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Abstract

In this thesis, the magnetic and structural properties of layered epitaxial film systems

and clusters are presented. A main achievement is the investigation of the direct corre-

lation between magnetism and structural or morphological details of ultrathin films. For

this purpose, the film structure has been accessed directly by means of surface science

methods. The effect of structural changes on the magnetism were observed in-situ by

magneto-optical techniques.

First, epitaxial Fe films grown at low temperature (∼ 120 K) on Cu(100) have been

investigated. Such layers assume an fcc-crystal structure due to their interaction with

the underlying Cu substrate. Within this work it is shown that the morphology of these

films can be altered by annealing treatments. The thermally-induced morphological

changes have direct consequences for domain wall propagation and result in increased

coercivity and in modified surface anisotropy.

Flat fcc-Fe layers on Cu(100) have been used as templates to form fcc-Fe/Cu/Fe

trilayers with coupled perpendicular magnetization. Such systems might be of relevance

for data storage applications. The perpendicular coupling is ascribed to the realignment

of the magnetization of the bottom Fe layer within the stray field produced by the top Fe

layer magnetization. The magnetic coupling has been investigated as a function of the

thickness of the top and the bottom Fe layer as well as the Cu spacer thickness. It was

found that the magneto-static interaction is a direct consequence of the fcc-structure of

both Fe layers and the interface roughness.

It is demonstrated that Fe films with fcc-structure and perpendicular magnetization

can also be prepared on other fcc-templates, such as Pt substrates. Monatomic steps on

the substrate surface are exploited to steer the growth of the film and with it the mag-

netism. Despite significant differences in the morphology and the atomic structure of Fe

films on flat Pt(111) and stepped Pt(997), the critical thickness for the spin reorientation

transition is similar on the two surfaces. However, the local atomic arrangement above

three monolayer film thickness determines in-plane easy magnetization axis parallel to

the step edges.
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ii ABSTRACT

For all layered systems investigated in this thesis, epitaxial strain is a the driving

force which influences the film structure and triggers structural transitions. The strain

dependence of the morphology and the magnetism was probed by a comparative study

of Fe deposited on Pt substrates with and without a noble gas buffer layer. The for-

mation of relaxed Fe clusters during Xe layer desorption is favored in the absence of

the overlayer-substrate interaction. Striking differences in the magnetic anisotropy be-

tween the systems are attributed to magneto-elastic contributions. Measurements of the

blocking temperature of the Fe clusters allow estimating the cluster size.

All samples have been investigated under ultra high vacuum conditions. The study

of the sample magnetic properties study was done by in-situ magneto-optical Kerr effect

measurements and Kerr microscopy. Structural characterization was done by low energy

electron diffraction and, in collaboration with other scientists, by scanning tunnelling

microscopy.



Version abrégée

Dans cette thèse on présente une étude sur les propriétés magnétiques et structurales

de films déposés par épitaxie et de clusters. Le principal résultat est l’observation de la

correspondance directe entre le magnétisme et les détails structuraux ou morphologiques

des films ultra minces. Dans ce but, la structure du film a été analysée directement au

moyen de méthodes de science des surfaces. L’influence de la structure cristalline sur le

magnétisme peut être observée in-situ par des techniques magnéto-optiques.

Dans un premier temps, la croissance par épitaxie à basses températures (∼ 120 K) de

films de Fe sur du Cu(100) a été étudiée. De telles couches ont une structure cristalline

de type cfc du fait de l’interaction avec le substrat de cuivre situé en dessous. Ce

travail montre que la morphologie de ces films peut être altérée lors des expériences de

recuit. Les changements morphologiques induits thermiquement ont des conséquences

directes sur la propagation des parois des domaines. Ces changements produisent une

augmentation de la coercitivité et une modification de l’anisotropie de surface.

Des couches minces de cfc-Fe sur du Cu(100) ont été utilisées comme base pour la

formation de couches triples de cfc-Fe/Cu/Fe ayant une aimantation perpendiculaire

couplée. De tels systèmes pourraient être pertinents pour des applications de stockage

de données. Le couplage perpendiculaire est attribué au réalignement de l’aimantation

de la couche inférieure de Fe située dans le champ dipolaire produit par l’aimantation

de la couche supérieur de Fe. Le couplage magnétique a été étudié en fonction de

l’épaisseur de la couche inférieure et supérieure de Fe ainsi qu’en fonction de l’épaisseur

de la couche de Cu séparant celles de Fe. L’interaction magnéto-statique serait une

conséquence directe de la structure cfc des deux couches de Fe et de la rugosité des

interfaces.

Il est démontré que les films de Fe ayant une structure cfc et une aimantation perpen-

diculaire peuvent aussi être préparés sur d’autres bases de type cfc tels que des substrats

de Pt. Les marches monoatomiques sur la surface du substrat sont exploitées afin de

diriger le mode de croissance du film, ce qui permet ainsi de contrôler l’aimantation.

Malgré d’importantes différences dans la morphologie et dans la structure des films de
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Fe sur du Pt(111) plat et sur du Pt(997) en forme de marche, l’épaisseur critique pour

la transition de la réorientation du spin est similaire dans les deux systèmes. Cepen-

dant, après une transition d’une structure cfc vers une structure ccc, et dans le cas

d’une épaisseur de marche supérieure à trois monocouches, l’arrangement atomique lo-

cal détermine l’axe facile d’aimantation dans le plan comme étant parallèle aux bords

des marches.

Pour tous les systèmes de couches minces étudiés dans cette thèse, la contrainte

épitaxiale représente l’une des forces motrices qui influencent la structure du film

et déclenchent les transitions structurales. La dépendance de la morphologie et de

l’aimantation en fonction de la déformation a été sondée à partir d’une étude compar-

ative entre le Fe déposé à nu sur un substrat de Pt et le Fe déposé sur un substrat

de Pt recouvert d’une couche de gaz noble. La formation de clusters de Fe sans con-

trainte lors de la désorption de la couche de Xe est favorisée en l’absence d’interaction

entre la couche supérieure et le substrat. Les flagrantes différences dans l’anisotropie

de l’aimantation entre les deux systèmes sont attribuées aux contributions magnéto-

élastiques. Les mesures de la température de blocage des clusters de Fe permettent

d’estimer la taille des clusters.

Tous les échantillons ont été analysés sous ultra haut vide. L’étude des propriétés

magnétiques a été effectuée par des mesures d’effet Kerr magnéto-optique et par

l’utilisation d’un microscope Kerr. La caractérisation structurale a été faite à partir

de la diffraction d’électrons lents et par microscopie à effet tunnel en collaboration avec

d’autres chercheurs.
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Introduction

The fascinating magnetic behavior of some elements present in nature has been known

since ancient Greece. However, it was the Chinese, more than 2000 years ago, who built

what could be defined as the first magnetic device ever realized: the compass. Curiously,

only in the 12th century people started to use it for navigation purposes. For a long

time, the compass has been employed by the navigators to discover new continents and

explore the world on very large scale. Nowadays, the interest of scientists working in

the field of magnetism has turned towards the opposite direction, the infinitely small.

In particular, since the introduction of the first magnetic hard disk drive into a com-

puter by IBM in the late 1950s, many efforts have been concentrated on the study of

magnetic thin films because of their key role in magnetic recording and storage me-

dia. In recent magnetism-based and magneto-electronic devices, nanometer dimensions

have already been reached. The rapidly decreasing dimensions demand investigations

of magnetism at the atomic level. For basic research, films approaching a thickness of

a single atomic layer are model systems for the investigation of physics in two dimen-

sions. Magnetic properties such as ordering temperature, magnetic moment, magnetic

anisotropy, etc., can be drastically different from those in three dimensional systems [1]

and are deeply interconnected with the structural and morphological properties of the

film as well as its interaction with the substrate. One of the main goals of the research

on ultrathin epitaxial films is therefore to find a direct correlation between structure

and magnetic properties at the atomic scale. The majority of experiments performed

so far show that the observed phenomena are often unique to a particular combination

of film and substrate, and principles of general relevance are rare [2, 3]. Moreover, in

some cases the published results are partly contradictory, indicating that subtle devia-

tions in the preparation condition, substrate quality, etc. can cause significant changes

in the structure or magnetism. A deeper understanding of such a relationship is not

only of basic interest but would allow tailoring of the magnetic properties of more com-

plex structures for application in new devices. Being able to control the assembling of

particular nanostructures (multilayers, films, wires, dots) of high quality (defect free,
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2 introduction

smooth interfaces) with well defined magnetic properties represents the challenge for

present and future efforts in the field of nanoscale magnetism. Various methods have

been presented to control the growth and assembly of nanostructures at surfaces. Ar-

tificially built structures at the atomic scale have been done by manipulating adatoms

or adsorbed molecules [4, 5]. On the other hand, nature can often help to do parallel

assembling processes via self-organization. For instance, linear and two dimensional

nanostructures [6], magnetic quantum dots array [7] and ferromagnetic monoatomic

chains [8] can be obtained by proper choices of film/substrate system and growth condi-

tions. However, despite the considerable progress and innumerable results on ultrathin

films and nanostructures during the last decades, a full and general understanding of

the correlation between structure, morphology and magnetic properties has not yet been

achieved. One of the best examples of the complexity of this correlation is represented

by the system Fe/Cu(100). Structural transitions (with increasing Fe thickness) from

tetragonally distorted fcc to fcc and then to bcc have been correlated to different mag-

netic phases [9]. Despite the huge amount of work on this system [10–29], the correct

picture is still under debate. One main reason for the discrepancy between results of

different groups is that minor changes in the preparation conditions have significant

impact on the obtained film morphology.

