torque measurements of samples of LCMO/STO with different oxy-
gen content (LCMO-5C and LCMO-A) and with different thickness (LCMO-A and
LCMO-66). The torque as a function of the position of LCMO-§C and LCMO-A is
plotted in Figure 3.12 for three different temperatures. They exhibit the typical shape
corresponding to a system with uniaxial anisotropy [133]. These measurements cor-



76 TUNNING MAGNETIC ANISOTROPY BY STRAIN IN LCMO THIN FILMS

roborate that the easy magnetization axis is perpendicular to the film plane and that
the magnetic anisotropy is stronger in high-oxygenated sample (LCMO-A).

Torque (10°Nm)

LCMO-A

0 45 90 135 180 225 270 315 360
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Figure 3.12: (Left) Schematic of the torque-lever chip used in Quantum Design PPMS. (Right)
Torque needed to rotate samples (a) LCMO-8C and (b) LCMO-A in a magnetic
field of poH = 8T at different temperatures.

The anisotropy field can be inferred from the maximum value of the torque, and
the saturation magnetization through the following expressions:

Ki =ty /Vs (3.1)
Ha = 2K /Ms (3.2)

being 7j the maximum torque, Vs the sample volume, K; the effective anisotropy
constant and Mg the saturation magnetization [133].

In Figure 3.13 we show torque measurements for LCMO-A (t=15 nm) and
LCMO-66 (t=66 nm) samples. Using the expressions above we can calculate the
anisotropy fields that render ugHs= 6.71 and 2.75 T for LCMO-A and LCMO-66,
respectively. Besides, LCMO-66, gives a K; value smaller than LCMO-A (values are
1.64 v5.1.16 MJ/m® for LCMO-A and LCMO-66, respectively). This reduction can be
ascribed to the smaller contribution of K term in the thicker sample. The values
of K; found indicate that K,,~1.02 MJ/m? and K;~9.18 mJ/m?. The volumetric term
K, takes into account the magnetocrystalline, strain, and shape anisotropy terms.



3.4 SUBSTRATE MISMATCH STRAIN EFFECTS ON MAGNETIC ANISOTROPY 77

120 T T T
A )

80 P % o o |
—_ ° [ | J
S | ° 8 ®
Z 0] Noo, ates, ’
o g L
- ok ® LY 3 ‘
% .\.. ‘t : L ;
O -40 %, ®ees! ® "0se
o ¢ [) ° °
= ° | ° /

-80F o ® —et=660m o °

o ¢ —o—t=15nm & ./
120 S. 1 1 & 1
0 90 180 270 360

Sample Position (deg)

Figure 3.13: Torque needed to rotate LCMO-66 (t~ 66 nm) and LCMO-A (¢t~ 15 nm) in a
magnetic field of poH = 8 T and at T=10 K.

The latter term always tends to place the magnetization IP and never OOP.

To clarify the role of structural strain on the magnetic anisotropy, we have grown
LCMO films on substrates with different IP lattice parameter LSAT and LAO, with
lattice mismatch of -0.3% and -2.3% respectively.

3.4.2 Compressive strain case: LCMO/LSAT and LCMO/LAO

LCMO/LSAT and LCMO/LAO samples have been grown under the same conditions
used for growing optimized LCMO/STO samples (see Table 3.1). As a first inspection,
morphology has been checked by AFM and structural features have been studied by
XRD. Topography images in Figure 3.14a,b reveal step-like surfaces with well de-
fined terraces with RMS values of 1.7(6) nm and 1.2(6) nm for LCMO-LSAT-15 and
LCMO-LAO-15, respectively. We also observe the appearance of small mounds simi-
lar to the ones found in 15 nm-thick LCMO/STO depicted in Figure 3.5. On the other
hand, RSM around (103) substrate peaks in Figure 3.14c,d show that LCMO/LSAT
sample is fully strained (IP lattice parameter estimated from RSM is 3.87 A) while
LCMO/LAO sample is partially relaxed (IP parameter is about 3.84 A).

Additionally, high resolution 6/26 scans around (002) substrate peak have also
been analyzed. In Figure 3.15 observed and calculated intensities, and the differ-
ence between both, are plotted. Fitting of the data allows estimating OOP lattice
parameters that are about 3.906(3) A and 3.912(3) A for LCMO-LSAT-15 and LCMO-
LAO-15, respectively. These values are, in both cases, larger than their respective
IP parameters and larger than c-parameter obtained for low-oxygenated LCMO-5C
[3.901(3) A].
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Figure 3.14: Topography image and RSM collected around (103) diffraction peak of (a,c)
LCMO-LSAT-15 and (b,d) LCMO-LAO-15 samples.
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Figure 3.15: Refinement of the high resolution 6/26 scans collected for (a) LCMO-LSAT-15
and (b) LCMO-LAO-15 samples.
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Magnetization vs. temperature curves have been measured for both samples in
OOP and IP configurations, as it is shown in Figure 3.16. In both cases, the T¢ is
around 230 K indicating an optimum oxygen content and film quality. It is also ev-
ident that the magnetization IP reaches values much larger than OOP, implying an
IP orientation of the easy magnetization axis. Magnetic hysteresis loops also con-
firm that the magnetization measured IP is always larger than that measured OOP
[Figure 3.16 (right)]. In addition, both M(T) and M(H) curves suggest that the IP
anisotropy is larger in LCMO/LAO than in LCMO/LSAT. This would be in accor-
dance with the larger OOP parameter of the former. On the other hand, Figure 3.16
shows that saturation magnetization reaches 6 pg/f.u., the expected value for films
displaying a good Co/Mn cationic ordering. Coercive fields for IP M(H) curves are
around 0.7 T and 0.8 T for samples LCMO-LSAT-15 and LCMO-LAO-15, respectively,
while OOP ones are of 0.045 and 0.06 T. Values of the H¢ for the hysteresis loops
measured with H along the hard magnetization axis are much smaller than in the
case of LCMO/STO (as it can be observed in Figure 3.11 the Hcs for easy and hard
axis are nearly the same, e.g. 0.7 T for sample LCMO-4E).
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Figure 3.16: Magnetization vs. temperature measured under a field of 0.1 T after ZFC (open
symbols) and FC (solid symbols) for samples (a) LCMO-LSAT-15 and (b) LCMO-
LAO-15 with magnetic field IP (black circles, left axes) and applied OOP (red
squares, right axes). Magnetic moment vs.field measured at T=10 K, for samples
(c) LCMO-LSAT-15 and (d) LCMO-LAO-15 with magnetic field IP (black squares)
and applied OOP (red squares).
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3.4.3 Thickness dependence

We have examined how the anisotropy varies with film thickness. Samples that
present IP anisotropy (compressive case) are candidates to suffer from surface
anisotropy when thickness is drastically reduced. As explained in section 1.5 of the
Introduction, in thin films the effective anisotropy constant can be expressed as the
sum of two terms, K = K,, + 2K, /t, where K, is the volume, K, the surface term and
t the film thickness. The surface term takes into account the anisotropy appearing
due to the interfase and its intrinsic translational symmetry breaking [31]. This term
becomes more relevant for thinner films, and usually favors OOP orientation of the
magnetic moment.
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Figure 3.17: Magnetization vs. field measured at T = 10 K, for samples (a) LCMO-LSAT-4 and
(b) LCMO-LAO-4 with magnetic field IP (black squares) and applied OOP (red
squares). Topography for samples (c) LCMO-LSAT-4 and (d) LCMO-LAO-4.

In oder to explore the effect of shape anisotropy, very thin samples (t=4 nm) of
LCMO grown on top of LSAT and LAO are examined. In Figure 3.17 M(H) curves
and topographies for LCMO-LSAT-4 and LCMO-LAO-4 are plot. Topography im-
ages reveal very high quality surfaces. LCMO-LSAT-4 surface reproduce the step
terraces of the LSAT substrate with a RMS of 0.6(5) nm. The creation of dislocations
formed to release the stress from the lattice, are perfectly visualize in LCMO-LAO-4
image. Nonetheless, step-like structure is also revealed in between dislocations and
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it presents a roughness with a RMS value of 0.4(3) nm. M(H) curves prove that the IP
orientation of the easy magnetization axis prevails. Even though magnetization IP
reaches larger values than OOP, the difference between both is not as relevant as it is
in the case of thicker samples, the differences in the H¢ and remanent magnetization
reinforce that the easy axis lays IP. In conclusion, when LCMO suffers compressive
strain the effective anisotropy K; is negative as anisotropy lies IP, hence K} "™ >
K> "™ (less negative as it has less anisotropy). This implies that K; is positive (thus
favoring OOP magnetization for the thinnest samples) and K, is negative (therefore
favoring IP magnetization for the thickest films), being K,, dominant in all the cases
studied.
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Figure 3.18: (a) RSM around (103)-STO peak of LCMO-66 and (b) c-parameter vs. thickness
calculated from 6/20 XRD scans in Figure 3.4.

With regard to LCMO on STO, we have already presented in section 3.2.1 the
characterization of samples with different thicknesses. In order to analyze the strain
state as a function of the thickness, here we compute c-parameter (see Figure 3.18b)
obtained from the fitting /26 scans in Figure 3.4. We observe that c-parameter goes
from 3.868 A for t=2.5 nm to 3.877 A for t=66 nm thus, a maximum variation of 0.01
A. We can ascribe the slight increase of c-parameter for thicker samples (t=34 and 66
nm) to a not optimal oxygenation (not long enough annealing time). The decrease
of c also explains the increase of Hc in Figure 3.5: the thinner the sample, the higher
the strain, and so the magnetic anisotropy and Hc. Moreover, the RSM shown in Fig-
ure 3.18-a reveals that sample LCMO-66 is fully strained by the substrate. Thus, we
conclude that no lattice relaxation occurs in the range studied and that all samples
present strong PMA, even the thickest one (see Figure 3.5). This is another evidence
demonstrating that shape anisotropy does not play an important role in our system.
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3.5 SUMMARY

In this chapter we have presented a detailed study of structural, compositional and
magnetic properties of LCMO thin films grown with different deposition conditions
(implying variations in oxygen content) and on different substrates. Both conditions
lead to differences in epitaxial strain which dominates the magnetic anisotropy: we
found a strong PMA for tensile strain and IP easy-axis for compressive strain.

Regarding the composition of the films we show with EPMA that our films present
a deficiency of Co and a real composition La;Co1-,yMn;1,Og with x~0.23. However,
we confirm through XAS measurements that in optimized LCMO films (with high
Tc=~225K), off-stoichiometry does not seem to affect the valence of Co ions which
is essentially +2, independently of their strain state. Actually, XAS measurements
indicate that part of Mn reduces from +4 to +3 to fulfil charge neutrality.

Regarding magnetic properties, strain-dependent anisotropy has been carefully
characterized. Remarkably, PMA, that appears in LCMO thin films grown on top of
(001)STO substrates, is very strong. By torque measurements we could determine
an anisotropy field of ~7 T for a LCMO film with t=15 nm. Moreover, torque mea-
surements reveal that the anisotropy field is closely correlated with the degree of
oxygen content of the films: the larger the oxygen content, the larger the anisotropy
field. We have related this fact to the change in the OOP cell parameter of LCMO
with the oxygen content (the larger the oxygen content, the larger the anisotropy
and the shorter the OOP cell parameter). In a context of tensile mismatch between
substrate and film, the shrinkage of the OOP lattice parameter implies a larger strain.
To prove that strain rules magnetic anisotropy, we have further investigated its ef-
fect by growing LCMO on top of LSAT and LAO with a smaller IP parameter. This
gives rise to films with a larger OOP parameter and a compressive instead of tensile
strain. As a result, the easy magnetization axis of LCMO on compressive substrate
lies IP.

Finally, by exploring different LCMO film thicknesses, we have determined that
the origin of PMA should be magnetocrystalline rather than surface induced. Actu-
ally, good magnetic properties have been proved even for very thin films. Having
accomplished this objective we can proceed to the implementation of this material
in a tunnel junction device.



THE ORIGIN OF MAGNETIC
ANISOTROPY INLCMO: XMCD
AND THEORETICAL APPROACH

In this chapter, we continue the discussion about the origin of magnetic anisotropy
in LCMO system introduced in chapter 3. Here we discuss about its magnetocrys-
talline origin using XMCD experiments and a theoretical approach based on first-
order perturbation theory.

4.1 INTRODUCTION

As already introduced in chapter 3, a number of magnetic materials epitaxial films
show a change in the anisotropy direction under different strain conditions. Of spe-
cial relevance is the dependence on strain of the magnetic anisotropy found in Co®*-
containing spinels. Revisiting the example used in section 1.5 of the Introduction, in
CoCr;04 a compressive strain favors PMA, while a tensile strain favors IP anisotropy
[33]. On the contrary, CoFe,O4 spinel film system coincides with the behaviour of
LCMO reported here, in the sense that a tensile stress induces PMA [119, 120], while
a compressive strain induces IP anisotropy [121, 122]. In both systems, magnetic
anisotropy is attributed to Co?* ions. CoCr;0y is a normal spinel, where Cr ions
occupy octahedral sites and Co ones occupy tetrahedral sites of the structure. In
contrast, CoFe;0y is an inverse spinel, in which tetrahedral sites are occupied by Fe
and octahedral ones by Fe and Co. According to theoretical calculations presented
by Heuver et al. [33], compressive strain must favor PMA for Co?" in tetrahedral
environment (CoCr,04) and an IP easy magnetization axis when it is placed in oc-
tahedral environment (CoFe;O,). Consistently, in LCMO, where Co?* is in an octa-
hedral environment, we found that a compressive strain favors an IP easy axis. To
reach this statement, theoretical calculations in Ref. [33] for iron spinel are based
on considering the SOC in Co?" and the effect of the CF departuring from a per-
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fect octahedral environment as perturbations of the other terms of the ground state
Hamiltonian. However, the argument developed in Ref. [33] do not predict the case
of tensile strain. Here, we present a theoretical calculation on how, departing from
a perfect octahedron, a tetragonal distortion, introduced to account for strain, must
affect the magnetic anisotropy of Co?* in LCMO thin film system. Firstly, in order
to confirm experimentally that magnetic anisotropy in LCMO comes from SOC ef-
fects due to Co®*, we performed XMCD experiments. This is a unique tool allowing
studying separately, in an element-specific way, the orbital and spin contributions
to the atomic magnetic moment [95, 122].

4.2 MAGNETIC ANISOTROPY STUDIED BY X-RAY
MAGNETIC CIRCULAR DICHROISM

XMCD experiments have been performed in BL29-BOREAS beamline at ALBA Syn-
chrotron (Barcelona). As a first inspection we compare XMCD data for Mn and Co
L, 3-edges for a standard sample (LCMO-SE). Thus, in Figure 4.1 we show XMCD
signals measured by TEY mode for both spices. The upper part of each plot corre-
sponds to x-ray absorption spectra (averaged over four spectra) taken with left- and
right-handed circularly polarized light (u; and p_); the lower part to XMCD spectra
obtained from the subtraction y, - p_ and the dashed line (right axis) to the integral
of the XMCD spectra.
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Figure 4.1: Mn-L, 3 (left) and Co-L, 5 (right) XMCD spectra of sample LCMO-JE at T = 20 K
and normal incidence.
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The integral curves are used to set the correct limits to calculate integrals for sum
rules (see Experimental section). From sum rules we derive the ratio:

mp, _ (Ly) _ —2 /(L3+L2)(y+ —p-)dE
mspp (25:+7L) [ (e~ p-)dE -2 [ (s~ p-)dE]

(4.1)

where L, and S, denote the projections of angular and spin magnetic moment over
the magnetic field direction. T, is the magnetic dipole moment and has been esti-
mated to be negligible in front of S, for Co®* in octahedral environment [134].

As a first result from Figure 4.1, we observe that the value of the integral
/(L3+ LZ)(y+ — p_)dE is nearly negligible for Mn (two orders of magnitude smaller
than in Co). This is an evidence that magnetic anisotropy must come from Co ions.
Therefore, from now on, we center the attention on studying the Co-edge.
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Figure 4.2: Co-L; 3 XMCD spectra of (a) LCMO-6C and (b) LCMO-6E (over STO) and samples
(c) LCMO-LSAT-15 and (d) LCMO-LAO-15 at T=20 K and normal incidence.

