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“If time and space can be known by intuition,
each in itself and regardless of matter, this,
on the contrary, can not be perceived without
them. But matter has no condition time
and space considered separately;, It’s the
combination of them that constitutes its
essence, residing entirely in activity and
causality. Indeed, all phenomena and all
possible states, which are innumerable, could,
without disturb each other, coexist in infinite
space, and, on the other hand, to succeed
without difficulty in infinity of time.”

The World as Will and Representation
(1818/1819)
Arthur Schopenhauer
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Abstract

The use of thin films, and more recently of nanostructures, to optimize physical and
chemical properties of materials is ubiquitous nowadays. In this context, the deposition of
ultrathin films on vicinal surfaces has been an area of great scientific curiosity, given that the
periodic arrangement of substrate steps in nanometric scale can lead to the ordered growth of
nanostructures, and such self-organization has great technological appeal. In particular, low
dimensional ferromagnetic systems have received great attention due to promising applications
in magnetic memory devices and spintronics. In order to improve the understanding of these
systems, here we investigate the effects of the growth temperature on the structural and
magnetic properties of ultrathin iron (Fe) and cobalt (Co) ferromagnetic films on vicinal
Ag(977). A few monolayers (ML) were slowly deposited by molecular beam epitaxy (MBE)
between 0.5 ML and 5.0 ML. In-situ analysis techniques were used, such as low energy electron
diffraction (LEED), scanning tunneling microscopy (STM) and magneto-optical Kerr effect
(MOKE). For Fe/Ag(977) grown at room temperature, in the 2.0 ML to 5.0 ML range, we
observe the formation of elongated nanostructures (“nanowires”) of Fe aligned with the step
edges of the vicinal surface. At 500 K, between 1.0 ML and 3.0 ML, the growth of triangular
structures was observed, most probably with surface alloy formation among the thin film
and the substrate. For Co/Ag(977) samples grown at 500 K, for lower thickness, we observe
the formation of triangular structures, suggesting Co stacking fault (FCC) on the Ag(111)
terraces, and hexagonal structures due to Co-HCP stacking for higher thickness. From the
point of view of magnetic properties, which were investigated by MOKE, we have observed
from a thickness of 3.0 ML Fe on Ag(977) the presence of a distinguished ferromagnetic
signal, when compared to the substrate diamagnetic signal. Nevertheless, for Co/Ag(977) a
ferromagnetic signature was already present from 2.0 ML. Both systems have shown strong
anisotropies and the experimental results indicate that the easy magnetization axis is in-plane
and aligned with the steps, while the hard axis is out-of-plane. Furthermore, the coercive
field strength has a dependence with the in-plane angle (¢) of the applied magnetic field,
with a minimum value when aligned to the steps, which is in line with the nano-structured
arrangement observed by STM.

Keywords: Condensed Matter; Surfaces and Interfaces Physics; Ag(977) Vicinal Surface;
Magnetism and Matter;



Resumo

O emprego de filmes finos, e mais recentemente de nanoestruturas, para otimizar pro-
priedades fisicas e quimicas de materiais é onipresente no mundo atual. Nesse contexto, a
deposicao de filmes ultrafinos sobre superficies vicinais tem sido uma area de grande curiosi-
dade cientifica, dado que o arranjo periédico de degraus do substrato em escala nanométrica
pode levar ao crescimento ordenado de nanoestruturas, e tal auto-organizagao tem grande
potencial tecnoldgico. Em especial, sistemas ferromagnéticos de baixa dimensionalidade
tem recebido grande atengao devido a promissoras aplicagoes em dispositivos de memoéria
magnética e em spintronica. Com o objetivo de melhorar o entendimendo destes sistemas,
neste trabalho investigamos os efeitos da temperatura de crescimento nas propriedades
estruturais e magnéticas de filmes ferromagnéticos ultrafinos de ferro (Fe) e cobalto (Co)
em superficie vicinal Ag(977). Foram depositadas poucas monocamadas (ML) através de
evaporagao lenta via epitaxia por feixe molecular (MBE- molecular beam epitaxy) entre 0.5
ML e 5.0 ML. Foram empregadas técnicas in-situ de andlise, tais como, difracao de elétrons
(LEED - low energy electron diffraction), microscopia de tunelamento por varredura (STM
- Scanning Tunneling Microscopy) e efeito Kerr magneto-6ptico (MOKE - magneto optical
Kerr effect). Para amostras de Fe/Ag(977) crescidas a temperatura ambiente, na faixa entre
2.0 ML e 5.0 ML, observamos a formagao de nano-estruturas alongadas (“nanofios”) de Fe
alinhadas com os degraus da superficie vicinal. A 500 K, entre 1.0 ML e 3.0 ML, observou-se o
crescimento de estruturas triangulares, muito provavelmente com formagcao de liga superficial
entre o filme fino e o substrato. Para as amostras de Co/Ag(977) crescidas a 500 K, para
coberturas mais baixas observamos a formacao de estruturas triangulares, sugerindo falha de
empilhamento (FCC) do Co sobre os terragos Ag(111), e de estruturas hexagonais préprias de
HCP para coberturas mais altas. Do ponto de vista das propriedades magnéticas investigadas
via técnica MOKE, observamos a partir de 3.0 ML Fe/Ag(977) a presenca de um sinal
ferromagnético significativo, quando comparado ao sinal diamagnético do substrato. Contudo,
para Co/Ag(977) uma assinatura ferromagnética ja se faz presente a partir de 2.0 ML. Ambos
os sistemas apresentaram forte anisotropias e as medidas experimentais indicaram que o eixo
facil permanece no plano e alinhado com os degraus, e o eixo duro fora no plano. Além
disso, o campo coercivo apresenta dependéncia com respeito ao angulo planar (¢) do campo
magnético aplicado, com um valor minimo quando alinhado aos degraus, em consonancia
com o arranjo nanoestruturado observado por STM.

Keywords: Matéria Condensada; Fisica de Superficies e Interfaces; Superficie Vicinal Ag(977);
Magnetismo e Matéria;
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Chapter 1

Introduction and motivation

In the last decades several physical phenomena caused by reduced dimensionality have
been observed on thin films and nanomagnetic structures grown over metallic surfaces.
Among them, stands out the giant magnetoresistence (GMR) observed in heterostructures
composed by magnetic and non-magnetic layers.! From theoretical and experimental studies
the magnetic behavior related to surface assymetries, spin reorientation transitions (SRT)
and the anisotropy has been increasingly understood. The magnetic anisotropy is related
to the magnetic energy due to strong molecular field caused by the exchange interaction
between nearest neighbors atoms.??

In this context a large number of magnetic nanostructures has been employed in several
scientific areas such as diagnostics of health disease,* storage media and spintronic devices.
Within the scope of health research, in the last years, the technique of magnetic hyperthermia
has been used as a novel tool against cancer cells. In this technique, magnetic nanoparticles
are inserted into tumor cells and then an alternated magnetic field interacts with them
inducing an increase of temperature (over 40°C) destroying, therefore, the external membrane
of that cell>” as shown in figure 1.1.a. On the other hand, magnetic thin films have been
used for decades in the industry to improve the capacity of density storage media® and to
development novel ways to record information as magnetic random access memory”'? as
shown for instance in figure 1.1.b.

) Tunnel
Ferromagnetic = " barriers
electrodes

“

Low resistance s I1|gh r-esnnaﬂ(e state

Biocompatible coated

L ! L]
Magnetic ' “Bit" ines — &
w"opamcles . o i it TR

Alternating Hypenhermla - / <
Magnetic Field Therapv -,
Tumor Tumor
“Word” lines e

(a) Magnetic hyperthermla therapy. Reprinted from (b) Magnetic random access memory. Reprinted
Moradiya et al. (2019).° from Jenkins et al. (2016).'!

Figure 1.1—Two current applications of magnetic structures. (a) Magnetic hyperthemia
therapy has been used as a novel tool to treat cancer cells; (b) MRAM or Magnetic Random
Access Memory is a type of non-volatile memory which stores data in magnetic domains,
which will eventually become the dominant RAM method for memory storage.
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Despite being applied in several areas, some aspects of magnetic nanostructures are not
totally understood, and throughout the last years a lot of attention has been paid to study
them. However, several topics remain unresolved, and some of the most important we can
mention are: a) the mechanism of formation of magnetic domains in thin films'*'* and b) the
theory of magnetization reversal physical process'* of self-assembled magnetic nanostructures
on top of metallic substrate and their related magnetic behavior.

In this context, stepped or vicinal surfaces have been used as a laboratory to study
physical effects in low dimensionality systems.'” ' Generally, these studies are concerned
with the structural and magnetic properties of the substrate itself or with the thin films
deposited there. The first studies involving vicinal surfaces took place in the 1960s, aiming to
explain the diffraction pattern of surfaces with periodic and regular steps. In this context, one
of the first and most important works has been carried out by Park and Farnsworth (1964)
which studied, by means of LEED experiments, the structure of clean nickel crystal surfaces
with periodic steps and their influence on spots intensities both at the (110) and (111) planes.
Schwoebel and Shipsey (1966)?" studied the diffusion of atoms on crystalline surfaces with
stepped regularity. Their work presented the growth mode theory of the adsorbed atoms amid
a strong theoretical approach concerning atom movement probability on different steps and
terraces. The theoretical approach of growth on stepped surfaces covered in this work was
very import, and has influenced others fundamental studies, such as of Ellis and Schwoebel
(1968)** and Lang et al. (1972).%* Ellis and Schwoebel (1968) presented a detailed study of
UQO, single crystals both on flat and vicinal surface, showing a modern and systematic way
to build stepped surface from flat crystals and presented optimal preparation methods to
reach a well ordered vicinal surface. Besides that, presented a theoretical study concerning
the vicinal surface model and its relationship with the spots intensities on electron diffraction
patterns. Lang et al. (1972) established a new notation to designate the different kind of
vicinal surfaces. This notation takes in account the number of atoms and of crystalline planes
both on the terraces and on the steps. Furthermore, their work show the connection with the
Miller’s index, accordingly to the crystalline symmetries.

With the improvement of experimental techniques, a large number of vicinal surfaces has
been investigated since 1990s, both from the structural and magnetic point of view. Some of
the fundamental studies on the structure of stepped surface were carried out by Barreteau et al.
(2003),%* Rahman et al. (2003)*° and Néel et al. (2003).?° Barreteau et al. (2003) presented a
detailed investigation regarding the electronic structure, geometry and the stability of vicinal
surfaces using tight binding calculations and density functional theory (DFT). Rahman et
al. (2003) have contributed to a better understanding of the thermodynamics parameters of
vicinal surface, through a theoretical approach, with calculations of vibrational dynamics and
vibrational free energy. Furthermore, they presented calculations of fundamental structural
parameters (miscut angle, interatomic distance, terrace width and step height) of the main
vicinal surfaces. Another important structural study was performed by Néel et al. (2003).
Besides an overview on the current knowledge of stepped surfaces, this work presented a
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strong investigation of spontaneous pattern formation (self-organization) during homoepitaxial
growth. Accordingly to this work, the thin film self-organization is defined by adatom diffusion
and its optimal place to settle (lower energy), as well as to the so-called Erlich-Schwoebel
barrier between two successive terraces. It has been shown, using theoretical approach and
STM/HAS experiments, that the nanostructure formation and its stability on vicinal surfaces
depends on several parameters, such as the growth rate, substrate temperature, width of the
terraces and height of the steps.

The magnetism of thin films deposited on vicinal surfaces has been the goal of several
studies aiming technological applications and previous studies have contributed to the
understanding of low-dimensional magnetism. Shen et al. (1997)? studying the morphology
and magnetism of Fe ultrathin films on vicinal Cu(111) have discovered the formation of
self-assembled nanostrips, aligned with the steps. Analysing the hysteresis loops of these
structures, they have observed that ferromagnetic behavior occurs even at submonolayer
regime and that the magnetization curves depend on the temperature and time of deposition.
Zhao et al. (2002)*® using Monte Carlo simulation within a two-dimensional XY model,
studied ferromagnetic thin films deposited on vicinal surfaces. Analysing theoretical hysteresis
of these nanostructures, they have concluded that there is a strong uniaxial anisotropy due
to the symmetry breaking produced by the stepped surface. Furthermore, they realized that
the coercivity increases with the steps densities, but it has a complex relation with the film
thickness. Repetto et al. (2006)?° using experimental techniques - STM, LEED, MOKE
and XMCD - studied Fe ultrathin films on Pt(111) and Pt(997). Both systems presented
Spin Reorientation Transition (from perpendicular to in-plane) at the critical thickness,
Ocrit, of 2.8ML and 3.3ML, respectively, however, the anisotropy due to the steps produced
another Spin Reorientation Transition at submonolayer regime, 6..;; < 0.5ML, evidencing the
symmetry breaking of the surface.

In special, some attention has been paid to Fe, Co ferromagnetic nanostructures deposited
either on Ag(100) or Ag(111) flat surfaces.***" However, by reviewing previous work we
have noticed a lack of studies using commonly substrates, among them silver vicinal surface.
Therefore, the proposal of this work is to study the ferromagnetic structures deposited on
a stepped silver surfaces, aiming to understand the influence of the substrate temperature
during the epitaxial growth on the structural and magnetic properties of ferromagnetic
ultrathin films. For that, we chose iron (Fe) and cobalt (Co) as magnetic material and silver
Ag(977) as substrate. A large number of studies on Ag vicinal surfaces were done in the
last ten years®' " however studies were not carried out neither in clean Ag(977) or having
ferromagnetic overlayers on it. Furthermore, this work might provide a better understanding
of interaction of thin film with a vicinal surface. The structural characterization of our
samples was made with STM and LEED techniques, and for magnetic investigation we
applied MOKE magnetometry, nevertheless, these details will be presented later in the text.

The dissertation is divided as follow: Chapter 2 is dedicated to describe the crystalline
structure both of flat and vicinal crystals and provides an overview of the most common
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magnetic interactions and its effects in others structures; Chapter 3, the experimental
techniques are described and explained in details; Chapter 4, the experimental results are
presented, at both systems Fe/Ag(977) and Co/Ag(977) concerning the structural and
magnetic properties; Chapter 5 is dedicated to analysis and physical interpretations of the
experimental results; Chapter 6 presents the summary of this work, indicating the main
experimental conclusions and insights to future work.



Chapter 2

Magnetism and matter

The interaction between any solid object and the neighborhood occurs through the surface
and interface. In solid state physics, an interface is the boundary between two regions
occupied by different materials, however, the interface between matter and vacuum is called
surface and studied in surface science. In general, solid objects are organized into periodic
internal (bulk) and external (surface) layers. Although the most commonly investigated
surfaces are atomically flat, in this work, we used a different kind of surface, called stepped
(or vicinal) surface, whose details will be explained further.

If matter is deposited (by any method) on a surface, covering it with thicknesses in a
sub-nanometer range to tens of micrometers, it is called a thin film. These structures are
important for the industry due to their large applicability in several devices. Commonly these
applications explore some physical effect based on the interaction between the surface (or the
thin film presented there) and an optical or magnetic source. In this work, we used the vicinal
surface Ag(977) and deposited Fe, Co ultra-thin films to study the structural arrangement
and its connection with the magnetization dynamics. Therefore, this chapter presents a brief
review of the crystalline structure and an overview of the main physical phenomena behind
magnetism (and their interaction with the matter).

