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Abstract

Epitaxial atomic layers are often in a strain-state, which is determined
by the lattice misfit to the substrate. This misfit gives rise to a biaxial stress
state within the film, and it contributes significantly to the magnetic an-
isotropy via magnetoelastic coupling. Film stress induced by lattice strain
and magnetoelastic stress upon magnetization of a ferromagnetic film are
experimentally accessible by the minute stress-induced curvature of a thin
substrate. The cantilever bending technique is an experimental method to
measure film stress with high sensitivity and accuracy. In this work I use
an optical beam deflection technique to measure the stress during epitaxial
growth of atomic layers and the magnetoelastic stress of nm thin films upon
a magnetization reorientation. This thesis presents the first observation of
stress change during deposition of a transition metal on the topological insu-
lator Bi2Se3(0001). The film stress varies with growth temperature. Surface
analysis by diffraction experiments indicates the formation of FeSe nanocrys-
tals on Bi2Se3. Surprisingly, the driving force for the stress change during
formation of FeSe on Bi2Se3 is the structural and atomic re-arrangement
upon nanocrystal formation, rather than misfit strain. I measure film stress
during the deposition of Fe on Au and Ag single crystal substrates with an
(001) surface orientation. I study the influence of thickness, lattice strain,
and interface formation on the magnetoelastic coupling of Fe films with few
monolayer thickness. I use the stress measurements to monitor interface
formation, intermixing, segregation and to explore the impact of quantum
well states in a nonferromagnetic spacer layer on magnetoelasticity in ad-
jacent Fe layers. A mnovel approach to control the magnetoelastic coupling
of a thin film by modifying its surface and interface structure by noble gas
ion bombardment is presented. An important result of this thesis is dis-
covery of a non-monotonic, almost oscillatory variation of magnetoelastic
coupling in Fe films upon variation of the Au spacer layer thickness in the
Fe/Au/Fe/Au(001) system. This result is discussed in view of quantum well
states (QWS) in the Au spacer layer. These results provide new and first in-
sights into the correlation between electronic confinement and magnetoelastic
properties on the nanoscale.



Kurzfassung

Epitaktische Atomlagen sind oftmals in einem Dehnungszustand, der
durch die Gitterfehlpassung zum Substrat gegeben ist. Diese Dehnung fiihrt
zu einer biaxialen Filmspannung. Diese Dehnung tragt mafgeblich zur mag-
netischen Anisotropie der Atomlage, vermittelt durch die magnetelastische
Kopplung, bei. Filmspannungen beim Wachstum und magnetoelastische
Spannungen bei Magnetisierungsdnderungen sind experimentell zugéinglich
durch die von ihnen verursachte Kriimmung diinner Substrate. Die Biege-
balkenmethode erlaubt es, diese Spannung sehr empfindlich und genau zu
messen. In dieser Arbeit wird eine optische Biegebalkenmethode eingesetzt,
um Filmspannungen beim epitaktischen Wachstum von Atomlagen und mag-
netoelastische Spannungen von Nanometer-diinnen Filmen zu messen. In
dieser Arbeit werden die ersten Messungen von Filmspannungen beim Ab-
scheiden von Fe auf dem topologischen Isolator Bi2Se3(0001) vorgestellt.
Die Filmspannungen hingen sehr stark von der Substrattemperatur beim
Abscheiden ab. Die Oberflichenanalyse mit Beugungsmethoden zeigt die
Bildung von FeSe Nanokristallen auf Bi2Se3. Uberraschenderweise stel-
len hier strukturelle Umordnungen und atomare Reorganisation wahrend
des Abscheidens die Hauptursache fiir die Fe-induzierten Spannungen dar,
wahrend die Fehlpassung die gemessenen Spannungen nicht erkliaren kann.
Ich messe die Filmspannungen wihrend des Wachstums von Fe auf Au-
und Ag-Einkristallen mit (001) Oberflichenorientierungen. Ich untersuche
dabei den Einfluss von Filmdicke, Gitterdehnung und Grenzflichenbildung
auf die magnetoelastische Kopplung der Fe-Filme der dicke einiger Atomla-
gen. Ich nutze die Spannungsmessung um die Grenzflichenbildung, Inter-
diffusion, Segregation und den Einfluss von Quantentrogzustinden in nicht-
ferromagnetischen Zwischenschichten auf die Magnetoelastizitit benachbarter
Fe-Lagen zu charakterisieren. Ein neuer Ansatz zur Beeinflussung der mag-
netoelastischen Kopplung in diinnen Filmen durch Modifikation von Ober-
flachen und Grenzflichen durch Tonenbeschuss mit Edelgasen wird vorges-
tellt. Ein wichtiges Ergebnis meiner Arbeit ist die Entdeckung einer nicht-
monotonen, fast oszillatorischen, Anderung der magnetoelastischen Kopplung
in Fe- Atomlagen durch die Variation der Schichtdicke einer Au-Zwischenlage
im System Fe/Au/Fe/Au(001). Das Ergebnis wird im Bild von Quantentro-
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gzustéanden in der Au- Zwischenschicht diskutiert. Diese Ergebnisse liefern
neue und erste Einblicke in die Korrelation zwischen elektronischen Quanten-
trogzustinden und Magnetoelastizitit auf der Nanoskala.
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Chapter 1

Introduction

The study of magnetic properties of ultrathin films has been the focus of
intensive research in the past few decades. It brought significant contribu-
tions to the understanding of the physical mechanism which led to the de-
velopments of magnetic random-access memory and high-density magnetic
storage [1-4]. The magnetic anisotropy plays a key role for the magnetic
properties of thin films. The magnetic properties of thin films often devi-
ate from the bulk behavior. This deviation is due to the low dimensionality
of the system, where the formation of interfaces and growth-induced lattice
strain impact magnetism [5,6].

As films become thinner the overall properties are more governed by in-
terface and surface properties, this is evident in multilayer systems [7—10].
Furthermore, thin films are usually supported by a substrate, which leads
to film stress due to epitaxial strain induced by lattice mismatch. Epitaxial
strain in a thin film is the origin for a large contribution to the total magnetic
anisotropy, as induced by magnetoelastic coupling. Magnetoelastic coupling
is responsible for magnetostriction, i.e. the change of length of a sample
upon magnetization, and this phenomenon opened new possibilities for ap-
plications as sensors and actuators [11-19].

It has been found that the specific atomic structure and elemental com-
position at the interface of thin films influence drastically their magnetic
properties. Here, alloys of transition metals, such as Fe-Ga, show an in-
creased magnetostrictive response |20, 21|, where an elastic softening upon
alloy formation is a new aspect.

In this thesis, I study the influence of interface/surface effects and lattice
strain of atomic layers on the magnetoelastic coupling of films with few mono-
layer thickness. Several phenomenological models have been proposed to ex-
plain experimental observations of magnetoelasticity of thin films, due to the
presence of surface effects on the magnetoelastic coupling coefficient [22,23|,
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but most fail to explain the change of sign or deviation from the bulk value
of magnetoelastic coupling coefficients [22]. A lattice strain-dependent cor-
rection was proposed, giving a favorable description of some systems [24,25].
However, it cannot be generalized [26]. Therefore, further experimental data
are called for to obtain a broader picture of the properties which impact
magnetoelasticity of thin films.

The stress change in a thin film can be experimentally accessed by the
cantilever bending beam technique [27-29|. The detection is based on the
optical deflection of a single laser beam, or of several lasers beams, reflected
off the cantilever surface. It is a very sensitive technique to measured films
stress and magnetoelastic stress driven down to the monolayer thickness re-
gime [30]. This is the main technique employed in my thesis. I exploit this
method to measure the epitaxial stress during film growth and the change of
stress induced by a switching of the magnetization direction in the films to
measure magnetoelastic coupling coefficients.

Chapter 4 of this thesis presents the first observation of stress change dur-
ing deposition of a transition metal on the topological insulator BizSe3(0001).
The atomic structure and electronic properties of BisSes, including a prom-
inent topological insulator character, are well known [31,32|. Here, T in-
vestigate deposition of Fe on BisSes by cantilever stress measurements for
different growth temperature. Additional surfaces analysis techniques were
employed to understand the origin of the stress change. FeSe nanocrystals
on BisSes are formed. Surprisingly, the driving force for the stress change
during formation of FeSe on BisSes is the structural and atomic arrangement
rather than the simple epitaxial stress.

Chapters 5 and 6 focus on systems, which present complicated growth
processes, but are composed of single metals, Fe/Ag(001) and Fe/Au(001).
The complicated interface formation in these systems has been studied in
depth in recent years [33-43]. Also, Fe/Ag(001) and Fe/Au(001) are proto-
types for modified magnetic and electronic properties of thin films as driven
by quantum well states |9, 10,44-47]. 1 use the epitaxial stress results as
an indicator to optimize the interfaces and film flatness in order to study
interlayer exchange coupling and quantum well states. In this thesis, a novel
approach to control the magnetoelastic coupling of a thin film by modify-
ing its surface and interface structure is introduced. For this purpose, the
thermal induced interface intermixing is studied.

An important result of this thesis is the remarkable oscillatory magne-
toelasticity in Fe films upon variation of adjacent Au layer in the trilayer
Fe/Au/Fe. This result is described to quantum well states (QWS) in the Au
spacer layer of the prototype system Fe/Au/Fe.

Our results provide new insights into a correlation between electronic
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confinement and magnetoelastic properties. This has never been observed
before. The results presented in this thesis shed new light onto a funda-
mental understanding of the magnetoelatic property of strained thin films
and multilayers on the electronic level.

The thesis is organized as follows. Chapter 2 illustrates introductory
basic theoretical concepts of film stress and magnetoelastic coupling. The
concepts involved in the interlayer exchange coupling of ferromagnetic (FM)
/ nonmagnetic (NM) / ferromagnetic (FM) system modulated by QWS in the
NM layer are elucidated. Chapter 3 describes the methods and techniques
used in this work. The first experimental determination of Young’s modulus
of BisSes is presented. The preparation of samples for the systems used in this
thesis are described. The experimental results are presented in Chapters 4, 5,
6, and 7. Chapter 4 presents the results on stress and structure of Fe and FeSe
on BiySe3(0001). Experimental results of Fe on Ag(001) follow in Chapter 5,
where structural and magnetic properties are presented. Chapter 6 presents
the results of Fe on Au(001), with structural and magnetic investigations in
order to gain insights into the correlation of epitaxial strain and magnetic
behavior. Chapter 7 focuses on the results on the trilayer Fe/Au/Fe on
Au(001). The first measurement of stress change upon formation of the Au
surface reconstruction during film growth is presented. Chapter 7 also reports
the results of the magnetoelastic coupling (ME) and magnetic-crystalline
anisotropy (MA) of Fe/Au/Fe trilayers. Experimental evidence for periodic
oscillations of MA and ME, induced by the QWS, is presented. This provides
the first experimental indication of the influence of electronic confinement on
the magnetoelasticity of thin films. All experimental results are thoroughly
discussed in Chapter 8, and conclusions and future prospects are presented
in Chapter 9.
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Chapter 2

Basic concepts and background

In this chapter I present the physical concepts which are exploited in this
work. Epitaxial growth and the interfacial structure formed in thin films
influence their magnetic properties. In this thesis, I investigate the structure
and interface formation of ferromagnetic thin films on a metallic substrate
via stress change. With this purpose, Section 2.1 presents an overview un-
derstanding of elastic properties, strain and stress, in epitaxial film growth.

The magnetic properties of these films were studied in view of the epi-
taxial strain and interface formation. Here, I focus on the magnetoelastic
coupling of thin films and the interlayer exchange coupling in a trilayer sys-
tem. In Section 2.2, T detail the magnetoelastic concepts and the relation
between magnetoelastic coupling in thin films and the magnetostriction ef-
fect described for bulk samples. Finally, Section 2.3 introduces the intelayer
exchange coupling (IEC) effect in a trilayer system composed by ferromag-
netic(FM) / nonmagnetic(NM) / ferromagnetic(FM) materials.

2.1 Stress and strain in epitaxial ultrathin films

The concepts of solid surfaces and interfaces are the starting point to define
stress and strain. The interface is the boundary region between two regions
occupied by different materials. It is defined by a small number of atomic
layers in spatial contact, where properties deviate from the respective bulk
materials. A particular type of interface in a solid is its surface, which sep-
arates the material from the surrounding environment.

A film deposited on a substrate has a solid-solid and a solid-vacuum in-
terface. For films in the single atomic layers thickness regime the properties
of the film may be determined by the properties of its interfaces. The ther-
modynamic description of surfaces was developed by Gibbs [48], he was the
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first to point out the difference of surface stress and surface free energy.
The surface free energy ~ is the excess free energy associated with the
existence of a surface. It is described as the reversible work per area to
create a surface. On the other hand, surface stress 7(*) is determined by the
reversible work per area to stretch elastically a pre-existing surface.

2.1.1 Swurface stress

To obtain a proper definition of surface stress in a crystalline solid, the
tensorial elastic properties should be considered. In a highly symmetric sur-
face, the surface stress is isotropic and can be expressed as [49)]

_ o
6aj ’
where 0 f; is the differential force along i direction and Jq; is the area element
normal in j direction.
The relation between surface stress and surface free energy is given as [49]

0
=90+ 5 (2.2
where ¢ is the strain tensor with i and j as the in-plane components and d;
is the Kronecker symbol.

In contrast to the surface free energy, which is positive, the surface
stress can assume positive and negative values. A positive stress is referred
as "tensile" stress, and the negative surface stress is called "compressive"
stress. The sign of the stress depends on whether the surface tends to con-
tract (tensile), where the surface atoms prefer a shorter bond length than in
bulk, or expand (compressive), surface atoms repel each other under its own
stress. The calculated surface stress of transition metals are often positive
(tensile) [49].

The interplay of surface free energy and surface stress rules the charac-
teristics of surface in a solid, from Eq. 2.2, the term 0v/0¢ = 70 — v is
the thermodynamic driving force to move atoms from bulk to surface layers.
Therefore, if the right term is positive the accumulation of atoms on the sur-
face is favored in comparison to the inner arrangement. On the other hand,
when the term is negative the surface prefers less atoms in the top layers.
Moreover, a large surface stress may cause instabilities on the surface such as
reconstructions [49,50]. A reconstruction refers to the atomic configuration
of the surface that differs from the atomic structure of the bulk.

However, in a solid-solid interface of crystalline materials the film stress is
often driven by the lattice misfit of the materials. This concept is important
to understand film stress in epitaxial films on a substrate.

(2.1)

Tij
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2.1.2 Epitaxial film

The epitaxial growth is the notion that a material grown on a substrate
follows the crystalline order of the substrate in a specific, well defined relation.
Pseudomorphic growth, i.e. the continuation of the substrate crystalline
order in the films, yields a lateral strain in the film. The strain is given by
the misfit between the atomic lattices of film and substrate. The in-plane
misfit (n) is calculated from the in-plane atomic distances (a) of the bulk of
the substrate with reference to the film bulk material as

n = (as — ar)/ar, (2.3)

where ag represents substrate atomic distances and ap describes the film
atomic distances.

Epitaxial growth, however, is not always possible, and a large lattice
mismatch may induce dislocations in the film. Dislocations may minimize
the elastic energy of the film lattice. For a low lattice misfit the elastic strain
is sustainable to form a lattice of the epitaxial film. This in-plane strain
results in an induced stress in the film. When the lattice constant of the
material in the film (ap) is smaller than the lattice constant of the substrate
(as), it gives rise to a positive strain, consequently a tensile stress in the
film. On the other hand, for the case that the lattice of the material of
the film (ar) is bigger than the substrate lattice (ag) the strain is negative,
which results in a compressive stress in the film. If the substrate is thin
enough, the stress in the film is transferred to the substrate where it induces
a measurable curvature. The curvature can be measured as presented in
Section 3.1. Figure 2.1a and b are illustrations of the curvature condition
for a compressive and a tensile film stress. It is observed that pseudomophic
growth is possible in several atomic layers thin films provided the misfit is
below a few percent [50].

In an isotropic in-plane strain = € = €, (the indices 1 and 2 corres-
pond to the in-plane directions) the biaxial epitaxial stress can be calculated
by the linear elastic theory as [51]:

Y

1—v

, (2.4)

T =

where Y is the Young’s modulus and v is the Poisson ratio of the film, here
the ratio Y /(1—v) determines the rigidity of the film material.

However, in a real system the stress during growth involves other effects
besides misfit stress. For example, in a submonolayer regime, a contribution
from the change in surface stress is expected. The variation on surface stress
depends on the surface stress of the substrate 7, the surface stress of the new

7
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Substrate

v '

Compressive stress Tensile stress

Figure 2.1: Illustration of film stress due to the difference in lattice constants of
film (red) and substrate (blue) in a compressive stress and a tensile stress, and the
induced bending of a thin substrate. a) compressive stress, n < 0; b) tensile stress,
n > 0.

film /substrate interface 75, and the film surface stress 7y as 7p+7¢5—75. Stress
measurements during film growth reveal dislocation formation [52|, change
of growth mode [51], and reconstructions [53|. T use stress measurements to
investigate the relevant processes during growth.

In this thesis, T used the bending technique of a cantilever substrate to
investigate the stress involved during growth. I choose systems that present
segregation and/or interdiffusion during the growth process. Corresponding
stress measurements have not been reported in the literature before. I stud-
ied the deposition of Fe on Ag(001) and Fe on Au(001). These systems were
selected as a wealth of previous investigations is available [34-43,54-62]. Be-
sides, I measured the change of surface stress for a submonolayer deposition
of Fe on BiySe3(0001). The BiySe3(0001) crystal has a specific crystalline
structure of quintuple layers of Se-Bi-Se-Bi-Se bonded with other quintuple
layers by van-der-Waals interaction. This structural peculiarity make BisSes
a very attractive system to measure stress during deposition in view of pos-
sible intercalation of Fe [63].



Chapter 2. Basic concepts and background

2.2 Magnetoelastic coupling in thin films

The magnetic anisotropy energy of a magnetic crystal in a strained state is
described by the magnetoelastic energy. The magnetoelastic energy arises
from the interplay of lattice strain and magnetization. In an unstrained
lattice this term is zero, which results in an anisotropy energy given by the
crystal symmetry [64]. The magnetoelastic energy represents the interaction
between the magnetic anisotropy and strain of the crystal. According to
Kittel [65], the magnetoelastic energy density for a cubic system is defined
as, where higher order terms are omitted [51]:

fme = Bl (ela% + 620&% + 63a§) + BQ(G40&26¥3 + esapag + EGOélag)...., (25)

where ¢ is the strain along the cubic axes and «; is the direction cosine of
the magnetization direction with respect to the crystallographic direction.
Here we use the contracted Voigt notation [51|. By and By are the first order
magnetoelastic coupling coefficients. The higher-order terms in «; have been
neglected in this work. Higher order terms in strain € are discussed below
in the ME models. The magnetoelastic coupling coefficients, B; and B,
represent the strain gradient of the magnetic anisotropy energy density.

This contribution is to minimize the total energy by a lattice deformation.
This is known as magnetostriction of bulk materials. The resulting magneto-
strictive strain is described by the magnetostriction constant A as Al/l, where
[ is the length along the direction of the magnetization, and Al the change
of length along a given direction upon a reorientation of magnetization.

Thus, the magnetostriction constant A in a cubic crystal depends on the
cubic axis as Ajgg and Aj1;. The indices determine the longitudinal mag-
netostriction along the directions [100] and [111], respectively. The mag-
netostrictive constants Aigg and Aj1; are proportional to the magnetoelastic
coupling coefficients B; and B, as follow,

2 B1 1 BZ
100 3 (611 — 012) an 111 3 0447 ( )

where ¢;; are the elastic stiffness constants of the bulk material. Note that A
depends on the elastic properties of the crystal. A small ¢;; — ¢12 may lead
to a large A even for a moderate B; [20,21,66].

The typical experimental values of A for the ferromagnetic elements Fe,
Co, and Ni, are of the order of 107° [65], which corresponds to a change
of a few peV/atom on the anisotropy energies. Therefore, due to its small
magnitude, calculations on the magnetoelastic properties are demanding [67].

9
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Table 2.1: Elastic stiffness constants ¢; (GPa) , magnetostrictive con-
stants A\jgp and A7 and its respective magnetoelastic coupling coefficient
B; (MJ/m?) of Fe bulk. Values obtained from Ref. [51].
Cii Ci2  Caa Ao A1 B, B,
bce Fe 229 134 115 24.1 —-22.7 —-3.43 7.83

Using the experimental results of A\ and the relation of Eq. 2.6 the mag-
netoleastic coupling coefficients B; and By for bulk sample are calculated
from magnetostriction measurements.

For bee Fe bulk the elastics constants and magnetoelastic coefficients are
presented in Table 2.1. The negative sign of B; means that an expansion of
the Fe lattice upon magnetization along the [100] direction of the cubic axis
is energetically favorable.

However, the magnetic properties of thin films deviate from the bulk be-
havior, and the values obtained above can hardly be applied [68]. The main
reason behind the different behavior is that films are often under a consid-
erable lattice strain, due to the contact with the substrate. Generally, films
cannot change their in-plane atomic distances freely due to the bond to the
substrate. Consequently in a thin film, upon a magnetization process the
magnetoelastic coupling (ME) leads to a magnetoelastic stress and not to a
magnetostrictive strain. Therefore, the term “magnetostriction” should be
avoided when discussing magnetoelastic properties of films. Thus, the mag-
netoelastic coupling coefficient are the proper reference. The magnetoelastic
stress is defined as the strain derivative of the magnetoelastic energy density
(7 = Ofme/0e).

Magnetoelastic stress, the tendency of the film to change its length upon
magnetization, is phenomenologically comparable to magnetostriction of bulk
materials, as demonstrated in Fig. 2.2a and b.

Experimentally the magnetoelastic stress can be measured by a stress
change upon a reorientation of the magnetization direction, as induced by
external magnetic fields [67]. In a film, this stress induces a curvature of the
substrate, provided the substrate is thin enough. The use of a thin substrate
provides a way to obtain experimentally the stress involved in the process
and, therefore, the value of B; is accessible as described below.

As the magnetoelastic coupling energy depends on the directions of the
magnetization with respect to the cubic axis, Eq. 2.5, the magnetization
is applied in two equivalent directions. For this reason, to access B; the
magnetization is aligned parallel to the direction [100] and [010], see Fig. 2.3a.
This gives a1 = 1, ag = 0, and a3 = 0 for [100], and oy = 0, ay = 1, and

10
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a) Bulk

b) Film

M1 M| [1-10]

Figure 2.2: Magnetoelastic coupling in a) bulk sample, where M # 0 induces a
magnetostrictive strain A\. b) magnetic thin film on a substrate, due to the bonding
on the substrate, M # 0 induces a magnetoelastic stress, which induces a bending
of the crystal (film and substrate).

az = 0 for [010]. Eq. 2.5 is reduced to

fme = Bl(fl); (27)

for each direction. As 7 = 0fme/0€, in this configuration 77 = B; and B;
is found with
Of(M]|100)  Of(M]|010)

Ay — 100 _ _[o10] _ _ —B. (28
T Te The 661 861 1 ( )

One can access Bs in a similar way, provided the magnetization directions
are changed accordingly, as sketched Fig. 2.3c. A transformation matrix is
necessary to obtain the strain on the new coordinates (¢ ), which are rotated
by 45°. In this case the magnetization is aligned parallel to the plane [110]
and [110], which lay along the length and width of the rectangular crystal,
Fig. 2.3b. This results in a; = 1/\/5, oy = 1/\/5, and az = 0 and o =
—1/v/2, ay = 1//2, and a3 = 0 for [110] and [110], respectively. Likewise
B, is found with

o) _ Of(M[[110)  9f(M]|110)
e e e
Consequently, the magnetoelastic coupling coefficients B; and B, are ex-

perimentally accessed directly by measuring the change of stress upon chan-
ging the magnetization direction in-plane.

AT = TI‘I‘1[ellO] —

— B, (29

11
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Figure 2.3: Geometry configuration of magnetoelastic coupling coefficients meas-
ured in this work. The crystal with its length and width parallel to a) [100] and
[010] directions of the crystal axes of the film is used to obtain Bj. b)alignment
along [110] and [110] directions of the crystal axes is used to obtain Ba. c¢) rotation
around [001] by 45° transfers (a) to (b).

In the past years several methods and techniques were developed to meas-
ure magnetoelastic samples. Direct and indirect methods have been pro-
posed [27,69,70]. The indirect methods are based on the Villari effect [64],
which is the inverse of magnetostriction. The basic idea is to apply an ex-
ternal strain in the sample and measured the change in the magnetic an-
isotropy |71]. Direct methods exploit the magnetostrictive strain in bulk
samples as a function of applied magnetic field [27]. These techniques give the
magnetostrictive coefficient A, which includes the elastic response of the ma-
terial [72]. Common techniques to measure magnetostriction are the strain
gauge in bulk samples [12] and the cantilever technique for film-substrate
composites [73]. Upon changing the magnetization direction induced by an
external magnetic field the change of length or curvature can be detected
by the change in the resistance [12], capacitance [74] or by detecting the
reflection angle of an optical beam [19].

In this thesis, I exploit the cantilever technique to measured the change
in curvature induced by magnetoelastic stress. The change in curvature is
measured via a change of deflection of two laser beams. The difference of the
curvature measured for two different magnetization orientation gives directly
the magnetoelastic coupling coefficient B. Further technical details are given
in Section 3.1. The advantages of this method, besides the direct access to
the value of the magnetoelastic coupling coefficient B;, are the sensitivity and
the non-intrusive character. The measurements can be made in ultra-high
vacuum without any mechanical contact with the sample with an astonish-
ingly high sensitivity for detecting small curvature with a radius of curvature

12
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as larger as several 100 km [51].

On the other hand, the theory of ME in thin films is very demanding.
Ab-initio calculations are exploited to access the magnetoelastic effects in
a perturbative manner [69]. However, a reasonable magnetoelastic coupling
coefficients is hard to calculate, due to very high demands on the numerical
accuracy |73]. Several simplistic models have been proposed in the past years
to tackle magnetoelasticity.

A surface effect based on Néel’s model proposes a volume and surface con-
tribution to the effective ME coefficient as BT = By, + Bg/t. This model
reveals a bulk contribution for larger thickness, and an increasing contribu-
tion of the surface contribution for thin films [23,75]. A strain-dependend
correction of magnetoelastic coupling of thin film has been proposed to de-
scribe the systems where a change of ME sign is observed. This correction is
described by Bff = B; + De [72|. This linear relation of ME with film strain,
which corresponds to a second order strain contribution in Eq. 2.5 above, can
be applied for several systems [22,24-26,76-78]. However, these phenomen-
ological models could no be generalized. Experimental observations fail to
reveal this linear dependence with film strain or the expected bulk value for
thicker film |26, 79-81].

A huge increase of the magnetostrictive response has been observed for
alloys of Fe with different rare earths [80,81|. This results are attributed
to a transfer of large spin-orbit coupling (SOC) to Fe in combination with
the already large ME coupling of rare earth elements. In fact, rare earth
metals like Th and Dy present magnetostricitve response (\) several orders
of magnitude larger than 3d transition metals [82].

Recently, the discovery of giant magnetostrictive effect boosted a wide dis-
cussion on Fe-Ga based alloys [20,66,83]. The increased magnetostriction is
based on elastic modifications via structural changes. More specifically, this
large magnetostriction of Fe-Ga alloys has been attributed to the change of
elastic constants of the Fe film with increasing Ga concentration [66,84]. Thin
films of a Co-Fe alloy have shown such increase in magnetostriction by varying
the temperature of the sample [85,86]. The combination of Fe-Ga based alloys
with rare earth metals or with multifunctional materials, like ferroelectrics,
gains much attention due to its potential for applications [11-16]. The mag-
netostrictive materials are normally used as actuators and sensors [17-19],
and new materials or compounds are explored [14,15,78,87,88|.

The main purpose of this work is to realize a direct modification of the
magnetoelastic coupling of thin film by interface and surface changes and by
electronic-modulation. I focus on systems with well know magnetic aniso-
tropies, allowing to decouple the analysis from further effects.

In the next Chapters, I present results that reveal several effects, which
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greatly impact the ME of a thin film. Substrate-induced effects that go
beyond the change of strain are presented. I discuss the role of interfacial
intermixing and surface segregation. A novel approach to influence the mag-
netoelastic coupling through quantum confinement states (QWS) is revealed
in this thesis. A well established impact of electronic effects on magnetic
properties is observed for the interlayer exchange coupling (IEC) of trilayers
and multilayers. An oscillatory IEC is attributed to the modulated electronic
states by quantum confinement effects. Next I focus on the basic aspects of
oscillatory TEC in trilayer system of ferromagnetic/ nonmagnetic/ ferromag-
netic (FM/NM/FM).

2.3 Interlayer exchange coupling of a trilayer
system

In this Section, I briefly discuss the basic mechanisms of interlayer exchange
coupling (IEC) between two ferromagnetic films separated by a non-magnetic
spacer material. The essential effect has been attributed to the electronic
confinement in the spacer layer. This confinement effect gives rise to sharp
changes in the electronic density of states (DOS), called quantum well states
(QWS). Essentially, QWS in the spacer layer couple the adjacent magnetic
layers on both sides, despite that no direct contact exists. Since the nature of
the effect is related to a quantum size effect, an oscillatory magnetic response
is observed by varying the spacer layer thickness [89].

The antiferromagnetic coupling of Fe films separated by Cr spacer layer
was first observed by Griinberg in 1986 [2], since then, the phenomenon has
been intensely investigated [7,90-95]. The discovery of the oscillatory fer-
romagnetic /antiferromagnetic character of the magnetization with increased
spacer layer thickness is a key aspect for the development of storage devices
used nowadays [1-4].

The interlayer exchange coupling takes place between two ferromagnetic
layers separated by a non-magnetic material. Here, the electrons of the spacer
layer mediate such a coupling. This type of interaction is referred to on the
basis of the interlayer exchange coupling energy. The exchange coupling
energy per unit area of two layers is described by [96]:

EAB = —JABMA . MB = _JAB COSQ, (2.10)

where Jup, or Jp, is the interlayer exchange coupling constant, M; are the
unit vectors of magnetization direction in both layers i, A and B, and 6 is the
angle between the magnetic moments of layers A and B. This J,p term is
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called bilinear as it gives the highest coupling energy for a collinear alignment
of M and Mg, where either the parallel or the antiparallel configurations
is energetically preferred.