In Figure 4.2 we show Co L, 3-edge XMCD spectra for different samples (LCMO-
6C, LCMO-8E, LCMO-LSAT-15 and LCMO-LAO-15); presenting oxygen-induced
and substrate-induced strain variations. All spectra correspond to normal incidence
geometry (i.e., with the photons’ propagation vector parallel to the vector defining
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the sample surface) and are taken at 20 K. It is worth noting that, despite the dif-
ference in Co valence between LCMO-§C and LCMO-SE (discussed in section 3.3),
their XMCD signals are spectrally very similar. This fact can be easily understood
as the extra Co®" detected in LCMO-6C is in t§ geg non-magnetic LS state.

In order to explore the dependence of XMCD signal on strain we performed
measurements in normal and grazing incidence conditions (specifically at 20° with
respect to the sample surface) and calculate my/ms, . for each orientation. The
mp/ms,,, ratios derived from the analysis of the XMCD spectra obtained on the
different samples at two incidence angles are listed in Table 4.1. Analyzing the spec-
tra, its worth noting that the values of the ratio my/ms,,, hardly depend on the
point where the end of L3 and the start of L, edges are taken. The uncertainty that
this introduces to this value has been checked to be below 1%. This value is much
smaller than the error introduced by other sources [134].

Table 4.1: my/ms,,, ratios derived from the analysis of the XMCD spectra obtained on the
different samples at normal (90°) and grazing (20°) incidence. OOP (c) lattice pa-
rameter is also printed.

Sample name  c-parameter (A) my/msg, s (90°)  mp/ms,,.(20°)
LCMO-LAO-15 3.910(5) 0.485 0.432
LCMO-LSAT-15 3.906(5) 0.456 0.558

LCMO-6C 3.902(3) 0.567 0.581
LCMO-5D 3.881(3) 0.608 -
LCMO-SE 3.868(3) 0.637 0.560

The values of my/ ms,,r obtained at normal incidence present a monotonous
increase with the strain. With the exception of LCMO-LAO-15, the enlargement
(shrink) of IP (OOP) lattice parameter is accompanied by an increase of m/ms, .,
ratio. This could be a consequence of LCMO-LAO-15 being partially relaxed. On the
contrary, at grazing incidence this ratio does not show any clear tendency and its
dependence on the strain is much smaller. In particular, for compressive strain (tak-
ing into account LCMO-LSAT-15), the my/ms,,, ratio found in grazing incidence is
larger than that found at normal incidence, while for tensile strain this is reversed. In

other words, the largest my / mg_,, ratio is found when light propagation and applied

eff
field are along the easy magnetization axis.

To reinforce our observations that Mn do not significantly contribute to magnetic
anisotropy in LCMO, we have also derived ratios from analysis of Mn edge which

are found two orders of magnitude smaller than those of Co. In any case, according
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Figure 4.3: (Left) Comparison between hysteresis cycles taken in TEY (black, left axis) and
TFY (blue, right axis) modes on LCMO-§E. (Right) Comparison between hystere-
sis cycles taken in TEY for 21 nm-thick (green) and 8 nm-thick (red) LCMO films,
LCMO-SE and LCMO-8, respectively

to Piamonteze et al. [134], sum rules are not fully valid for Mn, so further analysis
is not worth it.

On the other hand, hysteresis cycles can be derived from XMCD measurements
while ramping the magnetic field. The hysteresis cycles are composed by 4 scans: 1)
from +6 to -6T with C+ polarization; 2) from -6 to +6T with C+ polarization; 3) from
+6 to -6T with C— polarization 4) from -6 to +6T with C— polarization. Then the
resulting cycle will result from subtracting (1) from (3) and (2) from (4). In Figure 4.3
(left) we show hysteresis loops calculated in TEY and TFY modes at 70°of incidence
(nearly normal) on LCMO-§E sample. The TFY measurement proved that there is no
biloop at zero field similar to the feature observed in SQUID measurements. In TEY
signal, although there are some spikes at zero field, there is no sign of a biloop. We
ascribe this noise to limited sensitivity.

In addition, we have compared hysteresis loop of samples with different thick-
nesses [Figure 4.3 (right)], we observe an increase of Hc from LCMO-8 with t=8
with respect to LCMO-§E of t=21nm. This goes in accordance with the increase of
Hc¢ observed in SQUID measurements (Figure 3.5): more strain implies an increase
of anisotropy and thus, higher coercitivity.

Finally, in Figure 4.4 we show hysteresis loop taken in TFY mode at 70 °(normal)
and 20 °(grazing) of incidence for sample LCMO-JE, their clear difference and re-
semblance with SQUID measurements demonstrates one more the expected PMA.
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Figure 4.4: Comparison between hysteresis cycles taken in TFY mode for LCMO-§E in 70
°(red) and 20 °(black) incidence.

43 THEORETICAL APPROACH: ORIGIN OF PERPEN-
DICULAR MAGNETIC ANISOTROPY

43.1 Effect of tetragonal CF and SOC on Co** in octahedral environ-
ment

The objective of the magnetic model we have developed is to find the magnetic
anisotropy expected for the ideal case in which Co?* ion is placed in an octahedron
with tetragonal symmetry (compressed/expanded along one of the main axes).

As explained in section 1.3.1 in the Introduction, CFT theory consists in describ-
ing the physics of a TMO system by an interaction Hamiltonian (as the one in eq.
1.1) and treating it as a perturbative problem. Eigenstates and energy levels of this
Hamiltonian are found in the basis of a specific symmetry and treating interactions
as perturbation. Therefore in regard with our case of study we will introduce the
tetragonal distortion of the Co?" octahedron and the SOC interaction as pertur-
bations H = Hcr + Hyg of the Hamiltonian. Then we will calculate the matrix
elements of H’ in the ground state of unperturbed Hamiltonian. For this, we fol-
low a procedure similar to that presented in Refs. [135, 136] for CoCl, in which the
octahedra lose cubic symmetry due to a trigonal distortion induced by a compres-
sion/expansion along one of the main diagonals of the cube. In our case, as already
mentioned, we will consider a tetragonal distorsion instead (compression/expansion
alonge one main axis).

The ground state of a free Co®* ion corresponds to a *Fterm (i.e., L=3 and $=3/2). If
we consider the Co embedded in perovskite structure, we have to take into account
oxygen octahedral environment. Thus, the model departs from the simplest case
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where CoOg octahedra have a perfect cubic symmetry. The cubic CF produced by a
perfect octahedral environment, splits the ground state in three levels, two triplets
and one singlet. The lowest level is the triplet *T; whose eigenstates are [137]:

o = [30)
oy = \/§|3 - 1> +\/§|3 3> (4.2)
- = \/§|3 1>+\/§|3 -3)

The triplet is easy to understand by looking the distribution of electrons of Co®*
in HS (3d’): the unpaired electron in the ground state can be in any of the three
degenerate energy levels.

4.3.1.1 Matrix elements of Hcr

The Hcr term of the perturbation Hamiltonian is the deviation of CF from cubic sym-
metry. According to Ref. [135], if one assumes that the potential created by neight-
bouring anions satisfies Laplace’s equation, then it can be expanded by spherical
harmonics as:

V= Amrlylo.9) (4.3)
Im

where [ and m are indexs ranging over [=0,1,2,3,... and m=-1, -1+1, ..., [-1, L.
Then, a general tetragonal CF is expressed as:

H{SE = AbrPY + A YD+t (437 + (41)' V1) (4.4

while for a cubic symmetry it reduces to:

1/2
5
HE = A | Y) + (ﬁ) (Yy + 7. (4.5)

By introducing some considerations the number terms in eq. 4.4 can be reduced.
Thus, the tetragonal field differs from cubic one in a term on Y20 and on the fact that
of A} and A} are no longer related. We have, in a first approximation, ignored this
second fact and considered only the first one. Using this approximation, to calculate
HSF = (@i|Hcr|pj) matrix elements we have to calculate (qo,-lAgr2 Y2°|q)j).
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The radial part (r) is the same for all the matrix elements as it does not depend on
m but only on n and [ quantum numbers. Moreover, this term is different from zero,

as the integral will only contain positive terms.

Concerning the angular part, by conservation of the third component of the an-
gular moment the unique terms that can be different from zero are those coming
from: (3 0]Y; |3 0), (3 1]Y;|3 1), (3 -1]Y;|3 -1), (3 3|YJ|3 3), and (3 -3|Y;)|3 -3). Their
angular parts are given by the integrals /Q Y; Y)Y dQ (with m=0,1,3) that can be
calculated through the Wigner 3-j symbols !:

myymayms _ (zjl + 1) (sz + 1) (2j3 + 1)
[ vmyeaa - =

Jv oJ2 B\ J2 3 (4.6)
0 0 0)/\m my ms

The 3-j symbols are an alternative to Clebsch-Gordan coefficients and are related
with them as:

(Jj1 my jo ma|jz — ms) (4.7)

V2j5 +1

JuoJa T3 _ (=)o
mp mp; ms

Taking all this into account?, the unique matrix elements of Hcr different from zero

are H(%F , HEF and HET . In fact, as we do not known the value of A2, we will express

these three elements in terms of a single parameter named ecp. Then, it can be

shown that

H&;F = 2€cF
Hff =HT = —ecr
This means that (before considering SOC), ¢, state, or equivalently |30), that is
mainly oriented along z axis, is more affected by the tetragonal distortion of the
CF than ¢.. The exact value of ecr would involve the integrals of the radial part and
the knowledge of the (unknown) parameter A in eq. 4.4. Nonetheless, we can easily
deduce the correspondance between the sign of the ecr and the type of strain. In the
case of tensile strain, where basal distances of the octahedra are larger than apical
ones, |30) must be the state with higher energy and ecr must be positive while the

1 Different online tools allow calculating 3-j symbols: e.g. www-stone.ch.cam.ac.uk/wigner.shtml
2 Using Clebsch-Gordan (e.g. www.volya.net/index.php?id=vc), the angular parts are simplified to:

1 4-(-pt-m
/QY;’"YZOYg"dQ =,/%%<3 -m20|3 —m)

=ADY™(B —m20|3 - m)


www-stone.ch.cam.ac.uk/wigner.shtml
www.volya.net/index.php?id=vc
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other two sates of *T; triplet have lower energy. This is in agreement with the ex-
pected degeneration of the ground state under tensile stress stated by Heuver et al.
[33]. In the case of compressive strain ecr is negative, and |30) becomes the ground
state (CF only). In Figure 4.5 an scheme illustrating the distribution of energy levels
is plotted. It is shown that for the ground state, the unpaired electron in the com-
pressive case is found in a non-degenerated energy level while in tensile case it is
in a degenerated one.
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Figure 4.5: Energy level scheme illustrating the effect of a tetragonal distortion of the CF
(compressive or tensile) on Co?" ion in an octahedral environment.

4.3.1.2 Matrix elements of Hr s

SOC interaction is introduced as Hy g =kAL-S , where A is the spin-orbit constant,
that is expected to be negative (for more than half filling d-shells), and k is the
"orbital reduction factor” (slightly smaller than unity) [135, 136]. Hl.LjS matrix el-
ements are expressed in the basis of |LM;) and [SMs) and are calculated using:
L-S= L,S, + % (L+S- + L_S4). Then orbital and spin momentum operators must
satisfy the following relations:

LzlLML> =ML|LML> LilLML> =\/(LiML+1)(L$ML)|LMLil> (4.8)
S:ISMs) = Ms|SMs)  Si|SMs) =(S+Ms +1)(SF Ms)|SMs 1) (4.9)

Note that in our system L=3 and S=3/2 so that M} = +0,+1,+3 and Mg = i%, i%.
As L and § operators act on different subspaces, the different matrix ele-
ments can be obtained by the Kronecker product of the L and S matrices:
L,®S, + %(L+®S_ +L_®S,). That is, for instance, in terms of momentum
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operator L,:

(@ilLzl@)=0 if i#j
Then3,
(@olLzlpo) =0
(@+|Lzl@+) = 3/2

(p-|L.l@-) = =3/2

and all other elements vanish.
The rest of the matrix elements are easily calculated:

3
20 0 0
2 000 02 L o o0
L={o 0 0 S; = 2 X (4.10)
5 0 0 %o
0 0 "2 3
o o0 o 3
0 VT o 0 0 0 0
, V3 0o 0 o
Ly=1o0 0 E\/E Sy = (4.11)
0 o . 0 2 0 0
0 0 V3 0
0 V3 0 o0
0 0 0 0 0 2 0
L= 0 o S = o 0 o0 B (4.12)
0 V2 0
0 0 0 0

4.3.1.3 First-order perturbation theory

Finally, we use all the matrix elements just calculated to obtain the total matrix
elements of H’. By combining the three states of *T; with the four possible spin
states we obtain the matrix given in Table 4.2 in terms of parameter a = <¢F (where

A= %’d) that directly relates CF and SOC.

3eg. Lelpo) =-1- 3B +3333) = (pllelp) = 2+3-3=3
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Table 4.2: Matrix elements of the perturbation Hamiltonian H' = Hcp + Hrs (divided by a
common factor A’ = %’d)

lo- -3/2) | lo— -1/2) | lo- 1/2) | lo- 3/2) | l@o -3/2) | l@o -1/2) | lo 1/2) | 190 3/2) | lg+ -3/2) | lo+ -1/2) | |+ 1/2) | o+ 3/2)
(p--3/2| | -a-3/2 0 0 0 0 -\3/2 0 0 0 0 0 0
(p--1/2| 0 -a-1/2 0 0 0 0 V2 0 0 0 0 0
(p-1/2| 0 0 -a+1/2 0 0 0 0 -\3/2 0 0 0 0
(p-3/2| 0 0 0 -a+3/2 0 0 0 0 0 0 0 0
(o -3/2| 0 0 0 0 2a 0 0 0 0 3/2 0 0
(po-1/2 | +/3/2 0 0 0 0 2a 0 0 0 0 V2 0
(@0 1/2| 0 V2 0 0 0 0 2a 0 0 0 0 3/2
(90 3/2] 0 0 3/2 0 0 0 0 2a 0 0 0 0
(p+ -3/2| 0 0 0 0 0 0 0 0 -a+3/2 0 0 0
(ps -1/2| 0 0 0 0 32 0 0 0 0 a+1/2 0 0
(ps 1/2] 0 0 0 V2 0 0 0 -a-1/2 0
(s 3/2] 0 0 0 0 0 0 3/2 0 0 0 0 -a-3/2

Figure 4.6: Splitting of the ground state triplet due to the SOC (1’) and the CF (ecF), repre-

— &k
sented by a = =5

We have solved the secular equation to diagonalize this matrix with Mathematica.
The eigenvalues as a function of a are plot in Figure 4.6. We observe that the twelve
possible states are split into six spin doublets (Kramers’ doublets). The ground state
Kramers’ doublet is that corresponding to (assuming A < 0):

3

U= alg--2) + Blgo ) +rIds )

i = algy )+ lgo 3) +1lg )

(4.13)
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being «, f and y coefficients that only depend on parameter a:

L2, L (14204 28)(2a-5)

a = —|-—+— a+22)(2a-=
N[ 3 a3
1 1

f = ———(1+2a+2E) (4.14)
N a2

_ 1
Y = N

With N being the appropriate normalization factor and = the smallest real solu-

tion of the equation:

—15-20a - 16a* — 8a” + E (=11 — 8a + 12a°) + 8Z* + 45> = 0 (4.15)

4.3.1.4 Prediction of magnetic anisotropy

In order to address the magnetic anisotropy, one must consider the additional ap-
plication of a magnetic field. To do so we include in our calculation a Zeeman term
that will add a splitting to the Kramers’ doublet. Zeeman term is much smaller than
other terms and thus, usually introduced as a second perturbation and first-order
perturbation theory can be applied to the subspace formed by the Kramers’ doublet.

For simplicity, we consider that the field is applied in an arbitrary direction of the
x-z plane : H=H (cos0, 0, sinf). Then, Zeeman Hamiltonian is expressed as:

H; = ‘uB(kI_: + 2§) . I?I

= jgH{(KL, + 25.)sind + [k%(LJ, £ L)+ (S, +5)]cosO} (4.16)

Matrix elements within Karmers’ doublet subspace are:

-1 0 -10
L. = 3(@” =y (0 1) S: = (e’ + 38 = 3v") (0 1) (4.17)
L, = yB3V2 (0 0) S, = (2V3ay + 267 (O 0) (4.18)

1 0 1 0

L_=yp3V2 (0 1) S_ = 2V3ay + 28 (O 1) (4.19)
0 0 0 0
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and so,
Hy = ugH (—ga 52) (4.20)
Lo G
with
3 2 2 3 21 .
G=[3+ Ek)a +p°-(1+ Ek)y ]sin@
& = [2ayV3 + kﬁy%\@ +2/8%]cost (4.21)
The eigenvalues of eq. 4.20 are:
Ey = —ppH - \|{7 + 3
Ey = pgH - \|(2+ (¢
Then the ground state is the linear combination:
1
E= o+ A1) (4.22)

with A = —2— and N =V1 + AZ.
§1+V §12+§22

Finally to relate this solution to magnetic anisotropy in our system, we define
the gyromagnetic factor for a field applied along the fourfold axis of the distorted
octahedra (g,) and for a field applied in a perpendicular direction (g, ). Gyromagnetic
factors are defined as ¢ = AE/ugH for each direction.