One major goal of this thesis is to identify the relevance of structure and morphology

at the atomic level for magnetic properties, such as the magnetic anisotropy, domain

wall pinning, coercivity or magnetic coupling. I will present an experimental approach

to separate reversible and irreversible contributions to the anisotropy of thin films.

Furthermore, I explore strategies to manipulate the crystallographic structure and mor-

phology in more complex systems, such as ferromagnetic trilayers and surface supported

3D clusters. Structurally driven and adsorbate-induced changes of the magnetism have

been investigated, in some cases even on the same film. The experiments described in

this thesis therefore provide basic methods to steer the assembly of structures at the

atomic level and may be useful for the construction of more complex layered structures

or cluster assemblies.

In this thesis I focus on the following systems:

The magnetic properties of Fe/Cu(100) are investigated during and after thermally-

induced morphological modifications. This approach has allowed the separation of re-

versible and irreversible contributions to the surface anisotropy constant, coercivity,

Barkhausen length and domain wall propagation, as described in Chapter 3.

Such fcc-Fe layers have been used as templates to fabricate fcc-Fe/Cu/Fe trilayers.

With each preparation step a spin reorientation transition has been observed, underlin-
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ing the fundamental role of the interfaces for the magnetic properties of ultrathin films.

Also the perpendicular ferromagnetic coupling between the two ferromagnetic Fe layers

is governed by the interface roughness, as described in Chapter 4.

In Chapter 5, another model system to study the correlation between structure and

magnetism is presented. The morphology and growth mode of Fe films on flat and

stepped Pt substrates are determined by the presence of the substrate steps. The steps

inhibit the formation of bcc(110)-domains in a particular orientation with respect to the

substrate, resulting in a pronounced in-plane anisotropy with easy axis parallel to the

step edges. Adsorbate experiments on all layered systems help to probe the role of the

electronic structure at the film-vacuum interface for the magnetic anisotropy.

The film-substrate interaction during the growth of nanostructures is suppressed by

covering the substrate surface with a noble gas buffer layer, as described in Chapter 6.

Relaxed strain-free Fe clusters are formed during Fe deposition onto the buffer layer

and, in particular, during the buffer layer desorption. Different magnetic anisotropy is

found in the clusters compared to strained islands grown on the bare substrate.

The experiments show that already simple variations of the preparation conditions,

substrate orientation or surface morphology yield a variety of different overlayer struc-

tures. A combination of methods presented here and other methods may pave the

road towards more complex structures, such as three dimensional assemblies, in future

experiments.





Chapter 1

Magnetism at ultrathin film limit

Ultrathin films and multilayers display distinct magnetic properties with respect to bulk

materials [1]. Exciting phenomena such as perpendicular magnetization [9,30], enhanced

magnetic moment [31, 32], modified magnetic anisotropy [33, 34] and magneto-elastic

coefficient [35,36], reduced Curie temperature [37,38] have been observed by decreasing

the film thickness down to the limit of a few atomic layers.

The magnetic properties are deeply related to the electronic and structural proper-

ties. The density of states around the Fermi energy, is a key parameter for magnetism

according to the Stoner model. The bandwidth, the relative position to the Fermi energy

and the exchange splitting of the relevant d-sub-bands determine the magnetic moment

and the existence of long-range magnetic order, i.e. the ferromagnetic behavior. On the

other hand, these parameters depend on the structure of the material. The width of the

d-band sensitively depends on the atomic coordination, the interatomic distances and

the localization. The magnetic properties will thus depend on the local structure. In

epitaxial ultrathin films, the film-vacuum and film substrate interfaces strongly influence

the magnetism [39]. In such a systems of reduced dimensionality, the atom coordination

decreases. The smaller number of neighbors decreases the exchange interaction and,

as a consequence, the stabilization of the magnetic ordering. The thermal fluctuations

becomes relatively more important and, generally, the Curie temperature decreases with

film thickness. The lowering of the symmetry at the surface removes the quenching of

the orbital moment, which is also enhanced by the narrowing of the d-band due to the

broken bonds at the film-vacuum interface [40]. The substrate plays an important role,

as well. Epitaxial strain due to lattice mismatch modifies the structure of the adlayer.

Phases with different magnetic properties, which exist in bulk only at very high temper-

ature, such as fcc-Fe, can be found at room temperature in ultrathin films deposited on

particular fcc-templates. Strongly interacting substrates with induced magnetic moment

5



6 CHAPTER 1. magnetism at ultrathin film limit

substantially influence the magnetism of the adlayer, as well.

The aim of this chapter is providing the relevant basics for the experimental results

presented in this thesis. The correlation between the structural properties and the

magnetism of ultrathin films and nanostructures will be pointed out in Sec. 1.1 and 1.2.

The magnetic coupling of two ferromagnetic layers through a non-magnetic spacer will

be addressed in Sec. 1.3.

1.1 Magnetic anisotropy and spin reorientation

Applications of magnetic materials depend on the tendency of the magnetization to

align along certain spatial directions. These preferred directions are called easy axis of

magnetization and are determined by the minima in the magnetic anisotropy energy

(MAE). The MAE is considered as the energy necessary to deflect the magnetization in

a single crystal from the easy to the hard direction (given by the maxima in the MAE).

In the bulk as well as in thin films the magnetic ordering is provided by the long-

range exchange interaction between neighboring moments. However, the stabilization of

the total magnetization with respect to certain spatial directions is due to the magnetic

anisotropy. The magnetic anisotropy determines the presence of magnetic domains and,

in competition with the exchange interaction, the width of the domain walls. Within a

magnetic domain, the magnetic moments are aligned along the easy magnetization axis,

while a transition of the moment direction occurs in the domain wall separating two

domains of different magnetization direction. The exchange interaction tries to keep

the domain wall width large in order to minimize the angle between adjacent spins,

whereas the magnetic anisotropy tends to reduce the width by forcing the spins along

the easy magnetization axis. The domain wall width is given by 2
√

A/K, where A is the

exchange stiffness and K the anisotropy constant. In thin films, the former is smaller

while the latter is usually found to be increased. As result, much smaller domain wall

width is expected with respect to the bulk. We will see in Sec. 3.1 that this parameter

determines the increasing of the coercive field in thin Fe layer grown at 120 K on Cu(100)

when, upon annealing, the domain wall width matches the islands size.

Contribution to the magnetic anisotropy arise from both spin-orbit and dipolar in-

teractions. In the following, two major contributions relevant for thin films will be

considered: the magneto-crystalline anisotropy energy, EMC , and the magneto-static

anisotropy energy, Eshape .
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Magneto-crystalline anisotropy

The spins interact with the orbital angular moments via the spin-orbit coupling:

HSO = ξ S · L (1.1)

where ξ is the spin-orbit constant. This interaction is isotropic. However, in a crystal,

the electronic orbitals are exposed to the inhomogeneous electric field produced by

neighboring atoms, i.e. the crystal field. The resulting directional dependence of the

3d-electron orbitals interaction with the crystal field and the spin-orbit coupling are the

origin of the magneto-crystalline anisotropy (MCA).

The idea that the MCA originates from the coupling between the isotropic spin

moment and orbital angular momentum was first proposed by van Vleck [41]. Since ξ

is usually much smaller (∼ 50 meV ) than the 3d-bandwidth (∼ 1 eV ), a perturbation

approach within a tight binding model can be used to describe the relationship between

the MCA and the orbital moment [42]. It has been shown that the EMC is proportional

to the difference between the orbital moments along the hard and easy directions. The

latter is given by the direction in which the orbital moment is larger. Furthermore, the

orbital moment is directly proportional to ξ and inversely proportional to the bandwidth,

W [40]. Since the orbital moment direction is perpendicular to the plane of the orbiting

electron, in case of thin films the in-plane and the out-of-plane orbital moments will

be determined by the bandwidth of the out-of-plane and in-plane orbitals, respectively.

More recently it has been shown that the EMC is proportional to the orbital moment

only when the majority spin band is completely filled (strong ferromagnets). Otherwise,

also the magnetic dipole term, which accounts for the spin-flip contributions in the

EMC , has to be taken into consideration [43].

In a crystal, the 3d-electron orbitals are expressed in terms of standing waves, since

they can adapt the charge distribution to the crystal field resulting thus electrostatically

favorable. Standing waves are described by real wave functions, |ψ〉. The expectation

value of the angular momentum component Lz = 〈ψ|L̂z|ψ〉 is zero. The orbital moment

is said to be quenched. As a consequence, the orbital contribution to the magnetic

moment is quenched, as well. Reducing the number of neighbors in thin film allows

running wave orbitals, for which Lz 6= 0. As a result, the orbital magnetic moment

and the magnetic anisotropy are enhanced. Is is generally found that the smaller the

coordination, the larger the orbital moment and the MCA [40,44].