A positive value of J; favors the parallel alignment of the magnetic layers
and a negative J; favors antiparallel configuration. A perpendicular align-
ment of the magnetic layer has also been observed [97|. This configuration
requires an additional term to minimize the energy. A biquadratic term has
been introduced as follows [98]:

FE = _J2 C0829 = —JQ(MA . MB>2- (211)

For a positive J,, the term favors a minimum for the relative alignment as
Ji. A negative J,, favors a perpendicular magnetization orientation of M,
and Mg.

Various theoretical models have been proposed to explain the observation
of interlayer exchange coupling. TEC is accessible in experiments as oscil-
lations of magnetization orientation between two ferromagnets [34, 92, 95].
Among the most relevant models are the free electron model, the hole con-
finement, Ruderman-Kitter-Kasuya-Yosida (RKKY) model, the s-d mixing
model, and the quantum interference model due to spin dependent reflection
at the interfaces, summarized in Ref. [93].

In most models, it is assumed that the IEC-oscillations are mediated by
modulations on the electronic states due to quantum well states within the
non-ferromagnetic spacer layer. The period of these oscillations are determ-
ined by topological characteristics of the Fermi surface of the spacer material.

Quantum well states as a mediator of IEC

The interlayer exchange coupling can be described in terms of quantum
interferences. These quantum interferences result from spin-dependent re-
flections of electron waves at the ferromagnetic(FM)/non-magnetic(NM) in-
terfaces.

In a ferromagnetic material the majority- and minority-spin electrons are
no longer equivalent. The difference of spin character gives rise to an en-
ergy split in the electronic states of the ferromagnetic material. This split
results in a selective spin reflection at the interface FM/NM. For a ferromag-
netic/noble metal interface the quantum interferences are spin dependent
and are mostly of minority-spin (]) character, as seen in experiments [34].
The quantum effect can be understood from the electronic band structure at
the interface.

Figure 2.4 shows a typical example of electronic band structures of a fer-
romagnetic (Co(001)) and a noble metal (Cu(001)) near the Fermi energy. In
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Figure 2.4: Electronic bands of bulk fcc Co(100) and Cu(100). The hybridization
of the sp-band in the ferromagnetic material leads to a Ay symmetry gap. The
minority spin from the noble metal encounter this gap near the Ep and reflect,
leading to a polarized QW. This system can be generalized for others ferromag-
netic/noble metal interfaces. Figure adapted from [99].

the ferromagnetic material the sp-band hybridizes with the d-band, opening
a A; symmetry gap. The gap region is highlighted with a light blue color
in Fig. 2.4. At the interface, electrons of sp-character with A; symmetry
in the noble metal find this gap [34]. This gap affects only the minority
spins (J) (black curve) leading to reflections of minority spins at the inter-
face. The QWS in Cu are identified with the horizontal lines near Fermi
level in Fig. 2.4. The majority spins (1) Ay, on the other hand, couple to the
majority A; band of Co near the Fermi level, and no quantum size effect is
experienced by the majority spins.

If we consider an 1D-model to describe IEC, the quantum problem is
reduced to a particle-in-a-box model for the minority electrons. The res-
ulting interferences within the spacer layer induce changes in the density of
states |93]. The system is composed of a sandwich of FM; /NM/FM,, where
FM is a 3d transition metal and NM is a noble metal. An electron charac-
terized by a wave vector k; that travels in the space, in a complete round
trip (forth and back) gives rise to a phase shift,

Ap =2k, D+ ¢p1 + ¢po, (2.12)

where D represents the thickness of the spacer, and ¢; o are the phase shifts
after the reflection at each interface. These interferences can be constructive
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or destructive. The bound states, where the electron tends to remain loc-
alized due to confinement, occur when the interferences are constructive. A
constructive interference is satisfied when [89,100],

ZkJ_D + §Z§1 + QZ52 = 27m, (213)

where n is an integer.

The strength of the electron confinement is determined by the product of
reflection amplitudes at both interfaces. For a total confinement the product
is 1 [93]. The change of density of states depends on this confinement
strength, as well as on the magnitude of D. The period A of the oscilla-
tions, on the other hand, depends only on the wave vector k; as A = 7 /k,.
For a three dimensional layered system, the 3-D vector k = (ki k). K
is an arbitrary wave vector, and k, obeys the confinement condition. In a
constructive interference k, is quantized.

As mentioned before, the period of oscillations corresponds to a given
wave vector k,. The prediction of the A can be done by an inspection of
the Fermi surface of the spacer layer. The Fermi surface of noble metals can
be experimentally obtained by highly accurate cyclotron resonance experi-
ments [89] and angular-resolved photoelectron spectroscopy (ARPES) [101].

Figure 2.5 shows a typical cross-section of the Fermi surface of a noble
metal. The dashed-line represents the first Brillouin zone (BZ). The ar-
rows represent vectors which give rise to oscillation in DOS. The arrows link
opposite parts of the contour plots with the same curvature (parallel line seg-
ments). In the plane (110), four different periods are predicted, and in this
cross section only one is presented, which is the vertical arrow. The oblique
arrow is the period predicted for the (111) plane. For the (100) plane two
arrows give the long and short oscillation periods.

Therefore, in the plane (100) two QW oscillation periods are expected.
Consequently, two stationary waves with vectors k; and ks are defined by the
Fermi surface of the noble metal.

Considering the oscillations modulated by an envelope function kep, the
atomic spacing of the material should be taken into account. The ke, is
defined as kgy — k., where kgz is the zone boundary wave vector at high
symmetry. For a (100) interface kpy = 27 /a, where a is the lattice constant
of the spacer, Eq 2.13 can be rewritten as:

2]’CenvD - ¢1 - ¢2 = 27”/7 (214)

where v is a new quantum number, v = N —n, and N is an integer multiple of
the atomic spacing a. From Eq. 2.14 the oscillation period A can be extracted
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Figure 2.5: Fermi surface contour plot of the (110)-cross section of a bulk noble
metal. The bold points belong to the fcc reciprocal lattice. The first BZ boundary
is indicated by the dashed line. The solid thick arrows represent the vectors k|
giving the oscillation period in the respective plane orientation [92].

as A = 7/(kpz — k1 ). In the case of QWS crossing the Fermi level, k, equals
the Fermi wave vector kp [102],

These vectors, k; and ks, connect two parallel areas of the Fermi surface
(called calipers) of the interlayer. In a kj = 0, k; gives the long oscillation
period. The short period is obtained for a larger £y, and arbitrary kj. ko can
be located in Fig. 2.5 at the end of the “dog bone” shaped Fermi surface.
The reflections at the interfaces result in a modulation of the electron
density of states. The variation of the density of states due to the quantum
confinement depends on the thickness of the spacer. The spacer may en-
hance or suppress the density of states near Fr. In a trilayer FM/NM/FM
system, the magnetization of the ferromagnetic layers depends on how far
the QWS is from Er. When the thickness of a nonmagnetic layer results in
QWS far away from EF, the antiparallel orientation of the magnetization is
favored. On the other hand, for a quantum well state near the Fermi level,
the minority electrons are confined in the spacer layer and the parallel mag-
netization orientation is favored. Thus, the periodicity of the oscillations in
the interlayer exchange coupling with increasing spacer thickness is determ-
ined by QWS in the spacer layer. The quantum interferences in thin films
due to confinement effects are investigated by photoemission [103]. This
technique gives the opportunity to select the wave vector, energy, and spin
character. The oscillation periods of the IEC are experimentally accessible
by scanning electron microscopy with polarization analysis (SEMPA) and
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magneto-optical Kerr effect (MOKE) measurements [104-106].
Biquadratic term - non-collinear magnetization

The exchange coupling energy per unit area of two layers is described by
Eq. 2.10 and 2.11 as [96]

Eip = —Jycosf — Jycos? 0. (2.16)

The second-order term considers a non-collinear alignment of the layer mag-
netization. This relation was included in view of the observed perpendicular
magnetization alignment, i.e. 90° in-plane [106-109]. From Eq 2.16, when
the second-order term dominates, the angle between the magnetization My
and Mg is 90°, provided J; < 0. However, in the case of J, > 0, a min-
imal influence on the coupling is observed, and the magnetization results in
a collinear coupling (P or AP).

In general, whenever J; is the dominant term, but a negative .J; is present,
a canted magnetization orientation may be expected. In the case of Jy, < 0
and 2|Jy| > |Ji|, the angle of the minimum energy is cosf = —.J;/2.J,.
Therefore, the presence of J; renders a canted magnetization, which has been
experimentally detected [98,110]. The canted phase denotes the configura-
tion where the magnetization of the layers has an arbitrary angle between
each other. Only in the extreme case of J, >> J;, the magnetizations
have a 90° alignment between them. The presence of J; has been reported
and predicted in several systems, Fe/Cu/Fe, Fe/Cr/Fe, Fe/Au/Fe, Fe/Al/Fe,
Fe/Ag/Fe [110-114].

The origin of a biquadratic term J, in a given system can be intrinsic
or due to the presence of structural disorder [98]. Some phenomenological
models have been proposed to describe the origin of the biquadratic coupling.

The intrinsic origin of J; results from non-collinear moments in each mag-
netic layer, as induced by other interactions. It was, first, calculated for an
ideal surface and interface system. The prediction determined that J, would
oscillate commensurately with J;. However, this has not been observed ex-
perimentally. For the case of extrinsic sources, several effects have been
related to the experimental observations. Examples of models to describe
experimental canted phases are: “loose spin”, thickness fluctuations, “pin-
hole”, and magnetostatic coupling. Each one is described below.

“Loose spin” is a model that describes magnetic moments that are weakly
coupled. In this model, it is assumed that a small concentration of magnetic
impurities is embedded in the spacer. It represents an additive contribution
to the energy coupling of the two magnetic layers. This model describe the
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strong dependence of J, on temperature. This behavior has been observed
in Fe/Ag/Fe [107], in Co/Cu/Co [108], and in Fe/Cu/Fe [115].

Thickness-fluctuations are discussed to explain a slightly rotation of the
magnetization. Basically, it is considered for a incomplete last monolayer,
where the thickness fluctuates by 1 ML. The terrace’s height, therefore, is
one atomic layer with a width L. Thus J; depends on the terrace width
and J; as +AJ;, due to the additional static wave of magnetization in and
out of the terrace thickness fluctuation. This thickness-fluctuation has been
reported for Fe/Cr/Fe [110,113].

“Pin-hole” describes a direct exchange coupling. This interaction favors
a ferromagnetic configuration, and it is attributed to direct coupling of both
FM layers through openings (“pin-holes”) in the spacer. It is in general re-
stricted to very thin spacer layers.

Magnetostatic coupling results from a periodic roughness at the interface.
The roughness gives rise to magnetic poles that contribute to the magnet-
ization. Thus, the model takes into account the dipole fields created by a
periodic rough interfaces. .J; in this case depends on the period and height
of the steps. This dependence of J, with interface roughness was observed
in Fe/Au/Fe system [109].

In this thesis, the magnetoelastic coupling behavior of a trilayer of Fe/Au/Fe
grown on Au(001) is investigated in terms of IEC and QWS. In the next
Chapter 3, I describe the experimental techniques and methods involved in
this work.
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Experimental setup and methods

This Chapter presents the main experimental setups and methods used in
this work. Section 3.1 focuses on the optical bending beam technique used for
the measurements of stress of ultrathin films. The films were grown in-situ
under ultra-high vacuum (UHV) conditions. An overview of the UHV cham-
ber is presented in Section 3.2. Details of the surface science techniques used
for sample preparation such as low energy electron diffraction (LEED) and
Auger electron spectroscopy (AES) are also included. The magnetic charac-
terization was performed by magneto-optical Kerr effect (MOKE), which is
briefly described in the Section 3.3. Finally, Section 3.4 presents details of
the sample preparation.

3.1 Optical beam deflection technique

The optical beam deflection technique is based on the bending of a cantilever
substrate due to an induced stress at one of its surfaces. The stress causes
the cantilever substrate to curve. By measuring the curvature in real time,
the involved stress is directly accessed during film growth and magnetization
processes. I exploited this technique to quantify epitaxial misfit stress during
film growth and to measure magnetoelastic coupling during a magnetization
process. Apart from these, this technique can be also used to measure, for
example, surface stress changes [49], stress change during surface reconstruc-
tion |50, and it can contribute to measure the substrate elasticity [116]. I
used this technique to obtain, the previously unknown Young’s modulus of
BisSe3(0001).
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Sample holder

Crystal

Figure 3.1: A schematic of the optical beam deflection setup. The sample is fixed
at the upper end in the sample holder and free in the lower end. A representative
value of the deflection of the crystal and its equivalent radius of curvature in km
is given. The setup, except for the sample holder, is fixed at a CF100 or CF63
window of the UHV chamber. Adopted from [30].

3.1.1 Stress measurement

The dimensions of the substrate play an important role for the stress sensit-
ivity of the measurement. Thin (~ 0.1 mm) rectangular substrates are used,
with length = 4 % width to minimize the effect of clamping on substrate
curvature [30]. The substrate is fixed along its width at one end and its
other end is free to bend as a cantilever. Figure 3.1 shows a scheme of the
optical beam setup which I used to obtain the stress during film growth and
the magnetoelastic stress during magnetization reorientation processes.
Figure 3.1 shows the working principle: a laser beam is split into two, and
both beam are directed by mirrors to the sample surface. The two beams hit
the sample at two different positions some millimeters apart along the vertical
direction near the lower end of the crystal. The beams are reflected onto two
independent position sensitive photodetectors(split-photodiodes [30]). The
photodiodes are connected to amplifiers, which deliver two signals: the sum
and the difference of the two photo currents of each detector. The sum
indicates the overall illumination and the difference is used to obtain the
relative beam position of each beam at each detector. The induced curvature
of the crystal gives rise to a displacement of the reflected beams on the split-
photodiodes, and this beams displacement differs for both beams. The result
is a change of the difference signal, while the sum signal largely remains
unaffected. Due to the geometry of the setup the curvature is linked to the
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change in the position signal as:

1_ A_m’ (3.1)

R 2lgpor L
where L is the distance between sample and detectors (L = 280 mm), lgpet 1S
the beams separation on the surface (lspot = 4 mm) and Am is a difference
of position signal change of the photodetectors. Am is calculated from the
difference in signal as (Am = (A¢op — Abottom ) Calib). The calibration factor
Calib is obtained from a measurement of the position signal variation for a
known displacement of the detectors by a calibrated piezo drive [30].

Due to the crystal geometry (length to width ratio> 4) the bending can
be treated as free two-dimensional bending [50]. Considering a biaxial film
under isotropic biaxial stress, the modified Stoney equation [51] describes the
relation between change of curvature A(s) and stress change A7g:

Yst? 1
6(1 - Vs)tF R7

where Y, t and v are the Young’s modulus, thickness and Poisson ratio of
the substrate, respectively. The subscript S describes substrate properties,
and F film properties. The film thickness is ;.

I performed mainly two types of stress measurements: film stress during
growth and magnetoelastic stress during magnetization reorientation. One
source of film stress is the lattice mismatch between film and substrate during
epitaxial growth (see Section 2.1). Other contributions are expected, e.g.
surface stress, lifting of surface reconstruction, change of adsorbate coverage,
formation of dislocations [50-52|. The induced stress during film growth
is typically of the order of GPa for misfit in the percent range. On the
other hand, the stress induced during magnetization process is two order
of magnitude smaller, which is equivalent to a curvature of several (km)™!.
The sensitivity for a direct measurement without averaging correspond to a
minimum deflection of the bottom end of the substrate of &~ 1 nm, and a
maximum R ~ 50 km.

Magnetoelastic stress is measured by the same setup where external mag-
netic fields are added. However, the change of curvature of the crystal is now
induced by a change of magnetization direction, due to magnetoelastic coup-
ling. The relation of the curvature (%) and the magnetoelastic stress (7me)
is given by:

Yt} 1
AT = A(Te - tp) = —>—A—. 3.3
T = Al ) = 5S8R (3:3)
The change in the magnetization orientation from horizontal (along sample
width) to vertical (along sample length) in-plane directions is induced by
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external magnetic fields produced by electromagnets. The difference of the
stress between two magnetization directions gives directly the magnetoelastic
coupling coefficient B;. The magnetoelastic coefficient B; in terms of the radii
curvature is [51]:

. }/St% l M ||length B l M ||width (3 4)
Y61+ w)te \ R R ' '

Note that from Eq. 3.4, B; depends on the relative orientation of the crystal
and the magnetization. Here, M || length indicates that the magnetization is
kept parallel to the crystal length, and M || width indicates a magnetization
parallel to the crystal width. In a cubic system B; and B, are obtained with

By = o0 — Ao 35)

and _
B, = TILII[BIIO} _ Lo (3.6)

me

In Chapters 5 and 6, I use Eq. 3.5 and Eq. 3.6 to obtain By of an Fe film
on Au(001), and By of Fe on Ag(001), respectively. It is important to note
that the mechanism behind the epitaxial growth of bce Fe on fcc Au or Ag
includes a 45° rotation in relation to the Au or Ag fcc lattices. Therefore, to
obtain B; and Bs it is required that the substrates (Au and Ag) are cut along
the length parallel to [110] and |010] directions, respectively. The orientation
of the crystal was confirmed by LEED patterns, as discussed in Section 3.4.
Next, the importance of the Young’s modulus for a quantitative analysis of
the optical curvature stress measurement is reviewed.

3.1.2 Determination of Young’s modulus (V') of a Bi;Ses
crystal

The cantilever method gives direct access to the curvature of the substrate
with high precision. With this technique one can also measure elastic con-
stants. As I could not find any experimental determination of Y of BisSes
in the literature, I performed such experiments. I determined Y of BiySes
by two methods: a) from the flexural vibration frequencies, and b) from the
weight-induced deflection of the BiySes cantilever crystal. Schematics are
shown in Figs. 3.2a and b.

The schematic of the resonance frequency of flexural vibrations method
is shown in Fig. 3.2a. The flexural vibration of the crystal is excited by a
loudspeaker placed on top of the manipulator. The driving ac signal is 1
in Fig. 3.2a. The vibration of the sample is monitored by measuring the ac
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Figure 3.2: A schematic of the methods to obtain the Young’s modulus (V') of the
cantilever crystal a) from the flexural vibration frequencies in resonance; 1: driving
frequency, 2: crystal vibration b) from weight-induced deflection, where a known
mass is placed at a length [ of the free length of the crystal.

component of the position signal, which is represented by curve 2 in Fig. 3.2a.
Note that the driving oscillator has a phase shift of 7/2 in relation to the
driven force. A driven damped oscillator acquires the same frequency as the
driven force but it has a different amplitude and phase. The amplitude has
a peak on the resonance frequency and the corresponding phase shift at the
resonant frequency is /2, which is in agreement to phase shift observed in
Fig. 3.2a. The resonance frequency of flexural vibrations of a cantilever is

given by [117]:
B B YI
fo= o L (37

where m is the mass, L is the length of the sample, Y is Young’s modulus,
fn is a mode constant (8; = 1.8751, fy = 4.694, and B3 = 7.855) [30], and [
is the areal moment of inertia. [ is calculated as [118]

bt?

I = 17’ (3.8)
where b and ¢ are the width and thickness of the sample. Thus, the Young’s
modulus is derived from a measurement of the resonance frequency of the
cantilever sample by the optical deflection measurement.

The second technique exploits the deflection of the cantilever upon ap-
plication of a known force at a given position of the cantilever. The change of
slope w’ of the cantilever deflection is measured upon loading the cantilever
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Figure 3.3: Experimental determination of the Young’s modulus of a BizSes(0001)
crystal. a) Plot of the resonance frequencies as a function of the mode constant
(8%). The slope of the dashed linear fit is 306.35 4 0.02 Hz. The insert shows the
crystal orientation. b) Plot of the change of slope of the crystal (wl) upon loading
with a mass. The linear fit (dashed line) is 4.1 x 10* & 7.1 x 10? kg m?.

with a known mass. The relation of slope w' with Y is given by [119]:

/ FiI? w? 2x

where F'is the force due to the attached weight, I is the areal moment of
inertia, [ and x are the lever arm length of the mass(force) and the position
of the slope measurement, respectively. See sketch in Fig. 3.2bh.

Figure 3.3a gives the plot of three resonance frequencies measured on
a BiySes crystal as a function of mode constant $2. Figure 3.3b gives the
change of slope due to loading the cantilever with three different masses.

The measurements of the Young’s modulus for BiySes(0001) give an aver-
age Y = 4749 GPa, where the results from both measurements are Y, i,,. =
49 + 0.1 GPa and Y{,,q = 43£5 GPa.

Young’s modulus is defined as Y = 7/€, which represents the stiffness
of the material. This relatively small value of Y is not unexpected for its
peculiar crystalline structure. BisTes has a similar layered structure, and
the experimental Young’s modulus is 54.2 GPa, in close agreement with a
theoretical result (Y = 51.4 GPa) [120]. These layered materials are very
soft in comparison with metals such as Ir, where Y = 634 GPa [26].

Note that the Poisson’s ratio v cannot be determined this way. Poisson’s
ratio is defined by the ratio of lateral strain to axial strain when the material
is subjected to an uni-axial stress [121]. T could not measure Poisson’s ratio
of BisSe3(0001) in this work. From the similarity of the Young’s modulus of
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Table 3.1: Elastic constants: Young’s modulus (Y') and Poisson’s ratio (v);

and the crystal substrates thickness (ts) used in this work.
Crystal Y |GPa] v  Y/(1—-v)|[GPa] tg|um]

Ag(001)° 1367  0.423 75.68 91
Au(001)? 78 0.44 139.28 90
Fe(001)" 131 0.37 207.93

BiySes(0001)°¢ 47 0.241 61.92 100 — 340

@ Ref. [123], ® Ref. [124], ¢ this work, and ¢ Ref. [122].

BisSe3(0001) and BiyTesz(0001), I tentatively take the value v as v = 0.241,
as given for BiyTe3(0001) [122].

The bulk values of all elastic constants used in this work are given in
Table 3.1. All ts were measured/checked by the flexural vibration method.

3.2 Ultra-high vacuum (UHV) system

In order to achieve best well-defined sample preparations and assure the
absence of significant contaminations on the surface, the experiments were
performed under ultra-high vacuum (UHV) condition, with a base pressure of
order 107! mbar. The gas pressure and gas composition inside the chamber
is monitored by ion gauge and a quadrupole mass spectrometer, respectively.
The chamber is divided in two parts by a gate valve, see Fig. 3.4.

The upper part is used for the sample preparation and structural analysis.
There are evaporators for metals, an ion gun, low energy electron diffraction
(LEED), Auger electron spectroscopy (AES), and the optical beam deflection
setup. In the lower part of the chamber (Fig. 3.4), the magnetic measure-
ments are performed with the optical beam deflection and magneto-optical
Kerr effect (MOKE) setups. There is one electromagnet to apply a vertical
magnetic field, and an external electromagnet, which can be rotated by 90°,
is used for horizontal fields and for magnetization perpendicular to the sur-
face. This electromagnet can achieve fields of the order of 0.3 T at 20 V,
20 A. The small magnet produces fields along the vertical direction of up to
0.1T.

The manipulator drives the sample up and down, with rotation of 360°
and +2 centimeters of freedom in the x- and y-directions. Besides the sample,
several further utilities are fixed on the manipulator: a K-type thermocouple
(NiCr-NiAl) to monitor the sample temperature, a quartz microbalance to
calibrate the deposition rate, and a fluorescent screen to calibrate the align-
ment of the ion beam. Additionally, located behind the sample, is an e-beam
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Figure 3.4: Schematic of the UHV chamber.

filament-heater to heat the sample to high temperature. The heating is done
by a W-shield placed between filament and sample to protect the crystal
and to distribute the heat homogeneously. Near the sample a Cu-braid es-
tablishes thermal contact to a capillary that can be filled with liquid-N, to
cool the sample (indicated in Fig. 3.4). In summary, the temperature of the
sample can be adjusted in the range from 150 to 1500 K.

Next, T focus on the surface science techniques available to examine the
quality of the sample preparation.

Low Energy Electron Diffraction (LEED)

Low energy electron diffraction (LEED), is a technique used to study
the structure of surfaces. It was first proposed in 1927 by Davisson and
Germer [125] and it is widely used in the present days. As it is named,
this method uses low energy electrons (20 — 500 €V) to study the surface
structure from an analysis of a diffraction pattern. The wavelength (\) of
these electrons are comparable to atomic distances of a solid crystal and the
mean free path in a solid is typically of 5—10 A, which results in a pronounced
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e 1

Figure 3.5: Sketch of a LEED measurement and a simplistic 1D chain of atoms
simulating the scattering of electrons from the incidence beam, the "path differ-
ence" (d) in the distance the radiation has to travel from the scattering center to
a distant detector is defined.

surface sensitivity.

Figure 3.5 shows a sketch of the LEED setup and a simplistic 1D surface
diffraction. The electrons collide with the sample surface giving rise to dif-
fraction, which depends on the surface crystallography. The back scattered
electrons pass through grids and reach a fluorescent screen. The grids act as
an energy filter allowing only elastically scattered electrons to pass through,
thus lower energy secondary electrons do not contribute to the image. The
result of this elastic reflection is a pattern of intensities, which reflects the
surface symmetry on the fluorescent screen. The selection rule to diffraction
in a 2D surface is written as:

asinf = Vh? + k*n, (3.10)

where h, k are the Miller indices, a is the lattice constant of the crystal, n
and 6 are the order of diffraction (integer) and emission angle, respectively.
A is the electron de Broglie wavelength. It is written as function of energy

as:

oo
p 2mFE

From the position of the diffraction pattern and Eq. 3.10, 6 can be ex-
tracted and the in-plane atomic distance in Angtrom is given by:

nl12.26 [n2 + k2
_ 3.12
¢ z E(eV) (3.12)

where L and [ are distances between: sample and screen (72 mm) and between
one of the primary spots to the (0,0) spot, respectively.

(3.11)
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Figure 3.6: a) The simplistic sketch of the steps of the Auger process in an atom.
b) A schematic of the CMA electron energy analyzer used in the Auger setup with
the electron gun and the cylindrical mirror analyzer (CMA).

Auger Electron Spectroscopy (AES)

Auger electron spectroscopy (AES) is an analytical surface technique.
Its principle is based on the emission of an Auger electron upon electron
incidence. The Auger electron has been first observed by Pierre Auger, which
later inspired the development of this technique. Today, AES is commonly
used to determine the chemical composition of a surface.

The Auger process consists of three steps: i) ionization; ii) excitation; iii)
Auger electron emission, a sketch of the process is shown in Fig. 3.6a.

i) Upon collision of an incident electron, a core electron is removed from
the atom. ii) An electron of an higher level fills the hole. iii) The energy
left from the excitation is used to emit the Auger electron from the atom
as well. From the analysis of its energy, the Auger electron energy identifies
a specific element. Another technique associated with Auger transitions is
the Auger-photoelectron coincidence spectroscopy (APECS) [126,127]. This
spectroscopy detects Auger and photoelectrons that are correlated in time
and hence originate from the same ionization event. APECS is a powerful
technique to probe electronic structure with extremely high surface sensitiv-
ity [128] and separate overlapping spectral features [127,129].

The configuration of the apparatus for AES is shown in Fig. 3.6b. A 3 keV
incident electron beam is directed normal to the surface. The sample current
is of order of A. The three processes presented above happen inside the atom
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and Auger electrons are ejected from the crystal. These Auger electrons
are analyzed in energy in a cylindrical mirror analyzer. Their intensity is
measured by an electron multiplier. The surface sensitivity of the technique
is governed by inelastic mean free path of Auger electrons in solids. Metals
have a short inelastic mean free path yielding a depth sensitivity of the
order of 10 monolayers (~ 2 nm) [130]. AES gives a sensitivity for surface
concentrations of order of 1 atom% [131].

In this thesis, LEED and AES are used as a complementary techniques
to obtain more information on the structure and chemical composition of
the epitaxial thin films. The AES ratio (fégf—%) for Fe film on Ag(001)
and Au(001) reveals the presence of Au and Ag atoms on top of the Fe film.
This indicates surface segregation, and it is discussed in Chapters 5 and 6.
The LEED measurements represent the atomic arrangement of the surface.
Drastic changes of the surface order is observed after deposition of Fe on the
BiySes substrate, see Chapter 4.

3.3 Magneto-optical Kerr effect setup (MOKE)

The magneto-optical Kerr effect (MOKE) is used to characterize magnetic
properties of ferromagnetic thin films and multilayers. The Kerr effect is
based on a change in the polarization of light upon reflection from a magnet-
ized material. The reflected light experiences a Kerr rotation, which is the
in-phase component with the incident light, and the out-of-phase component
accounts for the Kerr ellipticity. This change in the polarization state of the
reflected light is among other dependencies proportional to the magnetiza-
tion M. The magneto-optical response of the sample is obtained while the
magnetic field is swept. The magneto-optical Kerr effect can be described by
macroscopic dielectric theory [132,133| or by a microscopic quantum mech-
anical theory [134].

Microscopically, the effect results from the coupling of the electrical field
of the light and the electron spin within the magnetic medium through spin-
orbit (SO) interaction [134]. The SO of the magnetic material brakes the
left- right-symmetry of circularity polarized light. This symmetry braking
result in two different refractive indices, for left and right circularly polarized
light. Therefore, incident linearly polarized light is reflected with elliptical
polarization, with a rotation from the original linear axis. The macroscopic
description arises from the antisymmetric, off-diagonal terms in the dielectric
tensor [132].

The MOKE measurement is performed with an incident laser light of
A=670 nm with a fixed incident angle of 30° with respect to the sample
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Figure 3.7: MOKE setup where three magnetization directions are indicated by
the blue arrows. The s-polarized light is used in longitudinal and polar modes, and
the transversal mode the s-polarized light is 45° rotated, as described in the text.

normal. S-polarized light is used, as given by the optical axis of the polarizer,
set perpendicularly to the light plane. The s-polarized light is reflected from
the sample, passes through a quarter-wave plate, a photoelastic modulator
(PEM), and finally the light reaches the analyzer and detector. Note that
the quarter-wave plate is necessary to compensate the phase shifts due to
the UHV—window birefringence and the ellipticity of the metallic reflection
of the sample. The PEM modulates the reference signal Kerr rotation (at
twice the fundamental frequency: 2f) and Kerr ellipticity (at fundamental
frequency) [132,135].