According to eq. 4.21, for H applied OOP (8 = x/2), {» = 0 and thus, E?OP =
—upH{, while for H applied IP (0 = 0), EIf = —pugH{,. Hence, the ratio between
g. and gy, will be obtained by the ratio between these energy differences and will
render:

g. 3+ %k)oc2 + A1 - %k)y2
g 23 +2kPy N2 + 22

(4.23)

Then Figure 4.7 shows the plot of the ratio of these gyromagnetic factors in front
ofa = E‘;iﬁ for k = 0.94 calculated after finding @, f and y coefficients numerically.
This ratio crosses the value g—i =1 when a (and then ecr) changes its sign. So under

tensile strain, with positive values of ecp, we find that g, > gy, and thus PMA is

predicted, while for compressive strain, with negative values of ecr, g» > ¢, and
an IP anisotropy must be expected.
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Figure 4.7: Coeflicient of gyromagnetic factors in perpendicular (g,) and parallel (g,) direc-
tions as a function of the ratio a relating tetragonal CF and SOC.

4.3.1.5 Prediction of my/mgs and comparison with XMCD results

The knowledge of the ground state ¢ (eq.4.22) allows the calculation, for an arbitrary
0, of the predicted values of my/mg. These magnitudes correspond to the expected
value of the projections of Land S over the direction of the light propagation (parallel
to the applied field) in a XMCD experiment. Using eq. 4.16 we can define (Lg) =
(LycosO + L,sin0).

This is calculated as follows:

(E|Lg|E) = (Y + Ay |Lycosd + Lysinfly + Ay
= AcosO[ (Y| L[y + (Y |Licly)] + sinO[(Y | Lo [y-) + A* (| Lz ]y )]

All the matrix elements can be easily obtained. For L, we use the relation
Ly|LMp) = %(LJr + L_)|LM) and egs. 4.18 and 4.19 and for L, we use eqs. 4.8 and
4.17. Doing the equivalent procedure for (Sg), we arrive to:

mp _ (LxcosO + L,sinf)
ms (SxcosO + S,sinf)

A3y V2cosf + (A% -1) % (a? —y?) sind (4.24)
A (20{ 3+ 2,82) cosO + (A? - 1) (%0{2 + %[32 - %yz) sinf .

In order to compare with my/ms_,, ratios derived from XMCD experimental data

we need to estimate how ecr varief:g with structural parameters. We recall that ecp
parametrizes the deviation of Co octahedra from a perfect cubic environment. As far
as the film cell is tetragonal, when films are fully strained to cubic substrates (STO
and LSAT cases), we can, at least for low values of the distortion, consider ecr to

be proportional to (agim — ¢aim)/ dfiim (Where agy, and cgi, are the IP and OOP cell
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parameters of the film). The idea behind this approximation is that for low values
of the distortion the most important effect of it is to contract/expand Co-O bond
distances instead of inducing a bond bending. As the film cell is tetragonal when
films are fully strained to cubic substrates, this parameter renders the tetragonal
distortion of the cell. In other words, we assume that octahedra are cubic (ecp = 0)
when cgm = agm, While a tensile stress makes ¢, < agm and ecrp > 0 and a
compressive strain makes ¢, > dfim and ecp < 0.

Figure 4.8 plots the values of the ratio m;/mg,,, found by XMCD as a function
of (Gfim — CAlm)/ afim calculated from the cell parameters obtained by XRD (top x-
axis) as compared to my/mg values calculated from the previous expression which,

Egiﬁ (bottom x-axis). For these calculations, we use

as mentioned, is a function of
k=0.94.

(aﬁlm-cﬁlm)/ hiim (7o)

-1 0 1
07 T T T T T

m L/m S
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Figure 4.8: Comparison between measured my/ms,,, ratios (symbols) as a function of

(@fim — CAlm)/ afim (top x-axis) and predicted my /mg (solid lines with colour ac-

cording to symbols’ one) as a function of a (= E‘;iﬁ) parameter (bottom x-axis).

The comparison of theoretically calculated and XMCD-derived ratios is remark-
ably good for the normal incidence case. The intersection of the normal and grazing
mp/mgs curves coincides with the point where the sign of the CF term is inverted.
Therefore, it predicts that my/mg(90°) will be smaller (larger) than mp/mg(20°) for
compressive (tensile) strain.
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44 SUMMARY

In summary, we have provided evidence that anisotropy phenomena in LCMO are
mainly driven by SOC of Co?*. Firstly, XMCD measurements for the different sam-
ples in either normal or grazing incidence conditions, evidence a large contribution
from the orbital angular moment of Co ions, as expected for Co?*, but no contri-
bution from Mn. On the other hand, m /ms, 5 ratios are computed from XMCD
data. We observe a strong dependence of this ratio on the film strain, notably for the
normal incidence case.

In addition, we discuss about the possible origin of PMA through simple theo-
retical approximation. A magnetic model, based on first order perturbation theory,
gives a simple description of the relation between the crystallographic structure
and the magnetic properties. It is based on considering an idealized case in which
strain mainly introduces a tetragonal distortion in an otherwise cubic crystal field.
Then adding the effect of spin-orbit coupling acting on Co?" in this distorted octa-
hedra enables to predict a strain-dependent magnetic anisotropy (described by gy-
romagnetic coefficients in each direction). Additionally, we derive spin and orbital
magnetic moments from theoretical calculations to obtain a prediction of the depen-
dence of mp/mg with the strain. Finally we make connection between theoretical
mp/ms and by mp /mg, o determined by XMCD.



SPIN DEPENDENT TRANSPORT
ACROSS LaZCOO_ng’ll.zO(,—BASED
TUNNEL JUNCTIONS

The following chapter comprises the fabrication and evaluation of tunneling trans-
port on a device composed by LCMO barrier sandwiched between non-magnetic
electrodes: metal/LCMO/Nb:SrTiO5. As the barrier presents strong PMA various
phenomena that depend on the orientation of the applied magnetic field appear. In
particular, spin filter, tunneling anisotropic magnetoresistance and anisotropic mem-
ory effects are analyzed. In order to confirm the transport mechanism to be tunnel-
ing, temperature dependent and thickness dependent measurements are performed.
Besides two-current model is used to estimate spin filter efficiency. Then the angu-
lar dependence on magnetoresistance is analyzed. Finally we report a non-volatile
bistable resistive state that can be switched by applying a magnetic field pulse in the
out-of-plane or in the in-plane directions conferring the device magnetic memory
funcionalities.

5.1 INTRODUCTION

The generation and control of highly spin-polarized currents is the key ingredient
of spintronics in the sense that full polarization enables to manipulate the elec-
tron spin as a unit of information. The most straightforward way to get spin po-
larized currents is to use FM metals. However, the spin polarization degree (x 40 %)
achievable with FM metals is simply too low to obtain high-performance compet-
itive devices [138]. Fully spin polarized currents can be obtained using some com-
plex oxides exhibiting half metallic character, i.e. full spin polarization, although
their relatively low resistances compromise their use as spin injectors [139, 140].
Another versatile way is through spin filtering, i.e. spin selective tunneling through
a barrier sensitive to spin orientation. In contrast to a non-magnetic insulator, a

99
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ferromagnetic insulating (FM-I) barrier provides two different barrier heights for
spin-up and spin-down electrons [141]. Since the tunneling probability depends ex-
ponentially on the barrier height, spin selection can be very efficient. In this con-
text FM-I materials have attracted great interest over the past years as spin sources
and spin filters [139, 142]. Eu chalcogenides were the first materials used as FM-
I barriers convincingly demonstrating spin filtering tunneling effects in magnetic
tunnel junction (MTJ)-like structures, even though they suffer from very low ferro-
magnetic transition temperatures.[141, 143] On the search for magnetic (either fer-
romagnetic or ferrimagnetic) insulating materials few perovskites (BiMnOs) [144]
and various spinels (NiFe,Oy4 [145], MnFe;04[146], NiCo,04 [147], CoFe,O4[54], and
CuCr;04 [148]) have been tested for spin-filtering purposes. In most of these cases,
spin polarization is measured through Juliére’s method by collecting the transmitted
current with a ferromagnetic electrode on top of the FM-I barrier. The Meservey-
Tedrow technique is another way used to measure the spin polarization employing
a superconductor instead of a ferromagnetic collector [54]. Some other works ex-
ploit the magnetic field dependence of the tunneling current through the barrier
formed in ferromagnet/semiconductor-electrode systems, e.g. Fe304/Nb:SrTiO3 and
y-Fes04/Nb:SrTiOs systems [55-57]. In these cases the two-current model is used to
estimate the spin filtering efficiency. This model assumes two differentiated tunnel-
ing channels for the spin-down and spin-up electrons and an additional splitting of
the bands due to a Zeeman term when an external magnetic field is considered.

PMA in LCMO-based device confers the material prospects to exhibit tunneling
anisotropic magnetoresistance (TAMR). Then TAMR in a NM/FM-I/OS (NM=non-
magnetic metal, OS=oxide semiconductor) structure that could operate without mag-
netic electrodes represents an alternative of much easier technological implementa-
tion than conventional MT]Js, avoiding the need of two independently controlled
ferromagnetic electrodes.

5.2 GROWTH AND FABRICATION OF THE JUNCTION

LCMO thin films grown on (001)Nb:SrTiO; (Nb:STO) substrates are under tensile
strain and exhibit strong PMA (as discussed in chapter 3 for STO case). Nb:STO is
a widely used conducting substrate which enable good epitaxy with a large num-
ber of oxides, such as Lag9Cag;MnOs,5/Nb:STO [149] or Lag7Sro3MnO3/Nb:STO
[150, 151] manganite systems. We have fabricated Pt/LCMO/Nb(0.7 %):STO het-
erostructures with different LCMO insulating barrier thickness (2, 4, 6 nm and with-
out barrier). A capping layer of 3-4 nm of Pt (also tested with Au) has been deposited
in-situ after annealing, at room temperature, in an Argon atmosphere of 5 mTorr.
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Figure 5.1: Magnetic properties of a 9 nm-thick Pt/LCMO/Nb:STO. The film exhibits
bulk-like saturation magnetization, i.e. 6 pp/f.u.. (Left) M(H) curve at T=10 K),
but with a slightly reduced transition temperature of 220 K (T¢ = 230 K). (Right)
Temperature dependence of the magnetization after a zero field cooling-field cool-
ing process at 0.1 T.

Very thin films show bulk-like magnetic properties with a small reduction of Tc. In
Figure 5.1 magnetic properties for a film of 9nm-thick Pt/LCMO/Nb:STO are shown.
Magnetic properties of very thin films (of the order of a tunnel barrier) are difficult to
measure via SQUID magnetometry because the magnetic signal of such thin layer is
very small, as it is revealed by the M(T) curve of 2nm-thick Pt/LCMO/Nb:STO sam-
ple plotted in the inset of Figure 5.1. Nevertheless, we could prove PMA in 4nm-thick
junction by low-temperature (77 K) magnetic force microscopy (MFM) imaging (Fig-
ure 5.2b) performed with an Attocube system. In Figure 5.2b the zero-magnetization
ferromagnetic domain configuration in the virgin state, after zero-field cooling is
visualized. The greater part is composed by an almost equal distribution of up (blue
colour) and down (red colour) domains, confirming that the magnetization is per-
pendicular to the film. The thin white regions (indicating in-plane magnetization)
correspond to the domain walls. Figure 5.2a also demonstrates the excellent quality
of the surface of the heterostructure with a smooth and terrace-step landscape.

5.2.1 Fabrication of nanopillars

Once Pt/LCMO/NDb:STO heterostructure stack has been grown, we proceed with the
fabrication process of current-perpendicular-to-plane MT]J device. Two litographic
techniques have been employed: Photolithography and electron beam lithography.
Details of the process are explained in chapter 2. E-beam lithography has been used
to pattern very small nanopillars (ranging from hundred of nm to few pm of diame-
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Figure 5.2: (a) Topography and (b) MFM image of Pt/4nm-LCMO/Nb:STO. MFM is measured
at 77 K after zero-field cooling. An equal distribution of up (blue) and down (red)
domains is observed.

ter). E-beam enables sub-micron structures with more resolution than photolithog-
raphy while the later is a much faster procedure.

So firstly, we fabricate smaller nanopillar so we can characterize the quality of the
junction and the ion milling time using AFM. Once we have optimized the etching
process in nanopillars patterned by e-beam, photolithography is used for patterning
micrometric patterns for MTJs as there is no need of e-beam resolution.

In the designing of our junctions two photolithographic stages have been per-
formed. First one consist in patterning a 3x3 matrix of 9 rectangular isolated squares
from 8-20 um of side (as the one shown by optical microscopy in Figure 5.3). After-
wards we remove a certain thickness of the exposed material through ion milling.
Then we process with the second photolithography stage. We deposit the photore-
sist in order to electrically insulate the pillars. Then conducting paths to the junction
are opened with a microwriter by exposing a micrometric overture (~5 ym?) on each
nanopillar. Finally, Pt macrocontacts are deposited by sputtering applying a shadow
mask of 9x9 squares on top. Also Pt macrocontact has been sputtered on bottom of
Nb:STO in order to ensure good contact when gluing the sample with silver paste
on PPMS or C-AFM holders. Figure 5.3 shows and schematic of the device and the
optical microscope top view of a nanopillar before depositing the macrocontacts of
Pt. The oberture where platinum must contact the nanopillar is observed.

5.3 CHARACTERIZATION OF THE TUNNEL JUNCTION
BY AFM

AFM enable to characterize the sharpness, the deepness and the electrical isolation of
the nanopilars without the need of using further and time consuming lithographic
procedures (deposition of macrocontacts and cables). We also wanted to check if
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Figure 5.3: Schematic of the device and the optical microscope top view of a nanopillar be-
fore depositing the macrocontacts

there is any effect due to the size of the nanostructures and for that AFM (with
conducting or magnetic tips) is a technique to exploit.

5.3.0.1 C-AFM characterization of the pillars

Firstly we have patterned pillars of sizes ranging from 170 nm to 6 um diameter using
e-beam litography and ion milling etching. The pattern is depicted in Figure 5.4. We
also show the optical microscope image from the AFM set-up and a topography
image of a large area of 50x50 um. In order to optimize the ion milling procedure
we compare two different etching conditions: i) eliminating only the Pt capping (3-
3.5 nm thick) and ii) penetrating until the substrate (which is 6-8 nm deep). From
now on we call the first structure dot and the second one pillar. As a first inspection,
analysis of our heterostructure by AFM reveals a very smooth surface (Figure 5.5).
The deposition 3.5nm-thick layer of Pt at room temperature on LCMO yields a very
flat featureless surface with a RMS of 0.2 nm that perfectly follows LCMO terrace
structure. Profile analysis in Figure 5.5c evidences that only Pt layer has been etched
in the first litography process (i). On the other hand, profile analysis in Figure 5.6e,
after the second litography process, shows etched holes of 11 nm deep in a 4nm-
thick LCMO heterostructure, proving that the etching procedure has reached the
Nb:STO substrate.

Additionally, current maps of a dot (Figure 5.5b) and pillars (Figure 5.6b-d) are
measured to prove that structures as electrically isolated. C-AFM has been per-
formed using Tilr and CrPt conducting tips and in a set-up configuration where
Nb:STO substrate is contacted with silver paste on the bottom, voltage is applied to
the substrate and current is collected by the tip and read by amplifiers are placed in
the tip holder.
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Figure 5.4: (Top) E-beam lithography patterned mask, (bottom left) optical image from AFM
revealing a set of lithographed nanopillars under the AFM cantilever and (bottom
right) 50x50 p m topography AFM image.