Because of the interaction between the orbitals and the crystal field, the magneto-
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crystalline anisotropy reflects the symmetry of the crystal structure. In a phe-

nomenological model, the MCA is assumed to be a function of the direction of the

magnetization with respect to the crystallographic axis. Assuming cubic symmetry, the

magneto-crystalline energy density can be expressed as:

fMC = K4(α
2
1α

2
2 + α2

2α
2
3 + α2

3α
2
1) + K6(α

2
1α

2
2α

2
3) + ... (1.2)

where K4 and K6 are the fourth and sixth order MCA constants, and αi the cosines

between the magnetization direction and the crystallographic axis. For iron, K4 =

4.2 × 104 J/m3 and K6 = 1.5 × 104 J/m3 [45]. The easy axis of magnetization are

thus given by the [001], [010] and [100] crystallographic directions (Fig. 1.1). The

order of magnitude of the fMC is tipically ∼ 10−6 − 10−4 eV/atom for 3d-metals.

[100]
easy

[010]
easy

[001]
easy

[1 1]
hard

1

Figure 1.1: fMC as a function of the crys-

tallographic directions of a cubic lattice, in

case of K4 > 0. The minima and the max-

ima of fMC indicate the easy and the hard

magnetization axis, respectively.

When an external magnetic field is ap-

plied, the spins try to align parallel to

the direction of the field. Due to the

spin-orbit interaction, a rotation, and as

a consequence a variation, of the orbital

moment occurs. The re-alignment of the

orbital moments changes the overlap of

the electron orbits. Because of the Pauli

principle, this modification costs energy,

which, to some extent, can be compen-

sated by lattice deformation. This ef-

fect is known as magnetostriction. In

the phenomenological model described

in the following it is considered as a sepa-

rate magneto-elastic contribution to the

MCA.

Magneto-static anisotropy

An additional contribution to the magnetic anisotropy originates from dipolar interac-

tions. When the magnetic moments are all aligned in one direction, a magnetic stray

field is produced outside the sample, due to the accumulation of magnetic charges.

This surface charge distribution is the source of an internal demagnetizing field, acting

in opposition to the magnetization that produces it (Fig. 1.2). The demagnetizing field,
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Hd , depends on the shape of the sample. As a consequence, the magneto-static energy

becomes dependent on the magnetization direction, determining the magneto-static or

shape anisotropy energy density:

fshape = −1

2
µ0 Hd ·M =

1

2
µ0 M2(Naα

2
1 + Nbα

2
2 + Ncα

2
3) (1.3)

where Hd = −N · M, being N the demagnetizing tensor. It is Na + Nb + Nc = 1,

with Nc = 1 in case of thin films. In this case, the shape anisotropy will thus fa-

vor in-plane magnetization to avoid magnetic stray field. Such a field in films with

perpendicular magnetization is reduced by the formation of magnetic domains. How-

ever, the formation of magnetic domains costs both exchange and anisotropy energy

because in the domain walls the spins are neither parallel nor aligned along an easy axis.

M

+ + + + ++ + + + +

- - - - - - - - - -
H

d

Figure 1.2: Stray field lines for a sample

with out-of-plane magnetization. At the sur-

face, magnetic charge of opposite sign are

accumulated, giving rise to a demagnetizing

field within the sample.

The presence of domains is thus given

by the balance between the gain from

the reduced stray field and the energy

cost for the domain walls formation. For

a perpendicular magnetized film, it was

shown that the sum of domain wall en-

ergy and magneto-static energy scales as

1/t for a single domain configuration and

as 1/
√

t for a multi-domain state, being

t the film thickness. Hence, below a crit-

ical thickness, a single domain configura-

tion prevails [46]. This prediction is sup-

ported by the intuitive argument that for

t → 0, also the volume vanishes and thus

no surface poles are generated. As a consequence, the stray field energy of ideally flat

ultrathin films is negligible. However, defects and imperfections in the morphology will

result in a stray field outside monolayer thin films. It will be shown in Sec. 1.3 that the

roughness is associated with a stray field, which determines a magneto-static interlayer

coupling.

Spin reorientation transition in thin films

The magnetic anisotropy in thin films can be markedly different from the respective

bulk materials. Interface effects such as modified electronic structure, interlayer

relaxation, surface strain, reduced coordination, etc. can alter the magnetic properties.
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Their influence increases with decreasing the film thickness. The often observed per-

pendicular easy magnetization axis is determined by the interface effect contributions

to the MAE, which dominate over the magneto-static energy in the ultrathin limit. A

spin reorientation transition (SRT), i.e. a change in the direction of the magnetization

easy axis, is often observed in thin films by varying the film thickness, tF . A rather

simple phenomenological model is often used to describe this transition. The total

anisotropy energy density, ftot , can be written as the sum of the magneto-crystalline,

fMC , the magneto-elastic, fME , the magneto-static, fshape , energy densities and a

surface contribution, fsurf , which takes into account of all the interface effects. In the

case of lattice with cubic symmetry, neglecting terms higher than the fourth order, and

assuming homogeneous in-plane, ε‖ , and perpendicular, ε⊥ , strain, we can write:

ftot = K4(α
2
1α

2
2+α2

2α
2
3+α2

3α
2
1)+B1[ε⊥α2

3+ε‖(α
2
1+α2

2)]+
1

2
µ0M

2α2
3−

(Kf−vac + Kf−sub)

tF
α2

3

(1.4)

where B1 is the magneto-elastic coupling constant, Kf−vac and Kf−sub the surface

anisotropy constant for the film-vacuum and film-substrate interface, respectively. A

negative sign of B1 indicates that the energy is lowered with the magnetization along

the direction of tensile strain, if the strain is large enough to dominate over the other

anisotropy contributions. This aspect will be discussed in Chapter 6, in which the mag-

netic properties of strained Fe islands are compared with relaxed Fe clusters on the same

Pt substrate. The surface anisotropy constants account for the interface effects. Often,

for simplicity, Kf−vac = Kf−sub = KS is assumed.

The difference between the magnetic anisotropy energy calculated with the magneti-

zation perpendicular (α3 = 1, α1 = α2 = 0) and within the plane (α1 = 1, α3 = α2 = 0)

provides the information about the easy axis of magnetization:

∆ftot = ftot(⊥)− ftot(‖) = B1(ε⊥ − ε‖) +
1

2
µ0M

2 − (Kf−vac + Kf−sub)

tF
(1.5)

If ∆ftot > 0, the magnetization will be within the film plane, otherwise for ∆ftot < 0

the preferred direction will be out-of-plane. At low thickness, fsurf can dominate over

the other contribution, thus determining the easy axis of magnetization. A positive

value of Kf−vac + Kf−sub will favor perpendicular easy axis. A change in sign of ∆ftot

as a function of tF indicates a SRT (Fig. 1.3). The critical thickness, tcrit, can be

calculated from ∆ftot = 0:
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Figure 1.3: Difference between the total magnetic anisotropy energy with perpendicular and

in-plane magnetization as a function of film thickness. A change of sign indicates the critical

thickness for the spin reorientation transition from out-of-plane to in-plane.

tcrit =
2(Kf−vac + Kf−s)

2B1(ε⊥ − ε‖) + µ0M2
(1.6)

The shift of tcrit as a function of temperature observed on ultrathin Fe films grown on

Cu(100) will be attribute to a temperature dependence of KS. By using the Eq. 1.6,

reversible and irreversible contribution to KS will be calculated (Chapter 3). Further-

more, the reorientation transition observed on Fe/Cu/Fe/Cu(100) trilayers by oxygen

adsorption on the top Fe layer will be ascribed to a change of KS due to the modified

electronic structure at the Fe-vacuum interface. This result will demonstrate the gov-

erning role of the top Fe layer for the magnetism of the whole trilayer (Chapter 4). The

importance of the film-substrate interface will be instead addressed in Chapter 5 for Fe

films on flat and stepped Pt substrates.

1.2 Correlation between the film morphology and

the magnetism

The observation of the evolution of magnetism with structural and morphological

changes on the same film/substrate system is very instructive to identify the governing

parameters for the magnetism. It will be shown in Chapter 3 that changes in the mag-
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netic properties, such as anisotropy, coercivity and domain wall motion, are correlated

with thermal-induced modification of the morphology of ultrathin Fe films grown at

120 K on Cu(100).

The magnetization reversal process in ultrathin films is determined by the energy

of the domain walls as a function of position. It starts with the nucleation of small

domains of opposite magnetization at places of reduced anisotropy within an external

field and proceeds by domain wall propagation. For a idealized perfectly smooth
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and homogeneous film, the domain wall displacement requires only little field energy.

In epitaxial films, various effects originating in deviations from the ideal crystalline

structure interact in a complex manner and determine the shape of a more or less

statistical, irregular Potential Energy Surface (PES) (Fig. 1.4(a)). The dominating

contributions to the PES arise from exchange and anisotropy inhomogeneities [47, 48],

which are on the other hand directly related to the structure and morphology of the

film. The field needed to reverse the magnetization, i.e. the coercive field HC , is

proportional to maxima of the gradient of the PES, (dE/dx)max , averaged over the

entire sample (Fig. 1.4(b)):

HC ∼
√ (

dE

dx

)2

max

(1.7)

As we will see in the following, other important magnetic properties, such as the

Barkhausen volume, follow directly from the distribution of energy barriers in the PES.

The PES thus provides the central link between film structure and magnetism.