Figure 3.7 shows a schematic representation of the MOKE setup used in
this work. There are three conventional MOKE configurations: longitudinal
(LMOKE), transversal (TMOKE), and polar (PMOKE). The geometries of
the MOKE depends on the magnetization vector M orientation with respect
to the incident plane. In LMOKE (PMOKE) an external magnetic filed M
is applied parallel (perpendicular) to the sample plane. In both geometries,
s-polarized light is used. However, the PMOKE mode is sensitive to an out-
of-plane magnetization. In contrast, LMOKE and TMOKE are sensitive to
the in-plane magnetization. In TMOKE, however, M lies orthogonal to the
plane of incidence but along the sample surface. In this case, the incoming
light is set to a 45° rotation from the s-polarized direction.

The transverse MOKE configuration requires a change in the geometry of
the setup, because of the vector product of the magnetization and the electric
field of the incident light gives zero. The plane of polarization is rotated by
45° from the s-polarization, and to adjust the setup PEM and the analyzer
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Figure 3.8: Longitudinal MOKE with additional constant bias magnetic field along
the transversal direction the of thin film of Fe on Au(001). The hysiteresis loop is
split into two due to the induced undirectional anisotropy. The sketches show the
in-plane magnetization direction of the sample. The initial slope s and the shift
field Hg are identified. The slope is inversely proportional to the biaxial anisotropy,
as the Hg is used to find the uniaxial anisotropy constant.

are also rotate by 45°. The quarter-wave plate is no longer necessary. With
this modifications of the geometry, the intensity of reflected light contains
the information M [136].

The magnetic anisotropy of thin films can also be extracted by a quantit-
ative analysis of the hysteresis loop obtained by MOKE. A method to obtain
the anisotropies in films is to measure the magnetization rotation from the
easy axis with field sweeping along the hard axis [137-139]. This technique
uses two subsequent measurements of the saturation magnetization.

Weber and co-authors [140], propose a different approach for this tech-
nique. By applying a constant magnetic field (Hy;,s) perpendicular to the
sweeping field an additional unidirectional anisotropy is induced. With this
method the anisotropies can be extracted from one single measurement. Fig-
ure 3.8 shows a split hysteresis loop of a thin film under a constant field
applied in-plane perpendicular to the sweep field in a longitudinal MOKE
geometry.

As the sweeping field decreases the constant field Hy;,s forces the mag-
netization to tilt. In a vanishing sweeping field, the magnetization of the
sample is kept aligned to Hy;,s. As the sweeping field increases again, the
magnetization tilts from the original direction (aligned with Hy;,s) up to
a saturation in the sweep field direction. The tilt angle is determined by
the magnetization component along the easy axis, the initial slope s of the
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hysteresis loop. To align the magnetization along the sweeping field, an an-
isotropy barrier is overcome. At some field the magnetization flips and then
saturates. Both anisotropies, uniaxial (K,) and biaxial (K), can be determ-
ined from the hysteresis loop, independent if the loop is taken along the easy
axis or from an intermediate axis [140]. The interplay of field contribution
to the magnetization splits the hysteresis loop of the magnetization reversal.
The reversible linear increase at small field is described by the linear initial
slope s. And the sharp transition to the saturation magnetization gives the
shift field Hy. Hj is determined by the field difference between the center of
one shifted loop and the zero field. The anisotropies are extracted from the
minimization of the total energy.

The total energy is given by the in-plane anisotropy energy and Zeeman
energy as

E(¢) = Kusin®(¢) + (K1/4)sin*(2¢) — pto(H + Hiias) - ML, (3.13)

where ¢ is the angle between magnetization and easy axis, M is the saturation
magnetization, H and Hy;,s are the sweep and bias field, respectively. From
the minimization of the energy with respect to ¢, 8]3—((;5) = 0, the anisotropies
are given directly by s and Hy [141,142]. Considering K, < K; [140], the
anisotropies are obtained with respect to the bulk saturation magnetization
as

K, = po(Hg — Hyias) M, and K, = pgMZ2/2s. (3.14)

This method was used in thin films on a vicinal substrate to determine
the contruibution of uniaxial and cubic anisotropies [141,142]. However, it
can be applied for a film grown on a flat substrate, as seen for Co/W(001) in
Ref. [143]|. They extract the fourfold cubic anisotropy by apply an additional
constant perpendicular magnetic field during MOKE measurement. Similar
to [140], the hysteresis loop in [143] split and a linear initial slope s could
be identified. From the analysis of the initial slope the cubic anisotropy was
found.

In the present work, I exploit this technique to obtain the cubic anisotropy
for the trilayer Fe/Au/Fe system. In order to obtain a split hysteresis loop
with an extended linear slope between the shifted loops, a constant field
along the [100] direction was applied. The sweeping field is applied along
[110] direction, M is followed by LMOKE. Figure 3.9 shows the hysteresis
loops of a trilayer of Fe(15 ML)/ Au(9 ML)/ Fe(10 ML), with an additional
vertical field of 10, 25, and 35 m'T. The experiments are performed with
the bias field of 35 mT (28 kA /m), in order to obtain reliable slope values
for the entire thickness range investigated. A check of the reliability of this
technique with this strong bias filled has been made by extracting K of a
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Figure 3.9: Longitudinal MOKE with additional constant bias magnetic field
along the transversal direction, measured for the trilayer Fe(15 ML)/ Au(9 ML)/
Fe(10 ML) on Au(001). The hysteresis loop is split into two due to the induced
unidirectional anisotropy. The slope s and the shift field Hy of each curve are given.

single Fe film of 25 ML on Au(001). Using the same Hy;s of 35 mT, I
obtain K; of 67 kJ/m®. This value of K] is larger as compared with Fe bulk
48 kJ/m? [144]. The enhanced K; could be related with the strong bias field
applied or due to an interface effects. However, a qualitative analysis can be
obtain by this experiment, as seen in Chapter 7.

In this work all three MOKE modes were measured, but only longitudinal
and transverse MOKE are presented. In the range of film thickness only
the in-plane film magnetization is observed. A qualitative analysis of the
MOKE signal under the presence of a constant vertical magnetic fields is
also performed for the trilayer system. With these results I obtained the
correlation between the oscillatory magnetoelastic coupling coefficient and
the change of the crystalline anisotropy, see Section 7.2. The next section
describes the sample preparation of each substrate used.

3.4 Sample preparation

In this thesis three different substrates are used, BisSe3(0001), Ag(001), and
Au(001) single crystals. All of them have a rectangular shape with thick-
ness ~ 0.1 mm, length ~ 13 mm, and width ~ 2.5 mm. The Fe films are
deposited from a 5 mm thick rod of 99,99% purity. I define 1 ML of Fe as a
single layer of Fe bee (100) bulk as tp, = 1.43 A, which corresponding to an
areal atomic density of 1 ML: 12.17x10* ¢cm~2. The Au films are evaporated
from a Mo-crucible, filled with Au wires of 99,99% purity. A single layer of
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Figure 3.10: a) LEED diffraction of BiySe3(0001) crystal at 37 eV. The LEED
image is inverted for better visualization, dark means high and white means low
intensity. The insert is the sketch of the directions on the crystal. b) Auger
spectrum of the clean crystal at 3 keV primary energy. AES shows the peaks of
Bi-NOO at 101 €V, 250, and 268 eV, and the Se-MNN peak at 47 €V (green arrows).

Au fee (100) bulk equals 1 ML, with ¢4, = 2.04 A. This corresponds to an
areal atomic density of 1 ML: 12.02x10'* cm~2. The partial pressure during
depositions is below 4x1071° mbar, at a deposition rate of 1 A/min.

Bi,Se;(0001)

In this work an alternative process of cleaning of BisSe3(0001) crystals is
used. The clean crystal surface can be obtained by cleavage, or alternatively,
by sputtering, as described as the “alternative” method. The process of
cleavage is not performed in this work due to the thickness range of the
crystal and the design of the sample holder. The method has been reported,
in detail, in our recent publication [63]. The crystal is subject to cycles
of Ar-sputtering and annealing. The atomic structure of BisSez(0001) after
the cleaning treatment is controlled by scanning tunneling microscopy [63].
The sputtering is performed by a differentially pumped sputter gun in an
Ar partial pressure of 2x10~7 mbar. The Ar beam energy is 0.8 keV, with
a 0.5 pA sample current. After sputtering the crystal for 15 minutes, an
annealing period at 450 K for 30 minutes follows. I controlled both, surface
crystallography and stoichiometry by LEED and AES, respectively.

Figure 3.10 presents a LEED image and an Auger spectrum after the
cleaning process. The hexagonal pattern in the LEED with clear spots in-
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Figure 3.11: a) LEED patterns of Ag(001) crystal at 144 eV. The LEED image is
inverted for better visualization, dark means high and white means low intensity.
The insert is the sketch of the directions on the crystal. The plane is rotate 45°,
thus the plane [010] is along the length of the crystal. b) Auger spectrum of Ag
crystal at 3 keV shows Ag-MNN peaks at 266, 304, and 356 €V (green arrows).

dicates a sufficient temperature of annealing. However, due to its stacking
along the c-axis the crystal reveals a threefold symmetry identified by the
triangle for the different diffraction intensities on the LEED image. The
Auger spectrum shows peaks at 101, 250, and 268 €V of Bi-NOO and a small
contribution of Se-MNN at 47 eV, which confirms an atomically clean surface.

Ag(001)

For the Ag(001) crystal cleaning process, I followed a well established
procedure [145]. The surface is sputtered by a differentially pumped sputter
gun in an Ar partial pressure of 2x1077 mbar, at an Ar energy of 1 keV
and a sample current of 0.2 pA for 15 minutes. After the removal of the
first layers of the surface the crystal is annealed. For this the substrate was
held at 450 K for 30 minutes. I checked LEED images and Auger spectra of
the clean crystal after each preparation. A typical LEED image and Auger
spectrum of a clean Ag(001) crystal are presented in Fig. 3.11.

Figure 3.11 shows a LEED pattern with a clear (1x1) surface pattern.
In this 2D image, the pattern indicates that the length of the crystal is cut
in the [010] direction. Figure 3.11b shows the Auger spectrum of pure Ag,
where no contamination is observed. The relevant Auger peaks of Ag-MNN
are presented by the arrows at 266, 304, and 356 eV.
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Figure 3.12: a) LEED patterns of Au(001) crystal at 45 eV, the numbers represent
the characteristic (1 x 5) reconstruction of Au prepared with cycles of sputtering
and annealing. The LEED image is inverted for better visualization, dark means
high and white means low intensity. The insert is the sketch of the directions on
the crystal. b) AES of Au(001) at 3 keV, which shows the main Au-NVV peaks at
43, 69, 150, and 239 €V (green arrows).

Au(001)

The process of cleaning the Au(001) crystal is similar to the procedure
adopted for the Ag crystal. Treduced the Ar partial pressure to 4x 10~ mbar,
at an energy of 0.8 keV and sample current of 0.5 pA. The annealing in Au
is made at higher temperature than Ag, a temperature of 580 K is applied
for 20 minutes.

Figure 3.12 shows a LEED image and an Auger spectrum of the cleaned
Au crystal. The LEED pattern shows the typical reconstructed (1x5) sur-
face of clean Au(001) [146]. The reconstruction of Au(001) has been intensely
investigated [147-150]. The visible double or triple spots observed in 0.3/5
or 0.2/5 positions result from the existence of two mutually perpendicular
domains [151]. The Au(001) reconstruction is also known as (5x20) and
¢(26x68), but in the present work we refer to (1x5). The LEED pattern
confirms the length of the crystal along the [110] direction. The Auger spec-
trum shows four main peaks of Au-NVV indicated by the arrows at 43, 69,
150, and 239 eV.
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Chapter 4

Stress and structure of Fe and
FeSe on BizSe3(0001)

In this Chapter, I present results on stress measurements during deposition
of Fe on BisSe3(0001). The impact of different growth temperatures on the
resulting stress is investigated. The procedure for the substrate preparation
and Fe evaporation are detailed in Section 3.4. Here, I investigated compos-
itional and structural properties after Fe deposition via LEED and Auger
measurements. The deposition temperature induces a change in the stress
due to the change in morphology. A well ordered structure is identified for
higher temperature. The results indicate that Fe bonds to Se atoms, which
are provided by the substrate, forming FeSe. This leads to the formation of
FeSe nanocrystals embedded on the BisSes substrate [63].

Figure 4.1a shows the stress during deposition of a submonolayer (0.3 ML)
amount of Fe on BisSesat different substrate temperatures. The Fe deposition
was calibrated by a quartz oscillator as described in Section 3.4. The black
solid line represents the stress during deposition at 150 K, red shows the
stress at 298 K and the green curve shows the stress measured at 473 K.

I find that the total stress change A7 increases with increasing growth
temperature. At the lower temperature of 150 K a small compressive total
stress change is observed. The compressive stress is of the order of —0.5 N/m.
As the deposition temperature increases, the total compressive stress in-
creases to —2.3 N/m and —3.5 N/m at 298 K and at 473 K, respectively.
Figure 4.1b summarizes the total stress change for different deposition tem-
peratures. An almost linear increase of total stress change A7 with increasing
temperature is observed.

In order to understand the behavior of the stress change with increas-
ing deposition temperature, AES and LEED measurements were performed.
The measurements were done at room temperature after Fe deposition at
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Figure 4.1: a) Stress measurements during deposition of 0.3 ML of Fe on
BiySe3(0001) at different temperatures. The dashed vertical lines indicates open-
ing and closing of the Fe evaporator. The total stress change between onset and
termination of deposition A7 is indicated. b) Total stress change At after Fe
deposition as a function of deposition temperature.

different temperatures. Figure 4.2a shows AES spectra of samples prepared
at 150, 298 and 473 K. All spectra show the characteristics peaks of Se-MNN
at 47 eV, Bi-NOO at 101 eV and the three peaks of Fe-LMM at 598, 650 and
703 eV. Relative changes of peak intensities of the Se (47 eV), Bi (101 eV),
and Fe (650 eV) [152] are observed. The variation of the intensity is apparent
for a quantitative analysis of the AES data by calculating the AES-intensity
Fe-LMM /Bi-NOO ratio. The Fe-LMM/Bi-NOO ratio values are given in
Fig. 4.2a. The Bi/Fe ratios decrease with increasing deposition temperat-
ure. This indicates that changes in the deposition temperature modify the
distribution of the elements at the surface.

As outlined in the discussion Section 8.1, these results suggest a replace-
ment of Bi by Fe at higher temperature to form FeSe. This assessment is
further corroborated by LEED measurements. The structure at the surface
also shows characteristic and specific variations with increasing deposition
temperature.

The LEED images at 51 eV for each deposition temperature are presen-
ted in Fig. 4.2b, as indicated by arrows from the respective Auger spectrum.
For the deposition at 150 K the LEED image does not show any distinct
diffraction pattern. It is remarkable that the diffraction spots related with
BisSes crystal are not present either, cf. Section 3.4. In contrast, the diffrac-
tion pattern appears for depositions at elevated temperatures. The LEED
image reveals diffraction spots for samples prepared at 298 K. However the
intensity is low, and the spots are blurred. LEED after higher deposition
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Figure 4.2: a) Auger spectra and the respective Bi/Fe ratio and b) LEED images
at 51 eV after Fe deposition on BisSe3(0001) at different temperatures. Auger
spectra are vertically shifted for sake of visualization. In (b) a distinct diffraction
pattern is observed only for deposition at high temperature. An interpretation of
the diffraction pattern is indicated in the image. Three rotational domains of the
FeSe lattice are identified. The LEED image is inverted for better visualization,
dark means high and white means low intensity.

temperature shows a clear and distinct diffraction pattern. This suggests
that the variation of deposition temperature, indeed, modifies the sample
surface and its geometric structure. LEED measurements suggest a lack of
crystalline order at the surface for deposition at 150 K. This changes to a
well ordered surface for samples prepared at higher temperatures of 473 K.
The latter sample presents a modified diffraction pattern as compared with
the clean BisSes crystal. This indicates a distinct structure at the surface.
This LEED pattern and the correponding surface structure of the formed
FeSe are discussed in Section 8.1.

In summary, to understand the deposition temperature dependence of the
stress measurements three considerations should be taken into account, (i)
the decrease of Bi concentration near the surface as shown in AES; (ii) the
suppression of crystalline order at the surface after deposition of Fe atoms
at low and room temperature, as revealed by LEED measurements; (iii)
the tendency towards the formation of FeSe nanocrystal as derived from
LEED and STM in Ref. [63]. The formation of FeSe nanocrystals in a well
ordered fashion with three rotational domains embedded in the BiySes surface
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will be considered in the discussion of anisotropic strain distribution in the
Discussion chapter of this thesis: Section 8.1.

These results are the first stress measurements for the deposition of Fe on
BiySes(0001). The discussion in Section 8.1 reveals that the increasing total
stress change with increasing deposition temperature identifies the formation
of an ordered FeSe compound, where Se is supplied by the substrate.

Next, I will focus on the growth of Fe on the metallic substrates, Ag(001)
and Au(001). Here, stress measurements provide new insights by revealing
that stress can deviate from the calculated misfit stress due to additional
stress contributions from segregation and interdiffusion.
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Chapter 5

Film stress and magnetoelastic
stress of Fe on Ag (001)

In this Chapter, I present results on film stress and magnetoelastic stress of
epitaxial Fe films on Ag(001). Section 5.1 focuses on the film stress during
growth of Fe monolayers. Details of the sample preparation are given in
Section 3.4. The stress results are presented as a function of Fe thickness
and growth temperature. I investigate the structural properties of Fe films
in view of Fe interdiffusion. Section 5.2 presents the magnetic properties of
the Fe films with emphasis on the magnetoelasticity of the samples. The
magnetoelastic stress results indicate a peculiar dependence of the magne-
toelastic coupling of Fe on Ag(001) on Fe thickness. Furthermore, we found
that magnetoelasticity is strong influenced by the Fe deposition temperature.

5.1 Stress and structure

Growth and morphology of Fe films on Ag(001) were intensively investigated.
Fe/Ag(001) is a complex system, and the decisive influence of temperature
and deposition rate on the film properties has been identified before 33,35,
55-59, 153-160]. Critical aspects are not only the growth mechanism, but
also the role of interface interdiffusion. The growth temperature triggers
interdiffusion, which results in interface intermixing and Ag floating on top
of the Fe film. T refer to this process as Ag segregation. In this thesis, I
revisit this system. We provide new insights from stress measurement during
growth. These novel results contribute to the understanding of the growth
processes. Our results shed new light on interdiffusion, and its impact on
growth mode, interfacial intermixing and Ag segregation for Fe on Ag(001).

Here, film stress was measured for growth at low (200 K) and at room
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Figure 5.1: a) Stress measurement during deposition of an 32 ML Fe film on
Ag(001) at 298 K. The black dashed vertical lines show the interval of Fe depos-
ition and the colored dashed vertical lines highlight regions with the slope of the
stress curve changes. The blue dashed-dotted line represents the calculated stress
expected from epitaxial misfit of +0.8 % as +1.7 GPa. The inset is a zoom-in of
up to 5 ML of Fe. b) Average stress calculated from the total stress change At
during deposition divided by the total thickness of Fe (Tayy = ATiotal/tre). The
blue dashed-point line represent the calculated misfit stress of +1.7 GPa. 1 ML:
12.22x10™ cm™2; tpe = 1.43 A,

(298 K) temperature with a fixed Fe deposition rate of 1 A /min. I compare
the stress results of these two temperatures to elucidate the processes involved
in the growth of Fe on Ag. The Fe films were investigated in a thickness
range of 7 — 32 ML. Moreover, a concise argument of the influence of growth
temperature on the magnetoelasticity is presented in Section 5.2.

The stress change during growth of a 32 ML Fe film on Ag is presented in
Fig. 5.1a. The expected stress due to its misfit is represented by the dashed-
dotted blue curve. The black curve depicts the measured stress change during
Fe deposition. The zoom-in shows the stress during the initial deposition of
up to 5 ML Fe for clarity.

The film stress during epitaxial growth can be calculated from the mis-
match of the unit cells. From Eq. 2.3, the misfit between bee Fe and fec
Ag(001) is calculated as n = (a,,/y5 — are)/are, due to the 45° rotation of
the Fe unit cell on Ag(001). The lattice constant is given as axg = 4.085 A,
and ap. = 2.866 A, and the misfit results in 7 = +0.8 % [123]. The misfit
gives rise to an expected stress calculated from Eq. 2.4 of +1.7 GPa.

The film stress curve, in Fig. 5.1a, clearly deviates from the calculated
misfit stress. Close inspection of the first stage of deposition reveals a non-
monotonic stress behavior. The curve shows changes in slope at 0.5, 2, and
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5 ML as identified by the separated regions I, II, III, and IV. Next, each
region is presented in detail.

Region I represents the beginning of the deposition. The stress curve
shows a positive slope, which represents a tensile stress of the order of
+1.9 GPa. The stress from the slope of the curve reveals a slightly lar-
ger stress as compared with the calculated misfit stress of +1.7 GPa. This
tensile stress is almost constant, and lasts up to a Fe coverage of 0.5 ML. In
region II the stress a small compressive stress is observed. The negative slope
of the curve is equivalent to a compressive stress of —0.05 GPa. The change
of the stress sign during deposition demonstrates a clear deviation from the
epitaxial misfit stress. The inversion of slope is measured up to 1.8 ML Fe
deposition. In region III, from 1.8 to 5 ML, the curve returns to a positive
slope, indicating tensile stress. The dashed green line on the curve shows
a similar slope as the calculated misfit stress. The green line represents a
tensile stress of +1.8 GPa. This value is very close to the calculated misfit
stress of +1.7 GPa. However, for films thicker than 5 ML the slope changes
again. In this region IV the slope is reduced, and a tensile stressof +0.9 GPa
is observed up to the end of the deposition. Due to this reduced slope, the
total stress change ATy results in a smaller value as compared with the
calculated misfit stress. Consequently, the average stress is also smaller than
expected from misfit arguments.

The average stress is the total stress change ATy divided by the thick-
ness of the film tg.. Therefore, the unit of the average stress is GPa. The
average stress of this 32 ML Fe film, presented in Fig. 5.1a, is +1.0 GPa.
This is less than expected from the calculated misfit stress of +1.7 GPa. The
average stress of each film deposition is calculated in order to investigate
the dependence of magnetoelastic coupling on average film stress, which is
related to the average film strain.

Figure 5.1b shows the calculated average stress for different thicknesses
of Fe. All values are below the calculated misfit stress, represented by the
dashed-dotted blue line. The values show no clear trend with Fe thickness,
rather a random distribution is observed. To shed light on the understanding
of stress results, an analysis of the film structure and composition is required.

LEED images and Auger spectra obtained after deposition of the Fe films
on Ag(001) are presented in Fig. 5.2. Figure 5.2a shows Auger spectra of Fe
on Ag for selected Fe thickness. The spectra show the Ag-MNN peaks at 266,
304, and 356 €V and the Fe-LMM peaks at 598, 650, and 703 eV [152]. This
means that both Ag and Fe are present near the surface. For a quantitative
analysis of the AES measurements the Ag-MNN/Fe-LMM ratio of Auger
peaks intensity is extracted. The peaks used to obtain the ratio are at 356 eV
(Ag-MNN) and at 651 eV (Fe-LMM) on Fig. 5.2a. The values are given with
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the color code of the spectra. Surprisingly, the ratios Ag/Fe remain almost
constant. Naively, a reduction of this ratio was expected with increasing Fe
film thickness. This reduction is not observed, but rather a constant value
is obtained for films as thick as 30 ML. A 30 ML Fe film is more than 4 nm
thick, and this should reduce considerably the likelihood of electrons from
the Ag substrate to penetrate to the surface. This is, indeed, a surprise in
view of the short mean free path of &~ 2 nm of electrons with energy of 300 eV
in a solid [161].

In order to confirm the nature of the Ag signal, I selected an even thicker
Fe film of 80 ML, with a thickness of 11 nm and performed AES measure-
ments.

Figure 5.2b shows Auger spectra of a 80 ML thick Fe film grown at 298 K.
The black curve represents data for the as-grown film, and the red solid line
shows the spectrum of the film after 1 minute Ar-sputtering. This short
time of bombardment exposure assures the removal of 1 atomic layer of the
surface. The highlighted region on Fig. 5.2b identifies the energy region of
the Ag-MNN AES line (at 356 eV). A clear Ag peak in the as-grown film is
visible, although the Ag/Fe ratio is considerately reduced as compared with
the 30 ML film. The observation of the Ag peak itself confirms the presence
of Ag atoms near the surface. Further evidence is obtained after a short
sputtering on the surface, which is expected to remove the topmost layer of
the film. The spectrum after this short sputtering shows the absence of the
Ag peak. This indicates that the Ag atom are removed from the top most
layer surface. This experiment reveals clear Ag surface segregation. The
amount of Ag segregation decreases with increasing Fe thickness, for this
thicker film of 80 ML very short sputtering time is needed to remove the Ag
atoms. This experiment was performed for films as thicker as 30 ML, which
required a exposure time of 1 min. in order to remove the Ag atoms. From
the sputtering time of 1min. we estimate that in 30 ML Fe film thickness
approximately one atomic layer of Ag floates on top of the Fe film.

Additional insights into the development of the film is provided by LEED
measurements. Figure 5.2c¢ shows LEED diffraction patterns at 144 eV of
Fe films of 8, 13, 30, and 80 ML thickness on Ag(001). The images show
(1x1) diffraction patterns for all film thicknesses. This sequence of LEED
images demonstrates the quality of the films. Films up to 30 ML of Fe do
not show variations in intensity or sharpness of the spots, the diffraction
pattern looks very similar. For the thickest film of 80 ML, the intensity of
the spots is visibly decreased, where as background intensity is increased
(the spot contrast is reduced). This indicates a partial loss of the long range
crystalline order as the film thickness increases. The similarity of the LEED
diffraction up to 30 ML suggests a good quality epitaxial growth of the films.
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Figure 5.2: a) Auger spectra measured on Fe films on Ag(001) for selected thick-
nesses. Ag/Fe ratio from intensity peaks are indicated at each spectrum (Ag-MNN
356 €V and Fe-LMM 651 eV [152]). b) Auger spectra 80 ML Fe/Ag(001) as-grown,
and after 1 minute of Ar-sputtering. The presence and absence of the Ag peak
is highlighted. ¢) LEED images at 144 eV of Fe films as a function of thickness.
The LEED image is inverted, dark means high and white means low intensity, and
Auger spectra are vertically shifted for the sake of visualization.

As mentioned before, the Fe/Ag system is extremely affected by the
temperature. The interdiffusion and segregation processes are known to be
thermally activated [153,154,156,159,162,163]. To further study the impact
of temperature, I carried out preparations of Fe films on Ag at a low temper-
ature of 200 K. Figure 5.3a shows the comparison of the stress change during
growth of 13 ML of Fe at 298 K and at 200 K. The blue dashed-dotted line is
the calculated misfit stress, the black curve represents the stress for growth
at 298 K (room temperature), and the red curve is the stress for growth at
200 K.

Growth at 200 K, in contrast to 298 K growth, shows a rather monotonic
stress behavior. The stress behavior is highlighted in three regimes where the
curve changes its slope. Region I represents the region of constant slope of
the stress just after the evaporator shutter is opened. This region shows an
immediate tensile stress for submonolayer thickness (0.5 ML). This positive
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Figure 5.3: a) Stress measurement during deposition of 13 Fe ML on Ag(001) at
different temperature. The dashed vertical lines show the interval of Fe deposition
in black and the colored lines identify the regions of changing slope. The blue
dashed-dotted line represents the stress calculated from epitaxial misfit. The inset
is a zoom-in of up to 5 ML of Fe growth at 200 K. b) Auger spectra of 13 ML Fe on
Ag(001) at different deposition temperature, and ¢) LEED images at 144 eV of the
given Fe films. The LEED image is inverted, dark means high and white means
low intensity and Auger spectra are vertically shifted for the sake of visualization.

slope results in a tensile stress of +2.7 GPa. The next region, II, shows
a positive slope up to 3 ML of Fe. The stress measured in this regime is
tensile +1.0 GPa. The slope changes again at 3 ML to a tensile stress of
+0.7 GPa. The region IIT lasts to the end of the deposition. Thus, the film
stress at 200 K presents only three regions of stress behavior, furthermore,
no inversion of slope to negative sign is observed in contrast to growth at
298 K.

Elemental composition and surface structure are also impacted by the
growth temperature. Therefore, AES and LEED measurements are presented
in Fig. 5.3b for Fe films grown at 298 and 200 K. The Auger spectra of the
13 ML Fe films deposited at different temperatures, indeed, shows different
AES peak intensities. The values of the Ag-MNN /Fe-LMM ratio are shown in
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Fig. 5.3b with the color code of their respective spectrum. The change of the
Ag/Fe ratio indicates a distinctly different distribution of Fe and Ag atoms
near the surface. The Fe film with 13 ML is not thick enough to cover the Ag
signal of the substrate completely, but the Ag/Fe ratio is twice as high for
growth at 298 K. This suggests less Ag near the top surface at lower growth
temperature as compared to higher growth temperature for films of the same
thickness. The LEED images of each sample are presented on Fig.5.3c. The
diffractions show (1x1) patterns for both growth temperatures. Although
the LEED images look similar, the film grown at 200 K shows a sharper and
more intense diffraction pattern than for growth at 298 K. The findings are
discussed in Section 8.2.1, in view of the growth mode and interdiffusion of
the Fe/Ag system.

In conclusion, the stress measurements are an useful tool to characterize
the growth of Fe films on Ag(001). The film stress during deposition at
298 K, showed a very peculiar behavior. The measured stress deviates from
the calculated misfit stress. An intriguing compressive stress was observed for
thin films up to 2 ML. This negative slope was not observed for low growth
temperature (200 K).

Our stress results in combination with in-situ AES and LEED provide
new insights into the structure and morphology of Fe films on Ag(100). For
room temperature growth (298 K), evidence for Ag segregation is observed by
AES measurements. In contrast, at 200 K growth, the Ag/Fe ratio and the
LEED diffraction show small deviations, which is a reflection of the different
growth processes observed by film stress change.

The discussion of the stress results are presented in Section 8.2.1. The
discussion addresses the growth mode in both temperature with emphases on
the interdiffusion reported in this system [33,153]. Furthermore, the influence
of temperature on the magnetoelasticity of this films due to the change in
morphology is addressed in Section 8.3. The magnetoelastic stress results of
Fe films grown at 298 K and 200 K are presented next.

