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Preface

Great efforts have been directed towards the research field of Spintronics in
the last years after the discovery of the Giant Magnetoresistance effect (GMR)
[L,2]. An essential issue in this field is the obtention of magnetoresistive devices
such as Magnetic Tunnel Junctions (MTJs) with half-metallic ferromagnetic
materials as active electrodes at room temperature.

Such materials have an energy gap at the Fermi level (Ef) for one spin
direction, therefore, showing a spin polarization of 100%, which optimizes the
output signal of the spintronic devices. In order to obtain devices fully op-
erative at room temperature, materials with a high Curie temperature, T,
are required. However, as only a few oxides, semiconductors and metallic
alloys are candidates to exhibit half-metallicity [3], finding new half-metallic
materials is nowadays of great interest. Promising materials are, for exam-
ple, magnetite and double perovskite oxides. In addition, the problem of the
magnetization thermal fluctuation in high-density magnetic storage systems is
of recent concern, and could be solved with materials with high magnetocrys-
talline anisotropy, such as the L1 - ordered FePt.

The growth of thin films and heterostructures based on these materials
is an issue of great interest [4]. The epitaxial growth can be achieved by
using suitable monocrystalline substrates with similar lattice parameters, by
means of different deposition techniques such as laser ablation |3, sputtering
[6], molecular beam epitaxy [7], or chemical deposition [8]. The properties of
the materials grown by means of these techniques can be tuned depending on
different parameters such as the film-substrate lattice mismatch or the epitaxial
growth coherence along the film thickness, which offers interesting possibilities.
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The objective of this Thesis has been the growth and characterization of
thin films and heterostructures of half-metallic magnetic materials, in which
the nanometric-scale phenomena are relevant, with potential applications in
magnetoelectronics. Most of the systems studied have been produced by means
of a Pulsed Laser Deposition (PLD) and sputtering system. PLD is a suitable
deposition technique for the growth of high-quality oxide thin films, and as a
PLD-sputtering system by Neocera Inc. company is available at the Instituto
de Nanociencia de Aragon (INA) in Zaragoza (Spain), and fully operative since
June 2005, this system will represent the fundamental instrument of the Thesis.

This book is composed of five chapters, being the first one dedicated to
the description of the experimental techniques used in this research, giving an
special importance to the PLD technique.

The second chapter is devoted to the study of magnetite epitaxial thin films.
Firstly, the influence of the deposition conditions and thickness on the struc-
tural, magnetic and electrical transport properties of magnetite films grown
on MgO substrates are studied. The magnetotransport measurements of the
Fe3O4 thin films were widely and thoroughly studied, allowing the publication
of four research papers [[-IV]. Finally, the origin of the enhanced magnetic
moment found in magnetite ultra-thin films (t < 20 nm) [9, [10] was studied
and identified, and as a consequence, a research article has been very recently

published [V].

The growth and complete characterization of double pervoskite SroCrReQOg
(SCRO) thin films deposited on commercial SrTiO3 substrates is detailed in
chapter three of this thesis. The obtained results were published in a research
article [VI], and a second paper is in process to be submitted [VII].

The fourth chapter deals with the growth and characterization of L1g-
ordered FePt epitaxial thin films, grown at the Instituto dei Materiali per
I'Elettronica ed il Magnetismo (IMEM), Consiglio Nazionale delle Ricerche
(CNR) at Parma, during a short stay in the research center.

Finally, the fifth chapter is devoted to the growth and thorough characte-
rization of MgO (100) // Fe3sO4 / MgO / FM heterostructures, where FM can
be FesOy4, Fe or FePt, in order to obtain adequate systems for devices with
applications in magnetoelectronics. Finally, preliminary TMR results of MTJs
obtained, by means of optical lithography, at the research center INESC-MN
in Lisbon (Portugal) are presented.

Zaragoza (Spain), May 2010
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Introduction

The motivation of this thesis is found within the newborn research field of
nanotechnology, which presents a large number of applications in a wide variety
of scientific areas.

Different nanostructures such as nanodots, nanoparticles and thin films
have been developed and studied in the last years, and among them, thin films
are of the greatest importance in the fields of electronics and magnetoelectron-
ics.

In the last decades, a fruitful research in thin films and thin-film-based
devices has taken place, and efforts have been directed towards the new field
of spintronics, in which both the charge and spin of the electron are controlled.
As a result, new phenomena such as GMR in spin valves |1, 2], and tunnel mag-
netoresistance (TMR) [11, 12] in magnetic tunnel junctions (MTJs) have been
discovered and applied in hard disks and magnetic random access memories.

Focusing on TMR, the optimization of MTJs requires, in addition to high
crystalline quality tunnel barriers and electrodes, the use of half-metallic ferro-
magnetic electrodes at room temperature. In order to obtain devices operating
at room temperature, materials with a high Curie temperature T¢ are required.
However, just a few oxides, semiconductors and metallic alloys are candidates
to exhibit half metallicity |3], and therefore, finding new half-metallic materials
has became a relevant issue nowadays.

Therefore, the growth of thin films and heterostructures based on these
materials has a great importance |4]. An epitaxial growth can be achieved
by using adequate monocrystalline substrates with a lattice parameter similar
to the grown material, by means of different deposition techniques such as
laser ablation |5], sputtering [6], molecular beam epitaxy [7] and chemical
deposition |8] among others. The properties of the materials grown by these
techniques can be tuned depending on parameters such as the substrate-film
lattice mismatch or coherence of the epitaxial growth along the film thickness,
which leads to interesting possibilities.
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Nanotechnology

Nanotechnology, is a new area of science which studies the developing and
production of extremely small tools and machines by controlling matter at an
atomic and molecular scale. The term "nano" derives from the Greek word for
dwarf and is used as a prefix for any unit such as a second or a meter, meaning
a billionth of that unit. Hence, a nanometer (nm) is a billionth of a meter (10~
m). The systems involved in nanotechnology have a size scale between 1 and
100 nm in at least one dimension. Figure 1 provides a perspective of the
"Nanoscale".

The possibility of direct and precise manipulation of individual atoms and
molecules was brought up by Richard Feynman, in his lecture at the American
Physical Society meeting at Caltech on December 29, 1959, entitled: "There’s
Plenty of Room at the Bottom". Although he never explicitly mentioned the
word "nanotechnology", he suggested the possibility to create "nano-scale"
machines with a wide variety of applications, being particularly interested in
the possibilities of denser computer circuitry, and microscopes which could
image such small systems [13].

The term "nanotechnology" was first defined in 1974 by Norio Taniguchi
(University of Tokyo) in a paper as follows: "Nano-technology" mainly consists
of the processing of separation, consolidation, and deformation of materials by
one atom or one molecule, to refer to a multitude of rapidly emerging tech-
nologies, based upon the scaling down of existing technologies to the next level
of precision and miniaturization [14]. Taniguchi approached nanotechnology
from what is nowadays known as the "top-down" perspective.

In 1986, K. Eric Drexler, at the Foresight Nanotech Institute for Molecular
Manufacturing, popularized the term "nanotechnology" thanks to his fictional
writings about the construction of machines built at the nanoscale, such as
miniature submarines capable of being transported through the human body.
Drexler developed, thus, the concept of the assembler, a tiny machine pro-
grammed to build objects atom by atom, introducing a new "bottom-up" ap-
proach to nanotechnology, instead of the top-down approach discussed earlier
by Feynman and Taniguchi. The bottom-up approach involved molecular ma-
nipulation and molecular engineering to build molecular machines and molec-
ular devices with atomic precision.

Therefore, there are two different approaches to nanotechnology in terms of
techniques for manufacturing nanoscale materials: "bottom-up" or "molecular
nanotechnology", which applies to building organic and inorganic structures
atom-by-atom or molecule-by-molecule, and "top-down", which refers to mak-
ing nanoscale structures by machining and etching techniques.



Introduction 3

Increasing size J

| I
Nanomaterial range

D
o ]
- ',I!" ; “.- 7
( & e
.-_‘_ ._

Individual DNA, Biological, Pinhead, Human,
atoms, 2.5nm > 1000 nm 1,000,000 nm  2,000,000,000
<1nm nm

Figure 1: Sequence of images showing the various levels of scale IE]

This new research field has became an interdisciplinary science due to its
large number of applications in a wide variety of areas such as medicine,
biotechnology, advanced materials, communication technology and environ-
ment research among others, which has favored the fast development of manu-
facturing techniques and manipulation tools. Nanoscale provides a wide range
of possibilities:

e By patterning matter at the nanometer length scale, it is possible to vary
their mechanical, thermal, electrical, magnetic, optical, and aesthetic
properties without changing its chemical composition.

e It is possible to place artificial components and assemblies inside cells,
and to make new materials using the self-assembly methods of nature.

e The high surface areas of the nanoscale components make them suitable
for its use in composite materials, reacting systems, drug delivery, and
energy storage.

e Surface tension increases its importance in small-sized materials, leading
to the obtention of harder materials.

e The sizes at the nanoscale become comparable to the interaction wave-
length scales of various wave phenomena, making these materials suitable
for various opto-electronic applications.

The nanostructures studied in this thesis have been obtained by depositing
epitaxial films and heterostructures and performing a subsequent lithography
process, thus, approaching the nanoscale with the top-down method and fo-
cusing in the thin film branch of nanotechnology and materials science.
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Epitaxial thin film growth

In thin film deposition, a thin layer with less than a few micrometers in thick-
ness of one substance is placed on another called substrate, either in order to
modify the substrate material properties or due to the thin film importance by
itself in research fields such as microelectronics or spintronics. The evolution of
deposition methods in vacuum environment has allowed the obtention of very
high pure films or even multilayers of different materials, which can exhibit
properties different from those possessed by any of the bulk components.

This fact has directed great interest to the thin film epitaxial growth, were
the films deposited maintain a single-crystalline structure that "fits" on the
crystal structure of the substrate thanks to the high purity of the deposition
environment, and a correct choice of the substrate combined with its proper
cleaning and preparation and suitable deposition conditions.

Thin film deposition is most often developed in closed chambers, and fre-
quently under vacuum conditions. In this process, the addition of atoms or
molecules to the substrate can be performed by means of physical vapor de-
position, in which atoms or molecules of the source material are vaporized by
physical processes such as thermal evaporation and sputtering, and chemical
vapor deposition (CVD) techniques, in which a chemical reaction involving one
or more vapor species incident on the substrate produce a film of the desired
composition. The atoms which arrive at the substrate at a determined rate,
depending on the deposition parameters, can diffuse over the substrate or the
growing film, find other mobile film atoms to form mobile or stationary clus-
ters, attach to a pre-existing film cluster, be re-evaporated from the substrate
or from a cluster, or be dissociated from a cluster and remain on the substrate
surface (figure ). The clusters on the substrate surface will continue their
growth until the substrate surface is completely covered, forming the film.

Atom Deposition
Atom on Cluster Re-evaporation

e Re-evaporation from Cluster
Deposition on
Spubstrate from Substrate O /‘
Cluster Q Diffusion to Dissociation of
l Nucleation Cluster Cluster

— OO0~ O O—

Figure 2: Diagram of possible atomic processes on a substrate during film deposition.
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Therefore, thin film formation is a complex process which can be considered
to involve four main stages:

Adsorption: The atoms or molecules directed towards the substrate are at-
tached to its surface by means of physical or chemical adsorption, with
a binding energy of 0.25 eV, or 1 to 10 eV, respectively.

Nucleation: The adsorbed atoms attach to each other forming clusters.

Coalescence: The number of clusters on substrate surface increase until they
attach to each other forming bigger clusters until the film is completed.

Crystallization: The film continue its growth while its structure can change
depending on the deposition parameters, such as temperature and back-
ground gas pressure.

Epitaxial growth

The word "epitaxy" comes from the Greek terms epi (over) and taxis (located).
It was introduced in material science in first place by Royer in 1928, describing
the extended single-crystal growth of a film on a crystalline substrate |16].

Epitaxial growth is one of the most important methods to fabricate various
electronic and optical devices which require complex structures, as they are
usually made of thin layers with various compositions. Quality, performance
and lifetime of these devices are determined by the purity, structural perfection,
homogeneity, surface flatness and interface abruptness of the epitaxial layers,
which depend on factors such as the substrate-film interfacial energy, substrate
choice, layer growth method and growth parameters.

Two types of epitaxial growth can be distinguished:

Homoepitaxy: The film is grown upon a crystalline substrate of the same
material.

It has the advantage that the substrate and the film have the same lattice
constant. Therefore, if the substrate surface is clean of contamination,
the epitaxial growth is easy to achieve. This epitaxial growth is specially
useful in the growth of semiconductors, in which the films have different
properties from the substrate due to a different doping concentration.

Heteroepitaxy: The film and the substrate are different materials.

This type of epitaxial growth involves mismatch between the film and
the substrate, although a clean and ordered substrate provides a strongly
orientating template for deposited atoms.



6 Introduction

If a(s) is the substrate lattice parameter, and ag(f) the lattice parameter
of the film material without stress, i.e. the bulk value, then the mismatch
(f) can be defined as:

a(s) — ao(f)
ao(f)

As f is measured in %, if ag(f) > a(s) = f < 0 compressive, whereas if
ao(f) < a(s) = f > 0 tensile. If the lattice mismatch is small (|f]<0.2%)
epitaxial growth occurs easily. However, for larger lattice mismatch the
growth is often "pseudomorphic" at the first stages (fig. Blc), where the

f= x 100 (1)

film grows with the lattice constant of the substrate resulting in strain in
the plane interface. As the film increases in thickness, so does the total
strain energy in the strained film, dislocations can be generated as a
method of strain relaxation, and the epitaxial growth can become rough

on an atomic scale. Finally, for lattice mismatch over 5% the growth is
likely to be relaxed (fig. Btb) or even polycrystalline |17].

Figure 3: Schematic cross section of epitaxial growth with different mismatch. (a)
Growth with lattice matching. (b) Strain-relaxed growth. (¢) Pseudomorphic growth
with uniaxial expansion normal to growth interface. Adapted from ref. [18§].

Film growth modes

In 1958 however, Ernst Bauer classified the primary thin film growth process
in three modes [19]: three dimensional island growth (Volmer-Weber), two di-
mensional full monolayer growth (Frank-van der Merwe), and two dimensional
growth of full monolayers followed by nucleation and growth of three dimen-
sional islands (Stranski-Krastanov) (figure d). The selection of one of these
growth modes depends on the thermodynamics relating the film and substrate
surface energies and the film-substrate interface energy [20].
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e Volmer-Weber mode: 3D island growth
Once an island is formed an additional island will nucleate on top of it,
and, therefore, the surface roughens each time material is added.

e Frank-van der Merwe mode: 2D full-monolayer growth

Also called layer-by-layer growth, in this growth mode it is energetically
more favorable for the film to form as full monolayers than for three-
dimensional clusters on the substrate. Therefore, islands nucleate on the
surface until a critical island density is reached, and as more material
is added, the islands continue to grow until they begin to run into each
other (coalescence). Once coalescence is reached, the surface has a large
density of pits, and when additional material is added to the surface
the atoms diffuse into these pits to complete the layer. This process is
repeated for each subsequent layer.

e Stranski-Krastanov mode: 2D full-monolayer growth followed
by 3D island nucleation and growth
This growth mechanism was first noted by Ivan Stranski and Lyubomir
Krastanov in 1939 [21]. It is also known as layer-plus-island growth,
and follows a two step process. Initially, the film atoms form complete
monolayers on the substrate, following a layer by layer growth up to a
critical layer thickness which is typically of one to five monolayers. Be-
yond this critical thickness, three-dimensional clusters nucleate on these
layers. This change in the growth mechanism can be explained as a
consequence to the stress due to mismatched lattice spacings.

Volmer-Weber: 3D

r@m_o_qurm_‘q

Frank-van der Merwe: 2D

Stranski-Krastinov

Figure 4: Schematic diagram of the basic thin film growth modes. Figure adapted
from ref [18].
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Substrate effects

Substrates provide the template for the film, and therefore, they should be cho-
sen consequently with the desired thin film material. In addition to substrate
structure, substrate surface has an important influence on the film nucleation
and growth process, as low energy sites at which nucleation preferentially oc-
curs are provided by surface defects such as atomic steps, point defects and
dislocation intersections. Their distribution will control the nucleation rate
and nuclei density, which makes a control of the substrate surface quality nec-
essary. However, substrate treatments are sometimes performed in order to
induce surface terraces or holes which would act as nucleation sites, leading
to a certain growth mode. One example can be found in the different treat-
ments performed in SrTiO3 substrates in order to modify its surface structure
[22-28].

If the substrate surface is contaminated with a fraction of a monolayer of
impurity atoms, the surface mobility of the arriving film atoms may be re-
duced affecting the film crystallinity to an extent that the final film can be
polycrystalline [18]. Regarding impurities removal from the substrate surface,
acetone will eliminate organic residues, and isopropanol will leave the sub-
strate surface clean of acetone residues and other inorganic molecules. As
some substrates such as MgO are sensitive to humidity, it is recommendable
the use of dry acetone and isopropanol, with the lower water content possible.
However, sometimes the substrate surface is deeply damaged or contaminated
and a physical or chemical etching process is necessary, followed by a thermal
treatment in order to recover the crystalline quality of the substrate surface.

During the deposition process, the substrate surface temperature plays an
important role in the film morphology, as the mobility of the deposited atoms
on the surface depends directly on the temperature and can determine the
growth mode [18]. The substrate temperature can produce also an improve-
ment of the crystalline structure by defects-diffusion.
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Applications of thin films in electronics

Thin films have multiple applications in industry, such as thermal barrier coat-
ings and wear protections, which enhance service life of tools and protect mate-
rials against thermal and atmospheric influences, catalysis, thin-film batteries,
optical coatings and electronic semiconductor devices. We will focus on the
thin films application in electronics and magnetoelectronics, fields with a large
impact in nowadays society.

One of the key applications of thin films made of magnetic materials is as
components of Hard Disk Drive, also named Hard Disk, Hard Drive or HDD.
An image of a standard HDD and its main components is shown in figure

— Head/Disc
Assembly

Actuator )
Spindle

DC Power Input
; - Read/Write Heads
(7= Base Casting
Shock Mount —_£2" | T
Printed e
Circuit Cable K= - IO Connector
Printed Circuit Board

Frame/Bracket

Connector

Figure 5: Standard HDD image (left) and sketch with its main components (right)
[29].

Thin-film-based devices for HDD components
HDD disks

Magnetic thin films are used in HDD as data storage support. The spinning
plates that compose standard HDD are coated with a ferromagnetic thin film
which is divided into many small sub-micrometer-sized magnetic regions, each
of which is used to encode a single binary unit of information. Initially, the
magnetic regions were oriented horizontally, but around 2005 the orientation
was changed to perpendicular. The advances in materials science and engineer-
ing, including nanotechnology, have allowed the exponential increase of data
storage capacity, which was initially predicted by Moore in 1965 [30]. Figure
[[ shows the original Moore’s empirical law:
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Figure 6: Areal density of data capacity following Moore’s Law [30].

Write - Read heads

These devices are another HDD component that nowadays uses magnetic thin
films.

Early HDDs used an electromagnet both to magnetize the region and to
read its magnetic field by using electromagnetic induction. The next generation
heads were the Metal in Gap (MIG) ones, which incorporated a small piece
of metal that concentrated the field, allowing smaller features to be read and
written.

MIG heads were later replaced with thin film heads manufactured by pho-
tolithographic processes which used the same physics but allowed higher data
storage density, obtaining up to 4GB storage capacities in 3.5 inch drives in
1995.

The next improvement consisted in the separation of the write-read heads
into a thin film head for writing and a head for reading. The new separated
read heads, known as AMR heads (Anisotropic Magnetoresistance heads), were
developed by Honeywell in the 1980s [31,132]. The AMR heads used the magne-
toresistive (MR) effect, which consists on the change of a material’s resistance
in the presence of a magnetic field. Such read heads led to a period of fast
data storage density increase of about 100% per year.
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A new path leading to the integration of magnetic devices into computer
technology began to emerge with the discovery of GMR in magnetic multilayers
in 1988, simultaneously by Baibich et al. (Albert Fert’s group in Orsay) [E]
and Binash et al. (Peter Griinberg’s group in Jiilich) @] This issue opened
a relatively new branch of physics concerned with the storage and transfer of
information by means of electron spins in addition to electron charge as in
conventional electronics, named as Spintronics, and which is nowadays in
considerable expansion.

The first significant GMR device was the spin valve. In the early 1990s
IBM started a project to develop such GMR devices into read-write heads,
which revolutioned the magnetic HDD industry by enabling the density of the
drives to be increased at a much higher rate than was possible with previous
technology @, @] Thus, in 2000 GMR heads started to replace AMR read
heads, and nowadays, nearly all HDD in the industry incorporate a GMR
read-head.

Current research is devoted to a new type of MR magnetic sensor device,
known as magnetic tunnel junction (MTJ), which was introduced in first place
in 2005 by Seagate, allowing 400 GB drives with 3 disk platters, and uses the
TMR.
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Figure 7: Hard disk areal density trend @]
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Spintronics: GMR & TMR

Spintronics has became subject of growing interest due to the new function-
alities, provided when using both charge and spin degrees of freedom of the
electron simultaneously, like non-volatility of the stored information, high data
processing speed, low electric power consumption, and high integration den-
sities |34, [36-39]. However, incorporating spin degrees of freedom into an
efficient device involves the obtention of high spin-polarized currents, as well
as its transport, control and manipulation.

The large research field of Spintronics was opened by the discovery of the
GMR effect of magnetic multilayers, which triggered the research on spin trans-
port in magnetic nanostructures. Other interesting effects rapidly appeared,
being one of the most important the TMR of MTJ.

Giant Magnetoresistance

As it was pointed out previously, GMR was discovered by Baibich et al. [2] and
simultaneously by Binash et al. [1] in 1988. In both cases Fe/Cr (001) multi-
layers were grown by molecular beam epitaxy (MBE), either Fe/Cr (001) su-
perlattices for the Orsay team or Fe/Cr/Fe(001) trilayers for the Jiilich group.

In these structures, when the configuration of the magnetizations in the
neighboring Fe layers rotates from antiparallel to parallel alignment, a large
resistance drop is observed, see figure Bl Since the reduction of the resistivity
is significant, this effect has been called Giant Magnetoresistance or GMR.

The saturation field Hg, is the field required to overcome the antiferromag-
netic interlayer coupling between consecutive Fe layers and align their magne-
tizations. The magnetoresistance ratio is defined as the ratio of the resistivity
change to the resistivity in the parallel configuration:

MR(%) = PAL PP 100% (2)
PP
The physical origin of GMR. is found in the "two current model", demonstrat-
ing experimentally the theoretical model initially proposed by Mott in 1936
[40]. This model takes into account the influence of the electron spin on the
electronic transport in ferromagnetic conductors, as the spin splitting of the
energy bands in the ferromagnetic state leads to specific transport behavior.
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Figure 8: Variation of the resistance as a function of the magnetic field observed by
Baibich et al. for Fe/Cr superlattices at 4.2 K |2].

Therefore, in the low temperature limit, when the spin flip scattering of
the conduction electrons by magnons is frozen out, there are two independent
parallel channels for the electrical current: spin T (majority) and spin | (mi-
nority) electrons, and the conductivity of the ferromagnet (FM) is the sum of
two independent contributions. If p; (p;) are the resistivities of the spin 1 (])
channels, respectively, the resistivity can be expressed as:

pr+py

Electrons passing through the first FM become spin-polarized. If the non-
magnetic (NM) layer is thin enough, with thickness smaller than the electron
mean free path for both spin directions, this polarization is maintained and
interacts with the second FM, resulting in a different resistance depending on
the relative orientation of the FM layers (see figure [I).

The most relevant GMR device is the spin valve [42]. Initially developed
by Parkin at IBM, this system is composed by a "soft" ferromagnetic layer and
a "pinned" ferromagnetic layer separated by a thin conductor layer.
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spin _FM_NM_FM spin  FM_NM_FM

Figure 9: Schematics of spin dependent scattering for the explanation of the GMR
effect ]

Pinning is usually accomplished through exchange coupling with an ad-
jacent antiferromagnetic layer. Therefore, the magnetization of the pinned
electrode is fixed, while the magnetization direction of the other electrode can
be changed by means of an external applied magnetic field. When the two fer-
romagnetic layers are parallel, conduction electrons pass between them more
freely than when the magnetizations are anti-parallel, and thus the resistance
is lower in the parallel magnetization case.

Tunnel Magnetoresistance

TMR is a magnetoresistive effect that occurs in magnetic tunnel junctions, i.e.,
heterostructures with two ferromagnetic electrodes separated by a thin insula-
tor. Due to the spin asymmetry of density of state (DOS) in a ferromagnetic
conductor, both the conduction and the tunneling probability through a po-
tential barrier are spin-dependent properties, leading to a different resistance
of the MTJ for the parallel and antiparallel magnetic configurations of their
electrodes.

The first observation and interpretation of spin dependent tunneling be-
tween two ferromagnetic electrodes was reported by Julliére in 1975 [@], who
obtained small TMR effects at low temperature (a variation of 14% at 4.2 K)
in a MTJ composed of an oxidized Ge semiconductor layer separating Co and
Fe ferromagnetic electrodes. However, Julliére’s observations were not easily
reproducible and, actually, could not be really reproduced during 20 years.
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Julliére’s model is widely used to account for the spin polarized tunnel-
ing effect. Thus, assuming that the tunneling process conserves the spin, the
tunneling conductance can be considered as the sum of two independent con-
duction channels, one channel for each spin direction (Fig. [I0). The relative
variation of conductance and the DOS of each spin channel are then linked as
follows in the Julliére formula:

2P P,
TMR=—F"— 4
i 1-P P 4)
where P; is the spin polarization of each electrode, defined as:
Dt — Dy,
p= 210l 5
Dz‘T + D; 1 ( )

Being Djy(}), i = 1, 2 the DOS of the two ferromagnetic electrodes at the Fermi
level for the two spin directions.
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Figure 10: Schematic DOS for both magnetic electrodes in the parallel (right) and
antiparallel (left) configurations of magnetizations. As the conductivity of each spin
channel is proportional to both the spin DOS in the emitter and in the collector
electrode, the conductivity of the barrier, which is the sum of the two channels con-
ductivities, is strongly dependent on the magnetization configuration [@]

It was in 1995 that relatively large (=~ 20%) and reproducible effects were
obtained by Moodera’s “ﬁ'] and Miyazaki’s “E] groups on MTJ with a tunnel
barrier of amorphous alumina. One of the key parameters in these experiments
was the growth of ultra thin tunneling barriers without any pinholes (metallic
short circuits). Since then, an intense research effort has been devoted to the
increase of the TMR ratio, using different materials as barrier and electrodes
in MTJs (figure [IT)).
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Figure 11: History of improvement in performance of MTJ devices (MR ratio) @]

Following Julliére’s model, a simple way to increase the TMR is to use elec-
trodes with high spin polarization at the Fermi level. Half-metals are materials
with the highest spin polarization: | P | = 1.

Regarding the tunnel barrier material, conventional MTJs with an amor-
phous aluminium oxide tunnel barrier (AloO3) have been extensively studied
for device applications, exhibiting a magnetoresistance ratio up to 70% at
room temperature. However, the most promising material is MgO, with high-
est TMR ratios.

Yuasa reported a giant TMR ratio up to 180% at room temperature in
single-crystal Fe/MgO/Fe MTJs in 2004 ], whose origin was found in a
coherent spin-polarized tunnelling, where the symmetry of electron wave func-
tions plays an important role. When the coherency of electron wave functions
is conserved during tunnelling, only conduction electrons whose wave functions
are totally symmetrical with respect to the barrier-normal axis are connected
to the electronic states in the barrier region and have significant tunnelling
probability.
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Half metallic materials

From equation [, it is obvious that the TMR becomes infinite if Py = Py =
1, thus, if both electrodes have 100% spin polarization. This condition gets
satisfied in the half metallic materials family.

Therefore, one of the main issues in the research field of spintronics is
the production of magnetoresistive devices such as MTJs with half-metallic
ferromagnetic materials at room temperature as active electrodes. A half-metal
is any substance that acts as a conductor to electrons of one spin orientation,
but as an insulator to those of the opposite orientation. In half-metals, the
valence band related to one type of these electrons is fully filled and the other
is partially filled. Therefore, only one type of electrons (either spin up or spin
down) can pass through it. A schematic diagram of the band structure of a
half-metal is shown below:

paramagnetic ferromagnetic ferromagnetic half-metal
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Figure 12: Density of states (DOS) of paramagnetic, ferromagnetic and ferromagnetic
half-metal materials [47].

The first half-metallic ferromagnets were the half-Heusler alloys NiMnSh
and PtMnSb, which were predicted by de Groot et al. [48] from electronic
band structure calculations, but these materials are not suitable for spintronics
applications because of difficulties in crystal growth. Subsequently, various
half metallic ferromagnetic materials have been studied, such as oxides CrOs,
Fe30y4, and (double) perovskites among others. The four types of predicted
half-metals are shown in figure [I3]

In order to obtain magnetoresistive devices operative at room temperature,
materials with a high Curie temperature T¢ are required. However, only a
few oxides, semiconductors and metallic alloys are candidates to exhibit half
metallicity [3].
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In this thesis we have directed our efforts towards two promising materials
to exhibit half-metallicity at room temperature: magnetite (Fe3O4) and the
double perovskite SroCrReQg, in chapters Bl and Bl respectively, optimizing its
growth conditions when deposited by PLD and performing a systematic study
of their structural, morphological, magnetic and transport properties.

We have also studied the growth and properties of Llg-ordered FePt thin
films. When this material is Llg-ordered, it presents a high magnetocrys-
talline anisotropy, which could solve the superparamagnetic limit problem
when decreasing bit sizes in perpendicular data storage devices. Indeed, FePt
has shown high tunnel magnetoresistance when being part of a MTJ with

MgO(001) barrier @, @, .

Heterostructures with different electrodes materials and geometries have
been studied in this thesis. In all the heterostructures the tunnel barrier is
made of MgO, as MTJs with an MgO barrier have shown the highest TMR
ratios up to date. All the MTJs reported in literature have both electrodes
with an in-plane easy magnetization direction or both perpendicular to the
film surface, and TMR has never been examined in any MTJ including both
in-plane and out-of-plane anisotropy geometries in MTJs electrodes. This is
the reason why we decided to study FesO4 / MgO / FePt heterostructures,
which represent an interesting and timely topic.
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Experimental Methods

In this chapter, a brief overview of the main experimental techniques employed
in this thesis for the growth and characterization of epitaxial thin films and
multilayers is presented.

A large part of the growth and characterization process has been performed
using the instruments available at the Institute of Nanoscience of Aragon (INA)
and Institute of Material Science of Aragon (ICMA). A fruitful collaboration
has been carried out with the IMEM-CNR research institute in Parma (Italy),
resulting in the research presented in chapter Ml and part of chapter Bl These
results have been obtained through different techniques, the most relevant
being described in this chapter.

1.1 Epitaxial thin film growth systems

Preparing very pure, high quality crystalline thin films requires very specialized
deposition techniques, being pulsed laser deposition (PLD) and sputtering the
film growth systems used in this thesis. Both of these techniques are physical
vapor deposition processes in which a thin film of material is deposited onto a
substrate according to the following sequence of steps:

e Evaporation
During this stage, a target consisting of the material to be deposited is
bombarded by a high energy source such as a laser beam or a beam of
electrons or ions, producing the vaporization of the target surface atoms.
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e Transportation
The vapor is transported from its source to the substrate.
This is a crucial part of the deposition from a technological point of view,
as it will determine the uniformity of the coverage of the substrate.

e Reaction
In some cases it is necessary to introduce a background reactive gas such
as oxygen, nitrogen or methane in order to obtain the desired stoichiom-
etry of the film. Otherwise, the deposition can be carried out in high
vacuum or in an inert gas atmosphere (e.g. Ar), and this step would not
be part of the process.

e Deposition
The vapor undergoes condensation on the substrate to form the thin film.
In this phase the condition of the substrate surface is essential.

In order to get high quality films, physical vapor deposition processes require
the use of high vacuum chambers and, depending on the process, some reactions
between target materials and the process gases may also take place at the
substrate surface simultaneously with the deposition process.
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1.1.1 Pulsed Laser Deposition

This thesis is devoted to the study of films and heterostructures partially or
completely grown by PLD, thus, this technique represents the essential tool
necessary for the success of the work reported in the following chapters. PLD
is a physical vapor deposition technique used to deposit high quality epitaxial
films, which is conceptually and experimentally relatively simple.

The main advantage of this deposition technique is the preservation of the
stoichiometry from the target material to the film, which allows the growth of
complex oxide thin films. The principal disadvantage relies on its directionality,
which restricts the film homogeneity to small areas. An effect that should also
be controlled is "splashing", due to high energetic aggregates that can be
produced during ablation and decrease the crystalline quality of the pulsed
laser deposited films of certain materials. These issues will be discussed in the
following pages.