A domain wall is pinned at a position of a local energy minimum, usually associated

with structural peculiarities (Fig. 1.4(c)). Moving away a domain wall from a pinning

center costs energy and overcoming the barrier requires the activation energy, EA. Both

the temperature and the applied field decrease the effective barrier height. While the

field actually decreases the height, the temperature increases the attempt rate of the

spins to overcome the barrier. If the provided energy is sufficiently high, the domain wall

jumps (Barkhausen jump) to the next higher barrier, in another local minimum of the

PES (Fig. 1.4(b)). The magnetization reversal process depends therefore on the PES, the

applied field and the temperature. As a consequence, experiments on the magnetization

reversal process as a function of field and temperature yield valuable information about

the PES as will be demonstrated on the example of Fe films on Cu(100) in Sec. 3.2.

Because of the PES, the magnetization reversal is represented by discrete jumps of

the total magnetization, M , as the applied field, Hext , is smoothly increased. The

smallest volume which reverses its magnetization in a single activation event is called

Barkhausen volume [49]. These irreversible changes in the magnetization are the result

of irreversible domain wall motions from different pinning sites (Fig. 1.4). The jump

can at finite temperature even if the applied field is lower than HC . This relaxation

of the magnetization at constant applied field is referred to as magnetic after-effect.

It determines the long-term stability of magnetic storage media and it is thus of great

relevance in applications [50]. Moreover, it underlines the importance of the attempt

rate in overcoming the energy barriers for the magnetization reversal, beyond the energy
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provided by the applied magnetic field.

Measurements of the magnetic after-effect, also dubbed as magnetic viscosity, have

turned out to be very helpful for the investigation of activation events. Such experiments

have been performed on thin films with perpendicular [51–57] and in-plane magnetiza-

tion [48, 57]. The interpretation of the results could be improved substantially by the

combination with magnetic imaging techniques, such as Kerr microscopy [53, 55–57] or

spin sensitive scanning electron microscopy (SEMPA) [48]. Thus, domain nucleation and

wall propagation dominated magnetization reversal could be distinguished [53,54,57,58],

as predicted by Fatuzzo’s theory [59]. In some cases the experiments allow to estimate

the Barkhausen volume, VB [51, 54–56], or EA [48, 51, 52, 56]. The importance of do-

main pinning mechanisms [57], roughness [51, 60] or preparation conditions [55] has

been pointed out. The theoretical description of the observed data could significantly

be improved by assuming distributions of EA or VB rather than constant values [51,54].

However, temperature dependent measurements of the magnetic after-effect and the

anisotropy allow to improve the understanding of the correlation between film struc-

ture and magnetism and yield the determining parameters for the Barkhausen volume,

and thus for the PES. The distribution of the relaxation times as equivalent of the en-

ergy barrier will be obtained from such experiment on ultrathin Fe films grown at LT

(∼ 120K) on Cu(100) (Sec. 3.2).

1.3 Interaction between thin magnetic layers

The magnetic coupling between ferromagnetic (FM) layers separated by a non-

ferromagnetic spacer has been investigated extensively in the past [61–67]. While sys-

tems with in-plane magnetic anisotropy are common and have attracted the interest

of many scientists, studies on trilayers with coupled perpendicular magnetization are

rare [68,69]. However, such systems might be of particular relevance for giant magneto-

resistive or magneto-optical applications [70].

The oscillatory character of the coupling as a function of interlayer thickness observed

on many systems can be described by an extension of the theory of the Ruderman-Kittel-

Kasuya-Yosida (RKKY) exchange interaction through the non-magnetic spacer [71,72].

However, other possible coupling mechanisms arising from the particular morphology

of the interfaces, such as the magneto-static interaction, do influence the magnetic

coupling. This contribution, also known as ”orange peel” coupling, was investigated

by Néel more than 40 years ago in case of in-plane magnetic anisotropy [73]. It was

shown that a correlated roughness of the interfaces results in a FM configuration of
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the magnetizations in the two magnetic layers. For systems exhibiting perpendicular

magnetization, the contribution to the coupling arising from magneto-static interaction

has been seldom discussed only in very few cases [74].

Epitaxial Fe layers grown at RT on Cu(100) substrates exhibit interesting magnetic

phases in the ultrathin film limit [15,75,76], in particular the appearance of perpendicu-

lar magnetization below a thickness of ∼ 11 ML [9], which is commonly attributed to the

contribution of the Fe-vacuum interface to the magnetic anisotropy energy [77]. Because

of their perpendicular anisotropy and the layer-by-layer growth mode on Cu(100), ultra-

thin Fe layers grown at RT on Cu(100) represent an ideal template for the fabrication of

Fe/Cu/Fe trilayers to investigate the magnetic coupling in systems with perpendicular

magnetization. Our experimental results are reported in Chapter 4.

In the following, an introduction to the two coupling mechanisms, the interlayer

exchange and magneto-static interaction, is given. Concerning the first one, the case of

two FM layers separated by a non-magnetic spacer is considered. Afterwards, a model to

estimate the magneto-static interaction in case of perpendicular anisotropy is described.

Interlayer exchange coupling

The first observation of antiferromagnetic (AF) coupling between Fe layers separated

by a Cr spacer [61] stimulated an intensive research on the coupling phenomena in

multilayer systems. It has been shown that the spectacular result of oscillatory FM-AF

coupling as a function of the interlayer thickness, D, occurs almost independently of the

transition metal used as spacer [63].

The interlayer exchange coupling (IEC) can be described as a quantum interference ef-

fect arising from multiple spin dependent reflections of the electrons at the interfaces be-

tween FM layers and spacer layer [67], similarly to the Ruderman-Kittel-Kasuya-Yosida

(RKKY) interaction between magnetic impurities in a non-magnetic host [78–80]. In

case of constructive or destructive interference of the electron wave functions, the density

of states in the spacer is enhanced or decreased, respectively. As a consequence, also the

energy of the system will change depending on D. For certain values of D, the most en-

ergetically favorable configuration will be the parallel alignment of the magnetization of

both FM layers (FM coupling) and for other ones, antiparallel alignment (AF coupling).

A derivation of the IEC is obtained by using the Green’s function formalism. It can be

shown that the IEC is mainly determined by the Green’s function of the non-magnetic

layer, which describes the propagation of electrons between the two FM layers, and the

spin dependent reflectivity at the FM layers-spacer interfaces, which is different for ma-

jority or minority electrons. The reflection of electrons with a given spin is dependent
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on the matching of the spacer band structure with the majority and minority spin bands

in the FM layer. Therefore, it appears clear that the spacer electronic properties and

thickness influence the period of the oscillatory IEC, whereas the FM layers determine

only the amplitude (coupling strength) and the phase shift of the oscillations. The IEC

depends weakly on the FM layer thickness, tFM . The amplitude of the IEC oscillations

as a function of tFM is generally much smaller than the oscillations as a function of

D, and does not give rise to a change of sign of the IEC. For particular q-vectors, the

electrons are totally reflected at the interfaces and the amplitude and the phase shift of

the IEC oscillations are independent of tFM .

The magnetic coupling energy as a function of the angle ϑ between the magnetiza-

tions of the two FM layers is described by:

EIEC = −J1 cos ϑ (1.8)

where J1 is the so-called ”bilinear” interlayer (or indirect) exchange coupling (IEC)

constant. Depending on its sign, parallel (J1 > 0) or antiparallel (J1 < 0) alignment of

the magnetizations occur.

In the limit of large D, an asymptotic approximation of J1 can be derived:

J1 =
∑

c

Ac

D2
cos(qcD + δc) (1.9)

where Ac is the coupling strength of the various oscillatory components and is related to

the reflection asymmetry of the majority and minority spins. The IEC depends on D as
1

D2 times a periodic function of qcD, with the period determined by the reciprocal vectors

qc. It can be demonstrated that only the extremal spanning vectors of the Fermi surface

perpendicular to the interface contribute to the IEC. The sum in Eq. (1.9) is therefore

done considering only these particular q-vectors, labelled by the index c. Fig. 1.5 shows

a cross-section of the Fermi surface of Cu along the (11̄0) plane passing through the

origin. For the (001) orientation, two stationary spanning vectors are found. Hence,

two different periods for the oscillatory IEC are predicted.

This asymptotic approximation leads to a good agreement with experimental data

also for very thin spacer thickness, except when the two layers are in direct contact.

However, the theoretical description of the IEC in terms of quantum interferences due

to electron confinement provides satisfactory predictions only for the periods of the os-

cillations, while it usually fails in calculating the strength and the phase of the coupling.

This is due to the poor description of the interaction (contact interaction) between the
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Figure 1.5: Cross section of the Fermi surface of Cu along the (11̄0) plane passing through

the origin. The indicated spanning vectors determine the periods of the IEC for layers with

(001) orientation.

d-electrons of the FM layers and the conduction electrons. The model based on the

concept of ”virtual bond state” [81] has been extended to the case of 2D-FM layers [82].

Here, the d-electrons of the FM layer and the conduction electrons of the spacer are

coupled via the so-called s− d hybridization. This approach provides an interpretation

of the period, phase, and intensity of the oscillatory IEC.