2.1 Crystalline structure

For a long time, the free electron model of Drude explained a large number of metallic
properties of the matter. However, the use of classical statistic mechanics to predict some
experimental results proved to be totally wrong. Sommerfeld tried to fix that by applying the
Fermi-Dirac distribution to describe the conduction electrons, however some experimental
observations remained without explanation, such as the transport coefficient of the free
electron, static thermodynamics and fundamental mysteries (why some elements do not
conduct?). This situation was modified by new assumptions about the electron motion. One
of the most important assumptions was that electrons do not move in free space but in the
presence of a static potential due to the arrangement of stationary ions. The fact is that,
notably, the ions are not random distributed, but organized in a regular and periodic lattice,
as confirmed by X-Ray and (later) by neutron diffraction, electronic microscopy and others
experimental techniques. The fact of the atomic ordering forming the known crystalline
lattices is the core of solid state physics and it is very important for the further discussion.

The crystalline structures are initially described by the Bravais (or real) lattices. The
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Bravais lattice is an infinite arrangement of discrete points that repeat themselves (equally)
throughout all the space. In other words, the position of each atom (or molecules, ions) in
the crystal is given by

R:nl a; + ng as + n3 as, (211)

where ny,ny and n3 are integer values and a;, a; and az are primitive vectors (a;(x,y, z),
ax(x,y,z), az(x,y,z)) related to the cartesian axis and lattice parameters. Commonly, the
solids are ordered in several structures, the 14 Bravais lattices, that are grouped accordingly
with their symmetries. Among them, there are 4 important structures, named Simple Cubic
(SC), Body Centered Cubic (BCC), Face Centered Cubic (FCC) and Hexagonal Close Packed
(HCP), see figure 2.1. For example, if the solid’s geometry is simple cubic, the primitive
vectors are a; = a X, a, = ay and ag = az.

y=120°

14

a
(a) Simple Cubic. (b) BCC. (¢) FCC. (d) HCP.
Figure 2.1—Main Bravais lattices. (a) Simple Cubic; (b) Body Centered Cubic; (c) Face
Centered Cubic; (d) Hexagonal. Reprinted from Daniel Mayer and Bob Mellish (2007).%

In this work, considering the substrate (Ag) used and the two deposited elements (Fe, Co),
we have three different crystalline structures. Silver has a Face Centered Cubic structure
with lattice parameter a = 4.09 A; Iron is Body Centered Cubic, with a = 2.87 A and the
a-phase of cobalt is Hexagonal HCP, with a = 2.51 A and ¢ = 4.07 A.>' Cobalt has two
stable phases, a (HCP) and  (FCC), however, the phase transition (a« — [3) occurs above
800 K.?? Therefore, we assume that the deposited Co-films are HCP, even though we are
aware that in the ultra-thin regime, a different stacking or even a stacking fault, may occur.

The identification of the crystalline structure of a solid can be carried out by electron
diffraction or X-ray diffraction experiments. The theoretical interpretation of the x-ray
reflection of parallel planes of atoms that constructively interfere, is that the difference of the
incident wave vector k and the scattered wave vector & must be equal to one of the reciprocal
KR

lattice vectors K. The relation between K and the real Bravais lattice R is e =1 and, for

that, K can be written as
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K = hb, + kb, + by, (2.1.2)

where by = QV“ag X az, by = 27“213 x a;, bsg= 27”a1 xap, and V =a;-(ay x a3).
h,k and [ are integers named Miller Indices and the set (hkl) denotes a crystalline plane in
Bravais lattice, as shown in figure 2.2. {hkl} represent all the equivalents plane families of
(hkl), [hkl] represent the normal direction of the plane (hkl) and < hkl > denotes all the set

of directions that are equivalent to [hkl] by symmetry.

Z
A

X

(100) (010) (111)

Figure 2.2—Three common crystalline planes in a Simple Cubic geometry. Online color.

An important concept in solid state physics is of the Brillouin Zone, which is defined
as the Wigner-Seitz cell in the reciprocal lattice. The first Brillouin zone is defined as the
smallest volume enclosed by planes that are the perpendicular bisectors of the reciprocal
lattice vectors that are drawn from origin. The importance of the Brillouin zone stems from
the description of waves in a periodic medium given by Bloch’s theorem, whose consequences
led to an understanding of the electronic band structures of solids, opening space to a large
number of new discoveries.
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2.1.1 Stepped surfaces

A special class of solid is formed by a bulk and a faceted surface, named stepped surface.
The stepped or vicinal surface is created cutting a flat crystal in a determined direction [hkl]
making a 6 angle (miscut angle) with a chosen crystallographic plane (hkl). This surface
has two main crystallographic planes: the plane that follows the flat crystal (terrace) and
the faceted plane (step). The structural stability of vicinal surfaces has been studied since
the 90s and the experimental results have shown that these structures have a structurally
stable phase which depends on the temperature. Theoretical arguments pointed that the
unstable transitions occurs at relatively low temperatures, driven by the high vibrational
entropy of steps.”® From other point of view, the remarkable stability of such surfaces may be
due to a repulsive inter-step interaction energy, making it difficult for the crystal to develop
a equilibrium shape (flat).?% %5

Differently from flat crystals, the vicinal surfaces have a classification that takes in account
the terrace and step planes. Lang et al. (1972)* proposed a notation to classify these surfaces
using the number of atoms both on terrace and at the step as

Nterraai(hlk:lll) X Nstep(thQZQ)a (213)

where Nieprace; Nstep are the number of atoms at the terrace and at the step, respectively,
while (hqkily) and (hoksly) are the crystalline planes of the terrace and step, respectively. This
notation can be rewritten as function of the crystallographic Miller planes and its equivalence
is shown in tables 2.1 and 2.2

Table 2.1: Equivalence between the notatations of Lang et al. and Miller for FCC structures.
Adapted from Barreteau et al. (2003).%*

Lang et al. notation Miller notation
Nterrace(lll) X Nstep<100> (Nterrace + 17 Nterrace - 1a Nterrace - 1)
Nterrace(lll) X Nstep(ill) (Nterrace - 27 Nterracea NteTrace)
Nterrace(loo) X Nstep<111) (17 17 2Nterrace - 1)
Nterrace(loo) X Nstep(()lo) (07 ]-7 Nter'race - 1)




2.1 Crystalline structure 22

Table 2.2: Structural parameters of the most common FCC vicinal surfaces. AH represent the
height between two terraces and w their width, both in units of lattice constant. Adapted from
Rahman et al. (2003).2° * Data extracted from Hahn et al. (1993),°> Garbouj et al. (2009)°° and
Ayieta et al. (2010).77

Miller notation Lang et al. notation Miscut angle AH w
(hkl) Nierrace(h1k1ly) X Nggep(hokals) (degree) (a) (a)
(210) 2(110) x 1(100) 26.56 0.4472 1.1180
(331) 3(111) x 1(111) 22.00 0.5677 1.5408
(211) 3(111) x 1(100) 19.50 0.5773 1.7319
(310) 3(100) x 1(110) 18.44 0.4743 1.5810
(511) 3(100) x 1(111) 15.80 0.6800 1.8368
(410) 4(100) x 1(110) 14.04 0.4849 2.0616
(320) 3(110) x 1(100) 11.30 0.6933 1.8026
(551) 3(110) x 1(111) 8.05 0.9901 2.5247
(977) 8(111) x 1(100) 7.01 0.6078  4.7300
(997)* 8(111) x 1(111) 6.50 0.5803 5.1636

In this work we have used a silver vicinal surface. This surface is based on flat silver
Ag(111) and step plane (100). The terrace has 08 atoms while the height, 01 atom. Therefore,
this vicinal surface is named Ag(977) and this notation was used in the whole work. By means
of surface sensitive diffraction and imaging techniques (LEED and STM) we investigated the
structural parameters of Ag(977) and the results are shown in figure 2.3. A large number
of STM images of this surface has been recorded and the gaussian distributions of terrace
width and height are shown in figure 2.3.e and 2.3.f, respectively. For that, we have used
LEED optics from VG-Scientific (model RVLI00) and STM from SPECS, model Aarhus 150.
More details of the chamber and of these equipment’s are explained in chapter 3. From the
Gaussian fit, we determined that w = (21.0 £2.1) A and AH = (2.3 +0.3) A, which are in
good agreement with the values of the literature, w = 19.35 A and AH =248 A , Rahman
et al. (2003).%°
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Figure 2.3—Experimental parameters of Ag(977). Here we present the experimental inves-
tigation of the vicinal surface Ag(977) by LEED (a) and STM (b)-(d). (b) represents the
superficial STM image of Ag(977) and (c) is the 3D representation. (d) is a linear profile of
their steps, (e) is the Gaussian fit that provided us the terrace width, and (f) the terrace
height.
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2.2 Self-assembled growth

In Surface and Interface Physics, the process of placing and adding atoms, ions or
molecules on a substrate is called growth. In order to build systems with atomic level control
(low-dimensional), the growth method known as molecular beam epitaxy (MBE) - usually
performed in ultra-high vacuum environment - provides excellent deposition rate control and
in many cases may result in an epitaxial growth mode. From Greek language, epitaxy means
‘on top’ plus ‘organized’, in other words, a kind of growth where the atoms or molecules are
(somehow) ordered on top of a substrate. There are two types of epitaxy: homoepitaxy and
heteroepitaxy. If the constituents (elements) of the epitaxially grown film are the same of the
substrate, it’s called homoepitaxy. Otherwise, it is heteroepitaxy.

When material is deposited onto a flat surface, usually it forms a stable nuclei that
can grow by capturing further atoms (or molecules) and this process is named nucleation.
However, on the vicinal surfaces the growth process is nucleationless: it occurs superficial
diffusion and the atoms deposited on this substrate move throughout the terrace, seeking
for the spatial localization that requires less energy. Thermodynamics and kinetics plays a
main role in this type of growth. Film deposition is understood within the thermodynamic
approach (considering surface and interface energies) and the diffusion is a non-equilibrium
kinetic process. Some details on this will be given in the next subsection.

2.2.1 Epitaxy on vicinal surfaces

When atoms arrive on vicinal surfaces several physical process take place. Among them,
the most important ones are adsorption, superficial diffusion, desorption, island and step
growth (see figure 2.4). However, the desorption effect is too small comparing with the
other ones (for example, silver evaporates one atom every 10% years at room temperature,
Ibach (2006)°® p. 556). So the physical effects that governs the epitaxial growth are the
surface diffusion, islands formation and the atomic adsorption and their interaction with the
substrate.

The diffusion of adatoms is the main process in surface growth. The atoms that reach the
substrate have enough kinetic energy (mobility) to run a random walk throughout the terrace
until they find an optimal place (lower binding energy) to settle down, often a lower terrace.
Nevertheless, in case of a vicinal surface, they find a physical restriction caused by the stepped
surface. This restriction is represented by a (reflective) energy barrier called Ehrlich-Schwobel
Barrier® which hinders the descent of atoms to the lower terrace, as illustrated in figure
2.4. When the atoms reach the edge, they suddenly have fewer neighbours compared to the
middle of the terrace, resulting in a decrease binding energy, and resulting in an increase
of diffusion over the edge. That decreases the atomic mobility and increases, therefore, the
growth probability of a new layer on top of that terrace. These physical process produce a
self-organized layer-by-layer growth controlled by flux rate, deposition time and substrate
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Epitaxial growth on the vicinal surfaces
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Figure 2.4—Main physical process on vicinal surface during epitaxial growth.

temperature.

The atomic diffusion starts with a random walk throughout the terrace. It can be described
by the probability of atoms jump onto nearest sites with square symmetry. So, the probability
to find the atom at site ¢ after j jump is described by”®

Wi; = %(wi—l—l,j—l +wi—1,j—1)+%(wi+2,j—l +wi—2,j—1)+%(wz‘+3,j—1 Fwi—gj-1)+... (2.2.4)
where the wq, wsy,ws, ... represent the nearest neighbor distances. The transition from
stochastic motion to diffusion continuum theory is made defining a coverage 0(z,y) =
Qgsp(x,y), where p(z,y) represents the density and (g is the site area. Applying the
continuum approach and mathematical development it’s possible to establish the Fick’s law
of diffusion, represented by current density J(x,y) as follows

J(z,y) = =DV p(z,y), (2.2.5)

where D represent the chemical diffusion coefficient. It postulates that the flux goes from
regions of high concentration to regions of low concentration, with magnitude proportional to
the gradient of the density. However, the Fick’s law is a special form of a general transport
equation that relates the random walk with the temperature, chemical diffusion, concentration
and mobility, described as

J(z,y) = —LrVu (2.2.6)
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with p representing the chemical potential and L is a transport coefficient for diffusion on
terraces. The calculation of L1 can be easily treated using the electrical analogy where each

resistive element represents a random jump into the terrace. So, the mean jump rate (I') is
~1

N

proportional to <Z 1T i1 with I'; ;41 representing the jump rate from site ¢ to ¢ + 1.
i=1

After some physical assumptions outside from the scope of this work (further discussion can

be found in Ibach 2006°%) it is possible to establish that the mean jump rate is related to the
physical effects taking place on the vicinal surface as follows

(I') = f(Ea, Ep, Egs, Cs,vs,vr, T), (2.2.7)

where E4 represent the atom-terrace binding energy, Ep is the diffusion energy, Fgg is the
wall (barrier) energy related to Erlich-Schwobel Barrier, Cs is the step concentration, vg is
the prefactor for jumping over the step edge, vy is the prefactor for terrace diffusion and 7T is
the substrate temperature. Thereby, Lt is represented by

(D)
 QokpT’

[ is the distance between one site and the next. Finally, the mass transport equation to

Ly (2.2.8)

atomic diffusion throughout a vicinal surface is given by

o)
QsksT

In case of atomic diffusion through a homogeneous substrate, the calculations mentioned

J:

V. (2.2.9)

above, connect it with the Mean Field Theory to describe the maximum cluster density (n.)

in a superficial area®’

ne =1(Do/F) Y3exp(Ep/3kpT) (2.2.10)

where Ep is the diffusion energy, Dy is the diffusion prefactor, F' is the deposition rate
and 7 is a prefactor related to atomic capture numbers. Thereby, it is possible to perform
computational simulations in order to estimate the maximum cluster density for epitaxial
growth on vicinal surfaces, comparing them with STM experiments. And this connection
with the stochastic movement and the mass transport proposes an important tool to study
the physical effects of an epitaxial process.
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2.3 Magnetic interactions

Since the beginning of humanity, several magnetic effects have been known and observed,
but not quite well understood. But this situation started to change in the last two centuries
with the improvement of experimental methods and with the development of classical
electromagnetic theory (Maxwell Equations/1865). However, it was only in the 20th century -
with the advent of quantum theory - that the understanding on the magnetism of matter and
of the magnetic interactions advanced in a way never seen before. The influence of chemical
composition and of crystallographic structure on the magnetic properties of materials, the
magnetic interactions with radiation (including light), dimension effects (e.g. magnetic
anisotropy, superparamagnetic limit), surface effects (2D magnetism), all that new knowledge,
has allowed mankind to develop a large number of new technologies. This section is devoted
to show an overview of main magnetic phenomena in material physics, focusing on collective
behavior and on magneto-optical effects.

2.3.1 Review of main magnetic phenomena

The intensity and direction of magnetic field is represented by the H vector, in the
International System of Units (SI) its dimension is ampere per meter (A/m). The infinitesimal
magnetic flux d®p crossing a surface dS is d®g = B - dS, where B is called vector magnetic
flux density, whose unit in the SI base is Tesla (T'). If the magnetic source is in vacuum,
there exists a linear dependence between the magnetic field and the flux density, B = uoH,
where i is the magnetic permeability of free space. If instead of free space there exists a
continuous medium the material behavior is expressed in terms of magnetization M and the
previous relation is changed to B = po(H + M). The magnetization is understood as an
internal collective arrangement caused by the interaction between the external field and the
magnetic moments of atomic spins. Microscopically M is calculated in terms of the individual
magnetic moments (m;) as M oc 1/V' )" (m;), where V' is the volume. From quantum physics,
each individual magnetic moment is described as

_HB

(my) = =E2[2 (s1) + (1) (2.3.11)

where (s;) and (1;) are the expected values of spin moment and angular moment respectively
of each atom. In most cases, the magnetization of a material is directly related to the applied
field as M = yH, where y is the magnetic susceptibility. If the internal magnetism produces
an isotropic response - magnetization vector is aligned and scales equally to applied field in
all three directions - x is a scalar constant. Otherwise, if the magnetization depends of the
applied field direction then y becomes a tensorial variable.