5.2 Magnetic properties

In this Section, I present the magnetic measurements of Fe monolayers on
Ag(001). This includes MOKE results, and the main focus is on the mag-
netoelasticity of Fe on Ag(001) at different Fe thickness. We found a non-
monotonic behavior of the magnetoelastic coupling coefficient B, as a func-
tion of Fe thickness. Our results suggest an almost oscillatory behavior of
B, with respect to the Fe film thickness. This novel finding may suggest a
quantum confinement effect in magnetoelasticity.
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Figure 5.4: a) Longitudinal and transversal MOKE of 8 ML Fe on Ag at 298 K.
b) Magnetoelastic stress of (8 ML) Fe/Ag. The change of curvature is induced
by switching the magnetization in the sample plane from along the length (M||Fe-
[110]), up and down, to along the width of the crystal (M||Fe-[110]), left and right.
The sketches indicate the magnetization direction in relation to the crystal layout.
Up and down and left and right are magnetoelastically equivalent.

Figure 5.4a shows hysteresis curves of the magnetization of an Fe film
of 8 ML on Ag(001) as a function of the external magnetic field in two
MOKE geometries, longitudinal (black) and transversal (red). The MOKE
results indicate that the magnetization is in-plane. MOKE indicates that the
sample magnetization is saturated at an external magnetic fields of £10 mT.
Consequently, during experiments of magnetoelastic stress, magnetic fields
of 30 mT applied along the longitudinal and transversal directions assure a
saturated magnetization, aligned with the external field.

The spin reorientation transition (SRT) of Fe on Ag, where the magnetiz-
ation orientation rotates from out-of-plane to in-plane orientation, is reported
to occur at 4-6 ML of Fe [163-167]. A proper orientation of the magnetization
of the sample and the external magnetic field is necessary in order to measure
the magnetoelastic stress. The cantilever technique exploited in this work to
measure the magnetoelastic stress can also be used as a magnetometer, as
an external deflecting field B acting on the total magnetic moment of the
film myogq resulting in a torque (T = B X myqa1) [51]. To avoid conflicting
results, I performed all measurements for films thicker than 6 ML of Fe, in
which the magnetization lies in the film plane [159,165-167|, as verified by
MOKE.

Figure 5.4b shows a typical measurement of the magnetoelastic stress of
an Fe film of 25 ML grown on Ag(001) at room temperature. The technical
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Figure 5.5: Collection of the magnetoelastic stress coefficients (Bz) of Fe films
of different thickness grown on Ag(001) at room temperature. In (a) the magne-
toelastic stress is plotted as a function of the strain in the Fe film, as calculated
from stress curves, e.g., Fig. 5.1. In (b) By is plotted as a function of the Fe film
thickness.

aspects of the measurement of magnetoelasticity of thin films are described in
Section 3.1. Here, the the change curvature is monitored while the magnetiza-
tion is switched along the length and width of the crystal. This reorientation
of the magnetization is induced by an external magnetic field. The stress
change (Ar) is analyzed by Eq. 3.6, and this provides the magnetoelastic
coupling coefficient Bj.

I perform magnetoelastic stress measurement of several Fe films grown on
Ag(001) at room temperature as a function of Fe thickness. Figure 5.5 shows
two compilations of the measured values of B, as a function of the average
in-plane strain in the film (Fig. 5.5a), and as a function of the film thickness
(Fig. 5.5b). The average in-plane strain is obtained from the average stress
during growth of Fe films, from the results presented in Fig. 5.1b, Section 5.1.

In Fig. 5.5a, the data points appear to be randomly distributed in the
graph, no clear trend or dependence of B, on film strain is observed. In
contrast, in Fig. 5.5b a clear trend of By with film thickness is noticeable. The
values of B, present a non-monotonic behavior with increasing Fe thickness.
Our results show a rather oscillatory tendency of Bs. B, changes from 1 to
3 MJ/m? over a thickness scale of about 5 ML, repeatedly. In Section 8.3, I
discuss the results of B in view of quantum well states in the Fe layer.

To investigate the influence of Ag segregation on magnetoelastic coup-
ling, I performed magnetoelastic stress measurement of Fe film prepared at
the lower temperature(200 K). In the previous Section 5.1, T showed the in-
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Figure 5.6: a) Magnetoelastic stress curves measured at room temperature of
13 ML Fe grown on Ag(001) at different temperatures. b) after annealing at 343 K
for 30 minutes. Arrows represent variation of stress (red) and the in-plane mag-
netization of the sample (blue). The curves are vertically translated to show clear
distinction of the effect.

fluence of temperature on the interdiffusion and segregation of Ag upon Fe
deposition. Segregation is understood to be hampered at low temperatures
and less Ag is expected on top of the Fe film [153]. A direct comparison of
magnetoelastic stress of samples grown at different temperature is presented
next.

Figure 5.6a shows measurements of magnetoelastic stress of Fe films of
13 ML deposited at 298 (black curve) and at 200 K (red curve) on Ag(001).
The arrows indicate magnetization directions and change of stress (A7) of
the curves. The impact of the deposition temperature on A7 is clear in
measurements of as-grown films (Fig. 5.6a). The value of By for low temper-
ature (200 K) deposition is 1.340.3 MJ/m? in contrast to 2.440.8 M.J/m? for
sample grown at room temperature (298 K). This result indicates a reduction
of magnetoelastic coupling stress on samples grown at 200 K. Our analysis in
Section 5.1 reveals that the film differs for both preparations. My suggestion
is that the slight change in growth mode, the segregation, and the higher
interfacial intermixing impacts the magnetoelastic response of the film.

Annealing the films up to 343 K for 30 min changes the magnetoelastic
stress for both cases, growth at 298 and 200 K. The magnetoelastic curves
of the films after annealing are presented in Fig.5.6b. The resulting values
of By are 3.240.5 MJ/m? and 3.34+0.5 MJ/m? for 298 and 200 K growth,
respectively. The similarity of By after thermal treatment for both growth
conditions suggests the impact of film morphology on ME. The interdifus-
sion is increased with increasing of temperature. However, the annealing
temperature of 343 K limits the amount of interfacial intermixing and Ag se-
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gregation in the films, independent of the original sample preparation. The
influence of intermixing at the interface of Fe films on Ag(001) will be further
discussed in Section 8.3.

In summary, MOKE and magnetoelastic coupling measurements of Fe
film on Ag(001) were presented in this section. The magnetoelastic coupling
coefficients B, of Fe films grown at 298 K show a peculiar dependence with
Fe thickness. The trend of By with film thickness is a surprising result. This
finding sheds first light on novel contributions to the magnetoelastic coupling
of thin films. The oscillatory-like behavior of B, with increasing Fe thick-
ness may indicate that magnetoelasticity is influenced by electronic quantum
confinement in the Fe film. The discussion on thickness-dependent magne-
toelastic coupling is presented in Section 8.5. We found that B, of Fe films
grown at low temperature, 200 K, is smaller as compared to films grown at
room temperature (298 K). This hints at a dependence of magnetoelasticity
on film morphology. Compelling evidence is given by the observed change
of By after a thermal treatment. After the annealing the magnetoelastic re-
sponse increased considerably. The discussion of the influence of interface
structural changes of the film induced by temperature on the magnetoelastic
coupling is presented in Section 8.3.

The variation of ME as a function of Fe thickness in the Fe/Ag sys-
tem rises some questions concerning the impact of electronics effects such
as quantum well state (QWS). The quantum confinement in ferromagnetic
layers, like Co on Cu, Co on Pd, and Fe on Ag have been reported [10,
103,168-171], and its impact in the magnetic-crystalline anisotropy has been
discussed [168,172|. However, the observation of an impact of QWS on mag-
netoelasticity is novel, and to the best of my knowledge, it has never been
reported before. Its very nature is an open question, which we address in
Chapter 8.

23



Chapter 5. Film stress and magnetoelastic stress of Fe on Ag (001)

o4



Chapter 6

Film stress and magnetoelastic
stress of Fe on Au (001)

In this Chapter, I present experimental results on film stress and magne-
toelastic stress of epitaxial Fe films on Au(001). Section 6.1 describes the
film stress during growth of these Fe films, following the sample preparation
as detailed in Section 3.4. The effect of growth temperature on film stress
is also presented. In Section 6.2, I report on the magnetic properties, with
focus on the magnetoelastic coupling of these samples. Our observations sug-
gest that the change of growth temperature impacts magnetoelastic coupling
of Fe on Au(001) only little. I find that ion bombardment changes the ME
coupling significantly, and the effect depends on the ion mass.

6.1 Stress and structure

Many structural properties that I discussed in the previous Chapter 5 are
not only specific for Fe films on Ag(001), but they are characteristic also
for the Au substrate. The growth of Fe on Au is affected by interdiffusion,
which can result in interfacial intermixing and segregation. The presence
of Au segregation impacts the growth mode of the Fe film [33,38-42, 60—
62,173]. Here, T employed stress measurements, Auger spectroscopy, and
LEED to investigate the growth of Fe films on Au(001) at room temperature
and at different growth temperatures. Our results give an estimate of the
surface segregation from an analysis of the surface composition. The peculiar
development of the surface structure as probed by LEED complements the
stress measurements.

The stress change during growth of a 30 ML Fe film on Au is presented
in Fig. 6.1a. The stress curves show the same features at specific thicknesses
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Figure 6.1: a) Stress measurement during deposition of 30 ML Fe on Au(001) at
298 K. The black dashed vertical lines show the interval of Fe deposition and the
colored dashed vertical lines highlight the change of slope. Amyta represents the
total stress change. The blue dashed-dotted line represents the calculated stress
expected from epitaxial misfit of +0.6 %.The inset is a zoom-in of up to 5 ML
of Fe. 1 ML: 12.22x10" ¢cm~2; tp. = 1.43 A. b) LEED diffraction pattern at
45 eV of the clean Au(001) crystal and after 0.5 ML of Fe deposited. The LEED
image is inverted, dark means high and white means low intensity for the sake of
visualization.

for all total film thicknesses in the range 6—30 ML. The stress change with
increasing Fe thickness is given by the black curve, in Fig. 6.1a, and the blue
dashed-dotted line indicates the calculated misfit-induced stress. The inset
shows a zoom-in of the film stress up to 5 ML of Fe deposition.

The misfit of bee Fe on fece Au(001) is calculated from Eq. 2.3 as n =
(aAu/\@—aFe)/aFe. The lattice constants are ax, — 4.078 A and ap, = 2.866 A,
which gives n = +0.6 % [173]. The stress induced by this misfit is calculated
with Eq. 2.4 and results in a tensile stress of +1.4 GPa.

The film stress, in Fig. 6.1a, clearly deviates from the calculated misfit
stress. The stress curve during Fe deposition reveals a non-monotonic change
with increasing thickness. The curve shows changes in slope at 1.5 and
7.5 ML as identified by the separated regions I, II, and III. Next, each region
is presented in detail.

Region I represents the stress just after the evaporator shutter was opened
up to 1.5 ML of Fe. The curve shows a positive slope depicted by the green
dashed line. The positive slope indicates that a tensile stress is measured.
This first slope gives a tensile stress of +5.5 GPa. The tensile stress is four
times larger than the calculated misfit stress of +1.4 GPa. This indicates an
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additional contribution to the stress. The stress in this low coverage regime
could be related to surface stress changes. Region II shows the change in
slope a negative value. The negative slope of the curve is equivalent to a
compressive stress of —1.3 GPa. This compressive stress lasts up to 7.5 ML. A
change of sign of the stress during deposition demonstrates a clear deviation
from the epitaxial misfit stress. The last region marked as III reestablishes a
positive slope. Region III, shows a tensile stress of +1.5 GPa up to the end
of deposition. This slope, indicated by the red dashed line, is comparable
to the misfit stress. The deviation of the film stress from the calculated
misfit stress in the first 8 ML is evident. Due to the region II, the total stress
change ATy lies below the misfit stress curve at 30 ML of Fe. Consequently,
the average stress is also smaller than expected from misfit arguments. On
average, the film stress is ATiota/tre = +1.1 GPa.

However, the situation in region I is more complex. The clean Au(001)
crystal exhibits the characteristic surface reconstruction identified by the
(1x5) diffraction pattern. We observe that this reconstruction is lifted with
Fe deposition. Figure 6.1b shows LEED images of the clean Au crystal and
after 0.5 ML of Fe deposition. The red numbers identify the diffraction
position in reciprocal space. In the clean Au crystal a (1x5) diffraction
pattern is visible. After 0.5 ML of Fe deposition, LEED shows a (1x1)
pattern. This indicates that the deposition of 0.5 ML of Fe is sufficient to lift
the surface reconstruction of the Au surface. The lifting of the Au surface
reconstruction is discussed further in Section 8.2.2.

To gather more information on the surface structure and its chemical
composition, LEED and AES experiments are performed. The results are
presented next.

Figure 6.2a presents LEED images of Fe films on Au(001) at 58 eV. The
3 ML Fe film shows a (1x1) LEED pattern, where the diffraction spot intens-
ity is weak. With increasing Fe thickness the diffraction spots get sharper
and more intense. This indicates a structural improvement of the surface.
This quality of the LEED pattern is kept up to 30 ML of Fe deposition.

Figure 6.2b presents Auger spectra taken after Fe deposition on Au at
298 K for different thickness. The presence of peaks of Au-NVV at 69 eV and
Fe-LMM at 598, 650, and 703 eV even for films as thick as 30 ML Fe indicates
that both materials, Au and Fe, are found near the surface [152,174]. I
analyzed our AES data in view of the relative amount of both elements given
by the ratio of Auger intensities Au-NVV /Fe-LMM. The ratios are given
in Fig. 6.2b. The Au/Fe ratio decreases as a function of Fe thickness up
to 25 ML and remains constant for thicker films. This finding suggests a
constant amount of Au floating on top of the thicker Fe film. An estimate
of the relative amount of Au floating on top is obtained in this Section. But

57



Chapter 6. Film stress and magnetoelastic stress of Fe on Au (001)

a)
3 ML 6 ML
e N . 0.1 b)
(A 1,0
p. A 4 —6ML
{ 5 . — 13ML
- 25 ML
10 ML 13 ML s —30ML Fe
V7 2 /\ﬂ/’ Awres 10 VY
- =]
( ) ® % Au/Fe=0.7
St
N | % A i Py ED
25ML 30ML /\/W aore—os VYV
/£ ¢ ¢ ' ) ) \
- | ) 200 400 600
( y y Energy (eV)

58 eV

Figure 6.2: a) LEED diffraction pattern at 58 eV of Fe films on Au(001) with
different thicknesses. The diffraction reveals a (1x1) pattern. b) Auger spectra
of Fe films of different thickness grown on Au(001) at 298 K. Au/Fe ratios of
the intensity peaks are given. The LEED image is inverted, dark means high
and white means low intensity and Auger spectra are vertically shifted for sake of
visualization.

first, I show the results for different growth temperature.

Since the Au/Fe ration remains constant at 25 ML Fe, I choose this Fe
thickness to investigate the temperature dependence of film stress, LEED,
and Auger measurements. Figure 6.3 shows a direct comparison of the stress
during deposition at different temperatures. The black, red and green solid
lines correspond to stress measurements at 298, 375 (HT) and 200 K (LT),
respectively. The blue dashed-dotted line represents the calculated misfit
stress, and the inset shows a zoom-in up to 5 ML deposition. The regions
I, TI, and IIT separate regions of different slope of the 298 K growth for sake
of comparison. The overall stress behavior is similar for all curves. A strong
initial tensile stress is followed by a compressive stress, and then tensile stress
for higher thickness is observed, as described before.

A close inspection of the low temperature, 200 K, growth stress curve
reveals a negative slope of —2.3 GPa compressive stress up to 8 ML. Then, a
tensile stress of +2.0 GPa persists up to the end of deposition. However, for
stress measurements at 375 K, the compressive stress of —3.4 GPa starts at
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Figure 6.3: Stress measurement during deposition of Fe on Au(001) at different
temperatures. The inset is a zoom-in up to 5 ML of Fe deposition.

1.5 ML and persists only up to 4 ML of Fe. The region II for the black curve
shifts toward thin films for HT depositions. And a tensile stress of +1.9 GPa
is observed for films thicker than 5 ML. The average stress for growth at
200 K and 375 K are +1.2 GPa and +2.3 GPa, respectively. Note that in
both cases the average stress is larger than for 298 K depositions (+1.1 GPa).
These differences of the stress behavior indicate a non-monotonic dependence
of average stress with growth temperature. The impact of the growth tem-
perature on the morphology of these films are reflected in the LEED and
Auger measurements as well. The results are presented next.

Figure 6.4a shows Auger spectra of the 25 ML Fe film on Au(001) de-
posited at different temperatures. The Auger peaks at 69 eV (Au-NVV) and
at 651 eV (Fe-LMM) are indicated in the graphic. The Fe film grown at
200 K (green curve) shows only a very small peak in its Auger spectrum. On
the other hand, films grown at 375 and 298 K show distinct Au peaks. We
observe a clear trend of the Au/Fe ratio with increasing growth temperature.
With increasing growth temperature the Au/Fe ratio increases.

Figure 6.4b shows LEED images of Fe films prepared at different tem-
peratures measured at two different energies, 58 and 92 eV. The growth
temperature are shown on the left side of the images. LEED images were
obtained at the growth temperature to avoid further thermal effects. The
column of LEED images at 58 eV displays faint spots becoming more intense
as a function of temperature, indicative of well ordered films. The pattern at
92 eV shows sharper spots and a new collection of spots becomes visible with
increasing growth temperature. The pattern of the film prepared at 200 K
shows few distinct diffraction spots of similar intensity. For deposition at
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Figure 6.4: a) Auger spectra of 25 ML Fe/Au(001), deposited at different tem-
peratures. The Au peak at 69 eV and the Fe peak at 651 eV are considered in the
intensity Au/Fe ratio. Auger spectra are vertically shifted for sake of visualization.
b) Corresponding LEED images at 58 and 92 eV. A new set of grouped diffraction
spots round (1.0) and (0.1) is identified by the red rectangle and the sketch. The
LEED image is inverted, dark means high and white means low intensity.

298 and 375 K additional diffraction spots appear around the (1,0) and (0,1)
positions.

This difference in Au/Fe ratio and LEED diffraction could be assigned to
Au segregation with increasing temperature. These grouped diffraction spots
are attributed to the Au superlattice [175]. A more detailed discussion about
the change in morphology of Fe/Au(001) by varying growth temperature is
addressed in Section 8.2.2.

A question that rises here is: How much Au is floating on top of Fe
films prepared at room temperature? The experiment of removing the top
most layers of the film by sputtering is performed. These experiments are
presented for different sputtering ions in Section 6.2. In short, the sputtering
was successfully applied to remove Au from the samples surfaces prepared at
298 K, as is shown in Fig. 6.9a. This suggests an estimated Au coverage of
order of one atomic layer. Another simple experiment that enables a more
precise estimate of the amount of Au on top is performed. T benefit from
a 25 ML Fe film deposited at 200 K that shows a very small AES Au/Fe
ratio, an order of magnitude smaller as it is shown in Fig. 6.5 top. I deposit
a known amount of Au on top. The Au evaporation has been performed at
298 K. The calibration was performed before the evaporation by a quartz
balance. With 1 ML of Au and ¢, = 2.04 A, which corresponds to a density
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Figure 6.5: Auger spectra of Fe 25 ML grown on Au(001) at 200 K before and

after deposition of 0.5 ML of Au. The Au/Fe ratio of 0.5 is obtained after Au
deposition. Auger spectra are vertically shifted for sake of visualization.

of 1 ML: 12.02x10* e¢m™2, T conclude that after 0.5 ML of Au deposited
the nominal Au/Fe ratio of 0.5 is reached. This ratio of 0.5 is also found for
25 ML Fe film prepared at 298 K. The calibration of Au before the deposition
indicates that an amount of 0.5+0.05 ML of Au is floating on top of Fe film,
when prepared at 298 K. This value is in agreement with previous works on
Au segregation in Fe/Au system [33,40].

In conclusion, the stress measurements were performed to characterize the
growth of Fe films on Au(001). All growth temperature lead to similar non-
monotonic stress behaviors. In contrast with Fe/Ag films, the variation of
growth temperature did not impact the formation of the compressive stress
region. The changes on the film structure and elemental composition are
shown in the Auger and LEED results after film deposition. The AES meas-
urements display larger Au/Fe ratios with increasing growth temperature. I
estimate that 0.5 ML Au float on top of 25 ML Fe film deposited at 298 K.
From LEED measurements we assessed the Fe thickness necessary to lift
the Au-(1x5) reconstruction. The reconstruction is totally lifted just after
0.5 ML of Fe coverage. My results on the dependence of stress on growth
temperature indicate a considerable change in surface structure. In LEED,
such changes are accompanied by a new set of diffraction spots. These addi-
tional spots are ascribed to a specific ordered Au layer on top of Fe. These
unexpected LEED results and the film stress of these Fe films are discussed
in Section 8.2.2 in view of the Fe growth mode and interdiffusion.
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6.2 Magnetic properties

In this Section, I present the results of MOKE and magnetoelastic stress
measurements for Fe/Au(001). We found, in contrast to the Fe/Ag(001)
system, a linear dependence of magnetoelastic coupling coefficient B; with
film strain for films deposited at 298 K. The results of growth temperature-
dependend ME shows also deviation as compared with the Fe/Ag system. B
reveals no change with increasing growth temperature. A novel aspect, the
effect of post-grown sputtering on magnetoelasticity of thin films is addressed
at the end of this Section.

The magnetic anisotropy of Fe on Au(001) is well know. Fe films thinner
than 5 ML show an out-of-plane, whereas thicker films show an in-plane
easy magnetization [42,176-179|]. Therefore, I focus on Fe films thicker than
6 ML to study the magnetic properties. MOKE in longitudinal and transverse
geometry is performed to verify the in-plane magnetization of the films.

Figure 6.6a shows hysteresis curves of the magnetization of 16 ML Fe on
Au(001) as a function of the external magnetic field along two in-plane direc-
tions, longitudinal (black) and transversal (red). The hysteresis curves show
a square-like hysteresis loop with full remanence. Our MOKE results confirm
the previous reports [42,176-179]. The saturation field in both configurations
is lower than 10 mT.

Figure 6.6b shows a magnetoelastic stress curve of 28 ML Fe/Au(001).
The arrows depict directions of the changes of magnetization of the film.
The stress change upon magnetization reversal is monitored as the external
magnetic field switches from along the sample length to along the sample
width. The magnetoelastic coupling coefficient By is obtained from the mag-
netization stress change Ay, as described by Eq. 3.5, taking into account
the Fe film thickness.

Figure 6.7 shows my compilation of B; values of Fe film with various
thicknesses plotted versus the in-plane strain. The in-plane strain is calcu-
lated from the average stress during film growth, obtained from the stress
curve like in Fig. 6.1. The values are negative, so the data in the lower part
of the graphic are larger in magnitude. Overall, B, varies from —5.4 MJ/m?
to —1.3 MJ/m?. The values of B; are distributed in two regions, I and II rep-
resented in the graphic. Region I corresponds to small film strain, less than
0.3% of strain. Dispersed data points with a linear trend are observed. Note
that for thinner films, where the stress is compressive, a negative in-plane
strain is obtained.

The region IT represents the films with strain larger than 0.3%. B; values
become independent of the strain, showing a constant values of —1.3 MJ/m?3.
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Figure 6.6: a) Longitudinal and transversal MOKE of 16 ML Fe on Au. b) Typical
curve of magnetoelastic stress of 28 ML Fe on Au. The change in curvature is
induced by switching the magnetization in the sample plane from along the length
(M[|Fe-[100]), up and down to along the width of the crystal (M||Fe-[010]), left and
right, as represented by the blue arrows in the sketch.

For reference, bulk Fe has a value of B; = —3.4 MJ/m?. The results of B,
as a function of strain indicate a strain-dependend magnetoelasticity of the
Fe films only for small strains. For larger strain, a constant B; is observed.
This constant By is observed for thicker films and still deviates from the bulk
value, which suggests a persisting influence of strain on the magnetoelasticity
of thin films.

We have seen above in Section 6.1 that the growth temperature has a
distinct influence on the Au top coverage of the Fe film. To check the impact
on magnetoelasticity, I performed magnetoelastic stress measurements on Fe
films of 25 ML prepared at different temperatures. The results are shown in
Fig. 6.8. Strikingly, all curves show a similar magnetoelastic stress change.
Consequently, a similar value of By of —1.3 0.2 MJ/m? is obtained. This
result indicates that the presence of a Au layer floating on top, which is
affected by the growth temperature, does not impact the magnetoelasticity
of the system directly. This puzzling result led me to perform an alternative
method to study the influence of an Au top layer on the magnetoelasticity
of Fe films, as discussed next.

I measured the magnetoelastic stress after removing the Au atoms from
the surface of the Fe film by mild sputtering. An estimated amount of 0.5 ML
of Au floating on top of films grown at 298 K was presented in Section 6.1.
An effective way to remove the top most layer is by a short sputtering [62].
From Fe films prepared under identical conditions and thickness (25 ML Fe
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Figure 6.7: Magnetoelastic coefficients By, calculated from the magnetoelastic
stress (Fig. 6.6b), as a function of in-plane strain. The in-plane strain is calculated
from the stress during deposition.

- at 298 K), short sputtering with five noble gases: Helium, Neon, Argon,
Krypton, and Xenon, was carried out.

The criterion for complete removal of Au is the absence of the Au peak
in the Auger spectrum. As mentioned before, in view of the short mean
free path of &~ 2 nm of Auger electrons with typical energy of 300 eV in
a solid [130], the 25 ML Fe film should screen the substrate and prevent
electrons from Au to pass through to the surface. The sputtering time varied
from 0.5 to 4 minutes with a typical sample current of Igample = 0.3 pA.

Figure 6.9a shows Auger spectra of Fe films, as-grown and after short Ar-
sputtering. The dashed green lines highlight the energy of Au peak position.
The presence and absence of the peak (Au-NVV 69 eV) are visible in the
spectra. The magnetic state of the Fe films after each sputter treatment was
checked by MOKE, and I found no change in the magnetization of the film.
Coercivity and the MOKE intensity remain unaffected.

Figure 6.9b shows magnetoelastic stress measurements plotted for differ-
ent sputter gases used in the sputtering process. The as-grown film is also
presented in the plot for sake of comparison. Every curve shows a different
magnetoelastic stress. B; shows a variation with the sputtering element.
The trend is visible in Fig. 6.9c. Note that the change in stress may be lar-
ger or smaller as compared with the as-grown sample. This indicates that
sputtering affects the Fe film not only by removing the Au layer from the
top. The dependence observed for By on the sputtering element brings the
questions concerning of the atomic radius of the elements and its impact
to the sputtering process. In Section 8.4 a discussion of the implications
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Figure 6.8: Magnetoelastic stress measurements of 25 ML Fe grown on Au(001)
at different deposition temperature. ME measurements are performed at 298 K.

of sputtering induced lattice modification on the magnetoelastic coupling is
addressed [180-183].

In summary, MOKE and magnetoelastic coupling measurements of Fe
film on Au(001) were presented in this section. I obtained the magnetoelastic
coupling coefficient B; of Fe films grown at 298 K. The values are separated
in two distinct regions. In region I, B; shows a dependence on film strain.
This region is represented by Fe films with small strain below 0.3%. However,
in region II, for films with larger strain, By remains almost constant with B
—1.3 MJ/m3. In the investigations of the effect of the growth temperature,
B; remain unaltered with value of —1.3 MJ/m? for 25 ML Fe grown at 200,
298, and 375 K, indicating that the presence of an Au layer floating on
top does not affect the magnetoelasticity of Fe/Au(001) system, a further
discussion is presented in Section 8.3. An unexpected influence of sputter
gas on magnetoelastic coupling was found. This novel finding is discussed in
Section 8.4.

65



Chapter 6. Film stress and magnetoelastic stress of Fe on Au (001)

a) -~ b
—~ | ,ii —as-grown EE —— As-grown
5 | |ii — sputt. Ar < 001l He
2 2 Ne
z £ —g
§ ; —Xe Pt LA PR
= % 0.00f ook Py
R= 3 “VW "
= °
< ‘ ‘ , 5 -0.01} 4 il - -
200 . 400 ( V?oo =
nergy (e
) M| Fe[100] M| Fe[010]
L
Lol As-grown

— L

£

= L

2 20

Q

-3.0r
He Ne Ar - Kr Xe

Figure 6.9: a) AES measurements of 25 ML Fe on Au before and after Ar-
sputtering of 60 seconds to remove the Au layer floating on top. Auger spectra are
vertically shifted for sake of visualization. b) Magnetoelastic stress measurement
of 25 ML Fe on Au after removing the Au top layer with different noble gas ions.
Curves are vertically translated for comparison. c¢) Magnetoelastic coefficient B
after the sputtering process with different gases.
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Chapter 7

Film stress and magnetoelastic
stress on Fe/Au/Fe trilayers on

Au(001)

In this Chapter, I present results of film stress and magnetoelastic stress
of epitaxial trilayer system of Fe/Au/Fe on Au(001). Section 7.1 describes
the involved film stress on each preparation step of Fe/Au/Fe trilayers on
Au(001). In Section 7.2, T present magnetic measurements, MOKE and
magnetoelastic stress of these trilayers. This prototypical system offers an
interesting playground, where quantum well states in Au modulate the rel-
ative magnetization direction of the two adjacent Fe layers, resulting in an
oscillatory interlayer exchange coupling [7,34,46,89,97,100,104,141,184|. 1
find a variation of the magnetoelastic coupling coefficient B; with Au inter-
layer thickness, at constant total Fe film thickness. This result is seen as
an experimental evidence that magnetoelasticity may be tuned by QWS, an
effect that has not been discussed before.

7.1 Stress and structure

Each individual step of the Fe/Au/Fe trilayer preparation follows the descrip-
tion given in Section 3.4. Trilayers are prepared by subsequent depositions
of Fe and Au atomic layers on Au(001). I focus on 10 ML Fe on Au(001),
which are covered by X ML Au, where X= 1,2,...,12 ML, and topped by
15 ML of Fe. All depositions are done at 298 K.