Figure [[.T] shows a schematic diagram of an experimental PLD setup. A
high-power laser is used as an external energy source to vaporize materials.
The laser beam is focused and directed towards the vacuum process chamber
by means of an external optical set, which usually consists of a lens, a mirror
and also an attenuator may be used to decrease the laser energy down to the
desired one.
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Figure 1.1: Schematic diagram of a Pulsed Laser Deposition setup.
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The laser beam enters the vacuum process chamber through a window made
of a specific material, which must be transparent to the laser wavelength, e.g.,
quartz in case of an ultraviolet laser, and strikes the target, which is placed
in a holder situated facing the substrate holder. The laser ablates the target
surface producing a plasma called plume, which condensates on the chosen
substrate producing the growth of the film.

The history of Pulsed Laser Deposition

After the first high-power ruby laser became available in 1960, a great amount
of both theoretical and experimental studies were performed regarding the
interactions of intense laser beam with solid surfaces [52]| and gaseous materials.
However, the laser-solid interaction is an extremely complex process and the
formulation of a complete self-consistent model is a difficult task.

The simplest model was based on a thermal effect which assumed a delay
between the laser absorption and vaporization 53], determined by the thermal
diffusion rate until a critical temperature in the solid is reached. However, this
model does not work properly for beam-solid interactions at power densities
above 10® W /cm?, since overestimates the surface temperature during the in-
teraction and, in addition, neglects the interaction beween the laser radiation
and the plasma of the plume. Although more realistic models have been de-
veloped, none of them account for all the observations relating the laser-target
interaction.

The easy vaporization of different materials by means of intense laser radia-
tion suggested that this could be used to deposit thin films, which was demon-
strated in 1965, when Smith and Turner utilized a ruby laser to deposit the
first thin films |54]. The advances achieved in laser technology provided other
types of laser which were used in PLD successfully, such as the CO4 lasers and
the Nd:YAG lasers, with a higher repetition rate than the ruby lasers, making
the growth of thicker films possible. Although the stoichiometric preservation
of a multiple component target to the growing film was demonstrated, the
quality of the deposited layers was still inferior to that obtained in films grown
with other techniques such as CVD and MBE.

During the 1970s, the development of electronic switches for generating
shorter optical pulses made the obtention of high peak power (more than 10%
W /cm?) possible, and the achieved shorter wavelength radiation produced
shallower absorption depth, reduced splashing, and smaller heated volume,
which improved the congruent evaporation.
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In the early 1980s, a few research groups achieved remarkable results when
manufacturing thin film structures utilizing laser technology, mostly used as
optical coatings. An improvement in crystallinity over electron-beam-deposited
films was observed and attributed to the high surface mobility due to hyper-
thermal impact energy [55]. But the breakthrough came in 1987 when Di-
jkkamp and Venkatesan [56] were able to laser deposit a thin film of the high
temperature superconductor YBaoCuszO7 with much higher quality than films
deposited with alternative techniques.

Since then, the technique of Pulsed Laser Deposition has been successfully
utilized to fabricate high quality crystalline films and the deposition of ceramic
oxides, nitride films, metallic multilayers and various superlattices has been
carried out. Finally, it was in the 1990s where PLD became a very competitive
tool for the growth of thin and well defined films with complex stoichiometry
thanks to the development of new laser technology, such as lasers with high
repetition rate and short pulse durations.

Pulsed Laser Deposition technique has also been applied to metal film de-
position, production of coatings, biocompatible films, and even polymer films,
resulting in an exponential increase of published articles during the last years,
as can be observed in figure However, this technique has two important
drawbacks: the "splashing" phenomenon, which decreases film quality and will
be further explained in next subsection, and the lack of film uniformity over a
large area due to the high directionality of the plume, restricting possible PLD
industrial applications.
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Figure 1.2: Evolution of publications concerning Pulsed Laser Deposition in the last
30 years. The information has been compiled from ISI Web of Knowledge database.
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Stages of the PLD process

The process of PLD can generally be divided into four stages, being all of them
crucial for the crystallinity, uniformity and stoichiometry of the resulting film.

Laser ablation of the target material and creation of a plasma :

The ablation of the target material upon laser irradiation and the creation
of plasma are very complex processes. The removal of atoms from the
bulk material is done by vaporization at the surface region in a state
of non-equilibrium where the incident laser pulse penetrates into the
surface of the material within the penetration depth. This dimension is
dependent on the laser wavelength and the refraction index of the target
material at the chosen laser wavelength, and is typically around 10 nm
for most materials.

The ablation mechanism depends on laser flux density and pulse dura-
tion, as well as the optical, topological and thermodynamical properties
of the target, and can be enhanced by microscopic cracks, voids, and nod-
ules at its surface. The basic thermal cycle induced by laser pulses can
be observed in figure When the laser pulse is absorbed by the target,
melting and vaporization begin, melt front propagates into the solid and
then recedes, allowing the resolidification of the material. When the so-
lidification completes, frozen waves alter surface topography, which will
interact with the next laser pulse.

Although it is a complex process, the materials release from the target
surface is essentially stoichiometric, a great advantage of the PLD de-
position technique. However, if the absorption depth is too high, thick
liquid layers are produced, which can cause splashing of micron-sized
particulates (droplets) and deviation from congruent evaporation.
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Figure 1.3: Schematic of the basic thermal cycle induced by a laser pulse [20]. (a)
Laser pulse is absorbed and the vaporization begins (shaded areas indicates melted
material, circles the vaporized particles, and arrows the motion of the solid-liquid
interface). (b) Melt front propagates into the solid. (c¢) Melt front recedes (cross-
hatched area indicates resolidified material). (d) Solidification completes.
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Splashing becomes particularly problematic for electronic devices quality,
where the particulates can induce the formation of defects that lower
carrier mobility, this being considered one of the two main drawbacks
of PLD. This occurs in most materials except for those with high vapor
pressure at a temperature much below the melting temperature (such as
CdTe and most 1I-VI compounds), dense and single-crystal targets, and
targets with high thermal conductivity [20].

The main mechanisms that can lead to droplet formation are:

e Subsurface Boiling: This occurs when the time required to transfer
laser energy into heat is short, producing the superheating of a sub-
surface layer before the surface itself has reached the vapor phase,
and, therefore, the emission of micron-sized molten globules that
impact on the substrate. This effect can be reduced by decreasing
the laser power. The maximum laser power density (D4, ) that a
solid surface can absorb without causing splashing was estimated
by H. Schwartz [57]:

LpHe, (11)
lr

where t, is the relaxation time, L is the range of surface penetration

of the light density into the solid with density p and heat evaporation

H,.

e The surface liquid layer can be expulsed by the shock wave recoil

Dmax =

pressure of the plume. This effect is indistinguishable from the
subsurface boiling, and can also be reduced by lowering the laser
power density.

e Exfoliation: In this case, the solid particulates ejected from the tar-
get are randomly shaped. The repetitive laser ablation produce the
target surface erosion, forming long needle-shaped microstructures
of few microns. These structures are mechanically fragile and can
break due to the thermal shock induced during the laser radiation
[58], producing loose particulates that are carried toward the sub-
strate by the expanding plume and condense onto the thin film.
This effect could be minimized by a periodic polishing of the target,
in order to maintain a smooth surface.

The splashing of droplets on the substrate surface can be decreased with
an "off-axis" laser-ablation geometry, as, while particulates travel along
their initial trajectory directions, the light species (ablated ions) undergo
scattering, modifying their trajectories. Therefore, by adjusting the sub-
strate holder position, the deposition of droplets can be avoided.
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Plume dynamics :

The ejected species, including neutral atoms, ions, electrons, molecules,
clusters, micron-sized solid particulates and molten globules, form a laser-
produced plasma plume that expands rapidly away from the target sur-
face (velocities typically ~ 106 cm/s in vacuum), parallel to the normal
vector of the target surface towards the substrate.

The plume is highly energetic and very directional, although it can be
attenuated and thermalized by ambient gases during PLD, changing its
spatial distribution, the film deposition rate and the kinetic energy dis-
tribution of the deposition species. The background gas effect on the
plume shape is different depending on pressure, and can be described in
three stages:

e In vacuum almost no scattering occurs with the background gas and
the plume is very narrow and forward directed.

e With an intermediate background pressure a splitting of the high
energetic ions from the less energetic species can be observed.

e High pressures produce a more diffusion-like expansion of the ab-
lated material, which depends on the background gas mass and can
influence the stoichiometry of the deposited film.

In the plume, different component species have different angular distri-
butions, associated with differences in species charge and mass and de-
scribed by a cos™ 6 law with a shape similar to a Gaussian curve, where
n takes typical values between 8 and 12 (see figure [[.4]). This effect may
lead to angular stoichiometric deviations in the film for wide surfaces.

Deposition of the ablated material on the substrate :

The third stage is important to determine the quality of the deposited
films.

It is known that the kinetic energy of the impinging species in PLD typi-
cally lie in the 1-100 eV range [20,59]. The energetic species ablated from
the target strike substrate surface producing sputtering of species from
the substrate, which form a collision region with the particles emitted
from the target. If the condensation rate is high enough, a thermody-
namic equilibrium is reached, where the film grows directly from the
particles emitted from the target.
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However, it has been shown that particles with kinetic energies around
50 eV can resputter the film already deposited on the substrate, caus-
ing damage to the surface and also producing defect formation in the
deposited film. This can be overcome by decreasing the laser power den-
sity.

Figure 1.4: A selection of intensified Charge Coupled Device (i-CCD) images of the
emitting species arising in 248 nm nanosecond pulsed laser ablation of a graphite
target in vacuum: (a) CT ions (b) C neutrals (c)-(e) particulates. (a), (b) and (d)
are accumulated images of 200 laser pulses, while (c) and (e) are single pulse events

(60, l61).

Nucleation and growth of the film onto the substrate surface :

The nucleation process and growth kinetics of the film depend on several
growth parameters including [62]:

e Laser Parameters
Film quality, stoichiometry “@] and deposition flux are affected by
the laser wavelength, fluence, energy and repetition frequency of the
laser pulses, as well as the ionization degree of the ablated material.
Generally, the nucleation density increases when the deposition flux
is increased.

e Substrate temperature
Usually, the nucleation density decreases as the temperature is in-
creased.
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e Substrate surface
The nucleation and growth can be affected by the surface prepara-
tion, the miscut of the substrate, as well as the roughness of the
substrate.

e Background Pressure
If the film grows off stoichiometry, this will affect the nucleation
density and film quality. Together with the substrate temperature
and surface morphology, background pressure determines the film
growth and microstructure.

o Geometry-related parameters such as the target-substrate distance
and the spot size influence the film thickness and the energy of
the ablated particles, and, therefore, the homogeneity of the film
thickness on the substrate.

In PLD the nucleation density is large compared with Molecular Beam
Epitaxy or Sputtering Deposition, which increases the smoothness of the
deposited film. Depending on the deposition parameters above, three
growth modes are possible: three dimensional island growth (Volmer-
Weber), two dimensional full monolayer growth (Frank-van der Merwe),
and two dimensional growth of full monolayers followed by nucleation
and growth of three dimensional islands (Stranski-Krastanov), already
detailed in the introduction of this thesis.
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Pulsed Laser Deposition equipment

PLD is a versatile technique for preparing thin films and multilayer structures.
The basic equipment required can be reduced to:

e Lasers

In general, the useful range of laser wavelengths for thin film growth
by PLD is found between 200 nm and 400 nm, as most materials used
for deposition exhibit a strong absorption in this spectral range. Most of
the work performed with PLD has been made with Nd3T:YAG solid-state
lasers and gas excimer lasers. The excimer is generally the laser chosen
for PLD, as can achieve pulse repetition rates up to several hundred hertz
with typical energies of 500 mJ/pulse.

The excimer molecules are formed in a gaseous mixture of their compo-
nent gases, such as Kr and F5 in the case of the KrF laser. Energy is
pumped into the gas mixture through avalanche electric discharge exci-
tation, creating ionic and electronically excited species that react chemi-
cally and produce the excimer molecules. Once the excimer is formed, it
decays, with a lifetime of ~ 2.5 ns. Some of the reactions leading to the
formation of the excimer molecules for the case of KrF are listed below,
where * denotes electronically excited species:

Kr+e  — Krt Kr*, Kry
Fr+e — F+F
Krt+F +X — KrF'+X
Krfy +F~ — KrF*+Kr
Kr'+hBh+X — KrF*+F

As homogeneous uniform laser output is necessary in order to obtain good
quality deposition, hot spots and deviations from uniformity should be
avoided. This issue is especially important when working with multicom-
ponent deposition target, where poor beam quality could result in non
stoichiometric films and droplet formation. Figure display the typical
three dimensional beam profile of our TuiLaser KrF 248 nm laser.

e Optics

In order to prepare adequately the laser beam, optical elements such
as lenses, apertures, mirrors, beam splitters and attenuators are placed
between the output port of the laser and the entrance window to the
deposition chamber. The optical external elements, as well as the depo-
sition chamber entrance window, must be perfectly clean and made of
different materials specifically designed for the used laser wavelength.
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Figure 1.5: Intensity beam profile, obtained from our TuiLaser KrF 248 nm laser.

e Deposition system

Once the laser beam passes through the optical elements, it enters the
deposition system. A typical deposition system consists of a vacuum
chamber in which the substrate holder, substrate heater, target manipu-
lation system, gas flow system, pumps and vacuum gauging are situated.

The Pulsed Laser Deposition system used in this thesis can be seen in
figure[L6l It is a combined PLD-Sputtering system by Neocera Inc. com-
pany located at the INA, with a 70 1 ultra-high vacuum chamber. As
there is a loadlock chamber, it is not necessary to break the vacuum each
time a substrate is inserted or a sample removed to and from the process
chamber, respectively. The turbo-molecular pump connected to the load-
lock chamber can provide a pressure as low as ~ 1077 Torr either only
in the loadlock compartment or in all the system. The cryogenic pump
attached to the process chamber can decrease the background pressure
down to 5 x 10~° Torr.

The chamber can be filled with e.g. oxygen, nitrogen or argon, the pres-
sure of which can be tuned directly with mass-flow controllers at the gas
entrances, with the turbo molecular pump rotation speed or with the
butterfly valve located at the cryogenic pump entrance.

The substrate holder can be placed facing either the PLD or the sput-
tering targets depending on the deposition technique desired, and it can
also perform a continuous rotation. With the oxygen-compatible heater

located at the substrate holder positioning system, temperatures as high
as 850°C can be reached.
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Substrate heater:

T.ax =8502C
(O, compatible)

Figure 1.6: Combined PLD-Sputtering system by Neocera Inc. company.

The sinterized or commercial targets are attached to a support called
target carrousel, which, in our PLD system, can hold either 6 targets
with 1 inch in diameter or 3 targets with 2 inches in diameter. The
targets can perform a rotational motion and translational up and down
movement along its axis, in order to homogenize their surface erosion.
This configuration also permits the deposition of films composed by layers
of different materials, due to the multi-target carrousel.

The optical system consists of an aperture, a lens and a mirror which
direct and focalize the laser beam coming from the KrF excimer laser
from TuiLaser Company. This laser has a wavelength of 248 nm, 250 mJ
maximum energy per pulse and a beam size of 1 cm x 1.5 cm at the laser
exit door, which is focused down to a 3 mm X 4 mm spot at the target
surface by means of the specific optical system.
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1.1.2 Sputtering

Sputtering is a physical vapor deposition technique in which ions accelerated
to energies of a few keV by a potential difference are directed towards a target
surface. When the striking ions overcome the binding energy of the target
atoms, these are ejected from the target and transported to the substrate,
where the sputtered atoms form a film.

In principle, any kind of high-energy particles such as electrons, neutrons
or photons can sputter matter. However, the momentum transfer between
particles is more efficient between similar-mass particles, and hence, accelerated
ions are more suitable and usually used as the high-energy particles.

Sputtering has become one of the most widely used techniques for deposit-
ing various metallic or oxide films on wafers, due to the advantages that it
offers over other physical vapor deposition methods:

e Sputtering can be performed on large-size substrates, allowing the depo-
sition of thin films with uniform thickness over large areas.

e Film thickness is easily controlled by fixing the operating parameters and
simply adjusting the deposition time and electrical power.

e Nearly any material can be sputtered, including compounds where one
component may have a much larger vapor pressure than the others.

e Control of the alloy composition, as well as other film properties such as
step coverage and grain structure are more easily accomplished than by
evaporation-assisted deposition, due to the higher kinetic energies of the
arriving atoms or molecules.

e Jon bombardment of the substrate often enhances adhesion of the film.

e Sputter of the substrate in vacuum prior to film deposition can be done
in order to clean the substrate surface.

Sputtering, however, has some disadvantages compared to evaporation:

e Sputtering typically operates in a poorer vacuum range than deposition
by evaporation, having a greater tendency to introduce impurities in both
the substrate and the film. Therefore, the inert gas must be extremely
pure with a consequent increase in price.

e Sputtered films always contain inclusion of the inert sputtering gas.

e The substrate can be damaged by the ion-bombardment, as well as the
growing film.
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e Some materials such as organic solids are easily degraded by ionic bom-
bardment.

The sputtering processes in thin film growth can be grouped in two main types:
ion-beam sputtering, where ion sources provide ion beams that are acceler-
ated, collimated and directed towards the target, and discharge sputtering,
in which two facing electrodes produce the voltage necessary to ionize a back-
ground gas, whose ions sputter the target surface. Depending on the discharge
source, discharge sputtering can be mainly divided in Direct Current (DC) and
Radio Frequency (RF) Sputtering, and if a reactive gas is introduced in the pro-
cess chamber, reactive sputtering. Another improvement in the gun design
is the magnetron, where a permanent magnet array is incorporated, trapping
secondary electrons close to the target surface. This variation of sputtering,
called magnetron sputtering, can be applied to both DC and RF discharge
techniques, and provides a higher ion density in the region close to the target,
increasing the deposition rate and allowing that the plasma be sustained at
a lower pressure. However, and due to the magnetic field, the target region
where sputtering takes place is limited, producing a waste of most of the target
material, with the consequent increase in cost.

DC-Glow Discharge Sputtering

DC glow discharge sputtering is one of the simplest sputtering techniques.
However, non-conductive targets cannot be sputtered by this technique.

A schematic of a DC-glow discharge sputtering system is displayed in figure
[L7 Aninert gas (generally Ar), present inside a vacuum chamber, is ionized by
an electric field applied between the chosen target (cathode) and the substrate
(anode) placed oppositely. The positive ions in the plasma are accelerated to
energies of a few keV by the potential difference towards the target surface,
and when the striking cations overcome the binding energy of the target atoms,
these are ejected from the target and transported to the substrate through a
region of reduced pressure, forming the thin film.

When a dc power is applied to the target, different stages in the process
can be distinguished, as shown in figure [[[81 Initially, a very small current
flows due to the limited number of charge carriers in the system, and as the
applied voltage increases, more charge carriers are created from the secondary
electrons emitted from the target and from impact ionization. At this stage,
by applying a constant voltage Vp (Breakdown Voltage) the current increases
and a "Towsend discharge" is created [64]. The avalanche begins leading to a
self-sustaining plasma, the "normal glow" state.
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Finally, the gas glow becomes visible and a rise in the current and drop in
voltage appear in the "abnormal glow" state, where the sputtering takes place.
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Figure 1.8: Voltage distribution and discharge characteristics across dc glow discharge

l64].

The typical discharge voltage applied at the target is ~ 500-5000 V. The
sputtering rate can be increased by increasing the discharge voltage and by
increasing the inert gas pressure. However, if the pressure is increased sub-
stantially, the ions are slowed down due to the inelastic collisions with the
gas atoms, decreasing the sputtering rate @] Finally, the deposition rate
can be increased at reduced pressures by means of a magnetron sputtering,
thanks to the higher efficiency in the ionization process achieved by means of
the magnetic field at the target surface.
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The sputtering system employed in this thesis is part of the combined PLD-
sputtering system by Neocera Inc. company already described in section [LT.11
The sputtering module of the system (shown in figure [[LO) has three water-
cooled targets, two of them adapted for magnetic material deposition by means
of stronger magnetrons. At present, there are three power sources available:
two of them DC, and the third one is an RF source.

This sputtering has been used for the deposition of Au films on some of
the films studied in this thesis, in order to avoid contamination or oxidation
of the upper metallic film, in the case of heterostructures. A constant pure
argon (99.9999%) pressure is maintained by fixing the flux of gas through a
mass flow controller with a certain opening of the butterfly valve to control
the cryopump speed pumping (see figure [LLG)).

The substrate positioning and heating system is the same of the PLD sys-
tem, therefore, the substrate can be faced towards the sputtering guns, rotated
at up to 60 deg/sec during the sputtering process in order to obtain films with
uniform thickness, and heated up to 850 °C.

Magnetron sputtering:
3 guns, 3 power sources:
2DC (500 W), 1 RF (300W)

i

Figure 1.9: Combined PLD-Sputtering system by Neocera Inc. company, sputtering
view.
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RF Sputtering

The charge problem when trying to sputter insulating targets can be avoided
with the use of RF sputtering, where the sign of the anode-cathode potential
difference is varied at a high rate, allowing the dissipation of the accumulated
charge. Therefore, although RF sputtering maintains the fundamentals of
DC discharge, it is specially suitable for dielectric film deposition and reactive
sputtering, and the higher efficiency in the striking of the discharge allows lower
process pressures, with the consequent lower possibility of film contamination.

The RF Sputtering system employed in chapter [ and part of chapter [l is
located at the IMEM-CNR research institute in Parma (Italy)(see figure [[.10]).
It is constituted by a load-lock and a main chamber, where three targets set in
vertical position can be simultaneously sputtered, as each of them has its own
RF power supply operating at 13.56 MHz. In the load-lock a vacuum of 7.5 x
10~% Torr is made by a turbomolecular pump, whereas a vacuum around 2.3 -
3.8 x 10~® Torr can be reached in the main chamber through a cryopump. The
main chamber is separated from the cryopump by a throttle valve that can be
partially closed allowing to operate in clean conditions during the sputtering
process, but also avoiding the saturation of the cryopump by the sputtering
gas.

Figure 1.10: RF-Sputtering system available at the IMEM-CNR research institute in
Parma (Italy).
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The process pressure is maintained by fixing the flux of sputtering gas (pure
99.999% Ar) through the fluxmeter and the opening rate of the throttle valve.
The substrate, introduced in the sputtering chamber through the load-lock, is
screwed to the lateral surface of a cylindrical carousel that can rotate around its
axis, coaxial to the cylindrical chamber. As the atoms emitted from the target
have a higher concentration along the direction perpendicular to the target
surface, the oscillation of the substrate in front of the targets provides films
with uniform thickness. The oscillation parameters are selected and controlled
by software, allowing the oscillation of the substrate in front of different targets
alternatively, which can be used to obtain films with different stoichiometry.

The heater located on the back side of the substrate-holder can reach tem-
peratures up to 600 °C, that are measured by a thermocouple. The real sub-
strate temperature can be calibrated with the heater temperature before the
deposition, by means of another thermocouple which can be located at the
substrate surface. After heating, the substrate can be cooled down to room
temperature with a flux of compressed air on its back side.

The main parameters which need to be optimized when growing films by
sputtering are the substrate temperature and the deposition rate of the film
material, which depends strongly on the type of sputtering gas and its pressure,
the target power, and the sputtering yield, i. e. the number of emitted atoms
per incident ion. Therefore, periodical calibrations are necessary in order to
obtain the sputtering rates as a function of Ar pressure and target power.
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1.2 Structural and Morphological Characterization

The structural and morphological characterization of the films is a fundamental
part of this work, as will determine the quality of the films prepared by PLD
or sputtering. From this study, different issues such as the crystal structure
and lattice parameter, chemical composition of the films, thickness, roughness
and the interface structure with the substrate can be extracted. These can be
achieved by means of different techniques, including x-ray diffraction (XRD)
and reflectivity (XRR), atomic force microscopy (AFM) and transmission elec-
tron microscopy (TEM).

All the XRD and XRR measurements shown in this thesis have been per-
formed at the INA in Zaragoza (Spain) except the powder XRD measurements
performed for the PLD targets characterization, which were carried out by the
x-ray Service at the University of Zaragoza (Spain). The AFM images were
taken both at the INA in Zaragoza (Spain) and at the IMEM-CNR research
institute in Parma (Italy). Concerning the TEM images, these were obtained
by Dr. Magen either at the CEMES - CNRS institute in Toulouse (France),
at the Oak Ridge National Laboratory in Tennessee (USA) or at the INA in
Zaragoza (Spain).

1.2.1 X-ray Diffraction

X-ray diffraction (XRD) is a basic tool for materials science, as it is a non-
destructive technique which allows to determine a wide range of properties,
ranging from crystallographic structure and chemical composition to physical
properties of materials and thin films such as preferred crystalline orientation,
lattice parameter (and thus, presence of epitaxial strain), grain size, film thick-
ness and even relative abundance of crystalline compounds when using fitting
techniques such as Rietveld refinement.

XRD techniques are based on the elastic scattering of x-rays from structures
with long range order. If an incident monochromatic x-ray beam encounters
a crystal lattice, scattering occurs. Although most scattering interferes with
itself and is eliminated (destructive interference), diffraction occurs when scat-
tering in a certain direction is in phase with the scattered rays coming from
other atomic planes, producing a constructive interference. The condition nec-
essary for constructive interference to occur is given by Bragg’s law:

n\ = 2dsinf (1.2)
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where A is the wavelength of the characteristic x-rays, d is the lattice
interplanar spacing of the crystal, 6 is the Xx-ray incidence angle (Bragg angle,
also called w) and n is an integer known as the order of the diffracted beam.

\ Sample holder
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Figure 1.11: Schematic of an x-ray diffractometer @]

A diffraction pattern is obtained by measuring the intensity of scattered
waves as a function of scattering angle, obtaining very strong intensities (Bragg
peaks) when scattered waves satisfy the Bragg condition.

The basic geometry of an x-ray diffractometer involves a source of monochro-
matic radiation and an x-ray detector situated on the circumference of a gradu-
ated circle centered on the sample holder (figure [LT1]). Divergent slits, located
between the x-ray source and the sample, and divergent slits, located between
the sample and the detector, limit scattered (non-diffracted) radiation, reduce
background noise, and collimate the radiation.
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Figure 1.12: HRXRD Bruker D8 Advance equipment at the INA.
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The x-ray diffraction measurements of the films were carried out with the
High-Resolution x-ray diffractometer (HRXRD) Bruker D8 Advance equip-
ment, at the INA (figure [[12). In the used high resolution configuration
(HRXRD), the four crystal Ge (220) monochromator selects the K,; radiation
from the Cu source, providing a x-ray beam with a wavelenght of A = 1.54056

A

With the HRXRD Bruker equipment it is possible to perform different
measurements:

e In a typical x-ray diffraction measurement, also called 6/20 scan, the
detector and sample holder are mechanically coupled with a goniometer
so that a rotation of the detector of 20 degrees occurs in conjunction a
rotation of 6 degrees of the specimen, i.e. a fixed 2:1 ratio. The diffraction
peaks position is directly related with the interplanar distance, and gives
us information about both the out-of-plane lattice parameter and the
crystalline structure, as well as information about the stoichiometry and
presence of other phases, as each material with an specific structure has a
characteristic pattern. In addition, from the full width at half maximum
(FWHM= (1) of a diffraction peak at the position 0y, the crystalline
grain size Dpy; can be extracted by means of the Scherrer formula:

A
Dy = ——— 1.3
R BkcosOh (13)

e In a rocking curve or w — scan, the intensity from an hkl reflection is
measured by keeping 260 constant and rotating the sample around an axis
perpendicular to the plane defined by the incident and refracted beams.
From the rocking curve peak, information about the orientation distribu-
tion of the different (hkl) planes (mosaic spread) can be extracted: the
lower the FWHM, the better crystallographic orientation has the sample.

e The epitaxy relationship can be demonstrated by means of a ¢ — scan,
where an asymmetrical hkl reflection is measured by keeping 26 constant
and w = 0, as a function of the rotation angle around an axis perpendic-
ular to the sample plane (¢). If the epitaxy relationship is satisfied, all
the equivalent reflections from the [hkl| planes should appear.

e Reciprocal Space Maps (RSM) are bidimensional images from a chosen
space region that can be obtained by performing several 6/26 measure-
ments with an w offset between them (figure [LI3). If the reflections
measured are asymmetric, both out-of-plane (a1 ) and in-plane (q) lat-
tice parameters can be extracted from the RSM measurement.
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When the RSM region includes reflections from both the substrate and
the film, the comparison between their lattice parameters provide infor-
mation about the epitaxial strain experienced by the film. The diffraction
from an asymmetric reflection (hkl) verifies:
G = B-R
27

Kl = |K'|=22 1.4
K| \\)\ (1.4)

Therefore the lattice parameters can be obtained:
2nvVh? 4 k2 4 12 2nvVh? 4+ k2 412
a) =
Qs Q-
And it can be demonstrated that, if the film is positioned in a "clever

direction", the RSM can be performed in such a symmetry that the
obtention of the lattice parameters is simpler:

2V h? + k2 A 27l

(1.5)
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Figure 1.13: Diagram of a full Reciprocal Space Map of a film and its substrate.

1.2.2 X-ray Reflectivity

X-ray reflectivity (XRR) is a non destructive characterization technique re-
lated to diffraction but which relies on the interference of -rays reflected at
interfaces between layers with different refraction index more than crystallo-
graphic planes, therefore, it is sensitive to gradients in composition and also in
mass density. Film thickness, density and roughness can also be determined
with high accuracy by XRR data direct analysis:

In a reflectivity pattern, film thickness (t) can be obtained from the period
of interference fringes (Kiessig’s fringes) at high angles (A«) (figure [[L14):

A

t = Aa (1.7)
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The critical angle (a.) depends on the sample density, as shown in figure [[L15]
It can be obtained together with the thickness from the modified Bragg’s Law:

2

A
2 2 2
a; = as + (n+ An) 2 (1.8)

a o? versus (n + An)? plot gives both ¢ and a..

Finally, large roughnesses produce a fast decrease in reflectivity intensity.
The evolution of oscillation amplitude reveals which interface is rougher: if the
amplitude is constant, the roughnesses are similar; if it decreases monotonously,
the lighter layer is the rougher; finally, if the amplitude increases and then
decreases, it indicates that the denser layer is the rougher.
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The direct analysis works fine for films composed by one homogeneous layer,
although it is not useful when analyzing layers with native oxides or multilayers,
making a fitting analysis necessary, which would give more accurate results on
density, thickness and roughness of all the layers through a proposed model.

The XRR measurements were carried out with the same equipment used of
the diffraction measurements: the HRXRD Bruker D8 Advance equipment at
the INA (figure [[LT2)). The roughnesses, thicknesses and densities of the layers
and substrates were numerically fitted by means of the commercial software
LEPTOS, provided by Bruker Company.

1.2.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a type of scanning probe microscope devel-
oped by Binning and introduced in 1986 by Binning, Quate and Gerber [@]
This technique take advantage of the relatively strong forces that act between
a tip in close proximity to a sample surface, which can range from Van der
Waals and capillary forces to electrostatic or magnetic forces.

The tip, with a curvature radius of the order of nanometers, is integrated
into a cantilever (usually Si-oxide or Si-nitride, depending on the information
we want to obtain from the sample), which is deflected by the sample-tip
interaction. This deflection is usually measured by means of a laser beam
which is focused on the tip, and the reflected beam is then analyzed by a set
of photodiodes.

Photodetector
Laser beam

—

Cantilever Feedback

«—

Sample

Figure 1.18: Schematic of an AFM setup, adapted from ref. @]

There are different kind of measurements that can be performed with a

AFM:
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e Contact mode, where the tip scans the sample in close contact with the
surface.

e Non-contact mode, where the tip hovers 50 - 150 A above the surface.

e Jumping mode, used to image biomolecules in aqueous media without
establishing any mechanical contact between the tip and the sample.

e Tapping mode. In this scanning mode, the cantilever is oscillated close
to its fundamental frequency. The oscillation amplitude, phase and fre-
quency are modified by the tip-sample surface interaction forces, provid-
ing information about the surface characteristics. Tapping mode can be
operated either in frequency modulation operation or amplitude modu-
lation, being the second the most common.

Tapping mode is the technique usually employed in AFM microscopy when
studying surface topography and roughness, as it allows high resolution topo-
graphic imaging of sample surfaces that are easily damaged, loosely hold to
their substrate, or difficult to image by other AFM techniques.