The magnetic susceptibility of an isotropic media assumes different values according to
the internal behavior upon application of a magnetic field H. If the material is diamagnetic,
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Figure 2.5—Magnetic behavior of main materials under influence of the external applied
field. Extracted from Ives (2016).5!

then xy = constant < 0. In this configuration, with no applied field, the atomic spins
are randomly aligned without a preferential direction. When an external magnetic field is
applied, they align in the opposite direction relative to H (due to Lenz’s rule) and the total
magnetization is -|M|éy as shown in figure 2.5a. Diamagnetism is present in all materials but
it is only relevant in the absence of other collective phenomena (weaker than other collective
magnetic phenomena). Some materials are notably diamagnetic such as organic substances,
superconductors below the critical temperature and some metals like silver (Ag) and mercury
(Hg). In paramagnetism the susceptibility is positive and temperature dependent, i.e.,
X = x(T') > 0. With no applied field the atomic spins point to random directions and align
parallel to an external applied field as shown in figure 2.5b. The presence of paramagnetism
is due to permanent magnetic moments that align with H. They can be classified as localized
or itinerant moments: the first one is caused by electrons of an inner shell which is only
partially filled and it is called Langevin paramagnetism, with xyZ®m9vn(T) = ¢T'~1 ¢ is a
constant. In contrast, itinerant moments are due to free electrons in the valence band which
carry out a permanent moment of 1 pp, that is the so called Pauli paramagnetism and y is
nearly temperature independent, with y7o4 << yLaengevin,

One of the most important magnetic behavior is ferromagnetism. In this case y presents
a complex dependence with temperature, applied field and its history of the material, i.e.
X = x(T,H, history). The magnetic state of a ferromagnetic material (e.g. Fe, Co and Ni)
strongly depends on the history (or cycle) of the applied field, as well as on the temperature.
Even in absence of H, small magnetic domains (of a ferromagnetic material) may point
towards a certain direction, this is known as spontaneous magnetization (see figure 2.5¢). In
the range 0 < T' < T, (Curie temperature) by applying a high enough magnetic field, all
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magnetic domains align towards the direction of H, remaining in this state after removal
of this field. Heating above the Curie temperature, the system is brought to a randomly
disordered (paramagnetic) state and the material loses its previous magnetic order, and even if
the material is cooled down to a temperature lower than 7, all the spins will remain randomly
aligned without an external field. Close to ferromagnetism, there is antiferromagnetism. In
this case, two sublattices (a and b) are formed with magnetizations (in absence of H) M,
and My, where M, = —M, bellow Néel’s temperature (Ty). Even by applying H it is not
possible to flip the magnetic moments of single domains and the material remains without a
preferential orientation (see figure 2.5d). Above Ty the system behaves such as a paramagnet.
A special case of antiferromagnetism is the ferrimagnetism. In this situation, M, # M,. By
applying a magnetic field, M, and M, align antiparallel to each other with the largest M (in
modulus) orienting itself towards the H direction (see figure 2.5¢). Just as in ferromagnetism,
ferrimagnetic systems become paramagnetic above the Curie temperature.

Besides that, there is another important type of magnetic behavior called superpara-
magnetism or superparamagnetic regime. This phenomena appears in small (~ 3nm)
ferromagnetic or ferrimagnetic nanoparticles, and is also temperature dependent. Because
of the nanoparticle’s magnetic anisotropy (that will be explain further) there is a stable
orientation, however it has a finite probability for the magnetization to flip and reverse its
direction under the influence of temperature. The time between two flips is called Néel
relaxation time. In the absence of external field, when the measurement’s time is longer
than the Néel relaxation time, the magnetization appears to be equal (in average) to zero -
superparamagnetic state. Thus, an external magnetic field is able to magnetize these particles,
such as a paramagnet, but, in that case, the magnetic susceptibility of a superparamagnetic
particle is much larger than in the case of paramagnetism. Superparamagnetic behavior can

also be observed in ultra-thin films at room temperature.®% %3

2.3.2 Ferromagnetism in thin films

Ferromagnetism is a collective phenomenon determined by the interaction of the external
magnetic field and the internal domains of the material. The relation between the applied
magnetic field H and the sample magnetization M is observed through the hysteresis loop, as
shown in figure 2.6. A ferromagnetic sample initially with a net magnetization equal to zero
(unmagnetized) is submitted to H. Increasing the applied field the magnetization increases
up to the saturation magnetization My at higher fields. The magnetic field that saturates the
magnetization is called saturation field H,. Decreasing H to zero, the system is brought to a
remnant magnetization M,.. Applying an increasing magnetic field in the opposite direction,
the magnetization decreases and reaches a zero value at the field H., known as the coercive
field. As one continues to increase H in the opposite direction, the system reaches again a
(negative) saturation magnetization. By increasing positively the field the cycle is closed,
forming the hysteresis loop.
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Figure 2.6—Hysteresis loop of ferromagnetic materials, showing the applied field H, the total
magnetization M, the saturation magnetization My, the remanent magnetization M, and
the coercive field H,.. Extracted from Arora (2018).%

Classical physics is unable to explain any form of magnetic phenomenon, so that magnetism
of matter remains in the quantum mechanics theory. From the magnetic point of view, the
atoms are described by the magnetic dipoles originating from both orbital and spin momentum,
The total angular momentum J of the atom is composed by the orbital angular L and the
spin S momenta: J = L + S. The magnetic dipole momentum modulus is proportional to
total angular momentum, i.e., |f| = v|J|, where v = e¢/(2m,) is the gyromagnetic ratio. By
employing the Schrodinger formalism we have that

PO =G+ 0¥ = I =mn/jG+1) — il =psVi(G+1), (2.3.12)

where up = eh/(2m.) is called Bohr Magneton. When magnetic dipoles interact with each
other, they orient themselves in particular arrangements that minimize the total energy of the
material. As electrons are fermions, their wavefunctions ¥ are antisymmetric (because of the
Pauli’s exclusion principle) and in the special case of ferromagnetism, the overlapping of ¥
forces the electronic spin to align parallel (exchange interaction). This situation is described
by the hamiltonian of the system with two electrons, i.e.

7'1 - 7:11 + 7:[2 + 7:[6567 (2313)

where 7:[172 represents the hamiltonian of the electron 1 and 2. H., is the exchange interaction
hamiltonian (Heisenberg Hamiltonian). It provides a pairwise coupling between adjacent
spins,

~

He;r - _2Je$ Sl 32 (2314)
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where J., is called overlap integral, which takes in account the proximity of the two electrons.
The exchange interaction is very strong but decreases (exponentially) with distance being
strong enough to spontaneously order neighboring magnetic dipoles at room temperature.
When an external magnetic field is applied, the total Hamiltonian is changed to

H=Hi+Hy+ Hew + Hisa + Hom, (2.3.15)

with 7:[17271{ representing the interaction of each electron with the external field H. The
interaction energy between the magnetic field and the magnetic dipole is given by F = i - H,
such that the total hamiltonian becomes

H=Hy + Ho — 2J0051 So+ fi1 - H + Iy - H = Hy + Hy + Honagnetic- (2.3.16)

The magnetic dipoles fi; o can be written as fi1o = pupSi2/h, and then the part of the
hamiltonian associated solely to magnetic interactions can be isolated,

Hmagnetic = _J12sl SQ "‘ 7 H Sl + 7 H SQ, (2317)

where J15 = 2J,, represents the overlap between two electrons.
For magnetic field applied to a large collection of magnetic dipoles, the magnetic hamilto-
nian assumes the form

Honagnetic = — ZJZJS s, + 12 ZS H-= Z[ J;S; + 12 ]s (2.3.18)

The Weiss model proposes an approximation taking in account that the interaction of a
magnetic ion with its neighbors is described using a specific kind of field, named exchange
molecular field B,,,y = AM = —h > J;;S;/up, and A being the molecular field constant. The
total magnetic field can be represented as By = B,,; + H. For that,

KB
%magnetic = f i [Bmf + H = ZBT (2319)

On the other hand, the magnetization M of the sample can be calculated by using statistic
mechanics. The magnetization M of a system is related to the partition function Z as
0z

M = T— 2.3.2
7/I/ICB aBT’ ( 3 0)

where kg, T and n are the Boltzmann constant, temperature and number of electrons,

respectively. The partition function Z is related to total magnetic moment mj, g; factor, Bt
and T as
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—J
7 — Z e(mi9115Br|/kBT) (2.3.21)

my=—J

and from these calculations (see more in Getzlaff 2008%°) it is possible to describe the
magnetization of the system as

M 11 0z 2J+1 27 + 1 1 y
M_11 _ th — —coth | 2 2.3.22
M, 27Z0(y/2]) 27 { 27 y} 27 [QJ]’ (2.3.22)

where M, is the saturation magnetization and y = g upJ|Br|/(kgT). The right side of
the equation above is known as Brillouin function Bj(y) (further details are presented in
Appendix A) and then we can write

M = M,B,(y). (2.3.23)

This theoretical relation can be used to explain the shape of hysteresis loop of ferromagnetic
materials (see figure 2.6), accordingly to the experimental results. Moreover, here the influence
of temperature is important to determinate the phase transition point, that is the temperature
at which the ferromagnetic material changes its behavior to paramagnetic, called Curie
Temperature Tt.

2.3.3 Magnetic anisotropies

As previously discussed (see subsection 2.3.2), the interaction between the external
magnetic field and the ferromagnetic sample is represented by the hamiltonian of the system,
composed by Heisenberg Hamiltonian and the energy term due to Zeeman interaction. The
total hamiltonian is isotropic and the energy levels do not depend on the direction in space in
which the crystal is magnetized. However, real magnetic materials may not be isotropic and
this induces magnetic anisotropies in the materials. Mainly, there are five kind of anisotropies:
I) magnetocrystalline anisotropy; II) shape anisotropy; I1I) induced magnetic anisotropy; IV)
stress anisotropy and V) surface and interface anisotropy. The most relevant anisotropies are
the magnetocrystalline and the shape one, which will be described bellow.

The magnetocrystalline anisotropy is caused by the spin-orbit interaction of the electrons,
that are linked to crystalographic structure (coupling between the electron orbital motion
and the crystal electric field). The interaction energy acts to align the magnetic moments
parallel, whatever the chosen direction. The direction of this alignment depends on the spin
interaction with structure, as it prefers to align itself along well-define crystallographic axes.
The magnetization direction, m = M/|M| = («q, ag, a3), is represented by the direction
cosines in spherical coordinates,

ap = sinfcosp, a9 = sinbfsing and as = cosb, (2.3.24)
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with a2 + a3 + o2 = 1. The crystalline energy due to anisotropy can be expanded around the
free energy equation (F = Fy + aM? 4+ bM*), and there is no difference in energy between
oppositely magnetized systems, F(M) = E(—M), so that

Ecrys - EO + Z bijOéiOéj + Z bijklaiozjozkozl. (2325)

For a cubic system, this energy can be expressed as

Eqe = Ko + Ki(ofa3 + aioj + a3a3) + Kajasos + .. (2.3.26)
and
1 1 1
E(100) = Ko,  E(110) = Ko + ZKh E@ny = Ko + §K1 + 2—7K2, (2.3.27)

where Ko, K1 and K, represent the anisotropy constants and E(go),(110),(111) represent the
anisotropy energies due to the crystallographic planes (hkl). These crystal anisotropy constants
have remarkable importance in this study, because they depend on the material and on the
temperature. Besides that the sign of those constants determine the easy magnetization axis,
the direction in which it is easier to magnetize the system (with a lower applied field), as
compared to other directions. Crystallographic directions in which it is necessary to apply
high fields to magnetize the system are called hard axes, and that is caused by their larger
magneto-crystalline energy. The easy axis of magnetization is the direction in which E,,, is
smaller.

The shape anisotropy is another type of anisotropic effect. Polycrystalline samples with
randomly oriented grains, and specially if the grains have spherical shape, they do not possess
any magnetocrystalline anisotropy and then the magnetization points to a random direction.
On the other hand, if a grain is not spherical then it has one (or more) specific direction that
is easier to magnetize. In this case, the energy is

1
Eohape = 5 /uM - NM dV, (2.3.28)

where N is the demagnetizing tensor and p is the magnetic permeability of the medium. An
important result is reached if we consider the grain as a very thin film. In this case, the shape
anisotropy energy is

Ehape = Ko + Kapape 5in* 0. (2.3.29)

From the above equation it can be seen that for § = 90° (spherical coordinates - perpendicular
to the thin film), Epqpe reaches its minimum value, which means that the easy axis is in the
film plane. The magnetocrystalline anisotropy constants K, K, are smaller than the shape
anisotropy constant Kpqpe. For example, in bee-Fe the constants are Ky = 5.48 x 10* J / m>
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and Ky, = 1.96 x 10? J/m? while Kohape = 1.92 % 10% J/m3, Khape > K1 > Ky (these values
depend on thickness of the thin film). For this reason, in general, the in-plane magnetization
for thin films systems is dominant over the magnetocrystalline anisotropy.

2.3.4 Magneto-Optical Effects

An important magnetic phenomenon of paramount significance in this work, is the so-called
magneto-optical effect - the modulation of optical state of light through of the interaction with
magnetic material. Magneto-optical effects include the Faraday and Voigt (Cotton-Mouton)
effects that alter the polarization of the transmitted light through the material. In contrast,
the magneto-optic Kerr effect is related to the change of polarization state of the reflected
light.

The Faraday effect was discovered in 1845 by Michael Faraday when he was studying the
interaction of electromagnetic radiation with magnetic materials. He found out that when
polarized light passes through a transparent material under an applied magnetic field the
polarization angle rotates by 5 (see figure 2.7). From Faraday’s observations the rotation
angle is given by

f=VBd, (2.3.30)

where B = |B| is the magnetic flux density, d is the material thickness crossed by light and
V is named Verdet’s constant. To explain this effect it is necessary to use the dispersion
quantum theory, that treats the interaction at the atomic scale. Otherwise, for non-magnetic
materials, the classical theory of light provides a good understanding of the Faraday effect.®®
It can be treated as circular birefringence (or optical activity) causing a difference in the
refractive indices (An) between the two circular polarizations, which causes the polarization
rotation. The right and left refraction indices (n;, n,) are affected by the Larmor frequency
v, (precession rate of magnetic moment around external magnetic field), by the incident light
frequency v and the refractive index n of the material; n; = n(v — vy) and n, = n(v + vy).
The phase change due to left and right rotation is ¢, = (n,.d/\)/27 and ¢, = (n;d/\) /27,
consequently 3 = 1/2(¢; — ¢,). For that, the Verdet constant can be represented by®”

e .dn

— A—

2mec d\

where e, m,, c and \ are the electrical charge, electron mass, light velocity and light wavelength,
respectively, and dn/d\ is the change ratio of refraction index with the light wavelength.