Figure 5.7 shows I-V curves of different positions on Pt/LCMO/Nb:STO and
Pt/Nb:STO samples. All curves are composed by various cycles. Here the positive
part represents the substrate of Nb:STO and the negative the Pt electrode. Nb:STO
is an n-type semiconductor and Pt is a high-work function metal. Based on energy
band theory, Ohmic contacts showing linear I-V curves shape between n-type (p-
type) semiconductors and metals with low (high) work function, while Schottky
contacts showing rectifying I-V behaviour between n-type (p-type) semiconductors
and metals with high (low) work function [152]. Indeed, the I-V curve on Pt exten-
sion (Figure 5.7a) shows rectifying behaviour more conductive on the positive side.
This indicates that the higher resistance encountered in this current path, so the
one we measured, is the bottom contact (Pt macrocontact deposited at the bottom
of Nb:STO). On the contrary, the I-V curve on a Pt dot on bare Nb:STO shows (Fig-
ure 5.7¢, black curve) rectifying behaviour for the negative polarity revealing the
Schottky barrier formed between the Pt and the Nb:STO. In Figure 5.7c same curves
are plotted recorded with two different amplifiers simultaneously (Dual ORCA can-
tilever holder from Asylum Research), with a gain of 10 pA/V (c-inset) and for a gain
of 10 nA/V (c). In the plot in the range of nA the Pt dot curve revealing a different
forward and backward curve within the cycle. This is related to interfacial induced
resistive switching between Pt and Nb:STO [153]. For pillar structure, where LCMO
barrier has been grown, resistive switching phenomena is not observed the curves
are reversible over cycling. On the other hand, I-V curves for dots on LCMO (green
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Figure 5.5: Topography (a) and C-AFM characterization (b) of a dot from 4 nm-thick Pt/L-
CMO/ND:STO. (c) Profile of line marked in (a) revealing a height around 3.3 nm
and a width of 460 nm. C-AFM is performed with a CrPt tip with a Vserpoins=0.5
V and Vsapmp1e=100 mV.

curves) are much more resistive and show some inhomogeneous hysteresis cycle for
the negative polarity. Therefore current is much more reproducible and stable for
pillar structures.

IV curves on LCMO, on dots and on pillars (Figure 5.7b-c) all show similar rectify-
ing behaviour much more conductive for the negative polarity. Then by comparison
we observe that bare LCMO is less conductive than a dot which is less conductive
than a pillar. This can be understood as electric field confinement: electric field lines
under the dot expand through LCMO while electric field lines in the pillar are lim-
ited to the extension of LCMO, having the same lateral size of the contact. Moreover,
dots in (b) and (c) have different diameter and thus, the biggest contact (c) (of 1.5 ym)
is more conductive than (c) (of 400 nm).

5.3.0.2 Low-temperature MFM

In this section we present a magnetic characterization of Pt/LCMO/NbSTO pillars by
means of cryogenic MFM. MFM mode enables to map micrometric magnetic features
of magnetic films. MFM experiments have been performed in collaboration with Dr.
K. Bouzehouane at Thales group in CNRS at Unité Mixté de Physique in Paris using
an Attocube AFM system that allows reaching temperatures of 77 K when working
with liquid N. Since our film has high magnetization and high coercive field (M5 ~6
up and He =1 T), we choose AsyMFM-HC tips from Asylum Research, which has
a high coercive filed (>0.5T). These tips have a tip coating of 30nm of CoPt/FePt. In
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Figure 5.6: Topography (a,c) and C-AFM characterization (b,d) of pillars from 4 nm-thick
Pt/LCMO/Nb:STO sample with diameters between 2.5-0.9 ym (a,b) and 750nm to
170 nm (c,d). (d) Profile of line marked in (a) revealing a height around 11 nm and
a width of 750, 500 and 300 nm for the three pillar. C-AFM is performed with a
Tilr tip with a Vsetpoin:=1 V and Vsgmpre=50 mV.

Attocube system, the AFM is mounted inside a tube which is introduced into a cryo-
stat after a pumping process to achieve a high vacuum (~ 107 Torr). High vacuum
is needed to avoid ice formation when the system is cooled down. For performing
our experiment before cooling down and after pumping down we have introduced
around 16 mbar of Helium gas. At low temperatures and in vacuum, dissipation of
the tip is minimum, Q factor increases orders of magnitude so it is very difficult to
follow amplitude changes. In this situation frequency modulation AFM mode is of-
ten used. We chose to work in AM-AFM instead, therefore, the introduction of He
gas (that will not freeze at 77 K) produces some damping to the tip so the bandwidth
in the resonance curve is wider and amplitude changes can eb monitored.

In Figure 5.8 we show topography and phase shift images in MFM mode of 4 nm-
thick LCMO junction pillars having a diameter of (a) 2.5 ym, (d) 700 nm, (g) 500 and
300 nm. Different scale windows must be used to visualize the magnetic structure
on the dot or on its surroundings as MFM signal always appears lower on the dots.
This effects could appear due to electrostatic forces that are mixed with the mag-
netic signal. Electrostatic and magnetic forces are both long range forces and it is
very tricky to compensate them. A solution that can solve this issue is to measure
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Figure 5.7: Comparison of I-V curves measured on (a) extension of Pt, (b) on LCMO, (b-c) on
dots (only Pt etched) and (c) on pillar (deeper etching, until Nb:STO). In (c) and
(c-inset) same I-V curves are measured with two different current amplifiers with
gains of 10 nA/V and 10 pA/V, respectively. Dots have different diameters so the
bigger is more conductive: 400 nm (b) and 1.5 ym (c). Diameter of the pillar is
also 1.5 ym.

Kelvin probe force microscopy simultaneously in order to vanish surface potential.
This is not possible in Attocube system used in here. MFM images of the surround-
ing (Figure 5.2b) and the larger dot (Figure 5.2c) exhibit a maze patterned composed
of alternating blue and red domains similar to the one found in Cu/Ni/Cu/Si [154]
and Tms3Fe;01,/GGG [115] systems possessing PMA. This domain structure is un-
derstood as the result of a competition between the magnetostatic energy which
favors small domains and the energy cost associated with the creation of domain
walls [155]. tt For the 2.5 ym pillars (Figure 5.8c), the diameter is well above the do-
main width, which is around 200-500 nm. Therefore, the pillar structure exhibits a
well defined domain pattern. The domains are the same as for the continuous film
(Figure 5.2). Besides, no edge effects are observed, meaning that domains closer to
the edge of the pillar do not seem to curve along the side of the structure. Thales
laboratory Attocube capabilities enable to apply a relatively weak in-plane magnetic
field of (0.4 T, not reaching coercive field of LCMO film). We have check same pillar
images with and without magnetic field applied and no change in the orientation
of domains is observed. This could be a prove that no secondary phase near zero
field is present in the samples (that could explain the feature around zero field of the
M(H) hysteresis loops).

As the diameter of the pillar is reduced, its size approaches the domain width. In
Figure 5.8f, for a pillar of 700 nm we observe red and blue domains with the majority
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Figure 5.8: (a,d,g) Topography and MFM phase images of pillars of different lateral size: 2.5
pum , 700, 500 and 300 nm diameter)

area covered by blue. Then, for the 500 nm-diameter pillars in Figure 5.8g we observe
blue mono-domains and for the smallest pillars (2nd line) of 300 nm of diameter only
red contrast is observed. With this MFM characterization, we have exemplified the
possibility to engineer the magnetic properties in patterned magnetic nanostruc-
tures. That is, having mono-domain nanometric structures, spintronic functionali-
ties as spin filtering could be exploit in this system. For example, having a bottom
ferromagnetic layer with the magnetic moment OOP-pinned, we could grow a ferro-
magnetic metal on top exhibiting PMA, as for instance a thin layer of CoFeB, and by
patterning current-perpendcular-to-plane MT]Js of less than 500 nm lateral diameter,
we could have a device so that smaller magnetic field than 1 T will be sufficient to
control top electrode magnetization direction, thus the spin filter effect.
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54 TRANSPORT CHARACTERIZATION OF THE JUNC-
TION BY PPMS

Measurements are performed in a commercial physical property measurement sys-
tem (PPMS) where a field up to 9T an a temperature down to 2K can be achieved. A
sample holder (as the one shown in 2.5) is mounted in a rotator system. Therefore
we use a two-point configuration setup where the current is applied perpendicular
to the film plane and the sample is rotated from OOP to IP with respect to an ap-
plied magnetic field parallel to [001]. To avoid Joule heating effects the measuring
currents has been limited to 1000 pA.

In Figure 5.9 we plot I-V curves measured on Pt/LCMO/Nb:STO tunneling junc-
tions and a Pt/Nb:STO (without the insulating LCMO barrier) junction at 10 K.
The Pt/Nb:STO junction shows a rectifying behaviour characteristic of a metal-
semiconductor Schottky junction. Dissimilar electrodes will result in asymmetric
I-V characteristics that depend on the polarity of the voltage applied. In the PPMS
measurements we use a contrary in sign of voltage than the one used for C-AFM.
We will define forward voltage for positive bias and reverse for negative biased. As
Nb:STO is an n-type semiconductor, forward bias corresponds to electrons being
injected from the semiconductor to the metal electrode [156]. The insertion of the
LCMO insulating barrier implies an increase of the barrier height, i.e. an enhance-
ment of the breakdown threshold voltage. Increasing the thickness (¢) of the LCMO
barrier further increases the barrier width. From the shift of the breakdown voltage
evidenced in Figure 5.9, we conclude that the limiting factor for conduction in the
Pt/LCMO/ND:STO system must not be attributed to Nb:STO but to the LCMO barrier
itself.

The I-V characteristic curves of the 2-nm-thick junction measured at different
temperatures are shown in Figure 6.7a. The aforementioned rectifying behaviour is
observed over the whole range of temperatures (10-300 K).

The behaviour of the forward I-V characteristics is more clearly displayed in the
In(J) vs. V curves depicted in the inset of Figure 5.10a for some selected tempera-
tures. It is evident from the inset that the curves are linear over several orders of
magnitude.

We can analyze these curves taking into account thermionic field emission theory
presented in the Introduction of the thesis. Looking at current expressions (eqn. 1.20
and eqn. 1.18) for field emission and thermionic emission and considering V>0, we
can expand their exponential terms and find a linear dependence of the current with
the voltage:

eV
I’lkBT

In(J) = In(Js) + (5.1)
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Figure 5.9: I-V characteristic of junctions of Pt/LCMO/Nb:STO with a LCMO barrier of 2
nm and 4 nm and without barrier taken at 10K. The schematic of the device and
measurement configuration is depicted in the inset. Lateral size of the pillars is
around 200 pm?.

In(J) = In(Js) + E—V (5.2)

Note that in both cases, the current density depends exponentially on the barrier
height but, for thermionic emission, also on the temperature.

We can calculate the slope of the In(J) vs. V curves. Hence, the temperature de-
pendence of the slope of the In(J) vs. V curves (with and without applied magnetic
field) is depicted in Figure 5.11. We observe that below 50 K the slope is almost con-
stant, above this point it increases with temperature until reaching a maximum at
about 150 K and then progressively decreases, entering to a region dominated by
thermionic emission. Then, in accordance with the expressions, the constant slope
observed at low temperatures indicates that the dominant conduction process in
this temperature range is field emission, and demonstrates tunneling through the
barrier.

In addition, the field emission process depends on the applied voltage. In fact,
at high voltages, it is well described by Fowler-Nordheim tunneling (FNT). As ex-
plained in the Introduction, FNT expression can be expressed as:

3
8mt\2m* ®?2
L o VI D0 (5.3)
V2 3eh
The In(J/V?)-V~! curve at T=10 K is shown in Figure 5.12. The linear dependence
in the high voltage bias regime is indicative of FNT and it is evident above 800 mV.

The barrier height can be estimated from the slope obtaining a value of 1.2 V.
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Figure 5.10: I-V and corresponding In(J)-V (inset) curves of the 2nm-thick junction (with a
lateral size of 200 ym?) at different temperatures at zero magnetic field (T from
10 K to 230 K every 10 K are represented).
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Figure 5.11: In(J)-V slope of the 2 nm-thick junction I-V curves as a function of temperature
at zero field (red) and under 9 T OOP (black).

Finally, in Figure 5.11, we also plot the slope of I-V measured under a magnetic
field of 9 T. We observe that the two sets of measurements (without and with applied
magnetic field) start to separate below T¢ (= 190K), indicating, as a first inspection,
magnetoresistive effects.
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Figure 5.12: In(J/V?)-V~! plot from the curve at 10 K (from Figure 5.10) to determine the
tunnelling transport mechanism. The straight slope in the high voltage region
indicates Fowler—Nordheim tunneling.

5.5 MAGNETOTRANSPORT PHENOMENOLOGY

In the next section we address the effects of the magnetic field on the transport prop-
erties of the junctions. We have explored three spin-dependent effects. The first one
is spin-filtering. It describes the spin selective tunneling through a barrier that is
sensitive to spin orientation. The second effect is TAMR. It is defined as the depen-
dence of the electrical resistivity on the magnetization orientation of the magnetic
field with respect to the sample. Finally, the third spin-dependent phenomena we
explore is the capability of our device as a magnetic memory.

These effects are derived from certain features found in magnetoresistance curves.
In Figure 5.13 we show the magnetic field dependence of the resistance of a 200 ym?
junction with a 2-nm-thick LCMO barrier at 10 K for a field applied both IP and
OOP.

As mentioned in above, the OOP case corresponds to the easy magnetization di-
rection. With the field applied OOP the junction resistance exhibits a large negative
MR of about 20% at pyH=9 T. The hysteretic behaviour shown in the low field regime
mimics the features of the magnetization curve: its maxima correspond to the coer-
cive fields. The same behaviour is observed in the IP case. However, a much more
modest value of the negative MR is found (2% for pyH=9 T).
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Figure 5.13: Resistance versus field of a 200 ym? junction of Pt/2nm-LCMO/Nb:STO with the
field applied OOP and IP to the sample at 10 K and V = 850 mV.

5.5.1 Estimation of spin filtering efficiency

To analyze the dependence of the MR on the applied magnetic field the two-current
model was used [56, 57]. According to this model spin-down and spin-up conduction
bands of the LCMO lie at different energies. The model has been introduced in the
first part of the thesis. The band diagram of the system under study (with forward
bias applied) is depicted in Figure 5.14.

When a positive bias V is applied the Fermi level of the semiconducting electrode
increases by eV [156], accompanied by the corresponding reduction in the bending
of the valence and conduction bands. According to two-current model the tunneling
barrier ®, splits into 1 and ®| due to the exchange splitting A. At the same time
spin-down and spin-up bands are modified by ®5 when a magnetic field if applied.
The splitting of the conducting band position into majority and minority spin bands
is confirmed by first principles calculations.

In the framework of the two-current model, Equation 1.22 describing the tunnel-
ing current density in FNT regime can be rewritten as:

_ _ 4|t AT 3
J=h+] =A q)Texp( c(bT)+q)lexp( c@l)] (5.4)
where A = % and ¢ = %MQT ‘,zlm and J4(J) is the current density of spin

up (down) electrons. In a rigid band approximation, the overall dependence of the
®; and @ sub-bands on the applied magnetic field H (@) should be described by
a Zeeman energy term, namely ®y ~ poH. This linear dependence and the fact
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Figure 5.14: Schematics of the band diagram of our experimental configuration with forward
applied bias. @, is the tunneling barrier and splits into &1 and ®,. In the zoom
A is the exchange splitting and @y is the additional splitting under an applied
magnetic field.

that this term is small compared with &, = A/2 lead to a linear dependence of the
R(H) curve [56]. Note in Figure 5.15a that the dependence in the OOP case is clearly
non-linear. Consequently, in the fitting of Eq. (3) to our experimental data (in OOP
configuration) higher order terms in the field dependence of the barrier height have
been taken into consideration.

a) b)
20| —>— J(H) OOP — JH)IP
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Figure 5.15: Fitting of J(H) to the two-current model extracted from measurements in 5.13
OOQP field in main panel and IP field in the inset

The best fit results from testing @y = aB + fB? + yB>, as shown in Figure 5.15b,
although an acceptable fit is obtained for &y = aB + fB%. We first introduced just
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Figure 5.16: Comparison of residuals of the fitting of J(H) with OOP field applied using ®y =
aB + BB* or @y = aB + B + yB® (orange).

the square term, and it produced a huge improvement of the fitting to J(H) but we
realized that difference (measured-fitted) curve had a cubic-polynomial shape (see
Figure 5.16). This made us to introduce a cubic term that further improved very
significantly the fitting by reducing the y? by a factor of 4. Further adding a fourth
power term did not significantly improve the refinement.