All the AFM images obtained in this thesis, have been obtained in tapping
mode. While the AFM images shown in chapter 2l were obtained in a Nanotech
AFM microscope in the INA at Zaragoza (Spain), the AFM images in chapters
and @ were taken at the IMEM-CNR research institute at Parma (Italy), with
a multimode scanning probe microscope by Veeco, equipped with a Nanoscope
[TTa controller.

1.2.4 Transmission Electron Microscopy

The Transmission Electron Microscopy (TEM) prototipe was built by Max
Knoll and Ernst Ruska in 1931, and eight years later the first commercial
microscope was available.

In this microscopy technique, a beam of electrons formed by an electron
source is accelerated by means of a positive electrical potential and transmitted
through an ultra thin specimen, interacting with the specimen as it passes
through and forming the image. The resulting image is magnified and focused
onto an imaging device, such as a fluorescent screen, on a layer of photographic
film, or to be detected by a sensor such as a CCD camera. The specimen needs
to be ultra thin in order to allow the incoming electron beam cross through it,
and therefore, the sample is cut and polished until its thickness is only some
hundred nm.
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Morphology information about the sample can be extracted with a TEM,
and also crystallographic properties like lattice parameter or atomic-scale de-
fects when working in high resolution, as this microscope has enough resolution
to "see" the atoms. If the TEM is equipped with an Electron Energy Loss
Spectrometer (EELS) for the outcoming electrons, their energy loss can be
measured, and as this loss is due to scattering effects specific for the different
elements of the sample, the composition of the studied image can be deduced.
A TEM equipment can be also improved by adding optical components in
order to correct spherical aberrations.

All the TEM images shown in this thesis have been obtained by C. Magen
in different equipments. The magnetite images in Chapter [2] were taken in a
Philips CM30 LaBg microscope at the CEMES - CNRS institute in Toulouse
(France). The images in Chapter Bl were obtained in the VG HB603U and
HB501UX STEM Microscopes equipped with a Nion aberration corrector at
the Oak Ridge National Laboratory in Tennessee (USA) or at the Titan TEM
at the INA in Zaragoza (Spain).

Figure 1.19: Image of the Titan TEM at the INA in Zaragoza (Spain).
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1.3 Magnetic Characterization

The magnetic properties of the samples have been mainly studied by two tech-
niques: Superconducting Quantum Interference Device (SQUID) and Vibrat-
ing Sample Magnetometry (VSM). I will also introduce other techniques such
as Alternating Gradient Force Magnetometry (AGFM) and Magnetic Force
Microscopy (MFM) that have been used to characterized the FePt samples
described in chapter @ and Polarized Neutron Reflectivity (PNR) and X-ray
Magnetic Circular Dichroism spectroscopy (XMCD) experiments, performed
in large installations as part of the ultra-thin magnetite study in chapter

1.3.1 SQUID magnetometry

Superconducting Quantum Interference Device magnetometry is one of the
most effective and sensitive ways of measuring magnetic properties. It consists
of two superconductors separated by thin insulating layers to form two paral-
lel Josephson junctions, and therefore, SQUID magnetometers require cooling
with liquid helium (4.2 K) or liquid nitrogen (77 K) to operate.

Following the equations established by Brian David Josephson in 1962, the
electrical current density through a weak electric contact between two super-
conductors depends on the phase difference of the two superconducting wave
functions. Moreover, in a superconducting ring with one (so-called rf SQUID)
or two (dc SQUID) weak contacts, the phase time derivative is influenced by
the magnetic flux through this ring. Therefore, such a structure can be used
to convert magnetic flux obtained by moving the sample up and down into an
electrical voltage.

By locking the frequency of the readout to the frequency of the movement
(RSO, reciprocating sample oscillation), the magnetometer system can achieve
extremely high sensitivity for ultra small magnetic signals such as 1-10™% emu.

The magnetometers used in this thesis are MPMS-XL and MPMS-5S DC-
SQUID models from Quantum Design, and are located at the Magnetic Mea-
surements Service of the University of Zaragoza (Spain). The maximum ap-
plied magnetic field is 5 T, and the temperature can be decreased down to 2
K (Helium-cooled), and the sensitivity can be increased by means of the RSO
option in the MPMS-XL equipment.
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1.3.2 Vibrating Sample Magnetometry

The VSM is one of the most utilized techniques to measure basic magnetic
properties as a function of the applied magnetic field in a wide range of tem-
peratures, with a sensitivity of ~ 1076 emu. On of the main advantages of this
technique is the sample positioning system, which facilitates the orientation
of the samples and also allows to measure relatively big samples. In addition,
VSM has a lower cost than other magnetometry techniques, as the magnetic
field is provided by a water-cooled electromagnet, avoiding the use of liquid
He or Ng, which is required in SQUID magnetometry.

The sample is placed in a constant magnetic field created by an electro-
magnet and moved up and down at a frequency of 75 Hz perpendicularly to the
magnetic field direction. As the sample is moved, the magnetization changes
as a function of time producing an induced current in a set of pick-up coils
according to Faraday’s Law of induction, which is and lock-in detected in the
VSM detection module. When the sample moves in a direction, the magnetic
flux increases in one of the coils while decreases for the other cancelating the
variations due to the homogeneous field. Therefore, only the changes due to
the magnetization from the sample are registered.

The VSM equipment used in this thesis is a model from ADE Technologies
(now MicroSense LLC), located at the INA at the University of Zaragoza

(Spain) (Figure [[.20]).

Figure 1.20: VSM equipment from ADE Technologies at the INA (Zaragoza, Spain).
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The maximum applied magnetic field is 1.8 T, although it can be increased
up to 2 T by decreasing the distance between the electromagnet pole pieces,
and the measurements as a function of the temperature can be performed from
60 K to 800 K. The system has sample holders designed for the measurement
of powder and films of different sizes up to areas of 1.2 cmx1.2 cm.

1.3.3 Magnetic Force Microscopy

MFM is a technique derived from the AFM that images the spatial variation of
magnetic forces on a sample surface by means of a tip coated with a ferromag-
netic film. The system operates in non-contact mode, revealing the variation
in oscillation frequency or phase induced by the magnetic field’s dependence
on tip-to-sample separation when the tip is forced to oscillate above the sample
surface. The topographic profile of each scan must be measured in first place
in order to track the probe tip at a constant height above the sample surface
during the second pass, extracting the magnetic signal.

This is a powerful technique for the research in sub-micron magnetization
patterns and structures, since a lateral resolution below 50 nm can be reached.
The field dependence of domain structures and magnetic reversal process can
also be observed by applying an external field during the measurement. How-
ever, although little sample preparation is required, the images are difficult to
quantify. This means that the use of an MFM should be completed with other
magnetometry techniques such as Magneto Optic Kerr Effect (MOKE), VSM,
AGFM or SQUID.

1.3.4 Alternating Gradient Force Magnetometry

AGFM technique is based is on the application of an alternated field-gradient,
in order to produce a periodic force on a sample set in a uniform field |70].
The sample is mounted on a quartz probe that transmits the deflection due to
the field-gradient to a piezoelectric sensor, producing a voltage proportional
to the force, and hence to the magnetic moment of the sample. The sample
can be oriented either parallel or perpendicular to the applied magnetic field
by using two different probes, allowing the accurate measurement of magnetic
out-of-plane signal of the films.

It is a high sensitivity technique (1078 emu) for the measurement of mag-
netic moments as a function of an applied magnetic field, as the piezoelectric
signal is processed by a lock-in system, thus eliminating most of the noise;
and moreover, the measurements are done at the mechanical resonance of the
probe (& 500 Hz), with the consequent amplification of the signal.
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The magnetometer employed during this thesis is a Micromag 2900 from
Princeton Measurements Corporation. It is located at the IMEM-CNR re-
search institute in Parma (Italy), and operates at room temperature with a
maximum magnetic field of 20 kOe.

1.3.5 Polarized Neutron Reflectometry

PNR is a specially suited technique to the measurement of magnetization and
magnetic depth profile in thin films and heterostructures.

In this technique, a highly collimated beam of neutrons is directed onto the
sample, and the reflected radiation is measured either as a function of the angle
or the neutron wavelength. As neutrons can be reflected from surfaces in the
same way as x-rays and electrons, all the formalisms developed for XRR are
valid for neutron reflectivity. Moreover, due to the neutron spin, the structure
and magnetic order can be obtained simultaneously from a PNR experiment.
Therefore, detailed information about the structure of the sample, including
thickness, density and roughness of all the sample layers, is also provided by
the shape of the reflectivity profile (see Section in this chapter).

For a magnetic system, an equivalent neutron "optical index" can be de-
rived from the Schréodinger equation. If absorption is neglected, the value of
the optical index is given by:

2 mA2
+
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N £ oM 5P T h (1.9)
were d is the nuclear contribution to the optical index, and d;; is the magnetic
contribution, whose sign depends on the relative orientation of the neutron spin
with respect to the magnetization (parallel or antiparallel). Thus, both optical
indexes n™ and n~ can be measured by using polarized neutrons, information
about the amplitude and direction of the magnetization being obtained.

It should be noticed that the magnetic optical index is of the same order
of magnitude as the nuclear optical index, thus, the strength of the magnetic
scattering signal is very similar to that of the nuclear scattering signal. How-
ever, neutrons are only sensitive to the magnetic induction and thus cannot
distinguish between spin and orbital moment |71].

Disadvantages of neutron reflectometry include the necessity of a neutron
source and the fact that some materials may become radioactive upon exposure
to the beam. Moreover, this technique has low flux and high background, being
necessary long measurement times and a careful treatment of the obtained
data.
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The magnetic moment and roughness are obtained together with thickness,
density and structural roughness by means of numerical fits, which can be per-
formed by means of different software tools. In our case, the PNR data have
been optimized and the background signal subtracted by means of LAMP soft-
ware, whereas data analysis has been performed either with Parrat or GenX
software [72|, with film thickness, roughness, and magnetic moment, and sub-
strate roughness used as variable parameters.

The PNR data studied in section 2.4] chapter 2l have been obtained in the
D17 reflectometer at the Institute Laue-Langevin (ILL) in Grenoble (France).
Similar results were obtained from an analogous experiment performed in the
Polref instrument at the ISIS pulsed neutron and muon source at the Ruther-
ford Appleton Laboratory in Oxfordshire (United Kingdom).

The reflectometer D17 operates in three modes, time-of-flight, monochro-
matic and polarising. The time-of-flight mode is performed by a double chop-
per system with variable phase and separation, having a useful wavelength
range of 2-20 A; the upper limit set by a frame overlap mirror. The other two
modes use multilayer monochromators followed by a composite Ni mirror de-
vice to remove long wavelength contamination, running at a fixed wavelength
of 5 A with a base resolution of 4% |73]. The measurements carried out in this
thesis were performed in the monochromatic mode.

The instrument is suitable for the analysis of surface structures, buried
interfaces and in-plane correlations in solids and solid /liquid interfaces, and the
wide angle multidetector allows the simultaneous measurement of background
and off-specular scattering.
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Figure 1.21: Image of the D17 reflectometer at the Institute Laue-Langevin (ILL) in
Grenoble (France)
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1.4 Magnetotransport

Most of the electrical transport properties as a function of the temperature
and magnetic field of the samples studied in this thesis, have been measured
at the ICMA in Zaragoza (Spain).

The equipment consists on different elements (Figure [L22):

e Keithley® 6220 DC current source.
o Keithley® 2182A nanovoltmeter.

e A Cryocon® Closed-Cicle-Refrigerator (CCR), which, by means of a ther-
modynamic cycle in He gas can reach temperatures as low as 25 K. A
temperature controller allows the temperature stabilization and the per-
formance of temperature ramps.

e A Walker Scientific electromagnet that can reach a magnetic field of 11
kOe. The magnetic field is measured by means of a Hall Sensor located
between the electromagnet coils.
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Figure 1.22: Magnetotransport measurements equipment at the ICMA. (a) Electrical
measurement equipments, temperature controller and magnetic field visualizer. (b)
View of the CCR and the electromagnet.

The system can be PC-controlled by means of Labview programs, developed
by Dr. Amalio Fdez-Pacheco and Dr. Jan Michalik from our research group.

The transport measurements performed on magnetite films in chapter
have been performed in a 4-probe configuration in patterned samples by optical
lithography in order to avoid contact resistances and voltage offsets in the
measurements.
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Concerning the magnetotransport measurements in high static magnetic
field detailed in chapter Bl they were performed at the High Field Magnet
Laboratory (HFML) of the University of Nijmegen (Netherlands), where mag-
netic fields as high as 33 T can be generated. The experiment was performed
with the assistance of our local contacts Dr. Uli Zeitler and Erik Kampert.

All the other magnetotransport measurements were performed by means
of the well known Van der Pauw technique, including the transport properties
of SrTiO3//SraCrReOg¢ detailed in chapter Bl which were carried out in a
commercial Physical Properties Measurement System (PPMS) from Quantum
Design at the Instrumentation Service of the University of Zaragoza (Spain).

Van der Pauw technique |74] provides the resistance value of a film sample
independently of its shape. If we take a flat lamella (completely free of holes),
perform four very small contacts at arbitrary places on the periphery (M, N, O
and P), we apply a current I,y and measure the potential difference Vp —Vp,
and analogously, we apply a current Iyo and measure V3; — Vp, it can be
demonstrated that:

wd wd
exp(_jRMN,OP) + ewp(_jRNO,PM) =1 (1.10)

where d is the thickness of the lamella, p the resistivity of the material, and:

Ve — Vo Vi —Vp

Ryo,pm = (1.11)

Rynop =

Ivn Ino

When the sample possesses a line of symmetry the situation is easier, as
if M and O are placed on the line of symmetry and N and P are symmetrical
with respect to this line (Figure [L.23), then Ryo pyvr = Run,op. And taking
into account that Rpyr,nvo = Ryv,op, from equation [LI0 it follows that:

wd

= —R 1.12
p=5RMNoP (1.12)

Therefore, one measurement is enough to obtain the desired resistivity.

Figure 1.23:

Situation were the resistivity mea-
surement is simplified due to the
symmetry of the sample.

<

0]
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1.5 Lithography

Lithography, from the Greek lithos, "stone", and grapho, "to write", is a
method for printing widely used from ancient times. Nowadays, the lithogra-
phy process has acquired renewed interest due to its application to micro- and
nanotechnology, and leading to new micro-lithography and nano-lithography
techniques, which allow material structuring on a fine scale.

In a lithography process, a previously designed pattern is transferred to a
sample by means of different techniques, the most common being:

Photolithography: It is the most commercially advanced form of microlithog-
raphy, and generally uses previously designed and fabricated photomasks
as a master to derive the final pattern.

Electron-beam lithography: The final pattern is created by scanning a
resist-coated substrate with an electron beam controlled with a com-
puter, following the desired design. Although electron-beam lithography
can reach higher patterning resolution than photolithography (few nm)
and no mask is required, it is a much slower technique.

In order to define the proper geometry for magnetite transport measure-
ments in Chapter[2, photolithography processes were carried out by Dr. Amalio
Fernédndez Pacheco, Dr. Javier Sesé together with the technical staff of the
Lithography Laboratory (R. Valero, I. Rivas, and R. Cordoba) at the 10,000
class-clean room available at the INA in Zaragoza (Spain). The main process
stages are schematized in figure

Preliminary TMR measurements (presented in Chapter [B]) have been ob-
tained from Magnetic Tunnel Junctions (MTJs) processed in the class 100 and
class 10 areas at the INESC Microsystems and Nanotechnologies Research In-
stitute in Lisbon (Portugal), under the supervision of Susana Pinheiro Cardoso
de Freitas.

1.5.1 Photolithography standard procedure

Depending on the pattern that is to be defined, the total photolithographic
process will combine several steps in sequence, including;:

Cleaning: The organic or inorganic contaminations that may be present on
the wafer surface are usually removed by a chemical treatment which
depends on the material wafer and an annealing to a temperature high
enough to dry and remove any moisture at the wafer surface.
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Wafer preparation: Prior to the photoresist deposition, an "adhesion pro-
moter" needs to be deposited on the wafer surface. This composites are
water repellent, which prevents the aqueous developer from penetrating
between the photoresist and the wafer surface, and would produce the
lifting of photoresist portions in the developing step.

Photoresist application: The wafer is covered with a uniform thin photore-
sist (either positive or negative) layer by spin coating. Usually the photo
resist-coated wafer is then soft-baked in order to remove the solvents
from the resist, minimize the stress and improve the adhesion.

Exposure: The wafer coated with the photoresist is exposed to a pattern of
intense light (usually ultraviolet light) by means of a photomask or di-
rectly with a laser beam. While the positive photoresist becomes soluble
in a given developer, the negative photoresist becomes insoluble.

Developing: A photographic developer is used to remove the developer-soluble
parts of the photoresist. By means of a baking the remaining photoresist
is solidified, producing a more durable protecting layer on the wafer.

Etching: In this step, the upper layers of the wafer that are not protected
with the photoresist are removed either by a liquid (wet etching) or a
plasma (dry etching).

Photoresist removal: When the photoresist is no longer needed, it is re-
moved by a liquid "resist stripper".

U.V. Rays

Photoresist MaSkl l l ¢ l ¢

I - o —: BN N - - -
MgO

PHOTORESIST EXPOSURE DEVELOPMENT ArETCHING RESIST
DEPOSITION (+) l REMOVAL

Sensibilized Photoresist

Figure 1.24: Photolithography procedure performed on the FezO4 thin films in order
to obtain the optimal geometry for transport measurements (the baking steps are
omitted) @]
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The photolithography procedure necessary for the obtention of MTJs re-
quires additional preparation stages, depending on the heterostructure to be
lithographied. The specific complete process performed in this thesis is detailed
in chapter B section [5.41



Chapter 2

Magnetite epitaxial thin films

2.1 Magnetite: an overview

There are four different iron oxides abundantly found in nature: wiistite (FeO),
magnetite (Fe3O4), maghemite (v - FeaO3) and hematite (a - FeaOg) (see fig-
ure2.]), which have been widely known and used in ancient times, specially the
hematite and the magnetite, due to their magnetic properties. More specif-
ically, Fe3Oy4 is found in nature in rocks called lodestone, and it is thought
that its name "magnetite" is derived from the ancient locality Magnesia, near
Macedonia, where magnetite was first discovered around 2000 BC. It was the
first cubic crystal shown to be magnetically anisotropic |76].

Fe3Oy4 is a half-metallic ferrimagnet actively investigated due to its high
Curie temperature (860 K) |77, 78|, and its characteristic metal-insulator first-
order transition at 120 K (Verwey transition) [79-81]. Not only is it magnetic
at room temperature, but also theoretical calculations reveal a half-metallic
behavior at room temperature with 100% negative spin polarization at the
Fermi level [82-84], calculations which were later supported by x-ray mag-
netic circular dichroism [85], MOKE [84], photoemission spectroscopy |78, 186],
tunneling magnetoresistance [87], and spin polarized scanning tunneling spec-
troscopy measurements [88|, evidencing indeed a high negative spin polariza-
tion of FegOy4. Therefore, this material is particularly interesting to integrate
into spintronic devices such as MTJs [89] because of its potentiality to exhibit
large tunnel magnetoresistance.
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However, despite the extensive research, some of the properties of FezOy
are still not understood, specially the nature of the Verwey transition [86, 90,
91]. Therefore, in recent years both magnetite single crystals and thin films
have been synthesized and further theoretical and experimental work has been
performed.
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Figure 2.1: Phase relations of the system FeO - FesOj3, with solid lines marking
boundaries between respective phases and dash-dotted curves indicating oxygen iso-
bars, indexed in atm units [92].

2.1.1 Structure and properties of bulk Fe;O,

The chemical name ferrous-ferric ozride indicates that magnetite has a ferrous
FeO (wiistite) and a ferric component FesOs (hematite), with 8 ferrous and
16 ferric Fe atoms respectively. Magnetite is the simplest of the ferrites family
and crystallize in the inverse spinel group [93], being the lattice parameter a
= 8.3967 A.
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In the inverse spinel structure, specified generally as AB5Oy4, two usually
non equivalent metal ions, A and B, are embedded in a cubically face-centered
lattice of O?~ ions. The structure is cubic, with space group Fd3m, and from
the ionic point of view, the magnetite general chemical formula can be written
as [Fe3t|4[Fe*t, Fe3t] g0y, where octahedral iron ions are indicated as red
circles (B sites) and the tetrahedral iron ions as blue circles (A sites) (see figure
[22). Therefore, Fe?t and Fe3* ions coexist at the same crystallographic site
in the inverse spinel structure.

Figure 2.2: The crystal structure of spinel Fe3O4. Blue atoms are tetrahedrally
coordinated Fe?T; red atoms are octahedrally coordinated, 50/50 Fe?* / Fe3™; white

)

atoms are oxygen @]

Below T = 860 K magnetite orders ferrimagnetically @] This magnetic
ordering follows Néels two-sublattice model and implies that the A and B site
ions are aligned ferromagnetically within each sublattice, and antiferromag-
netically between the two sublattices. The saturation magnetic moment has
been determined to be 4.1 up/f.u. at 300 K, which supports the validity of
this model, which predicts:

prorar = p(Fe*t B) + w(Fe*t B) — u(Fe’t A) = 5up + 4up — bup
HTOTAL = 4B

The Verwey transition

Around 120 K magnetite undergoes a phase transition nowadays referred to
as the Verwey transition. This transition has been widely studied during the
last century. It started in 1929 when Russell W. Millar found a maximum
in the specific heat of magnetite at 114.15 K @], three years later C. H.
Li reported that the magnetic properties of the crystal abruptly changed at
the same temperature [97] and the following years, other authors studied the
change in magnetite physical properties at this first-order transition @]
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However, it was E.J.W. Verwey who finally gave name to the new transi-
tion (Verwey transition hereafter) when characterized it as an order-disorder
transition and proposed an ionic model to explain the strong change in the
electrical transport properties [79,80]. This was the first report on a charge
ordering phenomenon. According to his model, above the Verwey transition
temperature (Ty ), Fe3t and Fe?* ions are dynamically disordered in the lat-
tice and electron hopping between them occurs at the B sites. It results in a
high conductivity since Fe?* has 5d electrons which are parallel to each other
and form a filled subshell, whereas Fe?T has an additional spin-down electron
which can easily hop to a neighboring Fe?* site if their spins are parallel. At
the Verwey transition the structure distorts from cubic symmetry [81] and a
charge ordering presumably occurs at the B sites, a long range spatial ordering
of the Fe3* and Fe?* ions which localizes the electron preventing the motion
of carriers and reducing the conductivity by two orders of magnitude.

Usually, above the Verwey transition the electronic conduction is described
by a thermally activated hopping process between the ferrous and ferric ions
in the octahedral lattice sites, and the random distribution of the ions leads to
an isotropic conductivity. Below the transition the conductivity has a rather
complex character [98]. Pai and Honig [99] showed that in high purity single
crystals , the behavior between about 0.5 Ty and Ty is activated type (equa-
tion 2T]), while below 0.5 Ty it exhibits a variable range hopping mechanism
(equation 2.2)), reported previously by Drabble and co-workers [100].

Thermally-activated hopping transport:

p = poelalkT (2.1)

Mott’s formula for variable range-hopping;:

p= poe(Ea/kT)1/4 (2.2)

Where E, is the activation energy, k is the Boltzman constant, T is the
temperature and pg is the resistivity constant. The activation energy is the
energy required for the charge exchange between ferrous and ferric ions at the
octahedral site, and for a magnetite bulk single crystal is ~ 60 meV at T >
Ty, and ~ 105 meV when T < Ty [101].

The symmetry for the low-temperature phase of magnetite was proposed
by Verwey to be tetragonal [81]. However, following authors considered a
rhombohedral geometry [102,/103|, and even an orthorhombic phase [104], until
it was finally identified as monoclinic [105] by means of neutron diffraction
experiments.
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Concerning the transition nature, it was identified by Brabers et al. |106]
as not primarily induced by magnetic interactions, the ordering mechanism
being related to the second-neighbor Coulomb interaction of the cations on
the octahedral sites. Nevertheless, no conclusive structural model or charge
ordered arrangement has been identified yet because of the complexity of the
low temperature structure.

In nominally stoichiometric materials the transition temperatures have
been reported in the 119 - 124 K range. External applied pressure and the
presence of vacancies and impurities are some of the factors which can pro-
duce a change in Ty, providing an accurate method to probe the quality of
magnetite crystals. Elevated applied pressures induce a decreased Ty [107—
110], attributed to the suppression of cation ordering and delocalization of
electrons with increasing pressure, produced by the increase in orbital overlap
[108]. On the other hand, departures from ideal cation to oxygen stoichiometry
in Fes(;_5)04 depress Ty down to values as low as 82 K [111], and beyond a
critical composition (d. &~ 0.0039) the transition changes from first to second
order [106, 112-114], attributed to the inhibition of the long-range ordered
structure [115].

2.1.2 Structure and properties of epitaxial Fe;O, films

The fact that magnetite is a suitable material for application in spintronics,
combined with the development of ultra-high vacuum techniques, has produced
strong interest in the deposition of magnetite thin films during last years. Much
effort has been done by many groups to grow and characterize high-quality
epitaxial thin films using different methods such as reactive vapor deposition
[116], electron beam evaporation |[117|, MBE [117-120|, sputtering [121-123]
and PLD |98, [124-128|. There are several substrates that have been used in
order to grow magnetite epitaxial films such as Si, AloOg, MgAly,Oy4, SrTiOg
and MgO. However, the most commonly chosen substrate is MgO (001), due to
the small lattice mismatch with Fe3O4 (0.35%). It has been reported that the
Fe30y4 films grow on MgO (100) coherently strained, relaxing partially above a
critical thickness, but even for thickness of 700 nm the relaxation is still partial
[120, 129].

It has been observed that differences exist between some properties of the
bulk material and those of epitaxial magnetite films, such as the non saturation
of the magnetization at high fields [129,|130], decreased and broadened Verwey
transition temperature [124, 127, [128], superparamagnetic behavior of films
below 5 nm [131), 1132|, increased resistivity found in epitaxial magnetite films
[119, 124, [133] and large negative magnetoresistance |134-136].
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These anomalous behaviors have often been associated to the films mi-
crostructure and the presence of structural growth defects called antiphase
boundaries (APBs) [129, [130].

APBs: Antiphase Boundaries

Both Fe3O4 and MgO crystallize with the O atoms in an approximately face-
centered cubic (fce) lattice, and the similar d spacings of the O lattices in MgO
and Fe3O4 make MgO an excellent substrate for the growth of epitaxial single
crystal FegOy.

There are two forms of symmetry breaking in MgO // Fe3O4 epitaxy. The
first one is due to the fact that Fe3O4 has twice the unit cell size of MgO, which
means that, when two growing islands meet, the correct stacking sequence of
the spinel structure can occur as well as the stacking sequence being half a
unit cell (Figure [23]), and structural defects can be formed during the growth
process: antiphase boundaries. The other one is due to the fact that the FesOy
(Fd3m) crystal structure is lower in symmetry than MgO (Fm3m) structure.
Therefore, MgO unit cell can be rotated by 90° around an axis perpendicu-
lar to the interface, whereas Fe3O4 cannot, which leads to the formation of
APBs. Across the APBs the oxygen lattice remains undisturbed while the
cation lattice is displaced, therefore, the system remains monocrystalline.

Although it was first believed that the APBs formed at the very first stages
of the growth and that the domain size was fixed [131], Eerenstein et al. demon-
strated that the density of APBs depends directly on the deposition time dur-
ing film growth [133,137], decreasing systematically with increasing deposition
time. Therefore, the antiphase domain sizes (D) are bigger in the thickest mag-
netite films due to the prolonged deposition time ¢ [119]; indeed, D increases
with the increase of film thickness as:

D oVt = D = Dyt (2.3)

Finally, it has been accepted that the density of the APBs is strongly
influenced by the growth conditions and substrate microstructure [131, [138,
139]. Indeed, it has been observed the existence of APBs in Fe304 films grown
on MgAl,O4 and related to the observation of the absence of strain relaxation
[140]. If the APBs formed lead to the formation of areas with opposite sign of
stress, the stress compensation reduces the effective stress experienced by the
films. Thus, APBs can be considered as another stress-relaxation mechanism
[120, 140].
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Figure 2.3: Schematic representation of an APB in Fe3O,4 formed in a MgO (001) sub-
strate assuming a perfect oxygen sublattice: (a) with 1/2 [100] shift vector along the
[010] direction; (b) with 1/4 [100] shift vector along the [110] direction; (c) rotational-
type APB aligned along [110] with higher coordination for anions at the boundary;
and (d) rotational-type APB aligned along [110] with lower coordination for anions
at the boundary .

In bulk magnetite the dominating magnetic coupling is the antiferromag-
netic superexchange between neighboring tetrahedral and octahedral cation
sites, and the coupling between octahedral site cations is effectively ferromag-
netic. However, in FegO,4 thin films, these magnetic interactions are altered
at the APBs IEE] Across the boundary plane there are new, strong 180°
Fe-O-Fe superexchange paths between octahedral site cations, which does not
exist in bulk FegO,4. The result is that, across the boundary the intrasublat-
tice exchange interactions dominate, which reverse the spin couplings, and the
structural boundary then separate oppositely magnetized regions. Therefore,
the resultant coupling between two domains turns out to be either frustrated
or antiferromagnetic.
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Only when two islands with matching orientations meet, the resultant cou-
pling between the two domains is ferromagnetic [141]. However, this event has
a probability of only 1/8 and equivalent to the formation of one larger domain
out of two smaller ones, without an internal boundary.

APBs do not all act as magnetic domain walls, which has been demon-
strated by a comparison between atomic and magnetic force microscopy im-
ages, showing a larger magnetic domain size than the antiphase one [123].
The antiferromagnetic coupling model by Margulies et al. [130] is the most
extended in literature in order to explain magnetite films anomalous behavior:

e Decreased saturation magnetization:

The APBs play an important role in the properties of magnetite thin
films, as its presence leads to new magnetic exchange interactions, which
are not present in the bulk material. The exchange interactions oc-
curring across the APBs, predominantly antiferromagnetic, have been
identified as the reason for the impossibility to saturate the film in mod-
erate magnetic fields, as the APBs separate oppositely magnetized re-
gions [129, [130]. Therefore, the absence of saturation in high fields
should be independent of deposition technique, as found by other au-
thors [116, [119, [121, 142], and is a volume rather than a surface effect
[121]. The approach to saturation in high fields follows the equation 2.4]
[129]:

M = Mg(1—-0b/H™) (2.4)

where M is the magnetization, Mg the saturation value, b a parameter
related to the density of APBs which varies with film thickness (t) as
t=0-15 ]143], and n an exponent equal to 0.5 in this model.

For a given applied field, H, the magnetization projection along H reaches
a minimum value at each APB. The effective APB width decreases when
the applied field increases [144], and becomes equal to the crystallo-
graphic width (two crystallographic planes) when the applied field is
infinite. However, for finite applied fields, the width of the APB might
not be negligible compared to the distance between two APBs (see figure
2.4). The measured magnetization is therefore necessarily lower than the
bulk one, due to this decrease of the magnetization at the APB. Regard-
ing the Mg value extrapolated at infinite field, is usually lower than the
bulk value of 4.1 pp/ f.u.. It is known that magnetic saturation moment
should be intrinsic to the FesO4. However, it is still not understood in
which way the APB density might influence the Mg value.
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Figure 2.4: Spin - orientation of two ferromagnetic chains with antiferromagnetic
coupling at an atomically sharp boundary subject to a magnetic field |134].

e Superparamagnetism in ultra thin films:

A superparamagnetic behavior has been reported [131),132] for very thin
films (t < 5 nm), which has been ascribed to thermal fluctuations of
the magnetic moment of the structural domains defined by APBs. Su-
perparamagnetism is possible only if there is antiferromagnetic coupling
between APBs. Otherwise, if all couplings were ferromagnetic, a domain
would be rigidly locked, and superparamagnetism would not be observed.
Antiferromagnetic coupling leads to frustration, as the superexchange
barriers effectively cancel each other, enabling the domains to fluctuate
much more freely and thus the film becomes superparamagnetic. Indeed,
it has been found that the superparamagnetic behavior can be tuned
by varying the structural domain size of the films, by means of anneal-
ing or using different substrates or buffer layers [132]. The thickness (t)
dependence of the barrier was empirically shown to be t'/3.

e Decreased Verwey transition temperature:

A broadened and shifted Ty to lower temperatures with decreasing film
thicknesses has been reported for magnetite films [124, 127, [128|. Differ-
ent explanations have been given, such as the presence of cation vacan-
cies, oxygen non-stoichiometry |118] like in bulk magnetite (|90, 106], see
section [2Z.1.7]), residual strain resulting from the lattice mismatch with
the substrate [122, [124, 126, 128], or difference in thermal expansion
coefficients between substrate and the Fe3Oy4 thin film [145]. However,
it could be due to the presence of defects such as APBs [119, [125]: a
decrease of the antiphase domain size in the thinner films might affect
the formation of the charge localization responsible for the conducting
mechanism in FegO4 (section 2.1.]) hindering the long-range charge or-
der, therefore inhibiting the Verwey transition. This effect may explain
the shift in Ty or even its disappearance in the case of the thinnest films,
where the APB density is highest [125, [146].
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e APBs as the origin of the increased resistivity in epitaxial films:

An increase in resistivity with decreasing Fe3O, film thickness has been
observed [119, 124, 133] and explained by the enhancement of the APB
density [130, 134, [135]. As it happens with any structural defect, the
APBs act as scattering centers which hinder electron transport across the
films, and as the magnetic coupling across an APB has been reported to
be antiferromagnetic, the charge transfer is inhibited since the transport
in Fe3O4 by electron hopping requires a ferromagnetic alignment between
neighboring iron atoms in the octahedral sites, therefore, increasing the
resistivity.