Figure 7.1a shows stress measurements during Fe deposition in the tri-
layer Fe/Au/Fe on Au(001). The red curve shows the stress change during
deposition of 10 ML Fe on Au(001). The green solid line represents the
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Figure 7.1: a) Stress measurement during deposition of 10 ML Fe on Au(001) in
red, and 15 ML Fe on Au(9 ML)/ Fe(10 ML)/ Au(001) in green. b) Stress meas-
urement during deposition of Au on Fe(10 ML)/Au(001). 1 ML: 12.02x 10 ¢cm~=2;
tag = 2.04 A. The vertical dashed lines indicate the beginning and end of Au de-
position. The colored dashed lines represent the change of slope in regions I, 11,
and III. ¢) LEED diffraction pattern at 58 eV after Au deposition, for different Au

thickness. The LEED image is inverted, dark means high and white means low
intensity.

stress change due to 15 ML Fe deposited on top of Au(9 ML) /Fe(10 ML)
/Au(001). The Fe-induced stress in both depositions resembles the behavior
presented in Section 6.1, which are described therein. A relevant observation
is the similarity between the stress curves indicating an analogous interface
Fe/Au(001) and Fe/Au/Fe/Au(001). A small deviation in magnitude of the
stress maximum at 1-2 ML of 0.3 N/m is observed. We attributed this to the
subtle difference of the surface of Au film and of the clean Au(001). Next,
the stress behavior during the deposition of Au on Fe/Au(001) is presented
and the Au surface is characterized.

It is important to note that Au is grown on an Fe film which is epitaxially
strained on Au(001). Thus, we expect no misfit strain and consequently no
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misfit stress in the Au film.

Figure 7.1b shows a typical stress measurement as a function of Au film
thickness (1 ML Au: 2.04 A). The stress curve is divided in three parts
showing a compressive stress in regions I and IT and an inversion of sign to a
tensile stress in region III. The stress change reaches a maximum magnitude
of —2.5 N/m for the minimum of the curve, between region II and III. This
value is large for the expectation that the Au film should show no misfit stress.
The dashed colored lines indicates the change of curve slope. A compressive
stress —10.8 GPa is observed immediately after the opening of the evaporator
shutter, indicated in region I. This considerable stress persists up to 0.5 ML.
The slope is reduced to a stress of —4.0 GPa for larger thickness in region
II. This stress reaches a minimum of —2.5 N/m after 3 ML Au deposition.
With increasing Au deposition the slope of stress inverts its sign. A positive
slope corresponding to a tensile stress of +1.8 GPa is measured in region III.
This stress is observed until the end of the deposition.

Figure 7.1c displays LEED diffraction pattern at different Au thickness.
The first image depicts the diffraction pattern before Au deposition. The
image shows a (1x1) pattern from the epitaxially strained Fe film. After
1 ML Au deposited the LEED shows a similar (1x1) pattern, with reduced
intensity. As the Au thickness is increased the pattern changes. At 3 ML Au
the LEED shows faint features of the Au(001) (1x5) reconstruction. Thus,
the surface reconstruction is reestablished. For thicker Au film the spots
become intense and sharp, however, with reduced quality as compared with
Au(001). A difference between the Au film and the Au(001) substrate is the
preparation temperature. The crystal has been annealed at 580 K for 20
min. to improve the surface order. This contrasts with the Au film, which is
kept at 298 K to avoid undue intermixing of Fe-Au.

We discuss the stress results in view of the formation of the surface re-
construction and homo-epitaxial growth in Section 8.2.

Figure 7.2a shows Auger spectra after each preparation step of the Fe
(15 ML) / Au (9 ML) / Fe (10 ML) trilayer on Au(001). In each Auger
curve the Au/Fe ratio is indicated, when applicable. The first deposition of
10 ML Fe film shows a ratio consistent with that presented in Section 6.1,
Au/Fe=0.8. After the deposition of 9 ML of Au (green curve) the ratio
increases to 10.8. With the top Fe film of 15 ML thickness the Au/Fe ratio
decrease to 0.5. We observe that this ratio remains constant as a function of
Au thickness (tp, = 1...12 ML).

Figure 7.2b shows LEED images after each preparation step of Fe(15 ML)
/ Au(9 ML) / Fe(10 ML) on Au(001). A characteristic (1x5) pattern of Au
reconstruction surface is visible for clean Au(001). After deposition of each
Fe film a (1x1) pattern is observed. The diffraction pattern of 9 ML of Au
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Figure 7.2: a) Auger spectra after each stage of the sample preparation of the
trilayer Fe/Au/Fe on Au(001). The respective Au/Fe ratio of the AES peaks (Au-
69 eV and Fe-651 eV) is shown. b) LEED patterns at 58 eV of each stage of
the sample preparation as indicated by arrows.The LEED image is inverted, dark
means high and white means low intensity and Auger spectra are vertically shifted
for sake of visualization.

film reveals indications of a blurred (1x5) surface reconstruction. Although
the diffraction spots are very broad, characteristic features of the surface
reconstruction are present, as mentioned in Fig. 7.1c.

In summary, I presented stress measurements during the formation of a
trilayer film of Fe/Au/Fe on Au(001). Our results offer a new level of under-
standing of the interfaces of the system. Our results reveal the formation of a
reconstructed surface, which is observed in LEED images in a 3 ML Au film
grown on Fe/Au(100). Measurements of stress due to surface reconstruction
are very demanding [185] and hard to be predicted [50]. Further discussions
concerning stress changes during surface reconstruction and its implication
are presented in Section 8.2.3.

7.2 Magnetic properties

In this Section, I present the results of MOKE and magnetoelastic stress
measurements of the Fe(15 ML)/ Au(X ML)/ (10 ML) Fe trilayer on Au(001)
for different thickness of Au. The MOKE results present the expected al-
ternation of parallel and antiparallel magnetization alignment of Fe layers
with increasing Au thickness [186]. This behavior is characteristic of an os-
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Figure 7.3: a) Longitudinal and transversal MOKE of Fe(15 ML) / Au(9 ML) /
Fe(10 ML) on Au(001). b) Longitudinal MOKE with high magnetic field with two
switching fields indicated. The sketches indicate the magnetization state of the Fe

layers.

cillatory interlayer exchange coupling observed for this system [97,104-106].
The magnetoelastic coupling of these trilayers show a clear oscillatory-like
behavior with increasing Au thickness. An investigation of the magnetic
anisotropy of the system is performed.

Figure 7.3a shows MOKE results of the Fe(15 ML),/ Au(9 ML)/ Fe(10 ML)
trilayer on Au(001) in the longitudinal and transversal MOKE geometry. The
longitudinal (black) and transversal (red) MOKE reveals a square-like hyster-
esis loop. The magnetic saturation fields in both directions are below 10 mT.
The easy magnetization of the samples lies in-plane along Fe[100] [186]. The
MOKE measurements are taken before the magnetoelastic stress measure-
ments to establish the necessary saturation field to obtain a collinear mag-
netization alignment of the Fe layers.

This system, Fe/Au/Fe, is well know to have an oscillatory interlayer
exchange coupling (IEC), where the magnetization alignment of the Fe lay-
ers changes from parallel (P) to antiparallel (AP) with increasing Au thick-
ness [97,104-106]. The oscillations of the IEC is mediated via spin-polarized
confinement effect in the Au spacer layer [89]. The distinct alignments of
the Fe magnetization results in different MOKE responses [186]. In order to
check this characteristic in my samples I performed MOKE measurements
with the highest possible magnetic field. In the longitudinal magnetization
direction it is possible to achieve fields up to 0.3 T, along the transversal
direction 0.1 T are possible.

Figure 7.3b shows a LMOKE measurement of a Fe(15 ML)/ Au(9 ML)/
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Figure 7.4: a) Magnetoelastic stress curves of Fe(15 ML) / Au(1 ML) / Fe(10 ML)
and Fe(15 ML) / Au(7 ML ) /Fe(10 ML) on Au(001). The arrows indicate the
direction of the applied field of magnitude 20 mT. b) Compilation of B; obtained
for different Au spacer layer thickness.

Fe(10 ML) trilayer. The trilayer with 9 ML thick Au is expected to have
the magnetizations of the Fe layers above and below the Au spacer aligned
in an antiparallel configuration [97,104-106]. The hysteresis loop observed
in Fig. 7.3b, reveals indeed a distinct curve as compared with the single
square-like hysteresis loop of a parallel magnetization alignment. We identify
two switching events. The field H; shows the switching field for a collinear
alignment of the Fe layers, which remain in an antiparallel magnetization (AP
state). The field Hy field is near 200 mT, and characterizes the switching of
the magnetization to a parallel alignment of both Fe layers and the external
field, resulting in a P state. The intermediate field is the region between the
H, and Hs,, where the transition from antiparallel to parallel magnetization
occurs. These results are in agreement with previous reports on similar Fe
layer thickness [186].

The results indicate that in a magnetoelastic stress measurement, where
both directions (longitudinal and transversal) of the magnetic field are ap-
plied, the field suffices to surpass the H; saturation field. This means, for a
AP magnetic configurations the Fe films may saturate to a collinear AP mag-
netization state when the fields are close to 10 mT. This collinear alignment
is indicated in Fig. 7.3a by the blue arrows. Therefore, all ME measurements
are performed at 20 mT applied field. From the symmetry of the ME effect
the same ME stress is expected for AP and P states.

Figure 7.4a presents magnetoelastic stress measurements of a Fe(15 ML)/
Au(X ML)/ Fe(10 ML) trilayer on Au(001) with two different Au thickness
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X. The black and red curves are measurements with X= 1 and 7 ML, respect-
ively. The blue arrows show the directions of the applied magnetic field. The
red and black arrows identify the difference in magnetoelastic stress A7,
of 0.010 and 0.005 N/m, respectively. Although the total Fe thickness is
constant in both samples, tg, = 25 ML, the curves clearly give distinct By
values. Thus, a substantial change in the magnetoelastic coupling caused by
the variation of the thickness of the Au layer is observed. Next, I present
a collection of results of magnetoelastic coupling by varying only the Au
thickness in a single ML fashion.

Figure 7.4b shows the magnetoelastic coupling B; of the Fe/Au/Fe tri-
layer on Au(001) as a function of Au thickness. A non-monotonic change of
By with increasing Au thickness is observed. Above 2 ML of Au, B; changes
its magnitude for each monolayer added, and an oscillatory curve results.
Strikingly, the variation of B; amounts to 3 MJ/m3. Thus, a significant
variation of the magnetoelastic coupling of the Fe/Au/Fe system is observed
upon variation of the Au thickness. Since the origin of magnetoelasitcity is
the strain dependence of the magnetic anisotropy, I investigate whether the
latter is also influenced by changing the Au interlayer thickness.

A quantitative analysis of the in-plane magnetic anisotropy of a film is
obtained by applying a constant magnetic field perpendicular to the direction
of the sweeping field in MOKE [140-142], as described in Section 3.3. The
in-plane magnetic anisotropy energy density of the Fe film in a flat Au(001)
is described by K/4sin?(2¢), where K is the cubic anisotropy constant and
¢ is the angle between magnetization and the crystalline axis <100> [143].
K is a positive value for an easy magnetization axis along <100> [176,187|.
The extra field Hy;,s along the vertical in-plane direction provides an uniaxial
magnetic anisotropy with magnetization along the constant applied field in
zero sweeping field H along the horizontal direction. The field energy term
is the contribution of both applied fields as —p,(H + Hy;as) - M, where M
is the saturation magnetization of bulk Fe. The bias field is the additional
constant field applied in the vertical direction, along [100]. The loop is taken
with the sweep field applied along the [010] direction. Minimizing the energy
with respect to ¢ and considering K, < K; one finds the cubic anisotropy
given by the initial slope s of the loop as [141,143|:

1 o M2
K = 35 (7.1)
The bias field forces the magnetization into the easy direction [100] as soon
as the sweeping field is reduced to zero. With increasing sweeping field
the magnetization rotates towards the horizontal direction [010], and the
longitudinal Kerr signal changes. In this rotational region of magnetization
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the slope (s) of the longitudinal Kerr signal vs. field is proportional to
the magnetic anisotropy K, see Fig. 7.5a. This technique was applied for
Fe(15 ML)/ Au(X ML)/ Fe(10 ML) trilayers with X varied from 0 to 12 ML
Au.

Figure 7.5a shows a LMOKE measurement of the trilayer Fe(15 ML) /
Au(3 ML) / Fe(10 ML) grown on Au(001). For this measurements a strong
vertical field of 35 mT was applied in order to obtain reliable values of the
slope in the entire thickness range investigated. The hysteresis loop is split
and the central region gives the slope s, as described in Section 3.3. The
inset shows the magnetization directions of the sample under different fields.
From Eq. 7.1 and the value of 1pgM2 of 1.85 MJ/m? from bulk Fe [139],
the magnetic anisotropy K of these trilayers is obtained. Figure 7.5b shows
the magnetic anisotropy K as a function of Au thickness in blue. K is the
fourfold magnetic anisotropy constant, and no sign of an uniaxial anisotropy
is found for these samples in the absence of the transversal field Hy;,s.

In Section 3.3 the procedure of the experiment by applying strong bias
field was discussed. The values of K obtained here could be influenced by
interface effects or additional contributions from the bias field itself. The
increase of the fourfold anisotropy of Fe thin films was observed in Ref. [188|.
These authors investigated Fe films on GaAs(001) with and without a MgO
underlayer. The authors found a cubic anisotropy of 67 kJ/m3 in a film
of 50 ML of Fe with MgO underlayer [188|. This value is larger than the
Fe bulk value of 48 kJ/m? [144], and it is similar to the value observed for
25 ML Fe on Au(001), presented in Section 3.3. Even for a film thickness
of the order of 50 ML Fe the interface affects the cubic anisotropy. In [176]
the authors investigated the in-plane anisotropy of Fe films on Au and Ag.
They found an increase of the interface term K? of the cubic anisotropy for
Fe films on Au as compared with Fe on Ag. They attributed this increase
to the enhancement of the orbital moments at the interface Fe/Au. This
indicates that interface modification can affect the cubic anisotropy of the
Fe films. In the trilayer system, investigated in this work, K is ~ 2x larger
than for a single Fe(25 ML) film with 67 kJ/m?, see in Section 3.3. Further
investigations may be needed to guarantee the definitive reason for this huge
increase in the anisotropy. However, a qualitative analysis of the K results
could be done as the bias field is kept fixed.

K shows an oscillatory variation with increasing Au thickness. This os-
cillations can be compared with the variation of B;. For this Fig. 7.5b
also shows the magnitude of magnetoelastic coefficient B;, extracted from
Fig. 7.4. The variation of K is in in-phase with the variation of the mag-
nitude of B;. The data are plotted along side the magnetic anisotropy in
order to stretch the relation between both constants. We find that B; has
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Figure 7.5: a) Longitudinal MOKE with additional bias magnetic field of
toHpias = 35 mT along the transversal direction of Fe(15 ML)/ Au(3 ML)/ Fe(10
ML) on Au(001). The sketches show the in-plane magnetization direction of the
sample. The slope is inversely proportional to the magnetic anisotropy. b) The
magnetic anisotropy K as a function of Au spacer layer thickness is shown in blue,
and the module of Bj is plotted for sake comparison.

the lowest magnitude where K is also low. This is evident for t5, = 4,
6, 8 ML. This finding indicates the intimate correlation between magnetic
anisotropy and magnetoelasticity.

In summary, I showed that the magnetoelastic coupling B; of Fe/Au/Fe
trilayers exhibits an oscillatory variation with increasing Au thickness. This
hints towards a strong impact of QWS on the magnetoelaticity of this system.
Despite the large number of publications discussing oscillatory interlayer ex-
change coupling, to the best of our knowledge, the corresponding effect on
By has not been described before. This novel finding is further discussed in
view of the physics underlying this phenomenon in Section 8.3.
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Chapter 8

Discussion

This Chapter presents discussions of the results shown in this thesis. The
discussions are organized in three main topics. In the first Section 8.1, I focus
on the structural change due to different deposition temperature of Fe on
BiySe3(0001). Section 8.2 details the relation between film stress, strain and
structure of metallic films. The discussion is presented in view of segregation,
interdiffusion and reconstruction of Fe and Au films on Ag(001) and Au(001).
The magnetic properties are discussed in Sections 8.3, 8.4, and 8.5 focusing
on the results of magnetoelaticity (ME). The interface-driven modifications
of ME is discussed in Section 8.3, and the influence of ion implantation on
ME is discussed in Section 8.4. The impact of electronic confinement on
magnetoelasticity is discussed in the last Section 8.5.

8.1 Fe on BiySes;: Film stress and structural
domains

Here, I discuss the stress results of Fe deposited on BiySes3(0001) at different
temperature, presented in Section 4. The compressive stress change, see in
Fig. 4.1, after deposition of 0.3 ML Fe increases with increasing deposition
temperature from 150 K (—0.5 N/m) to 473 K (—3.5 N/m). The increase
of total stress A7 with increasing deposition temperature is described to a
change film structure and morphology. This is corroborated by LEED and
AES measurements after Fe deposition. As pointed out in Fig. 4.2, at elevated
deposition temperature a reduction of the Bi/Fe ratio in AES is found and
a distinct diffraction pattern is observed in LEED.

Recently, the authors of Ref. [189] investigated the structure of submono-
layer Fe (0.3 ML) on BiySe;3(0001), deposited at 160 K by X-ray absorption
fine structure. They explored the X-ray absorption spectra to exploit the
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possible localization of Fe atoms by calculating the polarization dependence
of the interference function. They found that the only adsorption site which
fits all observations is the bismuth substitutional site. They conclude that for
deposition at 160 K Fe atoms substitute Bi atoms, predominantly in the top
QL. The Fe-Se distance as-deposited varies between 2.39 and 2.57 A. This
huge variation of the Fe-Se atomic distances was attributed to the inequi-
valence of the nearest neighbor Se around Bi in a QL. After several minutes
of annealing up to 520 K, the FeSe interaction forms an local ordered FeSe
phase at a distance close to 6 A.

An ordered FeSe phase on BisSe3(0001) induced by increasing the Fe
deposition or the annealing temperature was also observed by our work [63].
The combined SXRD, LEED and STM measurements provide insight into
the peculiar structure of the formed FeSe after annealing at 623 K for 10 min.
The analysis of the results of our work [63] shows details of the formation
of strained FeSe nanocrystals embedded in the surface. Remarkably, FeSe
forms for deposition of Fe only. The formation process is, therefore, different
from the progressive build-up of FeSe triple layer by co-depositing Fe and
Se |190,191].

The structure of the thermally induced FeSe nanocrystals on BisSes(0001)
shows a similar tetragonal structure as compared to bulk a-FeSe.

a-FeSe consists of triple layers (TL) bonded by van-der-Waals forces.
Figure 8.1 shows a hard sphere model of the a-FeSe structure. Figure 8.1a
presents the in-plane structure of the bulk in a top view and Fig. 8.1b shows
the stacked TL in the z-direction. Each TL is formed by a stack Se-Fe-Se,
arranged as a rectangular prism. The lattice constant of bulk FeSe in the
z-direction is defined from Se to the next Se, and it amounts to 5.52 A [192],
as indicated in Fig. 8.1b. The structure at 300 K is tetragonal with in-plane
lattice dimensions of @ = b = 3.77 A [193].

The a-FeSe-like phase observed on BiySe3(0001) shows a strained struc-
ture. The in-plane atomic distances were obtained by STM and LEED
analyses, and the z-direction spacing was investigated by SXRD measure-
ments [63]. The results show a lattice expansion along the vertical direction
of 0.2 A, with an average FeSe thickness of three TL (tpese = 15 A) The
in-plane lattice constants also showed a strained state, where a and b differ
by 2%.

An estimate of the maximum thickness of FeSe nanocrystals prepared by
this procedure (Fe deposition on BisSes plus annealing) is given by the max-
imum depth from which Se atoms can be extracted from the bulk of BisSes
to form FeSe. The fate of the Bi atoms remains unclear at this point. A
specific investigation of this issue is needed, however, but we may speculate
about three possibilities. 1) The Bi atoms could desorb from the surface dur-
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Figure 8.1: Hard sphere model of an a-FeSe triple layer (TL). Individual Se-Fe-Se
layers are stacked along the z-direction and are bonded by van-der-Waals forces
between Se layers. The FeSe bulk crystal has a tetragonal structure with a =b =
3.77 A, and ¢ = 5.52 A. [192,193]

ing annealing. 2) Bi atoms could remain on the surface as a contamination.
The high surface mobility of the usual contamination on the BiySes surface
speaks in favor of this. Or 3) Bi atoms migrate into the bulk of the crystal
and form bulk defects.

The stress results during Fe deposited at 150 K on BiySe3(0001) shown in
Fig. 4.1, reveal a small change of stress of —0.5 N/m. This small compressive
stress could be related to the replacement of Bi by Fe. This replacement
gives rise to a relaxation of the structure as indicated by Ref. [189]. Thus,
the absence of a LEED diffraction pattern, Fig. 4.2b, could be related to
the substantial atomic dispersion, with randomly varying atomic distances
of Bi-Se to Fe-Se in a QL.

With increasing of deposition temperature a sizable compressive stress is
measured, and a change of the LEED diffraction pattern is observed. De-
position at 298 K shows compressive stress of —2.3 N/m and a weak LEED
diffraction. A pronounced compressive stress of —3.5 N/m and a clear LEED
pattern, indicative of pronounced long range structural order, is observed for
depositions at 473 K.

The LEED diffraction pattern observed in a sample prepared at 473 K
shows diffraction due to different domains, see Fig. 4.2b. This is discussed in
our analysis in Ref. [63]. The diffraction pattern is described to a combination
of coexisting structures of BiySe3(0001) and FeSe. At elevated temperature
the formation of FeSe nanocrystal is promoted. FeSe grows in a three rota-
tional domains, as indicated in Fig. 4.2b by three sets of arrows with different
color code. In my measurements the coexistence of three rotational domains
on BisSes is also observed. Intense diffraction spots appear due to a overlap
of two diffraction points, from the BisSes surface and the FeSe nanocrys-
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tals. These intense spots are marked by red circles in Fig. 4.2b. We ascribe
the low intensity of these diffraction spots to the lower Fe coverage used
here, 0.3 ML Fe, as compared to 0.7 ML in Ref. [63], and the difference of
annealing/growth temperature may contribute further.

We attribute the increase of compressive stress, observed in Fig. 4.1, to
the formation of a-FeSe-like nanocrystals. For a quantitative analysis of the
stress at 473 K we recall the structural analysis by LEED and STM from
Ref. [63].

The lattice constants and the symmetry of bulk FeSe and BiySes are dis-
tinctly different. BisSes has an hexagonal surface unit cell with base vectors
of a = 4.14 A. FeSe has a square unit cell with a = 3.77 A [193]. The different
atomic spacing of BisSes and FeSe result in a Moiré pattern by superimpos-
ing the respective unit cells with specific orientations. The presence of a
Moiré pattern infers non-pseudomorphic growth. The formation of FeSe on
BiySes gives rise to strained FeSe, where the in-plane lattice constants a and
b differ by 2%. The LEED analysis [63] gives a rectangular surface unit cell
with @ = 3.77 A and b = 3.85 A. The expected stress for the formation of
orthorhombic FeSe nanocrystals can be estimated from the resulting strain
state of the FeSe nanocrystals.

The in-plane strain (g1 #e3) of FeSe on BiySe3(0001) is calculated with
respect to the lattice constant of bulk FeSe as

(s, — i)
g1 = W =0 (81)
aFeSe
and
(o — )
€9 = % = +40.021. (8.2)
FeSe

Thus, the misfit is anisotropic. FeSe formed on BiySe3(0001) shows a three
rotational domains. They are rotated by 120° from each other. Figure 8.2
shows a sketch of the directions of the domains with respect to the crystal-
lographic orientation of the BisSes crystal.

Because the three directions are crystallographic equivalent, the strain
for distinct domains can be calculated with Eq. 8.1 and Eq. 8.2. We assign
domain 1 with the directions 1 and 2 of the strain aligned parallel to the in-
plane [0110] and [2110] directions of BisSe3(0001), respectively. The stress
for each direction is calculated as [51]:

T = (1 + vey) (8.3)

and

(9 + vey), (8.4)
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Figure 8.2: Sketch of the BiaSes3(0001) substrate and the respective orientation
of FeSe domains rotated by 120°. The dashed structure represent BisSes surface.
The solid rectangles indicate a unit cell of FeSe. The Moiré pattern appears along
the b directions, and along direction a negligible strain results.

where Y and v are the Young’s modulus and the Poisson ratio of FeSe(001),
respectively. For FeSe bulk we have Y = 73.0 GPa and v = 0.179 [194].
Inserting the values for the domain 1, the calculated stress in each direction
is tensile with 71 = +0.286 GPa and m» = +1.6 GPa.

The presence of three rotated domains requires averaging of their respect-
ive stress contributions for the three domains. The transformation matrix a;;
is used in order to obtain the stress along the length and the width of the
crystal. The stress tensor 7; is written as:

e}

71
Tij =

oo
=Ny
coco

To obtain the stress contribution from the rotated domains, a tensor
transformation needs to be applied, following Ref. [51]:

’
B T e .s
Ty = @5 Tij (8.5)
. .
where 7, is the stress tensor of the rotated domain, a;; and ag are the trans-

formation matrix and its transposed, respectively. The transformation mat-
rix is written:

cosf@ —sinf 0
aij= | sinf cost 0 |,
0 0 1
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where 6 is the angle between the domains (d1, d2, d3): 6 = 120° for domain
2, and 6 = 240° for domain 3. We obtain:

+0.286 0 0
74— 0 +16 0 GPa,
0 0 0
+1.272 —0.5688 0
742 —0.5688 +0.6149 0 GPa,
0 0 0
+1.272  +0.5688 0
743 — +0.5688 +0.6149 0 GPa.
0 0 0

The total averaged stress of all three domains (77"

) is given by:
total __ 7—1311 + 7—1312 + 7-1313

TlJ - 3 )

where the superscripts d1, d2, and d3 identify the first, second, and third

domain, respectively. The resulting stress is isotropic in-plane

(8.6)

+0943 0 0
gt = 0 +0.943 0

g = GPa.
0 0 0

We conclude that the strained FeSe on BisSes gives rise to three stress do-
mains which lead to an average calculated isotropic in-plane tensile stress of
+0.943 GPa.

The result of compressive stress, shown in Fig. 4.1, is in contrast to the
calculated tensile stress. In order to make a proper comparison the stress ob-
served during deposition of Fe on BiySes we take into account the limitations
of the process to form FeSe. The amount of iron deposited and the arrange-
ment in three TL of nanocrystals on the substrate is considered. Based on
the areal atomic density of Fe calibrated by the quartz crystal monitor we
have 1 ML: 12.17 x 104 cm~2. However, the nanocrystals are distributed in
three TL described in Ref. [63], with an average thickness of 15 A. Therefore,
the deposited amount of Fe of 0.3 ML resulting in (0.3/3)-15 A FeSe. We can
consider the quantity of FeSe formed with Fe deposition as effective thickness
tet, and the stress is calculated with
(8.7)

g
TFeSe = t_ )
eff
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where o is the measured stress change, and toq = 0.1 - 15 A. The film stress
measured during Fe deposition at 473 K is —3.5 N/m, extracted from Fig. 4.1.
This gives rise to an experimental compressive film stress of —23 GPa.

The experimental film stress has an opposite sign and it is roughly a
factor of twenty larger than the calculated stress for strained FeSe/BisSes.
Obviously, the stress calculation, which consider epitaxial misfit only, misses
important contributions to the experimental film stress.

The huge compressive stress can be the result of atomic-scale intermixing
and atomic dislocations during Fe deposition and FeSe formation. Deposition
at 298 K also shows a significant compressive stress of —14 GPa, where the
same surface order is deduced from LEED measurements. As described in
Ref. [189], for 0.3 ML of Fe deposited at 160 K on BisSe; the Fe atoms already
replace Bi atoms in a substantial relaxed structure. Only after annealing at
higher temperature an ordered a-FeSe-like structure is formed.

In summary, the experimental results on film stress of Fe on BiySes in-
dicate compressive stress in contrast to the epitaxial stress calculated for
epitaxial strained orthorhombic FeSe. This indicates that epitaxial strain
is not the dominant source of film stress. The replacement of Bi with Fe
induces a substantial structural disorder. This displacement has been re-
ported in Ref. [189] for a low temperature of Fe deposition. The annealing
procedure induces nanoislands of a-FeSe-like as pointed out in our work [63].
These nanoislands are distributed in three rotational domains in accordance
with the symmetry of the hexagonal structure of the BiySe3(0001) substrate.
The complexity of the FeSe formation process is apparent in view of stress
analyses as a function of temperature. Further investigations are needed to
clarify the origin of the compressive stress, and identified where the Bi atoms
go. Next, I discuss growth, stress, and magnetic properties of Fe films on
noble metal substrates.

8.2 Relation of stress, strain and structure of
Fe films

The strain of a film grown epitaxially on a metallic surface has a prevailing
contribution to the epitaxial misfit stress. The epitaxial stress originates
from the misfit of the lattices constant of the involved materials. The misfit
is calculated as described in Eq. 2.3 for an isotropic in-plane strain. The
growth of bee Fe on Ag(001) or Au(001) is described by an Fe unit cell which
is rotated by 45° with respect to the substrate surface unit cell [55].

This rotation results in a minimal mismatch of less than 1% of the unit
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Figure 8.3: Hard spheres model of the in-plane arrangement of the Fe bce unit
cell on the Au fee unit cell in epitaxial growth.

cells. This small strain does not impede epitaxial growth, and film growth
with epitaxial misfit strain is expected. Figure 8.3 shows a sketch of the
epitaxial relation.

This 45° rotation of the Fe unit cell gives rise to a small misfit of +0.8 %
and +0.6 % on Ag(100) and Au(100), respectively. This misfit between film
and substrate induces tensile film stress. The misfit stress is calculated with
Eq. 2.4 from Fe bulk elasticity. The biaxial modulus Y/(1 — v) values used
in this thesis are presented in Table 3.1, Chapter 3. The misfit of +0.8 % of
Fe on Ag(001) gives rise to a calculated tensile stress of +1.7 GPa. Likewise,
+0.6 % misfit of Fe on Au(001) yields a tensile stress of +1.4 GPa. Thus,
epitaxial growth in a layer-by-layer mode should lead to a constant tensile
film stress of the calculated magnitude.