Similarly to Faraday effect, in 1875 John Kerr observed the change in the refractive

1%

(2.3.31)

index of a material in response to an applied electric field, later named Kerr effect. On
electro-optical Kerr effect, the electrical field provokes alteration of refraction index and
the material behaves as birefrigent, with An = A\KE?, where \, K and E are the incident
wavelength, Kerr constant and electrical field modulus, respectively. This promotes the
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(a) Faraday effect. (b) Magneto-optical Kerr Effect.

Figure 2.7—Magneto-optical effects: Faraday effect (a) and MOKE (b). The transmitted
and reflected lights have their polarization angles rotated by 5 and 6y, respectively. Reprinted
from DrBob (2006)% and Yamamoto (2017).%

appearance of Optical Kerr effect, present on nonlinear optics. Meanwhile, the most import
Kerr effect variant for this work is the Magneto-Optical Kerr Effect.”’ In this situation the
polarization angle of the reflected light is rotated by 6 due to the magnetization M present
at the sample (see figure 2.7).The refraction index of the ultra-thin film is a complex number,
therefore part of the incident light is absorbed. Thus, a linearly polarized light after reflection
becomes elliptically polarized. From the classical point of view, this effect can be understood
using the Maxwell Equations and their derivatives assumptions.

The interaction between light and matter is mediated by the electrical field E of the light
and the electrical displacement D inside the material. From Maxwell equations we have
V-D = p, where p = p, + py, with p, and py representing the bound and free charge densities,
respectively. The bound charge density is related to the response of the medium under an
external influence as

py=—V P, (2.3.32)

where P is the polarization. So, the electrical displacement can be rewritten as D = ¢gE + P,
with €y representing the vacuum electrical permittivity. For the most common materials,
there is a linear relation between the polarization and the electrical field. However, in case the
polarization depends on the direction of the applied field, then P = eoféeE, where )H(e is the
electrical susceptibility tensor that depends on the magnetization M. Thus, D is represented

by

D =¢E +P = ¢E + ¢Y.E = ¢ ¢,E = ¢E, (2.3.33)

where €, is the dielectric tensor, €, = 1 + )?G(M), and € is the medium permittivity, € =
co[1 + X.(M)]. Ultimately, the electrical permittivity tensor € depends on the magnetization.
The magnetization provokes a splitting of the fundamental or excited state energy levels
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of the optical transitions.”

Thus, we can write the electrical permittivity components as
€5 = € + A¢;j(M), where the second (magnetization dependent) term Ae;;(M) is much

smaller than €);. So, using perturbation theory, this tensor can be expanded as™ ™

8617 82 €ij

1
M, + = |—2
8MJM_0 D [8Mk8Ml
€ij = E?j + Kijp My + Gijia MM + ...

M=0

where K;jj, is called third rank linear magneto-optic tensor and Gjy; is a tensor of fourth rank.
Terms of order greater than 2 are very small and can be neglected. In addition, for a cubic
symmetry crystal, K93 = Ka31 = K312 = —K913 = —K391 = —Kj30 = K (Kerr constant) and
all other K;; are null. Finally, its possible rewrite equation (2.3.33) as

D=¢E+KMxE), (2.3.35)

with Tr (?:0) = 3e. So, matricially the electrical displacement is

e 0 0 Ez 0 _Mz My Ex -
D=[0co0||E |+K[ M. 0o -M, E, | = oE. (2.3.36)

Using the Voigt constant (or magneto-optical constant) @) = —iK Mge with Mg representing
the saturation magnetization, we have

R 1 —im,Q  1myQ
d=c| im.Q 1 —imzQ |, (2.3.37)
—imyQ  1m,Q 1
where my,,, = M,y,./Ms. A polarized light can be written as E = Eysen 8 + Eycos 0 P,

where § and p represent the perpendicular and parallel directions with respect to the incidence
plane respectively and 6 is the angle between polarization axis and the p direction. The Kerr
rotation 0, and 0, are related to Fresnel coefficients as

Ts , Tps
Op=0,+i0, == and 0,=0,+i0; = =, (2.3.38)

T‘pp Tss
where 07, 07 are Kerr rotation and Kerr ellipticity for each polarization, respectivelly, while
ri; represent the Fresnell coefficients. Similarly, it is possible to describe the change on
the amplitudes of the electric field components (£, and Ej), again in terms of the Fresnel

coefficients, as follows™
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E" o ( Ei Top T E!
P ) =5 ( e )= T T p 2.3,
(#)=5()-(r o)) (2320

where (E), E!) and (E}, EY) are the amplitudes of the incident and reflected waves, respec-
tively. These Fresnel coefficients are related to the ratio of reflected and incident waves
intensities. G. Gomes in his master thesis (2009)™ calculated in details these coefficients

Loy cos B — pngcos Bq

(2.3.40)

T«SS
anycos 01 + pingcos Oy’

oy = [1Nocos By — panycos bo I 2i11 panyngcos by sin 927”'%5@7 (2.3.41)

N [1ngcos By + panicos B 1ngcos By + panicos Oy

. ipt1 framnacos B1(mysin Oy + mcos 05)Q (2.3.49)
bs (1ngcos B1 + panicos o) (panicos 01 + pingcos Bz)cos 0y’ e

. ity fianynacos B1(mysin Oy — m,cos 6)Q (2.3.43)
o (pngcos 01 + panicos 0y)(pgnycos 0y + pingcos ) cos 0y’ s

where n; and ngy are the media refractive indices, p1 and po are the media magnetic perme-
ability, 6, and 0, are the incidence and refraction angles, respectively, m,, m, and m, are
the normalised magnetization projections, and ) = Q' + iQ)” is the complex magneto-optical
constant. Experimentally it is possible to have access to the reflected intensity (often named
Kerr signal) that is related to the these Fresnel coefficients, this will be explained in details
in chapter 3 (Experimental Techniques).

Depending on the plane of incidence of the light beam and on the direction of the applied
magnetic field, the Kerr effect (MOKE) can assume different configurations. If the magnetic
field is applied in the film plane and the incidence plane is parallel to this magnetization
direction then is called Longitudinal MOKE or, simply, L-MOKE, otherwise, if the incidence
plane is perpendicular to magnetic field, it’s called Transverse MOKE, or T-MOKE. If
the magnetic field is applied perpendicularly to the film plane, then it is known as Polar
MOKE, or P-MOKE. Measuring in different configurations, we can address the magnetization
dynamics of ultrathin systems (~ 20 nm™) under external influences, such as temperature
(T'), chemical concentration (u), etc, whose details will be present in the next chapter.



Chapter 3

Experimental techniques

In this work the experimental investigation of ultrathin films on vicinal surfaces was
carried out in Ultra High Vacuum (UHV) environment. The preparation of well-ordered
surfaces and interfaces with negligible contamination requires systems with pressure in the
10~ "%mbar (1078 N/m?) range.” Such pressures are obtained by using stainless steel sealed
UHV chambers, pumped by turbomolecular and ion pumps. At this pressure (10~°mbar)
the contamination of one monolayer from the residual gas - considering a sticking coefficient
of one - has a deposition time of 3hrs, which is more than the time of typical measurements,
justifying the use of this kind of environment.

Prior to experiments, all chambers of the UHV-system (see fig. 3.1) were baked out,
which means they were warmed up to 410K (150C) - and maintained at this temperature
for 3 days - in order to eliminate water and other contaminants from the inner walls. After
that the system is cooled down to room temperature and the system achieves UHV-pressure
after one or two days. The vicinal crystal mounted on a sample holder was inserted into the
system through a load lock chamber. As substrate we have used the vicinal surface Ag(977),
purchased from Surface Preparation Laboratory (Netherlands). It is fabricated by cutting the
flat Ag(111) at an angle of 7.01° from the(111) plane. This surface consists of (111) terraces
containing eight < 011 > chains, and a (100) step face. Here, the ultrathin film depositions
on Ag(977) and all the measurements were performed in situ.

Preparation of a well-ordered surface is obtained by cycles of sputtering and annealing
procedures. The sputtering process is a cathodic bombardment of ionized argon (Ar™)
accelerated by high voltage and collimated by a magnetic field. Argon is let into the sputter
gun through a controlled needle inlet valve, so that the argon pressure in the chamber achieves
1.8 x 1075 mbar, while the acceleration voltage can be selected between 1.0 keV and 2.5 keV.
The ion beam collides with the superficial atoms, transferring kinetic energy to break up
their bound with the superficial crystalline lattice. This process destroys the first monolayers
of the substrate, but also removes contaminants and an eventual film layer that previously
has been grown on top of that surface.

Surface reconstruction is induced by annealing (heating) which increases the mobility of
the atoms, bringing them to lower energy sites and ultimately flattening the surface. The
heating of the sample occurs by electron beam - thermionic excited electrons from a tungsten
filament are accelerated towards the back side of the sample holder. The best annealing
recipe was: 30 minutes at 760 K (cycling with Ar-ion sputtering at 1keV) and after the last
heating the sample is brought to room temperature at a 5K /min rate. Usually when a film
was previously grown the sputtering started at 2.5keV (several hours) and lowered to 1keV
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(c) Evaporation chamber. (d) STM chamber.

Figure 3.1—Experimental setup. Image (a) shows an upper view of the UHV system
evidencing the STM apparatus, the Sputter gun, RGA (Residual Gas Analyzer), the LEED
optics and the evaporator EBE-M model (Specs). Image (b) shows the external magneto-
optical setup evidencing the He-Ne Laser, the electromagnet and the load lock chamber.
Image (c) is a internal view of the evaporation chamber, showing the EBE-M evaporator, the
arm of the sample stage and the LEED-optics. ITmage (d) shows the internal view of the STM
chamber, evidencing the tunneling microscope, the holder used for annealing and sputtering,
and the sample itself.

for the cycling. The well-ordered (substrate) surface was frequently verified by STM imaging
and LEED pattern. The best preparation parameters were achieved when a clear vicinal
surface reconstruction (without impurities) was observed by both techniques.

After the preparation of the substrate, it is transferred from the sputtering /annealing stage
(see figure 3.1) to the evaporation chamber, using a long magnetically coupled mechanical arm.
Immediately after the growth of the film, the sample is transferred back to the STM chamber
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for analysis of its structural properties using the microscope. The magnetic properties could
be then investigated when the sample is transferred to the MOKE chamber. The sample
must first be perfectly placed at the center of the electromagnet, and aligned with the laser
beam for MOKE measurements. More details about those experiments are provided in the
next sections.

This work focuses on the investigation of the structural, morphological and magnetic
properties of few monolayers (ML) of Fe and Co deposited on Ag(977). Iron thickness were
of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 ML, while cobalt thickness were 0.5, 2.0, 3.0, 4.0, 5.0 ML. Both
systems were prepared at evaporation temperature of 300K, 400K and 500K.

3.1 LEED - Low Energy Electron Diffraction

LEED is a technique based on the diffraction of low energy electrons to investigate surface
structure. From the diffraction pattern we have access to the structural arrangement, and it
can be used either for a qualitative or quantitative analysis. Aiming only the atoms at the
surface (against the bulk) it is necessary to use low energy atoms, ions or electrons, which do
not penetrate deeply into the sample.” The diffraction with electrons is very appropriated,
because it penetrates only few Angstroms into matter. A low energy electron beam is
directed towards a sample surface causing backscattering of electrons. The crystallographic
arrangement of the surface atoms produces constructive interference at specific angles which
can be visualized on a phosphor LEED screen, as shown in figure 3.2a. Typically the electron
energy is in the range of 20 to 1000 eV. In this work we have used energy in the range 40-400
eV.

REAL SPACE RECIPROCAL SPACE - LEED
""""" ™. LEED Screen 606000 *
90000 L
o0000
290000 * v °
Sample
(-]
Elertron Gun o o o o o o o o
e0000, ° ° °
° o7 *
900090,0 o o
©o0000 °
(a) (b)

Figure 3.2—LEED scheme. Experimental setup (a) and representation of the LEED diffrac-
tion pattern (reciprocal space) accordingly to the crystal structure (real space) (b). Adapted
from Ponor (2020).77
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The Leue condition for constructive interference imposes restrictions to wave vector, i.e.,
k, — k; = Ky, where k, and k; are the scattered and incident wave vector, respectively.
K1 represent the reciprocal lattice vector, Ky = hby + kby 4+ [ bs. The position of each
spot on the LEED pattern is determined by the atom arrangement (real space), so that the
pattern reproduces the reciprocal space. If the atomic lattice constant at real space is a, the
distance of each spot at LEED pattern is 27/a, as shown in figure 3.2b.

On vicinal surfaces, there are two kinds of periodicities: one related to the atomic
arrangement, of the flat terraces and the other one due to the array of periodic steps.
Consequently the diffraction requires constructive interference with respect to both conditions.
Therefore, the LEED pattern of stepped surface is a superposition of constructive interferences
of both periodicities. In analogy with flat surfaces, here the distance between two spots on the
LEED pattern is 27 /Na, where N is the number of atoms at the terrace and a is the atomic
distance. The other spot - due to step periodicity - has the Leue condition Ak = 27p/h,
where h is the distance between the steps.

3.2 STM - Scanning Tunneling Microscopy

The Scanning Tunneling Microscopy (STM) is an experimental method created by Gerd
Binnig and Heinrich Rohrer (Nobel Prize 1986) based on the quantum tunneling effect
between a sharp metallic wire tip and a conductor surface.” Typically, the tip is a wire of
platinum (Pt), tungsten (W) or gold (Au). With STM it is possible to obtain the topological
map of a conducting substrate.

Figure 3.3 shows a schematic of a STM apparatus. Between tip and sample, the vacuum
acts as an energy barrier, which avoids electrons to be transmitted from one side to the
other. However, bringing the tip closer to the substrate and applying an electrical potential
difference V, there is a non-zero probability of electronic tunneling (at Fermi level) from
sample to tip. The resulting tunneling current is a function of the tip position, applied voltage
and the local density of states (DOS) of the sample. The most commonly used method for
STM imaging is done by maintaining the tunneling current constant, while scanning the tip
over the sample and controlling the z-position. The xy scan is achieved by a piezoelectric
motor that uses the piezoelectric effect. This effect in piezoceramics converts electrical field to
mechanical strain. From the experimental point of view, the production of good STM images
requires good vacuum, temperature control, as well as isolation from electrical interference
and external mechanical oscillations or excitation, making this technique highly sensitive to
external perturbations.

The electrons at the Fermi level with the sample positioned at a distance d from the tip,
experience a strong energy barrier with the work function represented by ®. Applying a bias
voltage on the sample, its Fermi level is elevated. In this situation, by decreasing d, the wave
functions of the tip and sample overlap themselves, allowing electronic tunneling from the
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Figure 3.3—STM schematic. Tunneling of electrons from the sample to tip provides a 3D
z-map, by controlling z at Ij,..e=constant. Reprinted from Schmid and Pietrzak (2005).”

occupied (sample) to unoccupied states (tip). With an appropriate V,, a tunneling current I
is established and can be represented as

V2md
R

I(d) x eV, exp [—Qd (3.2.1)

where e, m are the charge and mass of electron, respectively. Typically the work function
® assumes values ~ 4 eV for a metal, the tunneling current reduces by a factor ~10 with
each increase of 1.0 A in d, because [ has a (negative) exponential dependence with d. For
example, if the typical atomic diameter is ~ 3.0 A, the tunneling current changes by a factor
~ 1000. Therefore, STM is considered a highly sensitive experimental method, capable of
producing images with atomic resolution.

3.3 MBE - Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) is a deposition technique usually employed in UHV
environment, used to grow thin and ultrathin films with control of thickness, chemical
composition and morphology. Based on epitaxial growth, MBE produces thin layers with
higher quality and ultra-pure (free of impurities) when compared to ez-situ techniques.