Eerenstein et al. [133] used the effective medium approximation for a
two-phase composite to describe the conductivity of the films, which is a
function of both the bulk and boundary conductivities and of the fraction
in which both phases are present.

In this model, ¢, and ¢ 4 pp are the volume fractions of the bulk and APB
phases respectively, such that ¢, + ¢ 2pp = 1. The domains are assumed
to be square shaped with an average size D and a domain boundary of
thickness d. Thus, ¢y is calculated as:

oy = (1)57;1)2 = (1 - %)2 (2.5)

If o3 is the bulk conductivity and oapp is the boundary conductivity,
the effective conductivity o, of the magnetite film is given by:

o = 0,5 [(0p —0app)(2¢p — 1)
+ (07~ oApp) (26, — 1) + 20404p5(2 — (265 — 1)2)] (26)
Finally, if capp < 03, and as long as ¢ > 0.5, equation may be

approximated as:
e = 0p(2¢p — 1) (2.7)

Increased negative magnetoresistance in magnetite thin films:

Negative magnetoresistance has been found in FezO, films grown on
MgO substrates [134-136]. This behavior is thought to be mainly due to
the APBs presence [119], which produces that, although the resistivity
in magnetite films follows the bulk behavior within the ferromagnetic
domains defined by the APBs, it is strongly enhanced across the anti-
ferromagnetically coupled APBs, where the transport is dominated by
tunneling [147]. By applying a magnetic field, the antiparallel spins will
align themselves to some degree with the magnetic field, thus increasing
the electron transport across the boundaries [130,1134], as shown in figure

2.4
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2.2 Growth optimization

In this section, we carefully explain the different steps necessary in order to
obtain high-quality magnetite epitaxial thin films.

Epitaxial Fe3Oy4 thin films with thicknesses of around 45 nm were grown on
MgO (001) substrates by means of the PLD system described in section [IT], by
using a stoichiometric polycrystalline sintered target. In order to optimize the
growth parameters, commercial monocrystalline MgO (001) substrates were
chosen, due to the 2:1 relation between its lattice parameter (ars0 = 4.213
A) and magnetite lattice parameter (aFe;0, = 8.3967 A), which produces a
misfit as low as 0.35%. Commercial one-side-polished substrates from Crystal
GmbH company were used, with dimensions 5 x 5 x 0.5 mm® and nominal
roughness < 0.5 nm.

The substrates were attached with silver paste on the substrate holder and
dried for ten minutes at 40 °C in air atmosphere. After introducing the sub-
strate in the process chamber, the chamber is pumped down to a base pressure
lower than 1078 torr. Afterwards, the substrate is heated up to 650 °C at
10 °C/min and allowed to degas for 30 min., and then the deposition tempera-
ture is set at 10 °C/min. After growing the thin film, the substrate temperature
is decreased at a rate of 10 °C/min to room temperature and the sample is
removed from the deposition chamber.

The main parameters which determine the quality of the Fe3Oy4 films are the
process gas atmosphere, the deposition rate, and the substrate temperature.
As the PLD method essentially preserves the stoichiometry from the target to
the deposited film for simple oxides, working in ultra high vacuum is suitable
in the case of the magnetite growth. Therefore, the effect of the deposition
rate was studied in first place, as it can influence both the crystalline quality
of the film and its stoichiometry: too low deposition rates may produce an
oxidation of the deposited material, performing an in situ reactive PLD process.
Afterwards, all the deposition conditions were maintained except the substrate
temperature, in order to find the optimal temperature for the epitaxial growth
of magnetite on MgO (001).

2.2.1 Target preparation

Target materials play a leading role in the PLD method, a control of their high
stoichiometric quality being essential. In order to obtain the desired FeszOy
stoichiometry, pure spherical iron powder (99.9 % purity) with a particle size
less than 10 pum diameter was used for the target preparation by solid-state
reaction.
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Several thermal treatments were performed in order to obtain the desired
stoichiometry: oxidation in air atmosphere and reduction in CO/CO4 atmo-
sphere [148|. Iron oxidation was produced by annealing the iron powder at
775 °C for 7 hours in air atmosphere, the treatment was repeated several
times grounding the sample in between in order to homogenize the powder and
therefore improve the oxidation. After powdering the sample, it was uniaxially
pressed into a pellet with a 1.60 cm diameter mold to form the target, and an
annealing was performed at 1425 °C for 12 hours in CO/CO5 atmosphere at
a 4:96 ratio, obtaining a stoichiometric Fe3O, target.

Structural and magnetic characterization of the FesO4 target were per-
formed by means of XRD and SQUID magnetometry, respectively, in order to
guarantee its quality before starting the thin film growth process.

Target structural characterization

The XRD measurement was performed at room temperature and the data was
analyzed by the Rietveld method by means of FullProf (figure [Z3]). The anal-
ysis demonstrates that there is only crystalline FesO,4, without any parasitic
phases such as Fes O3, FeO of metallic Fe, which could have remained after the
sinterization process.

7X103 1 L 1 L 1 L 1 L 1 L 1
6x10°- — +— Experimental data

:-g\ 5X103‘- — Rietveld flt

S L0 — Residual

- 1 Bra eaks

2 3x10 99 p

\C-U/ b [

> 2x103j .

A 3

@ 1x10° 1 ﬁ

L 0

< | | 1 I I [ Il [ [

-1x10°
3-~wv-—«-~—»—-%4 } —
-2x10° 1

20 30 40 50 60 70 80
20 (deq)

Figure 2.5: XRD measurement (6 — 20) from the sinterized Fe3O,4 target. The black
line represents the Rietveld refinement, and the blue line indicates the residual.
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Target magnetic characterization

The target magnetization was measured by SQUID magnetometry as a func-
tion of the applied magnetic field (Figure 2.6]) and as a function of the tem-

perature (Figure 2.7)).
The hysteresis loop at a temperature of 10 K shows a magnetization sat-

uration of 4 pp/f.u., which coincides with the bulk value, confirming the
homogeneity and high quality of the target.
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Figure 2.6: Hysteresis loop of an opti- Figure 2.7: Magnetization as a function
mized magnetite target at 10K. of the temperature in an applied field
magnetic field of 1000 Oe.

From the magnetization measurements as a function of the temperature
in an applied magnetic field of 1000 Oe (Figure 27, the temperature of the
Verwey transition was found to be 123 K. This value coincides with the bulk
value, and as the Verwey transition is extremely sensible to stoichiometry (see
section 2.1]), the FesOy target quality is demonstrated.

Once the target quality is achieved, it can be loaded into the PLD system
and proceed with the film deposition optimization process.

2.2.2 Deposition rate

In first place, a study of the deposition rate influence on the magnetite films
quality was performed in order to find the optimal growth rate for magnetite

deposition in our system.

With this purpose, magnetite films were deposited in ultra-high vacuum at
three different deposition rates: 3 A/min, 36 A /min and 90 A /min.
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The number of laser pulses was adjusted in order to obtain films with
thicknesses around 45 nm, and the substrate temperature was chosen to be
450 °C, in agreement with the parameters used by other authors [98,[124-128|.
Afterwards, the films were structurally characterized by means of XRD (Figure

2.8).
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Figure 2.8: XRD measurements (6 — 26) from samples growth at different deposition
rates. Substrate temperature was chosen to be 450 °C.

The symmetrical § — 20 scan around the (002) Bragg peak from the MgO
substrate performed on the film deposited at the lower deposition rate (3
A/min.) show the appearance of the v - Fe30, (maghemite) peak, indicat-
ing that the film has been oxidized during the growth process and crystalline
maghemite has been obtained instead of crystalline magnetite. However, the
diffractrogram of the film deposited at the higher rate (90 A /min.) does not
show maghemite, but the Fe3O4(004) diffraction peak almost disappears, im-
plying a poor crystalline quality. Finally, the diffraction pattern of the sample
deposited at 36 A /min., shows the Fe304(004) peak together with Laue oscil-
lations (due to finite size effects), proving the high structural coherence along
the full film thickness and the crystalline quality of the film.

Therefore, the optimal deposition rate is found to be 36 A/ min at a de-
position temperature of 450 °C, which provides high crystalline quality FegOy4
films.



2.2. Growth optimization 71

2.2.3 Substrate temperature

Once the deposition rate is optimized, the influence of the substrate tempera-
ture (Tg) on the epitaxial growth of magnetite on MgO (001) is studied. With
this purpose, magnetite thin films (45 nm thickness) were grown at different
temperatures ranging from 300 °C to 800 °C on MgO (001) substrates at the
optimized deposition rate (36 A/min., see section 2.2.2]), and structural and
magnetic characterization was performed.

The structural characterization of the films deposited at different tempera-
tures was performed by means of XRD (see figure [2.9). The symmetrical 6 —26
scan around the (002) Bragg peak from the MgO substrate performed on the
film deposited at the lower substrate temperature (350 °C) show the absence
of the FegO4(004) peak, indicating a poor crystalline quality. However, the
Fe304(004) peak is visible in the diffraction patterns of the samples grown at
450 °C and 550 °C and surrounded by the Laue oscillations, which proves the
high crystalline quality of the magnetite films.

Therefore, from the crystalline point of view, the epitaxial growth of mag-
netite on the MgO (001) substrates takes place at a minimum substrate tem-
perature of 450 °C.
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Figure 2.9: XRD measurements (§ — 260) from samples grown at different substrate

temperatures.
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The influence of the deposition temperature in the stoichiometry of the
films can be observed in the Verwey Transition temperature (Ty) and in the
abruptness of the transition. SQUID magnetometry measurements were per-
formed as a function of increasing temperature in an applied magnetic field of
500 Oe (figure [2.10). All samples were zero-field cooled prior to measurement.
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Figure 2.10: Magnetization as a func-
tion of temperature, for FezO,4 films
deposited at different substrate tem-
peratures T'g.
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Figure 2.11: Derivative of the magne-
tization as a function of the tempera-
ture, for Fe3Oy4 films deposited at dif-
ferent substrate temperatures.

It is easier to appreciate Ty and the abruptness of the transition if we
perform a derivative of the magnetization as a function of temperature (figure
211). The most abrupt Verwey transition with the highest derivative peak
is found for the sample growth at 450 °C, and regarding the temperature
transition, it can be seen that, as the deposition temperature is increased, Ty
increases and find its maximum value 112K at T'g = 350 °C - 450 °C whereas
for Tg > 450 °C, Ty decreases again. Therefore, the nearest value to the
reported bulk transition temperature and the most abrupt transition is found
for the film growth with substrate temperature of Tg = 450°C.

Magnetic hysteresis loops have also been measured in a maximum magnetic
field of 5 T at room temperature. If we observe the magnetization values at
the maximum field (figure 2.12)) it can be seen that the films magnetization
increase with increasing substrate temperature, find a maximum for T.g=450°C
and then decrease again.

From the structural and magnetic characterization, the optimal substrate
temperature to grow magnetite films in our system is confirmed to be 450 °C.
After having found the optimized growth parameters for magnetite thin films
(table [21]), a film with a thickness of approximately 40 nm was produced and
exhaustively characterized.
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Figure 2.12: Saturation magnetization from samples grown at different substrate
temperatures measured with an applied magnetic field of 5 T at room temperature.

Process atmosphere | Deposition rate | Substrate temperature
Ultra high vacuum 36 A /min 450 °C

Table 2.1: Optimized deposition parameters for magnetite film growth.

2.2.4 Structural characterization

The symmetrical § — 20 scan around the (002) Bragg peak from the MgO
substrate shows the Fe30,4(004) reflection and its Laue oscillations up to 10
order (figure 2.13). As the Laue oscillations have its origin in the finite number
of diffractive layers, from their periodicity Ag, a coherence length £ = 27/Aq =
4740.5 nm can be determined (figure 2.14]). The fEFWHM of the rocking curve
centered at the FegO4(004) peak is 0.04 degrees, which evidences the high
crystalline quality of the magnetite samples, as the FWHM of the MgO (002)
is < 0.1 degrees.

In order to measure the film thickness independently from its crystalline
quality, XRR measurements (figure 2.15]) were carried out. From the numerical
analysis of the spacing between the Kiessig fringes, the film thickness was found
to be 41.4 + 0.1 nm within a 4+ 0,2% estimated accuracy, a value which is
similar to the obtained from the Laue oscillations, indicating the crystalline
coherence along the full thickness of the film.
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From the numerical fit of the XRR data the roughness (o) from the mag-
netite film, the interface of the film with the substrate, and also the magnetite
density are obtained (table 2:2]). The film roughness is in the order of the
nominal substrate roughness value, revealing the smoothness of the magnetite
layer, and the film density is close to the bulk value. Possible differences be-
tween film and bulk density could be explained as a film lattice distortion due
to epitaxial strain (see the thesis introduction).
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Figure 2.15: XRR measurement from a 40 nm thick sample produced at the optimal
growth parameters. The red line corresponds to the numerical fit.
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Material | Thickness (nm) | Roughness (nm) | Density (g/cm?)
Fe30y4 41.35 0.01 5.24
MgO Substrate 0.50 3.57

Table 2.2: Values obtained from the XRR numerical fit in figure

The out-of-plane lattice parameter can be extracted from the FezO04(004)
peak position at the symmetrical XRD measurement (figure 2.13]), obtaining;:
Cout(Fe304) = 8.38 A

From the RSM near the asymmetrical reflection (113) from the MgO and
(226) from the Fe3Oy, both in- and out-of-plane lattice parameters can be
extracted (figure 2.10]), as the scattering vector is inversely proportional to the
lattice parameters:

Cout(Fe30y4) = 8.38 A ain(Fe304) = 2 X ai(MgO) = 8.42 A

The lattice parameters obtained with both RSM and XRD are coherent.
Due to the epitaxial growth, the magnetite in-plane lattice parameter is exactly
the same as the MgO lattice parameter. The magnetite out-of-plane value is
lower than the bulk Fe3O4 lattice parameter (ape,0, = 8.3967 A), suggesting
that the film is tensile strained in the plane due to the slightly larger value of
the MgO lattice parameter with respect to the bulk Fe3O,4 value and, therefore,
compressively strained in the out-of-plane direction.
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Figure 2.16: RSM near the asymmetrical reflections FesO4 (226) and MgO (113).
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A ¢ — scan of the asymmetrical FesO4(226) reflection (figure 2.20) was
measured by fixing the position angles of the sample in the FesO4(226) reflec-
tion and rotating in-plane the sample along 360°. The eight peaks of similar
intensity from the (311) planes were found, revealing the epitaxial in-plane

orientation of the magnetite thin film: MgO[100]//Fe3O04[100].

(311) Fe,0,
400+ E

500 T T T T

300 + B

200+ B

Intensity (arb. units)

100 B

0 T T T T ‘ T T T
-180 -135 -90 45 O 45 90 135 180
¢ (degrees)

Figure 2.17: ¢ — scan of the asymmetrical Fe3O4 (311) reflection.

2.2.5 Morphological and surface characterization

If we want to use the magnetite film as part of a spintronic device such a mag-
netic tunnel junction, continuity, homogeneity and low roughness of the layer
are key issues. Therefore, an exhaustive morphological and surface character-
ization is necessary.

The low-resolution TEM image in figure 2.18 shows that the film is contin-
uous and quite homogeneous at lateral sizes of the order of the micron.

100 nm

__ Au

R
~~ MgO
Figure 2.18: Low-resolution TEM image from a MgO (001) // (40 nm) Fes04 / (45

nm) Au film. Measurement performed by Dr. C. Magen at the Centre d’Elaboration
de Matériaux et d’Etudes Structurales, CNRS in Toulouse (France).
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High-resolution transmission electron microscopy (HRTEM) images evi-
dence the high-quality epitaxial growth of Fe3O4 on MgO, presenting a flat
and smooth interface with MgO (Figure [219) and the presence of APBs.

el T te
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T

Figure 2.19: Cross section HRTEM image of a MgO (001) // Fe3Oy4 film. The different
crystalline planes and distances in both FesO4 and MgO substrate are indicated.
Measurement performed by Dr. C. Magen at the Centre d’Elaboration de Matériaux
et d’Etudes Structurales, CNRS in Toulouse (France).

Electron diffraction measurements confirm the epitaxial growth and good
crystallinity of the films. The diffraction image of the substrate indicates the
expected cubic structure of MgO, whereas the diffraction image of the film
indicates also cubic structure of Fe3O4, with additional diffraction spots at
intermediate positions with respect to the MgO image due to the doubling of
the lattice parameter in Fe3Oy.
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Figure 2.20: Electron diffraction measurement from the Fe3O4 film (right image)
and the MgO substrate (left image). Measurement performed by Dr. C. Magen at
the Centre d’Elaboration de Matériaux et d’Etudes Structurales, CNRS in Toulouse
(France).

The film surface was studied by means of AFM measurements (figure 2.2T])
performed in tapping mode with a 300 kHz tip, as the layer was expected to be
quite flat (see section [[L2.3]). Indeed, the RMS (Root-Mean-Square) roughness
was found to be less than 0.1 nm, therefore similar to the value obtained from
the XRR results and as small as the substrate roughness. This is satisfactorily
small in order to grow a magnetite-based heterostructure.
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Figure 2.21: 1um x lpm AFM image Figure 2.22: Roughness analysis his-
from a standard 40 nm thick magnetite togram. The RMS average roughness of
film in tapping mode. the magnetite film is 0.04 nm.
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2.2.6 Magnetic and electrical transport properties

Once the structural and superficial quality of the magnetite films was con-
firmed, the magnetic characterization was performed by means of SQUID mag-
netometry. From the magnetization measurements as a function of the applied
magnetic field at room temperature (figure 2.23]), we obtained a value of 440
emu/cm? for the saturation magnetization, which is about 10% less than the
value reported for bulk Fe3O4. However, this effect has been observed before
in high quality magnetite films, and is generally explained due to the presence
of APBs with antiferromagnetic interactions or due to the epitaxial strain (see

section 2.1.2)).

The Verwey Transition can be observed both in magnetization (figure [2.24])
and transport measurements (figure 2.25]) as a function of temperature.

In first place, and by means of SQUID magnetometry, the transition was
observed in magnetization measurements (figure 2.24]). The Verwey Transition
Temperature was found at 110 K, which is a value lower than the one measured
in single-crystals (Ty ~ 120 K). However, a decrease of Ty has been observed
by other authors in epitaxial thin films for thickness below 100 nm, and related
with epitaxial strain [122, 124,126, [128, [145] and the presence of defects such
as APBs [119, [125] (for more details see section 2.1.T]).

Indeed, the existence of the transition evidences a high stoichiometry, as
slight deviations can lead to the disappearance of the transition (section 2.1.T]).
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Figure 2.23: Magnetization measure- Figure 2.24: Magnetization as a function
ment as a function of magnetic field at of the temperature in an applied field of
room temperature (300 K). 500 Oe. The sample is heated after a

ZFC.
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As we have pointed out before, the Verwey transition can be also observed
by means of transport measurements as a function of the temperature as a sub-
stantial increase of the resistivity takes place at the Verwey transition (figure
2.25). Therefore, we find Ty = 111 K, in agreement with the magnetization
result obtained in the previous page.
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Figure 2.25: Resistivity measurement as a function of temperature. The Verwey
transition temperature is found to be 111 K.

On the other hand, the resistivity value at room temperature in our sample
is 6.0 m£) - em, which is higher than the best values found in single-crystals
(~ 4 m&Q - cm). This behavior has been observed before by other authors, and
has been explained as a consequence of the small film thickness where a higher
APBs density can be found. Therefore, our resistivity value is higher than the
bulk value, but low enough to reflect quite good crystallinity.
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2.3 A thickness study

In this section, an exhaustive systematic study is performed of the magnetic,
structural and electrical transport properties as a function of the magnetite
films thickness. With this purpose, samples with thickness ranging from 3 nm
to 300 nm were deposited on MgO (001) substrates by means of PLD using a
KrF excimer laser with 248 nm wavelength, 10 Hz repetition rate and 3 x 10?
W/em? irradiance in an ultra-high-vacuum chamber. The optimal deposition
parameters detailed in section were used.

2.3.1 Morphological and surface characterization

The symmetrical § — 20 scan around the (002) Bragg peak from the MgO
substrate shows the Fe304(004) reflection and its Laue oscillations (figure 2:26))
of the films down to 9 nm-thick, when the sample volume is too low and
the diffraction peak too wide to provide an optimal diffraction peak over the
background. Therefore, high structural coherence in the growth direction and
low roughness is demonstrated.
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Figure 2.26: XRD measurements (6—26) from Fe3Oy4 thin films with varying thickness.

Reciprocal Space Maps have been measured near the asymmetrical reflec-
tion (113) from the MgO and (226) from the FesOy in order to study the
epitaxial strain of our samples.
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As can be seen in figure 2.27] the samples remain completely strained for thick-
nesses under 150 nm, as the magnetite in-plane lattice parameter is exactly the
same as the MgO lattice parameter. The epitaxial stress starts to relax for the
300 nm-thick film, being the FesO4 in-plane lattice parameter lower than the
MgO lattice parameter.
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Figure 2.27: Reciprocal space maps in the vicinity of the asymmetrical (226) FesOy
and (113) MgO reflections for different magnetite film thicknesses. Qx and Qx are
along the reciprocal space [110] and [001] directions, respectively.

XRR measurements from all the samples were performed in order to obtain
the film thickness, the roughness (o) from the magnetite film and from the
interface of the film with the substrate (table2.3]). The film roughness is similar
to the substrate roughness value, revealing the smoothness of the magnetite
layer, and the film density is close to the bulk value.

The surface study was performed by means of AFM (figure 2.28]). It was ob-
served that the magnetite films were continuous, independently to their thick-
nesses, showing a 2D growth and obtaining low RMS roughnesses of approxi-
mately 0.1 nm.
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Therefore, all the grown films are atomically flat, which can be also seen
in the surface profiles shown in figure 2.20]

10A

200nm
' o P |
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T =TTl

Figure 2.28: 1um x 1lum AFM images
from from Fe3zO,4 thin films of selected
thicknesses in tapping mode with a 300
3 : kHz tip. The lines define the profiles
p R ; shown in image
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Figure 2.29: Surface profiles of magnetite thin films with different thicknesses.

2.3.2 Magnetic behavior

Magnetization measurements as a function of the temperature were performed
by means of SQUID magnetometry in an applied magnetic field of 500 Oe
in magnetite films with different thicknesses in order to monitor the Verwey
transition. The Verwey transition presence down to 4 nm thick films (see
figure 2.31)) evidences the high quality of the samples, although a decrease and
broadening of the transition temperature (T ) for decreasing Fe3Oy4 thicknesses
is observed.
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This behavior has been reported before in literature [124, (127, 128], and has
been explained with different arguments, some of them pointed out in section

2Z1.T).
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Figure 2.30: Magnetization as a function of the temperature in an applied field of 500
Oe of magnetite thin films with different thicknesses. The samples are heated after a
ZFC.

It has been suggested that the decrease in Ty, with film thicknesses could
be due to the presence of defects such as APBs [119, 125]. In ultra thin
films where the APB domain size is small, the long-range order of the Fe?*
and Fe3T ions at the octahedral sites necessary for the Verwey transition to
occur (section 2.I.0]) can be inhibited, producing a decrease in Ty or even
its disappearance in the case of the thinnest films, where the APB density is
highest [125, [146]. Indeed, if we observe the Verwey transition temperature
decrease as a function of Fe3Oy film thicknesses (t) (figure 2231)), it is easy to
realize that the Ty, dependence with t can be fitted to the expression given by
equation 2.8 obtaining a thickness exponent:

Ty = TEVEK x (1 —b-t7) (2.8)

n=-043+£0.14~ —-0.5
It has been reported that the APBs domain size (D) depends on the thick-
ness of the magnetite films according to the relation D ~ t!/2 (equation 2.3])
[119, [133, [137]. Therefore, it can be concluded that Ty decreases with de-

creasing domain size, and thus with increasing APBs density, which suggests
a correlation of the Ty, behavior with the existence of APBs.
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Figure 2.31: Verwey transition temperature as a function of Fe3O,4 films thicknesses
measured with a 500 Oe magnetic field, obtained from the maximum derivative of
the magnetic moment as a function of the temperature. Samples were previously zero
field cooled to 5 K.

The magnetic hysteresis loops were measured at room temperature up to
5 T by means of SQUID magnetometry and applying the magnetic field in the
film plane along the [100] direction at room temperature. Figure[2Z32shows the
dependence of the saturation magnetization with the film thickness, ranging
from 2.8 nm to 300 nm. The saturation magnetization values were determined
by fitting the high-field data to a linear contribution in order to subtract the
slope of the hysteresis loops due to the MgO substrate contribution.

For the films with thickness greater than 20 nm, the obtained magnetization
values are about 10-15% less than the value reported for bulk FezO, (480
emu/cm® or 4 pg/f.u.), which coincides with literature [116, [119, 121, 129,
130, [142] and is generally explained as a consequence to the presence of APBs
with antiferromagnetic interactions (see section 2.1.2]).

The magnetite films with thicknesses below 20 nm exhibit increasing mag-
netization values as the thicknesses are reduced, up to values significantly larger
than the bulk magnetic moment reported value. This anomalous magnetic be-
havior is widely studied in section 241
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Figure 2.32: Magnetization measured at 300 K and a magnetic field of 5 T as a
function of the film thickness.

The coercive fields (H¢) obtained from the hysteresis loops of magnetite
films with different thickness are shown in figure 2331 A decrease in H¢ is
observed for decreasing thickness and tends to zero for films below 4 nm-thick,
which indicates the appearance of a superparamagnetic behavior. This result
is in agreement with results previously reported by other authors in literature
[131, [132], and has been explained in an APB presence context (see section

21).
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Figure 2.33: Coercive field measured at 300 K as a function of the film thickness.
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Thickness Ty Mg He
(nm) (K) | (emu/cm?®) | (Oe)
355 115.5 348 190
150.2 113.5 380 181
69.2 113 383 263
43.6 111 440 243
41.4 110 414 251.5
29.9 106.5 421 237
20.1 104 456 200
14.6 102 458 161
6.8 114.5 819 32
5.2 106 603 82
4.8 103 9523 59
4.0 77 967 71
2.8 — 1187 0

Table 2.3: Magnetic parameters for magnetite thin films with different thicknesses.

2.3.3 Electrical transport

The resistivity measurements were performed by means of the Van der Pauw
method using a CCR to measure at different temperatures at the ICMA in
Zaragoza (Spain) (see section [[.4]).

Typical resistivity values ranging from 5,46 mf2 - ¢m for the 150 nm film
to 121,4 m$ - em for the 5 nm film were obtained at room temperature, in
agreement with the values obtained in other studies [119, 120, [133, [149]. The
resistivity of the magnetite films is higher than the monocrystalline bulk ma-
terial and indeed, it increases with decreasing film thicknesses. This behavior
is related with the increase of APBs density in magnetite epitaxial thin films
as their thicknesses decrease, due to their antiferromagnetic interaction, which
leads to an increased resistivity [130, 134, [135] (see section 2.1.2]).

The Verwey transition can be also observed in resistivity measurements
as a function of the temperature (figure 2.34), and the values obtained are in
agreement with the Verwey transition temperatures obtained from the mag-
netization measurements. The activation energy values (E,) above and below
Ty can both be obtained by fitting the resistivity values as a function of the
temperature to the equation given for thermally activated hopping transport
(equation 211 in section [ZI.1]). The obtained values are displayed in table [2.4]
together with results from other authors.
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Figure 2.34: Resistivity as a function of the temperature for magnetite films with
different thicknesses |75)].

Thickness E, (meV)
(nm) T < Ty T > Ty
150 56 53.5
Experimental 40 65 50.1
results 15 59 57
5 - 70.6
4 68.9 67.8
Zhou et al [150] 6 71.7 68.6
8 67 64.1
200 69 56
Ziese et al [135] 50 73 60
15 - 59
Feng et al [101] BULK 105 60

Table 2.4: Activation energies determined above and below the Verwey transition for
the samples studied and compared with the values obtained by other authors.

Whereas the high-temperature activation energies are in agreement with
the bulk values reported by Zhou et al. [150], Ziese et al. |[135] and Feng et al.
[101], the low-temperature activation energies are slightly lower than literature
values.
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Eerenstein et al. [133] used the effective medium approximation to describe
the conductivity of the films grown by MBE as a function of the bulk and
APB conductivities, o, and capp respectively, and of the fraction in which
both phases are present (¢, and ¢4pp), which follows the relation given by
equation Therefore, if we use the APB domain size (D) observed in a
transmission electron microscopy plane image from a magnetite thin film with
known thickness, the film conductivities as a function of sample thickness can
be numerically fitted and o, and capp can be obtained

Direct visualization of the APB network in our samples has been obtained
through TEM measurements in plane-view samples. The experiments were
carried out by C. Magen in a Phylips CM30 LaBg microscope with a point
resolution of 0.19 nm located at the CEMES-CNRS/Nanomat in Toulouse
(France).

The inset of figure shows the dark field image of a plane-view TEM
specimen (40-nm-thick magnetite film). The experimental size distribution
of the antiphase domains can be successfully fitted by a logarithmic-normal
function as shown in Fig. The mean D value obtained for this sample
is 24.4 nm with a standard deviation of 13.9 nm. This average domain size is
comparable to other reported results for this film thickness [119].
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Figure 2.35: Experimental data (dots) of the value of conductivity as a function of
t=05 where t is the film thickness and the corresponding fit (line) to the model
developed in Ref. [133,[141]. The inset shows a TEM planar-view image of the 40-
nm-thick film where the APB network can be observed. The (220)-type reflection has
been selected close to a two-beam condition, in which only the direct beam and one
(220)-type reflection are strongly excited, near the [001] zone axis [151].
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Figure 2.36: Size distribution of the antiphase domain size as calculated from the
TEM image shown in figure and the corresponding fit to a logarithmic-normal
distribution. In the inset, the cumulative probability is shown as a function of the
domain size [151].

From the fit to equations[2.6land [Z5] the conductivities (o) and the bound-
ary width (d) can be extracted:

op = (235+6) Q-em™!
oapp = (1.0£3.9) Q-em™!
d=(2.6£0.3) nm

The value of 0 4pp is negligible; indeed, it is expected to be zero in the case of
perfect antiferromagnetic coupling at the boundaries.

The conductivity and APB thickness values are comparable with the ones
obtained in magnetite thin films grown by MBE [133]:

o, = (260+12) Q-em~!
oapp=(2423)Q-em™!
d=(3.0£0.3) nm

Finally, we can assume that the results obtained from the systematic study
of magnetite thin films as a function of the thickness are satisfactory, in good
agreement with those published by other authors regarding magnetite films
deposited by other methods and over different substrates. Therefore, it is
guaranteed that our FezOy films have quality enough to be used in spintronic
devices.
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2.3.4 Magnetotransport

In this section we will give a general overview of the magnetotransport prop-
erties of epitaxial Fe3O,4 thin films grown on MgO (001). A broad systematic
characterization has been performed, the resistivity, magnetoresistance in dif-
ferent geometries, Hall effect and planar Hall effect for several film thicknesses
and as a function of temperature being studied, obtaining interesting results
that allowed the publication of several papers [151H154]. The magnetotrans-
port measurements of the films were performed by A. Fernandez-Pacheco, this
being the subject of his Ph. D. Thesis |75]. In this section we will summarize
the main results obtained.

In general, in a magnetic material_}where a current density (7) is flowing,
an electric field (E') proportional to J is established:
E = 5J (2.9)

—

pL(B)J +[py(B) = pr(B)( - T )it + pu(B)ii x J - (2.10)

=) &
|

where p is the resistivity tensor and i is the normalized magnetization (m =
M/Mjp). The second term accounts for the AMR and the Planar Hall Effect
(PHE), and the third term corresponds to the anomalous Hall Effect (AHE).

Planar Hall Effect

The planar Hall Effect in magnetic materials occurs due to the difference in
resistivity when the current and the magnetization are parallel (,0”) or perpen-
dicular (p)) to each other, the physical origin being the same as the AMR
[155].