Surprisingly, the experimental film stress shows a distinctly different be-
havior, shown in Sections 5.1 and 6.1. For both substrates I identify a stress
region labeled Il in Fig. 5.1 and 6.1 where a non-monotonic stress is measured.
The negative slope indicates compressive stress, in contrast to the calculated
tensile stress. The compressive region lasts up to a critical thickness. The
critical thickness is different for Au and Ag(001). Thus, the analysis of Fe
growth on each substrate, Ag(001) and Au(001), is discussed separately. In
the first Subsection 8.2.1, I focus on the relation of films stress and the growth
mode of Fe on Ag(001). In the next Subsection 8.2.2 I perform the analysis of
Fe on Au(001). We shall see that surface reconstruction and interdiffusion are
important aspect to understand the stress behavior. Thus, Subsection 8.2.3
discusses the relation of stress due to surface reconstruction and self-diffusion
during deposition of Au films on a strained Fe film on Au(001).
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Table 8.1: Calculated surface stress 7, surface free energy v of Fe and Ag,
the methods of calculation are indicated: FP-LAPW full potential linear
combination of augmented waves, F'S: empirical n-body Finnis-Sinclair po-
tencial, EAM: embedded atom method, EMTO: exact muffin-tin orbitals,
FPLO: full-potential local-orbital , PAW: projector-augmented-wave, KKR-
ASA: Korringa—Kohn—Rostoker-atomic sphere approximation. Compilation

from [49].
Material Surface stress Surface free energy ~ Method  Reference
Tioot] (N/m) v (J/m?)

Ag(001) 1.59 KKR-ASA  [199]

0.82 0.70 EAM [195]

1.6, 1.1* 0.76, 0.75* FS [196]

1.2 [200]

1.09 [201]

1.3 [202]

Fe(001) 0.5 2.45 EMTO [203]

1.39* 2.55, 2.50* PAW [198]

3.50 KKR-ASA [199]

0.57 2.62 EMTO [197]

1.15 3.09, 3.07* FPLO [197]

2.6 FP-LAPW [198]

2.48, 2.47* PAW [204]

2.32, 2.29% PAW [205]

2.22 [200]

“Surface layer relaxation included.

8.2.1 Growth and stress of Fe on Ag(001)

Here, T discuss the stress results of Fe on Ag(001) presented in Chapter 5.1,
in view of growth mode of the Fe films. I start with the stress of Fe deposited
at 298 K, shown in Fig. 5.1. The film stress is separated into regions where
the stress curve changes its slope. The first region already reveals a deviation
from the misfit stress. In region I, two aspects need to be considered, surface
stress and misfit stress. For the first 0.5 ML of Fe deposition, the stress is
0.2 GPa larger than the calculated misfit stress (+1.7 GPa). This implies
a small tensile stress contribution from the surface stress change. It is not
obvious which surface stress value to choose for Ag(001) and Fe(001) due to
the wide spread surface stress values found in the literature [195-198|.

Table 8.1 shows the calculated surface stress and surface free energy of Fe
and Ag. The Table 8.1 reveals variations on surface stress and surface free
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energy, for different calculations method. The surface free energy obtained
for Fe is always larger than for Ag. In contrast, for the surface stress there is
no clear tendency. The range of surface stress values of Fe(100) and Ag(100)
are 0.5-1.3 N/m and 0.8-1.6 N/m, respectively. Based on the surface stress
from Table 8.1, predicting the change of surface stress is prone to errors,
as the difference of the surface stress (7p + TRe-Ag — TAg) can result in either
positive or negative stress. And in view of interfacial intermixing the interface
stress (Tpe-ag) cannot be simply neglected. Thus, we can only conclude from
the stress measurements that the resulting stress is tensile, which we assign
to a change from a low surface stress, Ag(001), to a higher tensile surface
stress for Fe/Ag(001). Thus, the stress data suggests a larger surface stress
for Fe(001) as compared to Ag(001).

The stress curve reveals an unexpected compressive stress in region II in
Fig. 5.1. To elucidate the nature of this inversion of stress, we consider the
role of the growth mode. The deposited material can form islands on the
substrate, or it can alloy into the first or deeper layers. The resulting surface
alloy formation is linked to surface segregation [199,206,207].

Interface formation Fe/Ag(001)

The segregation energy is the energy cost of transferring a solute atom
(in this case the deposited material - Fe) from the interior to the surface of a
host crystal (substrate - Ag). Thus, the segregation energy is the difference
in the total energies of the system with the impurity in a surface layer and
within the bulk (Esegr. = Eimpur. on surf — Eimpur. in bulk)- A positive segregation
energy means the solute favors to be inside the substrate bulk. A negative
segregation energy indicates that the impurity tends to stay on the substrate
surface.

Another important indicator for segregation are structural relaxations. In
conjunction with the segregation effects one can determine whether the solute
will form a solid solution (mixed phase) or separated phase (the solute atoms
stick together). For a negative value of the mixing energy the tendency is a
repulsive interaction between the solute atoms, resulting in a solid solution.
For a positive mixing energy the deposited elements attract each other, and
a phase separation is expected.

Table 8.2 shows the calculated segregation energy for the Fe/Ag system
from different references.

For the Fe/Ag(001) system, the segregation energy is calculated as +0.41 eV /
atom and the mixing energy of —0.15 eV/ atom |207|. This means Fe has a
tendency to go into the bulk of Ag where it forms a Fe-Ag solution. Diffusion
processes will lead to a mixed interface.
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Table 8.2: Calculated surface segregation energy and mixing energy of Fe -
bee on Ag - fee, from the surface free energy.
Material = Segregation energy Mixing energy Method Reference

(eV/atom) (eV/atom)
Fe/Ag 10.54 KKR-ASA  [199]
+0.41 KKR-ASA  [206]
+0.41 —0.15 LMTO-ASA  [207]

The intermixing phase at the interface Fe/Ag has been observed experi-
mentally [56-59,153,155,157,158,163]. In a systematic work, Canepa and co-
authors [56,58,153], observed evidence for interdiffusion of Fe and Ag. They
proposed two consequences of this atomic interdiffusion: interface intermix-
ing and substrate segregation. Substrate segregation means that substrate
atoms migrate to the surface of the deposited film [56,58,153,154], i.e. Ag
diffuses to the top of the Fe film.

The interface formation between Fe and Ag depends strongly on the
growth temperature. At low temperature, up to 250 K, Fe-Ag interdiffu-
sion is restricted |56,58,153,208| to the interface region. The diffusion occurs
by atomic exchange. The region of coexistence of Fe and Ag, is limited to the
interface. Hahlin and co-authors [163| conclude that the intermixing of Fe
and Ag for deposition at 120 K affects the structure of the film up to 3 ML
Fe deposition. They notice a pseudo phase transition from a bcc to a fec-like
structure in the Fe film. This structural modification induces a tetragonal
distortion of the Fe film. The authors attribute this structural change to the
presence of intermixing [163].

At higher growth or annealing temperature (250 < 7y < 300 K) an
additional process occurs. The higher temperature results in a segregation
of Ag to the top of the Fe film (Ag surface segregation), plus interfacial
intermixing [33, 56, 156, 209]. At even higher temperature (7, > 450 K)
diffusion into the bulk increases, which can result in a dissolution of Fe in
the bulk of the Ag crystal [153-156].

These temperature-induced diffusion phenomena need to be considered
to appreciate the non-trivial stress behavior of Fe on Ag(001). The inversion
of film stress, Fig. 5.1, to a compressive stress could be attributed to the
atomic exchange and thermally activated diffusion between Fe and Ag. This
results in an interfacial intermixing and Ag segregation on top of the Fe film.
The direct evidence of Ag segregation was obtained from the AES analysis
of the surface composition of thick Fe films. The AES results of as-grown
80 ML Fe, indicates the presence of Ag floating on top, see Fig.5.2b. Ag is
successfully removed after short sputtering. From the sputtering rate and
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exposure time, we estimate that 1 ML of Ag is floating on top of the Fe film
grown at 298 K, in agreement with Ref. [33,153].

We picture the interface Fe/Ag(001) as an Fe matrix with embedded Ag
atoms, forming a coexisting region of Fe-Ag atoms. A way to look at the
resulting stress is to imagine the growth of an Fe-Ag alloy on Ag. Several
attempts to grow Fe-Ag alloy are described in the literature. Fe-Ag alloys
have been prepared with different growth methods [210-215]. A metastable
cubic phase of Fe-Ag alloy is obtained using sputtering, sol-gel method, laser
deposition, and evaporation as growth techniques.

Krebs and co-authors [216], fabricate an Fe-Ag alloy film by pulsed laser
deposition. They measured the in-plane lattice constant by grazing incidence
diffraction experiments. They found that a film of FegsAg;7 has an in-plane
lattice constant 0.076 A larger than the pure Fe film. This implies that
the in-plane lattice constant of Fe-Ag alloy is 2.936 A, in a cubic structure.
Reference [211] investigated the structure of the Fe-Ag alloy with changing
atomic concentration. They observe that Fe-Ag has a tendency to rearrange
in a bce lattice with increasing Fe concentration. Therefore, the misfit of
Fe-Ag bee (a = 2.936 A) on Ag fee (a = 4.08 A) is calculated using Eq. 2.3
as

N = (arg — Qre-Ag)/Are-ag = —1.73%. (8.8)

The expected stress calculated from the misfit in Eq. 2.4 takes into ac-
count the biaxial modulus of the film (Fe-Ag). In Ref. [211], the Young’s
modulus of the alloy was measured, They observed that the Y of the alloy
approximates to Fe Young’s modulus with increasing Fe concentration. The
resulting stress is 7 = —3.6 GPa. This expected stress for the direct depos-
ition of an Fe-Ag alloy on Ag(001) (7 = —3.6 GPa) is much higher than the
observed stress change in region II (7 = —0.05 GPa), in Fig. 5.1.

This reference to the deposition of an Fe-Ag alloy is far from the real
experiment, where only Fe is deposited. Consequently, we take this only as a
qualitative hint, that a compressive stress change may be linked to an Fe-Ag
alloy formation.

Further studies are called for to identify the interface structure of Fe on
Ag(001). Hahlin and co-authors [163] explored the experimental results of
X-ray absorption fine structure (EXAFS) for a 3 ML Fe film on Ag(001) to
simulate the Fe/Ag interface. They mimic intermixing at the interface using
model clusters to improve the agreement with experimental data. However,
the crystalographic structure at the interface is more complex, and a defin-
itive assignment of the crystal structure remains open [163].
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Growth mode of Fe on Ag(001)

Studies of the growth mode of Fe on Ag(001) brought controversial con-
clusions. Reports of Frank-van der Merve (layer-by-layer) growth to Stranski-
Krastanov (2D to 3D islands) growth mode were found [34-37,54-57,59]. The
outcome is that the deposition rate and temperature play a crucial role for
the growth mode. In this work, we kept the deposition rate fixed at 1 A per
minute as described in Section 3.4. I changed the deposition temperature to
study the effect on film stress. In order to avoid solution of Fe in the Ag bulk
higher deposition temperature than 298 K are not investigated.

The measurement of stress change is susceptible to changes in the growth
process. A change in growth mode could produce remarkable and significant
effects [51]. The stress during growth at 298 K, region IV in Fig. 5.1, reveals
a small change in the slope. We attribute this change of stress to a change of
growth mode. For this deposition conditions (298 K and 1 A /min) the growth
mode of Fe on Ag is Stranski-Krastanov with interdiffusion up to 5 ML. It
changes to Frank-van der Merve plus interdiffusion at higher thickness. Ag
segregation can be distinguished in thicker films, as discussed in Ref. [57].
Note that in thin films Ag segregation may also be expected, but it is not
possible to identify the origin of the Auger signal as due to interfacial Ag or
due to Ag segregation. The possibility of a change in growth mode of Fe on
Ag promoted by Ag acting as a surfactant [33] can be considered. A flat Fe
film under a surfactant is discussed for Fe/Au system [33]. This change in the
growth mode was also observed by RHEED and LEED measurements [159,
217].

It is known that a growth temperature of 120-250 K restricts the inter-
diffusion to the interface according to Ref. [58,59|. Other authors report, in
Ref. [56,163], that intermixing at this low temperature takes places mainly
up to 3 ML. The growth is Stranski-Krastanov, and no evidences of change
of growth mode has been reported.

The low temperature (200 K) stress measurement, in Fig. 5.3a, show
a different behavior as compared to growth at 298 K. The film stress is
described by three regions. The first region is attributed mainly to the change
of surface stress. The tensile stress in the region I is +2.7 GPa. This is
larger as compared to growth at 298 K. A quantitative analysis suffers from
the considerable spread of surface stress data, as showed in Table 8.1. As
mentioned in the beginning of this section the huge range of surface stress
obtained from literature for each element would allow both possibilities, a
negative and a positive surface stress change. We only can conclude that the
surface stress contribution appears to be more dominant for low temperature
deposition.
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In region II of Fig. 5.3a, the slope of the stress curve changes to +1.0 GPa.
This change is confined to an Fe thickness range of 0.5 to 3 ML. We deduce
that the thermal energy at 200 K is not sufficient to allow Ag atoms to
segregate to the top most layer at higher Fe film thickness. This stress change
compared to deposition at 298 K is ascribed to the reduced interdiffusion.
The interdiffusion at 200 K gives rise to interfacial intermixing up to 3 ML |56,
163], which is the thickness where the slope of the stress curve changes again.

The interfacial intermixing at 200 K is expected to be strongly reduced as
compared to deposition at higher temperature. Thus, a reduced interfacial
intermixing may result in the absence of the compressive stress in the region
I1, in agreement with our results in Fig. 5.3a.

Region III in Fig. 5.3a is reached after 3 ML Fe deposition, a tensile
stress of +0.7 GPa is observed up to the end of 13 ML deposition. The stress
observed in region III is considerably less than for deposition at 298 K.

The Stranski-Krastanov growth mode can impact the stress relaxation
in the islands. The smaller stress in the film might be the result of the
film morphology, showing small islands. A relaxation at the edges of the
islands leads to a reduction of stress |218,219|. Film dislocations are further
mechanism for stress reduction [143]. However, there is no evidence for misfit
dislocation formation from the structural analysis, see below. Therefore, this
reduction of stress may be related to the growth mode of Fe on Ag at low
temperature.

The structural measurements, presented in Chapter 5.1, show differences
in the films grown at different temperatures (200 and 298 K). The increase of
intensity and sharpness of the LEED diffraction spots at 200 K is ascribed to
the absence of Ag segregation. The suppression of segregation and a reduced
intermixing also give rise to a smaller Ag/Fe ratio in AES as compared to
298 K deposition, as observed in Fig.5.3b and c.

In conclusion, the stress measurements at different growth temperatures
provide new insights into the growth processes of Fe on Ag(001). We shed
new light on the interdiffusion process, and its impact on growth mode, inter-
facial intermixing and Ag surface segregation. Stress measurements identify
different modes of interface formation during Fe growth on Ag(001). A com-
pressive stress as an indicator for pronounced interdiffusion during deposition
at 298 K was discussed. This compressive stress is mainly observed due to
interfacial intermixing during deposition. The stress measurements also in-
dicate the change in growth mode for depositions at 298 K where a tendency
of layer-by-layer growth is found in thicker films. In comparison, the film
grown at 200 K presents reduced interfacial intermixing with negligible sur-
face segregation and no change in growth mode [56|. Therefore, the stress
results during Fe deposition at 200 K reveals no compressive stress and no
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Figure 8.4: Schematic of the Fe film on Ag(001) for growth at a) 298 K and b)
200 K. The interfacial intermixing and Ag segregation are represented.

change of slope for thicker films.

These findings indicate the drastic influence of temperature on the in-
terface formation of the resulting stress change of the Fe/Ag(001) system.
This temperature-dependence is also evident in the magnetoelastic coupling
measurements as discussed in Section 8.3, when the change of morphology
leads to a reduced magnetoelastic stress for low temperature deposition.

In summary, our results corroborate the view that Fe growth at 298 K
leads to interfacial mixing of Fe-Ag, where the interface is capped by a com-
plete Fe film, which is covered by 1 ML of Ag floating on top [33,153]. The
growth mode changes for Fe films thicker than 5 ML [159,217]. For growth
at 200 K, we deduce a Stranski-Krastanov growth mode with much less in-
terfacial mixing and absence of Ag segregation on top of the Fe film [56].
Figure 8.4 shows a schematic of the Fe film grown on Ag(001) for different
growth temperature, following the conclusions extracted in this work.

Next, a corresponding analysis of the stress signature is performed for Fe
growth on Au(001).

8.2.2 Growth and stress of Fe on Au(001)

Here, T discuss the stress results of Fe on Au(001) presented in Section 6.1,
Chapter 6. The analysis is done in view of film structure, intermixing, and
segregation of Fe on Au(001).

Our result of the stress change during growth of Fe on Au(001) at 298 K
reveals a deviation from the calculated misfit stress. The film stress as a
function of Fe deposition from Fig. 6.1a was separated in three regions, given
by the change of slope of the stress curve. In region I, the observed stress
change includes contributions of surface stress and epitaxial misfit stress. In
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this region a small stress peak below 0.5 ML Fe deposition is observed. This
region is discussed below, and it is proposed that it is linked to the lifting of
the (1x5) reconstruction of Au(001) surface [42,61].

Lifting of the surface reconstruction: Au(001)-(1x5)

Figure 6.1b, in Section 6.1, shows the LEED pattern of clean Au(001) and
after 0.5 ML Fe deposited. The LEED images reveal the diffraction pattern
indicative of the (1x5) reconstruction for the clean Au surface, and it shows
a (1x1) pattern for the epitaxial Fe film. We conclude that 0.5 ML Fe is
sufficient to lift the (1x5) surface reconstruction of Au(001).

The lifting of the surface reconstruction of Au has been reported before
to occur after 0.4 ML of Fe deposition [42,61], in good agreement with our
results.

The non-reconstructed (1x1) surface of Au(001) can be prepared by a
reactive ion bombardment following the procedure from Ref. [151]. The
Au(001) surface is submitted to an O-sputtering (ion energy 200 eV) at 1 pA
for 60 minute. The bombarding species remain as impurities just after the
sputtering. Within minutes the amount of O-ion at the surface is consider-
ably reduced due to desorption. As pointed out by Ref. [151], the surface
structure does not change during this desorption, and it remains (1x1).

To observe the difference of stress change, I deposited Fe on Au-(1x1)
(001), after the cleaning procedure described above. The stress results of
Fe/Au-(1x1) is shown in Fig. 8.5.

Figure 8.5a shows the deposition of 25 ML Fe on Au(001) (1x5) and
on the unreconstructed Au(001)-(1x1). The regions I, II, and III show the
change of slope as described in Section 6.1. The stress measurement of Fe
deposited on Au with the (1x1) surface is presented in Fig. 8.5a, in red.
The black curve shows the stress change for deposition on the (1x5) surface,
for comparison. The zoom-in of deposition up to 2 ML Fe is presented in
Fig. 8.5b. Region A in Fig. 8.5b, shows the Fe deposition up to 0.5 ML. This
region highlights the stress where the surface (1x5) is lifted. The curves
differ from each other. The region of interest here is the labeled region A, for
the stress curve below 0.5 ML Fe. A small depression is observed at 0.25 ML
for the black curve, whereas the red curve shows a shoulder-like peak.

This difference of the stress curves could be due to 1) the lifting of the Au
reconstruction, or 2) a result of a change of growth mode due to the different
surface roughness. A third 3) possibility for the stress difference can be
related to contamination of the (1x1) surface by Oxygen. LEED and AES of
the Au(001) cleaned with both procedure, Ar-sputtering plus annealing and
O-sputtering, are shown in Fig. 8.6a. The spectra are identical with the main
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Figure 8.5: a) Film stress change during Fe deposition on Au(001) on different

surfaces, reconstructed (1x5) (black curve), and unreconstructed Au(001) (1x1)

(red curve). b) The zoom-in shows the stress change up to 2 ML deposition.

Region A presents the stress during Fe deposition where the lifting of the surface
reconstructuion is observed at 0.5 ML.

peaks at 69, 150, and 239 eV of clean Au, also presented in Section 3.4. The
LEED pattern at 58 eV of each surface is inserted. The LEED diffraction
reveals a distinct pattern of (1x5) and (1x1). The LEED diffraction of
the (1x1) surface shows blurred, broad diffraction spots, in contrast to the
(1x5) pattern. The poor long range order of the unreconstructed surface
suggests that a rough surface is obtained after the cleaning procedure. The
surface roughness can be reduced upon annealing, however, high temperature
initiates the surface reconstruction. Therefore, annealing after O-sputtering
was not performed.

Figure 8.6b shows the Auger spectra of 25 ML Fe deposited on different
Au surfaces. After Fe deposition the main peak of Au at 69 eV, and the three
Fe peaks at 598, 650, and 703 eV are visible. The intensity peak of Au of both
curves differ and in the blue spectrum a peak at 503 eV is visible. The AES
peak at 503 eV is attributed to the presence of oxygen at the surface [220].
Oxygen contamination is a result of the adopted preparation procedure to
remove the surface reconstruction. As pointed out in Ref. [151] during the
preparation procedure O-ions are implanted in the bulk. Although the AES
of the crystal looks free of oxygen, after Fe deposition the oxygen implanted
in the bulk comes near the surface and the AES peak at 503 eV becomes
visible.

The question of the stress signature of the lifting of the reconstruction is
still open. The roughness and the implanted ions make this procedure under
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Figure 8.6: a) Auger spectra of the clean Au - (1x5), in black, and the (1x1)
surface, in red. The respective LEED diffraction at 58 eV is identified by the color
code arrows. b) The AES after deposition of 25 ML Fe on the (1x5) and the (1x1)
surface are plotted in green and blue, respectively. The LEED image is inverted,
dark means high, and white means low intensity. The Auger spectra are vertically
shifted for sake of visualization.

in its analysis with respect to surface reconstruction. Further investigations
with different procedures to obtain Au(001)-(1x1) are needed.

Interface formation Fe/Au(001)

[ continue to discuss the stress of Fe on Au(001)-(1x5) grown at 298 K,
see Fig. 6.1a .

After the small stress peak in region I, the measurement reveals a slope
indicative of a tensile stress of +5.5 GPa. This stress is four times larger than
+1.4 GPa calculated from misfit. This implies that the change in stress has a
strong contribution from surface and interface stress. A huge range of surface
stress values for Au and Fe are reported in literature. Table 8.3 compiles the
values of surface stress and surface free energy from the literature of Au(001)
and Fe(001).

Similar to the Fe/Ag system, Fe and Au are presented with several values
of surface stress and surface free energy for different calculations. All values
for the surface free energy of Fe(001) are larger than the calculated surface
free energy of Au(001). However, the surface stress reveals no clear tendency
for Fe and Au.

The range of surface stress values of Fe(100) and Au(100) are 0.5-1.3 N/m
and 0.9-2.9 N/m, respectively. Based on Table 8.3, predicting the contribu-
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Table 8.3: Calculated surface stress 7, surface free energy ~ of Fe and Au.
The methods of calculation are indicated: FP-LAPW full potential linear
combination of augmented waves, F'S: empirical n-body Finnis-Sinclair po-
tencial, EAM: embedded atom method, EMTO: exact muffin-tin orbitals,
FPLO: full-potential local-orbital , PAW: projector-augmented-wave. Com-
pilation from [49].

Material Surface stress Surface free energy ~ Method  Reference

Tiooy (N/m) v (J/m?)
Au(001) 1.88 KKR-ASA  [199]
0.92 1.79 AEM [195]
2.9, 1.8% 0.79, 0.77* FS [196]
1.6 200]
1.3 [201]
1.6 202
Fe(001) 0.5 .45 EMTO [203]
1.39% 2.55, 2.50* PAW [198]
0.57 2.62 EMTO 197]
1.15 3.09, 3.07 FPLO [197]
2.6 FP-LAPW [198]
2.48, 2.47* PAW [204]
2.2 1200]
2.32, 2.29* PAW [205]

“Surface layer relaxation included.

tion of surface stress on the stress change is prone to errors, as the change of
the surface stress (Tpe + Tre-Au — Tau) €an result in either positive or negative
stress. And in view of interfacial intermixing the interface stress (7Tpe.ay) can-
not be simply neglected. Thus, we can conclude from the stress curve that a
change from low surface stress, Au(001), to higher tensile surface stress for
Fe/Au(001) is observed. This suggests a larger surface stress for Fe(001) as
compared to Au(001).

This region I, where the surface stress has a strong contribution, lasts up
to 1.5 ML of Fe deposition. Then a compressive stress is observed, which
defines region II. Region II, in Fig. 6.1a, extends from 1.5 to 7.5 ML of Fe
deposition. In this case, in contrast with Fe/Ag, the compressive stress is
larger and extends to higher Fe thickness. To elucidate the nature of this
compressive stress, we recall the investigation on the surface segregation of
Ref. {199,206, 207|.

A reminder: segregation energy is the energy cost of transferring a solute
atom from the interior to the surface of a host crystal. A positive segregation
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Table 8.4: Calculated surface segregation energy and mixing energy of Fe -

bee on Au - fec.
Material Segregation energy Mixing energy Method Reference

(eV /atom) (eV /atom)
Fe/Au 10.61 KKR-ASA  [199]
+0.45 KKR-ASA  [206]
+0.50 +0.76 LMTO-ASA  [207]

energy means the solute favors to be inside the substrate bulk. A negative
segregation energy indicates that the impurity tends to stay on the substrate
surface. In a positive segregation energy the mixing energy can also be
calculated. For a negative value of the mixing energy the tendency is a
repulsive interaction between the solute atoms, resulting in a solid solution.
For a positive mixing energy the deposited elements are under an attractive
interaction, and a phase separation is expected.

Table 8.4 shows the segregation energy calculated for the Fe/Au system.

Accordingly to Table 8.4, Fe on Au presents a positive segregation en-
ergy of +0.50 eV /atom and a mixing energy of +0.76 eV /atom [207]. As
discussed above for Fe/Ag, the positive segregation energy suggests that Fe
atoms prefer to go into the Au bulk. In contrast, the positive mixing en-
ergy indicates a preference for phase separation in the mixing interface. This
means Fe tends to cluster together, instead of binding with Au atoms.

Therefore, we attribute the compressive stress to the interdiffusion pro-
cess, which results in interfacial intermixing of Fe-Au. The atomic exchange
between Fe and Au has been observed experimentally [40,41,62|. Similar to
Fe/Ag, the interdiffusion is thermally activated |41, 62|, and results in Au
surface segregation in addiction to the interfacial intermixing [40].

The higher compressive stress as compared to Fe/Ag could result form
the different mixing energies. The mixing energy in Fe/Au is positive, which
suggests Fe clustering in the Au bulk. The interface of Fe/Au has been
discussed in Refs. [38,40,62| in view of temperature-induced interterdiffusion.
The authors conclude that the interdiffusion during deposition of Fe on Au
at room temperature results in Au segregation on top of the Fe film and
interfacial intermixing.

An analysis of the expected stress at the interface due to the intermixing
was made in the previous Section 8.2.1 for Fe/Ag. We follow a corresponding
analysis here for Fe on Au(001).

Fe-Au alloys have been reported before [43,221,222|. At room temperat-
ure a tetragonal L1, structure is expected. However, the structure and distri-
bution of the intermixing at the interface has not been resolved yet [41,43,60].
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Table 8.5: Calculation of misfit 7 and stress 7 from the lattices parameters
given in Ref. [224].
Alloy Fe lattice a (A)  misfit (%) stress 7 (GPa)

Fel/Au5 2.91 —1.0 % —2.0
Fe;/Auy 2.99 —3.6 % —7.5
Fe;/Au; 2.81+0.32=3.13 7.9 % —16
Fe;/Aus 2.81+0.17 = 2.98 —-33% —6.9

To investigate the influence on magnetic properties, several structures of the
Fe-Au alloy were considered [221,223,224].

Sternik and co-authors [224] calculated the structure and formation en-
ergies of Fe, /Auy, alloys and superlattices. We choose four combinations for
Fe-Au alloy structures, which have minimum energies and atomic stability.

From the in-plane lattices and in-plane dislocations given in Ref. [224]
we calculate the expected misfit n, with Eq.2.3, and the respective stress 7,
with Eq. 2.4, representing the deposition of an Fe-Au alloy on Au(001). The
lattice parameters, from ref. [224|, and the calculated misfit and stress results
are given in Table 8.5.

It is important to notice that all suggested configurations of Fe-Au alloys
result in a compressive misfit stress. For Fe on Au(001) this compressive
stress, in region II of Fig. 6.1, is observed from 1.5 to 7.5 ML Fe with a
magnitude of —1.3 GPa. The results of expected stress shown in Table 8.5
do not reproduce the same magnitude of compressive stress observed exper-
imentally. The simulation of an Fe-Au alloy deposition on Au(001) is far
from the real experiment, where only Fe is deposited. This approximation
of the deposition of Fe-Au alloy gives only a qualitative result, which is a
compressive stress change.

In region IIT of Fig. 6.1a the stress curve shows a positive slope. The
slope represents a tensile stress of +1.5 GPa. The slope of the stress change
is close to the calculated misfit stress of +1.4 GPa. We conclude that in
region IIT misfit is the main origin of film stress. The LEED results, Fig. 6.2a,
show sharper and more intense diffraction spots after 10 ML Fe deposition.
This is attributed to the improvement of the long range epitaxial order. To
understand this improvement of the LEED diffraction pattern we discuss the
growth mode of Fe on Au(001) next.
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Growth mode of Fe on Au(001)

The impact of Au segregation on the growth mode of Fe on Au(001) has
been heavily investigated. Some authors consider that Au atoms act as a
surfactant, promoting a Frank-van der Merwe growth mode leading to a flat
Fe film [38,39,41-43,60]. In contrast, other authors concluded that Fe grows
in the Stranski-Krastanov mode [40,61,62].

According to Ref. [38,42] the interdiffusion of Fe starts after 0.5 ML, facil-
itated by the lifting of the reconstruction surface, and continues up to 5 ML.
This interdiffusion is affected by temperature and results in Au segregation
and /or interface intermixing [225,226]. Thus, temperature-dependent stress
measurements have the potential to clarify the interfacial process.

Stress measurements at different growth temperature are qualitatively
similar, and show only some quantitative differences, see Fig. 6.3. In con-
trast to Fe/Ag, the compressive stress is also observed at all deposition tem-
peratures (200 K - 375 K). This indicates that interdiffusion of Fe/Au(001)
is not strongly affected in this range of growth temperature. Therefore, the
intermixing at the interface is not significantly reduced even for deposition at
200 K. The differences of the stress curves in Fig. 6.3 could also be ascribed
to a change in film roughness during growth [39], and to the variation of Au
surface segregation.