In this work we have used a four pocket MBE evaporator from SPECS (model EBE-M)
installed in the evaporator chamber (see figure 3.1). Its operation is sketched in figure 3.4. A
short ultra-pure metal rod (electrically isolated from ground) is positioned near to a tungsten
filament, usually 2 mm fall apart. The filament is heated by an electric current (3.6 A)
causing electron thermionic emission. A high voltage (~1500 V) is applied to the wire (or
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rod) attracting the electrons, causing a localised heating at the top end of this rod and the
evaporation of metal atoms.

. inner view - evaporator
ultra-high vacuum system

~2mm
+—>

iron/cobalt rod

evaporator
multi-pocket

filament ¢———
Figure 3.4—MBE scheme: a short rod (heated by an electron beam) ejects atoms towards
the sample surface.

The atom-flux of the electron-beam evaporator can be monitored and controlled by a
feedback electronic system. A current of ion-atoms is measured through an electrode in front
of the evaporator (proportional to atom-flux) and the electron emission current is controlled
in order to maintain a constant flux. A shutter can be eletro-mechanically opened and closed
to establish evaporation time.

To ensure methodical growth it is necessary to calibrate the coverage as a function of the
evaporation time, that is, to establish the evaporation rate 7 (ML/s). For that, we have fixed
the acceleration voltage at 1500 V and a flux of 3.0 nA. To calibrate the coverage rate 7 we
have evaporated iron and cobalt individually on a clean Ni(111) surface. Some STM results
of a 360s of deposition of Fe and Co are shown in fig. 3.5. Calibration samples were produced
with different deposition times (120s, 240s, 360s and 480s) at room temperature, and several
STM images were recorded. The images (scanning area from 500 x 500 A to 2000 x 2000
A) were analysed using the WSxM software®’ to evaluate the coverage of each one. The
average coverages and their uncertainties (1 standard deviation) are shown in fig. 3.6. For
both cases, Fe/Nilll and Co/Ni(111) there is a linear relationship between the coverage and
the evaporation time. From the linear fits we calculated the deposition time of 01 monolayer
(1 ML) of iron and cobalt, which are Tr, = (571 £ 29)s and T, = (598 £ 30)s, respectively.
In other words, the coverage ratio for iron is 77, = (1.75 £ 0.09) x 10~* ML/s and for cobalt
700 = (1.67 £ 0.08) x 1072 ML/s. For more details see Appendix B.
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(a) Fe/Ni(111).

-

(b) Co/Ni(111).

Figure 3.5—STM images of Fe/Ni(111) with coverages of pur. = (62.9 +2.2) % (left) and
Co/Ni(111) with pe, = (53.9 £ 2.4) % (right) after 360 seconds of deposition.
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Figure 3.6—Fe (left) and Co (right) coverage versus evaporation time on Ni(111). Those
results were used to establish the evaporation rates of Fe and Co.
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3.4 MOKE - Magneto Optical Kerr Effect

As previously discussed (see section 2.3) by measuring the Magneto-Optical Kerr Effect
one can infer about the surface magnetization of a sample by means of the observed changes on
the polarization (rotation and ellipsity) of the reflected light beam. The experiment that uses
the Kerr effect has three different configurations (see figure 3.7): i) Longitudinal (L-MOKE)
when the magnetic field is applied at sample plane and parallel to the incidence plane (9);
ii) Transverse (T-MOKE) when H is applied on sample plane, however, perpendicular to
magnetization direction (); iii) Polar (P-MOKE) when H is applied perpendicular to the
sample plane (Z2).

Laser Laser

-——=3 Y

Longitudinal Transversal Polar

Figure 3.7—Three configurations of the MOKE experiment: from left to right, L-MOKE,
T-MOKE, and P-MOKE. Reprinted from Merazzo (2012).5!

The setup of the MOKE experiment is outlined in fig. 3.8 (polar configuration). Sequen-
tially, the laser light is polarized, modulated by a photoelastic modulator (PEM), reflected
by the sample, then passes through a polarizer (analyzer) and finally the intensity is detected
by a photodiode. The laser is a He-Ne laser (A = 632.8 nm), and the photoelastic modulater
is a PEM-90 from Hinds, modulated at 50kHz. All optical components are located externally
from vacuum, the laser light enters and comes out from the chamber through optical windows.
The sample can be transferred in-situ to two positions of the arm of the Kerr magnetometer,
allowing experiments in three configurations (polar, longitudinal and transversal) at a base
pressure of 107®mbar. The homemade electromagnet is also mounted outside the vacuum
chamber, has a water-cooling system, and reaches a magnetic field of 200 mT at the sample
position. The electromagnet is rotatable around the MOKE-chamber, enabling an easy change
from the polar (6 = 90°) to the longitudinal (# = 0°) configurations. Another great feature
is that the rotation of the magnet can be used to perform measurements with the applied
field at any angle ¢ in the plane of the sample surface, from L-MOKE (¢ = 0°) to T-MOKE
(¢ = 90°). This is particularly useful to investigate in-plane anisotropies of ultrathin films
grown on the vicinal Ag(977), as will be shown latter.

As explained before (see section 2.3) the Kerr effect signal responds to any modification of
the polarization of the reflected light, which is influenced by the magnetization of the sample.



3.4 MOKE - Magneto Optical Kerr Effect 46
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Figure 3.8—Polar MOKE experimental setup. Light from a He-Ne laser passes through a
polarizer and a photoelastic modulator (PEM) becoming elliptically polarized. The light,
after being reflected by the sample, goes through a polarizer and its intensity is measured by
a photodiode detector as a function of applied magnetic field.

Because of the use of several optical elements, the measured (normalized) Kerr intensity can
be expressed as”

I, = 7y/7a. = |A.SM.P.E|* /74, (3.4.2)

where I, 7, T4, represent the final intensity, non-normalized (ac) intensity and the measured
continuous (dc) intensity, respectively. Here, the subscript ¢ can represent w or 2w, which are
the demodulation frequencies of the lock-in. Ej, is the Jones vector representing the polarized
laser light, P is the polarizer’s Jones matrix, M is the Photoelastic Modulator (PEM) matrix,
S is the Fresnel reflection coefficients matrix, and A is the matrix of the polarizer/analyzer.
E; is represented by

E, = E { ' 1 (3.4.3)

p, s represent the normalized components of the electrical field vector of light, parallel
and perpendicular to the plane of incidence, respectively. The Fresnel reflection matrix S
containing complex reflection coefficients r;; is written as
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S = ( "ep Tps ) , (3.4.4)

Tsp Tss

and the other optical elements are represented by

2 2
A(6,) ( cos*0,  cosb,senb, ) PO, = ( cos*0,  cosb,send, ) (345)

cosf,send, sen’0, cost,sent), sen29p

M(6,) = /2 ( c08%0,, + sen®0,,e  send,,cos0,, (1 — €) ) (3.4.6)

senf,cosly, (1 — ) sen®0,, + cos®0,,e

where 0,, 0., 0, are the rotation angles, with respect to the plane of incidence, of the polarizer,
modulator and analyzer, respectively. £ is the phase difference (or phase retardation) which
is created by the PEM. Gomes (2009)” studied the influence of all these parameters and has
shown that, for this experimental setup, the best signal-to-noise ratio is achieved by using
the following parameters for the optical elements:

E,
E;, = 0{1

V2|1

Introducing these parameters in equation 3.4.2 and using the Bessel function roots J; and Js,

} , 0,=45°, 6, =0° and 6, =0° or 90°. (3.4.7)

the intensities are

Tde = Eg|7“2p|2, (3.4.8)
Tow = —4EGJyRe(rp,r7), (3.4.9)
Ty = AEg i Im(rp,rs,). (3.4.10)

where 7; assumes the value r,; for 6, = 0° and ry, for 6, = 90°.

Gomes (2009)” developed a method to determine the normalized magnetization my,, =
M,,./M; from the the measured Kerr signal intensities. This method, called Vector Magne-
tometry (based on magneto optical Kerr effect), uses the Fresnel coefficient 75, and 7,5 to
determinate for instance m, (in plane magnetization, parallel to the plane of incidence) and
m, (out of plane magnetization) - see fig. 3.7. Briefly, by this method, m, and m, are given

by

Y3+ VP

— 2 1 2A//
my \/_n( + k) |:—Y1R_Y2

} and, (3.4.11)
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72+ 7%
Z1(y + kx) — Zo(x — KY)

= V2n(1 4 K2 A" (3.4.12)

where n is the real part of thin film refractive index and « is the extinction coefficient. nx

is the absorption coefficient, so that the complex refractive index is nfy,, = n(l —ix). The

0,90
I,

functions Y7, Ys, Z; and Z, are related to experimental intensities ( ) as follows

w,2w
]90 [O T [0 ]90 IO % IO,rr
Y, — _ fow 2w’ 'ss _ Tw'ss Tgs Y, — W 2w!'ss W ss 3.4.13
L A A A R A A A (3:4.13)
]90 [0 T [0 ]90 [0 % [0 r
Zy =2y Dwlss Leles gpg gy fwog Sl | Culss 3.4.14
1 7 7 7, an 9 = 7 + = 7 + = 7 ( )

with the intensities Iw 20

at 6, = 0°,90°. J; and J, are roots of the Bessel functions. We have used a retardation

representing the w, 2w signals measured with the polarizer/analizer

angle of the photoelastic modulator, a = 137.8°, which is known to nearly maximize both
Ji(a) and Jy(«r). That way, we also nearly maximize the first (w) and second (2w) harmonic
terms.™ %% In equations 3.4.13 and 3.4.14, 77 are the real and imaginary parts of the Fresnel
coefficient ry,, such that ry, = 7, +irl,. T hese coefficients can be calculated as

. 1—a?+9°

, 2
r,=-————— and 1., = J

= 3.4.15
®(IT+a)?+y? o (T4 4y ( )

where x,y are functions of the refractive index of the thin film,

1 1
r=— a?+b*+a and y=— a’+ b* — a, 3.4.16
A y="5VV ( )

where a = 2n?(1—£?)—1 and b = —4n*k. m, can also be calculated from measured intensities
as

|2

|T58|4(|Tss + 1)2 45 —45
.= I — I 3.4.17
m 163 Re(r,I') (o ) ( )

with I' representing the function which depends of the complex magneto-optical constant @),

2@ 11 piomynacos By sin by Q)

=

(3.4.18)

[1nocos 01 + panicos By

where 6, 05 are the incidence and refraction angles; p1, po the media magnetic permeability;
and nq, ne the media refractive indices.

Then, by doing measurements with the analyzer rotated by 45° it is possible to extract
m,. However, in this work, we decided to apply the Normalized Vector Magnetometry
based on Kerr effect to determine only m, and m,, therefore the polarizer/analizer was
positioned at 0° and 90° during all MOKE measurements, which simplifies and speeds up data



3.4 MOKE - Magneto Optical Kerr Effect 49

collection. Meanwhile, because we have also performed experiments rotating the electromagnet
(consequently the direction of the magnetic field) around the film plane (¢), we could by this
method investigate the in-plane magnetic anisotropy. We have, for instance, explored the
coercive field as a function of ¢ and determined the easiest in-plane axis. The STM and
MOKE results are presented in the next chapter, with special attention in the discussion to
the correlation of structural and magnetic properties of the investigated systems.



Chapter 4

Experimental results

As mentioned before (chapter 3) the investigation of structural and magnetic properties
of ferromagnetic nanostructures (eventually self-assembled) on vicinal surface Ag(977) was
carried out depositing iron (Fe) and cobalt (Co). We have prepared Fe and Co films in the
range 0.5ML-5.0ML, and have investigated the influence of growth temperature (300K, 400K,
500K) on the morphology and on the magnetic behavior. Each preparation has started from a
atomically clean Ag(977), which means before each preparation the sample has been subjected
to a vigorous sputtering to remove the last film (several hours), and then to sputtering-
annealing cycles to re-prepare the Ag(977) surface. STM imaging was frequently performed to
assure the quality of the Ag(977) stepped surface. A LEED image taken at 70eV and a STM
image (200Ax200A) are shown in figure 4.1. The observed diffraction pattern of Ag(977)
(fig. 4.1.a) is characteristic of a stepped surface, i.e due to both the atomic arrangement and
the steps array (see section 3.1 for more details). Figure 4.1.b is the STM image of clean
Ag(977) taken at 45° clockwise to the horizontal axis, where well ordered terraces are ob-
served. The next two sections are dedicated to show the experimental results of theses samples.

(a)
Figure 4.1—LEED image at E;,,=70eV (a) and STM image (200Ax200A) (b) of clean and
ordered Ag(977).
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4.1 Fe/Ag(977)

4.1.1 Growth morphology

The MBE growth of Fe was performed at an atom flux of (1.75 4 0.09) x 107*ML/s and
a base pressure of 10"%mbar. Each sample started from a fresh prepared Ag(977) surface,
and the crystal was kept at one of the selected temperatures: 300K, 400K or 500K. The
STM images (1000Ax1000A) of the Fe/Ag(977) samples are presented in figures 4.2-4.4. For
0.5ML (figure 4.2) the STM images show that at room temperature, the grain size is in the
order of 3.1 nm, accordingly to the statistic analysis presented in Appendix C. However, by
increasing the substrate temperature during the evaporation (7%) the grain size decreases
to 2.7 nm for Ty = 400K and to 2.3 nm for T, = 500K. Besides that, we observe that the
iron grains grow on top of each step edge as theoretically predicted (see chapter 2), and this
behavior is clearly seen in figure 4.2.b.

(a) 0.5ML, T} = 300 K. (b) 0.5ML, T, = 400 K. (¢) 0.5ML, T, = 500 K.
Figure 4.2—STM images of 0.5ML Fe/Ag(977) at substrate temperature Ty = 300 K (room
temperature) (a), Ty = 400 K (b), and Ty = 500 K (c). The vicinal surface has its steps
almost parallel to the horizontal axis, actually ca. 5% — 10° tilted clockwise. Step down is in
the (positive) vertical direction

For a thickness of 1.0ML (see figures 4.3abc) at room temperature the average grain
size is 5.4 nm, it decreases for T, = 400K to 4.1 nm, and increases again to 6.0 nm for
T, = 500K. For thickness above 1.0ML at room temperature (see figures 4.3 and 4.4), we
observe the formation of self-assembled nanostructures of agglutinated iron particles that
resemble nanowires. These structures appear to fill the entire substrate, respecting a space
between them. From the statistic analysis, which is presented in Appendix C, we notice that
these nanostructures have different lengths (between 7.5 nm and 14.1 nm), their width size is
in the range of 2.7 nm to 4.7 nm (see figs. C.1, C.2 and C.3), and they are aligned in the
steps direction. The space between the nanowires is in the range (0.60 & 0.04)nm at 2.0 ML,
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to (1.32 £ 0.02)nm at 5.0 ML, (see fig. C.5) and the height of each individual nanowire is in
the range (3.5 £ 0.2)A at 4.0 ML, to (8.6 £ 0.4)A at 5.0 ML (see fig. C.6).

() 3.0ML, T, = 300 K. (h) 3.0ML, T, = 400 K. (i) 3.0ML, T, = 500 K.

Figure 4.3—STM images (1000Ax1000A) of 1.0ML, 2.0ML and 3.0ML Fe/Ag(977) grown at
300K, 400K and 500K. Image (g) was taken at 45° clockwise related to the horizontal axis.
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(d) 5.0ML, T, = 300 K. (e) 5.0ML, T, = 400 K. (f) 5.0ML, T, = 500 K.

Figure 4.4—STM images (1000Ax1000A) of 4.0ML and 5.0ML Fe/Ag(977).