The ”bilinear” coupling discussed so far favors either FM or AF coupling between

the two FM layers. To interpret non-collinear magnetization state observed experimen-

tally [83, 84], it is useful to expand EIEC in a phenomenological series:

EIEC = −J1 cos ϑ + J2 cos2 ϑ + J3 cos3 ϑ... (1.10)

where J2 is the ”biquadratic” term which, if negative, favors also 90◦ coupling. Ex-

perimentally, only J2 < 0 has been observed [85]. Usually, J1 is much larger than J2

and thus often governs the spin configuration. However, for particular systems, as for

example Fe/Cr/Fe on GaAs(100) [83] or NiFe/Cu multilayers [84], J2 is not negligible

and actually determines a non-collinear magnetic state.

The origin of J2 was proposed by Slonczewski and attributed to two different mech-

anisms. At the FM layers-spacer interfaces localized-electron states with unpaired spin
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are present. The spins are weakly coupled (loose spins) to the remainder of the ferro-

magnets and mediate a non-Heisenberg exchange coupling between them which includes

a biquadratic term [86]. According to this model, the biquadratic coupling should be

considered intrinsic to the ideal multilayer structure rather than due to impurities or

structural defects. Successively, it was found that the ”loose spins” are probably FM

atoms (defects due to intermixing) in the spacer very close to the interface [87]. The

second mechanism is ascribed to thickness fluctuations (roughness) of D, and the fact

that the intrinsic J1 oscillates as a function of D [87].

Perfectly flat and smooth interfaces and defect-free spacer are an ideal case. A certain

Figure 1.6: Calculated interlayer coupling constant J1 (in the reference is called I1,2) for a

Cu(001) spacer, as a function of the Cu thickness NCu , at T = 0 K. The solid circles corre-

spond to physically achievable thickness (NCu integer. (a) Zero roughness and (b) roughness

r = 0.25. Figure from ref. [71].



1.3 Magnetic coupling in trilayers 19

degree of roughness and some intermixing are very often present and may influence, more

or less strongly, the IEC. This effect was studied by Bruno et al. [71] and Levy et al. [88].

On one hand, the coupling must be averaged over the fluctuations ∆z of the spacer

thickness. Coupling oscillations with a period shorter than ∆z are smoothed out. On the

other hand, the in-plane translational invariance is broken. The coupling is suppressed

for D larger than the lateral correlation length of ∆z. As example, let assume an average

D of N layers and portions of N − 1, N , N + 1 layers (∆z = ±1) with weights of r,

1− 2r and r, respectively. In case of a roughness parameter r = 0.25, the short period

oscillations are almost suppressed, resulting in a strongly reduced coupling strength (by

a factor 10!) and an apparent increased period [71, 89]. These results are illustrated in

Fig. 1.6 in case of zero roughness (a) and a roughness r = 0.25 (b). At T = 0 K and

for a Cu thickness D = 5 ML, for the case of flat interfaces, J1 ' 0.16 meV/atom has

been calculated. This value is in good agreement with the experimental result obtained

from ex-situ measurements on 60 ML Cu/3 ML Fe/x-Cu/3 ML Fe/Cu(100) [68]. In case

of AF coupling, two minor hysteresis loops appear, shifted with respect to the H = 0-

axis. The strength of the IEC was estimated by using J = MSHSt/2, being MS the

saturation magnetization, t the Fe layer thickness and HS the saturation field taken at

Figure 1.7: The saturation field, HS , in epitaxial fcc-60 ML Cu/3 ML Fe/x-

Cu/3 ML Fe/Cu(100) structures as a function of the Cu spacer thickness, x. The solid line is

a guide to the eye. Figure from ref. [68]
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the center of the loops. A maximum exchange coupling energy J ' 0.13 meV/atom was

obtained from the saturation field shown in Fig. 1.7. Unfortunately, this technique does

not provide any information of J if the coupling becomes ferromagnetic.

Magneto-static or ”orange peel” coupling

Besides the reduction of the IEC, the interface roughness gives rise to an additional

interaction between the FM layers of magneto-static nature. A model to evaluate the

”orange-peel” coupling for systems exhibiting perpendicular anisotropy was proposed

only very recently to explain the experimental results on spin-valves comprising (Pt/Co)

multilayers [74]. A correlated in-phase roughness described by a cosine waviness is

assumed (Fig. 1.8). For large wavelength T with respect to the peak-to-peak amplitude

2h, the angle θ between the surface normal and the vertical direction z takes the form:

θ(x) = hp cos px = θ0 cos px (1.11)

with p = 2π
T

and θ0 = hp. The local anisotropy axis is assumed parallel to the surface
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Figure 1.8: Schematic picture of a trilayer with rough interfaces. The positive and negative

signs indicate the magnetic charges.
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normal. The angular variation of the magnetization direction with respect to the z-axis

can be described by ψ(x) = ψ0cospx, where ψ0 must be calculated by minimizing the

total energy of the system with respect to ψ0. Neglecting the IEC, the total energy

is given by the sum of the exchange energy, the uniaxial anisotropy energy and the

magneto-static energy, as was explained in Sec. 1.1. The first two can be calculated per

surface unit as follows:

fex =
2t

T

∫

0

T

A

(
∂ψ

∂x

)2

dx = Atp2ψ2
0 (1.12)

fani = −2tK

T

∫

0

T

cos2(θ(x)− ψ(x))dx = Kt(θ0 − ψ0)
2 (1.13)

where A is the exchange constant, K the uniaxial anisotropy constant and t the film

thickness of the FM layers. To calculate the magneto-static energy, the magnetic

charges at the interfaces, σs , and within the FM layers, σv , have to be considered:

σs = −→m · −→n = M cos[(θ0 − ψ0) cos px] ≈ σ0 − σ1 cos 2px (1.14)

σv = σ2 sin px (1.15)

with σ0 = M [1− (θ0−ψ0)2

4
], σ1 = M

4
(θ0 − ψ0)

2, and σ2 = pMψ0t, respectively. The σv is

approximated to a surface charge in the middle of the FM layers because of very low

thickness. The magneto-static energy per surface unit can thus be deduced from the

magneto-static potential generated by these surface charge densities and is given by

the following expression:

fshape =
µ0

2

[
−ε

σ2
1

8p
exp(−2pb)[1−exp(−2pt)]2+ε

σ2
2

4p
exp(−p(b+t))+σ2

0t−
σ2

1

4p
exp(−2pt)

]

(1.16)

where D is the spacer layer thickness. The total energy ftot = fex + fani + fshape is then

minimized with respect to ψ0 for both FM (ε = 1) and AF (ε = −1) configuration,

yielding the equilibrium magnetic distortion ψ0(ε = ±1) and energy for the two cases.

The preferred magnetic configuration is thus given by the sign of:
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Figure 1.9: (a) Orange peel coupling in the case of weak anisotropy. The magnetization is

along the z axis. For FM coupling between the magnetic layers magnetic charges of opposite

sign appear at the interfaces. (b) In the case of strong anisotropy, the magnetization is along

the surface normal. A lower magneto-static energy is obtained for AF coupling between the

magnetic layers (volume charges of opposite sign fronting each other).

∆ftot = ftot(ψ0(ε = 1))− ftot(ψ0(ε = −1)) (1.17)

If ∆ftot > 0, the magnetic coupling favors antiparallel alignment of the magnetizations,

otherwise, for ∆ftot < 0, a FM configuration is found. As expected, for flat interfaces

(T →∞, h = 0) the fshape , and as a consequence the ftot , is independent of ε, i.e. there

is not a preferential FM or AF configuration of the magnetization.

Two special cases are discussed in the following. For very weak anisotropy, the

magnetization is uniformly parallel within the FM layer because of the exchange stiffness

and to reduce the charge density (Fig. 1.9(a)). The lowest magneto-static energy is

obtained for parallel magnetization in the two FM layers, when an accumulation of

opposite charges at the interfaces appears. The situation is different in case of very

strong anisotropy (Fig. 1.9(b). Here the magnetization always points along the surface

normal. Hence σs is uniform and generates no coupling, whereas σv oscillates. Opposite

large volume charges in the two FM layers, and thus reduced fshape, are obtained in case

of antiparallel alignment of the magnetizations. Hence, depending on the value of the

magnetic anisotropy energy, the magneto-static interaction can lead to an oscillatory

magnetic coupling. Differently from what was described previously on the IEC, here

the sign of the coupling is more likely dependent on the FM layer thickness rather than

on the spacer thickness.

Since in epitaxial films flat interfaces rarely exist, the magnetic coupling is determined

by the interplay of both the interlayer exchange and magneto-static interaction. If the

roughness is such that the strength of the magneto-static interaction becomes larger
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than the IEC and thus dominates the coupling, no oscillations between FM and AF

configuration of the two magnetic layers are observed as a function of the spacer thick-

ness. The absence of interlayer coupling in Co/Cu/Co trilayers was indeed ascribed

to interface roughness [90], which strongly influences also the coupling mechanism in

Co/Cu(100) superlattices [91]. More recently, non-collinear magnetization in Fe/Cr/Fe

trilayers [92] and strong magneto-static interaction in magnetic tunnel junctions [93]

have been also attributed to the surface roughness. It will be shown in Chapter 4 that

the interface roughness influences the magnetic coupling in fcc-Fe/Cu/Fe trilayers which

was found to be dominated by the magneto-static interaction.