In the measurement geometry of the PHE, both the magnetic field and the
current are applied in the film plane. In a simple but common situation with
a single—g?main sample showing in-plane magneilzation (M), when a current
cie)nsity J is applied along the x direction and M forms an angle 6 with the
J direction, an electric field appears given by

Ey
E, = Jpi+J(p) - p1)cos®0 Doz = - (2.11)
E, = J(p| — p1)sinfcosd Py = % (2.12)

While the longitudinal component of this electrical field, E,, gives rise to the
AMR effect with resistivity p,,, its transversal component, E,, gives rise to
the PHE effect with pg,.
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Due to the relation between the magnetization direction and the PHE,
the PHE has been used in thin films as a sensitive tool to study in-plane
magnetization processes when transport measurements are more suitable than
direct measurements of the magnetization 156, [157]. The PHE can be also
used for sensing low magnetic fields, showing advantages with respect to AMR
sensors in terms of thermal drift [158, [159].

Recently, the discovery of the so-called giant planar Hall effect (GPHE)
found in the ferromagnetic semiconductor (Gaj_,Mn,)As |[160] has attracted
much interest. The effect at liquid helium temperature for this compound
is four orders of magnitude higher than the existing in ferromagnetic metals,
reaching values for p,, of a few m{ - cm. The discovery has resulted in a
thorough study of the magnetization properties of the material by means of this
effect [161-164]. The system Gaj_,Mn,, with T¢ below 160 K, is restricted
for applications of GPHE in magnetic sensing at low temperatures. In the
search for giant PHE at room temperature, promising results have been found
in Fe3O4 at room temperature [165, [166]. Therefore, we have investigated the
giant PHE in epitaxial thin films of Fe3O4 grown on MgO (001) substrates in
a wide range of thicknesses and temperatures.

The PHE was studied at room temperature in magnetite films with thick-
nesses 5, 9, 15, 40 and 150 nm, as a function of the applied magnetic field (Fig.
2.37). The measurements were done with the applied magnetic field forming
a fixed angle with the current, § = 45°, since the signal will be maximum in
this geometry when saturation in magnetization is reached (Equation 2.T2]):

E(5°) = (15 ] — % J (2.13)

The values for p,, at maximum magnetic field are of the same order as those
reported by other authors [165, [166], and a continuous decrease in magnitude
is observed with increasing film thickness. A record value at room temperature
of |pzy| = 60 p€2 - cm is obtained for the 5-nm-thick film.

The peaks associated with the coercive field shift towards zero field as
the sample thickness is decreased, indicating a evolution of the films towards
superparamagnetic behavior, also observed in the magnetization measurements
showed previously in section

In order to study the evolution of the GPHE as a function of temperature,
20-nm-thick and 40-nm-thick samples were selected and patterned in a two-
step lithography process to define a Hall geometry (width = 300 pm) which
minimizes transversal voltage offsets, really appreciable below the Verwey tran-
sition [153].
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Figure 2.37: Transversal resistivity as a function of the applied magnetic field 8 = 45°
for several thin-film thicknesses at room temperature with current direction J//[110]
75, [151).

As a function of temperature the planar Hall effect increases in magnitude,
reaching colossal values below the Verwey transition, 16 m{-cm at T=73 K for
the 20-nm-thick film. This result demonstrates the potentiality of the planar
Hall effect in magnetite thin films for studies of magnetization processes as
well as for sensitive low-field detection.

Anomalous Hall Effect

In magnetic materials, when a magnetic field is applied perpendicularly to
the film plane and a current is injected in the x direction, in addition to the
transversal voltage proportional to the applied magnetic field that corresponds
to the Ordinary Hall Effect (OHE), it appears a term derived from the spon-
taneous magnetization of the material. This additional contribution is the
Anomalous Hall Effect (AHE), accounted in the last term in equation 210l

Therefore, the Hall resistivity can be written as a sum of the OHE pro-
portional to the applied magnetic field and the AHE proportional to the mag-
netization of the material, which is in general larger than the first term in
ferromagnets:

PH = Pzy = to(RoH + RaM) (2.14)
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The origin of the AHE has been a controversial topic in the last years.
However, the most recent theory by S. Onoda et al. [167] seems to have shed
some light to it, distinguishing three regimes as a function of the longitudi-
nal conductivity: a clean regime with extremely high conductivity (o, >
10 Q7 lem ™), an extrinsic-to-intrinsic crossover at lower conductivities (10
Qlem™ < 0pp < 10° Q7 lem™!) and a dirty regime (0., < 10* Q7 lem™1).

We have studied systematically the AHE in epitaxial thin films of magnetite
grown on MgO (001) substrates as a function of film thickness (from 5 to 150
nm) and temperature (60 K < T < 300 K) |75, 153].

The Hall resistivity was found to be negative for all the measured tempera-
ture range, presenting a huge enhancement at temperatures below the Verwey
transition, reaching values above 1 mf2 - ¢m. The anomalous Hall conductiv-
ity scales as oy ~ o1 (dirty regime of conduction) over four decades of the
longitudinal conductivity o,, in all the samples, irrespective of thickness or
temperature. Comparison with literature confirms this behavior is general for
this compound [167], indicating the universality of this relationship in the dirty
regime of conductivities (Figure [2.38)).
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Figure 2.38: Magnitude of the Hall conductivity at 11 kOe as a function of the
longitudinal conductivity for our films |75, [153] and data taken from references |149,
168 170)].
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Ordinary Hall Effect

The ordinary Hall constant (Rg) can be obtained from the high-field slope of the
Hall effect, as once the sample reaches its magnetic saturation the contribution
of the AHE is constant. Therefore:

dpu

0 o) 1)

And from Ry the density of conducting carriers can be calculated, consid-
ering the conduction dominated by electrons:
1

N=——- 2.16
Toc (2.16)

However, it is well known that magnetite films are difficult to saturate in
moderate magnetic fields, as the APBs separate oppositely magnetized regions
(see section [Z1.2]), and as a consequence, a clear determination of the OHE is
not possible from our previous measurements.

We have measured the Hall effect and the magnetoresistance of epitaxial
Fe3O,4 thin films with thicknesses of 200, 41, 27 and 16 nm grown on MgO
(001) in magnetic fields up to 30 T in the very high static magnetic fields at
the High Field Magnet Laboratory (HFML) in Nijmegen (The Netherlands)
(see figure [2.39). Using such high fields, it is possible to magnetically saturate
films thicker than 40 nm, providing the possibility to separate the OHE from
the anomalous one.

The electron density calculated for the 41nm-thick-film (0.93 e~/ f.u.) con-
tradicts the values published by some authors [149, [171]. However, their mea-
surements were performed up to 7 T and therefore, it can be assumed that
their magnetite samples are not saturated, obtaining a higher slope, thus a
smaller value for n.

We find an effective electron density corresponding to 1 electron per f.u,
in agreement with the valued reported by other authors [16&, [172] in mag-
netite polycrystalline thin films and in a single crystal, and also agrees with
the Verwey conduction model at high temperature, which predicted n = 1
e~ /fu. |79]. A smaller value is obtained for thinner films, caused by the in-
creasing density of APBs defects, which produces a smaller effective density of
conducting electrons.
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Figure 2.39: Hall resistivity up to 30 T at RT for four samples, varying in thickness.
The inset shows the effective density of electrons at the maximum field. The value
associated to 1 e- per f.u. is marked by a dashed line |75, [154].
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2.4 Enhanced magnetic moment in epitaxial Fe;O,
ultra-thin films

In section 23] it was found that magnetite films grown on MgO (001) with
thicknesses below 20 nm exhibit increasing magnetization values as the thick-
nesses are reduced, up to values significantly larger than the bulk magnetic
moment reported value.

Recent studies performed by Arora et al. [9, 10] on well characterized
epitaxial FegOy thin films grown on MgO (100) by MBE show that the ul-
trathin films (< 5 nm thickness) are ferromagnetic and their magnetization is
much greater than that of bulk magnetite. The main factor contributing to
the observed enhanced magnetic moment is proposed to be the noncompen-
sation of spin moments between the tetrahedral and octahedral sublattices at
the surface, at the interface with the substrate, and at the antiphase-domain
boundaries. They suggest a model in which the magnetite films consist of a
layer with bulk properties (bulk saturation magnetization Mg) plus surface
contribution of moment M; at the FesO4 / MgO and FesO,4 / air interfaces,
resulting in a magnetization given by:

M,

M = Mg + 7 (2.17)

were t is the film thickness.

Similar results have been found for the spinel ferrite NiFeoO4 grown on
SrTiO3 substrates |[173], showing for 3 nm-thick films a magnetization enhance-
ment of almost four times the bulk value, as measured by means of SQUID
magnetometry. This effect was ascribed to the cation inversion: the presence
of Ni?* in A sites and Fe3* in B sites would increase the magnetic moment.
However, recent x-ray Magnetic Circular Dichroism (XMCD) and resonant
photoemission experiments have ruled out this hypothesis [174].

We have obtained similar magnetization results to those reported by Arora
[9,110,1175]. In section[Z3] the magnetic hysteresis loops of magnetite films with
thicknesses ranging from 2.8 to 350 nm were measured at room temperature
up to 5 T using by means of SQUID magnetometry and applying the magnetic
field in the film plane along the [100] direction. The saturation magnetization
values were determined by fitting the high-field data to a linear dependence in
order to subtract the slope of the hysteresis loops due to the MgO substrate
contribution.

We found that the magnetite films with thicknesses below 20 nm exhibit
increasing magnetization values as the thicknesses are reduced, up to values
significantly larger than the bulk magnetic moment reported value.
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By fitting the saturation magnetization values shown in figure to the
expression given by Arora (equation 2I7), we obtained a bulk saturation mag-
netization Mg = 349 + 41 emu/cm? and a surface contribution M; = 2088 +
274 emu/cm? in agreement with Refs. |9, [10].
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Figure 2.40: Saturation magnetization measured at 300 K as a function of the film
thickness at 5 T for the standard magnetite films (black dots) and at 1.9 T for sam-
ples grown specifically for PNR measurements (blue triangles). The solid red line
represents a fit to the data using equation 217

At this point, an investigation needs to be performed in order to identify the
origin of the anomalous giant magnetic moment in epitaxial FesO4 thin films
grown on MgO (001). With this purpose, the magnetic characterization of our
magnetite layers was completed with PNR and XMCD experiments, and the
chemical analysis of the films was investigated by x-ray Photoemission Spec-
troscopy (XPS). The MgO(001) substrates were also characterized by SQUID
magnetometry and Inductively Coupled Plasma Mass Spectroscopy (ICP).
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2.4.1 Polarized Neutrons Reflectivity characterization

PNR measurements were performed in order to understand the anomalous
magnetic behavior of the magnetite ultra-thin films, as the PNR is a specially
suited technique to the measurement of magnetization and magnetic depth
profile in thin films. The reflectivity profiles are different depending on the
layer magnetization value, thickness or roughness (from a magnetic point of
view). Therefore, it may determine whether the enhanced magnetic moment
is confined at the surface of the film, at the interface with the substrate, or
is homogeneously distributed over the film thickness, as can be seen in figure
2.471], where different magnetic configurations are simulated for a 4.5 nm - thick
magnetite film by means of Parrat specific software, which uses the Parrat
algorithm for reflectivity [176].
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Figure 2.41: PNR simulations from a 4.5 nm-thick Fe3O4 film with bulk magnetic
moment (a), enhanced moment homogeneously distributed (b), and enhanced moment
localized in 1 nm layer, either at the interface with the substrate (c) or at the film
surface (d). The simulations have been performed with Parrat software.
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Magnetite films with different thicknesses were grown on MgO (001) (1/2” x
1/2” x 0.5 mm) specifically for PNR measurements in order to improve the mag-
netic signal with bigger samples. The samples were structurally characterized
by XRD showing high crystallinity. VSM measurements were performed with
the magnetic field applied in the film plane, up to a maximum field of 1.9 Tesla
(see figure 2.40), obtaining and a magnetic behavior similar to the standard
magnetite films grown on MgO (001) (5 mm x 5 mm x 0.5 mm), previously
measured by SQUID.

PNR measurements were performed at the Institut Laue-Langevin (ILL) on
the D17 vertical sample plane reflectometer, at room temperature with an ap-
plied in-plane magnetic field of 1 T (Figure 2:42]). Since the applied magnetic
field was large enough to mostly saturate the sample, all of the magnetiza-
tion is essentially parallel to the applied field, thus, the spin-flip scattering is
negligible.
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Figure 2.42: PNR measurements from magnetite films with different thicknesses at
an applied magnetic field of 1 Tesla at room temperature. The dotted and squared
curves correspond respectively to the reflection of up and down polarized neutrons,
whereas the solid lines correspond to the fit.
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The measured data was adequately treated with LAMP software in order
so subtract both the superficial humidity and the background contribution,
and fitted by means of GenX software [72]. The fits represented by solid lines
in figure were obtained by using film thickness, roughness and magnetic
moment, and substrate roughness as variable parameters. Thicknesses (t) and
surface roughnesses (o) parameters from the PNR fits are consistent with the
previously performed XRR measurements (table [2.3]).

The experimental data from PNR is well reproduced when the model used
for the fit corresponds to a single layer with an homogeneous magnetic moment
throughout the film. However, this is in contrast to the magnetic contribution
from the film surface or from the interface of the film with the substrate sug-
gested by Arora et al. |9, 10]. Indeed, the magnetic moment (m) obtained
from the fit is always lower than the bulk value of 480 emu/cm3. While the
8-nm-thick film, has a magnetization value of 553 emu/cm?® (115% of the bulk
value) obtained from the VSM magnetometry measurement, the PNR data
reveal a magnetization of 197 emu/cm?® (41% of the bulk value). Regarding
the 15-nm-thick film, its saturation magnetization is lower than the bulk value
in both sets of measurements but it is even lower in the case of PNR: 380
emu/cm® from VSM and 258 emu/cm?® from PNR.

Previous PNR studies in FesO4 / NiO and FezOy4 / CoO exchange biased
multilayers, where the thickness of the FesO,4 layers are 15-16 nm, yield a
magnetic moment close to that of bulk in the center of the Fe3O,4 layers and a
noticeable reduction toward the interfaces |[177, 178)].

Indeed, the magnetic moments (m) obtained from the fit are always lower
than those from the VSM and SQUID measurements, but also, whereas from
the VSM values, an increase in the magnetization with decreasing thicknesses
is observed, from the PNR values the opposite behavior is found, in agreement
with the other results reported previously in the literature |116, 119, 121, [129,
130, 142|. It is evident that the enhanced magnetic signal from the SQUID
or VSM measurements cannot be due to any surface or interface magnetic
contribution from the film.



2.4. Enhanced magnetic moment in epitaxial Fe3O, ultra-thin films 103

2.4.2 X-ray absorption and magnetic circular dichroism

To investigate the origin of the magnetic moment observed in the films we have
also performed x-ray absorption spectroscopy (XAS) and XMCD experiments
at the Lo3 F'e absorption edges. Two films, of 8 nm and 58 nm thickness,
were measured at the ID0O8 beamline of the ESRF in Grenoble. The XMCD
experiments were performed at 300 K under an applied field of & 2.5 T, with
total electron yield detection and a ~ 100% polarization rate.

In figure 243 (top panel), XAS curves are plotted as obtained from the
average of the left- and right- circularly polarized light absorption, together
with a bulk magnetite for comparison. Once normalized to the absorption
edge jump obtained well above the edges (Ex ~ 750 €V) in a bulk single
crystal sample [179], the white line for the films are slightly higher than that
obtained in the bulk, indicating that the number of 3d holes in the Fe 3d
band is somehow enhanced. This effect may be related with surface effects or
APBs. The shape of the XAS curves of the films evidences the absence of any
substantial amount of metallic iron in the films.

Figure 243 (low panel) shows the XMCD curves of both samples, which
are in good agreement with the corresponding spectra of a variety of sizes of
iron oxide nanoparticles reported by Park et al. [180]. The sum-rule analysis
of the XMCD curves allows obtaining the Fe magnetic moments in the oxide

films [181, 182].

The number of Fe 3d holes used for the analysis (14.1 and 14 holes in the
3d band per formula unit for the 8 and the 58 nm films respectively) has been
estimated from the integral of the XAS white lines taking as reference the bulk
value (13.5 holes/f.u.).

The magnetization obtained at 2.5 T in these two samples is 432 emu/cm?
(or 3.6 up/f.u.) for the 58 nm film and 220 emu/cm? for the 8 nm film (corre-
sponding to 1.83 pup/f.u.), both in very good agreement with the PNR values
(see table Given the mean free path of a 710 eV photon in magnetite
(~150 nm) and MgO (~ 500 nm), our result shows that the magnetic moment
observed by XMCD is due to Fe3Qy, as the films are probed across entirely,
while only 1 in 2000 Fe impurities (for a 1 mm thick substrate) are excited by
the x-ray beam before its total attenuation. Although a precise determination
of the orbital to spin ratio in magnetite requires to extend the XMCD exper-
iment in a much wider energy range |183|, we estimate that pur/us < 0.05 in
our samples.



104 Chapter 2. Magnetite epitaxial thin films

04 T T T T T
2 osf
S 8nm
S o2k — 58 nm
3—,’ ’ —— bulk
2 o1}
x

O 1 1 1 1 1

)
£ 0.05¢
3
o) P o,
Ei 0
o
O -0.05-
= —— 8nm
= 01l —— 58nm

705 710 715 720 725 730
Photon energy (eV)

Figure 2.43: Top panel: XAS curves obtained from the average of the left- and right-
circularly polarized light absorption, together with a bulk magnetite. Down panel:
XMCD experiment performed at 300K under an applied magnetic field of £+ 2.5 T.

In the following table, a summary of the morphological and magnetic prop-
erties obtained with the different characterization techniques can be observed:

tXRR | tPNR || OXRR | OPNR | MVSM MPNR MXMCD
(nm) | (nm) || (nm) | (nm) | emu/em? || emu/em? || emu/cm?
4.5 4.5 0.4 0.3 1050 163 -
8.0 - - - - - 220
8.6 8.0 0.5 0.4 553 200 -
15.8 | 15.0 0.4 1.9 380 258 -
39.5 | 38.3 0.5 0.4 305 284 -
58.0 - - - - - 432

Table 2.5: Comparison between thickness (t) and roughness (o) values obtained from
XRR and PNR, and magnetization (m) from VSM at 1.8 T, PNR at 1 T, and XMCD
at 2.5 T.

The XMCD results agree with the behavior observed in PNR. However,
In order to discern the existence of Fe clusters in the film, whose presence
could lead to an enhanced magnetization that cannot be properly measured
with PNR or XMCD, XPS where performed in selected magnetite thin films
to determine the existence of minority parasitic phases in the magnetite films
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2.4.3 X-ray Photoemission Spectroscopy measurements

In order to discern the existence of Fe clusters in the film, whose presence
could lead to an enhanced magnetization that cannot be properly measured
with PNR or XMCD, XPS measurements were performed on the Fe 2p core-
level spectrum in selected magnetite thin films.

The iron and its various oxides (FeoOs, Fe3O4 and FeO among others) can
be distinguished from each other by their characteristic satellite peaks, which
arise due to charge transfer screening [184, [185]. The Fe 2ps 5 satellite binding
energy is different for the Fe?t or Fe3t valence states: BE = 715.5 eV in FeO
and BE = 719 €V, in FesO3. In the case of Fe3O4 both satellites are present,
which produces an unresolved peak.

Figure 2.44] shows the Fe 2p core level XPS spectra of 3 nm, 5 nm, 40 nm
and 75 nm thick magnetite films, and the spectra from pure Fe3Oy4, FeoO3 and
Fe powder in the range of 705 to 735 eV. From the figure it is evident that
the binding energy (BE) peak at 706.6 €V, characteristic of metallic Fe 2p5 /2
cannot be observed in any of our films, leading to the conclusion that there are
not metallic Fe clusters and, definitely, the origin of the enhanced magnetic
moment is not intrinsic to the magnetite film.
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Figure 2.44: XPS measurements on the Fe 2p core level spectrum in magnetite thin

films with different thicknesses. The data are plotted together with XPS spectrums
of pure Fe;O3, Fe3O,4 and Fe.
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However, it is possible to observe that in the case of the thinner films (3
nm thick), the 2p; /2 satellite increases its intensity and its position can be
distinguished near BE = 719 eV, indicating a deviation of the stoichiometry
towards an FeoOgs enriched phase which should lead to a decrease in the satu-
ration magnetization, in opposition to the magnetic measurements performed
through SQUID or VSM, but in agreement with PNR and XMCD results.

As a conclusion, it is proved that the origin of the enhanced magnetic
moment measured by SQUID and VSM magnetometries cannot be found in
the magnetite film, neither as a consequence to the noncompensation of spin
moments between the tetrahedral and octahedral sublattices nor due to the
presence of Fe clusters. Therefore, its origin might be related to impurities in
the substrates or experimental errors.

2.4.4 Origin of the enhanced magnetic moment.

The possible sources of experimental error in the observation of nanoscale
magnetism have been recently reported |186], as when measuring small signals
(below 10™* emu) magnetic traces introduced in our samples when handling
them or due to impurities in the sample substrates must be considered. There-
fore, as the enhanced magnetic moment was only found in the case of SQUID
and VSM measurements, and PNR and XMCD are insensitive to the substrate,
a study of the MgO substrates is strongly required.

ICP measurements of the MgO (001) (5 mm x 5 mm X 0.5 mm) substrates,
provided by our substrate commercial provider Crystal Gbmh, showed the
existence of Fe impurities with a concentration < 5 ppm. This concentration
is enough to provide a magnetic signal of approximately 50.4 pemu in each (5
mm X 5 mm X 0.5 mm) substrate, and 290.3 pemu in the case of the bigger
substrates used for the PNR samples (1/2” x 1/2” x 0.5 mm). SQUID-RSO
measurements were performed in a MgO(001) substrate in order to confirm
the Fe impurities presence, and a typical hysteresis loop was obtained with a
saturation magnetization of 11 puemu measured at a maximum magnetic field
of 5 Tesla, which corresponds to a concentration of 1 ppm Fe impurities (figure
2-40).

It is possible to correct the saturation magnetization data by subtracting
the substrate magnetic signal assuming a maximum Fe contribution of approx-
imately 50 pemu. The resulting values show a decrease in the magnetization

when decreasing magnetite films thicknesses (Figure 2.46]), as reported previ-
ously in the literature [129, 130, [144, [153|
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Figure 2.45: Magnetization of a standard as cast MgO (001) substrate (5 mm x 5
mm X 0.5 mm) as a function of the applied magnetic field parallel to the surface at
room temperature.
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Therefore, the magnetization of the FegO4 films can be modeled as a layer
with saturation magnetization Ms, which decreases as the film thickness (t)
decreases. The corrected magnetization data (M) follow the same phenomeno-
logical law as that obtained for the Verwey transition temperature as a function

of the film thickness (equation 2.8 in section [2:3.2)):
M=Mgx(1-c-t") (2.18)

If Ms, and c are taken as free parameters, the optimal fit is found when n ~
—0.5, and we obtain:
Mg = 430.7 & 35.2 emu/cm?
¢ =114 0.2nm'/?

The Mg value obtained from the fit is 10% lower than the saturation mag-
netization reported for bulk magnetite (480 emu/cm?), which can be explained
as a non saturation of the samples at the magnetic field where the saturation
magnetizations were measured (5 T), due to the presence of APBs [129, [130].
As the APBs domain size (D) depends on the thickness of the magnetite films
according to the relation given by equation 2.3] the magnetization depends on
D:

M= Mg x (1— %) (2.19)

Therefore, it can be understood that the magnetization of the films decreases
with decreasing domain size, and thus with increasing APBs density.

The dependence of Mg with film thickness obtained after the substrate cor-
rection is in good agreement with the results obtained from PNR and XMCD
experiments (Figure 2.46]), supporting our assumption that the enhanced mag-
netic moment suggested by the magnetization measurements is indeed due to
Fe impurities present in the MgO substrates.

It is important to stress that the Fe impurities are present in the as-received
substrates and not implanted during the PLD deposition of FesOy4. It is known
that the kinetic energy of the impinging species in PLD typically lie in the 1-
100 eV range |20, 59]. Nevertheless, at the low fluence used, and given the high
crystallinity, low roughness, and sharp interfaces of our films, we can estimate
the energy of the species arriving at the substrate being < 5 eV or lower. In
this range of energy, implantation in the MgO is negligible [187]. Studies of Fe
implantation in MgO typically require energies in the range of 50-100 keV or
higher |188, [189].

Another interesting possibility is the existence of dg ferromagnetism in MgO
as suggested recently in both nanoparticles [190, 191], and thin films [192]. We
have not found any evidence of Mg vacancies in our single crystalline substrates
and, therefore, this effect may be ruled out.
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As a conclusion, we obtained contradictory results in magnetization satu-
ration of ultra-thin magnetite films when comparing SQUID and VSM mag-
netometry with PNR and XMCD measurements. However, XPS experiments
showed the absence of metallic Fe impurities in the magnetite films, whose
presence could justify the enhanced magnetic moment found through SQUID
and VSM measurements.

Finally, ICP and SQUID magnetometry measurements performed in stan-
dard MgO (001) substrates showed the presence of Fe impurities in the sub-
strates, and by subtracting its magnetic signal, the corrected thin films mag-
netizations showed a decrease with decreasing film thickness as o ¢t~1/2, which
can be related to APBs density. This result together with the PNR and XMCD
experiments indicate that the origin of the enhanced magnetic moment is ex-
trinsic, due to the presence of Fe impurities in the MgO substrates, and not
intrinsic to Fe3Oy4 [175].
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2.5 Study of the Nb:SrTiO3 // Fe;0, Schottky bar-

rier

The injection and detection of spin-polarized currents has attracted researchers
interest due to its direct applications in spintronic devices, specially from the
recent demonstration that spin injection can be obtained by tunneling through
a barrier interface from a ferromagnetic half-metal into a semiconductor [193].
With this purpose, different types of tunnel contacts have been successfully
used, such as STM tips [194], and Schottky barriers [195]. However, the growth
of half-metallic ferromagnets onto semiconductors is not trivial, and very often
the spin polarization is determined by disordered interfacial layers more than
by the bulk properties. Therefore, great effort have been directed to the study
of the necessary high quality, atomically flat surfaces.

Magnetite is an attractive spin-polarized source due to its predicted half-
metallicity. On the other hand, strontium titanate, SrTiO3 (tausonite) is a
perovskite with a Pm3m space group, lattice parameter of 3.905 A and a den-
sity of 5.12 g/cm?® whose transport properties can be tunned by doping. SrTiOs3
(STO) is an insulator at room temperature |196], but through impurity doping
(for example with Nb, La or In) it can behave as a n-type semiconductor [197],
a p-type semiconductor [198|, and can even became superconductor at sub-
Kelvin temperatures [199], which makes Nb-doped SrTi05 (Nb:STO) suitable
as back electrode for an Fe3Oy4 - based spintronics device.

%Nb:SrTiO3 1.0% 0.7% 0.4% 0.1% 0%
Resistivity (Qem) 0.0035 | 0.0070 | 0.0500 | 0.0800 || > 10"
Mobility (em?/Vs) 9.0 8.5 8.5 6.5

e~ concentration (cm?) 102 < 108

Table 2.6: Typical transport characteristics of Nb:SrTiO3 as a function of the %Nb
[200].

Therefore, we have studied the bilayer system consisting on a magnetite
layer on conducting Nb-doped SrTiOs (001) 5x5x0.5 mm?® monocrystalline
substrates, with different Fe3O,4 thicknesses and two Nb-doping concentration:
1.4% and 0.1%. The magnetite films have been grown with the optimized
deposition conditions described in section on the conductive Nb:STO sub-
strates. Finally, structural, magnetic and temperature dependent electrical
transport systematical characterization was performed.
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Standard XRD measurements were performed in all the magnetite samples
deposited on Nb:STO substrates in order to determine its crystallographic
orientation growth. A standard symmetric 8 — 26 X-ray experiment performed
on a 33.6 nm magnetite film deposited on 0.1% Nb:SrTiO3(001) substrate can
be seen in figure 247 where Fe3O4 [001] peaks appear, showing the epitaxial
growth of Fe304(001) on the STO substrate.
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Figure 2.47: 0 — 20 of a 33.6 nm magnetite film deposited on a 0.1% Nb:SrTiO;
substrate. The peaks indexed in blue come from the sample holder of the XRD
equipment.

However, the Laue oscillations present when growing magnetite films on
MgO (001) substrates are not present, revealing that the FesOy films grown
on STO substrates have a worse crystalline coherence. Indeed, the mismatch
between the magnetite and the STO substrates is about 7.5%.

The magnetic characterization was performed by means of SQUID magne-
tometry. Magnetization measurements as a function of the applied magnetic
field at room temperature (figure 2.48)) show a magnetization saturation of
435 emu/cm?, a 91 % of the bulk value, revealing the low presence of APBs
[129,1130] and the stoichiometric quality of the film. The stoichiometry and ab-
sence of epitaxial strain is also evidenced by the Verwey transition temperature
extracted from the magnetization measurement as a function of the tempera-
ture in an applied magnetic field of 500 Oe [90, 106, 118, [122, 124, [126, 128,
as is equal to the bulk value: Ty = 120 K (see figure 2.49)).
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Figure 2.48: Magnetization as a function of the applied magnetic field at 300 K of a
32.6 nm magnetite film deposited on a 0.1% Nb:STO substrate.
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Figure 2.49: Magnetization as a function of the temperature in an applied field of 500
Oe of a 32.6 nm magnetite film deposited on a 0.1% Nb:STO substrate.
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Current-voltage characteristics were measured with the conventional four-
probe method with the current perpendicular to the interface with the contact

configuration shown in figure .50l The samples were contacted with indium
contacts of sizes between 1 x 1 mm? and 2 x 2 mm? on the backside of the

substrate, and silver paint contacts of sizes less than 1x1 mm? on the magnetite

film surface.

Figure 2.50:
Sketch of the contact con-

l figuration. The forward
bias is defined with the

d positive voltage applied
| to the Nb:STO substrate.
+

Silver paint ——
Nb : SrTiOs

In contacts — Y
V.

The current-voltage (I-V) characteristics of the Nb:STO // FesOy interface
measured at zero applied magnetic field for the lower doping concentration

(0.1% Nb) is shown in figure 2511
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Figure 2.51: I-V characteristics of the (0.1%) Nb:SrTiOs//FesO4 Schottky barrier

diodes in zero magnetic field.
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Due to the formation of a Schottky barrier at the interface between the
magnetite and the substrate, the current-voltage characteristics are nonlin-
ear and asymmetric [201], which indicates that the Nb:STO acts as a metal
and magnetite as a semiconductor, being consistent with both the metallic
conductivity of the substrate and the band structure of magnetite. It can
be observed that the rectifying characteristics are limited in the temperature
range between 90 and 120K, whereas at higher temperatures its I-V shows
almost linear (ohmic) behavior.

The out of plane I-V data can be analyzed within a thermoionic emission
model with an ohmic term (V/R) introduced to account the leakage currents,
which is expected to have a small contribution [201]:

I=1Ig [emp(%) — 1} +% (2.20)

R, the ideality factor n and the reverse saturation current Ig are taken as free
parameters. The ideality factors ranged from 1 at low to 6 at high tempera-
tures, in agreement with the values obtained previously in literature by other
authors [201].

The Schottky barrier height in zero magnetic field can be determined from
the reverse saturation current Ig value, taking into account that:

—ed
Ig = SA*T2eajp< I;TB> (2.21)

where S denotes the junction area, e the electronic charge, ® the Schottky
barrier height, kp the Boltzmann constant and A* the Richardson constant,

defined as: 2
. em”

being m* the effective mass and A Planck’s constant.

However, as the junction area is a parameter that may not be properly
estimated, it is preferable to obtain the Schottky barrier height from Ig depen-
dence with the temperature, considering two different regimes above and below
the Verwey transition temperature as can be seen in figure The Schottky
barrier height values obtained were ®p = 0.07 £ 0.01 eV below the Verwey
transition and &g = 0.71 + 0,.17 eV above the transition, in agreement with
the values reported in literature by other authors [201,202]. The obtained re-
sults indicate that a well defined Schottky barrier is formed below the Verwey
temperature, where a gap opens at the Fermi level in the electronic structure of
magnetite. However, above the Verwey transition temperature, the weak non-
linearity in the current-voltage curves might be due to some tunneling process
[201], which should be further investigated.
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Figure 2.52: Reverse saturation current Ig divided by the square of the absolute
temperature of the 0.1% Nb:STO//Fe304 Schottky barrier.