The structural arrangement has been modified for all thickness investigated in this
work, for growths at higher substrate temperatures (400K, 500K). At 400 K, it is observed
predominantly circular shaped island growth (see figures 4.2 - 4.4). These structures increase
almost linearly (see figure 4.5) with the iron thickness and they have average grain size
diameters from 2.7 nm (0.5 ML) to 12.9 nm (5.0 ML), accordingly to the statistic analysis.
Between 0.5 ML and 2.0 ML the iron nanoparticles align parallel to the step direction,
however, for thickness above 2.0 ML no preferential direction is observed and the substrate is
fully covered.

At 500 K, our STM results show that the growth process has two regimes: above and
below 3.0 ML. Above 3.0ML, the growth does not show a preferred direction of alignment
(see fig. 4.4cf) and the nanostructures have an average grain size of 12.9 nm (4.0 ML) and
16.9 nm (5.0 ML). For the lowest thickness (0.5 ML) the growth starts with smaller iron
nanoparticles compared to the others temperatures. The average grain size for 0.5 ML at 500
K is 2.3 nm but at the same thickness, the grain size is 3.1 nm at 300K and 2.7 nm at 400K.
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Figure 4.5—Grain size as a function of thickness for Fe/Ag(977) at Ty = 400 K (left) and
500 K (right). The grain size uncertainties were calculated as 1o of the Gaussian fit and the
uncertainty of the thickness, & 0.05/ML. The dashed lines provide a guide for the eyes.

The growth at 500K induces the formation of triangular shaped structures from 0.5ML to 3.0
ML (see fig. 4.3cfi). Those structures at 500 K also present a linear behavior between grain
size and thickness, as shown in figure 4.5 (right).

Most probably, what happens, is that for higher thickness and higher temperatures (400K
and 500K), the growth kinetics of a thicker film is changed, it may not quite perceive the
step topology of the vicinal surface because of the enhanced mobility of the atoms. On the
other hand, even for our thicker film (5.0ML) grown at room temperature (see figure 4.4d)
the nanostructures align nicely along the step edges, which is completely different from the
morphologies seen at 400K and 500K (figs. 4.4ef).

4.1.2 Magnetic characterization

The magnetic characterization was performed using the magneto-optical Kerr effect.
MOKE experiments were carried out using both polar and longitudinal configurations (see
section 3.4 for more details). First, we have measured the magnetic signal of clean Ag(977)
and its diamagnetic signal has been checked as shown in figure 4.6 (black curves).

The Kerr signals of our thinner samples (0.5, 1.0, 2.0 ML), measured in the longitudinal
configuration, figure 4.6, appear to have the same diamagnetic signature of the clean Ag(977).
Since they show no hysteresis loop, this may indicate that the thinner films are either
superparamagnetic or that in-plane (longitudinal) is a hard axis. We’d like to call the
attention for the STM images of these samples (figures 4.2 and 4.3) which exhibit grain sizes
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%)

in the range from 2.3 nm (0.5 ML, 7, = 500 K) to 9.3 nm (2.0 ML, Ty = 500 K), which is
indeed in the superparamagnetic size regime.
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Figure 4.6—L-MOKE of 0.5 ML, 1.0 ML, 2.0 ML and 3.0 ML of Fe deposition on Ag(977)
with the substrate at 300 K (a), 400 K (b) and 500 K (c).

At 3.0ML and T = 300K (see figure 4.6.a) the L-MOKE measurement has shown a clear
signature of a ferromagnetic behavior of the film, in addition to the diamagnetism (negative

slope) of the silver substrate. The coercive field is very low and its value was determined in a

more detailed measurement (see fig. 4.8a).
In figure 4.7 the P-MOKE signals of the 2.0 ML - 5.0 ML films come indeed from the
deposited iron, since their intensities (see their slopes) scale with thickness, and are much

stronger than the diamagnetic signal from the silver substrate. For higher thickness, the curves

instead of P-MOKE hysteresis loops, they present either a linear behavior or a Langevin type
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function, which indicates a hard axis of magnetization for the out-of-plane configuration.

P-MOKE Fe/Ag(977) [T = 300 K] P-MOKE Fe/Ag(977) [T = 400 K]
0.4 0.4
—e— Ag(977) —e— Ag(977)
oy —o— 2.0 ML S —e— 2.0 ML
= —e— 3.0 ML = —e— 3.0 ML
S 02 o som S %% - a0mL
a —e— 5.0 ML el —e— 5.0 ML
© ©
— o.0} — 0.0
© ©
c c
2 =y
(7] w0
£ -0.2} = 02
(V] (V)
¥ A4
_0'4—2600 —1600 0 10‘00 20‘00 _0'4—2600 —1600 0 10‘00 20‘00
Magnetic field [Oe] Magnetic field [Oe]

(a) (b)
P-MOKE Fe/Ag(977) [T = 500 K]

0.4
—e— Ag(977)
iy —e— 2.0 ML
= —e— 3.0 ML
S 02 o so0mML
a —e— 5.0 ML
[
©
— 0.0
©
c
o
n
= -0.2
(V)
hv4
-0.4

''—2000 —-1000 0 1000 2000
Magnetic field [Oe]

(©)

Figure 4.7—P-MOKE measurements for 2.0 ML - 5.0 ML of Fe/Ag(977) growtn at 300 K
(a) 400 K (b) and 500 K (c).

The L-MOKE measurements, between 3.0 ML and 5.0 ML, present tilted hysteresis
loops due to the addition diamagnetic and ferromagnetic signals. In order to separate the
ferromagnetic signal from the diamagnetic contribution coming from the silver substrate, we
have substracted a negative (diamagnetic) signal from the raw data. The negative slope to
be subtracted must result in a ferromagnetic hysteresis with horizontal saturations at both
positive and negative high fields. The final results can be seen in figures 4.8 and 4.9.

In figure 4.8 are shown the L-MOKE results for 3.0 ML, 4.0 ML and 5.0 ML of Fe deposited
at room temperature. In the longitudinal configuration the magnetic field was applied in the
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step direction and all three samples exhibited hysteresis loops with well defined magnetic
remanence and low coercive fields. Because of that, and the fact that the polar-MOKE results
have shown a linear behavior, led us to the conclusion that the easy axis lies in plane of the
surface. The coercive field increased from H. ~ 3.8 Oe for 3.0 ML, to H. ~ 10.2 Oe for 4.0
ML, and then abruptly to H. ~ 129.0 Oe for 5.0ML. In fact the nanostructures (resembling
nanowires) observed for 5.0ML-Fe/Ag(977), see figure 4.4d, are much bigger (and longer in
the horizontal direction) as compared to the 3ML and 4ML thickness, which explains the
larger coercive field. In other words, the energy needed to reverse the magnetization is greater
for bigger domains, which increases the area of the hysteresis cycle.

L-MOKE Fe/Ag(977) [T = 300 K]
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Figure 4.8—L-MOKE measurements of Fe/Ag(977) at 300 K for 2.0 ML and 3.0 ML (left
side) and 5.0 ML (right side).

In figure 4.9 are shown the L-MOKE results (after substraction of the diamagnetic
contribution from silver) for 3.0 ML, 4.0 ML and 5.0ML, at deposition temperatures of 400
K and 500 K. For 3.0 ML at 400 K, the curves present an anomalous ferromagnetic behavior
and, therefore, no coercive field could be measured. For 4.0 ML and 5.0 ML, the L-MOKE
signals also present complex hysteresis loops. Despite of that, we could measure the coercive
fields: for 4.0 ML, H,. ~ 21.4 Oe and for 5.0 ML, H. ~ 43.2 Oe. However, for 4.0ML at 500
K, we have observed a closed loop, without coercive field. And for 3.0 ML and 5.0ML, at
500K, we measured H, ~ 76.9 Oe and H. ~ 22.9 Oe, respectively.

In order to better explore the in-plane ferromagnetic properties, we have performed MOKE
measurements rotating the electromagnet around the sample plane. The results are shown in
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Figure 4.9—L-MOKE for 3.0 ML, 4.0 ML and 5.0ML of Fe grown on Ag(977) at 400 K
(upper panel) and 500 K (lower panel).

figures 4.10, 4.11 and 4.12, for T, = 300 K, 400 K, and 500 K, respectively. For films grown
at room temperature, these measurements shows hysteresis loops for all azimuthal angles
and the coercive field increases from ¢ = 0° to 90°, which indicates an easy axis along the
step edges (¢ = 0°) and a ‘harder’” axis at 90°. In figure 4.10, we present these measurements
for Fe/Ag(977) grown at room temperature. For 3.0 ML, by changing the magnetic field
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direction (rotating ¢), we observed an increase of the coercive field from 3.8 Oe to 11.8 Oe,
for ¢ = 0° and ¢ = 90° respectively. For 4.0 ML, H,. varies from 10.2 Oe (¢ = 0°) to 104.7
Oe (¢ = 90°). And for 5.0 ML, the MOKE measurements show coercive fields in range of
129.0 Oe (¢ = 0°) to 621.8 Oe (¢ = 90°). See that H>ML is 52.7 times greater than H>ML,
both at ¢ = 90°, while the ratio H>ML/HIME=59. These ratios indicate that at 5.0 ML
the iron nanostructures must be much longer and wider, as compared to 3.0 ML and 4.0
ML, which is corroborated by the evolution of the sizes of the “nanowires” as a function of
coverage observed in the STM images (figs. 4.3 and 4.4).
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Figure 4.10—MOKE results as a function of the in-plane angle (¢ = 0° — 90°) of the applied
magnetic field, for 3.0 ML (blue), 4.0 ML (red) and 5.0 ML (black) of Fe deposited on Ag(977)
at 300K. Online colors.

For the deposition at 400 K of 3.0 ML Fe (see figure 4.11) the MOKE histeresis at
¢ = 0° looks anomolous as already mentioned, and by rotating ¢ the ferromagnetic signal
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was quenched for ¢ > 45°. For 4.0 ML, the unusual shape of the MOKE curves may indicate
superparamagnetic behavior, with dispersion on the sizes of the iron grains at the substrate
surface. At 90° the MOKE signal has changed its sign, from positive to negative, for ¢ > 67.5°.
We don’t have any good explanation for this effect at the moment, perhaps a change in the
refractive index at this thickness and substrate temperature, which impacts the sign of the
Kerr signal. 5.0 ML appears to have similar behavior, but changes earlier the sign of the
MOKE curve, already at ¢ = 45°.
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Figure 4.11—MOKE results as a function of the in-plane angle (¢ = 0° — 90°) of the applied
magnetic field, for 3.0 ML (blue), 4.0 ML (red) and 5.0 ML (black) of Fe deposited on Ag(977)
at 400K. Online colors
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At T, = 500 K (fig. 4.12), the 3.0 ML sample shows a coercive field H.=76.9 Oe at
¢ = 0°. Similarly to the previous temperature (400K) the ferromagnetic signal diminishes
as the angle approaches 90°. For 4.0 ML, there is no coercive field up to 45°, and is only
about 46.1 Oe at ¢ = 90°, supposedly a “harder” axis as compared to 0°. The overall
MOKE curves observed at this thickness and temperature indicates for a sample presenting
superparamagnetism, or small ferromagnetic nanostructures e.g., the curve shown at ¢ = (0°
is typical of a superparamagnetic sample, and because of size dispersion at ¢ = 90° some
grains exhibit their “harder” axis. For 5.0 ML, the sample shows an easy axis at ¢ = 0°
(H. ~ 22.9 Oe) and a “harder” axis at ¢ = 90° (H, ~ 41.2 Oe).
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Figure 4.12—MOKE results as a function of the in-plane angle (¢ = 0° — 90°) of the applied
magnetic field, for 3.0 ML (blue), 4.0 ML (red) and 5.0 ML (black) of Fe deposited on Ag(977)
at 500K. Online colors
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4.2 Co/Ag(977)

4.2.1 Growth morphology

Similarly to the Fe/Ag(977) system, the samples of Co/Ag(977) were grown at 300K,
400K and 500K and investigated using STM and MOKE, both measured in-situ and at room
temperature. The STM images are shown in figures 4.13, 4.14 and 4.15.

For 0.5 ML (fig. 4.13) the grain size ranges from 3.9 nm (400 K) to 9.5 nm (500 K)
and at room temperature, 5.9 nm (see Appendix C, figure C.7). For growth at 400K (see
fig.4.13.b) the cobalt grains grow on top of the step edges as occurred for Fe and appear to
be self-assembled and with a low size dispersion, of about 3.864+0.07 nm.

(a) 0.5 ML, T, = 300 K. (b) 0.5 ML, T, = 400 K. (c) 0.5 ML, T, = 500 K.

Figure 4.13—STM images of 0.5 ML of Co grown on Ag(977) at different substrate tempera-
tures (7).

Here, differently from the iron system, we have not observed from the STM images a very
clear evidence of self-assembled Co-nanostructures, resembling nanowires or even elongated
nanostructures, for thickness above 0.5 ML, at any temperature. In fact, for 2.0 ML (see fig.
4.14abc), we observe the formation of grains, whose average sizes increase with the growth
temperature: starts with 6.6 nm (RT), then 8.3 nm at 400 K and reaches 9.2 nm at 500 K.
At 400K the STM image shows that the nanostructures have a low size dispersion and exhibit
some preferential alignment. For 3.0 ML, figure 4.14def, the average grain sizes are 10.3
nm (RT), 15.6 nm (400 K) and 17.2 nm (500 K). For the 4.0 ML thickness (figure 4.14ghi)
the cobalt grain sizes are 10.3 nm (RT), 16.8 nm (400 K) and 18.2 nm (500 K). At higher
temperature (500 K), both 3.0 ML and 4.0 ML samples present some triangular structures
and others shapeless, which can be related to the mismatch between the cobalt (HCP) and
the substrate (FCC) structures. Moreover, for 4.0 ML at 300 K (figure 4.14g) we observed
the formation of connected structures without a defined shape.
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(e) 3.0ML, T, = 400 K. (f) 3.0ML, T, = 500 K.

(g) 4.0ML, T, = 300 K. (h) 4.0ML, T = 400 K. (i) 4.0ML, T, = 500 K.

Figure 4.14—STM images for 2.0 ML, 3.0 ML and 4.0 ML of Co deposited on Ag(977) at
different substrate temperatures (T;= 300K, 400K, 500K).
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For 5.0 ML of cobalt deposition, as shown in figure 4.15, the observed average grain sizes
are 11.1 nm (300 K), 15.0 nm (400 K) and 27.1 nm (500 K). At 300K the growth seems to
be more granular. At 400 K the growth appears to be of the Volmer-Weber type (island
growth mode) with larger and interconnected islands. Moreover, at 500 K, we observed the
formation of both triangular and hexagonal structures (figure 4.15¢). As seen for 3.0 ML and
4.0ML (also at 500K), the triangular nanostructures should be related to stacking fault (FCC)
(defect during the thin film growth on the substrate surface) growth of cobalt on Ag(111),
while the hexagonal ones due to HCP symmetry commonly observed for the growth of Co
islands.

20nm
T Tl

—_—

(a) 5.0ML, T, = 300 K. (b) 5.0ML, T, = 400 K. (c) 5.0ML, T, = 500 K.