We also find an estimation of the Schotkky barrier of 1.27 €V for the 2-nm-thick
barrier in accordance with the value found from FNT fitting of the curve at 10K. The
resulting value of the exchange splitting A is 0.2 €V, in good agreement with values
reported in the literature [27] and with our first principles calculations (0.21 eV). The
coefficient for the linear term, & is around 1 meV/T. In contrast, the in-plane config-
uration actually exhibits the aforementioned linear dependence due to the Zeeman
effect (see Figure 5.15 (inset)). In this case, the fitted barrier height and exchange
splitting are 1.27 eV and 0.2 eV, respectively, while we obtain a= 0.08 meV/T. The
dependence on field of @ in IP configuration is similar to the expected value for a
pure Zeeman term (up ~0.05 meV/T [57]). For the OOP configuration, it is twenty
times bigger.

Explaining the strong difference in the field dependence of the junction resis-
tance observed between the IP and OOP configurations is challenging. We tenta-
tively attribute these differences to the magnetocrystalline anisotropy. As analyzed
in chapter 4, LCMO, magnetic anisotropy can be described by the gyromagnetic
ratio, this means that at an intra-atomic level, Zeeman energy depends on the di-
rection of the applied magnetic field. It is thus easy to understand that &5 must de-
pend on the field direction, but it is difficult to understand why the difference is so
high and why it introduces non-linear terms. Data regarding this remarkably differ-
ent behaviour are very scarce in the literature. Nevertheless, related phenomenol-
ogy can be found in Fe3O4/spinel/Lay/3Sri;3sMnO3 magnetic junctions with differ-
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ent compounds: CuCr,04 [148] and CoCr;04 [157]. In these systems the magnetic
anisotropy of the ferromagnetic insulating barrier seems to strongly affect the MR.
CuCr;04 is magnetically isotropic while CoCr,O4 presents strain-induced magne-
tocrystalline anisotropy [33]. In these systems, regions where the magnetization of
the electrodes/spinel is constant (i.e. no switching of the electrodes/FM-barrier is
involved) have very different dependence of the MR on the field. In the case of the
CoCry04 barrier, with the magnetic field applied along the easy [001] direction Hu
and Suzuki [157] observe a non-linear variation of the MR of 10% within 4 T. Com-
paratively, for the CuCr,0, case with no magnetic anisotropy a variation of only
0.8% is found within 2 T with a nearly linear dependence. Comparing with our ex-
periment, we extract a variation of MR of 12% (OOP curve within 4 T) and 0.5% (IP
curve within 2 T) from Figure 5.13.

On the other hand, the analysis of the tunneling current density in the FNT regime
by using the two-current model, as given by Eq. (3), allows to estimate both J; and
J| and to obtain the spin filtering efficiency of the LCMO barrier, P, which is given
by:

P:h—h
It

Fitted parameters render nearly fully spin polarized current with absolute polar-

(5.5)

ization values above 99.7% for the 2-nm-thick sample.

5.5.2 Theoretical calculations

To check the validity of our analysis we have explored the electronic structure of
La,CoMnQOg by means of density functional theory (DFT). This calculation have
been done by Dr. H. Arramberri from ICMAB.

In more details, density functional theory (DFT) calculations have been performed
within the local density approximation (LDA) as implemented the SIESTA-GREEN
package [158, 159], employing norm-conserving Troullier-Martins pseudopotentials
[160]. The electron-electron interaction is introduced through the LDA+U approach
[161, 162], which describes electron correlations through a single effective parame-
ter Ueg=U-J. We set Ueg to 3.0 eV for Co and Mn d shells, as usually employed in the
literature for similar compounds [163-165]. SOC was taken into account in the cal-
culations following the self-consistent fully-relativistic pseudo-potential formalism
implemented within the SIESTA framework [166]. Self-consistent DOS calculations
were performed in a 12x12x9 k-point grid using a fine mesh cutoff of 1000 Ry for
three-center integrals. We employed a double-{ polarized basis set with confinement
energies of 100 meV, and the electronic temperature in the Fermi-Dirac distribution
was set to kgT=10 meV in the calculations. When the SOC or the Hubbard terms are
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not included in the calculation, the system shows a metallic character meaning that
La;CoMnOy is a Coulomb-assisted SOC insulator.
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Figure 5.17: (a) Spin resolved DOS obtained by DFT calculations (red filled curve corre-
sponds to spin down and blue one to spin up). The inset shows a view of a wider
region in energy. (b) Total DOS obtained by DFT after forcing spins to be ori-
ented in the (001)-direction (OOP, black line) and along (100)-direction (IP, red
line). The conduction band minimum lies 8 meV lower when the magnetization

points OOP, as indicated.

The obtained spin-resolved DOS for the magnetization perpendicular to the sam-
ple plane (OOP configuration), is depicted in Figure 5.17a. It is worth to note that the
barrier heights for spin-up and spin down electrons will be determined by the lowest
available bands above the Fermi level with the corresponding spin polarization. The
polarization of the conduction band (lowest band above Fermi level) will in general
depend on the material. In our case, the lowest band comes from unoccupied Co**
levels that are spin down because Co®* d-levels are more than half filled.

Therefore, spin-resolved DOS renders an insulating ground state with a gap of
~ 0.4 eV. Moreover, the lowest available states in the conduction band are 0.21
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eV higher for the spin up species than for the spin down species. The origin of the
discrepancy between the obtained gap and the value estimated for the barrier height
(1.27 eV) can be two-fold. On one hand, it is well know that DFT calculations within
the LDA approximation suffer from a discontinuity in the derivative of the exact
exchange correlation energy [167], that drives to a underestimation of the band gap
that can be as large as 80% [168, 169]. On the other hand, the value of the electron
correlation U, must affect the gap.

Then, to account for the effect of magnetic field we have performed the calcula-
tions with a predetermined axis of magnetization (IP or OOP). In Figure 5.17b we
show the total DOS for the system with IP magnetization (red line) and OOP magne-
tization (black line). While the valence band maximum (VBM) is at the same energy
in both cases, the conduction band minimum (CBM) for the OOP magnetization case
lies 8 meV below its in-plane counterpart. The conduction band states with lower en-
ergy correspond to spin down Co states. Co states are strongly affected by spin-orbit
interaction that is at the origin of this energy difference. Although, at a first glance
this energy difference could seem very small, it is practically the same as the change
in @y between the IP and OOP configurations derived from the two-current model
(9 meV at 9 T). In conclusion, theoretical calculations confirm that the direction of
the magnetization must affect the tunnel resistance, thus predicting the existence of
TAMR, and reinforcing the role of the magnetic anisotropy in this system.

5,6 ANGULAR DEPENDENCE OF THE TUNNELING
JUNCTION RESISTANCE.

The angular dependence of the tunneling junction resistance with respect to the di-
rection of the applied magnetic field 2-nm-thick sample is depicted in Figure 5.18.
The right axis of this figure corresponds to the TAMR ratio, which is defined as
TAMR(0)=[R(0)-R(90)]/R(90), where 6 is the position of the sample with respect to
the field, and reveals a maximum variation of 20% in the tunneling resistance. The
magnetic field is continuously rotated from OOP to IP. A magnetic field of 9T, large
enough to ensure full saturation of the magnetization in the field direction, has been
used. The expected uniaxial anisotropy is found with the junction resistance reach-
ing a minimum when the magnetic field is applied along the easy axis (6 = 0, 180).
The significant correlation between resistance and the orientation of the sam-
ple with respect to the magnetic field, confers the device possibilities to be used
as an angular position or rotation sensor. The most commonly used material for
sensor using anisotropic magnetoresistance effect is permalloy, which typically has
anisotropic magnetoresistance (also known as magnetoresitive coefficient) of 1.5-3%



5.6 ANGULAR DEPENDENCE OF THE TUNNELING JUNCTION RESISTANCE. 119

[170]. Therefore, in our device, the magnetoresistive coefficient reaches 20 %. Addi-
tionally, from Figure 5.18 we determine a sensitivity of 3 nA/rad. For magnetic field
detection, from Figure 5.13, we obtain sensitivity around 3 nA/T when the magnetic
field is parallel to the easy axis of the sensor, thus perpendicular to it. These sensi-
tivity values could be triggered by changing the lateral size of the device.

v
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Figure 5.18: Resistance and TAMR vs. position of the 2-nm-thick junction with the field rotat-
ing from OOP, 0=0°,180°to IP §=90°,270°. Measurement configuration is depicted
in the inset. Measurement is performed at 900mV, 9T and 10K.

Angular dependence in IP configuration

We have also analyzed the angular dependence of the tunneling junction resistance
when the magnetic field is rotated within the plane of the film, as depicted in Fig-
ure 5.19. In this configuration the tunneling current is perpendicular to the mag-
netic field that is rotated. We obtain a fourfold dependence of the TAMR as shown
in Figure 5.19. The resistance is lower when the magnetic field is applied along the
(100) and (010) crystallographic directions of Nb:STO, corresponding to the (110)
and (1-10) directions of LCMO. This result indicates the existence of two in-plane
easy magnetization axes along these directions. Nevertheless the TAMR found in
the IP configuration is around 1%, much smaller than in the OOP to IP case (20%),
confirming the relevance of the magnetocrystalline anisotropy in TAMR.

Temperature and thickness dependence

The temperature dependence of the TAMR (OOP-IP case) has also been analyzed.
TAMR values have been calculated from resistance vs. position curves at different
temperatures (see Figure 5.20). The TAMR response smoothly decreases with in-
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Figure 5.19: Resistance vs. rotation of the sample with the field applied IP. Measurement is
taken at 9 T, 10 K and an applied voltage of 900 mV. Measurement configuration
is depicted beside.

creasing temperature, and vanishes close to T, thus demonstrating that it is linked
to the magnetic state of the FM-I barrier.
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Figure 5.20: (a) TAMR vs. temperature (calculated from resistance vs. rotation curves) and
(b) resistance vs. temperature of 2 nm and 4 nm-thick barrier samples with mag-
netic field applied OOP (red, blue) and IP (black, green).

We have also investigated the TAMR in the 4 nm-thick barrier heterostructure.
The results corresponding to Pt/LCMO(4nm)/Nb:STO junction are presented in Fig-
ure 5.21. The very same anisotropic behaviour is found irrespective of ¢, rendering
values of about 30 % for t= 4 nm at T= 10 K. It’s worth noting that TAMR response
is maximum for low temperatures and vanishes around T¢.

Besides, as it is observed in Figure 5.20 the difference in resistance between the
t=2 nm and ¢=4 nm barriers is of one order of magnitude, proving the exponential
dependence of the tunneling current on ¢.
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Figure 5.21: (a) Resistance vs. field of a 120 pm? junction of Pt/4nm-LCMO/Nb:SrTiO3 with
the field applied perpendicular the sample at 10K an applied bias voltage of 900
mV. (b) Fitting of J(H) to two-current model extracted from measurements in (a)
for the OOP case. (c) Resistance versus position of the sample with respect to
the magnetic field of 9T.

Voltage dependence

Additionally, we have inspected the TAMR voltage dependence. Firstly, we have mea-
sured TAMR for different positive voltages around the voltage where the other mea-
surements where performed (850-900 mV). Figure 5.22 shows a maximum response
at V of 900 mV and then progressively decreases as the applied voltage increases.
This reduction of the TAMR as the voltage increases is expected for the FNT regime
and the double channel expressions. A similar behaviour is generally found in MT]Js
and is usually attributed to spin excitations localized at the interfaces between the
magnetic electrodes and the tunnel barrier [171]).

Secondly, we have explored transport with opposite polarity (reverse voltage)
thus, when electrons are injected into the Nb:STO semiconductor. Figure 5.23a
shows an asymmetric I-V curve from -6 V to 1.7 V. TAMR values in Figure 5.23b
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Figure 5.22: (a) Resistance vs. rotation of the Pt/2nm-LCMO/Nb:STO sample within a mag-
netic field of 9T (OOP configuration). (b) TAMR vs. applied bias voltage from

values extracted from (a).

has been extracted from resistance vs. position curves (as the one depicted in the in-
set) taken at different voltages, at 10 K with 9T of magnetic field applied. It is worth
noting that values of resistance at 10 K are: at -6 V around 147 KQ and at -1.5 V
around 4.7 GQ. Voltages around -1.7 give the highest TAMR value of 4.7 % but are
highly resitive (1.7 GQ at -1.7 V). TAMR decreases with the applied voltage as occurs
for positive voltages over 900 mV.
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Figure 5.23: (a) I-V curve from -6 V to 1.7 V on Pt/2nm-LCMO/Nb:STO (dashed area is
zoomed-in in the inset). (b) TAMR vs. voltage extracted from Resistance vs. posi-
tion curves (inset) with the field rotating from OOP (6=0°,180°) to IP (6=90°,270°),
a negative voltage applied and measured at T=10K and p(H=9T.
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Electrode material dependence

We have examined the possibility that magnetoresistive effects are produced by spin-
orbit interaction arising from Pt which is a heavy metal known to possess strong
SOC. For that we have prepared junctions with Au instead of Pt as the top electrode.
In comparison with Pt, Au has much smaller spin orbit coupling [47]. Using metals
such as Cu or Al would be much more conclusive than Au for the comparison. The
problem for using these metals is that our samples can present a deficient oxygen
stoichiometry and these metals can easily oxidize by capturing oxygen from the
film. Au is a noble metal which should not give problems of oxidation. Therefore,
possessing less spin orbit coupling than Pt gives the same phenomenology, even of

the same order of magnitude (see Figure 5.24).

1

90 180 270 360
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Figure 5.24: (a) Magnetic field dependence of the resistance of a 200 yum? junction of Au/2nm-
LCMO/ND:STO. with the field applied perpendicular (red) and parallel (black) to
the sample plane. (b) Dependence of the resistance on the relative orientation
of the sample with respect to the magnetic field of 9T. Measurement performed
at T=10 K and V=800 mV.

5.6.1 Memory device

Revisiting Figure 5.13a we observe a clear difference between the zero-field resis-
tance of the IP and OOP configurations. We examine the possibility of designing a
memory device exploiting these two distinct remanent states.

In Figure 5.25a we plot the results of successive cycles of applying/releasing field
along the IP and OOP directions. A field applied parallel or perpendicular to the sam-
ple surface (HrpandHpop) is ramped to 5 T and back to zero, and then, the resistance
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is measured in zero field during 300 s. Two resistance states are clearly differentiated
and reproducible over several repetitions.

The stability of those states has been tested by measuring the relaxation of the
resistance for long periods of time, as it is shown in Figure 5.25b. We found that the
variations in the resistance after relaxation times of about 10° s are nearly negligible
in both cases, thus demonstrating high retention power.

Therefore, we have proved that Pt/LCMO/Nb:STO structures present two well
defined stable memory states separated by up to 1-2 % in resistance. The magnitude
of this effect is small but comparable to other bistable resistance memory systems
[172]. Nonetheless this system is unique and much simpler, in the sense that it is
based on only one ferromagnetic insulating layer.
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Figure 5.25: (a) Resistance measured during 300 s after applying/releasing a field of 5 T along
the OOP direction (black lines) and IP direction (red lines). (b) Long time mea-
surement (10° s) of the two resistance states after a 9 T pulse OOP and IP.
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57 SUMMARY

In the present chapter, we report a spintronic device based on a ferromagnetic in-
sulating barrier of LCMO sandwiched between non-magnetic electrodes. The struc-
ture consist of a very thin film (2-4 nm thick) of LCMO grown on a semiconducting
Nb:STO subtrate and capped with a thin layer of metal (Pt or Au). As proved in previ-
ous chapters, uniquely, LCMO presents strong perpendicular magnetic anisotropy.

Various spin functionalities have been explored. Firstly, we discuss about the pos-
sibility of estimating spin-filtering effect using Fowler-Nordheim and two-current
models from the analysis of the magnetoresistance curves. We obtain an estimation
of spin-filtering efficiency of 99.7%.

Magnetoresistance curves evidence a strong non-linear dependence of the resis-
tance on the applied magnetic field when this is along the easy axis (OOP) while
a linear and much smaller dependence when the field is applied IP. This gives the
device capabilities for position sensor applications. As a result, the tunneling MR
is highly anisotropic leading to TAMR values of about 20-30% when the magneti-
zation is rotated from OOP to IP. TAMR of 20% is obtained for 2nm-thick barrier
while 30% is reached for 4nm-thick one. However, this brings with it an increase of
the resistance of one order of magnitude, evidencing the exponential dependence
of the tunneling current on barrier height. Besides, temperature dependence gives a
maximum response of TAMR at 10 K which vanishes around T¢ following de mag-
netization vs. temperature expected dependence.

These results are corroborated by DFT-based calculations. We demonstrate that
the density of states of LCMO has a fully polarized spin-down character above the
Fermi level. On the other hand, we estimate a difference in the tunnel barrier height
of 8 meV when magnetization changes from OOP to IP, and an exchange splitting
of 0.2 eV, in good agreement with values fitted experimentally.