Concerning the magnetite films deposited on (1.4%)Nb:STO substrates
with the higher doping concentration, as the film thickness is decreased, the
non-linearity in I-V appears for higher temperatures, enhancing the diode be-
havior at high temperature (Figure [253). For the heterojunctions with all
magnetite thicknesses but the 3.9 nm thick, the I-V characteristics shift to-
wards higher forward bias voltage up to a maximum value upon lowering tem-
perature, and below a certain temperature, the tendency is reversed with a
shift of the I-V characteristic towards lower forward voltage.

However, it is observed that the maximum forward bias of the magnetite
films deposited on 0.1% Nb:SrTiOj3 is higher than the value obtained for the
samples grown on 1.4% Nb:SrTiO3 substrates. Theoretical calculations per-
formed recently by Han et al. in perovskite oxide heterostructures [203|, have
attributed this behavior to the Schottky junction formed by the In contact
and the Nb:SrTiO3 substrate. This effect decreases the maximum bias volt-
age for higher doping densities and the experimental measurements cannot be
fitted with the previous model. Therefore, a study considering contribution
from direct tunneling or temperature-assisted tunneling as well as In-STO:Nb
contacts contribution requires further analysis.
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Figure 2.53: I-V characteristics of the 1.4% Nb:STO//Fe3O4 Schottky barrier diodes
under magnetic field of 0 T.



Chapter 3

SroCrReQOg epitaxial thin films

SroCrReOg (SCRO) is a ferromagnetic material which belongs to the family of
the double perovskite oxides. This system has a great interest in spintronics
due to its high spin polarization and high Curie temperature, indeed, it has
the highest T¢ among double perovskites: 635 K [204]. However, it has a com-
plex crystalline structure which strongly influences its magnetic and transport
properties, making the growth of high quality epitaxial crystalline SCRO films
a challenge.

In this chapter, a brief introduction to double perovskites precedes the
description of the exhaustive experimental research developed in order to op-
timize the SCRO growth on STO (001) substrates by means of PLD. Once
the optimal deposition conditions were found, the double perovskite films were
completely characterized demonstrating the high quality of our films from the
structural, magnetic and transport point of view.

3.1 An introduction to SroCrReQOyg

3.1.1 Double Ordered Perovskites

Double ordered perovskites are oxides with the general chemical formula AsBB’Og,
where A is an alkaline or rare earth ion, and B and B’ are transition metals.
Their investigation dates from 1961, when Longo and Ward reported the ferro-
magnetic behavior of Re based perovskites with the general formula AoBReOg
[205].
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In Fe-based double ordered perovskites, with general formula AsFeB’Og (A
= Sr,Ca,Ba ; B’ = Mo, Re), Fe3T and B’ lattices couple antiferromagnetically.
These materials have been reported to have half-metallicity and high Curie
temperatures, which makes them interesting for their potential applications at
room temperature in spin electronics. What is more, in 1998 Kobayashi et al.
reported that polycrystalline samples of the metallic ferrimagnet SroFeMoOg
with the Curie temperature T¢ = 420 K showed sharp low-field tunnel magne-
toresistance not only at low temperatures, but even at room temperature due
to grain boundary effects, which was explained by means of electronic-structure
calculations that indicated the half-metallicity of the material |[206]. One year
later, Kobayashi reported that SroFeReOg showed a similar TMR characteris-
tic to SroFeMoOg [207], and in the next years other Fe-based ordered double
perovskites were also reported to have a half-metallic nature and a high T¢,
such as BagFeMoOg [208] and CazFeMoOg [209].

Therefore, and due to their potential application in the new-born field of
spintronics [210], the study of structural and magnetic properties as well as
electronic structure of Fe-based double perovskites became a research field of
general interest |211].

Concerning Cr-based double perovskites with the general formula A,CrB’Og,
they have also been found to show ferromagnetic of ferrimagnetic properties
being the Cr3t and B’ sublaticces antiferromagnetically coupled. The first
reported works in this materials date from 1960’s [212], and more recently
SroCrMoOg and SroCrWOg have shown to have tunneling-type magnetore-
sistance 213, [214]. However, few literature can be found about SroCrReOg
(SCRO) polycrystalline bulk and epitaxial thin films.

The crystalline structure of double ordered perovskites is a modified per-
ovskite structure (ABOg3) where the BOg and B’Og octahedra are alternately
arranged in two interleaving fcc sublattices antiferromagnetically coupled [211].
The ideal perovskite structure is cubic, being described within de Fm3m space
group. However, this structure is often distorted leading to a tetragonal struc-
ture (I4/m space group), which requires a new unit cell to be defined with its
main axes defined along the cubic [110] and [110] directions. When the tetrag-
onal distortion takes place, a pseudocubic unit cell can be defined in order
to facilitate the experimental work, for example, the XRD peaks indexation.
However, in this chapter all the double perovskite Bragg reflections will be
indexed in the tetragonal 14/m space group.
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Figure 3.1: Structure of an ideal cubic double perovskite with chemical formula
AsBB’Og. Oxygen atoms are located at the octahedra vertex and B and B’ atoms
are alternated. The thick line defines the tetragonal cell, whereas the dashed line
indicates the cubic or pseudocubic unit cell

As can be seen in figure 3] the relation between the lattice parameters of
the tetragonal (tetra) and the pseudocubic (ps) cells is:

C = Ctetra = Cps
aps

b = Qtetrq — ﬁ (31)

3.1.2 Crystallographic structure defects: Antisites (AS)

Due to their complex crystalline structure, the synthesis of high quality double
ordered perovskites is hard to achieve. Usually, these materials present defects
such as oxygen vacancies, and more often they have the so-called antisite de-
fects (AS), consisting on misplaced B ions which occupies the B’ sites and vice
versa which strongly influence the double perovskite physical properties.

By means of Monte Carlo simulations, Ogale et al. ] predicted that
defects such as Fe/Mo disorder in the SroFeMoOg double perovskite and oxy-
gen vacancies can decrease dramatically both the Curie temperature and the
magnetic moment. Taking into account that these structural defects affect
the local magnetic structure, two possible situations can be found: either the
misplaced ion conserves its magnetic moment direction respecting the perfect
site, or it acquires the direction expected at the new location, therefore, invert-
ing its magnetic moment direction, as the sublattices are antiferromagnetically
coupled.
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By first-principles band structure calculations and a tight-binding approach,
Solovyev investigated the local stability of the half-metallic ferrimagnetic (FiM)
states in Fe-based double perovskites SroaFeMOg (M = Mo, Re, and W) [216],
finding that FiM phase is unstable and cannot be stabilized by purely electronic
mechanisms. It was found that, in partially disordered compounds, the FiM
ordering could be stabilized by less than 10% antisite defects due to the antifer-
romagnetic super-exchange interactions between Fe atoms located at the ideal
and at the antisite positions. As the antisite defects will deteriorate mobility
of the electrons, it might explain the fact that some of the ferrimagnetically
ordered DP, like CasFeReOg, are insulators. Therefore, there should be some
optimal concentration of the antisite defect, which would be sufficiently large to
stabilize the FiM phase and low enough to preserve mobility of the electrons
and rather high saturation magnetization, required for the magnetoresistive
behavior.

As a conclusion, different defect configurations lead to different magnetic
moments at different crystallographic sites, producing an overall magnetization
of the material that will depend on defect concentration, as well as on their
spatial distribution.

Balcells et al. |217] showed that the concentration of antisite defects in
SroFeMoOg could be controlled by the synthesis protocol, and observed a vari-
ation of the saturation magnetization (Mg) with AS, providing an experimental
confirmation of the ferrimagnetic ordering in the SroFeMoOg lattice. They pro-
posed an experimental formula giving its dependence with AS and doping for
this double perovskite:

Ms = mp—mpg
= (1—-2w)mpe — (1 — 2w)may, (3.2)

where mp and mp: are the magnetizations of the B and B’ sublattices, mpg,
and myy, are the magnetic moment of the Fe and Mo ions respectively, and w
is the AS concentration.

If we introduce the parameter Mgy as the saturation magnetization in the
case of perfect crystallographic ordering, the equation can be rewritten as:

Mg = Mgr(1 — 2w) (3.3)

In both equations the parameter w indicates the percentage of AS defects,
meaning 0% a defect-free structure fully ordered and 50% a fully disordered
double perovskite. If B[B| and B’[B] are the number of B and B’ atoms occu-
pying B sites, the percentage of AS can be calculated as:

B'[B]

AU B B

-100% (3.4)
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Therefore, the concentration of AS can be estimated from the magnetization
data, but also from diffraction experiments, as, apart from the Bragg reflections
due to the crystallographic structure, some superstructure peaks forbidden by
symmetry, are visible in the double ordered perovskites. The less AS, the
stronger such reflections are, disappearing for the completely disordered case
when AS = 50%.

3.1.3 Growth of epitaxial SroCrReQOg thin films

Of all double perovskite oxides, we decided to focus on SCRO films due to its
interest in spintronics, as was shown to have the highest Curie temperature
[204]. However, if the growth of crystalline bulk double perovskites is a hard
issue to deal with due to their complex structure, the growth of high quality
epitaxial crystalline films is ever more difficult, and there was little reported
information regarding SCRO films.

This topic represents an interesting challenge, not only from the spintronics
perspective, but also from the film growth point of view which, after a thorough
experimental work we finally overcame.

SCRO has a theoretical spin-only ionic saturation magnetization of 1 ug/ f.u.
but the reported experimental value is higher, 1.38 pp/f.u. |218], which has
been explained by the large orbital contribution to the magnetization. How-
ever, as it was detailed in section [3.1.2] the saturation magnetization is reduced
by the existence of antisite (AS) defects at the B/B’ sites, which could also de-
stroy the half-metallic nature of the material [211]. Therefore, the controllable
preparation of high-quality epitaxial films of SCRO ordered double-perovskite
with high T¢ and full magnetization is highly desirable for electrodes in spin-
tronic devices.

Most of the reported double perovskite thin film growth efforts have been
devoted to the well-studied SroFeMoOg (SFMO) material [219-223], and to a
similar double-perovskite, SroCrWOg (SCWO) with a lower T¢ (473 K) [224].
However, little information about the growth of SCRO thin films can be found
in literature. Initially, Asano et al. reported the growth of SCRO films by
magnetron sputtering [225] on STO substrates. They achieved epitaxial films
and reported a significant change in coercivity from 100 Oe to 1 kOe just
by increasing the substrate temperature by 100 °C, which was attributed to
important changes in the surface morphology and roughness. Very recently,
Geprigs et al., reported the growth of epitaxial SCRO films on STO substrates
by means of PLD [226], with a higher crystalline quality than those from Asano.
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3.2 Growth optimization

We optimized the growth conditions of SroCrReOg films on STO substrates
by means of PLD. The use of pure targets is recommendable to obtain high
quality films with this deposition technique, therefore, the sinterization and
characterization of the SCRO target is the first step.

3.2.1 Target preparation and characterization

In order to obtain the desired SroCrReOg stoichiometry, SrCOg, CroO3, ReOg
and Re powders were used as precursors for the target preparation by solid-
state reaction.

The precursors were annealed at 1375 °C for two hours in Ar/Hy atmo-
sphere at a concentration of approximately 98/2. This treatment had to be
repeated several times grounding the sample and performing structural and
magnetic characterization in between until the desired stoichiometry was ob-
tained. The powder was then pressed into a pellet, which was structurally
and magnetically characterized by means of XRD and SQUID magnetometry,
respectively, in order to guarantee the target quality before loading it into the
process chamber and starting the thin film growth optimization process.

The XRD measurement was performed at room temperature and the data
was analyzed with Rietveld method by means of FullProf (figure B.2]), demon-
strating that there was only crystalline SroCrReOg with an AS concentration
of approximately 15-17%, without any parasitic phases which could have re-
mained.

The target magnetization measurements as a function of the applied mag-
netic field were performed by means of SQUID magnetometry at 4 K up to an
applied magnetic field of 5 Tesla (FigureB.3]). The hysteresis loop shows a mag-
netization saturation of 0.73 pup/f.u. at 4 Kand in 5 T, a 53% of the bulk value
[218]. This decrease in the magnetization can be attributed to the presence of
antisites, whose concentration can be estimated from equation obtaining
an AS presence of 24%. This value is relatively low and comparable with the
AS concentration obtained from the XRD measurements, demonstrating the
quality of the SCRO target [211].

Once the target was synthesized and completely characterized demonstrat-
ing its high stoichiometric and structural quality, it was loaded into the PLD
system and the film deposition optimization process was started.
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Figure 3.2: XRD (0 — 26) from the SCRO target. The black line represents the
Rietveld method simulation, and the blue line the residual.
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Figure 3.3: Hysteresis loop of an optimized SCRO target at 4 K.
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3.2.2 A morphological study of the SrTiO3(001) substrate

STO (001) substrates were chosen in order to grow epitaxial SCRO thin films
due to the small lattice mismatch between the substrate and the film (< 0.1%).

As it was explained in section [2.5] strontium titanate, SrTiO3 (tausonite)
is a perovskite with a Pm3m space group, lattice parameter of 3.905 A and a
density of 5.12 g/cm?. In a unit cell, Ti ions are located at the cube corner,
a Sr ion in the centre of the cube, and O ions on the cube edges (see figure
B4). In the [001] direction the crystal is made up from a stack of alternating
TiOg and SrO layers, which means that two charge neutral (001) bulk (1x1)
terminations are possible: the TiOg surface and the SrO surface |. In the
last years, several studies on STO(001) report different reconstructions of the
(001) surface depending on the preparation performed, being (1x1) the most
widely studied.

Figure 3.4: The cubic unit cell of SrTiO3 is shown at the top of the figure. The Ti
ions (blue) are located at the cube corners, a Sr ion (red) is in the center of the cube,
and O ions (grey) are on the cube edges. A (001) surface with the two possible (1x1)
terminations (TiOs on left, SrO on right) is shown in oblique view (left panel) and in
top view (right panel) .

Therefore, chemical etching and/or thermal treatments are usually per-
formed on STO substrates in order to obtain the desired surface conditions

|, as its surface chemical composition, structure and morphology may af-
fect the growth of the deposited film.
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Although strontium titanate surface is inert to gas adsorption, after heating
above 1000 °C, under reducing conditions or after Art bombardment [229, 230,
its surface becomes reactive to gas adsorption due to the creation of defects.
Surface reconstruction of STO crystals begins at temperatures about 1000 °C
and above, when Sr atoms shift from the lattice sites to adatom positions
on the top of four oxygen atoms of the TiOsy - terminated layers and form
different ordered structures on the surface, which can undergo different phase
transitions [231].

It has been reported that a weak (1x1) terminated surface can be obtained
by cleavage in UHV [22]. A better atomically smooth TiOs - terminated surface
with steps one unit cell in height and flat terraces can be obtained by treating
the STO (001) substrate with a pH-controlled NH4F-HF solution [23]|, which
removes remaining SrO terminations. After this chemical treatment, the STO
surface has carbon contamination that can be completely eliminated in an
ultra-high vacuum (UHV) annealing at temperatures higher than 600 °C [24].
However, annealing at high temperatures in UHV can induce Ti deficiency
[25], segregation of Sr atoms on the surface [26-28] and oxygen deficiency [22].
Therefore, the annealing should be carried out in O atmosphere in order to
prevent the formation of oxygen-deficient surface phases [26].

As a result, we believe that before optimizing the growth conditions of the
SCRO films it is necessary a morphological study of the STO (001) substrates,
which was performed by means of AFM in tapping mode with a Veeco micro-
scope. The as-received, solvent cleaned, commercial STO substrates present
smooth structure-less surfaces (figure B.5la). After annealing the STO up to
800 °C for 30 minutes in air atmosphere, terraces with wavy steps appear (3.5
b) that straighten considerably if the same annealing is performed in oxygen

atmosphere (3.5kc).

However, we should note that reproducing the real substrate surface con-
ditions prior to deposition is quite difficult without in-situ characterization
techniques. Our approach is to control the conditions in which the substrate
reaches the deposition temperature, and use the same parameters in all the
samples. Once the substrate surface behavior is studied as a function of the
heating atmosphere and final temperature, the SCRO growth deposition opti-
mization can be carried out.
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Figure 3.5: 1um x lum AFM images from STO(001) substrates in tapping mode in
a Veeco microscope with a 70 kHz tip. The lines define the regions described by the
profiles. (a): Clean substrate. (b): Substrate annealed in air at 800 °C for 30 min.
(c): Substrate annealed in oxygen flux at 800 °C for 30 min.
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3.2.3 Growth Optimization of Sro,CrReQOg films.

We have studied the influence of different growth conditions on the magnetic
and structural properties of the films: deposition rate, substrate temperature,
and partial oxygen pressure.

The films were deposited by PLD from stoichiometric polycrystalline SCRO
targets using a KrF laser (248 nm), 10 Hz repetition rate, and laser energy
density at the target of 1.5-2.0 J/cm?. The desired deposition substrate tem-
perature was reached at a rate of 10 °C/min and held for 30 minutes in order
to obtain the thermic equilibrium in the substrate. Then, the ablation of the
target started. After the deposition, the substrate temperature was decreased
at 10 °C/min.

When depositing films in oxygen atmosphere the deposition rate need to
be thoroughly controlled, as these two parameters are coupled. Therefore,
the growth rate was kept constant at about 4 x 1072 nm/pulse. Initially,
a large quantity of samples was produced, as both the substrate temperature
and oxygen pressure have to be optimized, and films were grown with substrate
temperatures varying between 600 °C and 850 °C and oxygen partial pressures
ranging from P(O2) = 1 x 1074 to 7 x 10~ Torr.

However, the amount of samples needed in order to obtain the optimal
deposition conditions can be reduced down to a manageable number by fol-
lowing this procedure: when the partial oxygen pressure P(O3) needs to be
studied, the substrate temperature Tg is fixed at a given value (in our case:
800 °C), whereas P(Og) was maintained at 2.6 x 10~% Torr when Tg during
deposition was varied. The partial oxygen pressure and substrate temperature
fixed values were carefully selected. The substrate temperature value at which
the partial oxygen pressure was chosen at 800 °C in agreement with the high
temperatures needed for the deposition of other double perovskites. Then, the
partial oxygen pressure was fixed at a value for which the films had relatively
high quality and the substrate temperature was varied, verifying that the first
fixed substrate temperature was acceptable.

In order to study the films structure and roughness, all the samples were
characterized by XRD (6 — 20, ¢ scans, and reciprocal space maps) and XRR,
and also by VSM magnetometry in order to verify their cationic order and
stoichiometry. STEM experiments were performed only in the films deposited
with the optimal growth parameters.
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Figure 3.6: Out-of-plane cell parameter, c,,:, as a function of both the substrate
temperature, Ts (fixing the partial oxygen pressure at 2.6 x 10~* Torr, open red
squares) versus the oxygen partial pressure Ppy during deposition (at a substrate
temperature of 800 °C, block blue circles).

High resolution x-ray diffraction # — 26 scans near the symmetrical (002)
Bragg peak from the STO substrate were performed, showing also the (004)
reflection from the SCRO film, and as the out-of-plane cell parameter (cyyu¢)
can be calculated from the bragg position of the SCRO reflection, a complete
study of the oxygen pressure and substrate temperature influence on the film
structure was performed (see figure B.6). It was observed that changing Tg
has a small effect on ¢y, which is always about 0.4% larger than the SCRO
bulk value (agcro = 7.82 A), while in contrast, upon increasing P(O3), cout
diminishes and eventually decreases below the SCRO bulk value.

The magnetic properties dependence with growth conditions of epitaxial
SCRO thin films was quantified by saturation magnetization values Mg de-
termined from room-temperature VSM hysteresis loops at room temperature,
with the magnetic field applied in the plane of the film (Figure B.7] and in-
set). It was observed that Mg shows the highest values ~ 1 pp/f.u. between
700 and 800 °C, which is higher than that used in sputtered SCRO thin films
(527-627 °C) |225] but similar to those utilized in synthesizing epitaxial SCWO
epitaxial thin films by PLD [213, 214].
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However, Mg increases above the SCRO bulk value at high P(Os2), which could
be related to the segregation of a CrO, oxide at the surface of the film, in a
similar fashion to the reported FeO, segregation in the case of SFMO films
[221].
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Figure 3.7: Saturation magnetization values, Mg, as a function of both the substrate
temperature, Tg (fixing the partial oxygen pressure at 2.6 x 10~* Torr, open red
squares) versus the oxygen partial pressure P(O3) during deposition (at a substrate
temperature of 800 °C, block blue circles).

Therefore, the optimum growth conditions are found at a substrate tem-
perature Tg = 800 °C and partial oxygen pressure in the range P(Osz) =
2.5(5) x 10~* Torr, for a deposition rate of 4 x 10~2 nm/pulse.
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3.3 Structural, magnetic and electrical transport char-
acterization

Once the narrow window of growth parameters is found, a deep study of the
SCRO films can be performed [232]. In figure B.8] the symmetrical High Res-
olution X Ray Diffraction pattern near the (002) Bragg peak from the STO
substrate is shown, and the (004) reflection from the SCRO film can be also ob-
served, which gives the expected orientation STO [001] // SCRO [001]. Rock-
ing curves of the 004 peak had a FWHM below 0.03°, which is very close to
that of the STO substrate (typically 0.015°). In addition, Laue oscillations up
to 6th order are detected around the film diffraction peak indicating that the
film grows coherently strained, and their periodicity yields a coherence length
¢ =48.0(5) nm.
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Figure 3.8: XRD measurement (6 — 26) from a SCRO film grown on STO (001).
Inset: Position of the Laue oscillations maximums in g-space. From the linear fit, the
coherence length can be obtained, £ = 27/Agq.

In order to measure the film thickness independently from its crystalline
quality, XRR measurements (figure B.9) were carried out. From the numeri-
cal analysis of the spacing between the Kiessig fringes the film thickness was
found to be 55.6 = 0.1 nm, which compares reasonably well with the coher-
ence length obtained from the Laue oscillations, indicating the existence of
crystalline coherence essentially along the full thickness of the film.
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From the numerical fit of the XRR data the roughness (o) of the double
perovskite film and the interface of the film with the substrate, and also the
SCRO density are obtained (table B1]). The film density is close to the bulk
value, and its roughness is relatively low. However, the measured substrate
roughness is higher than its value previous to the SCRO deposition, indicating
a possible surface degradation of the STO surface during the growth process
which should be taken into account when integrating the STO // SCRO bilayer
in a more complex heterostructure.
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Figure 3.9: XRR measurement from a 55.6 nm thick sample produced at the optimal
growth parameters. The red line corresponds to the numerical fit.

Material | Thickness (nm) | Roughness (nm) | Density (g/cm?)
Sr2CrReOg 95.54 0.58 6.600
SrTiO3 Substrate 0.95 5.117

Table 3.1: Values obtained from the XRR numerical fit in figure

The SCRO out-of-plane lattice parameter can be extracted from the peak
position in the 8 — 260 measurement obtaining:

Cout = 7.85 A

This value is slightly larger (0.4%) than the bulk SCRO lattice parameter
(apur, = 7.82 A), but in good agreement with that found in sputtered thin
films [225].
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RSM performed near the asymmetrical reflection (013) from the STO shows
the (116) reflection from the SCRO (figure BI0), indicating the epitaxial
growth of the SCRO film on the STO substrate. As the scattering vector
is inversely proportional to the lattice parameters, both in- and out-of-plane
lattice parameters can be extracted from the RSM, obtaining the in-plane ori-
entation of the SCRO film:

Cout = T.85A i = 5.52A

Considering that 2- agro = ainV/2, it is demonstrated that the film is fully
strained, and the epitaxy relationship is thus STO (001) [110] // SCRO (001)
[100].
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Figure 3.10: RSM in the vicinity of the asymmetrical SCRO (116) and STO (013)
reflections. Q, and Q. are along the STO [010] and [001] directions, respectively.

Once the crystalline quality of the films is achieved, the existence of cationic
B-site ordering should be confirmed. This can be observed by looking for the
(011) superlattice peak, which is forbidden in terms of crystal symmetry and
therefore, appears only when the cationic order is maintained. In figure B.11]
a ¢ - scan of the asymmetrical (011) reflection from the SCRO film is shown.
As expected, a clear fourfold symmetry is observed, demonstrating both the
epitaxial growth and the existence of cationic ordering.
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Figure 3.11: ¢—scan of the asymmetrical (011) superlattice reflection from the SCRO
film. ¢ = 0 corresponds to the [101] direction of the STO substrate.

Once the structural quality and the cationic ordering of the SCRO films was
confirmed, a magnetic and transport characterization need to be performed.

Magnetization measurements as a function of the applied magnetic field at
room temperature with the field applied in the plane of the film surface and
with a maximum value of 1.9 Tesla were performed (figure B.I12]). From the
hysteresis loop we obtained a value of 1.1 up/f.u. for the saturation magneti-
zation, which is about 20% less than the value reported for bulk SCRO (1.38
pup/fu.). As it has been pointed out in section B this effect is generally
explained due to the presence of AS, whose concentration (w) can be calcu-
lated from the saturation magnetization value of our samples and equation [3.3]
obtaining an AS concentration: w = 10%.

The coercive field in all the SCRO thin films has been found to be small,
He ~ 120 Oe, whereas bulk SCRO has a coercive field of 3.1 kOe at 300 K
[233]. Asano et al. reported a significant change in coercivity by increasing the
substrate temperature by 100 °C [225]. Therefore, an increase in the coercive
field would be expected with further annealing. However, it could also modify
the samples surface morphology, producing the segregation of parasitic phases.
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Figure 3.12: Magnetization measurement as a function of magnetic field at room
temperature (300K).

The order temperature of the SCRO films was obtained by measuring the
magnetization as a function of temperature by means of VSM, in an applied
magnetic field of 3 kOe (see figure B.I3)) in the plane of the film. The Curie
temperature was found to be T¢ = 481(2) K, which is about 22% smaller than
that reported for bulk SCRO [204] or in sputtered films [225]. This decrease
in Tc can probably due to a higher AS concentration or a non-perfect oxygen
stoichiometry.
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Figure 3.13: Magnetization as a function of temperature in an applied magnetic field
of 3 kOe.
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The electrical resistivity, p, was measured as a function of temperature
in a selected optimized film in the Van-der-Pauw geometry, finding a room
temperature resistivity of around 2.8 mf - em (figure B14]). This value is
smaller than bulk polycrystalline SCRO [204], but in good agreement in both
value and temperature dependence with optimized sputter deposited SCRO
thin films [225].
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Figure 3.14: Temperature dependence of the electrical resistivity (p) for a selected
optimized SCRO thin film.
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3.4 Transmission Electron Microscopy

As the presence of AS has a direct influence in the structural and magnetic
properties of the SCRO, a deep study of the cationic order has been performed
by HR TEM. With this purpose, SCRO films were deposited on STO sub-
strates with two different crystallographic orientations, (001) and (111), and
investigated by means of Scanning Transmission Electron Microscopy (STEM).

3.4.1 STO(001) // SCRO

STEM observations of SCRO films grown with the optimized deposition condi-
tions on STO (001) substrates were performed in a VG Microscope HB501UX
STEM operated at 100 keV and equipped with a Nion aberration corrector
and a Gatan Enfina parallel electron energy loss spectrometer (PEELS), in
the Oak Ridge National Laboratory (USA).

The optimized SCRO films are flat and with uniform thickness over long
lateral distances, as it is observed in the low magnification Z-contrast image of
a cross section STEM specimen prepared by mechanical thinning and Ar ion

milling (figure 3.15).

SCRO

STO

Figure 3.15: Low magnification cross-section STEM image of a SCRO film grown on
STO(001). Performed by Dr. C. Magen in the Oak Ridge National Laboratory (USA)

The high resolution Z-contrast STEM image near the interface region be-
tween the SCRO film and the STO substrate displayed in figure evidences
the epitaxial growth of the SCRO with a pseudocubic crystal structure coherent
with the perovskite structure of the substrate, as brighter columns correspond-
ing to the higher average atomic number of the SCRO film (i.e. Cr/Re atoms)
grow on top of the darker Ti columns of the substrate, both corresponding to
the B position of the perovskite structure.

The epitaxy relations are, therefore, STO (001) [110] // SCRO (001) [100]
as proposed from the x-ray structural characterization, and no clear sign of
stress relaxation is detected, which agrees with the small lattice mismatch
expected and with the in-plane lattice parameter obtained from the Reciprocal
Space Maps (Fig. in section [3.3)).
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In addition, it should be pointed out that the interface is sharp and coherent
and no secondary phases were observed, which is relevant if the SCRO film is
to be used as an active electrode in a spintronic device.

Figure 3.16: High resolution STEM image near the interface region of the SCRO film
with the STO(111) substrate. Performed by Dr. C. Magen in the Oak Ridge National
Laboratory (USA).

Regarding the SCRO films stability, the same STO(001) // SCRO film has
been measured in a high resolution Titan Transmission Electron Microscope
in the INA (Zaragoza, Spain), one year after Figure B.16] was obtained. Figure
[B.I7 shows the high resolution Z-contrast aberration corrected ADF-STEM
image, demonstrating that, one year later, the cationic ordering and the sharp
interface of the SCRO film with the STO substrate is maintained, and there-
fore, the SCRO double perovskite thin films are structurally and chemically
stable.
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Figure 3.17: Measurement performed by Dr. C. Magen in the INA in Zaragoza
(Spain). High resolution ADF-STEM image of the SCRO film interface with the
STO substrate.

3.4.2 STO(111) // SCRO: cation ordering

The average cationic ordering has indirectly been deduced from x-ray Diffrac-
tion and magnetization measurements in section B3l However, the direct
visualization of cationic order with atomic resolution in real space could be
performed by means of STEM, which would provide a better insight on the
interplay between the local structure and chemical disorder.

The imaging of the superstructure in a double perovskite can only be
achieved by orienting the sample along a direction where the expected structure
is adequately projected, and SCRO thin films grown on STO (111) substrates
have the superstructure direction more easily accessible. Therefore, in order
to perform STEM measurements of the double perovskite thin films, ~ 40 nm-
thick SCRO films were grown on STO (111) substrates by using the previously
optimized deposition conditions.

The samples were characterized by means of XRR, XRD and VSM exper-
iments, demonstrating their crystalline, structural and stoichiometric quality,

and therefore, that the same deposition conditions are suitable for the SCRO
growth on both STO (001) and STO (111) substrates.
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The samples thickness and roughness were obtained from XRR measure-
ments, obtaining similar roughnesses as in the SCRO films grown on STO
(001), and XRD 6 — 20 experiments (figure B.I8)) showed the absence of par-
asitic phases and the SCRO(011) growth orientation on the STO(111). The
presence of the SCRO(011) superlattice peak was observed, evidencing the
existence of cationic ordering in the double perovskite thin film. The sam-
ple holder in the XRD equipment is made of Al, which explains the Al (hkl)
reflections present at the XRD pattern.
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Figure 3.18: X Ray 6 — 20 measurement from a STO(111) // (~ 40nm) SCRO.

Magnetization measurements as a function of the applied magnetic field
were performed by means of VSM at room temperature with the field applied
in the plane of the film surface and with a maximum value of 1.9 Tesla (figure
[B19). From the hysteresis loop we obtained a value of 1.2 ug/ f.u. for the satu-
ration magnetization, which is about 13% less than the value reported for bulk
SCRO (1.38 up/f.u.). Therefore, the AS concentration is wgro(i11)//5CRO
= 6.5%, lower than the value obtained for the SCRO films grown on STO
(001) substrates (wsro(o1)//scro = 10%, see section B.3]). The coercive field
is found to be Ho ~ 145 Oe, slightly higher than the value obtained for the
SCRO films grown on STO(001) substrates (Ho = 120 Oe), but still lower
than the bulk value (3.1 kOe).
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Figure 3.19: Magnetization measurement as a function of magnetic field at room
temperature (300 K) of a ~ 40nm STO(111)//SCRO.

The observation of cationic ordering of the B sites and the microstructure
of SroCrReOg thin films was performed in the VG Microscope HB603U STEM
equipped with a Nion aberration corrector and operated at an acceleration
voltage of 300 keV, in the Oak Ridge National Laboratory (USA), and the
cross section specimens were prepared by conventional mechanical thinning
and ion milling.

Z-contrast aberration corrected annular dark field (ADF) STEM images
provide the necessary spatial resolution and chemical contrast to identify the
atomic columns corresponding to the different metallic elements of the SCRO
structure, visualize the spatial ordering of the Cr and Re atoms and estimate
the degree of cationic order. The B superstructure becomes evident in Fig.
320 which focuses on an area with a single twin with uniform crystal struc-
ture and shows clearly the formation of a superstructure corresponding to the
spatial ordering of the Cr and Re cations in the B sites.