The assumption of correlated roughness described by a cosine waviness is obviously a

simplification. However, it’s useful to estimate the order of magnitude of the magneto-

static interaction and make a comparison with the maximum value of the IEC calculated

by Bennett et al. from the experiments on 60 ML Cu/3 ML Fe/x-Cu/3 ML Fe/Cu(100)

[68] (see previous subsection). Let’s consider a fcc-Fe/Cu/Fe trilayer formed by two Fe

layers and a Cu spacer of the same thickness, t = D = 3 ML and assume a peak-to-peak

amplitude of the cosine waviness of 2 ML (h = 1 ML) and a period T = 50 ML ∼ 9 nm.

Furthermore, the case of weak anisotropy for which a FM configuration is preferred (ε =

1)and the fluctuations in the magnetization are zero (ψ0 = 0) is assumed. A magneto-

static energy fshape ' 1 × 10−7 J/cm2 is thus calculated. As we will see in Chapter 4,

both Fe layers grow pseudomorphically, hence we can consider the atomic surface density

of the Cu(100) (δsurf = 1.53× 1015 atom/cm2) in order to find fshape ' 0.4 meV/atom.

This value is larger than 0.13 meV/atom, i.e. the IEC calculated by Bennett et al.,

underlining the importance of magneto-static interaction for the magnetic coupling in

trilayers and multilayers in case the presence of interface roughness.





Chapter 2

Experimental setup and methods

When the physics is studied at atomic level, any interaction with the external world can

drastically change the electronic, chemical and magnetic properties of the system under

investigation. This is the reason why experiments on nanostructures are often carried

out in ultra high vacuum (UHV) systems, in which contamination with atmosphere gases

are reduced due to the very low pressure (< 10−10mbar). Nevertheless, until the middle

of 90s, most of the studies of the magnetic properties of thin film and nanostructures

were performed ex-situ. The samples were prepared in UHV chamber equipped with

the standard tools for substrate preparation, film deposition and structural character-

ization, and afterwards were transferred to a different system for the investigation of

the magnetic properties. Before the transport, the samples were covered with a cap-

ping layer to protect them and avoid contaminations. Dielectric antireflection coating

were often used to enhance the contrast [94, 95] for magnetic domain imaging. In-situ

experiments and studies of adsorbate effects on thin films showed that properties such

as the Curie temperature, the coercive field and the magnetic anisotropy are extremely

sensitive to modifications of the electronic structure at the film-vacuum interface. In

other words, the magnetic properties can be altered by the presence of a capping layer

and in-situ experiments often give different results compared to ex-situ measurements.

Hence, for basic research, it is mandatory to perform the experiments directly in-situ.

Studying the structure, morphology and magnetism in-situ on one and the same film

is crucial to make a correlation between structure and magnetic properties. For all the

experiments described in this thesis, it has been used a UHV system equipped with tools

for sample preparation, structural and morphological characterization and investigation

of the magnetic properties. This system was built within this PhD project. Details of

the UHV system and the experimental methods used for the experiments are described

in this chapter.
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Figure 2.1: Schematics of the UHV system with views from left and right side.
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2.1 The UHV system

Most of the experiments presented in this thesis have been performed in an existing UHV

system built by Peterka and coworkers [96, 97]. In parallel, I have set up a new UHV

system which will be described in the following. A schematic of the chamber is shown

in Fig. 2.1. The system consists of three main parts: a preparation chamber, a Scanning

Tunnelling Microscope (STM) chamber and a magnetism chamber (MOKE chamber).

The sample can be transferred in-situ between the different experiments by means of

a long travel-range manipulator. The sample temperature can be varied from 900 K

by electron bombardment heating down to 85 K by liquid nitrogen cooling and 35 K

by liquid helium cooling during preparation as well as characterization. Standard tools

for substrate preparation and film growth are available. Three Omicron evaporators

are employed for the Molecular Beam Epitaxy (MBE). A quartz microbalance is used

to calibrate the deposition rate. For chemical analysis and to check the cleanliness of

A

B

C

Figure 2.2: Picture of the MOKE chamber. (A) Magnetism chamber. (B) Setup for longi-

tudinal MOKE. (C) Kerr microscope. The MOKE setup can also be adapted instead of the

microscope to increase the sensitivity in polar geometry.



28 CHAPTER 2. experimental

the sample before and after the sample growth, an Auger Electron Spectrometry (AES)

is available. The surface structure can be studied by Low Energy Electron Diffraction

(LEED).

The sample can be transferred into the magnetism chamber (Fig. 2.2(A)). Here,

Magneto-Optical Kerr Effect (MOKE) measurements can be done to investigate the

magnetic properties of the samples. Integral MOKE (Fig. 2.2(B)) and laterally resolved

Kerr microscopy (Fig. 2.2(C)) are used to acquire hysteresis magnetization loops and for

magnetic domain imaging (see Sec. 2.2). Two electromagnets produce external magnetic

fields at the sample position up to 70 mT within the film plane and 40 mT perpendicular

to the film plane. The magnetic field is measured by a Hall probe situated between the

magnet and the chamber. A calibration has been done to convert the measured field

with the magnetic field at the sample position.

For STM measurements, the sample can be placed in the adjacent STM chamber

by using a specially adapted wobble stick for the investigation of the morphology. A

more detailed description of the Variable Temperature-STM (VT-STM) is given in Sub-

sec. 2.1.2.

The UHV in the chamber is obtained by a turbo molecular backed by a rotary pump,

an ion getter ionization pump, a Ti-sublimation pump and an H2-getter pump. A

base pressure of 7 × 10−11 mbar is achieved. A load-lock system allows the storage of

four different sample holders which can be inserted into the preparation chamber. The

load-lock is pumped separately by a small turbo pump. The advantage is that new

crystals can be located in the preparation chamber without breaking the vacuum. Two

leak-valves allow the the filling of the chamber with gases for adsorption experiments.

2.1.1 The sample holder

A new sample holder was designed for the new UHV-chamber. This sample holed was

necessary to allow a broad sample temperature range on one hand, and to fit the sample

into the STM on the other hand. The sample is clamped between a ramp plate and a

base plate, both made of molybdenum. The ramp plate has three identical ramps which

are used for the coarse approach during STM measurements (see Subsec. 2.1.2). These

two parts (as referred to in the following as ”sample-holder” ), are kept together by three

small titanium screws. A top and a bottom view are shown in Fig. 2.3(a) and Fig. 2.3(b),

respectively. The electrical insulation between the ramp plate (and the sample as well)

and the base is provided by a sapphire ring (green ring in Fig. 2.3(c)), which, on the

other hand, makes the thermal contact. The sample is in electrical contact with the

ramp plate through a molybdenum ring (grey ring in Fig. 2.3(c)). Due to this design,
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Figure 2.3: (a-c) The sample-holder: (a) Top view of the ramp plate. (b) Bottom view of the

base of the sample-holder. (c) Thermocouple connections to the sample. (d-f) Manipulator

sample stage: top (d,e) and section (f) views.
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high voltages can be applied to the sample for electron bombardment heating through a

Mo-spring in contact with the ramp plate, while the base plate sitting on the manipulator

is grounded. A thermocouple is integrated in the base plate. The thermocouple wires

are insulated from the base plate by ceramic (Al2O3) tubes (Fig. 2.3(b,c)). The sample

temperature can thus be read out with good accuracy at the sample position.

The sample-holder is integrated into the manipulator sample stage (Fig. 2.3(d-f))

by using a wobble stick. Two small guides support the insertion of the sample-

holder(Fig. 2.3(e)). After the insertion, the sample holder is held in position by a spring

made of a thin molybdenum sheet (Fig. 2.3(d)). A round hole in the sheet allows access

to the sample surface. The Cu sample stage has a central bore in which the filament for

the sample heating is placed (Fig. 2.3(e,f)). The electrons are accelerated from the fila-

ment to the sample due to the high positive potential applied to the sample. Next to the

central hole, electric feedthroughs for the thermocouple wires are located (Fig. 2.3(f)).

Due to a spring mechanism, the two insulator ceramics cylinders can move when the

sample-holder slights in and make contact once the sample holder is at the right cen-

tral position. The Cu-body is directly attached to the front end of cryo-stage of the

manipulator. The compact design allows a minimum temperature of 32 K by liquid

helium cooling. As mentioned, the sample-holder can be removed by the wobble-stick

and placed in the STM chamber for structural characterization.

2.1.2 The VT-STM

The STM was invented by Binnig, Rohrer and coworkers in the 1980s [98,99]. It allows

the investigation of the geometric and electronic structures of flat surfaces with atomic

resolution. Since its invention, the STM has been rapidly and considerably developed

and it has been employed even to manipulate adatoms or absorbed molecules at surfaces

[4, 5]. Visualizations of dynamics processes on surfaces in real space are also possible

[100,101].