Furthermore, we have shown that the junction can operate as a magnetic mem-
ory device by probing the existence of a non-volatile bistable resistive state that
can be switched by applying magnetic field pulses in perpendicular or parallel direc-
tions. Notwithstanding that our device works below room temperature and using
high magnetic fields, it is a prove of concept of a single layer ferromagnetic memory
with electrical read-out. These findings heighten the potential of using ferromag-
netic insulators with strong magnetic anisotropy for spin filtering, sensing and data
storage applications.






SURFACE CHEMICAL
STRUCTURATION IN

Lag 7Sty sMnO3; FILMS: STUDY OF
THE LOCAL TRANSPORT
PROPERTIES

In this chapter we present a study of the formation of two coexiting chemical ter-
minations on the surface of LSMO on (001)STO: Lag ;Sry 30 and MnO,. The two ter-
minations have been identified by means of spatially resolved techniques, as AFM
and X-ray photoemission electron microscopy (X-PEEM), correlating morphologi-
cal, compositional and electrical measurements. On the other hand, we also study
local transport properties (measured by C-AFM) and how they are linked with work
function and electronic properties at the surface (measured by X-PEEM). Finally,
we discuss about the appearance of RS phenomena and how it is influenced by the

termination.

6.1 INTRODUCTION

The fabrication of epitaxial oxide thin films with well-defined atomically sharp in-
terfaces relies on the successful realization of atomically flat and single-terminated
substrate surfaces. On one hand, it is known that good quality epitaxial oxide thin
film growth requires the use of single crystalline substrates with the appropriate lat-
tice parameter. On the other hand, the stoichiometry of the topmost surface plane
of the substrate determines the atomic stacking sequence of the deposited films and,
therefore, the use of substrates having a unique chemical termination is a critical is-
sue for obtaining sharp heteroepitaxial interfaces. Nevertheless, increasing interest
in these issues arises from the possibility of modulating the interface properties, to
control their impact on the films grown on top. Albeit a wise approximation consists
in using substrates with nanostructured chemical terminations[173-178], simpler
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procedures without the need of substrate structuration are desired. In this context,
we present a way to obtain nanostructured 3D architectures in which both chem-
ically sharp (bottom) and modulated (top) interfaces can be integrated within the
same fabrication process. During epitaxial growth on vicinal surfaces, presenting
atomic steps due to the substrate miscut, most atoms impinging the surface diffuse
long enough to attach to the step edges. In this scenario nucleation of islands on the
terraces may be neglected and growth proceeds by step flow. However, ideal step
flow may break for specific values of the parameters governing surface evolution
(temperature, diffusion length, etc.) provoking growth instabilities [179, 180]. Some
of the consequences of such a situation are: i) step meandering leading to terraces
of modulated width, ii) island nucleation at the surface terraces if atomic diffusion is
reduced and, iii) mound formation in which 3D growth occurs due to a sufficiently
inhibited interlayer mass transport. In practice, meandering and islands nucleation
develop nearly simultaneously. As instabilities tend to appear as more material is
deposited, deviation from the ideal 2D growth occurs easier for increasing thick-
ness complicating the controlled fabrication of thick epitaxial films. Nevertheless,
some benefits may result from this phenomenon and getting away from the ideal
behaviour constitutes a way to obtain spontaneously formed nanostructures lead-
ing to modulated local functional properties at the surface.

In this chapter, LSMO thin films presenting double-terminated surfaces have
achieved using RF magnetron sputtering without the need of special substrate prepa-
ration. The capability of confining properties at the nanoscale is of major interest
for many challenging applications (e.g. confined electron gas, confined chemical re-
actions,...). Therefore the presented results appear as a simple way to create new
functionalities at the surface, particularly, the formation of local electronic nanos-
tructures.

6.2 SRT103 SUBSTRATES TREATMENT

Employing substrates presenting a unique and well defined chemical termination
is convenient for obtaining atomically sharp interfaces and good quality layers in
thin film growth. Therefore appropriate substrate surface preparation before film
deposition is always the initial step and has become essential in thin film preparation.
Substrate treatment enables the removal of surface contaminants and also might
allows the control of the surface defects density and microstructure.

The perovskite oxide STO, with lattice parameter equal to 0.391 nm [181], is the
most common substrate for epitaxial growth of complex oxide thin films and consti-
tutes an ideal substrate in the case of LSMO (pseudo-cubic unit cell, u.c., with lattice
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parameter of 0.389 nm) because the resulting lattice mismatch for LSMO/STO is only
of 0.39 %. STO (001)-oriented substrates are formed by alternate stacking sequence
of TiO; or SrO planes along the c-axis with inter-plane distance of ~ 2 nm (% u.c.).
Therefore, STO has two possible surface termination planes, i.e., SrO and TiO,.

Commercially available substrates (from for Crystec, GmbH) are mechanically
polished single-crystal and surfaces usually contain a mixture of these two termi-
nations (commonly SrO termination is the minority, being about 5-25% of the total
surface area). After appropriate preparation methods single terminated (SrO or TiO;)
[182, 183], or two-terminated self-separated (SrO and TiO;) surfaces can be obtained
[173].

TiO,-terminated substrates

TiO, termination is in principle energetically more stable than SrO termination
[184]. In order to obtain TiO,-terminated substrates, chemical etching and thermal
annealing are required. Ultrasonication in deionized water is the first step for selec-
tive etching of SrO top most layer. It yields to the formation of Sr(OH),.

A more severe SrO etching procedure is the use of an acidic solution after the
bath in deionized water. The most conventionally used one is buffered hydrofluoric
acid which selectively reacts with SrO[182]. However this acid is extremely toxic
and corrosive with letal risk and need careful manipulation in a clean room (i.e. HF
molecule is able to penetrate deeply into the body by non-ionic diffusion and result
in destruction of soft tissues and even bones by binding to cations such as Ca** and
Mg?*). Nevertheless, we have found that same good results can be obtained by us-
ing aqua regia [HCI-HNOj (3:1)] [185]. After sonicating the substrates in deionized
water at 70°C for 20 minutes, we soaked them in the aqua regia solution diluted at
50 % during 5 minutes.

63.15 deg

Figure 6.1: (a) Topography and (b) phase lag of single TiO,-terminated surface of (001)STO
substrate.
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After chemical treatment, the substrates were sonicated in acetone and ethanol
bath to remove the hydroxide, followed by annealing up to 1000°C for 2 hours in
a furnace tube in air for recrystallization. In Figure 6.1 an AFM image of a TiO,
surface consisting of atomically flat terraces is depicted. The lack of contrast in the
corresponding phase-lag image confirms that the overall surface exhibits a single
termination. On the contrary, in Figure 6.2 we show the case where etching process
using just deionized water has not been sufficient to remove all SrO, resulting in
a high density of SrO island along the TiO,-terraces. These two terminations are
clearly revealed by the phase-lag image.

72.62 deg

72.00
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71.00

70.50

69.97

Figure 6.2: (a) Topography and (b) phase lag of surface of (001)STO substrate with mixture
of TiO, and SrO terminations.

SrO-terminated substrates

SrO-terminated substrates can be obtained by a longer annealing of 72 hours at
1300°C (procedure used in Ref. [173]). The resulting SrO-terminated surface con-
sists of atomically flat terraces with step edges faceted along the [100] and [010]
directions, as it is observed in Figure 6.3.

99.0 deg
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Figure 6.3: (a) Topography and (b) phase lag of SrO-terminated surface of (100)STO sub-
strate.
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6.3 GROWTH OF LAy 7SRy 3sMNO3/SRT1035 FILMS

Epitaxial growth of LSMO on single terminated STO will proceed such that if
the topmost surface of the STO substrate is the TiO,-plane, the created interface
will be TiO;/La;_,Sr,O. After deposition of n complete unit cells, the stacking se-
quence will be /.../TiO;/(La;—»SrxO/MnO3),, i.e. the LSMO film will have a MnO,-
terminated surface. On the other hand, if the substrate is terminated at the SrO-plane,
the stacking sequence will be /.../SrO/(MnO;/La;_Sr,0), leading to a La;_,Sr,O-
terminated surface. For an ideal growth, in both cases the global surface should repli-
cate the surface morphological relief (obeying step flow growth) and would have
laterally homogeneous properties as corresponding to single chemically terminated
surfaces. Though this is clearly accomplished for few nanometers thick thin films,
here we show that for thicker LSMO films (several tens of nanometers) the growth
mode can be altered.
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Figure 6.4: Representative measurements of (a) M(T) taken at 0.5 T, (b) R(T) with 5 T (filled
dots) and without (empty dots) magnetic field applied and (c) Reciprocal space
map of (103) reflection of double terminated LSMO sample.

LSMO epitaxial thin films were grown on single-crystal (001)STO substrates by
RF magnetron sputtering from stoichiometric targets (purchased from Kurt J. Lesker
Co), under a 190 mTorr partial oxygen pressure and at a substrate temperature of
900°C. After deposition, films were annealed in situ at 900°C for 60 minutes under
an oxygen pressure of 400 Torr and cooled down at a rate of 25°C/min. As it can
be found in previous works [186, 187], we have proved that within different oxygen
pressure and annealing conditions a thorough control of the growth from 2D step
flow mode to the appearance of self-organized pits can be achieved.

AIlILSMO films investigated here have a nominal thickness of ~ 18 nm -equivalent
to 46 monolayers (ML)-defining the ML as a unit cell-thick layer. The quality of the
films are supported by M(T), R(T) and X-ray diffraction measurements (see Figure
6.4). We have observed that with the same growth conditions, the obtained LSMO
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films present surfaces with a bimodal distribution in transport properties that it is
not clearly detected in topography. An example of these LSMO films is depicted in
Figure 06.5.

99.8 nA
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40.0

10.9

Figure 6.5: (a)Topography and (b) current map of a 18-nm thick double-terminated LSMO
surface. Image taken at V;gmpre=1 V.

6.4 SURFACE CHARACTERIZATION USING ATOMIC
FORCE MICROSCOPY

In this section, we present results obtained on different LSMO samples exhibiting
two chemical terminations coexisting on the same surface. As a matter of fact, the
phenomena is illustrated by the bimodal response of the surface in different magni-
tudes measured by diverse AFM modes. Two phases are revealed by distinct friction,
phase contrast and electrical current signals. Phase lag and friction force imaging
reflect tip-surface dissipative interactions as viscosity, adhesion or friction, thus in-
dicate chemical heterogeneities regarding the LSMO surface we might relate it to
planes of Laj7Sry30 and MnO,. Additionally, C-AFM evidences domains with dif-
ferent conducting responses separated by step heights of half-unit cell (= 0.2nm)
which correlate with phase lag and friction map.

Firstly, we have explored the influence of substrate termination. In Figure 6.6 we
have analyzed LSMO films of the same thickness (~ 18 nm) grown either on TiO,
or SrO single terminated STO substrates. The surface morphology of commercially
available TiO,-terminated substrates of STO (used to avoid the possibility that our
etching procedure was not effective) shows well-defined atomically flat terraces sep-
arated by 1 u.c. steps with smooth edges (Figure 6.6b). The SrO-terminated surface
after the treatment explained above is shown in Figure 6.6a, similarly flat terraces
and steps (1 u.c. high) are separated in this case by sharp sawtooth step edges.

Along with the data for bare TiO,- and SrO-terminated substrates, Figure 6.6 in-
cludes topography (c,d) and current maps (e,f) simultaneously measured for the
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LSMO films grown on each substrate. C-AFM is treated in more detail in section
2.2.3.

1.20 pA
1.00

0.80
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Figure 6.6: Topographic images of (a) SrO and (b) TiO, single terminated STO(001) sub-
strates, also referred as SrO-STO and TiO,-STO, respectively, in the text. Topog-
raphy (c, d) and current maps (e, f) of LSMO fims grown respectively on the
substrates. Current maps where obtained with a Tilr tip at Vsgmpre=1 V.

After deposition of the LSMO layers, the fairly straight and well defined initial
step edges of the substrate have disappeared and highly meandered ledges coexist
with island nucleation on the terraces.

In both cases, the LSMO films have a relatively similar apparent relief (see Figures
6.6¢ and d) and current readout displaying a bimodal response with mean values for
both termination of 19 and 320 nA for Figure 6.6e and 29 and 700 nA for Figure
6.6f. As a remarkable difference between films, we note that the one grown on the
SrO-STO substrate (Figure 6.6¢) exhibits fully separated stripes of low and high con-
ducting regions. Even more insightful results the fact of observing small isolated
regions of conducting response, the height of those islands corresponds to % u.c.
In all cases, the step height between terraces with identical conduction coincides
with 1 u.c. (% 0.4 nm) while the vertical separation between neighboring levels with
different conduction is % u.c (= 0.2 nm). The first corresponds to the distance be-
tween LSMO layers of identical chemical composition (either Lag7Sry30 or MnO,
planes) and the second corresponds to the inter-plane distance between consecutive
Lag 7Sr9 30 and MnO, atomic layers in LSMO. Indeed, as it has been already reported
[188], the bimodal response in surface properties is an indication of chemical sepa-
ration, therefore signaling that the terraces correspond to alternated (001) planes of
the LSMO film.
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The origin of the bimodal conduction is cleared up by lateral force imaging (FFM
in contact mode presented in more detail in section 2.2.1) and phase lag imaging
(in dynamic AM-AFM; see section 2.2.2) that altogether support the hypothesis of
a surface with two chemical terminations. Typical results for two STO substrates
with different step density are presented. Figure 6.7 shows the topography (left),
friction force (central) and current (right) maps for a LSMO film grown on a
TiO,-terminated substrate with a miscut angle of around 0.05° with respect to the
(001)STO. In the friction map, regions of lower friction appear as dark patches in

05 10 05 10
X (um) X ()

Figure 6.7: Topography (a), friction (b) and current (c) images obtained for LSMO on a TiO;-
terminated substrate, in contact AFM at Vsample=1 V using a Tilr coated tip.
Below each image the corresponding profiles (dashed segments in the images)
are shown.

Figure 6.7b. Comparison of the whole data set confirms a strong correlation and
definitively the differentiated regions correspond to areas vertically separated % u.c.
and therefore to planes with different chemical composition.

Surface nanostructuration due to the development of regions with different nature
is also observed in substrates presenting a slightly larger miscut (= 0.09°). Figure 6.8
shows consecutive AM-AFM (top) and contact AFM (bottom) measurements taken
on different surface locations of the same sample. comparing Figure 6.8a-b and 6.8c-d
the same characteristics are observed throughout the whole surface: important step
meandering and rounded islands nucleated at terraces. Moreover, incipient mound
formation is also noticed (black dashed circles). While the wandering topographic
appearance of the steps ledges imaged in Figures 6.8a and 6.8c nearly conceals the
existence of islands on the narrow terraces, these islands are otherwise clearly dis-
tinguished in the secondary channels (white arrows in Figure 6.8d). Once again, the
most notable fact results when comparing topography (a, ¢) with the corresponding
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Figure 6.8: Top: Topography (a) and phase lag (b) images in AM-AFM of LSMO film. Middle:
Topography (c) and current map (d) obtained at Vggmpie= 2 V in contact mode
AFM using a Tilr coated tip. Marks on the images are to emphasize the existence
of isolated conducting regions: islands [white arrows in (d)] and small mounds
(encircled in all panels).

phase lag (b) and current (d), respectively. Both phase and current exhibit bimodal
signals measured at topographic levels separated by a height equal to % u.c. (~ 0.2
nm). In particular, regions with a diverse phase shift coincide with current differ-
ences of about 18 pA (* 90% increase at Vigmpre = 2 V). Remarkably, this is true
even in the case of isolated mounds (encircled in the images) with more than one
visible level, because C-AFM enables measuring electrical properties at a very local
scale, only limiting the measurement to the contact area of the tip that should not
be larger than tens of nm?. The existence of surface regions of high conductivity
which are laterally isolated has important implications since the properties of per-
ovskite oxide devices can be tuned through interface effects such as spin exchange
interactions [189], charge transfer [190], and band alignment [191] .

Finally, in order to confirm that instabilities tend to appear for thicknesses over
40 ML, we have grown a thinner film of LSMO (< 10 nm) onto single terminated
STO substrate. As observed in Figure 6.9, this film present homogeneous surface
with terraces exhibiting the same conducting response, thus only one chemical ter-
mination is identified. This indicates that the growth follows an ideal layer-by-layer
(Ibl) mode in which complete unit cells (u.c.) are pilled up. Similarly, in other works
was proved that ultrathin films grown on substrates presenting laterally modulated
SrO-TiO; chemical composition follow the stacking sequence of the underlying sub-
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strate at each termination and, therefore, two terminated LSMO films are obtained
[188].