A recent study of the implications of Au segregation on Fe film growth
on Au(001) was made in Ref. [227]. The authors observed an increase of
roughness as a function of increasing Fe thickness for deposition at room
temperature. They attribute the increase of roughness to the reduction of
Au surfactant coverage as the Fe thickness increases. Furthermore, they dis-
cuss the development of film roughness and Au segregation upon annealing.
They observe that the roughness of the film is reduced with increasing an-
nealing temperature, and Au segregation is enhanced [227]. This suggests
that the increase of temperature will induces a flatter Fe film with increased
Au segregation. This finding speaks in favor of the change of film roughness
with variation of growth temperature. Thus, the quantitative changes of the
stress curves are ascribed to a change of film roughness.

Distinct and prominent changes are observed, however, in the LEED and
Auger results, presented in Fig. 6.4a and b.

The Auger spectra show an increase of the ratio Au/Fe with increasing
growth temperature. We assign this result to the increased Au coverage
floating on top of the Fe film, as suggested in Ref. [227|. The increased
amount of Au segregation affects even the crystalline order of the surface, as
seen in LEED measurements. LEED shows sharper, more intense diffraction
spots as the deposition temperature is increased. Also, a split of the (1,0)
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Figure 8.7: Model of the surface structure of two antiphase domains with an
antiphase boundary, where the Au atoms form subdomains with (1x1) patterns
with two-fold symmetry on Fe(001).

and (0,1) beams is observed, as shown in the sketch of Fig. 6.4b.

The split of the LEED spots are normally associated with changes of
structure and with the formation of a superstructure [143,228,229|. The
diffraction pattern due to the superstructure is improved with increasing
temperature [143]. A weak superstructure has been reported for a 2 ML Fe
film deposited on Au(001) at 570 K |62|, while the (1 x 1) beams remained
very sharp and intense. The authors [62] suggest that the appearance of
superstructure is related to the intermixing or alloy formation in the surface
region due to the increased temperature. This hypothesis is supported by a
gentle 1 min sputtering, which removes the extra spots in LEED and the Au
peaks in AES.

The additional spots on LEED, at specific diffraction positions, are pre-
dicted to arise due to surface structure, as discussed by Ref. [175]. Similar
split spots were a specific observed for chlorine chemisorbed on W(001) [175].

According to Ref. [175], the split is the result of surface domains with
(1x1) structure, which are dislocated in relation to similar domains. These
domains preserve the long-range order, but due to the existence of subdo-
mains of equal structure out-of-phase, a superposition of the diffraction of
both structures is observed. These domains are arranged in a fashion that
result in a splitting of specific beams of the diffraction pattern, in this case
equivalents (1,0) and (0,1) beams.

Estrup and co-author [175] present a model to explain the split of only
specific beams. Figure 8.7 represents in hard spheres a sketch of this model.

Figure 8.7 shows two different Au domains, labeled I and II. In [175] the
subdomains have a (1x1) unit cell with two-fold symmetry. The structure
model shown in Fig. 8.7 represents a surface structure of the Fe film with
the Au atoms on top with two-fold symmetry on Fe(001). The vector d
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represented in Fig. 8.7 connects the boundary of these two domains. The
vector d satisfies d = dia; + dsaz, where d; are integers and a; are the
reciprocal vectors.

The reciprocal net vector of a reciprocal point to the origin is u = haj +
kaj, where h and k are the integers associated lattice rods and aj , are
perpendicular reciprocal vectors.

The condition of a split diffraction beam is determined by a modulating
function,

1

where n is an integer. The beams that split are determined by the vector
d. The prediction of a splitting of the (1,0) and (0,1) beams, but not of the
(1,1) beam, results when d = %al — %aZ. Therefore, the Eq. 8.9 results in
3h —k =2n + 1 and yields a split on (1,0) and (0,1) beams.

This model describes the split of specific diffraction spots in good agree-
ment with our experimental observations. However, the observation of addi-
tional spots in LEED is not sufficient to reveal the origin of this structure.
Further investigations are needed to determine exactly the domain orienta-
tion in our system. Thus, an indication of superstructure induced by higher
temperature is observed in the LEED results. The splitting of diffraction
spots (1,0) and (0,1), in Fig. 6.5b, suggests an ordered surface structure,
which is arranged in domains on top of the Fe film. The formation of the
superstructure by surface alloying or diffusion has been observed for other
systems, such as Ag-Cu, Ag-Ni, and Ag-Si [230-232]. Therefore, a super-
structure resulting from intermixing or alloy formation in the surface region
is a reasonable description for the Fe films on Au discussed here.

In summary, the film stress analysis of Fe on Au(001) sheds new light on
the interdiffusion process. In all growth temperature investigated here the
diffusion impacts the interfacial structure of the Fe films. From our stress res-
ults we identify distinct processes during growth. The Au reconstruction is
lifted as indicated by a small depression on the stress curve at 0.3 ML Fe de-
position. A compressive stress is the signature of the interdiffusion of Fe into
Au. The variation of growth temperature results in a different consequence
of this interdiffusion. Growth at 200 K gives rise to an almost exclusive in-
terface intermixing. With increasing temperature the intediffusion result in
an interfacial intermixing with additional Au segregation. The amount of Au
floating on top of the 25 ML Fe film at 298 K is estimated to be 0.5 ML of
Au. From the structural point of view, the film maintains its (1 x 1) epitaxial
long range order. However, the temperature dependence of the stress change
reveals only minor changes of stress due to increasing Au segregation. A
possible intermixing/alloy at the surface for higher growth temperature may

100



Chapter 8. Discussion  Relation of stress, strain and structure of Fe films

a) growth at 200 K b) growth at 298 K c¢) growth at 375 K

Au segregation
Fe film

90 S20e228 Mixed interface

PR e o ST T

Au substrate

® Au atoms
@ Fe atoms

Figure 8.8: Schematic of the Fe film growth on Au(001) at a) 200 K, b)298 K and
¢) 375 K. The interfacial intermixing and Ag segregation are represented.

induce domain formation, which can be observed by LEED measurements.
Figure 8.4 shows a schematic of the Fe film grown on Au(001) at different
growth temperature, in view of interface intermixing and Au segregation.

The compressive stress observed on Fe/Au(001) is ascribed to interfacial
intermixing. This is an important finding, as the interface on this system
brings questions concerning the intermixing of the materials. We conclude
that intermixing at the interface is observed in both systems, Fe/Ag and
Fe/Au, at 298 K and it is identified a compressive stress in the stress meas-
urements. However, the compressive stress is more pronounced in Fe/Au
as compared to Fe/Ag. This difference could be related to the presence of
surface reconstruction in Au(001) and not in Ag(001). As pointed out by
Ref. [38] the interdiffusion of Fe on Au is facilitated by the lifting of the sur-
face reconstruction after 0.5 ML Fe deposition. Another possibility for this
difference in the interdiffusion process is the difference in the calculated mix-
ing energy, or the difference of surface free energy, shown in Tables 8.1, 8.2
and 8.3, 8.4 for Fe/Ag(001) and Fe/Au(001), respectively. The exact ori-
gin of the difference of the interdiffusion in Fe/Ag(001) and Fe/Au(001)
needs further investigations. Another aspect discussed in this thesis was
the surface segregation. The surface segregation shows pronounced depend-
ence on the growth temperature. The deposition temperature varies the
amount of surface segregation in both systems, in agreement with previous
works |39, 56, 159,217,225, 226]. This change of amount of segregation and
intermixing may impact the magnetoelastic properties of the films. Thus,
this discussion is presented in Section 8.3.
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8.2.3 Au surface reconstruction and Fe/Au/Fe struc-
ture

In the discussion of the growth of Fe on Au(001) in Section 8.2.2, I pointed
out that a critical thickness of Fe deposition lifts the Au-(1x5) surface recon-
struction. Now, in the process to prepare trilayers of Fe/Au/Fe on Au(001)
presented in Chapter 7, T deposit Au on Fe/Au(001), allowing a discussion of
the critical thickness to recover the surface reconstruction in a growing Au
film. Before going into details of the reconstruction process, I briefly discuss
the film stress of the Fe layers on the Fe(15 ML)/ Au(X ML)/ Fe(10 ML)
trilayers on Au(001) from Section 7.1.

I investigated trilayers of Fe/Au/Fe, with a Fe thickness of 10 ML for
the inner film and 15 ML for the film on top. The stress behavior during
Fe growth, see Fig. 7.1a, is consistent with that found for a single film of Fe
on Au(001), presented in Section 6.1 and discussed above. The film stress
is fairly independent of the Au spacer layer thickness. However, we found a
minor change of the Fe-induced stress for small Au coverage below 2 ML, in
Fig. 7.1a. This has been ascribed to the difference in the surface structure
of Au(001) and of the Au film, as evidenced by LEED, in Fig. 7.2b. The
LEED results show broader spots in a (1x5) pattern for the Au film. This
contrasts with the very sharp spots observed for the Au(001) substrate bulk
crystal. The reason for this structural difference is the higher temperature
that the crystal was submitted before deposition, which reduced roughness
and improved the crystalline order of the surface. Therefore, the deviation of
the stress results of the Fe films is attributed to the difference of roughness
of the Au surface. However, the stress curves of Fe on both, Au film and Au
crystal, present no drastic variations. Thus, similar interfaces are expected
for Fe on Au(001) and of Fe on Au/Fe/Au(001). In preparations of trilayers
the similarity of interfaces plays an important role, as additional interface
effects can be ruled out [184,223,233|.

The new aspect of the Fe/Au/Fe/Au(001) trilayer preparation is the Au
film deposition. The Fe film is epitaxially strained on Au(001). Therefore, in
principle, no misfit stress is expected for the Au film growth on Fe/Au(001).
However, film stress reveals a prominent compressive stress, regions I and II,
and after 3 ML of Au a tensile stress is observed in region III, in Fig. 7.1b.

The stress for the first 0.5 ML of Au, region I, is assigned to the change
of surface stress. The change in surface stress shows an inverted sign in
the stress curve as compared with Fe on Au. Thus, the slope of the curve
indicates an expected compressive stress. As the Au thickness increases,
the compressive stress becomes smaller, indicated by region II. This second
region on the slope stress last up to 3 ML. In this Au thickness range the
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reappearance of the (1x5) reconstruction is observed by LEED, see Fig. 7.1c.
Therefore, we attribute the slope of —4.0 GPa to the formation of the Au
surface reconstruction.

The initial (1x1) surface from epitaxial growth of Au on Fe/Au rearranges
in the topmost atomic layer to a quasi-hexagonal closed packed arrangement
in a (1x5) structure. The driving force for this surface reconstruction is
that the energy gain associated with the increase of surface atom density
overcomes the energy cost of bond rearrangement, which accompanies the
reconstruction [50].

A crude estimate of the energy cost to form the reconstructed surface
is obtained from the surface free energy. Since the Au(111) and Au(100)-
(1x5) surfaces have hexagonal structures, the surface energy of reconstructed
Au(100) is assumed to be the same as the energy of Au(111).

Therefore, the energy involved in the reconstruction of Au(100) can be
described as [50]:

AE = (7111 — 7100) A4, (8.10)

where A is the surface area, and ~;1; and 199 are the surface free energy of
the unreconstructed (111) and (100) Au surface, respectively. The change in
surface stress is calculated as

OAFE 0
9A (7111 — Y100) + A ERY

_ 4900 (8.11)

AT = DA A

which is
AT = T111 — 7100- (812)

With the values of surface stress of 711;=2.77 N/m and 7190=4.56 N/m [50]
a compressive stress of —1.79 N/m is expected.

In Ref. [185], the authors performed experiments on a cantilever Au crys-
tal to obtain the change in stress due to surface reconstruction. The experi-
ment explored the bias voltage dependence in an electrochemical cell to form
and destroy the surface reconstruction on a Au(001) single crystal immersed
in a 0.1 M HCIO4 solution. A negative potential induces the surface recon-
struction, and a positive potential lifts the reconstruction. The authors [185]
noticed that after a few cycles of the electrochemical potential the restora-
tion of the reconstruction was suppressed. The authors followed the idea to
compare the stress in the first cycle, where about 50% of the surface area was
reconstructed, with the stress after several cycles, when the surface remains
(1x1). They found a stress change of 0.24 N/m [185], which corresponds to
a reduction on the tensile surface stress of only 5%. They conclude that the
driving force for reconstruction surface on Au(001) is not the relaxation of
tensile surface stress, in contradiction with calculations [234].
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In this thesis, however, the system is different. The atoms needed for
the reconstruction are supplied externally (deposited Au). There is no Au
deposition in the previous works [185,234|. The stress change due to surface
reconstruction measured in this thesis is &~ —1.1 N/m. This value is com-
parable to the calculated —1.79 N/m by [50], but much larger as compared
with the compressive stress of —0.24 N/m from Ref. [185]. This variation
can be related to the Fe substrate, or the coverage of surface reconstruction.
Ref. [185] observed a coverage area of 50% of reconstruction for the first cycle.
The larger stress change as compared with the experimental result in [185]
can be a result of the larger reconstruction area. Further investigations with
a direct analysis of the surface morphology, e.g. by STM, is necessary to
obtain the coverage of surface reconstruction in our samples. Furthermore,
in a qualitative analysis we ascribe the compressive stress observed in region
IT to the reconstruction of the Au surface.

The compressive stress due to the reconstruction continues up to 3 ML,
where the curve changes to a tensile stress, see region III in Fig. 7.1b. The
stress of Au on epitaxial Fe/Au(001) shows unexpectedly a tensile stress of
+1.8 GPa after 3 ML of Au. Since the Fe film shows the lattice constant of
the Au substrate, and after the surface reconstructed (1x5) is formed, the
continuous deposition of Au should, in view of lattice strain, correspond to
zero strain, and correspondingly zero stress was expected.

Figure 8.9 shows the stress result of Au deposited directly on Au(001)-
(1x5) at 298 K. Remarkably, Au growth induces a tensile stress of 1.2 GPa,
even for what is expected to be misfit free growth. Simultaneous in-situ
MEED shows oscillations in Fig. 8.9. The maxima of the MEED intensity are
ascribed to a completed Au layer. These MEED oscillations suggest Frank-
van der Merwe growth. This measured stress of +1.2 GPa corresponds to an
hypothetical misfit of 0.1%.

Periodic changes are also observed in the slope of the stress curve in
Fig. 8.9. MEED and stress oscillations have been reported before for Co/
Cu(001) [218] and FeMn/ Cu(001) [219]. The authors ascribe the MEED and
stress oscillations to the film growth in a layer-by-layer mode. In Ref. [218]
they conclude that the peaks of the MEED oscillations of Co/ Cu(001) is the
signature of a filled layer. Therefore, we ascribe the oscillations in MEED
and in the stress curve to the layer-by-layer growth of Au/ Au(001).

The tensile stress of +1.2 GPa comes as a surprise. It is known that
Au on Au(001) self-diffuses to minimize the energy of the system [173,235,
236]. The predominant growth mechanism is an atomic exchange, where the
deposited Au atoms diffuse under the surface. Therefore, we assign the stress
of +1.2 GPa for Au/Au(001) to the self-diffusion of the system, and not to
strain. This finding sheds light on the tensile stress observed in the Au film on
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Figure 8.9: Stress change during deposition of Au on Au(001) at 298 K. MEED
oscillations are presented in dark yellow, they show pronounced monolayers oscilla-
tions. The ML periodicity is independently checked from deposition onto a quartz
crystal thickness monitor.

Fe/Au, region III in Fig. 7.1b. The measured tensile stress of +1.8 GPa may
tentatively be ascribed to self-diffusion of Au on the reconstructed Au layer.
This view does not rely on strain, and we treat the Fe film as being fully
epitaxially strained on Au(001). This self-diffusion of deposited Au atoms
takes place after the reappearance of the Au-(1x5) reconstructed surface.

In the trilayer Fe/Au/Fe/Au(001) samples, the Au/Fe ratio in the AES
results remain constant for all Au thickness. This indicates a constant
amount of Au segregated to the surface. The Au spacer layer thickness
does not affect the amount of Au floating on top. From Section 8.2.2 we
know that at 298 K 0.5 ML Au segregates on top of the 25 ML Fe film.

In conclusion, the results of film stress during preparation of the trilayer
system Fe(15 ML)/ Au(X ML)/ Fe(10 ML) on Au(001) offers exciting new
insights. Fe in the top layer induces a similar stress as observed for Fe growth
on Au(001). The small change of maximum stress at 1.5 ML is ascribed to
a change of the substrate surface, from the well ordered bulk Au(001) to the
Au film surface. The deposition of Au on Fe/Au(001) was analyzed. The
stress curve identifies a compressive stress &~ —1.1 N/m, and this provides
the signature of the formation of the (1x5) surface reconstruction. The stress
change during film growth offers a new approach to quantify surface stress
changes in reconstruction. This is the first demonstration, where previously
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electrochemistry was employed. After the formation of the surface recon-
struction, the stress changes to a tensile. This tensile stress is attributed to
the diffusion of Au atoms under the Au-(1x5) surface. The tensile stress of
+1.8 GPa after 3 ML of Au is comparable to the tensile stress of +1.2 GPa
measured for homoepitaxial growth of Au on Au-(1x5) (001). In conclusion,
the stress measured during film growth resembles a powerful technique to
quantify stress signatures of interdiffusion and surface reconstruction pro-
cesses.

8.3 Influence of interfacial intermixing on the
magnetoelastic coupling of Fe films

In this Section, I discuss the results of the magnetoelastic coupling of Fe
films on Ag(001) and Au(001), which were presented in Chapters 5 and 6,
respectively. We have seen, in Sections 5.1 and 6.1, that for Fe films on
Ag(001) and on Au(001), the surface segregation and interfacial intermix-
ing are present for a distinct range of growth temperature. The change of
stress during growth for these systems has been discussed in Sections 8.2.1
and 8.2.2 in view of Fe interdiffusion. Here, we discuss the impact of differ-
ent deposition temperature on the magnetoelastic coupling. Remarkably, for
Fe/Au(001) a corresponding growth temperature effect on the magnetoelastic
coupling is not observed, see in Fig. 6.8. The results of the magnetoelastic
coupling measurements of Fe/Ag(001) reveal a drastic variation with growth
temperature, see Fig. 5.6. [ ascribe these changes of ME to the change of the
interface structure, which is discussed next.

Fe on Ag(001)

The stress during deposition of Fe on Ag(001) is strongly affected by
the growth temperature. We attributed this change to different diffusion-
mediated processes. At 200 K the exchange of Fe and Ag is kinetically
hindered, and only a reduced interfacial intermixing is expected [56,163]. In
contrast, for depositions at 298 K, the diffusion results in interfacial inter-
mixing and Ag surface segregation.

The film morphologies/intermixing for these two growth temperatures,
200 and 298 K of Fe on Ag(001), are different. This conclusion is supported
by the distinct AES ratio results shown in Fig. 5.3b. These changes in mor-
phology may affect magnetoelasticity. The results for By of Fe on Ag(001)
were presented in Section 5.2.
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The magnetoelastic stress results of films grown at different temperature
were shown in Fig. 5.6a. The value of B, clearly changes in dependence on
the preparation temperature. The film deposited at 298 K shows a large
magnetoelastic coupling coefficient By as compared to growth at 200 K.

Modifications on magnetic properties due to the intermixing between Fe
and Ag at the interface have been reported [34,59,163,209]. Interfacial
intermixing has been proposed to increase the orbital moment of Fe [163].
The orbital moment plays a role for the magnetic-crystalline anisotropy of
the system [172,237]. A magnetic hyperfine splitting into majority- and
minority-spin states was also observed due to two distinct Fe interactions
(Fe-Fe and Fe-Ag) [34,59]. This magnetic splitting was enhanced for Fe
atoms near the interface.

The variations on the magnetic properties of Fe due to atomic scale prox-
imity to Ag was also investigated for Fe-Ag alloys [210, 214, 215|. Alonso
and co-authors [214] reported the impact of Ag atoms near Fe atoms on the
magnetic properties of Fe. They used a thin film of Fe-Ag alloy, in a crystal-
line and amorphous phase. In both phases they found evidence that the Ag
atoms were magnetically polarized. These polarized Ag atoms increase the
magnetic contribution with increasing intermixing with Fe atoms.

A change in the magnetic moment and /or magnetic-crystalline anisotropy
may affect the magnetoelastic coupling, as the magnetoelatic coupling is the
strain derivative of the magnetic-crystalline anisotropy [28|. Interestingly,
our results show an increase of ME for films grown at higher temperature.
We suggest this increase of ME to be related to the increased interfacial
intermixing due to high temperature and the resulting modifications of the
magnetic properties of Fe.

To gain further insights into the impact of high growth and/or anneal-
ing temperature on Bs, identical thermal treatments were performed in both
films, Fe/Ag(001) grown at 298 K and at 200 K. The magnetoelastic stress
results are shown in Fig. 5.6b. After annealing, both films show a similar
magnetoelastic response. A mild annealing up to 343 K during 30 min pro-
motes diffusion in the systems. More Ag atoms are expected to diffuse into
the Fe film [154]. The annealing treatment, in my understanding, induces an
increased interfacial intermixing in both films (grown at 298 K and 200 K).

A variation of By from 1.3 to 3.3 MJ/m? for the film grown at 200 K
and from 2.4 to 3.2 MJ/m? for the film deposited at 298 K is observed
upon annealing, see Fig. 5.6b. This modifications of Bs; upon mild annealing
suggests that interfacial intermixing can increase the magnetoelasticity of the
Fe films, and Ag segregation seems to have a comparably smaller impact.

The resulting structural and chemical modifications are accessed by Auger
and LEED measurements. The LEED measurements before and after an-
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Figure 8.10: a) Auger spectra of Fe(13 ML)/Ag(001) grown at 298 K and 200 K.
b) AES of the films after annealing of 30 minutes at 343 K. The as-grown AES

have been shown in Fig. 5.3b.The Auger spectra are vertically shifted for sake of
visualization.

nealing do not show any significant change and will not be discussed further.
However, the AES reveals a considerable change. Figure 8.10a shows AES of
the Fe films as-grown, and Fig. 8.10b presents the Auger spectra of the films
after annealing.

The AES peak ratio Ag/Fe reveals a significant change for film deposited
at 200 K. The change in intensity of the AES peaks indicates a redistribution
of Fe and Ag atoms. After annealing the ratio increases for film deposited
at 200 K. This suggests a higher Ag content in the Fe film. I assume that
the surface morphology does not drastically change upon this mild anneal-
ing, as LEED does not present any obvious change. We believe that upon
annealing the interfacial intermixing is facilitated for both films. But for the
200 K deposited film, the annealing triggers also the Ag surface segregation.
Limited by the annealing temperature, this Ag segregation is quantitatively
analyzed by the increased AES ratio, from 0.4 to 0.6. In contrast, the film
deposited at 298 K shows no change in the Ag/Fe AES ratio before and after
annealing. Even though, the magnetoelastic coupling of both films changed
upon annealing, shown in Fig. 5.6b. We ascribe this increase of By to the
change of interfacial intermixing due to the induced diffusion upon annealing.
This suggests a significant interface effect on the ME rather than a surface
influence.

Transition metal alloys, in particular Fe-Ga, have been intensively in-
vestigated [11,12,14,18-21,80-83,238-241]. Reference [66] investigates the
driving force for the large magnetostriction observed in Galfenol (Fe-Ga) us-
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ing density-functional theory (DFT). The authors found that the change of
the magnetostriction of Fe-Ga is enhanced due to a change of the elastic con-
stants. A decrease in the elastic constant Cyy and in the shear modulus C”
with increasing Ga concentration results from the change of the electronic
states [66]. The presence of Ga atoms also change the d-orbitals in the Fe.
This contributes more than 70 % to the enhancement of the magnetostriction,
in particular from the minority channel, according to Ref. [66].

Therefore, an enhancement in the magnetoelastic coupling due to Fe al-
loy formation should be taken into account. In the interface region electronic
and structural changes in the Fe film due to the intermixing are proposed.
We ascribe the modified ME upon annealing to these phenomena.

Fe on Au(001)

In contrast, the magnetoelastic measurements of Fe/Au(001), presented
in Section 6.2, reveal no change with growth temperature, see Fig. 6.8. 1
apply a similar analysis as done for Fe/Ag. For this analysis we recall the
film structure results discussed in Section 8.2.2.

The stress during growth of Fe on Au(001) at different growth temper-
ature was shown in Fig. 6.3. In the previous Section 8.2.2, we discussed the
change of film structure due to growth temperature. And we conclude that
the interfacial intermixing in Fe/Au is a significant process for all growth tem-
perature investigated, 200—375 K. The variation of the stress was attributed
to changes in film roughness and to variations of Au surface segregation.

The interfacial intermixing of Fe/Au(001) has been investigated by LEED,
in Ref. [61]. They studied the impact of a post annealing on the interface
of Fe/Au. They observed that the interface features did not change with
increasing temperature up to 385 K. Based on this finding, we assume that
the interfaces of the Fe/Au films for all growth temperature studied in this
thesis have a similar degree of intermixing. Thus, my observation of fairly
constant ME upon different growth temperature is in line with the result of
an unchanged interfacial structure upon annealing.

In conclusion, a variation of growth temperature or annealing of Fe/Ag(001)
reveals a drastic impact on the magnetoelasticity of these films. However,
this impact is not observed for Fe films on Au(001) under the same thermal
conditions. We suggest that a change of the interface intermixing is the main
driving force for the modification on the magnetoelastic coupling, and the
effect of substrate segregation is comparably weaker. A further contribution
may be ascribed to the magnetic susceptibility of Ag atoms in proximity to
Fe.
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8.4 Ton implantation effects on magnetoelastic
coupling of Fe films

In this Section, I discuss the influence of surface modification in the Fe/Au
system. The direct influence of Au segregation on ME was investigated with
the removal of the top Au layer by sputtering, presented in Chapter 6, Sec-
tion 6.2. A short sputtering was carried out with different ions. After the
removal of the top most layer, the magnetoelastic stress was measured. The
results are shown in Fig. 6.9b and c. A trend of the magnitude of the meas-
ured B; with the mass of the sputtering gas is observed. The removal of the
top segregated Au layer may impact B; as the interface and its contribution
to ME is changed. However, I find that B; varies differently for each sput-
ter gas element. Therefore, we follow the hypothesis that the ME change is
not given by the removal of Au segregation, rather it may result from the
sputtering itself.

Sputtering involves ions, which are accelerated onto the sample. This
results in several effects: erosion [181], ion implantation [242], radiation
damage [243]. Ion beam sputtering is also used to manipulate the surface
morphology [181,244-247|. Sputtering can either smooth the surface [244|
or increase its roughness [181,245|. The manipulation of the surface mor-
phology by sputtering depends on a set of parameters, such as ion species,
ion energy, angle of incidence, ion flux, and sample temperature [181]. The
resulting surface morphology modification can impact the magnetic aniso-
tropy by tuning an uniaxial anisotropy [246,247|. This tuning is achieved
by the formation of self-organized periodic patterns upon sputtering under
an incident angle of 80° with respect to the surface normal [246,247]. Our
experiments are performed with an incident angle normal to the surface, and
no tuning of uniaxial anisotropy is expected, and it was not observed. This
rules out the possibility of the formation of self-organized surface patterns
upon sputtering.

Sputtering leads to the removal of the topmost layers, as evidenced by
AES in Fig. 6.9a, but it also leads to increased surface roughness and ion
implantation. Even though no evidences of ion implantation is observed
in AES. The implantation of noble gas ions is usually regarded as small.
However, the influence of implanted ions of noble gas on the sputtering yield
has been reported before [242,248 249]. The density and depth of the ion
implantation on the surface depends on the ratio of ion-to-target mass. An
analytical model for ion implantation and removal is used in Ref. [183]. These
authors investigated the stress during sputtering of a Cu(100) single crystal
with Ar, Ne, and He. They conclude that the implantation depth of He
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Table 8.6: Atomic mass of the noble gases used in this work for sputter-
ing, and the mass ratio in relation to Fe. All masses were extracted from
Ref. |251].

Property Helium Neon Argon Krypton Xenon
Atomic mass (amu)  4.00  20.18 39.95  83.80  131.29
Mion /MFe 0.07  0.361 0.715 1.500 2.351

is one order of magnitude larger than for Ar, and Ne. It is approximately
10 nm for He at Epy, of 2200 eV [183]. This indicates a larger number of
He ions implanted over a region. They also measured the stress during the
sputtering process, and found that Ne and He gives a stress 3 times larger
than Ar, from 20 N/m for Ne and He, and 5 N/m for Ar [183]. They relate
this to the smaller surface damage by Ar-sputtering. However, there is no
clear explanation for the origin of the stress during sputtering. The stress
could be related to the pressure induced by the implanted gas atoms, or due
to ion radiation damage [250].

Mutzke and co-authors [249]| calculate the ion implantation depth of He,
Ne, Ar, and Xe in Si. They observed that there is a strong influence of
the mass ratio of the involved elements. They compare the damage in the
surface for each sputtering gas. And they conclude that for a heavy element
such as Xe, sputtered onto a target with a mass smaller than Xe, gives rise
to a reduced depth of implantation and an increased surface damage, as
compared to a light sputtering element. Therefore, sputtering with a light
incident element onto a heavy target results in a deeper ion implantation
with reduced damage in the surface area. The same result is found for He,
Ar, and Xe on Mo or W, discussed in Ref. [180].

Therefore, the ratio Mion/Miarger determines the resulting process on the
surface upon sputtering. Table 8.6 shows the atomic mass of each noble
gas and the mass ratio of each element with respect to the target mass
(Mpe = 55.84 amu).

We conclude that He, Ne, and Ar sputtering of Fe corresponds to a light
incident element sputtered onto a heavy target (Mion/ Miarger < 0). This will
increase the depth of ion implantation and decreases the damage near the
surface. However, for Kr and Xe the situation is inverse, Mion/Miarget > 0.
In this case, the depth of implantation ions will be reduced, but the recoil
scattering is increased. This indicates that the surface region will be more
damaged, and the impact on the inner Fe layers is expected to be smaller.
From our magnetoelastic coupling results, in Fig. 6.9b and ¢, we observe,
indeed, a distinct difference for sputtering with heavy and light elements.
We have observed that after sputtering by light ions the magnetoelasticity
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increases. We assign this result to the presence of implanted ions, which also
increase the strain in the film lattice. On the other side, the magnitude of
magnetoelastic coupling after sputtering with heavy elements is decreased.
This is ascribed to the surface damage. The sputtering leaves craters on the
surface. This allows atoms to relax, and an induced ME stress is not fully
transferred to the substrate.