Figure 4.15—STM image of 5.0 ML of Co grown on Ag(977) at different substrate tempera-
tures (7).
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4.2.2 Magnetic characterization

The magnetic properties of Co/Ag(977) samples were also investigated by in-situ magneto-
optical Kerr effect at room temperature. The MOKE measurements of 0.5 ML of Co on
Ag(977) prepared at 300K, 400K and 500K did not show any ferromagnetic signal at both
longitudinal (not shown) and polar (see fig. 4.16 ) configurations. In addition to the absence
of magnetic remanence or coercive field, for all thicknesses It is not seen any indication of
saturation of the Kerr signal in the P-MOKE experiments with an applied field up to 20000e.
That, all together, indicates that when the field is applied normal to the surface plane we see
a hard-axis of magnetization.
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Figure 4.16—Polar-MOKE results for Co/Ag(977) samples at 300 K (a), 400 K (b) and 500
K (c).
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L-MOKE results for the samples with thickness in the range 2.0 ML - 5.0 ML are shown in
figure 4.17. All of them show ferromagnetic character when prepared at room temperature (fig.
4.17a), and exhibit low coercive fields, indicating that the easy axis is in plane. Differently
from the Fe-films, we see, already at 2.0 ML, a nice square hysteresis loop for the sample
prepared at 300K. At 2.0 ML the coercive field is only H. = 64.6 Oe and this value increases
with thickness, up to H, = 240.1 Oe (5.0 ML). For samples prepared at 400K and 500K
we observe a superparamagnetic character at lower thickness (2.0 and 3.0 ML) and a more
ferromagnetic one at 4.0 and 5.0 ML as shown in figures 4.17bc. At those higher preparation
temperatures, the strengths of the coercive field are importantly affected, for instance at 400
K, H. =6 Oe at 3ML, H. = 192 Oe at 5ML, and at 500 K, H. = 16 Oe at 3ML, H. = 315
Oe at 5ML.
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Figure 4.17—L-MOKE results for Co/Ag(977) at 300 K (a), 400 K (b) and 500 K (c).
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We have performed MOKE measurements rotating the applied field around the sample
plane (0° < ¢ < 90°) from L-MOKE (¢ = 0°) to T-MOKE (¢ = 90°) configurations. At
¢ = 0° the magnetic field is being applied along the step edges direction, while at ¢ = 90°
perpendicular to them. The results of those measurements for samples prepared at 300K,
400K and 500K are shown in figure 4.18. The evolution of the coercive field (H.) of the
samples prepared at room temperature show the most appealing results. For 2.0 ML thickness
the coercive field does not vary significantly. For 3.0 ML and 4.0 ML, H. exhibit lower values
at ¢ = 0° and the highest values at ¢ = 90°, indicating an easy axis along the step edges
and a ‘harder’ axis perpendicular to them. At 5.0 ML again the value of H,. does not change
much, suggesting that the anisotropy is being lost at higher thickness.
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Figure 4.18—MOKE results for 2.0, 3.0, 4.0, 5.0 ML of Co on Ag(977), ¢ is the in-plane
angle of the applied field (¢ = 0° corresponds to the step edge direction). Samples prepared
at 300 K (blue lines), 400 K (red lines) and 500 K (black lines). Online colors.



Chapter 5

Discussion and analysis

This chapter is dedicated to examine and highlight the experimental main results and
furthermore to propose physical explanations to them. The set of Fe/Ag(977) samples
comprises the deposition of 0.5 ML and 1.0 ML to 5.0 ML, at 300K, 400 K and 500 K. We
have prepared Co/Ag(977) samples, with thicknesses of 0.5ML, 2.0ML-5.0ML, at the same
temperatures. Those samples were investigated by STM and MOKE and the most important
results and the correlation between their structural and magnetic properties will be here
discussed.

We have made a statistical analysis of grain size for the various preparations. We took
several STM images (circa 50 images) of each evaporation and then measured their individual
grain size by using the WSxM software.®’ We built histograms and then Gaussian functions
were fitted according to the data. The average grain size (or simply grain size) is considered
as the Gaussian peak position and the uncertainty as 1o (68% of Gaussian area). The results
are shown in figure 5.1 for Fe and Co films as a function of substrate temperature (7%).
According to our statistical analysis, for Fe/Ag(977), the grain size is in the range of (2.4 +
0.2) nm for 0.5 ML, 500 K to (16.9 + 2.0) nm for 5.0 ML, 500 K. For Co/Ag977, the grain
size is in the range of (3.9 £ 0.4) nm for 0.5 ML, 400 K to (27.1 £+ 2.7) nm for 5.0 ML, 500
K. Although the Fe and Co grain sizes are similar, it will be shown that their morphologies
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Figure 5.1—Grain size of Fe/Ag(977) (left) and Co/Ag(977) (right) as a function of evapora-
tion temperature. The dashed line (black) represents the terrace width: w = (2.1 £0.2) nm
(see section 2.1).
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and assembly are quite distinct, with great impact on the magnetic properties.

For Fe/Ag(977), the STM images indicate two growth regimes: the formation of circular
or elongated nanostructures and the growth of triangular platelets . For thickness above 1.0
ML, at room temperature, the STM images show the formation of structures that resemble
nanowires, aligned parallel to the step edge direction as shown in detail in figure 5.2. According
to our statistical analysis these self-assembled nanostructures are formed by chains and have
length from (7.5 £ 0.7) nm for 4.0 ML to (14.1 & 1.0) nm for 5.0 ML and width between
(2.7+0.1) nm for 4.0 ML and (4.7 £ 0.2) nm for 5.0 ML. Interestingly the nanostructure’s
widths for 4.0 ML and 5.0 ML correspond approximately to the width of one and two steps
of Ag(977), respectively. However, since the lengths also grew proportionally, the aspect
ratios (lengh/width) appear to be very similar, they are 2.8 and 3.0 for 4.0 ML and 5.0 ML,
respectively.

Due to their shape, self-organization and size (both length and width), we can say that
by depositing Fe at RT on the vicinal surface Ag(977) between 2.0 ML and 5.0 ML, self-
assembled elongated nanostructures grow aligned along the steps. The explanation for the
self-organization growth process may be attributed to the mobility of atoms and energy
considerations of the stepped surface as detailed in section 2.2. At room temperature, a
deposited adatom on a terrace has enough mobility to walk throughout the surface by diffusion.
Once reaching the top step edge, however it will not have enough energy to overcome the
Erlich-Schwobel barrier. Several adatoms will then reach the edge step and agglutinate
themselves, forming those elongated nanostructures.

The formation of self-assembled metallic nanowires on vicinal surfaces has already been
reported by several authors. The growth of nanostructures that resemble wires has been
observed on silver (Ag), nickel (Ni), copper (Cu), cobalt (Co), on vicinal surface Pt(997)
and Au(111).% %" Gambardella et al. (2000)%* studying the growth of self-assembled Co
nanoparticles on Pt(977) at thickness below 3.0 ML, noticed that below 250 K, a rough
growth takes place and between 250 K and 300K, a periodic array of nanowires is formed. The
first observation of the formation of Fe nanowires on a vicinal surface was reported by Elmers
et al. (1994)% by imaging them with STM on vicinal W(110) substrate at submonolayer
regime. Jung et al. (1995),% Shen et al. (2003),” ViolBarbosa et al. (2009)”" and others
noticed the presence of one-dimensional structures of copper (Cu) and iron (Fe) on vicinal
surfaces Mo(110), W(110) and Cu(332). Cheng et al. (2005)% studied the self-organization
of Fe/Pt(997) with thickness under 4.0ML and at RT. In the submonolayer regime, they
observed narrow nanostripes decorating the stepped surface. However, increasing the iron
thickness (greater than 0.15 ML) the nanostructures were transformed into wider chains,
maintaining the aspect ratio. Several previous studies of Fe epitaxially grown on Ag (either
flat or vicinal) substrate pointed to a layer-by-layer growth at RT, without a remarkable
ordering of the thin film. A common point among these reports is that the growth starts
with the steps being decorated, then to a layer-by-layer mode, and then the growth gradually
yields Fe islands at thickness greater than 4.0 - 5.0ML.?%3%9 In the present work, however,
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(c) 4.0ML. (d) 5.0ML.

Figure 5.2—Detailed STM Images of structures that resembles nanowires at room temperature
(RT).

we see elongated Fe nanostructures, resembling nanowires, at least up to 5.0 ML of thickness
at room temperature.

The other kind of growth observed for Fe/Ag(977) was the formation of triangular platelets
on the top of steps, between 1.0 ML and 3.0 ML, at T, = 500 K (see figure 4.3cfi). At 1.0 ML
we observed the coexistence of nanodots and serrated edges. For thickness of 2.0 ML and 3.0
ML, the STM images show triangular platelets with average size of 9.3 nm (2.0 ML) and 8.6
nm (3.0 ML) randomly spread throughout the substrate. This behavior was noticed before in
others investigations on the growth of Fe and Co on vicinal and flat surfaces.?” 4 In figure
5.3, we compare STM images of triangular platelets of two other studies with this work.

Rohart et al. (2008)°* studied the Fe/Au(788) system in the range of 45 K to 430 K,
observed the formation of triangular shaped structures and concluded that a Fe-Au superficial
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(a) Fe/Au(788) at 430 K and 0.3 (b) Co/Au(788) at 480 K and 0.4 (c) Fe/Ag(977) at 500 K and 2.0
ML. Rohart et al. (2008).94 ML. Baudot et al. (2003). ML. This work.
Figure 5.3—Comparison between growth mode of ferromagnetic nanostructures on vicinal
surfaces at higher temperature. (a) Evaporation of Fe/Au(788) at 430 K with structures that
resemble triangular platelets. (b) Co/Au(788) at 480 K and (c) Fe/Ag(977) at 500 K.

alloy was formed due to the high step densities. Baudot et al. (2003)°" reported Co triangular
platelets on Au(788) and explained their presence as due to the coalescence of nanoparticles
at the surface. Li et al. (2000)” demonstrated in a experimental and theoretical study, the
formation of one monolayer-thick islands (‘quantum platelets’) of finite dimensions, which
are parallel aligned to the stepped substrate. Others similar cases have been observed and
the explanations converge to a hybridization of ferromagnetic atoms with the vicinal surface
due to a high mobility of the atoms at higher temperature. The formation of a surface alloy
between the thin film and the substrate depends both on the miscibility of the elements and
of course, on the growth temperature.

For Co/Ag(977), self-assembled nanowires have not been detected at any evaporation
temperature. However, at 500K and between 3-5ML we have observed the formation of
triangular shaped structures. Differently from the triangular platelets observed for the iron
growth, where those structures are restricted to the lower thickness, in the case of Co these
structures keep growing up to 5ML (see figures 4.14 and 4.15). In other words, the growth
appears to be of the ‘island type’ instead of ‘layer-by-layer’, i.e., the cobalt particles prefer to
grown on top of a structure previously formed, rather coalescing with the surface, increasing
the height of the islands instead of their size. For the thickest film (5.0 ML, 500 K) we
observe the growth of both triangular and hexagonal islands, as shown in figure 4.15c. The
triangular ones most probably are due to the occurrence of fcc stacking faults, rather than the
intrinsic hep stacking of Co. The 13% mismatch of the Co lattice as compared to the Ag(111)
substrate may also stimulate island formation.” The effect of surface alloying is beyond the
scope of this work, but its occurrence cannot be ruled out. From our statistical analysis
we have established that the triangular islands have a thickness in the order of 2.4 ML,
reinforcing the hypothesis of stacking faults - they are more likely to occur at low thickness
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imitating the substrate. The hexagonal structures are thicker, with an average height of 4.9
ML. This behavior has already been observed for thin Co-film at high temperature.'’%'! In
figure 5.4 it is compared the structures we have observed in this work with others studies.
Wasniowska et al. (2008)'"! investigated Co/Pd(111) and observed similar structures during

epitaxial growth and related their format to the Schwibel Barrier.

10 nm
(a) 0.35 ML Co/AgGe. (b) 0.6 ML Co/Pd(111). (c) 5.0 ML, Co/Ag(977).

Figure 5.4—Comparison between the structures obtained in other studies and in this work.
(a) shows the hexagonal packing of Co on AgGe with thickness of 0.35 ML at 800 K. Extracted

from Lin et al. (2010);'% (b) shows the study of 0.6 ML of Co/Pd(111) at 500 K. Extracted
from Wasniowska et al. (2008)'°" and (c) image obtained in this work.

From here on, we will discuss the most relevant magnetic results of Fe and Co on
Ag(977) and correlate them with the structural analysis done before. In our experiments, no
ferromagnetic signature was seen at thickness below 3.0 ML for Fe/Ag(977), and below 2.0
ML for Co/Ag(977), in both longitudinal and polar configurations.

At room temperature the 3.0 to 5.0 ML Fe/Ag(977) samples show nice square loops
in the L-MOKE configuration and by rotating the external field in the substrate’s plane
(0° < ¢ <90°) we observe a strong dependence of the coercive field (H..) with respect to ¢ -
see fig. 4.10. From those results we have determined H,. as a function of ¢ as shown in figure
5.5 in polar representation. As observed in the STM images, the Fe deposition up to 5ML,
produces elongated nanostructures aligned along the steps, whose axes almost coincide with
the horizontal direction (¢ = 0°). For the three samples (3.0, 4.0, 5.0 ML) we see an easy
axis and a hard axis for ¢ = 0° and ¢ = 90°, respectively. This is a clear evidence of uniaxial
anisotropy determined by those elongated nanostructures. Another very interesting point, is
that the coercive field increases substantially, as the thickness increases. At the easy axis
(¢ =0°), H, is only 3.8 Oe for the 3.0 ML sample, increases to 10.2 Oe for 4.0ML, and to
129.0 Oe for 5.0 ML. At the hard axis (¢ = 90°) the values are 11.8 Oe, 104.7 Oe, and 621.8
Oe for 3.0 ML, 4.0 ML, and 5.0 ML, respectively. The coercive fields are known to to be
strongly dependent on the size and shape of nanomagnets. Here, the increase in the coercive
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field may be related to the increase in the volume of the magnetic nanostructures, and also
being influenced by dipolar interactions between them.

Fe/Ag(977) Fe/Ag(977)

90° 90°

270° 270°

Figure 5.5—Polar representation of the coercive field H, as a function of ¢ for 3.0 ML, 4.0
ML and 5.0ML of Fe on Ag(977) at 300K.

For the Co/Ag(977) samples we have obtained L-MOKE ferromagnetic hysteresis for all
evaporation temperatures (300K, 400K, 500K) from 2.0 ML to 5.0 ML of Co deposition as
shown in figure 4.17. From the angular dependent MOKE results (figure 4.18) the coercive
field (H.) as a function of ¢ has been represented in figure 5.6. Here again the increase of H,
with thickness is expected, because the addition of magnetic material increases the volume of
the magnetic domains.

However, in the case of Fe/Ag(977) we have observed a very large increase of H, at the
higher thickness, while for Co/Ag(977) it is not so abrupt. A possible explanation is that
at 5.0 ML of Fe an additional magnetic anisotropy term raised caused by the mechanical
strain between the film and the surface (magnetoelastic anisotropy) increasing, therefore, the
coercive field. Gumarov (2019),'%? Li (2020)" and others observed increase of the coercive
field in the system composed by iron thin films at room temperature and related it with
the rise of the magnetoelastic anisotropy. Nevertheless, further studies will be necessary to
establish the magnetisation dynamics of this behavior, including intermediate and higher
thickness.