Figure 6.9: Topography (a) and current maps (b) of a < 10nm LSMO film grown on a TiO;-
terminated substrate and showing homogeneous conductivity. Image taken at
Vsample:1 V.

In spite of the diverse general appearance of the LSMO film surfaces presented
in Figures 6.6, 6.7 and 6.8, in all cases neighbor terraces with distinct friction, phase
contrast and, notably, different read out current would correspond to Lag7Sry30
and MnO, composition. To gain a deeper insight into the termination assignation
X-PEEM has been used.

6.5 SURFACE CHARACTERIZATION USING X-PEEM

As presented in chapter 1, LSMO electrical properties are mainly determined by the
electrons in the 3d shell of the manganese atoms. Taking into account that conduc-
tion in LSMO arises from a double-exchange mechanisms between Mn** and Mn**
ions, we expected that MnO, termination would be the most conductive one. Nev-
ertheless, our X-PEEM experiments point towards another explanation discussed in
the next section.

In order to correlate the transport properties with the chemical termination X-
PEEM experiments have been performed in collaboration with by Dr. Sergio Valen-
cia in UE49-PMGa beamline at BESSY synchrotron in Helmholtz-Zentrum in Berlin.
X-PEEM technique renders space resolved spectroscopic information and enables
different working modes such as XAS and XPS. XAS signal is obtained collecting
the emitted secondary electrons at different incoming photon energies (0.2 €V step)
across the Mn Ls (641.8 €V) and L, edges (652.8 eV). XPS is obtained from the detec-
tion of photoelectrons at selected kinetic energies (Ex) across the Mn 3p core-level
(Ex =145.8 eV) for a fixed energy of the incoming photons (E,,=200 eV).

In Figure 6.10 we explore the Mn Ls;-edge in XAS mode. XAS image reveals a
bidomain structure similar to that measured by AFM based techniques thus giving
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Figure 6.10: (a) XAS images obtained in TEY with X-PEEM at the pre-edge region of Mn
Ls2-edge. (b) Mn Ls ,-edges spectrum obtained after averaging the intensity vs.
photon energy of bright and dark region encircled with green lines in (c) and
(d), respectively. A constant factor has been applied to match the spectrum at
pre- and post-edge regions.

an additional evidence of the double termination structure of the surface. In par-
ticular, in Figure 6.10a, we show a image corresponding to a slice of the pre-edge
spectrum at 630 eV. We observe that two types of intermixed domains having differ-
ent intensity of emitted photoelectrons, thus showing different contrast. The source
for the contrast observed by X-PEEM in XAS mode may arise from different mecha-
nisms including topographic features, work function or chemical nature [192, 193].

To answer this question, we have explored a wide energy range centred in the
peak of absorption of Mn (630-670 eV). We have defined two region regions in the
pre-edge images of a field of view of 8 ym, named "bright" and "dark", as depicted
in Figure 6.10c-d. By comparing spectrums of the two regions we observe that the
difference in intensity between them prevails for the whole energy range, highlight-
ing the fact that the difference in intensity of photo emitted electrons between both
regions is remaining as a constant factor. The same intensity difference between ter-
minations is measured for similar energy ranges around La and O, edges. Indeed,
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normalization of the XAS images by that obtained at the pre-edge leads to the loss
of contrast between domains. Same result is obtained through pre-edge normaliza-
tion for the three spices. This observation excludes compositional variations as the
source for the contrast observed by X-PEEM.

Then we are left with two other possible primary contrast mechanisms: i) to-
pographic and ii) work function differences. Topography variations should also be
ruled out as it has been proved by AFM that samples are ultra flat under the reso-
lution of X-PEEM. The high resemblance between C-AFM (Figure 6.8) and X-PEEM
images suggests a common origin so that the most plausible explanation is that the
contrast observed by X-PEEM originates from differences in the work function be-
tween both regions likely related to Lay 7Srg 30 and MnO; planes. Higher work func-
tion limits the emission of low energy secondary electrons and will therefore appear
darker in XAS images.

Besides, in Figure 6.10b we depict the averaged Mn L3 ;,-edge XAS spectra of the
bright(red) and dark (black) regions after normalizing them by the pre-edge. We can
observe that the two sets of spectra are almost identical in shape but differentiated
by a small energy shift in the absorption edge (less than -0.2 €V). Indeed, the dark
region local spectrum is shifted towards lower energies with respect to the bright
region one. Note that even if resolving this energy shift is at the detection limit of
X-PEEM, we have measured the same difference even away from edge regions (note
the Figure 6.10b inset), thus we can rely on its signal-to-noise ratios. As discussed
in chapter 2, the probing depth of the XAS signal is approximately 30 A [194] (i.e. ~
7 u.c. of LSMO) thus, the signal coming from the MnO; buried layers is likely to be
representative of the bulk since Laj 7Srg 30 planes cover all MnO, planes within the
probing depth. Since the staking sequence of Lag 7Sry 30 and MnO, planes is identical
in both regions the only possible explanation for the observed shift at the MnO,
terminated-plane areas is that the Mn oxidation state of the uppermost MnO; plane
must be different from that of the buried MnO; planes. This issue will be discussed
later once chemical identification is realized.

Although the XAS data allows identifying regions that one can ascribe to larger
or smaller work function, it is not a feasible technique to identify each surface ter-
mination because its rather large probing depth. In order to determine the chemical
composition of the uppermost layer for each surface region, we make use of energy
filtered X-PEEM signal in XPS mode which is known to be much more sensitive to
the surface [192, 195]. In this case the probing depth when measuring across the Mn
3p core-levels is ca. 5 A (~1 u.c. of LSMO).

Figure 6.11 shows the spectra of the Mn 3p core level and the corresponding im-
ages obtained at (b) the pre-edge (Ex=150 eV) and (c) at the edge (Ex=145.8 €V). The
pre-edge image showed a uniform contrast, i.e. no domains, thus supporting our
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Figure 6.11: (a) Spectra of Mn 3p core level taken by X-PEEM working in XPS mode with a
photon energy of 200 eV. (c) X-PEEM image working in XPS mode obtained at
the pre-edge region (Ex=150 eV) and (d) at the edge (Ex=145.8 eV) of the spectra.

interpretation of the XAS image that contrast originates from work function differ-
ences. This is, topography would also be present in XPS no matter Ej, while work
function contrast is only expected to appear at kinetic energies around the photoe-
mission threshold.

The resulting XPS image obtained from normalizing Figure 6.11c to Figure 6.11b
is shown in Figure 6.12b. The image obtained at the Mn 3p edge shows a clear binary
modulation of contrast, before and after normalization. Since the stacking sequence
of Lay 7Srg 30 and MnO; planes is identical in both regions, higher intensity in XPS
arises from regions exhibiting an uppermost MnO; plane while, in the other regions,
the buried MnO, planes have an intensity attenuated by the Lay 7Sry 30 plane on top.

In Figure 6.12 we correlate the X-PEEM image obtained in (b) XPS mode with
the corresponding one obtained in (a) XAS mode. Comparison between line profiles
(Figure 6.12c) taken in both XPS and XAS images allows correlating the work func-
tion information with the atomic termination of the domains. MnO, planes (bright
XPS and dark XAS domains) show higher work function than Lag ;7Sr( 30 ones (dark
XPS and bright XAS domains).
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Figure 6.12: a) X-PEEM image working in XAS mode obtained at the pre-edge region of Mn
L;2-edges, 630 eV. b) XPS image obtained at the Mn 3p core level (Ex=145.8 eV)
and normalized to a pre-edge image (Ex=150 eV). Due to the low counts in the
XPS mode a filter has been applied so that each pixel is the average of a 9x9
pixel matrix. c) Profiles marked in (a) and (b).

All things considered, we get back to clarify the energy shift observed in the XAS
spectra in Figure 6.10b. As mentioned, the slight shift points toward a change in the
Mn oxidation state of the uppermost MnO; plane. As less emitting (dark) areas in
XAS spectra are ascribed to MnO,, according to XPS, we attribute the shift towards
lower energies to an increase of the Mn>* contribution in MnO, terminated planes.
Mn** might be created to compensate the absence of apical oxygen at the surface
and this should substantially impede conduction. Therefore, we conclude that lower
work function in MnO, regions should correspond to lower conductivity in C-AFM
maps.

6.6 MONTE CARLO SIMULATIONS

The formation of two differentiated surface regions of different compositions is at-
tributed to deviations from ideal epitaxial growth. The most likely atomistic process
at the origin of the surface organization has been interpreted by Monte Carlo simu-
lations performed by Dr. J.J. de Miguel (from Universidad Auténoma de Madrid). A
full account of the results of these simulations is nevertheless beyond the scope of
the thesis and can be found in Ref. [196]. Here we concentrate on getting some in-
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sight on the evolution of the thin film surface under specific conditions that, though
do not pretend mimic the employed growth conditions, use specific parameters lead-
ing to instabilities that provide an scenario reproducing the experimentally observed
surface morphology.

The simulations render that the formation of double-terminated surfaces is inde-
pendent of the initial STO termination and occur for relatively thick films (>40ML)
indicating that, contrary to that expected for an ideal layer-by-layer or step flow
growth, they might be interpreted as due to long range instabilities throughout
growth. During deposition by RF magnetron sputtering, the different elements
ejected from the target arrive to the surface and, depending on the growth pa-
rameters and substrate characteristics (deposition rate, temperature, substrate mis-
cut, Schowebel barrier,...) diffuse until reaching the step edges or nucleating at
the terraces. Actually, theoretical studies predict that films over a certain thick-
ness might present instabilities on vicinal surfaces provoking the meandering of
the initially straight steps and the formation of multilayer islands [179]. As illus-
trated in Ref. [196] by Monte Carlo simulations, our observations cannot be under-
stood in terms of different element diffusion provoking element segregation on the
surface but most plausibly due to staking fault formation, in which the sequence
Lag 7Srg30/MnO;/Lag 7Sro 30 is locally changed to Lag;Srg30/MnO2/MnO;. Once
the staking fault is formed, further growth maintaining the ideal local stacking leads
to local energetically favorable configurations and provides a natural mechanism for
the self-organized inhomogeneities over the nanometer scale.

In Figure 6.13 we present some examples of Monte Carlo simulation of LSMO sur-
faces in a series of limiting cases which would correspond to different experimental
conditions. One can notice a qualitative agreement between C-AFM maps and sim-
ulation. The main feature is the appearance of islands and mounds exhibiting both
terminations (dark and bright areas).

As shown in Figure 6.13a, for high temperature and high monomer mobility, is-
lands formation is prevented and step flow with smooth edges takes place: free
monomers rapidly join the steps. Reducing the time available for the monomers
to diffuse before the arrival of new ones results in the nucleation of islands (Figure
6.13b). Thanks to the high temperature these islands have relatively smooth edges
and the film grows layer-by-layer with low roughness. High mobility and low tem-
perature leads to the appearance of patches with both surface terminations. The
island sizes are large and corresponds to the long average diffusive length, thus Fig-
ure 6.13c represents the case that better reproduce our experimental results. Lower
mobility (shorter diffusive length) maintaining the low temperature will cause the
nucleation of many small islands (Figure 6.13) avoiding the step moving forward
and increasing roughness still presenting two terminations.
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Figure 6.13: Examples of Monte Carlo simulated surfaces representative for different limit-
ing conditions: (a) High temperature and high monomer mobility. (b) High tem-

perature and low monomer mobility. (c) Low temperature and high monomer
mobility. (d) Low temperature and low monomer mobility.

In summary, with Monte Carlo simulations developed in Ref. [196] what we
have tried to demonstrate is: i) Instabilities are produced during the deposition so
that the growth process deviated from the ideal case. These instabilities enable to
obtain a double-terminated surface independently of the initial termination of the
substrate. Until now, two-terminated surfaces have only been reported in case of
very thin films grown on substrates that already present double termination. ii) It is
very complicated to know the actual parameters provoking the growth instabilities
as growth processes have numerous degrees of freedom (non-homogeneous com-
position of the target, instabilities in temperature or pressure conditions, substrate
surface variations...). Therefore we remark that these simulations do not pretend to
reproduce the experimental growing conditions but simulate extreme conditions to
demonstrate that once instabilities take place, triggering the deviation from ideality,
the final system can evolve to the two-terminations surface.

Knowing that its is possible to obtain two-terminated systems with different local
properties, it is interesting to explore in more detail transport properties. It is well
known that LSMO system present RS phenomenology. Therefore in the next section
we investigate how the conformation of our surfaces affects this phenomena.
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6.7 TRANSPORT PROPERTIES: RESISTIVE SWITCH-
ING PHENOMENA.

I-V characteristics taken at specific location of each termination by means of C-AFM
reveal distinct behaviours depending on the type of conductive probe. In Figure 6.14
IV curves have been obtained with a PtSi-coated probe while in Figure 6.16 we
have used a doped-diamond tip. PtSi probe has a smaller tip radius (R;;, ~20 nm)
than diamond-doped one (R;;;, ~150 nm) hence, the smaller enables to differentiate
between the different terminations. Curves are performed by applying successive
voltage cycles between V;41p1,=0 V— -4 V— 4 V— -4 V— 0V and inversely (start-
ing at 4 V). The first curve is the black one (representing the virgin state) and it is
followed by red-green-blue-cian-pink curves.

100 PtSi ti
a) 0.101P) J °

Figure 6.14: (a,b,f) I-V characteristic taken at diverse regions of the surface (d,g) of double
terminated LSMO films (marked by crosses in current map (e) corresponding
to the I-V where the arrows point from). (c) SEM image of a PtSi tip, as the
one used for doing these measurements, revealing a R;;, ~20 nm. (SEM image
reproduced from Nanosensors specifications).
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Regarding I-V characteristics recorded with a PtSi tip, at high conductive regions,
a nearly linear I-V curve is measured (Figure 6.14a) indicating that the local tip-
surface system in these regions can be regarded as close to a metal-metal contact.
The curve is slightly non-linear and symmetric, suggesting the appearance of a very
small barrier. This could evidence a very thin insulating layer that could act as tun-
neling barrier or contact resistance. For instance, the half unit cell formed by the
top-most Lag 7Sr( 30 plane could act as a barrier. At low conductive regions, a highly
rectifying and asymmetric behaviour is observed (Figure 6.14b) suggesting the ap-
pearance of a Schottky barrier between the conductive tip and the surface. One pos-
sible explanation is the one mentioned for explaining the lowering of emissivity
in MnO; planes in X-PEEM measurements: the conduction in these regions could
be impeded by the presence of Mn* created to compensate the absence of apical
oxygen at the surface.

We conclude that transport seems to be more effective if it is produced by tunnel-
ing from MnO, layer through Lag ;Sr(30 barrier. In this case the first MnO, layer
beneath either has no symmetry breaking promoting the appearance of Mn>*.

Some locations revealed I-V with large hysteresis switching to more resitive state
as the one presented Figure 6.14f. We ascribe this to imprecise location on frontiers
between conducting and insulating areas or also to possible electrochemical reac-
tions with adsorbates (always present on the surfaces exposed to air).

In fact, film modification between LR and HR state can be performed over an
extended area during scanning. Current map measurements in Figure 6.15 are per-
formed using the same PtSi tip than in Figure 6.14 with a tip radius small enough to
differentiate between terminations.

The procedure consists of two steps: i) writing or changing from LR to HR by
scanning at high negative voltages, ii) reading or visualizing the modification by
imaging at low positive voltage. In Figure 6.15, we write an area with negative volt-
age of Vsampre=-3 V (a,b) and afterwards we map a larger area (c,d) with a reading
voltage of V;4/mp1.=500 mV. We observe that the negative applied voltage is large
enough to induce an insulating state so that the whole written area becomes insu-
lating (note that the two termination are not differentiated in this area). Moreover,
the switching to a higher resistance state is accompanied by a topographic change
which is neat (no morphological variation) and higher in height, revealing an in-
flated area. This can be associated with a change in the electrostatic potential that
affects deflection of the tip. We know from other works [68] that the change of the
electrostatic force can be as significant as one volt.

Since STO substrate is insulating, the contact with the sample is established
through a metallic clamp fixed on the surface of LSMO. In this experimental
configuration, when RS to HR state is produced at some point, conducting region
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Figure 6.15: C-AFM imaging of the double-terminated LSMO film from Figure 6.14. (a) To-
pography and (b) current map of 1.5 x 1.5 ym? area written with a voltage of
Vsample=-3V. (¢) Topography and (d) current map of 3x3 ym? image of the same
area at a reading voltage of Vsumpre= 500 mV.