The home-built microscope implemented in the new UHV chamber is shown in

Fig. 2.4. The design is based on a VT-STM by Stipe et al. [102]. It allows Variable

Temperature (VT) measurements in the range between 10 K and RT. The cooling is

provided by a helium flow cryostat.1 To reduce mechanical vibrations caused by the

liquid He flow, the cold-plate of the cryostat is decoupled from the microscope by three

CuBe springs. These springs also ensure the thermal contact with a Cu disk on which

the piezo tubes are attached. The microscope is a beetle-type [103] with a tip exchange

1KONTI-UHV-Kryostat 4-474 K, Cryovac, 53842 Troidorf, Germany
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mechanism which allows the removal of the tip for preparation or substitution. Three

bronze balls are glued to the approach piezo tubes and hold the molybdenum ramp

plate of the sample holder, with the sample surface facing down. The oscillations of the

CuBe springs are damped out by an eddy current damping system. This solution helps

to damp out mechanical vibrations during the measurements. The coarse approach of

the sample towards the tip is done by a ”stick and slip” motion of the ramp plate on the

three bronze balls. It is stopped once a tunnelling current is detected. The scanning of

the surface is done by a fourth piezo (scan-piezo) with the tip pointing upwards. The

scan-piezo tube is attached in a central position to the STM base plate. Gold-coated

oxygen free Cu radiation shields around the microscope prevent from the heating of the

sample by thermal radiation.

CuBe springs

Approch piezosScan piezo

STM tip

Eddy current damping

Sample holder

Cold-plate

STM base plate

Figure 2.4: Variable Temperature-Scanning Tunnelling Microscope (VT-STM).
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2.2 Magneto-optical measurements

The interaction between electromagnetic radiation and magnetic matter is described

by magneto-optics . The optical response of a ferromagnetic sample when its electrons

are excited by the light depends on the relative orientation of the magnetization to the

light polarization. A light beam incident on the sample surface is partially transmitted

and partially reflected. In case of ferromagnetic samples, the polarization state of the

incoming light is modified. In case of linearly polarized incident beam, the transmitted

and the reflected beam will be elliptically polarized, with the main axis of the polariza-

tion ellipse rotated with respect to the linear polarization of the incoming beam. This

effect can be detected in reflection, called Kerr effect [104], or in transmission, called

Faraday effect [105]. For the reflected beam, this angle is called Kerr rotation, θK . The

ratio between the major and minor axis of the ellipse is denominated Kerr ellipticity, εK .

Measurements of θK and εK provide information on the magnetic state of any metallic

or otherwise light-reflecting magnetic material with a sufficiently smooth surface.

The Kerr effect can be described theoretically by considering the quantum characteris-

tic of the dielectric susceptibility tensor [106]. However, a phenomenological description

using Maxwell’s equations and Lorentz’s force on the excited electrons of the sample

in a magnetic field is often sufficient for experimentalists to describe the experimental

results [107].

MOKE measurements and Kerr microscopy are far-field techniques, thus limited by

the diffraction limit. Since visible light is used, a maximum resolution of a few hundreds

of nanometers is usually achieved. While MOKE measurements give an integral infor-

mation over a sample area of about 0.2 mm2, Kerr microscopy allows laterally resolved

magnetic domain imaging with resolution ≈ 1 µm.

2.2.1 Integral MOKE measurements

The setup for MOKE measurements is schematically shown in Fig. 2.5. A laser diode

(visible light, λ = 670 nm) is used as light source. The light is linearly polarized by

passing through a Glan-Thompson prism (polarizer) and then focused on the sample

surface. A spot of approximately 0.2 mm2 is thus achieved. The result obtained from the

MOKE measurements is therefore an average over the illuminated area of the sample.

Different sample areas are investigated by moving the sample laterally along the in-plane

directions. Either s- or p-polarized incoming light were adjusted for the measurements.

The reflected beam goes through a second prism (analyzer), whose polarizing axis is

crossed by 90◦ with respect to that one of the polarizer. Then, it is focused on the
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Figure 2.5: The three MOKE geometries: (a) polar, with out-of-plane magnetization. (b)

longitudinal, with in-plane magnetization parallel to the incidence plane. (c) transverse, with

in-plane magnetization perpendicular to the incidence plane. ~E denotes the incident polariza-

tion vector, ~N the unmodified component of the reflected light and ~R denotes the perpendicular

part of the Kerr amplitude after reflection.

photodiode detector, which provides a photocurrent according to the intensity of the

incoming light. The signal is converted in a voltage, amplified and finally read out by

a digital multimeter. The extinction ratio of the polarizers is of the order of 106. The

signal of the detector depends on the relative orientation of the polarizer and analyzer

and the direction of the axis of the linearly polarized incoming beam with respect to the

sample crystallographic directions. The polarizer and analyzer are iteratively rotated

with respect to each other in order to find the minimum extinction signal. Going a

little off from this ”global” intensity minimum with the analyzer allows to measure the

Kerr rotation. The Kerr ellipticity, on the other hand, is measured directly in a ”local”

minimum, which must not be the ”global” minimum. A change of the detector signal is

observed if a variation in the polarization (θK , εK) of the incident beam occurs during

magnetization reversal.

The light source, polarizer, analyzer and the detector are mounted on an optical

table attached directly to the chamber. Depending on the relative orientation between

the incidence plane and the sample magnetization, three different Kerr geometries can

be realized. In the polar geometry, the sample magnetization is perpendicular to the

surface (Fig. 2.5(a)). In this case the Kerr effect is the larger the smaller the angle

between the incident beam and the surface normal, θ. In the longitudinal MOKE, the

magnetic field is applied parallel to the sample surface and parallel to the incidence plane
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(Fig. 2.5(b)). In this case, the Kerr effect is roughly proportional to sin θ. Last, in the

transverse MOKE the magnetization lies also in the sample plane but is perpendicular to

the incidence plane (Fig. 2.5(c)). In this geometry, only changes in the signal amplitude

can be detected as no light components propagate in the direction of the magnetization.

The longitudinal and the transverse effect are both largest for grazing light incidence. In

order to account for the angular dependence of MOKE, different angles θ are chosen in

the experiments for different MOKE geometries. For polar MOKE, the incident and the

reflected beam pass through the same window and θ ' 15◦. For longitudinal MOKE,

two different windows are used and θ = 45◦. In the experiments presented in this thesis,

when not explicitly specified, the ellipticity changes of the incident beam in polar and

longitudinal geometries have been measured and referred to as polar and longitudinal

Kerr signals, respectively.

MOKE hysteresis loops are taken by a computer which controls the power supply for

the coils and reads out the Kerr signal and the magnetic field as a function of the applied

current. To improve the signal to noise ratio, hysteresis loops have been averaged over

several magnetization cycles. From the hysteresis loop shape, the easy magnetization

axis of the sample can be identified. With the magnetic field applied along an easy axis,

square loops are obtained (Fig. 2.6(a)), whereas zero remanence loops are measured

when the field is applied along an hard direction (Fig. 2.6(b)). S-shaped loops with no

remanence can also be the result of samples which decay in a multi-domain state at

zero field. As a consequence, the net magnetization of the probed area is zero and no

magnetic signal is detected. However, the field needed to saturate the sample is typically

much smaller than the saturation field along a hard direction. If sufficiently high fields

are not available, the saturation magnetization can not be achieved. The magnetization
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Figure 2.6: Characteristic MOKE hysteresis loops with the magnetic field applied along: (a)

An easy magnetization axis. (b) An hard magnetization axis. (c) An hard magnetization axis,

but not sufficient to saturate the sample.
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loop appears as a straight, slightly oblique line (Fig. 2.6(c)).

The interpretation of the experimental results can sometimes be misleading in case

of inhomogeneous magnetic field. Let assume to apply an in-plane field which has also

an out-of-plane component to a sample with perpendicular easy axis. For large in-plane

field, its out-of-plane component can eventually become large enough to switch the

magnetization along the sample normal. An hysteresis loop is thus measured and could

be misinterpreted as in-plane signal. The effect of this cross-talk is very pronounced

for θ = 45◦, since in this case the MOKE setup is for out-of-plane magnetization just

as sensitive as for in-plane magnetization. To identify such a cross-talk, measurements

along several sample directions are usually performed. The easy magnetization axis can

be identified by the directional dependence of the coercivity and remanence.

A drawback of MOKE measurements is that no direct quantitative information, such

as the magnetic moment per atom, can be obtained. The MOKE signal intensity de-

pends on the angle of incidence, optical alignment and other parameters. Furthermore,

it is not element-specific and contains integral magnetic information from the film and

the substrate (if magnetic or with an induced moment). However, for a given sample and

MOKE setup and assuming no variations of the magnetic moment per atom and crystal

structure, changes of the saturation signal at different sample position are proportional

to the relative film thickness.

2.2.2 In-situ Kerr microscopy

The Kerr microscope allows direct imaging of the magnetization state of the sample

within an area of 400 µm × 300 µm. It is based on a commercially available Jenapol

polarization microscope. To achieve high optical resolution, a setup suggested by Hu-

bert [108] is adopted. Sufficient sensitivity for domain imaging in thin films of few

monolayers is obtained by replacing the sheet polarizers by Glan-Thompson prisms in

order to improve the light extinction ratio. The sample is placed directly in front of

an U-shaped strain-free window with flat bottom. Antireflective coating on the window

reduces the loss of sensitivity due to depolarizing effects by the window itself. The shape

of the UHV window allows to realize a distance between sample surface and microscope

objective as small as 8 mm. A lateral resolution of ≈ 1 µm and optical magnification

of 10 is achieved. Images are read out by a computer controlled CCD camera with

an acquisition rate of 0.3 s/image. The advantage of the setup is that changes in the

magnetization state can be observed directly as a function of the experimental param-

eters, such as magnetic field, sample temperature or gas adsorption. The microscope

is attached to a solid tripod directly to the UHV chamber. This type of setup allows
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convenient position adjustment as well as the removal of the microscope for the bake

out of the chamber.