These results shed first light on the importance of the sputtereing-induced
modified surface structure on the magnetoelastic coupling. The impact of the
submonolayer amount of segregated Au floating on top is comparably weak.
The destructive aspect of the sputtering gives rise to several side effects. The
mass ratio gives a good qualitative estimate for the resulting quality of the
sputtered surface. An ion implantation is proposed to drive the change in
ME by sputtering with light elements. Surface damage by sputtering with
heavy ions reduces the magnitude of the magnetoelastic coupling due to an
incomplete stress transfer to the substrate.

8.5 Film thickness dependence of the magne-
toelastic coupling

In this Section I discuss the main results of the magnetoelastic coupling
for Fe films at different thickness (6—30 ML). The results are presented in
Section 5.2 and Section 6.2, for Fe films on Ag and Au(001), respectively.
A most striking result is that the magnetoelastic coupling measurements
of Fe films on Ag(001) reveal a novel, previously not reported, oscillatory
behavior of the magnetoelastic coupling By with increasing Fe thickness, as
shown in Fig. 5.5. We ascribe this to the influence of QWS in the Fe films.
In contrast, my results for Fe films on Au(001) do not show a comparable
oscillatory behavior. Rather, the data suggest a dependence on film strain,
see Fig. 6.7.

In Fe(15 ML)/ Au(X ML)/ Fe(10 ML)/ Au(001) films we observe an os-
cillatory variation of By upon varying the Au thickness, see Fig. 7.4. The os-
cillation period correspond to that of the interlayer exchange coupling (IEC)
mediated by Au [97,104-106]. The oscillatory variation of the magnetoelastic
coupling is ascribed to QWS in Au, which impacts on the electronic states
of Fe/Au/Fe near the Fermi energy.
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Fe on Au(001)

The thickness dependent magnetoelastic coupling B; of Fe/Au(001) is
presented in Chapter 6, Section 6.2. The change of B; with increasing Fe
thickness is shown in Fig. 6.7 as a function of film strain. We describe
the apparent thickness dependence of B; to a strain-dependent correction of
B as presented in Section 2.2 (BY = By + De) [26,51,143].

As described in Section 6.2, the results can be separated into two regions.
Region T displays a linear increase with increasing film strain, as indicated
by the linear fit (red dashed line). The slope of the dashed curve gives
D = 11.14+1 MJ/m? and the curve intercept the y-axis at e = 0 at B; =
—3 MJ/m?.

Magnetoelastic coupling of Fe thin films has been investigated before on
different substrates [22,26,252|. In Fe on Ir(001) [26] the authors found a
linear relation of By with film strain as Bfff = —3.6 MJ/m®+155¢. However,
no linear dependence of strain was found for By;. They conclude that this
approach gives a reasonable description of experimental observation only in
some cases. The failure of the phenomenological description of the data could
be related to the adopted strain analysis [26]. The film strain calculated from
the stress measurements neglects a possible spatial variation throughout the
film volume. This consideration of film strain worked well for ultrathin films,
but it is not precise for thicker films [51].

An incomplete description of the magnetoelastic coupling of thin films by
this strain-dependent correction was also observed for Fe on W(001). In the
Fe/W [252] system, B; has been measured. A peculiar behavior was found,
the variation of the value of By can also be separated into two regions. B
shows a change of sign, from negative to positive, with increasing film strain.
A linear dependence of B; was observed mainly for small strain, with strain
below 0.6%. The linear fit between B; and € in the low strain region results
in B = —1.2 MJ/m3+200€ [252].

The strain-dependent Bff ! of Fe films on different substrates can be
compared. From the linear fit in Region I, see Fig. 6.7, the coefficient
By is obtained as —3 MJ/m3. This value of B; is between the values ob-
tained for Fe films on Ir(001) and W(001), —3.6 and —1.2 MJ/m?, respect-
ively |26,252|. However, the coefficient D was found an order of magnitude
smaller. Fe/Au(001) shows D = 11.1 &1 MJ/m?, in comparison with Fe/Ir,
and Fe/W of D = 155 MJ/m? |26], and 200 MJ/m? [252], respectively.
Fe/MgO(001) [22] showed also a huge difference of D as compared to Fe/W
or Fe/Ir. The value of the D for Fe on MgO was found to be 1100 MJ/m?,
summarized in [26]. The deviations observed for D, where addressed in
Ref. [26], and attributed to the different response of magnetoelastic coupling
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to varying magnitudes of strain.

The value of D indicates how Bfff changes upon variations of film strain.
D with 2-3 orders of magnitude larger than B; reveals a pronounced variation
of B upon small changes of strain. For Fe/Au the small magnitude of
D suggests a minor variation of Bfff with strain. Specificities of the film
growth, such as misfit dislocations for thicker film, relaxation process due
to the growth mode, and intermixing at the interface should be taken into
account to obtain the definitive reason for the difference of strain dependence
of Blef 7. This calls also for a more sophisticated way to analyze the strain of
the film.

Our experimental data for strain larger than 0.3%, shown in region II
in Fig. 6.7, shows an almost constant By of —1.3 + 0.4 MJ/m?. The refer-
ence bulk Fe has a value of By = —3.4 MJ/m?. A break of the linear strain
dependence of B; for larger strains has been observed in Fe/W [252] and
Fe/MgO [22]. They attributed the failure of the phenomenological model
to experimental and/or physical based effects, such as roughness, change
in magnetization, and surface and interface effects [22]. Note, the magne-
toelastic coupling of Fe on Au(001) is found to deviate from the bulk bce Fe
value even for a 30 ML thick film.

Recently, a study investigated the impact of variation of applied mag-
netic field on the electronic states of Fe/Au(001) [253]. The change in the
electronic states was investigated upon different magnetization directions by
angle-resolved photoemission spectroscopy (ARPES). The authors found a
change in the bulk electronic bands by switching the applied magnetic field
direction. They attributed this to changes of bulk electronic bands, as an
effect of the symmetry breaking at the surface [253]. This points at the role
of the surfaces and interfaces on the magnetic anisotropy of thin films. This
finding speaks in favor of the different magnetoelastic coupling coefficient for
Fe bulk and the observed values for Fe thin films on Au(001).

In conclusion, for films of Fe on Au(001) with low strain the phenomen-
ological correction of strain-dependent B; can be applied successfully. The
linear relation shows a weak relation of strain and Blef 7 due to the small value
of the coefficient D, as compared with other systems. This linear relation
changes to a constant Bj for films with large strain. The deviation of ex-
perimental results from the linear correction model indicates the limitations
of this phenomenological approach. Systems of multilayers, grains, and even
thin films present a distinctly more complicated correlation between strain
and magnetoelasticity [23,26,254]. This implies that more factors than only
film strain need to be considered. Quantum well states are another factor,
and this is discussed next.

114



Chapter 8. Discussion Magnetoelastic coupling of Fe films

Fe on Ag(001)

Fe/Ag(001) shows no linear dependence of B, with film strain, see Fig. 5.5a.
Rather, an oscillatory non-monotonic variation of B, is observed with increas-
ing Fe thickness, see Fig. 5.5b. Here, I discuss how quantum well states may
induce a distinct variation of the magnetic properties of the Fe film.

Quantum confinement in ferromagnetic layers, like Co/Cu, Co/Pd and
Fe/Ag has been reported before [10, 103, 168-171]. Electron confinement
along the film thickness impacts the magnetic-crystalline anisotropy of these
systems [168,172]. However, the implication for magnetoelasticity has been
not studied before. It is a novel result. Now, I present the analysis of
Fe/Ag(001) in view of quantum well states in the Fe layer. I measured the
magnetoelastic coefficient B, of Fe films independence of Fe film thickness,
as presented in Chapter 5.

Figure 5.5a shows B, in dependence of film strain. A random scattering
of data points is observed. This suggests that the phenomenological model
of a strain correction of By is not applicable. In Fig. 5.5b we do observe
a thickness-dependence of By. The magnetoelastic coefficient By of Fe on
Ag(001) shows an oscillatory variation with Fe thickness.

An oscillatory magnetic-crystalline anisotropy variation has been observed
for ferromagnetic thin films with increasing film thickness. It has been
ascribed to the influence of quantum confinement in the films on magnetic
anisotropy [103,168,169,171,255-257|.

In view of these findings it is reasonable that the magnetoelastic coupling
also varies in an oscillatory manner with increasing Fe thickness. The results
of By can be fitted by a periodic function. The red dashed line, presented in
Fig. 8.11, shows such a fit. The fit gives an oscillation period of 10.3+0.4 ML.

The direct comparison of magnetic anisotropy variations induced by QWS
in Fe on Ag, Ref. [103], reveals that the period of ~10 ML is almost double
of the period observed for the magnetic-crystalline anisotropy, which was
reported as 5.5 ML [103]. The authors used several techniques to support that
the oscillatory behavior of MA is induced by QWS in the ferromagnetic film.
They found a period of 4.5 ML for the spin polarization of the QWS by spin-
resolved photoemission spectroscopy (PES), comparable to the 5.5 ML period
of the magnetic-crystalline anisotropy measurements obtained by MOKE;,
and 4 ML for the in-plane orbital moment observed in the X-ray magnetic
circular dichroism (XMCD) measurements.

The factor of two between the periodicity found in magnetoelastic coup-
ling and magnetic-crystalline anisotropy is surprising at first sight. It could
be an effect of the sample preparation.

The Fe film in Ref. [103]| were prepared by deposition at room temperature
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Figure 8.11: Magnetoelastic coupling coefficient By as a function of Fe thickness
on Ag(001). The red dashed line is a fit by By = A + Bsin(k - tpe + @), with
A =2.137, B=—-1.204, k = 0.610, and ¢ = —10.77. The period extracted from
this fit is 10.3 £ 0.4 ML Fe.

and measured at 5 K. In order to obtain a flat film the authors improved the
film quality by a post-deposition annealing at 500 K. In contrast, my samples
were deposited at 298 K with no post-deposition annealing. The higher
temperature has not been applied to avoid increasing interfacial intermixing.
Section 8.3 showed that annealing induces significant changes of the film
structure, where interfacial intermixing increases.

As discussed in Section 8.3, the intermixing between Fe and Ag at the
interface can modify the magnetic properties of Fe [34,59,163,209]. The inter-
mixing results in distinct Fe interactions (Fe-Fe and Fe-Ag) [34,59], which can
change the orbital moment of Fe [163] and impact Ag atoms to become mag-
netically polarized [210,214,215]. At higher temperature (75 > 450 K) the
diffusion results in a dissolution of Fe in the bulk of the Ag crystal [153-156].
Therefore, the annealing at such higher temperature as 500 K could strongly
affect the magnetic properties of the Fe film. As magnetoelastic coupling
is seriously affected by the change of interface of the epitaxial film, the “al-
loy” formed by the increased temperature could affect the magnetoelastic
response, as seen for Fe-Ga alloys and discussed in Section 8.3.

The roughness of the film is also a matter to be taken into consideration.
The growth of Fe on Ag at 298 K gives rise to a relative rough surface due to
the SK growth mode. Our film is likely to have imperfections such as atomic
steps or layer thickness fluctuations.

Therefore, the direct comparison of the oscillations observed in ME with
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the oscillations of MA from Ref. [103] is not correct qualitatively. A necessary
condition for a meaningful comparison is that the sample should be prepared
under the same conditions. However, it is conceivable that QWS in the Fe
layer affect the magnetic properties of the film. The period of oscillation of
ME presented here differs from the period observed in previous measurements
on different properties of different prepared samples. Remarkably, for Fe films
on Au(001) I find no indications of an oscillaroty variation of ME with Fe
thickness. Possibly, a weak influence of QWS in Fe layers on the ME in
Fe/Au is suppressed by the influence of film strain in this case.

Further experiments are require to identify the origin of the difference
in the oscillatory period of B — 2 in Fe/Ag(001). The behavior of the ME
of Fe/Ag(001) upon higher annealing tempereture should be investigated for
further insights.

Fe(15 ML)/Au(X ML) /Fe(10 ML) on Au(001)

A strong influence of electronic confinement on magnetic properties has
been observed in trilayers, superlattices, and multilayers of FM/NM/FM
systems [258,259]. An oscillatory interlayer exchange coupling (IEC) upon
increasing the non-magnetic layer thickness was attributed to a spin-polarized
confinement effect in the NM layer 7,8, 34,89,91, 92,100,102, 114,184, 224,
260-263]. Other magnetic properties also show an oscillatory behavior with
increasing spacer thickness, such as the anisotropic magnetoresistence [91,
264|, magneto-optical anisotropy [9,44-46|, local magnetic polarization [256,
265], and magnetic-crystalline anisotropy [10,47,141,170, 266].

The trilayer system Fe/Au/Fe on Au(001) is a promising candidate to
investigate the impact of electronic confinement on magnetoelastic coupling.
This system shows a well-studied oscillatory IEC, and its impact on mag-
netoelastic coupling needs to be explored. The oscillatory IEC leads to a
variation of relative magnetization direction of the two Fe films, which are
separated by Au. A variation from parallel to antiparallel in-plane magnetic
alignment of the ferromagnetic layers is observed at room temperature upon
variation of the Au thickness [97,104-106]. A long and short periodicity of
8 and 2 ML of Au |97], respectively, were experimentally found.

The antiparallel magnetization configuration of the Fe layers yields a dif-
ferent response in magneto-optical Kerr effect (MOKE) measurements. At
a distinct Fe thickness two distinct saturation magnetic fields are observed.
These two saturation fields are expected due to the antiparallel magnetiza-
tion configuration [186]. An example of MOKE in the antiparallel alignment
was shown in Fig. 7.3. In this case, the Fe layers achieve a parallel configura-
tion for a higher applied magnetic field. This result confirms the presence of
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an antiparallel magnetization alignment. By contrast, the parallel alignment
was identified by a single square hysteresis loop and a single saturation field.

The modifications of the magnetic configurations of the Fe films due to
QWS in the Au layers were discussed before [89,102]. The period of the
oscillations of the QWS depends on the Fermi surface of Au(001). The Fermi
surface of a noble metal is presented in Chapter 2.

The period A is directly related to the wave vector of the confined elec-
tronic state. It is determined as A = 27 /akepy, where a is the lattice constant
and ke, is the wave vector spanning the crossing point of the electronic band
at a given energy and the nearest high-symmetry point of the Brillouin zone
(BZ). A multiperiodic oscillation is expected due to the shape of the Fermi
surface. The high symmetry planes of Au(001) give rise to two contributions
from the edges of the s,p band to the Fermi surface (“dog bone” shape) |9,34],
see Fig. 2.5.

As described in Chapter 2, the wave vector ke, for the (100) orientation
is (kzp — kr), where ky is the Fermi wave vector and kyp is the wave vector
at the Brillouin zone boundary (kzg = 27 /a). One cross section of the Fermi
surface of Au fcc is with the keny at kj = 0 and £ = Ep, named k;. The
calculated result of Au(001) is ky = 0.76kzp [102], for which a long period
of 8.3 ML is predicted. The second period is a contribution from the states
near the end of the “dog bone” shaped Fermi surface. This larger k) results
in a ko = 2.54kyp [102], and a short period of 2.5 ML is predicted.

The results of magnetoelastic coupling measurements of Fe/Au/Fe trilay-
ers were presented in Fig. 7.4. The results of the magnetoelastic coupling
coefficient B; show an oscillatory behavior with a period of approximately
2 ML Au. Here, I advance the analysis to quantitatively extract the peri-
odicities involved. The data of B; for Au thicker than 2 ML is fitted by a
function with two periodicities. The best fit is presented in Fig. 8.12. The
idea of two periodicities comes from the multiperiod obtained for QWS in
Au(001) [89]. Therefore, from the best fit, see in Fig. 8.12, the long and
short periods of the ME measurements are extracted. The short period is
2.1840.03 ML and the long period is 8.240.9 ML. These periodicities agree
with the expectations from the analysis of the Fermi surface characteristics.

Structural changes are ruled out as driving force of these oscillations. An-
other point to consider is pointed out by Refs. [267,268]. The roughness at the
interface of trilayers and multilayers plays an important role for the magne-
toelasticity. However, we have no indications that the quality of the interface
changes with increasing Au thickness. This statement is corroborated by the
stress measurements during growth. The stress curves in Fig. 7.4a have the
same slopes, with a peak at 1.5 ML Fe, which varies only little in magnitude
by 0.084 N/m for the complete range of Au thickness (1-12 ML). This small
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Figure 8.12: Magnetoelastic coupling coefficient B; as a function of Au thickness
on Fe(15 ML)/ Au(X ML)/ Fe(10 ML) on Au(001). The red dashed line is the best
fit for the function, by By = A + Bsin(ky - tay + p1) + Csin(ka - tay + p2), with
A= -1.762, B =1.034, ky = 2.874, and ps = 3.156, C = —0.390, k; = 0.764, and
w1 = 19.938. The long and short period are extracted from k; and ke as 8.2 £0.9
and 2.18 £ 0.03 ML of Au, respectively.

stress change appears to be insufficient to suspect a significant change of the
interface. An oscillatory magnetic anisotropy has been observed on Cu/Co
system in Ref. [141]| due to incomplete Cu layer. The influence of the incom-
plete layer gives rise to an oscillations with a period of 1 ML, which is not
observed in our data.

The periodicity obtained from the ME measurements is consistent with
the periods obtained for the interlayer exchange coupling of the same sys-
tem [34,89,97,102,104-106, 184, 269].

The consistency between magnetoelastic coupling results and the TEC
periodicity suggests a strong link between these two properties. The IEC
is described by bilinear (J;) and biquadratic terms (.J;), which determine
the strength of the coupling. J; is responsible for a collinear coupling, J,
favors perpendicular coupling. The latter term is normally much smaller.
It is responsible for small deviations from collinear configurations, and this
impacts magnetic anisotropy. I review the origins of effect next.

Disorder in the films, such as thickness fluctuation, pin-hole coupling,
loose spins, and magnetostatic coupling, gives rise to a slight rotation of the
magnetization of the films. In the phenomenological picture described above,
Js is responsible for this rotation [7,97,98,109-113,269-272|. An oscillatory
behavior of .J, has been reported and predicted in several systems, Fe/Cu/Fe,
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Fe/Cr/Fe, Fe/Au/Fe, Fe/Al/Fe, Fe/Ag/Fe [110-114]. Theoretically [112],
an intrinsic Jy is expected to oscillate with the non-magnetic spacer layer
thickness. These oscillations of .J, turn out to be incommensurate with the
oscillations of the bilinear term J;, and J; only dominates in the nodes of
Ji [112]. However, this is not observed in our case. An external disorder
could be the reason for a contribution by J, in our system. Magnetostatic
coupling disorder was observed in the Fe/Au sandwiches in Ref. [109]. This
effect is observed for rough interfaces. The appearance of magnetic dipoles
on a rough interface may increase the strength of the J, term. However, it
fails to describe a concise oscillation with J; like what is found in my results
on Bl.

The magnetoelastic coupling may also be affected by a change of magnetic-
crystalline anisotropy. The link between the two is obvious from the definition
of ME as the strain derivative of magnetic-crystalline anisotropy [28,51]. In
order to investigate the link between ME and MA, I performed MOKE exper-
iments to obtain the magnetic-crystalline anisotropy constant K by inducing
an uniaxial anisotropy, see Fig. 7.5. Here, I create an uniaxial anisotropy by
applying a constant external magnetic field perpendicular to the sweeping
magnetic field in the LMOKE geometry.

Indeed, the results of magnetic-crystalline anisotropy K, presented in
Section 7.2 Fig. 7.5b, reveal a non-monotonic behavior as a function of
Au thickness. This result corroborates that the influence of the electronic
modifications impacts the magnetic anisotropy, and consequently, the mag-
netoelastic coupling. Figure 7.5b depicted the direct comparison of K and
the magnitude of B. We see that the oscillatory behavior observed on the
magnetic-crystalline anisotropy constant is in phase with the oscillations of
magnetoelastic coupling coefficient Bj.

The driving force behind both variations, ME and MA, may be the QWS,
which change the electronic density of states of the non-magnetic layer. This
impacts the magnetic anisotropy due to SOC [237]. Electronic confinement
leads to discrete energy levels in the electronic density of states. These energy
levels of QWS modulate the electronic density of states near the Fermi level.
The interlayer exchange coupling is governed by the electronic states at the
Fermi surface. On the other hand, the magnetic anisotropy is generally
determined by the electronic states of the entire Brillouin zone. Therefore,
the hybridization of the electronic states at the interface plays the role of
polarizing the bands accordingly, and this impacts the magnetic anisotropy.
From a careful inspection of the Kerr effect in a paramagnetic overlayer
Bruno and co-authors [9] noticed a spin-dependend electron reflectivity at the
NM/FM interface. In the case of the Au/Fe interface the authors conclude
that the reflections at the interface has a significant contributions from the

120



Chapter 8. Discussion Magnetoelastic coupling of Fe films

[ and M high symmetry points in the 2-D Brillouin zone [9].

Fe/Cu/Fe and Co/Cu/Co also reveal an oscillatory magnetic anisotropy
with increasing the non-magnetic spacer layer (Cu film) [47]. The authors
conclude that the magnetic-crystalline anisotropy oscillations arise in small
regions in the 2-D Brillouin zone which QWS cross Fermi energy. In this case,
the period of MA oscillations shows identical value in both systems, because
the confinement in Cu matters. The maximum impact on MA is observed
for a thickness, at which QWS cross the Fermi level. This impact on the
MA results from spin-orbit coupling, which is mediated by the QWS-driven
change in the electronic states. The period agrees with period observed for
Cu QWS [273] and IEC of Co/Cu/Co [92]|. This suggests oscillation of IEC
and MA with a constant phase relation due to QWS in the non-magnetic
layer.

Magnetoelastic coupling and magnetic-crystalline anisotropy have a com-
mon origin, namely spin-orbit coupling. We suggest that the observed mod-
ulation of MA is due to QWS in the Au layers. Consequently, a strong
thickness-dependence of ME in the trilayer Fe/Au/Fe is observed. The os-
cillatory variation of ME B; agrees impressively with the periodicity of IEC.
My results suggests strongly that both phenomena are driven by QWS.

To conclude this Section, the magnetoelastic coupling results of Fe/Au(001)
show a linear dependence on film strain. A comparable dependence is not
observed for Fe/Ag(001). In contrast, the magnetoelastic coupling of Fe on
Ag(001) exhibits an oscillatory-like behavior with increasing Fe film thick-
ness. An oscillatory variation of magnetoelasticity of Fe/Au/Fe trilayers with
increasing Au thickness is observed. The reason for this novel finding of an
oscillatory variation of ME are QWS in the Au layers. In the Fe/Ag system,
the electron confinement in the Fe layer changes the electronic states with Fe
thickness, which may contribute to the oscillatory variation of B,. However,
in the epitaxial FM/NM/FM trilayer system, the electrons are confined in
the non-magnetic layer. Thus, here, the oscillatory ME is due to electron
confinement in Au. The origin of the influence of QWS on MA and ME is
proposed to be via SOC through the hybridization at the interfaces.
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Chapter 9

Conclusions and outlook

The main topic of this thesis is the investigation of the relation between
atomic and electronic structure for the magnetic properties of epitaxial thin
films. The central experimental technique is an optical bending beam method,
which has a high sensitivity on the sub-monolayer coverage regime to meas-
ure stress. The measurement of the stress change through a bending can-
tilever is a powerful technique to study structural changes in corroboration
with complementary AES and LEED experiments. 1T use this technique also
to investigate the magnetoelasticity of Fe films and Fe/Au/Fe trilayers on
Ag(001) and Au(001). Here, we advance the understanding of the underly-
ing physics. My results identify the role of quantum well states for a modified
magnetoelastic coupling.

In this thesis, I reveal the first stress measurements during deposition
of Fe on a layered topological insulator (TI). Deposition of Fe on BiySes
was investigated by stress measurements for different growth temperature.
Our results present a clear indication of the limitations of the role of stress
change due to epitaxial strain in orthorhombic FeSe. We found that the
growth is dominated by thermal assisted formation of a-FeSe-like nanocrys-
tals on BiaSe3(0001). This gives arise to a characteristic compressive stress of
—23 GPa, in contrast to the calculated misfit stress of 40.94 GPa. Further-
more, our structural analysis indicates the replacement of Bi with Fe even
at low temperature [189]. We found that upon deposition of Fe a substan-
tial structural disorder is induced. We assign this to atomic replacement.
The surface order is, then, reestablished upon thermal treatment, either by
annealing or higher growth temperature, and this leads to the formation of
the FeSe nanocrystals. The FeSe nanocrystals grow in three rotational do-
mains [63]. From a quantitative analysis of the stress results we conclude
that the stress observed during Fe growth results from structural and atomic
rearrangements rather than from epitaxial misfit strain.
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I also investigate the stress during deposition of Fe atomic layers on
Ag(001) and Au(001). Our stress measurements identify different modes
of interface formation during Fe growth, which affect the film morphology.
With complementary structural analysis we characterize the structure of the
Fe films on Ag and Au for each growth temperature presented in this thesis.
Measurements at different growth temperature provide new insights into the
interdiffusion process, and its impact on growth mode, interfacial intermix-
ing, surface segregation, and the impact on film stress.

The temperature-dependent stress measurements identify different pro-
cesses in both systems. The morphology of the Fe film on Ag(001) shows
a drastic influence of temperature on the interface formation, and on the
magnetoelasticity. This difference is attributed to the change of the ele-
mental distribution near the interface with temperature. In the case of Fe
on Au(001), the influence of growth temperature is comparably smaller. The
most pronounced finding is here, as the growth temperature is reduced, the
relative amount of substrate segregation on top of Fe film decreases. From
the analyses of the stress measurements made in this thesis we could provide
an advanced understanding of interfacial atomic exchange processes for stress
and magnetic properties.

Another significant aspect of this work is the stress involved in the lifting
and formation of the Au surface reconstruction. Au(001) presents a well
known (1x5) surface reconstruction. My thesis provides the first data on
the correlation between lifting a surface reconstructions and corresponding
surface stress change. Furthermore, the stress change during formation of
its reconstruction is also presented. The stress results during growth of Au
on the strained Fe film on Au(001) allowed to quantify the surface stress
involved in the formation of a surface reconstruction. Our results present the
first stress data on Au surface reconstruction under clean ultra high vacuum
conditions. The reconstruction of Au induces a compressive stress change of
—1.1 N/m, which is comparable to the calculated stress of —1.79 N/m [50].

Our magnetoelastic stress measurements of Fe/Au(001) show that the
magnetoelastic coupling coefficient (B ) can be ascribed to a strain-dependence
for epitaxial strained films [22,26,252]. Our results also reveal that the mag-
netoelasticity is independent of the growth temperature for this system. This
indicates that the magnetoelastic properties here are not governed by inter-
face effects. The impact on ME due to a submonolayer coverage of segregated
Au floating on top is comparably week. This result was confirmed by remov-
ing Au by sputtering the top layer of the Fe film. I find that sputtering gives
rise to several side effects. A clear dependence of the magnetoelastic coupling
on the mass of the sputter ion is observed. These novel results shed light
on the importance of the modified surface and bulk structure on the magne-
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toelasticity properties. Systematic studies are called for to obtain the critical
temperature where the intermixing at the interface is drastically reduced in
order to observe the impact of the interface on ME for this system. The
magnetoelastic coupling coefficient By of Fe on Ag(001), on the other hand,
shows an increase of the magnitude with increasing growth temperature. Our
results suggest that a change of the interface intermixing is the driving force
for the modification on the magnetoelastic coupling, and the surface segreg-
ation does not play a fundamental role for the magnetic properties of the Fe
film. A secondary contribution to the magnetic response may come from the
induced magnetization of Ag atoms in proximity to Fe [210,214, 215|.

The main results of my thesis are related to the impact of changes of
the electronic structure on the magnetoelasticity. It is known that electron
confinement strongly influences the magnetic properties of thin films, super-
lattices, and multilayers systems [258,259|. However, up to now the effect on
magnetoelasticity has not been identified yet.

I find an oscillatory variation of the magnetoelastic coupling coefficient
B, with increasing Fe thickness on Ag(001). This suggests that QWS impact
the magnetoelastic coupling of thin films significantly. The B; oscillations
are ascribed to the formation of QWS in the Fe film. Theory-based insights
into the understanding physics are called for.

Based on the influence of QWS on the ME, I exploit the prototypical tri-
layer system Fe(15 ML)/ Au(X ML)/ Fe(10 ML) on Au(001) as a platform to
study the link between the modified electronic states and the magnetoelastic
property. This system shows a well-studied interlayer exchange coupling
(IEC), characterized by an oscillatory behavior of the coupling of the fer-
romagnetic Fe layers upon increasing the nonmagnetic Au layer thickness.
These oscillations have been attributed to a spin-polarized QWS in the NM
layer [7,8,34,89,91,92,100,102, 114,184,224, 260-263]. The here presented
effect of QWS on magnetoelasticity is a novel physical phenomenon to be
taken into account for magnetoelastic coupling in ultra thin films.

The results of magnetoelastic stress on the trilayer system, Fe(15 ML)/
Au(X ML)/ Fe(10 ML) on Au(001), identify the interplay between QWS and
ME of thin films. In the magnetoelastic stress we observe an oscillatory vari-
ation of B; upon varying the Au thickness. The oscillation periods obtained
for By correspond to that observed for IEC [97,104-106], and are measured
as 2.1 ML and 8.2 ML. The excellent agreement of the periodicity suggests
strongly that the two properties, IEC and ME, are driven by a common ori-
gin. We have confirmed this result by comparing the magnetic-crystalline
anisotropy K obtained by MOKE. We found that K oscillates with increas-
ing Au thickness, in-phase with B;. These results indicate that the QWS in
the Au layer impacts ME and MA. Our work presents a novel mechanism
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that can be used to tune the magnetoelaticity of thin films through control
of QWS-modulated electronic states. Following the idea of this study, in-
vestigations of the ME of more systems where QWS have strong influence on
the magnetic anisotropy appear promising. With the help of theory a new
model to describe the magnetielasticity of thin films may be proposed, which
considers the impact of QWS on ME.

Finally, many experimental aspects of film structure and magnetic prop-
erties have been addressed. Thanks to the stress measurements a reliable
characterization of growth processes is possible. Interdiffusion, change of
growth mode, and surface reconstruction are identified by stress measure-
ments. A novel effect on the ME is presented for the prototypical system
of Fe/Au/Fe. The results of this thesis suggest the modulation of the mag-
netoelastic coefficient B; by the QWS on the spacer layer Au. These novel
results advance the understanding of modified magnetoelastic effects in thin
films.
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