A common point in both systems, Fe/Ag(977) and Co/Ag(977), is that the coercive field
increases with increasing ¢ from 0° to 90°, which means the magnetic anisotropy is of uniaxial
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Co/Ag(977) - 2.0 ML Co/Ag(977) - 3.0 ML

90° 90°

Co/Ag(977) - 4.0 ML Co/Ag(977) - 5.0 ML

90° 900

Figure 5.6—Polar representation of the coercive field H, as a function of ¢ for 2.0 ML, 3.0
ML, 4.0 ML and 5.0ML of Co on Ag(977) at 300K, 400K, 500K.
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character. So let’s take the case of a magnetic particle with uniaxial anisotropy, which has
only one easy axis, as shown in figure 5.7. The energy of this system without any external
magnetic field can be represented by E = K,V sin? ¢, where K, is the anisotropic constant
and ¢ is an angle from the easy axis of the material. When an external magnetic field H
is applied at an angle « (related to easy axis), the energy of the system will be given by
E = Eunisotropic + Emagnetostatic, 1-6., E = K, sin® (¢) + MgH cos (o — ¢),"" where M is the
saturation magnetization. In case the anisotropic energy is the strongest term, then in this
situation, the minimum of energy is achieved when ¢ = +nn (0E/d¢ = 0) and the coercive
field will be given by H. = 2K, /M, (0?E/d¢* = 0, at ¢ = 0°). Therefore, by increasing the
applied field angle « (with respect to the easy axis), the anisotropic energy gets larger and it
will be more difficult to switch the magnetization of the system, raising the coercive field, as
experimentally verified.

No applied magnetic field Applied magnetic field

E=K,sin2 ¢ E = K,sin2¢ +M,H cos(a—¢)

Easy axis Easy axis

Figure 5.7—Left side: Energy of a particle with uniaxial anisotropy, F(¢) = K,sin’$, where
the easy axis direction is the angle ¢ = 0°; Right side: By applying a magnetic field H(a)
the magnetostatic energy term, M Hcos (o — ¢), is added.

As shown by the MOKE measurements it has been observed that for both systems the
easy axis lies along the step edges (¢ = 0°), being set by the growth morphology on top of
the stepped Ag(977) surface. When a magnetic field is applied in plane, but perpendicularly
to the steps a ‘harder’ axis is observed, since the coercive field increases. Here, the meaning
of ‘harder axis’ is related to the increasing of the external magnetic field needed to reach the
saturation magnetization M, (definition) and an expressive increase of the coercive field H,,
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which is due to the anisotropic features of those structures.

Moreover, it is possible to go beyond and establish the contribution of each normalized
in-plane (m,, m,) and out-plane (m,) magnetization from the set of L-MOKE and P-MOKE
measurements. According to our setup configuration, see figure 3.7, ¢ is along the step edges

easy axis), 2 is in plane and perpendicular to the steps and Z is perpendicular to the surface
y axis), & is in pl d dicular to the st dzi dicular to th f
70:90

plane. Therefore, by using the measured intensities, 1,7,

(H), and applying them to the Kerr
magnetometry method (see section 3.4), we have determined the contributions m, and m, for
cobalt samples. The results for 2.0 ML and 5.0 ML are shown in figure 5.8, and the complete
analysis in Appendix D. First, those results show clearly - again - that the easy axis is in
the ¢ direction. Second, we see that the hard axis (£) becomes even harder as the film gets
thicker (the anisotropy increases with thickness), from 3.0 to 5.0 ML we see that the slope of
m, decreases. And third, we observe that the Kerr intensity (/1) scales nicely with the

thickness of the film, as expected.

Co/Ag(977) 2.0ML (T = 300 K) Co/Ag(977) 5.0ML (T = 300 K)
2 6F
—— my —— m,
—— m; 4} —— m;
1 |
=} ';' 2 |
B, B,
2 ot z Of
2 2
-1t
—4}
-2 ! ! ! ! ! -6 i ! ! ! !
-500 -250 0 250 500 —-2000 -1000 0 1000 2000
Magnetic Field [Oel Magnetic Field [Oe]

Figure 5.8—m, and m, contributions for 2.0 ML and 5.0 ML of Co on Ag(977).



Chapter 6

Conclusions

In this work we studied the structural and magnetic properties of Fe and Co ferromagnetic
ultra-thin films grown on stepped surface Ag(977), and investigated the influence of the
temperature during deposition and of the coverage. We have prepared samples in the range
from 0.5 ML to 5.0 ML and at three evaporation temperatures (300K, 400 K, 500 K) in
ultra-high vacuum environment. By means of in-situ experimental techniques, namely STM
and MOKE, we have pursued to understand the correlation between growth morphology and
the magnetic response of the two systems, Fe/Ag(977) and Co/Ag(977). The main results of
the present work can be summarized as follows:

e For Fe/Ag(977) at thickness of 0.5 ML and 1.0 ML, the STM images show that the
iron nanostructures are self-assembled along the step edges of the vicinal surface, with
an average grain size ranging from 2.3 nm (0.5 ML, 500 K) to 6.0 nm (1.0 ML, 500
K). Between 2.0 ML and 5.0 ML, at room temperature, the STM images show the
formation of self-assembled chains that resemble nanowires, which are aligned with the
step direction. These ‘nanowires’ have different lengths, varying from 7.5 nm (4.0 ML)
to 14.1 nm (5.0 ML) and widths from 2.7 nm (4.0 ML) to 4.7 nm (5.0 ML). At 500 K,
between 1.0 ML and 3.0 ML, the surface shows triangular platelets, which may indicate
alloy formation from atom intermixing of the film and substrate;

e The STM images of Co/Ag(977) did not show elongated nanostructures, differently
from the iron system. Meanwhile, at 500 K and between 3.0 ML and 4.0 ML throughout
the surface are observed triangular structures, which are attributed to FCC stacking
fault of Co (rather than HCP). At 5.0 ML the STM images show both triangular and
hexagonal structures (due to top of view of the hexagonal packing of cobalt - HCP);

e For Fe/Ag(977) the MOKE results show hysteresis loops between 3.0 ML and 5.0 ML,
at room temperature. The coercive field goes from H>*ML = 3.8 Oe to H>ME = 121.0
Oe. Between 4.0 ML and 5.0 ML, the coercive field suffers a large increase (about 11
times) which can be related to longer and wider nanostructures, which increase the
anisotropic energy. At higher preparation temperatures, the MOKE measurements
show distorted curves which we attribute to several contributions: ferromagnetism of
thin film, diamagnetism of substrate and superparamagnetism of small particles. For
all Fe/Ag(977) samples the easy axis remains in-plane and the hard axis out-plane;

e For Co/Ag(977) at all temperatures we have observed a ferromagnetic signal (stronger
than the diamagnetism of the substrate) at thickness between 2.0 ML and 5.0 ML.
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Using Kerr magnetometry the m, and m, components were determined from a complete
set of measurements, and the results have shown that the easy axis remains in-plane,
whereas the hard axis stays out-plane, for all Co/Ag(977) samples.

With the results and analysis presented in this work, we hope to have contributed to get
a better understanding about the structural and magnetic properties of ultra-thin Fe and Co
deposited on Ag(977). However, some questions raised during the analysis remain without a
clear response. For instance, which is the influence of Fe-Ag and Co-Ag alloying, which may
modify the magnetocrystalline anisotropy as well as the stacking faults, for samples prepared
at higher temperatures (400K, 500K). Moreover, it would be very interesting to investigate
higher thickness and the effect on the anisotropy on the coercive field and on its angular
dependence.



Appendix A

Magnetization and Brillouin function

As previously described, the magnetization M is a purely quantum mechanics effect. The
interaction between the external magnetic field H and the atomic spin momentum can be
described by the magnetic hamiltonian of a ferromagnetic system (see section 2.3)

__ 9jUB QJHB
Hmagnetic - T Z[Bmf + H Z BT iy (AOl)

A

where B,,r, H are the molecular and external fields, S is the spin angular moment and
i = pp\/J(J + 1) = upS;/h, where J = L+ S. The expectation value of energy considering
this hamiltonian (equation A.0.1) is

EJ = ngJ,uBBT, (AOQ)
and mjy can assume values m; = —J,—J + 1,...,J — 1, J. The magnetization M can be
represented as

N

M = 37 (my) = ngsps (ma) , (A.0.3)

where N is the total number of atoms in a volume V. At saturation magnetization Mg,
we have (m;) = J and My = ngyupJ. As the magnetization is a thermodynamic variable,
at thermal equilibrium the average magnetization by site, m;, can be calculated from the
canonical representation. Being ¢ = g;m jupBr, the partition function is

J
7 = Zexp €/kgT) = Z exp(mygsupBr/ksT) = Z e’ (A.0.4)
my=—J my=—J
where x = g;upBr/kgT. Expanding the partition function,
J
Z = Z e =e T (14 e" + e+ ..+ e/ 4 e*"), (A.0.5)
TTZJ:—J
setting b = e=/* and t = ¢,
27+1

Z=bl+t+t4 ... +12J)=b+bt +bt> + ..+ pt@/HD1 thp L (A.0.6)
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n
. . . _en+1
rescuing the sum of geometrical series Y ar* = a (1 L >,

Pt 1—r
1 — 752J-|—1
1— o@Dz 1 (o@2J+1a/2 _ o—(27+1)z/2
Z =elr=—° _ il ), (A.0.8)

1 — ez % (ex/Q _ 6—:1:/2)
and using the trigonometric function, sinh z = (e® — e™®),

_ sinh ((2J +1)z/2)

A.0.9
sinh (z/2) ’ ( )
we calculate (m) as
d>omget™ 107
== -7 A.0.1
() > erma Z 0x (4.0.10)
Therefore, the magnetization M is
ngspp 0Z
M = = — A.0.11
ngipg (my) A (A.0.11)
SO
M 1 07 107
= = A.0.12
M, JZox Z oy’ (4.0.12)
after some manipulation,
M 2J+1 2J+1 1 Y
_ - = A.0.1
M, - a2y [ 27 y} 27t [2J} ’ (4.0.13)
the equation on the right side is called Brillouin function and defined as
S 27+ 1 2J + 1 1 y
B,(y) = th — —coth [—} : A.0.14
sy) = =550 { 27 y] 27" L2y ( )
so that
M
= By(y). A.0.1
= B) (A0.15)

In figure A.1 are shown Brillouin functions for different values of the total angular moment,
J. Let’s do some analysis on the limits. First, for J = 00, By (y) can be written as a Taylor
series,

1 1
coth x = —+§x+..., r <<, (A.0.16)
x
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Figure A.1—Brillouin functions B as function of J.
27 +1 2] + 1 1 /2] 1y
B = th ———+=+.. A.0.1
wy) = —5 o { 27 y} 2J<y HETYA ) (8.0.17)
1
B (y) = cothy — e L(y), (A.0.18)

where L(y) is named the Langevin function, representing the classical description of the
system, as is shown as dashed line in figure A.1.



Appendix B

MBE calibration

This chapter is dedicated to describe the calibration procedure of the MBE growth (or
evaporation) rate of Fe and Co. This information was necessary to ensure the deposition
thickness of each sample prepared in this work. The epitaxial growth process has several
adjustable parameters either due to the evaporator used here (SPECS, EBE-M model) or
inherent of the measurement process itself: voltage, atomic flux, substrate temperature and
deposition time. Our strategy was to fix all physical parameters, except one, which was
varied - the evaporation time. We have set the voltage (1500 V), the atomic flux current (I
= 3.0 nA) and the substrate temperature (75 = 300 K). We used a clean crystal of Ni(111)
as substrate, because it has a flat surface, and have prepared several samples at different
deposition times, namely T = 120s, 240s, 360s and 480s, both for Fe and Co. For each sample,
we took several STM images with sizes of QOOOAXQOOOA, 1000Ax1000A and 500Ax500A .
Figure B.1 shows selected images of Fe and Co on Ni(111) for different deposition times.

(c) 360s, Fe/Ni(111) (d) 480s, Fe/Ni(111)

(e) 120s, Co/Ni(111) (f) 240s, Co/Ni(111) (g) 360s, o/Ni(lll) (h) 480s, Co/Ni(111)

Figure B.1—Selected STM images for evaporation times 120s, 240s, 360s, and 480, used for
MBE calibration: Fe/Ni(111), (a)-(d), and Co/Ni(111), (e)-(h).
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Using the WSxM software,* we measured the coverage (%) of each STM image, for all
prepared samples. To ensure the correct coverage evaluation we have made a background
correction. Then we have obtained a z profile representing the height of those structures
grown on flat surface, as is shown in the figure B.2. With the z profile we could then observe

Profile from 24092019_A Image 8.mul (100.0nm x 100.0nm) :converted :plane EI@ ! 24092019_A Image &.mul (100.0nm x

(=3 =]

10...
-

— 2nd layer

714

~ 1st layer

Figure B.2—Profile (left) of a nanostructure observed on a STM image (right) of a sample
produced by evaporating 120s of Fe on Ni(111). For evaporation parameters see text.

the formation of each atomic layer, as is shown on the left side of figure B.2. There is a first
layer at ~ 3.0 A, and the second layer at ~ 6.0 A. This information was then used to estimate
the coverage. We programmed the software (using the option “flooding”) to localize all the
hills of each STM images and we have (manually) excluded the background contribution, as
shown in figure B.3.

For each evaporation, we built histograms representing the compendium of the measured
total area for each image. Then, we have fit Gaussian curves and estimated the mean coverage
and its standard deviation. The graphs representing the (Fe, Co) coverage versus evaporation
time (120s, 240s, 360s and 480s) are shown in figure 3.6. Both present linear behavior, for
Fe, Coverage = (0.174%/s) t and for Co, Coverage = (0.166%/s) t, where t represents the
evaporation time. Therefore, we concluded that a complete layer (1.0 ML) of Fe is formed at
Tre = (571£29)s, representing 7. = (1.75+£0.09) x 1073 ML/s and for Co, Tr, = (598 +£30)s,
with 7¢, = (1.67 £ 0.08) x 1072 ML/s.
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Figure B.3—Method to estimate the coverage at STM images for MBE calibration.



Appendix C

Graphics - Grain size statistic analysis

This appendix is dedicated to present the statistic analysis of the grain size based on STM
images of both Fe/Ag(977) and Co/Ag(977) systems. For each deposition at specific thickness
and temperature, several STM images were recorded. Using the WSxM software,* we have
measured the size of each grain (or structure) of the images and built histograms with the
data, as shown in figs. C.1, C.2 for Fe/Ag(977) and fig. C.7 for Co/Ag(977). The shape of
the histograms is interpreted as the normal (Gaussian) distribution density of the structures’
sizes. To establish the average size, we fitted Gaussian functions to those distributions such
as

o(z) = ——eap [—% (x_ff], (C.0.1)

o\ 2T o

where o is the standard deviation and Z is the average value of . Therefore, for each deposition,
the grain size was took as the peak position (Z) and the uncertainty was considered as +10,
which corresponds to about 68.3% of the Gaussian area.

Grain size Fe/Ag(977) 0.5 ML [T = 300 K]
T T T T

Grain size Fe/Ag(977) 0.5 ML [T = 400 K]
T T T T T

Grain size Fe/Ag(977) 0.5 ML [T = 500 K]
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— Gaussian fit — Gaussian fit
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—G fit
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(e) (f)
Figure C.1—Fe/Ag(977) grain size statistic analysis for thickness 0.5 ML and 1.0 ML at
300K, 400K, 500K.
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For evaporation between 2.0 ML and 5.0 ML at room temperature, we measured the
length of each of the nanostructures that resemble nanowires. In figure C.3, we present the

statistic distributions of these structures, in figures C.5 and C.6 the space between them
and their height, respectively. In figure C.4 we present the linear profile of a STM image of
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nanowires for 2.0 ML Fe/Ag(977).
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Figure C.3—Elongated structures length.
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Figure C.4—Linear profile of elongated structures.
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Figure C.5—Space between elongated structures.
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ML.



Appendix D

Graphics - Normalized Kerr magnetometry

This appendix is dedicated to present the Kerr magnetometry results (see chapter 5).

The magnetization direction is given by M/M, = mx% + myj' + m_z. The m,, m, are the
magnetization components in-plane and out-plane, respectively.
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