(as the ones resulting in ohmic I-V curves in 6.14) that are surrounded by switched
areas do not give current reading: either these conducting regions have become
isolated or they have switched. Hence, we can interpret that RS to HR state at
certain region expands in some degree through the thickness of the films and con-
sequently conducting regions cannot be detected or have also suffered RS. Indeed,
as it is discussed in other works in Ref. [68, 70, 197], RS creates a surface modi-
fication of the film that penetrates throughout the volume of the film in some extent.

On the other hand, the expected RS phenomena for LSMO is revealed by I-
V curves taken with diamond-doped conductive tips (Figure 6.16). As mentioned,
diamond-doped tips are much larger than the PtSi and somehow lose the surface
resolution, but the system returns to show RS curves at any location when cycling
from positive to negative voltage and viceversa. It represents bipolar RS case, where
a resistance changing from LR to HR occurs at certain voltage polarity, with an in-
verse process from HR to LR state. A voltage of at least the same magnitude and
opposite polarity should be applied to cycle between HR and LR states. These set
and reset voltage have always the same sign independently of the cycle direction,
as it is proved by comparing (c) and (f) from Figure 6.16. Consequently, when the
voltage cycles are restricted to one polarity, after reaching the HR (for negative po-
larity; Figure 6.16a) or the LR state (for positive polarity; Figure 6.16d), same state is
maintained over several cycles (red, green and blue curves overlap). For the LR case
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Figure 6.16: (a,c,d,f) IV characteristic taken at diverse regions of the surface (b) (marked
by arrows). (e) SEM image of a diamond-doped tip, as the one used for doing
these measurements, revealing a R;;;, ~150 nm. (SEM image reproduced from

Ref. [198])

(d), the black curve reveals a small insulating barrier that is overcome in the second
cycle. Then LR state is maintained in the subsequent cycles. These results highlight
the fact that transport, and in particular RS phenomenon, is very sensitive to the
different work functions and reactivity of the conductive coating of the tip and the
local surface as well as to the contact area.

Sawa et al. [199], amog others, explored RS in a manganite system and stated
that the phenomena originates at the interface and can be manipulated by modi-
fying the interface barrier. The work highlights the role that insulating properties
of certain perovskite manganite play to trigger RS effect. They insert a thin layer
of Smy;Cag3MnO; (SCMO), which is an insulating manganite, at the interface of
Ti/LSMO system and observed that IV curves transit from metal-metal contact for
Ti/LSMO junction to Schottky-like contact for Ti/SCMO/LSMO. The insertion of one
unit cell the insulating SCMO induces RS behaviour very similar to the one found in
our system. Then, a plausible picture for explaining the pehnomenology we report
is that the presence Mn®* at the MnO; surface planes could be acting as an insu-
lating layer enabling RS. Regions where RS is induced are active in some extension
beneath the surface, promoting the insulation of surrounding material.
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6.8 SUMMARY

The presented results show that the nanoscale structuration of the LSMO surface
is consequence of chemical self-organization. The formation of two differentiated
surface regions of different compositions is attributed to deviations from ideal epi-
taxial growth. Whereas in layer by layer growth similar chemical nanostructuration
originates from the replica of patterned substrates, here instabilities during growth
is proposed to be the origin of the double-terminated LSMO surfaces found exper-
imentally. Both situations offer different ways for obtaining frameworks of metal
and insulator two dimensional domains.

Due to the lack of knowledge on the true factors at the basis of the instabilities tak-
ing place in our experiments, the Monte Carlo simulations have been performed for
a series of extreme and specific conditions. In such a way, these simulations should
be taken as a proof of how alterations during growth, leading to the formation of
stacking faults, can be responsible of the appearance of the two chemical termina-
tions independently of the initial characteristics of the substrate.

Composition differences have been detected with different AFM approaches: in
tapping mode it is detected by phase lag of the tip oscillation imaging in repulsive
mode while in contact mode friction imaging derived from lateral force signal is used.
Both dissipative signals have been correlated with C-AFM maps evidencing that the
two terminations possess different conducting states. Then, chemical identification
of the two terminations (Lag 7Sry30 or MnO;) has been possible by combining XAS
and XPS measurements simultaneously measured in X-PEEM. A shift in intensity
between Mn-edge XAS spectra of each terminations is detected and associated to
differences in the work function. The region that produce less emission of electrons
in these XAS spectra is the one that appears darker XPS image at Mn edge thus,
it is linked to Lag7Sro30 termination. Additionally, a small shift in energy in Mn-
edge XAS spectrum is associated to the presence of Mn®* created to compensate the
absence of apical oxygen at MnO, termination. As this termination has higher work
function, it is ascribed to insulating regions in C-AFM maps.

Finally, with the aim of exploring dependences of RS switching phenomena due
to variable termination, we have tested I-V characteristics with C-AFM at defined
locations. We observe that typical RS curves are only measured when using doped-
diamond tips. When using PtSi, probes whose radius is around 20 nm, RS is not ob-
served when doing point measurements (I-V curves) but when imaging. In current
maps we can isolate conducting regions that did not seem to switch when measur-
ing I-V curves. As the area of contact of the tip is much smaller than the width of
the terminations, we assume that the switching is an effect that penetrate into the
bulk of the film in some extent. These tip dependences highlight the complexity of
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understanding tip-surface interfaces (and tip-adsorbates-oxide system) that might
lead to the physical mechanism behind RS phenomena.

All in all, in this chapter we highlight the use of different techniques for iden-
tification of nanostructures on surface. In the present case, the coexistence of two
different conducting surface regions indicates that different electronic nanostruc-
tures emerge depending on the termination layer, which may have relevance for the
design of perovskite based devices with new functionalities at the surface.
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SUMMARY

In the present thesis, two types of lanthanum manganite-based oxide materials
for spintronic and memory applications have been investigated: one obtained by
B-site substitution (La;CoggMn;20s) and the other obtained by A-site substitution
(Lag7Srg3MnQs;). High-quality growth of thin films of both oxides has been
achieved by means of RF sputtering technique allowing the design of, on one side,
LCMO-based tunnel structures and, on the other side, self-organized nanostructures
in the form of double-terminated LSMO film surfaces.

La;CoMnOsg is a double perovskite exhibiting ferromagnetic insulating behaviour
and a relatively high T of 230 K in bulk. The combination of magnetic and insulating
functionalities in a single system gives great potential for the developing of active
tunnel barriers for spintronic devices such as spin-filters. Motivated by its technolog-
ical relevance as well as by the fundamental aspects, in this work we have presented
a detailed study on structural, compositional and magnetic characterization of this
double perovskite thin films. We show that lattice mismatch with substrate dictate
the degree and sign of the magnetic anisotropy. Remarkably, we have obtained films
with strong perpendicular magnetic anisotropy (PMA) (with yoHc =1 T) which is
tuned by tensile strain. This has been achieved for thin films on top of (001)SrTiOs
(STO).

We firstly have observed that, for films grown on STO, the magnitude of the
magnetic anisotropy is closely correlated with the degree of oxygen content of
the films: the larger the oxygen content, the larger the anisotropy. As the in-
crease of oxygen content implies a shrinkage of the OOP lattice parameter, changes
in magnetic anisotropy have been related with changes in the strain state. This
strain-dependence has been unequivocally proved by growing thin films on top
of (LaAlO3)3(Sr2AlTa0g)g7 (LSAT) and LaAlOs; (LAO) that produce compressive
strain. Indeed, we have found that compressive strain favors in-plane easy-axis.
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Regarding the composition of the films, we have shown using electron probe
microanalysis that the real composition is actually La;CoggMn; 204 (LCMO), thus
this films present a deficiency of Co from the expected compound La;CoMnOg. At
this point, questions about the degree of cationic ordering of our samples and how
ferromagnetism could be explained have arisen. We have proved, by means of X-ray
absorption spectroscopy (XAS) measurements, that in optimized LCMO films (with
high Te =~ 225 K) off-stoichiometry does not affect the valence of Co ions, which
is essentially +2. Actually, those measurements point towards the reduction of a
part of Mn ions from +4 to +3 to fulfil charge neutrality. Nevertheless, in optimized
films, divalent Co, high T, and high saturation magnetization rule out a disordered
arrangement of Co and Mn ions in the double perovskite structure, reinforcing the
conclusion that ferromagnetism is induced by superexchange interactions.

Finally, by exploring different LCMO film thicknesses, we have determined that
the origin of PMA should be magnetocrystalline rather than shape-induced. PMA
is found for the whole range of thickness studied in LCMO on STO (2 to 66 nm)
and, for the compressive cases, IP easy-axis persists even for very thin films (4 nm-
thick). Concerning this fact, we have given direct evidence that anisotropy phenom-
ena in LCMO are mainly driven by SOC of Co?*. Firstly, X-ray magnetic circular
dichroism (XMCD) measurements reveal a large contribution from the orbital angu-
lar moment of Co ions, but no contribution from Mn. In addition, we have computed
mr/ms, 5 ratios for a set of samples with different strain states. We observe a strong
dependence of this ratio on the film strain, particularly notable for the normal inci-
dence case.

Secondly, we have developed an atomistic model based on first order perturbation
theory intended to describe the relationship between the crystallographic structure
and the magnetic properties. The theoretical approximation departs from the
ground state of Co?" ion in a cubic (undistorted) octahedral environment, and
considers as perturbations: i) a tetragonal distortion on a cubic crystal field to
account for strain and ii) the spin-orbit coupling of Co®*. We have obtained a
prediction of the strain-dependent magnetic anisotropy described by the ratio of
gyromagnetic coefficients in each direction. Additionally, we have also predicted
the dependence of m /mg with the strain and we have compared it to experimental

values of my /mg_.. determined by XMCD.

eff

Encouraged by the findings of strong PMA in LCMO/STO system, we have ex-
plored the possibility of using LCMO in a spintronic device. We have built magnetic
tunnel junctions based on a single magnetic layer of LCMO sandwiched between
non-magnetic electrodes, a thin layer (2-4 nm thick) of LCMO grown on a semi-
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conducting Nb:STO subtrate capped with a thin layer of metal (Pt or Au). We have
obtained an accurate description of the transport through the barrier by fitting the
magnetoresistance curves using Fowler-Nordheim tunneling and two-current mod-
els. This analysis allows estimating the exchange splitting (A) in the LCMO layer
that defines the different barriers height for spin-down and spin-up electrons, as
well as the additional variation of the barrier height due to the application of a mag-
netic field (®g). The variation of ®y has been found to be very different for the field
applied along the easy or the hard axes. The values obtained render a remarkably
high spin-filtering efficiency with a polarization of the current of 99.7 % at worst.
The fitted values have been additionally confirmed by first-principles theoretical cal-
culations. Furthermore, the large difference between the magnetoresistance curves
measured with the field applied OOP or IP renders tunneling anisotropic magne-
toresistance (TAMR) values of about 20-30%. This result suggest that the underly-
ing phenomena for the TAMR is dictated by the large strain-induced PMA. Finally,
magnetic memory capabilities of the junction have been explored by probing the
existence of a non-volatile bistable resistive state that can be switched by applying
a magnetic field pulses in the out-of-plane or in the in-plane directions.

The findings of this chapter heighten the potential of using ferromagnetic
insulators with strong magnetic anisotropy for spin filtering, magnetic field sensing
and data storage applications. Notwithstanding that our device works below room
temperature and using high magnetic fields, it represents, to the best of our knowl-
edge, the first report of a single layer ferromagnetic memory with electrical read-out.

The last part of the thesis has been focused on the study of the transport properties
in structures laterally smaller than tunnel junctions, such as self-organized surfaces.
In particular, we have characterized double-terminated surfaces of Lag 7Srg3MnQO3
(LSMO) thin films; in this case, a metallic ferromagnetic manganite. We point out
that deviation from the ideal epitaxial growth constitutes a way to obtain sponta-
neously formed nanostructures that lead to modulated local functional properties of
thin film surfaces. Hence, the formation of two differentiated surface regions of dif-
ferent compositions, on non-patterned substrates or on single terminated substrates,
has been attributed to instabilities during the growth process. Due to the nano-
metric size of the different terminations at the surface, scanning probe microscopy
seems a very suitable tool to characterize these structures. Different conducting re-
sponses detected by C-AFM have been associated to differences in the surface com-
position by relating them to dissipative signals in different AFM approaches: phase
lag maps in tapping mode and friction imaging in contact mode. The two termi-
nations (Lag7Srg30 or MnO;) have been chemically identified by correlating XAS
and XPS maps simultaneously measured in X-PEEM. In particular, intensity differ-
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ence between XAS spectrum of each terminations is detected and associated to the
corresponding chemical composition revealed by XPS. This, together with C-AFM
results, leads us to conclude that transport is more effective if the film termination is
Lag 7Sro 30 instead of MnO,. A possible explanation could be that Lag ;Sry 30 plane
prevents the appearance of extra Mn** which impedes conduction rather harshly.

Finally, we have additionally performed I-V curves in C-AFM for characterizing
transport at the surface. [-Vs taken with small enough tip radius can distinguish
between the different conducting behaviour of each termination without inducing
resistive switching (RS) phenomena typical from LSMO. Other measuring condi-
tions, such as scanning or using wider diamond-doped probes produce the expected
switching and evidence the extended nature of RS effect in LSMO.

OUTLOOK

Here we enumerate some open questions and research lines that can derive from
the results presented in this thesis:

« The role of the off-stoichiometry of LCMO films is still an open question. It
must be mentioned that films in the literature do not show magnetic properties
as good as our films but, at the same time, may not present off-stoichiometry.
At the present, a Ph.D. thesis on course has, as one of its objectives, to study
the possible effect of this off-stoichiometry by preparing, by chemical solu-
tion method, films of LCMO with controlled Co-Mn ratio. Stoichiometric films
with good magnetic properties have already been achieved.

« The study of double perovskite thin film oxide, being of particular interest
ferromagnetic insulating ones, is an active developing field. At the moment,
another Ph.D. thesis is devoted to optimize the growth of a similar FM-I double
perovskite: La;NiMnOg. Films are grown by sputtering and present similar sto-
ichiometry deviations as LCMO: the best magnetic properties have been found
for films with a certain degree of nickel deficiency. Therefore, a better under-
standing of the dependence of magnetic properties on composition could help
to build a better picture of the factors that impact on cationic ordering.

+ Our findings on LCMO-based tunnel junctions stress out the possibility of us-
ing ferromagnetic insulating materials with PMA in sensor and memory ap-
plications. This opens a new platform for exploring other highly anisotropic
FM-I materials with higher transition temperatures. Pointing in this direction,
the result reported based on the first order perturbation theoretical approach
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should be general and applicable to other oxides with Co®*. Therefore, we pro-
pose to explore new materials conformed by Co?" in octhaedral environment
that can develop strong PMA when grown as thin films.

Regarding open lines for tunnel junction, we have made some attempts to
build a spin-valve, that is, substituting Pt electrode by a ferromagnetic metal
with PMA. The device requires two magnetic layers, one fixed and one free.
With a softer ferromagnetic electrode we could easily control the magneti-
zation direction. The ferromagnetic electrodes we tested were CoFeB/Ta and
CoFeB/Pd multilayers. Actually, CoFeB may present interfacial PMA at certain
thickness and in contact with transition metal with 5d metals.

Spin efficiency found for the device is actually an estimation derived from mag-
netoresistance curves, as Pt or Au are non-magnetic metals. Therefore another
arisen question is if we can have a direct measurement of the polarization. A
way to do so could be using the Anomalous Hall Effect (AHE) induced on Pt.
The idea consist in defining a track on Pt/LCMO/Nb:STO structure with three
contacts, one in the middle and others in the sides. Then inject current be-
tween Nb:STO and the contact in the center (at low T and with magnetic field
applied) and measure the voltage between contacts at the sides. If the injected
current is polarized, electrons will be deflected to one side of the track due to
the AHE and hence, a potential difference should be created.

Designing magnetic structures with dimensions in the nanometer scale rep-
resent an exciting field of research. The nanosized pillar structures reported
in the thesis are a starting point for the improvement of the performance of
the junctions. The influence of defects on electron transport could be reduced,
and, by confining single magnetic domains, pinned magnetization states could
be obtained without the need of using high magnetic fields.

Concerning the self-organized nanostructures on LSMO surfaces, it would be
interesting to have a better control of the growth parameters in order to taylor
nanosized functional domains in perovskite thin films. Moreover, by growing
metals or other oxides on top of a well-controlled double-terminated surface,
we could deeply investigate the role of the termination on the interface emerg-
ing properties.
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