The inset embedded in Fig. 3.20(a) depicts the multislice image simulation
of the ADF STEM image, which shows a good match to the experiment. This
agreement is better demonstrated by comparing the intensity profiles of the
image (red arrow) and the simulation along the [011] direction illustrated in
Fig. B20(b) and (c). The oxygen atoms are not observed due to the very low
atomic number (Zop = 8), the high intensity peaks of the simulation correspond
to the Re columns with the largest atomic number (Zg. = 75), whereas the
intermediate intensity is located in the Sr positions (Zs, = 38) and the low
intensity peaks are related to the Cr atoms (Z¢, = 24).
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As the contrast between the three types of atomic columns is nicely uniform
along a distance of several nanometers, it can be assumed that the concentra-
tion of AS is relatively low, in agreement with the concentration obtained from
magnetization measurements.
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Figure 3.20: Measurements performed by Dr. C. Magen in the Oak Ridge National
Laboratory (USA). (a) ADF-STEM image of a single domain of SCRO thin film
grown on STO(111) oriented along the pseudocubic zone axis (011) acquired at an
acceleration voltage of 300 kV. The image has been noise filtered. The inset shows a
multislice simulation of the image for a thickness of 20nm. (b) ADF signal profile of
the image (a) along the (011) direction (red arrow). (c) ADF intensity profile of the
multislice simulation along the same direction.

In conclusion, we have succeeded in the synthesis of epitaxial SroCrReOg
double perovkite thin films, obtaining &~ 50 nm-thick samples with high crys-
tallinity and relatively large cationic order in a narrow window of growth pa-
rameters: substrate temperature, Tg = 750 4+ 50 °C and in a partial oxygen
pressure P(Og) = 2.5(5) x 10~% Torr at a growth rate about 4 x 10~% nm /pulse.

The epitaxy relationship has been found to be STO (001) [110] // SCRO
(001) [100] by means of HRXRD and STEM microscopy. We have also eval-
uated the magnetic properties and electrical resistivity of optimized films ob-
taining typical values of saturation magnetization of Mg (300 K) = 1 upg/ f.u.,
room temperature resistivity of p(300K) = 2.8 m§2 - cm, and Curie temper-
ature of T = 481 K, in good agreement with previous published results in
sputtered epitaxial thin films. The AS concentration in our thin films has been
estimated from the magnetization measurements, and found to be of the order

of 10 %.

Finally, STO(001)//SCRO and STO(111)//SCRO films have been mea-
sured by means of STEM, evidencing the sharp interface of the SCRO films
with the STO substrates, the high cationic order, and the structural and chem-
ical stability of the samples.






Chapter 4

FePt epitaxial thin films

The growth of epitaxial FePt Llg-ordered alloy films was carried out by RF
sputtering under the supervision of the scientific coordinator of the magnetic
materials research department Dr. Franca Albertini at the IMEM-CNR at
Parma (Italy), during a stay of two months. This research group has experience
in the preparation and magnetic and structural characterization of FePt thin
films with high crystalline quality [234-237].

The RF sputtering equipment available at IMEM (already detailed in sec-
tion [LT.2] chapter [I) is specially effective in the growth of epitaxial metallic
alloy thin films. Fully operative AFM, MFM (see section [[.2] chapter [I) and
AGFM equipments are also available in this research center, allowing an ex-
haustive magnetic and morphological characterization of the samples prepared.
Film characterization was completed by XRD experiments performed in the
Bruker x-ray diffractometer available at the INA in Zaragoza (Spain).

4.1 Introduction

4.1.1 FePt: a solution to the superparamagnetic limit

The nowadays high-density magnetic recording technology is advancing at such
a rate that magnetic grains with only a few nanometers in diameter will be
required in the next years. However, decreasing the magnetic grain sizes re-
sults in an increase of both the Signal to Noise Ratio (SNR) and the thermal
instability, which leads to a size limit in technology evolution.
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The thermal instability produce the loss of the stored data quite easily due
to the fluctuation of magnetization, and dictates the lower limit to the size of
magnetic grains in the recording medium [238|. Therefore, the materials should
have enough magnetocrystalline anisotropy energy to overcome the thermal
fluctuation energy [238], thus:

K.V = NkgT (4.1)

where K, is the uniaxial magnetocrystalline anisotropy, V is the particle vol-
ume, kp is the Boltzmann’s constant, T is the temperature and N takes values
between 50 and 70.

Initially, perpendicular recording geometry represents the best answer to
the superparamagnetic limit, as it exhibits a potentially higher density than
longitudinal recording; for example, for an SNR = 20 dB, the limiting densities
are approximately 500 and 100 Gbit/in?, respectively [239]. However, there
are some requirements that should be accounted for when growing thin films
for their implementation in perpendicular recording media, that have been
reported to be [240]:

e Moderate coercivity (of the order of 10 kOe for perpendicular record-
ing [238]), as it should be high enough to fully exploit perpendicular
recording and cannot exceed the write field capability of the head.

e There should be perfect remanence, or a unity squareness ratio.

e Small grain size with a narrow size distribution to reduce the transition
noise and to support large recording densities.

e Small exchange interaction between grains, which enables each grain to
respond to applied magnetic fields independently, allowing in turn high
coercivity and low SNR.

e Small spacing between the soft underlayer and the media to minimize
the effective spacing loss.

FePt ferromagnetic thin films have developed great interest in the last
years, due to the fact that when this alloy is L1lg-ordered, it presents a high
magnetocrystalline anisotropy energy density (7 x 107 erg/cm?® [241]) with the
easy magnetization direction perpendicular to the film surface plane ((001)-
oriented), which solves the superparamagnetic limit problem. Indeed, the the-
oretical superparamagnetic radius for FePt is found at a value as low as 3
A |238]. In addition, this material has shown high tunnel magnetoresistance
when being part of a MTJ with MgO(001) barrier [46, 50, 51|, increasing its
interest for spintronics applications.
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4.1.2 The FePt alloy

FePt bulk alloy can adopt two different crystal structures for Pt compositions
between 40 and 60 at% Pt: L1y or Al phases, as indicated in the bulk FePt
phase diagram (Figure [A.T]).

In the L1y phase the iron and platinum atoms occupy alternating layers
along the [001] axis (FePt chemically ordered state), forming a thermody-
namically stable superlattice structure, while the A1 phase has both elements
randomly distributed across the layers (chemically disordered state).
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Figure 4.1: Left panel: FePt phase diagram [242]. Right panel: The two crystal
phases of FePt. Al phase (a), also called face centered cubic phase (fcc), a = ¢ and
the L1y phase (b), also called face centered tetragonal phase (fct), a > c.

The L1y phase, with the tetragonal spacial group P4/mmm, exhibits high,
uniaxial magnetocrystalline anisotropy, with an anisotropy constant K of 7 x
107 erg/cm?, and a saturation magnetization Mg of 1140 emu/cm3 with the
easy magnetization axis in the c-axis of the tetragonal structure [241]. The
lattice parameter along the c-axis is shorter than the one along the a-axis:

a=3.85 A c=371A

The FePt phase diagram is modified when depositing FePt films due to the
non-equilibrium conditions of the process.
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Different fabrication methods have been employed to optimize the mi-
crostructure and magnetic properties of L1lg-FePt films, such as sputtering
deposition [243-247| and molecular-beam epitaxy [248], finding that the as-
deposited FePt films adopt the disordered structure Al, and in order to obtain
the L1y phase, the film needs to be grown at high temperature (500 - 700 °C)
[243] or post-annealed at temperatures greater than 500 °C.

However, if L1g-FePt is desired to be integrated in MRAM devices, it is
quite important to control its growth at low temperature, thus the structural
ordering temperature must be effectively reduced. This can be achieved by
means of different procedures [249]:

e Introducing third elements such as Au 250, 251], Cu [252] or Zr |247].

e "Tuning" the epitaxial strain from the lattice mismatch, as it can favors
the ordering of the FePt films with ¢ axis perpendicular to the film surface
plane [253]. This can be performed by using different substrates such as
MgO |249], and buffer materials, such as Ag, CrRu, oxidized Si [246|, Pt
[248, 1249], Cr |254] or Au [249] among others.

e Annealing atomic-scale Fe/Pt multilayers, as in the L1 phase the atomic
arrangement of iron and platinum along the (001) direction consists on
atomic-scale Fe/Pt multilayers. These can be deposited by sequential
sputtering [235-237].

e Jon irradiation [255].

e High Ar gas pressure during deposition [254].

e In situ annealing [235, 236, [245].
In this chapter,the effect of different substrates and buffer layers in the growth
of L1g-ordered FePt films with thicknesses around 10 nm is studied, deposited
by alternating RF-sputtering at the IMEM. By using this deposition method,

the temperature required for the Llg-ordering of the FePt is in the range of
400 - 450 °C, lower than in the case of co-deposited FePt films [256].
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4.2 FePt film growth

Our objective is the integration of Llg-FePt in heterostructures with FesOy4
electrode and MgO tunnel barrier for the future obtention of MTJs (see chapter

B section [5.3)).

Should the FePt film be used as a bottom electrode, due to the the optical
lithography processing required for the MTJs fabrication, at least, a thickness
of 30 nm and a smooth surface are required. However, a grain microstructure,
due to high temperature growths, is usually associated to the high perpen-
dicular anisotropy (high order parameter). Therefore, there is a compromise
between samples with significant out-of-plane magnetic anisotropy and enough
surface smoothness to allow the growth of high quality tunnel barrier and upper
electrode.

If we choose the magnetite as the bottom electrode, being also no less than
30 nm thick, the FePt layer must have at least 15 nm of thickness, otherwise
its magnetic signal would be overcome by the FesO,4 signal. In this case, the
FePt roughness is not as important as in the previous configuration, although
a capping layer would be advisable in order to avoid contamination or damage
of the FePt.

However, the standard L1p-FePt films grown at the IMEM in Parma (Italy)
had thicknesses of 10 nm, being too thin for our purpose. Therefore, our ef-
forts were directed towards the obtention of high quality Llg-ordered FePt
films with thicknesses higher than 10 nm, starting from the deposition con-
ditions already optimized at the IMEM-CNR [234, 1235]. The samples were
prepared on MgO(001) substrates varying growth parameters such as the sub-
strate temperature and the annealing treatment. The deposition over buffer
layers, and on other substrates such as STO and (Lag.3 Srg7)(Alp5Tag.35)O03
(LSAT) has been also performed.

All the FePt films were prepared by sequential RF sputtering of atomic-
scale multilayers, where the deposition of very thin Fe and Pt layers with
nominal thickness of ~ 2 A were alternated and repeated to obtain films with
the desired thickness. The chosen ratio between Fe and Pt thickness corre-
sponds to the nominal atomic composition Fes;Pty3, which was calculated
accounting for the densities and atomic weights of the two metals. The base
pressure was approximately 2.3 x 1078 Torr, and the deposition pressure of
1 x 1072 Torr was obtained by means of an Ar flux of 6.4 sccm. The targets
were sputtered with different power in order to obtain similar growth rates for
the two materials:
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Material H Power (W) ‘ Dep. rate (nm/min) ‘
Fe 45 1.5
Pt 34 2.2

Table 4.1: Sputtering power and deposition rate for Fe and Pt.

4.2.1 MgO(001)// FePt

In first place, standard 10 nm-thick FePt films were grown on MgO(001)
substrates, following the standard procedure optimized at the IMEM. Then,
15nm-thick FePt films were grown on MgO(001) substrates at different pro-
cess temperatures and annealing treatments, and finally, some buffer layers
were introduced in order to study the growth of 15 nm-thick films onto them.

The in-plane Llg - FePt lattice parameter (az; = 3.85 A) is smaller than
the MgO (001) lattice parameter (a = 4.21 A) with a mismatch of about 9.4%.
This produces a tensile strain in the film plane and thus, a compressive strain
in the out-of-plane direction, which favors the out-of-plane orientation of the
¢ axis. Therefore, the expected epitaxy relation is:

MgO (001)[100] // L1, - FePt (001)[100]

Standard MgO(001) // (10nm) FePt growth

A standard MgO(001) // (10nm)FePt film was deposited at a substrate tem-
perature of 450 °C and annealed in Ar, at the same sputtering pressure (P =
1 x 1072 Torr) for 85 minutes at the deposition temperature to improve the
chemical order degree.

The sample was magnetically characterized by AGFM, measuring the mag-
netization loops in directions perpendicular and parallel to the film plane at
room temperature, up to a maximum magnetic field of 2 T (Figure .2]). The
substrate contribution was measured separately in both directions and sub-
tracted from the data prior to the analysis.

The hysteresis loops show that the easy magnetization direction is perpen-
dicular to the film plane, with a saturation magnetization Mg, of 959 emu
/em? and a coercive field Ho | of 5750 Oe, both measured in the perpendicular
direction. The in-plane hysteresis loop shows a small ferromagnetic contribu-
tion with a remanence Mp) of 42 emu /em3, indicating a slight deviation from
the L1 - ordering. The anisotropy field H4 is found to be 68 kOe, obtained
by extrapolating the magnetization slope in the in-plane measurement to the
Mg value.
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Figure 4.2: Magnetization of as a function of Figure 4.3: 1um x luym AFM image
the magnetic field, applied both perpendicu- of a MgO (001)//(10nm) FePt film in
lar and parallel to the sample surface. tapping mode with a 300 kHz tip.

The surface characterization was performed by means of the Veeco AFM
available at the IMEM research institute in Parma, in tapping mode with a
300 KHz silicon tip (Figure [£.3)), obtaining an Average Grain Size (AGS) of 60
nm and a RMS roughness of 0.82 nm.

The magnetization and morphological results are in good agreement with
those obtained for standard MgO(001) // (10nm) FePt previously prepared at
the IMEM.

MgO(001) // (15nm) FePt growth

(15 nm) FePt films were deposited on MgO(001) substrates at two different
deposition temperatures Tg = 400 °C and 450 °C, with and without annealing
of 115 minutes in Ar at the sputtering process pressure (P = 1 x 1072 Torr). A
comparative study was performed in order to determine the growth conditions
that produced the (15 nm) FePt film with the smoothest surface and the highest
perpendicular orientation of the easy magnetization axis.

With this purpose, magnetization loops in directions perpendicular and
parallel to the film plane at room temperature up to a maximum magnetic
field of 2 T of all the samples were measured by means of AGFM, and AFM
images were obtained in tapping mode. The main morphological and magnetic
parameters for all the (15 nm) FePt films grown on MgO (001) are summarized
in table
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As can be seen in Figure d.4] the sample grown at 450 °C without annealing
has the highest out-of-plane coercive field and the weakest in-plane signal,
which indicates that the easy magnetization axis direction is perpendicular to
the film surface. Indeed, provided that the saturation magnetization of all the
samples are similar, the magnetocrystalline anisotropy of this film is one of the
highest, as can be seen from the high anisotropy field.
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Figure 4.4: Magnetization measurements as a function of the applied magnetic field
at room temperature of MgO (001) // (15 nm) FePt films with different thermal
treatments. The magnetic field has been applied in the plane of the film surface (red)
and perpendicularly (black).

Figure shows the AFM images of the (15 nm) FePt films obtained in
tapping mode over a surface of 1 um x 1 pum. It can be observed that, as
was pointed out before, a grain microstructure of the FePt films is associated
to the out-of-plane magnetic anisotropy. Since all the RMS roughnesses are
of the same order, ranging from 0.3 to 0.6 nm, and taking into account the
magnetic measurements, the sample grown at 450 °C without annealing seems
to be the film with the highest quality.



4.2. FePt film growth 151
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Figure 4.5: AFM images at room temperature in tapping mode of MgO (001) // (15
nm) FePt films with different thermal treatments.

Thermal MSJ_ MR|| HCJ_ HA RMS | AGS

treatment (emu/cm?) | (emu/cm?) | (kOe) | (kOe) || (nm) | (nm)
Tg = 400°C 792 53 1.8 39.4 0.3 -
Tg + 115" ann. 817 70 2.0 66.3 0.4 60
Tg = 450°C 790 8 3.1 61.4 0.5 40
Tg + 115" ann. 832 30 2.3 45.7 0.6 30

Table 4.2: Magnetic and morphological parameters obtained from the hysteresis loops
and AFM images, respectively.
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The characterization of the (15 nm) FePt sample grown on the MgO (001)
substrate at the temperature of 450 °C was completed by performing XRD
experiments at the Bruker diffractometer available at the INA in Zaragoza
(Spain). In the XRD measurement, only the diffraction peaks corresponding
to the L1g - FePt(001) were observed (see figure [4.6), indicating the (001) ori-
entation of the FePt film, its L1y ordering and the absence of other crystalline
phases.

T, = 450°C
106 § T T T T T T T T T T T T T T

MgO (004)

MgO (002)

] FePtL1 (001) § FePtL1,(002)

Intensity (arb. units)
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|

Figure 4.6: XRD pattern of the MgO (001) // (15 nm) FePt film grown at a substrate
temperature of 450 °C without annealing.

As a conclusion, we have optimized the deposition conditions for 15 nm-
thick L1y - FePt films on MgO(001) substrates, finding the highest quality in
the sample grown at the substrate temperature of 450 °C without annealing.

This film is suitable for its inclusion in MTJ with magnetite bottom elec-
trode. However, if the FePt film is wanted to be used as the bottom electrode
and due to lithography process requirements, it is necessary to have a con-
ductive bottom layer of at least 30 nm. This could be overcome by growing
15 nm-thick L1lg - FePt films over a metallic buffer (Pt or Au), study that is
detailed in the following section.
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4.2.2 MgO(001) // Buffer layer / FePt
Pt and Au buffer deposition

Previously to the deposition of the MgO (001) // Buffer layer / FePt het-
erostructure, an independent study of the different buffer materials is advis-
able. Therefore, Pt and Au films were deposited on MgO (001) substrates
and studied by XRD and AFM in order to study their structural and surface
characteristics. As the FePt optimized substrate temperature for a thickness
of 15 nm is 450 °C, it is reasonable to deposit the buffer layers at the same
temperature, and considering both the lithography process requirements and
the necessity of a significant signal for the XRD pattern, we considered that a
thickness of 100 nm was acceptable.

Pt and Au 100 nm-thick-films were chosen as buffer materials because they
are expected to be suitable candidates, as both of them are cubic and their
lattice parameters values are between the MgO and the FePt values:

ango = 4.21 A apepr = 3.85 A
ap; = 3.92 A aqy — 4.08 A

The buffer materials were deposited by means of RF-sputtering following the
same procedure optimized for the FePt growth, adjusting the discharge power
to obtain the same deposition rate for both films (2 nm/min):

Pp; =37 W Pay, =22 W

XRD patterns of both films were measured in an standard x-ray powder diffrac-
tometer at the Chemistry department in the University of Parma. The disorder
degree of our samples can be estimated by comparison between the relative in-
tensity of the diffraction peaks in our patterns and in a typical polycrystalline
diffraction pattern (see Table [.3)).

Therefore, if the Pt film was completely polycrystalline, the relative inten-
sity between the (111) and the (200) would be:

111 1000
() = — =21
R <200> 476

Were the sample completelly (200) oriented (thus, (002)):

- 111 0
Iomented —)l=Z=0
R <2oo> T
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Pt Au

20(deg) | I(a.u.) | (hKl) || 20(deg) | I(a.u.) | (hkl)
39.763 1000 111 38.187 1000 111
46.244 476 200 44.385 479 200
67.469 277 220 64.576 284 220
81.265 308 311 77.566 313 311
85.712 89 222 81.722 89 222
103.511 47 400 98.127 44 400
117.707 178 331 110.816 158 331

115.259 157 420

Table 4.3: XRD pattern of polycrystalline Pt and Au.

From the diffraction pattern (Figure A7) is observed that the Pt film is
(001)-oriented, with a small (111) contribution that can be calculated from
the experimental relative intensity of the diffraction peaks as:

exp (111
= 0.022
%(111) = Iily(Zloﬁ) 100% = -1 100% ~ 1%
Iy (30) '
. MgO (001) // (100 nm) Pt; T.=450°C
10 3 T T T T ///I T T
3 Pt (002)
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Figure 4.7: XRD pattern of the MgO (001) // (100 nm) Pt film, showing a (001)
orientation with a small disorder degree in the (111) direction.
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The same calculation can be performed for the Au film. From its diffraction
pattern shown in figure L8] it can be observed that the film is (111)-oriented
with a small (001) contribution, thus, the disorder degree can be calculated as:

poty (200 1000
I <111> =~ 0P
exp (002
002 0.04
%(001) = T2 (1) 1000 = %24 100% — 8%
POty (200 0.5
7 (1) :

MgO (001) // (100nm) Au; T = 450°C
105§ T 1 T T T T T 1 T T ' T T 1T v 1 v T " 17
3 Au (111) MgO£002)
10°4 i ki 3
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Figure 4.8: XRD pattern of the MgO (001) // (100 nm) Au) film, showing a (111)
orientation with a small disorder degree in the (001) direction.

The buffer growth orientations on the MgO (001) substrates are therefore,

MgO (001) // (100 nm) Pt (001) and MgO (001) // (100 nm) Au (111), with an
acceptable crystalline quality, as it can be observed in the XRD measurements.

The next issue that must be accounted for in order to grow the FePt film over
the buffer surface is its surface topography. With this purpose, AFM images
were obtained in tapping mode from both films.

The AFM image of the 100 nm-thick Pt film shows a surface topography
with relatively low roughness (RMS = 0.4 nm) (Figure [4.9), while the image
from the 100 nm-thick Au film indicates a surface composed by grains with
sizes between 0.5 and 1 pm diameter and flat surfaces, which produces a high

average roughness (RMS = 28.2 nm) (Figure [A.10]).
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Figure 4.9: AFM image in tapping
mode over a bum x bum region in a
MgO(001)//(100nm)Pt(001) film.
The green line indicates the region in
which the profile has been obtained.
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Figure 4.10: AFM image in tapping
mode over a 10pum x 10pm region in
a MgO(001)//(100nm)Au(111) film.
The green line indicates the region in
which the profile has been obtained.

Therefore, we consider that the Pt is more suitable than the Au as a buffer
material, as a low roughness bottom electrode is necessary for the subsequent
growth of high quality heterostructures.
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MgO (001) // (100 nm) Pt (001) / (15 nm) FePt

A FePt film with a thickness of 15 nm was deposited over a Pt buffer film
with 100 nm thickness on an MgO (001) substrate; both layers were grown
with RF-sputtering at a substrate temperature of 450 °C, with the previously
detailed sputtering parameters.

The magnetic characterization was performed by means of AGFM at room
temperature, with the magnetic field applied parallel to the sample surface
and afterwards perpendicular to it, up to a maximum magnetic field of 2 T
(see Fig. EL1T)). The saturation magnetization Mg was found at 600 emu/cm?,
lower than the value obtained for (15 nm) FePt films grown without any buffer
layer (around 800 emu/cm?), also finding a lower coercive field Ho = 756 Oe.
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Figure 4.11: Magnetization measurements as a function of the applied magnetic field
at room temperature of a MgO (001) // (100nm) Pt / (15 nm) FePt film. The mag-

netic field has been applied in the plane of the film surface (red) and perpendicularly
(black).

The AFM images obtained in tapping mode indicated the high roughness
of the film (RMS = 2.9 nm), which presented material aggregations in its
surface, thus demonstrating that the deposition of 15 nm of FePt on a buffer
Pt layer under our growth conditions provided a sample that is not suitable
for its integration in heterostructures (see Fig. [4.12)).

Therefore, other substrate temperatures or annealings should be studied in
order to optimize the growth of the MgO (001) // Buffer / FePt system.
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35.00 nm
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Figure 4.12: AFM images at room temperature in tapping mode of a MgO (001) //
(100 nm) Pt / (15 nm) FePt film.

4.2.3 (La0.3 SI‘O.7)(A10.5T30.35)03 (110) // FePt

LSAT (110) substrates have a lattice parameter argar of 3.87 A, producing
a lattice mismatch with the FePt of a 0.5%, much smaller than in the case of
growth on MgO (001) substrates. As the in-plane L1 - FePt lattice parameter
(ain, = 3.85 A) is smaller than ayga7 lattice parameter, it produces a tensile
strain in the film plane and a compressive strain in the out of plane direction
which favors the out-of-plane orientation of the c axis. Therefore, this substrate
is expected to be suitable for the growth of L1y - ordered FePt films.

A 15 nm-thick film of FePt was deposited on an LSAT (110) substrate
with the growth conditions optimized for MgO (001) // (15 nm) FePt films:
substrate temperature of 450 °C without annealing after the deposition (see
section L2.7]). Afterwards, the sample was magnetically and morphologically
characterized by means of AGFM and AFM respectively.

The AGFM measurements were performed at room temperature, with the
magnetic field applied both in the plane of the film surface and perpendicularly
to it, up to a maximum applied field of 2 T (Figure AI3]). Although the
saturation magnetization was as high as the previously optimized FePt films
(800 emu/cm?), the easy direction of the magnetization is not perpendicular
to the film surface, indeed, it is mostly tilted towards the film surface film.
This fact, together with the low coercivity (Ho = 700 Oe), make the LSAT //
(15 nm) FePt sample inadequate for our objective.
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Figure 4.13: Magnetization measurements as a function of the applied magnetic field
at room temperature of an LSAT (110) // (15 nm) FePt film. The magnetic field has
been applied in the plane of the film surface (red) and perpendicularly (black).

The easy magnetization direction indicates that the FePt may have grown
with a cubic structure on the LSAT substrate, although further structural
characterization such as XRD should be performed in order to clarify this
point. This could be due to the small mismatch between the LSAT and the
FePt, which favors the Al growth of the FePt or the L1y structure with c-
axis not preferentially oriented to the film plane, with respect to the desired
(001)-oriented L1j structure.

AFM images performed in tapping mode over a surface of 1 um x 1lum
indicate the a roughness (RMS = 0.3 nm) and uniform microstructure of the
film (Figure AI4). Although the morphology of the sample is suitable for
its inclusion in a magnetic tunnel junction, its magnetic behavior does not
meet the requirements for a perpendicular recording device. Therefore, further
studies on other substrate temperatures or annealing treatments could lead to
more adequate magnetic properties.
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0.00 nm

Figure 4.14: 1pm x 1pm AFM image at room temperature in tapping mode of a
LSAT (110) // (15 nm) FePt film deposited at a substrate temperature of 450 °C.

4.2.4 STO (001) // FePt

STO (001) substrates have a lattice parameter agro of 3.91 A, producing
a lattice mismatch of 1.5% with the FePt and a tensile strain in the film
plane and compressive strain in the out of plane direction, favoring the out-
of-plane orientation of the ¢ axis in the FePt. STO substrates are specially
interesting for the growth of FePt films because, once the deposition conditions
are optimized, they are also valid for the deposition on the conductor Nb:STO
substrates. The problem of the thin bottom electrode in lithography would
be then avoided, since the conductive bottom electrode would be the whole
substrate.

15 nm-thick FePt films were grown on STO (001) substrates at two different
temperatures: 350 and 450 °C. The samples were magnetically characterized
by means of AGFM at room temperature by applying the magnetic field both
in the plane of the film surface and perpendicular to it, up to a maximum mag-
netic field of 2 T (Figure AI5]). Although the magnetization saturation of both
samples is similar (around 850 emu/cm?), the coercive field is bigger for the
film grown at 450 °C, finding Ho = 1740 Oe, while for the lower temperature
the value is Ho = 390 Oe. Indeed, the magnetocrystalline anisotropy is also
higher in the sample deposited at the highest substrate temperature.
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Figure 4.15: Magnetization measurements as a function of the applied magnetic field
at room temperature of STO (001) // (15 nm) FePt films grown at different substrate
temperatures. The magnetic field has been applied in the plane of the film surface
(red) and perpendicularly (black).

AFM images from the STO (001) // (15 nm) FePt film grown at 450 °C
were obtained in tapping mode at room temperature (Figure [L16]), showing
the homogeneity and low roughness of the surface (RMS = 0.2 nm). The MFM
image of the film in the demagnetized state shows the perpendicular domains

with irregularities both in the domain shape and size.

3.00 nm 1.5 deg

0 nm -1.5 deg

Figure 4.16: Left panel: tapping mode AFM image of the STO (001) // (15 nm) FePt
film over a region of 1um x um. Right panel: MFM image obtained simultaneously
to the AFM measurement.
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The XRD measurement show all the (001) reflections of the L1y - FePt,
indicating the epitaxial growth of the FePt film on the STO (001) and the
absence of other crystallographic phases (Figure d.17).
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Figure 4.17: X-ray Diffraction pattern of the STO (001) // (15 nm) FePt film obtained
at the Bruker XRD equipment at the INA (Spain).

A 15 nm-thick FePt film was grown on STO (001) at a substrate temper-
ature of 450 °C and annealed in Ar at the deposition pressure and substrate
temperature for 60 minutes in order to improve both the anisotropy and the
crystalline quality of the film.

The magnetic measurements performed by means of AGFM (Figure [£.18])
show an increase in the magnetization saturation (Mg = 910 emu/cm?) and
the coercive field (He = 2720 Oe) compared with the values obtained for the
sample deposited at the same temperature without annealing. The perpen-
dicular anisotropy is also improved, as although a small parallel remanence is
observed, the anisotropy field increases up to 91.7 kOe.

The AFM images obtained in tapping mode confirm the presence of the
granular morphology associated to the existence of perpendicular anisotropy,
with an RMS roughness of 0.7 nm and an AGS of 70nm (Figure £19). The
MFM image of the film in the demagnetized state shows the irregularly shaped
and sized perpendicular domains.
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Figure 4.18: Magnetization measurements as a function of the applied magnetic field

at room temperature of STO (001) // (15 nm) FePt film grown at a substrate temper-
ature of 450 °C and annealed in vacuum for 60’. The magnetic field has been applied

in the plane of the film surface (red) and perpendicularly (black).
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Figure 4.19: Left panel: tapping mode AFM image over a region of 1um x um of the
STO // (15 nm) FePt film grown at a substrate temperature of 450°C and annealed
in vacuum for 60’. Right panel: MFM image obtained simultaneously to the AFM

measurement.
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Finally, the sample was structurally characterized by XRD, obtaining a
pattern where all the (001) reflections are observed, indicating the epitaxial
growth of the L1y - FePt on the STO (001) and the absence of other crystallo-
graphic phases, as the small peaks observed are due to the Al substrate holder
of the XRD equipment. Indeed, the L1y - FePt reflections are surrounded by
their Laue oscillations, demonstrating the coherence growth of the film (Figure

4.20).
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Figure 4.20: XRD pattern of the STO (001) // (15 nm) FePt film grown at 450 °C

and annealed in vacuum for 60’.
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As a conclusion, we have performed a study about the growth of 15 nm-
thick L1y - FePt films on different substrates and buffer layers, finding the
optimal deposition conditions for MgO (001) and SrTiOs (001) substrates,
ie, a substrate temperature of 450 °C for both of them, being necessary an
annealing in vacuum for 60 minutes for the growth over STO substrates.

These results will allow us to integrate the FePt films on heterostructures
with MgO tunnel barrier and a magnetite electrode for the future obtention of
MTJs, study that is detailed in the next chapter.






Chapter 5

Fe3O, - based heteroepitaxial
structures

As it was pointed out previously in chapter @l magnetite is a half-metallic
ferromagnet with a high Curie temperature (860 K) that is expected to exhibit
suitable properties for its implementation in spintronic devices |89, 257, 258].

In addition, interest in spintronic structures based on magnetic oxides has
increased recently [259], and MgO is a serious candidate as tunnel barrier
because of the small lattice mismatch with the FesO4 (0.3%) electrode [260-
262]. Nevertheless, the performance of Fe3O4-based MTJs has been limited
with scattered values and a maximum of 14% MR at room temperature [263—
265|, and other than MgO tunnel barriers were not significantly better [266—
270)].

Based on the large spin polarization of the electrons at the Fermi level in
magnetite, a heteroestructure with a magnetite electrode should arise signifi-
cant larger values of magnetoresistance. On these bases and prior to applica-
tion in real devices, the epitaxial growth of heterostructures with FesO4 and
MgO should be further optimized.

In this chapter the growth and structural and magnetic characterization of
heteroepitaxial structures is reported, with at least one magnetite electrode and
MgO barrier. In section[5.I] the growth of FesO4/MgO /Fe3Oy4 heterostructures
is studied, demonstrating the obtention of a high-quality MgO barrier that is
afterwards integrated in Fe3O4/MgO/Fe (section [(.2]) and FesO4/MgO/FePt
heterostructures (section [5.3]). Optical lithography of these multilayers is cur-
rently being performed at the INA to obtain MTJs.
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The FezO, electrodes have been deposited by PLD, with the optimized
growth parameters reported in chapter 2 and electronic transport measure-
ments (magnetoresistance and AHE) in our epitaxial Fe3O4 thin films have
been studied previously (Chapter 2]). The other electrodes have been grown
by means of different deposition techniques: PLD for Fe deposition, and RF
sputtering in the case of the FePt layers.

In section B4 preliminary magnetotransport measurements from MTJs
with Fe3O4 bottom electrode are presented. These MTJs were obtained by
means of optical lithography from a MgO (001) // FesO4 / MgO/ CoFeByj
/ Ru / Ta heterostructure, whose magnetite electrode was deposited at the
INA, and the deposition of the following layers and the lithography process
were performed at the INESC-MN in Lisbon (Portugal).
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5.1 Fe3;04 / MgO / Fes0,

Fe304/MgO /Fe304 heterostructures were grown on MgO (001) substrates by
PLD, all the three layers with the optimized deposition conditions for mag-
netite detailed in chapter Bl in order to study the crystallinity of the MgO
barrier, i.e. substrate temperature Tg = 450 °C at a deposition rate of 3.6
nm/min. in ultra high vacuum.

The thicknesses and roughnesses of the layers were obtained by fitting the
XRR pattern by means of the commercial software Leptos (Figure[5.1]), demon-
strating the relatively low roughness of all the layers forming the heterostruc-
ture, specially the upper magnetite electrode (see Table [5.1)).
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Figure 5.1: XRR measurement from Fe3O4/MgO /Fe304 heterostructure produced at
the optimal magnetite growth conditions. The red line is the fit by using the software
package LEPTOS from Bruker AXS.

Material | Thickness (nm) | Roughness (nm) | Density (g/cm?)
Fe30y4 21.3 0.01 5.24
MgO 2.4 0.41 3.57
F6304 35.7 0.62 5.24
MgO Substrate 0.35 3.57

Table 5.1: Values obtained from the XRR numerical fit in figure 511
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The XRD pattern shows the (002) reflection from magnetite and no other
crystalline phases are observed (Figure [5.2]). The existence of Laue oscillations
due to both layers of magnetite indicates the good crystallinity of the upper
magnetite film, and therefore, the good crystallinity of the MgO layer.

o MgO (001) // Fe,0, / MgO / Fe,O,

MgO (002)

Fe,O, (004)

Laue oscillations
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Figure 5.2: 6 — 26 scan from a Fe304/MgO/Fe304 heterostructure produced at the
optimal magnetite growth conditions.

The magnetization measurement as a function of the magnetic field at room
temperature up to a maximum magnetic field of 1.8 Tesla was performed by
means of VSM (see Figure (.3). The magnetic moment per volume has been
calculated with the total thickness of both Fe3O4 layers as determined by XRR.
The saturation magnetization value is similar to that obtained for magnetite
single layers, demonstrating the stoichiometry of the magnetite layers.

As a conclusion, structural and magnetic characterization clearly evidences
an epitaxial growth of the MgO (001) tunnel barrier over the magnetite elec-
trode. This will be further investigated by HRTEM in Fe3O4/MgO/Fe epitax-
ial heterostructures in next section.
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Figure 5.3: Magnetization as a function of the applied magnetic field at room tem-
perature of a Fe3O04/MgO /Fe304 heterostructure produced at the optimal magnetite
growth conditions.
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5.2 Fe304 / MgO / Fe

In order to grow FesO4/MgO/Fe heterostructures, the growth of Fe epitaxial
thin films on single-crystal MgO (001) substrates was also optimized. The Fe
films were deposited in ultra high vacuum by means of PLD using a KrF laser
(248 nm) at 10-Hz repetition rate and pure (99.99%) Fe targets.

X-ray and HRTEM characterization revealed the expected out-of-plane
(001) orientation with a 45 rotation of the in-plane axes, thus:
MgO(001)[100] // Fe(001)[110]

The mosaic spread is typically Aw = 0.2° and XRR fits yield an RMS
roughness of 0.2 nm for a Fe typical thickness of 10 nm and growth temperature
of 300 °C. The RT resistivity values are 15.1 uf)-cm with a residual resistivity
ratio (RRR) of RRR = 4.7. Magnetization measurements show the expected
in-plane magnetic anisotropy with the easy axis along the Fe [001] direction
and a coercive field < 10 Oe (figure [5.4]). All these are in good agreement with
published data in thin Fe films of similar thickness grown by means of MBE
[270] or UHV sputtering [271].
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Figure 5.4: Magnetization as a function of the applied magnetic field at room tem-

perature of a 20 nm-thick Fe film. The magnetic field has been applied in the plane
of the film, along the (100) and (110) directions.
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All layers of the Fe3O4/MgO/Fe heterostructure were deposited in ultra-
high vacuum at substrate temperatures of 450 °C for Fe3O4 and between room
temperature (RT) and 400 °C for Fe and MgO layers. The samples were char-
acterized by x-ray diffraction (@ — 26, w scans, ¢ scans, and reciprocal space

maps) and XRR, HRTEM, and VSM and SQUID magnetometry.

Cross-section TEM specimens were prepared by mechanical thinning and
ion polishing in a commercial Precision Ion Polishing System (PIPS). HRTEM
cross-section images obtained in a Philips CM30 LaBg microscope with a point
resolution of 0.19 nm in selected Fe3O4/MgO/Fe heterostructures demonstrate
the high crystallinity of the epitaxial MgO (001) tunnel barrier and sharp
interfaces (Fig. [B.5]).

Combining High Resolution Transmission Electron Microscopy and x-ray
results, we have obtained for the heterostructure the epitaxy relation:

MgO(001)[100] // Fe304(001)[100] / MgO(001)[100] / Fe(001)[110]

The Fe layer accommodates the strain coming from the large lattice misfit
with MgO barrier (-3.7%) by nucleation of dislocations near the interface with
the MgO barrier, one of them is marked with a circle in Fig. A 2-nm-thick
passivation layer on the Fe surface (labeled as FeO,) due to the exposure to
ambient atmosphere is observed.
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Figure 5.5: Cross-section HRTEM image of a se- Figure 5.6: Schematic of
lected MgO(001) // Fe3sO4/MgO/Fe epitaxial het- the heterostructure epitaxial
erostructure. Image obtained by Dr. C. Magen at growth.

the Centre d’Elaboration de Matériaux et d’Etudes

Structurales, CNRS in Toulouse (France).
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The interface roughness and roughness correlation between interfaces in
tunnel devices are thought to be critical for their spin-transport properties
[262]. XRR in a selected heterostructure where both MgO barrier and Fe
counterelectrode have been deposited at RT is shown in Fig. 5.7 The top Fe
electrode was protected by means of an 8-nm MgO layer.
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Figure 5.7: XRR of a selected MgO(001)//Fe304/MgO/Fe heterostructure. The red
line is the fit by using the software package LEPTOS from Bruker AXS. The derived
thickness (t) and RMS roughness of all layers and interlayers have been listed as an
inset.

As can be seen from the fit, the RMS roughness is relatively low, ~ 0.2 nm,
this being indispensable for the patterning of micrometric MTJs. The obtained
values are smaller than those reported in MBE-deposited samples [262|, but
probably due to the larger roughness of the commercial MgO substrate utilized
in that work and/or different growth mechanisms. In our study, we have
found no clear correlation between the interface roughness and the temperature
growth of the different layers.

Magnetic characterization of a selected trilayer (70.9 nm) Fe3O4 / (3.7 nm)
MgO / (5.6 nm) Fe protected by 5.3 nm of Au (sputter-deposited in the same
vacuum chamber) was performed by means of VSM and SQUID magnetometry.

The RT hysteresis loop was measured at room temperature up to a max-
imum applied field of 1.8 Tesla by VSM magnetometry. The magnetic field
was applied in the (110) MgO direction, thus, in the magnetic easy axis of the
Fe layer (Fig. £.8). It reveals an independent switching of both FesO4 and Fe
electrodes, which is essential for the existence of tunnel magnetoresistance.
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The switching fields of both FesO4 (200 Oe) and Fe (46 Oe) electrodes
are smaller and larger, respectively, than those typically observed in single
layers on MgO (001). This indicates the existence of a weak ferromagnetic
coupling between both electrodes. We have estimated the exchange coupling
constant, J, between electrodes by either measuring a major hysteresis loop
or by measuring a minor hysteresis loop of the Fe layer with smallest coercive
field. We have obtained values of J = 0.03 mJ/m? for samples with an MgO
tunnel barrier thickness of 2 nm, this being consistent with published data
[272], and thus confirming the required weak coupling for future MTJs.
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Figure 5.8: RT hysteresis loop of a (70.9 nm) Fe3O4 / (3.7 nm) MgO / (5.6 nm)
Fe / (5.3 nm) Au heterostructure. The switching fields of both electrodes have been
marked.

The low-field temperature dependence of the magnetization of the same
sample was performed by means of SQUID magnetometry at a magnetic field of
500 Oe, applied in the MgO (100) direction (Fig. [59). A clear and sharp drop
at the Verwey transition, Ty = 115 K, can be observed, demonstrating that
the high quality of the FegO, layer is preserved after the subsequent growth
of the MgO, Fe and capping layers, this guaranteeing a source of nearly fully
polarized electrons.
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Figure 5.9: Temperature dependence of the magnetization in a field of 500 Oe of the
(70.9 nm) FesOy4 / (3.7 nm) MgO / (5.6 nm) Fe / (5.3 nm) Au heterostructure. The
onset of the Verwey transition is indicated.

In conclusion, the structural, morphological and magnetic characterization
of the Fe3O4 / MgO / Fe heterostructures demonstrates the high crystallinity
and clean interfaces required for further research and applications of their
magnetotransport properties [273]. The good control of the tunnel barrier
thickness has allowed a satisfactory decoupling of the ferromagnetic layers,
which is essential for large tunnel magnetoresistance.
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5.3 Fe3;O4 / MgO / FePt

As it has been pointed out previously, magnetite is expected to exhibit suit-
able properties for its implementation in spintronic devices (see chapter (),
and L1y - ordered FePt films present a high magnetocrystalline anisotropy en-
ergy density with the easy magnetization direction perpendicular to the film
surface plane, which solves the superparamagnetic limit problem (chapter [).
Therefore, MTJs composed by FesO4/MgO/FePt heterostructures are promis-
ing devices in spintronics.

FePt has shown high tunnel magnetoresistance when being part of a MTJ
with MgO(001) barrier [46, 150, [51]. However, both electrodes in those MTJs
have the easy magnetization direction perpendicular to the film surface, and
TMR has never been examined in any MTJ including both in-plane and out-
of-plane anisotropy geometries in MTJs electrodes. Obtaining high quality
Fes04/MgO/FePt represents, then, an interesting and timely topic.

Considering that the growth of magnetite and FePt films was previously
optimized (chapters 21 and [ respectively), there are two possible heterostruc-
ture geometries that are suitable for the subsequent optical lithography process
necessary in order to obtain MT/Js:

e MgO (001) // FesO4 / MgO / FePt
In this geometry, the relatively thick conductive bottom electrode neces-
sary for an optimal lithography process is the magnetite film.

e Nb:STO (001) // FePt / MgO / Fe3Oy
In this case, the conductive Nb : STO substrate provides the bottom
electrode thickness necessary for the lithography process, allowing the
growth of a thinner FePt film. This heterostructure is grown and studied
over STO substrates prior to its deposition over the conductive Nb :
STO substrates, as their structural and morphological characteristics
are identical.

Prior to the deposition of the heterostructures with the suitable geome-
try for lithography, a MgO (001) // FePt / MgO / FesOy4 heterostructure was
grown and characterized in order to determine the viability of such heterostruc-
tures.

The MgO and FeszO4 layers were grown by means of PLD at the INA
(Spain), and the FePt layers were grown by RF-sputtering at the IMEM
(Italy). The structural, morphological and magnetic characterization of the
heterostructures was performed at the INA (Spain).



178 Chapter 5. Fe3 O, - based heteroepitaxial structures

5.3.1 MgO (001) // FePt / MgO / Fe;0,

A 12 nm-thick FePt film was grown on MgO (100) by means of RF-sputtering
at the optimized conditions detailed in chapter @ The MgO/FesO, structure
was grown by PLD, with the deposition conditions detailed in chapter 21

The XRR pattern was measured and fitted (figure [5.10), showing relatively
low roughnesses for the Fe3Oy4, FePt and MgO layers.
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Figure 5.10: XRR of a selected MgO (001) // FesOy4 / MgO / FePt heterostructure.
The red line is the fit by using the software package LEPTOS from Bruker AXS. The
derived thickness (t) and RMS roughness of all layers and interlayers have been listed
as an inset.

The RT hysteresis loop of the heterostructure was measured at room tem-
perature up to a maximum applied field of 1.8 Tesla by VSM magnetometry
(see Fig. [BIT)). The magnetic field (H) was applied both in the plane of the
substrate surface and perpendicular to the surface plane, showing that the easy
magnetization axis of the FePt film is perpendicular to the film surface, while
the magnetite has its easy magnetization direction in the plane of the surface.

Both the coercive field of the FePt film and the demagnetizing field of the
magnetite, Hp(FesOy) = 47Mg ~ 6 kOe, determine the shape of the hysteresis
loop when H is applied perpendicularly to the sample surface.
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For high applied magnetic field (H > Hp(Fe3O4), He) the magnetization
direction of both electrodes are oriented parallel to the applied magnetic field
(situation (a) in figures G111 and BI2]). As H is decreased, the magnetite
magnetization rotates towards its easy magnetization direction in the film plane
(b). Further increasing of the magnetic field in the opposite direction rotates
the magnetite magnetization to a direction parallel to H direction (¢). When
H > Hp(Fe3O,), the magnetization of the magnetite is parallel to H. When

H overcomes the coercive field of the FePt layer, the total magnetization is
parallel to H (d).
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Figure 5.11: RT hysteresis loop of a MgO (001) // (12.0 nm) FePt / (2.2 nm) MgO /
(43.8 nm) Fe3O4 heterostructure. The coercive field of the FePt film has been marked.
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Figure 5.12: Schematic of the magnetization orientation of the electrodes in the situ-
ations displayed in figure B.111

It is then demonstrated that the FePt / MgO / FegO4 heterostructure can
be obtained with an acceptable quality, obtaining a system with an unusual
magnetic behavior, which makes it interesting for MTJs obtention.
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5.3.2 MgO (001) // Fe;0, / MgO / FePt

The Fe304/MgO structure was grown on MgO (001) substrates by PLD, using
stoichiometric polycrystalline FesO4 and MgO targets, and a KrF laser (248
nm) in ultra-high vacuum (base pressure < 5 x 1079 Torr), at substrate tem-
peratures of 400 °C. Afterwards a 10 nm-thick FePt film was grown over the
structure using the deposition conditions optimized in chapter [4 which, for
FePt film with this thickness on MgO substrates consist on a substrate tem-
perature of 442 °C and a posterior annealing in high vacuum for 85 minutes.

The XRR pattern was measured and fitted (figure[5.13]), showing low rough-
ness for the Fe3O4 and MgO layers, < 0.1 nm, and the expected value for the
FePt film surface.
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Figure 5.13: XRR of a selected MgO (001) // Fe304 / MgO / FePt heterostructure.
The red line is the fit by using the software package LEPTOS from Bruker AXS. The
derived thickness (t) and RMS roughness of all layers and interlayers have been listed
as an inset.

The RT hysteresis loop of the previous heterostructure was measured at
room temperature up to a maximum applied field of 1.8 Tesla by VSM mag-
netometry. The magnetic field was applied both in the plane of the substrate
surface and perpendicular to the surface plane, showing that the expected easy
magnetization direction for the FePt and the magnetite, being perpendicular
and parallel to the sample surface, respectively. The behavior of the magneti-
zation directions of both electrodes as a function of the applied magnetic field
corresponds to the situations explained previously in section (.3.11
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In this case, from the hysteresis loop obtained by applying the magnetic
field perpendicular to the film surface, it can be observed that the coercive
field of the FePt film (Ho(FePt) = 2.6 kOe) is lower than the magnetite de-
magnetizing field (Hp(FesO4) = 5 kOe) for a saturation magnetization of 400
emu/cm?)), which can be noticed by means of the derivative curve. Such de-
crease is possibly mainly due to the epitaxial strain present in the system,
which slightly modifies the in plane lattice parameter of the deposited MgO

substrate, leading to a change in the morphology of the subsequently grown
FePt film.

The hysteresis loop measured with the magnetic field applied parallel to the
sample surface shows a superposition of the slope due to the FePt contribution,
and the signal of the magnetite film, showing a coercive field whose value is
similar to those measured in magnetite thin films.
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Figure 5.14: RT hysteresis loop of a MgO (001) // (34.4 nm) FesOy4 / (1.5 nm) MgO
/ (11.3 nm) FePt heterostructure.
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The XRD pattern displayed in figure shows the [001] reflections from
the L1y - ordered FePt, which, together with the magnetization measurements,
demonstrates the good crystallinity and epitaxial growth of the L1y - FePt
(001) ordered phase. As the Fe3Oy (004) reflection is also visible, it is evidenced
that the magnetite bottom layer quality is not modified during the growth of
the rest of the layers.
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Figure 5.15: 6 — 26 scan from a MgO (001) // (34.4 nm) Fe3sO4 / (1.5 nm) MgO /
(11.3 nm) FePt heterostructure.

The growth of MgO (001) // (~ 40 nm) Fe3O4 / (~ 2 nm) MgO / (10 nm)
FePt is, then, fully optimized, demonstrating its high crystalline quality and
its promising magnetic properties. Optical lithography of this heterostructure
is now in progress in order to obtain MTJs.
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5.3.3 STO (001) // FePt / MgO / Fe;0,

A 15 nm-thick FePt film was grown on STO by means of RF-sputtering at
the optimized conditions detailed in chapter Ml i.e. substrate temperature of
450°C and an in-situ annealing of 60 minutes. The Fe3O4/MgO structure was
grown by PLD, with the deposition conditions detailed in chapter

The XRR pattern was measured and fitted (figure [5.16]), showing consid-
erable roughnesses for the Fe3O4 and MgO layers.
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Figure 5.16: XRR of a selected STO(001) // Fe3O4 / MgO / FePt heterostructure.
The red line is the fit by using the software package LEPTOS from Bruker AXS. The
derived thickness (t) and RMS roughness of all layers and interlayers have been listed
as an inset.

The RT hysteresis loop of the heterostructure was measured at room tem-
perature up to a maximum applied field of 1.8 Tesla by VSM magnetometry.
The magnetic field was applied both in the plane of the substrate surface and
perpendicular to the surface plane, showing that the easy magnetization axis
of the FePt film is perpendicular to the film surface (Fig. BI7) and the easy
magnetization of the FezOy is oriented in the plane of the sample surface.

From the hysteresis loop obtained by applying the magnetic field perpen-
dicular to the film surface, it can be observed that the coercive field of the
FePt film (Heo(FePt) = 2.3 kOe) and the demagnetizing field of the magnetite
(Hp(Fe3Oy4) = 4.2 kOe) have similar values to those detailed for the MgO (001)
// FesO4 / MgO / FePt heterostructure.
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Figure 5.17: RT hysteresis loop of a STO (001) // (16.5 nm) FePt / (3.1 nm) MgO
/ (33.0 nm) Fe3O4 heterostructure.

The XRD pattern displayed in figure [5.18 shows the [00]] reflections from
the L1j - ordered FePt, which, together with the magnetization measurements,
demonstrates the good crystallinity and epitaxial growth of the L1y - FePt
(001) ordered phase. However, it is observed that the FesO4(004) does not

grow epitaxially, presenting diffraction reflections from different plane families:
(111) and (001).

Although the magnetic properties are satisfactories for our objective, from
the x-ray characterization, it is evidenced that the crystalline quality of the
MgO barrier and the upper magnetite electrode need to be improved if we want
to obtain MTJs from the STO (001) // FePt / MgO / Fe3O4 heterostructure.
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Figure 5.18: § — 26 scan from a STO (001) // (16.5 nm) FePt / (3.1 nm) MgO / (33.0
nm) FezOy4 heterostructure.
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5.4 MTJs: Preliminary results

CoFeBjg is a ferromagnetic material with suitable properties for its inclusion in
MTJs, whose growth and magnetotransport properties have been completely
optimized at the INESC [274, 275].

Therefore, a MgO (001) // (58.6 nm) Fe3O4 / (1.7 nm) MgO / (3 nm)
CoFeByg / (5 nm) Ru / (5 nm) Ta heterostructure was grown in order to obtain
MTJs by means of optical lithography. The magnetite bottom electrode was
deposited by PLD on a MgO (001) substrate at the INA (Spain), by using
standard optimized conditions (See chapter [2]).

The (1.7 nm) MgO / (3 nm) CoFeBjp / (5 nm) Ru / (5 nm) Ta structure was
grown over the magnetite layer by sputtering using a Nordiko 2000 sputtering
system [275] available at the INESC-MN in Lisbon (Portugal). Prior to the
sputtering deposition , the sample was heated up to 130 °C in vacuum for 30
minutes in order to degas its surface.

The Nordiko 2000 is a fully automated magnetron sputtering system with
six 3 inch diameter water-cooled magnetrons. All six magnetrons work in DC
mode and three of them can also work in RF mode. The system has a small
load-lock for loading and unloading the samples into and from the chamber,
which maintains a base pressure of 6.6 x 10~% Torr. The growth parameters
used for each material are shown in table 5.2

Material RF RF DC DC Flow | Pressure | Rate
Power | Bias || Current | Bias | (sccm) || (mTorr) | (A/s)

MgO 130 W | 296 V - - 9 18.0 0.19
CoFeBg - - 45 mA | 414V 9 7.2 0.58
Ru - - 45 mA | 294V 8 5.2 0.40
Ta - - 45 mA | 334V 5 4.7 0.52

Table 5.2: Sputtering deposition conditions.

Once the full heterostructure is deposited, the microfabrication of the MTJs
can be started.
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5.4.1 Magnetic Tunnel Junction Fabrication Process
The optical lithography process was performed at the 250 m? clean-room (class

100 and class 10 areas) at the INESC-MN, by means of the following standard
microfabrication steps:

Microfabrication Step 1: Bottom electrode definition

The first step in the microfabrication process consists in defining the bottom

=

electrode shape by etching:

Heterostructure Photoresist deposition  After ion milling and resist strip

Figure 5.19: Microfabrication Step 1: Bottom electrode definition.

The stack deposited on the substrate was coated with a 1.5 pm photosen-
sitive polymer (PFR7790G27cP, by JSR Electronics) in a Silicon Valley Group
(SVG) system. Then, the pattern was defined by using a DWL 2.0 system
from Heidelberg, with a 442 nm HeCd laser, a laser spot size of 750 nm and an
alignment accuracy of 70 nm. Due to the laser exposure, the chemical bonds
of the polymer are broken, and the exposed photoresist can be removed by
developing the sample in the SVG system.

Afterwards, the unprotected material from the sample is removed by etch-
ing with the Nordiko 3600 ion beam milling automated system. In this system,
the substrate table can rotate in plane around its symmetry axis with a rota-
tion speed up to 30 rpm, and the relative position between the substrate and
the beam can be changed from 0° to 80°. This works with Ar and Xe inert
gases, and the chamber working pressure is 10~8 Torr, obtaining an average
etch rate for metals of around 1 A /s. The parameters used for the ion milling
are shown in table

Once the etching process is finished, the remaining photoresist in the sample
is removed in a resist strip process, where the sample is heated up to 90 °C in
a solvent called Microstrip and periodically subjected to ultra-sounds.
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RF v+t V- I Ar Flow Pressure
160 W | 735V | 350 V | 105 mA | 10 sccm | 1.4x10~% Torr

Table 5.3: Nordiko 3600 ion milling conditions for the magnetic tunnel junctions full
stack.

At the end of the first step, the quality of the process is checked by inspec-
tion with an optical microscope (Figure [5.20).

Figure 5.20: Optical microscope image of the pattern obtained after developing the
photoresist. The bottom electrode is defined.

Microfabrication Step 2: Definition of the junction area

The second step in the microfabrication process is also done by etching, in
order to define the junction area.

The photoresist deposited with the SVG system is patterned by using
Nordiko 2000, defining the junction area as a squared pillar and also cover-
ing the two bottom contacts.

After the patterning, the unprotected material is etched by ion milling.
The etching must stop in the middle of the structure, right after the tunnel
barrier and leaving the bottom electrode almost intact (see figure [5.21]).

The second etch is the most critical step of the microfabrication process:
if the etch is stopped before reaching the barrier, the junction area will be the
whole bottom electrode area and the electrons will flow through pin-holes; on
the other hand, if the etch is stopped after etching the lower layers underneath
the barrier, there won’t be electrical contact to the bottom electrode. In order
to improve the control of the etching time, a calibration sample is grown with
exactly the same layers and thickness of the sample and used to control the
end of the ion milling.
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3D view

Starting heterostructure Photoresist deposition Controlled ion milling

Top view

Figure 5.21: Microfabrication Step 2: Definition of the junction area.

The etching conditions have to be carefully controlled in order to avoid
material redeposition in the junction sidewalls.

The photoresist must not be removed at the end of this step, as it is nec-
essary for the next step. An image of the sample obtained by an optical
microscope after the performance of the second microlithography step can be
observed in figure

Figure 5.22: Optical microscope image of the pattern obtained after developing the
photoresist. The junction area is defined.
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Microfabrication Step 3: Electrode insulation

A thick insulating layer (tipically 40 nm of AlsOg3) is deposited with an UHVII
RF - magnetron sputtering system in order to avoid any electrical current path
between the bottom and top electrodes through anywhere else but the junction
area. A base pressure of ~ 3x10~7 Torr is required for the optimum deposition
conditions described in table [5.4]

Material | RF Power | Gas Flow Pressure | Deposition Rate
Al,O3 200 W 45 scecm Ar | 3.0 mTorr 0.20 A/S

Table 5.4: Sputtering parameters in the UHV II system.

In the previous process step the photoresist was not removed, and now
it will be used to define the via through the insulation oxide by lift-off (self-
aligned process), as shown in Figure [5.23

The insulator lift-off process duration increases with pattern areas decrease
and increasing insulation thickness. Therefore, for junctions with few pm? and
40 nm thick insulating layer, the lift-off can take several days.

Top view

Starting heterostructure Insulating layer deposition Lift-off

Cut view

Figure 5.23: Microfabrication Step 3: Bottom electrode insulation.
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Microfabrication Step 4: Top Electrode Contact

In this process step, both the top and the bottom pads are defined by lift-off
as shown in figure

Top view
Starting heterostructure Photoresist deposition Metal deposition Lift-off

and developement

Cut view

Figure 5.24: Microfabrication Step 4: Top Electrode Contact.

Photoresist is deposited on the sample and is developed in order to de-
fine the pattern (Figure (.25). Afterwards, the sample is covered with metal
through a sputter-etch step and two metal layers deposition in the Nordiko
7000 system. After the lift-off, the metal remains only on the contact pads
and the top lead.

Figure 5.25: Optical microscope picture of the pattern obtained after developing the
photoresist.
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The quality of the final lift-off is analysed by optical inspection with a
microscope (Figure [(26) and the magnetic tunnel junction is ready to be
measured.

T

Figure 5.26: Optical microscope picture of processed magnetic tunnel junctions.
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5.4.2 TMR preliminary measurements

The tunnel magnetoresistance was measured at the INESC-MN with a manual
measurement setup shown in figure £.27] which consisted on four TiW probes
mounted in individual micropositioners with a spatial resolution of 10 pm,
connected to a current source and a voltmeter. The magnetic field was provided
by two Helmholtz coils feeded by a second current source.

Figure 5.27: Image of the magnetotransport manual measurement setup available at
the INESC-MN.

TMR measurements were performed at room temperature up to a maxi-
mum in plane magnetic field of 70 Oe on the as-deposited junctions and after
performing an annealing of 280 °C in vacuum, which produces a crystallization
of the CoFeB1g. At this magnetic field, only the CoFeB1g layer is able to rotate,
due to its low coercive field (5 - 10 Oe), thus we are measuring a minor loop,
and the TMR will be higher than the measured value. The highest TMR ratio
was obtained for the bigger as-deposited junction (see figure [5.28)). Figure
shows the TMR ratio of a 3 um x 6 pm size MTJ, both as deposited and after
the annealing.

The TMR results obtained are promising, obtaining ratios up to 8 % which
could be increased by improving the heterostructures quality. Therefore, fur-
ther studies need to be performed, including full-loop TMR measurements.
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Figure 5.28: TMR ratio of MTJs with the structure MgO (001) // (58.6 nm) Fe304
/ (1.7 nm) MgO / (3 nm) CoFeBjp / (5 nm) Ru / (5 nm) Ta at room temperature,
as a function of the Resistance x Area (RA) product value.
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Figure 5.29: TMR ratio of a 3 um X 6 pm size MTJ with the structure MgO (001)
// (568.6 nm) FezOy4 / (1.7 nm) MgO / (3 nm) CoFeByg / (5 nm) Ru / (5 nm) Ta at
room temperature and as a function of the applied magnetic field.
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5.4.3 MTJs from Fe;0,/MgO/Fe heterostructures

Optical lithography is being optimized at the INA (Spain) in order to ob-
tain high-quality MTJs from the Fe304/MgO /Fe heterostructures. Once the
multilayer is deposited, the main photolithography steps, up to date, are the
followings:

Bottom electrode definition: Deposition of positive photoresist, optical ex-
position and ion milling of the sample.

Definition of the junction area: The ion milling time have to be thoroughly
controlled in order to avoid the bottom electrode destruction.

Electrode insulation: In this case, we use dielectric SigNiy, deposited by
plasma-enhanced CVD, up to a thickness of, at least, 100 nm. A reactive-
ion etching process is performed in order to define the via through the
insulator.

Top electrode contact: The top electrode is defined by using invertible pho-
toresist. The metal is deposited by means of e-beam evaporation (10 nm
Cr + 150 nm Au), and finally, a lift-off is performed with acetone.

While the MTJs produced at the INESC in Lisbon have a square section,
the junctions fabricated at the INA in Zaragoza have circular sections, as can
be seen in figure These MTJs are being measured at the moment, and
results are expected in the next months.
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Figure 5.30: Optic microscope image of the MTJs produced at the INA (Spain).



Conclusions

This thesis has been devoted to the preparation and characterization of epi-
taxial thin films and heterostructures which present relevant phenomena at
the nanoscale, being specially focused on those systems formed by magnetic
oxides produced by pulsed laser ablation, with technological applications in
magnetoelectronics. As a result of this work, the following conclusions have
been drawn:

e We have grown high-quality epitaxial Fe3O,4 films on MgO substrates
by PLD, performing a thorough structural, morphological, magnetic and
electrical transport characterization. The films presented flat and smooth
surface with rms roughness of about 0.1 nm. Typical saturation magneti-
zation values are of the order of 450 emu/cm?® and the Verwey transition
was observed in films with different thicknesses, down to 5 nm-thick.

e We have investigated the enhanced magnetic moment found in ultrathin
magnetite films (t < 20 nm). Contradictory results were obtained when
comparing SQUID and VSM magnetometry with PNR and XCMD mea-
surements, e.g., for a 4.5 nm-thick film, a saturation magnetization of
1050 emu/cm® was found by VSM magnetometry, while the value ob-
tained by PNR was 163 emu/cm®. XPS experiments showed absence of
metallic Fe impurities in the magnetite films. Finally, ICP and SQUID
magnetometry measurements showed the presence of Fe impurities in
the substrates, which indicates that the origin of the enhanced magnetic
moment is extrinsic, due to the presence of Fe impurities in the MgO
substrates, and not intrinsic to FegOy.

e We have grown epitaxial SroCrReOg double-perovskite thin films by PLD
with high crystallinity and relatively large cationic order. Typical values
of saturation magnetization of Mg = 1 up/f.u. and electrical resistivity of
p (300 K) = 2.8 mQ-cm were obtained, in good agreement with previous
published results in sputtered epitaxial thin films. We estimate that the
AS concentration in our thin films is of the order of 14%, and a direct
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visualization with atomic resolution in real space is being performed at
the moment by means of Z-contrast aberration corrected ADF-STEM.

We have performed a study on the growth of 15 nm-thick L1y — FePt
films on different substrates and buffer layers, finding the optimal de-
position conditions for MgO (001) and STO substrates, ie, a substrate
temperature of 450 °C for both of them, being necessary an annealing in
vacuum for 60 minutes for the growth over STO substrates. These results
have allowed us the integration of FePt films on heterostructures with
MgO tunnel barrier and a magnetite electrode for future MTJs includ-
ing both in-plane and out-of-plane anisotropy geometries in the MTJs
electrodes.

We have produced high quality epitaxial Fe3O4/MgO /Fe heterostruc-
tures, all layers being deposited by PLD. All interfaces appear very sharp
with relatively small rms roughness, ~ 0.2 nm. The magnetic coupling
between Fe3O, and Fe electrodes is also very small, J ~ 0.03 mJ/m?
(MgO barrier thickness of 2 nm). The obtention of Magnetic Tunnel
Junctions from these heterostructures by means of optical lithography is
in progress.
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