Proper illumination plays an important role in order to achieve high quality images.

A 1 W Ar ion laser (λ = 514 nm) has been used as light source. It ensures high intensity

and stable output power [109]. The laser light is coupled into a 30 m long quartz-quartz

multimode fiber (MMF) with a diameter of 200 µm and a numerical aperture (NA) of

0.20. The output of this fibre provides an easy to handle monochromatic, stabilized,

high intensity light source of small size, ideally suited for Kerr microscopy.

Further technical details about the adjustment of the optical path and the method

used to avoid strong speckle patterns due to coherence of the laser light are described

elsewhere [97].

Fig. 2.7 shows a Kerr image of a multi-domain state of 3 ML Fe on Cu(100). Black and

white areas correspond to magnetic domains with perpendicular magnetization pointing

in opposite out-of-plane directions. It is also possible to obtain hysteresis loops with

the Kerr microscope. It needs to acquire images during a full cycle of the magnetic

field. Afterwards, the average color of each image has to be calculated and plotted as

a function of the applied field. This procedure is slower than that one used by MOKE

measurements, but yields a direct correlation between sample magnetization state and

hysteresis loop.

M

M

100 µm

Figure 2.7: Kerr microscope image taken on 3 ML Fe/Cu(100). Dark and white area cor-

respond to magnetic domains with opposite magnetization perpendicular to the film plane.

Image size: 400µm× 300µm.
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2.3 Sample preparation

The samples investigated in this thesis have been grown in-situ by Molecular Beam

Epitaxy (MBE). The film materials are evaporated by electron bombardment heating

from a rod or a crucible and deposited on a crystal which has been properly prepared.

The structure and morphology of the adlayer depend on many parameters, such as the

evaporated element, the substrate material and orientation, the substrate temperature,

the deposition rate, the pressure and the residual gases inside the preparation chamber.

In particular, the choice of the substrate is fundamental. The atoms, once they reach the

surface, are mobile (if the temperature is not too low) and tend to arrange themselves

in order to minimize the free surface energy of the substrate-adlayer system [110]. In

general and on flat surfaces, three different growth modes can be distinguished: A layer-

by-layer growth (Frank van der Merwe), in which the second atomic layer only starts

to nucleate after the first one is complete. This occurs when the free surface energy of

the substrate is larger than that one of film. A 3D-growth (Volmer-Weber), in which

the second layer starts to grow before the first one is complete. In this case, several

open layers can be present during the growth. A combination of the first two gives rise

to the third growth mode (Stranski-Krastanov). Here a layer-by-layer growth of the

first atomic layers (wetting layer) is followed by the formation of 3D-islands. When the

lattice mismatch between the substrate and adlayer structures is small, pseudomorphic

growth is often observed. The films assume thus the crystallographic structure of the

substrate. This is, for instance, the case for Fe/Cu(100) grown at room temperature

(RT∼ 298 K)) [75, 111]. The growth mode can also be modified by controlling the

surface orientation. By choosing a different crystal orientation, a completely different

growth mode can sometimes be obtained. As an example, 3D-islands are observed in

case of Fe/Cu(111) [112]. While Fe grows on Pt(111) in a Volmer-Weber mode [113],

in case of vicinal Pt(997) substrate (stepped surface with (111) terraces), a step flow

growth has been observed for the first atomic layer for deposition temperatures between

200 K and 400K [114].

Cu substrates

In the experiments presented in the chapters 3 and 4, Cu(100) crystals have been used

as substrates. The crystals were mechanically polished ex-situ and are commercially

available. After insertion in the UHV system, the Cu(100) substrates have been prepared

in-situ by repeated sputtering/annealing cycles [12,115]. The kinetic energy of the Ar+-

ions for sputtering is set to 500 eV . The ions hit the sample under an angle of incidence
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of 45◦. Sputter damages on the surface are removed by heating the sample up to 840 K

between the sputter cycles. At least three cycles of sputtering/annealing have been

done before the film deposition. During the last annealing the sample is heated only to

650 K. From this temperature the sample is slowly cooled down to RT with a rate of

∼ 0.5 K/s. The cleanliness of Cu substrates during and after the preparation has been

checked by AES.

Pt substrates

In the experiments presented in the chapters 5 and 6, Pt(111) and Pt(997) crystals have

been used as substrates. The Pt substrates have been prepared in-situ by repeated

sputtering/annealing cycles. The kinetic energy of the Ar+-ions for sputtering is set to

1 keV . Sputter damages on the surface are removed by heating the sample up to 870 K

between the sputtering cycles. From this temperature, the sample is slowly cooled down

to RT with a rate of ∼ 0.5K/s. The vicinal Pt(997) surface is formed by a regular

array of terraces of 20.1 Å width (8 atomic rows) with (111) orientation, separated

by monatomic steps (height of 2.26 Å). The cleanliness of Pt substrates during and

after the preparation has been checked by AES. The presence of regular periodic steps

along the whole surface has been checked by LEED. The preparation was finished after

the characteristic superstructure of the (997) surface with diffraction sharp spots was

observed.

Film growth

Iron is evaporated from a rod with a purity of 99.99% by electron bombardment. During

the film growth, the pressure in the chamber is less than 2 × 10−10 mbar. The Fe ion

flux is kept constant during deposition by adjusting the electron acceleration voltage.

The evaporation rate of the source is typically 1 Å/min as calibrated by depositing

on a quartz microbalance just before the film preparation. The calibration with the

microbalance is based on the density of bulk Fe. A bcc-Fe layer corresponds to a

thickness of 1.43 Å (ρbcc−100
Fe = 1.214× 1015 atoms/cm2). For the measurements of Fe on

Cu substrates (chapters 3 and 4), the Fe thickness are given in monolayers (ML) without

any conversion. Here, 1 ML Fe corresponds to a reading of 1.43 Å on the microbalance

display.

Copper is evaporated from a molybdenum crucible heated by electron bombardment.

In this case the emission current is kept constant by adjusting the electron acceleration

voltage. The deposition rate is typically 0.5 − 1 Å/min. For the conversion in ML
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of the Cu thickness, it has been considered 1 ML Cu= 1.805 Å (ρfcc−100
Cu = 1.535 ×

1015 atoms/cm2).

For Fe on Pt substrates (chapter 5, the Fe coverage has been converted to monolay-

ers (ML) by considering the actual areal density of the adlayers and assuming pseu-

domorphic fcc-structure for all the layers (ρfcc−111
Pt = 1.503 × 1015 atoms/cm2). One

pseudomorphic fcc-Fe layer on Pt(111) corresponds to 1.78 Å.

For the study of the magnetic properties of the samples as a function of film thickness,

it is usually convenient to grow wedge-shaped films. Films of varying thickness are

prepared either by moving a metal shutter placed between sample and evaporator or

by moving the sample. The height and length of the wedges are determined by the

evaporation rate and the speed by which the sample or shutter are moved. The standard

wedge length used in the experiments presented in this thesis was 4 mm.





Chapter 3

Temperature dependence of the

magnetism of Fe/Cu(100)

The magnetic properties of epitaxial Fe films grown at low temperature (∼ 100 K) on

Cu(100) is of particular interest for experimentalists due to the coexistence of interesting

structural and magnetic phases. The easy magnetization axis is found perpendicular to

the surface below the critical film thickness of tcrit = 4.3 ML, at which a spin reorien-

tation transition (SRT) is observed [116]. Thicker films show in-plane magnetization.

The perpendicular magnetization is ascribed to the dominating surface anisotropy con-

tribution arising at the film-vacuum interface, Kf−vac [77].

Within this work, changes of the magnetic properties due to thermally-induced modi-

fication of the film morphology have been studied on the same film, allowing for a direct

correlation between structure and magnetic properties. Moreover, after the morphologi-

cal changes have been accomplished during annealing, the purely reversible temperature

dependence of the magnetism can be studied in subsequent repeated annealing cycles

by in-situ MOKE measurements and Kerr microscopy. The main results of these studies

are: (i) The separation and identification of reversible and irreversible contributions to

the magnetic anisotropy as a function of temperature (Sec. 3.1). (ii) The determination

of the distribution of the energy barriers that controls the coercivity, the Barkhausen

volume and the domain wall propagation (Sec. 3.2).

This project was started by D. Peterka and it has been continued during my PhD. For

completeness of discussion, the Fig. 3.1 and 3.2, already published in his PhD thesis [97],

have been included also in this chapter.

41
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3.1 Thermally-induced spin reorientation transition

Temperature driven reversible and irreversible changes of the magnetic properties of

Fe on Cu can separately be identified by monitoring the magnetism during anneal-

ing/cooling cycles. In particular, the temperature dependence of the surface anisotropy

is determined from measurements of the critical film thickness between 127 K and 300 K

by means of Kerr microscopy and MOKE measurements [117]. The change of the mag-

netization state of Fe/Cu(100) with temperature is shown in Fig. 3.1. The Kerr images

are taken on a Fe wedge in a thickness range around tcrit and show the SRT from perpen-

dicular (dark area) to in-plane magnetization (bright area). Before capturing the image

in Fig. 3.1(a) at 127 K (after annealing at 270 K), the sample has been magnetized by

an external field pulse to obtain a single domain magnetization state. The SRT shifts

towards smaller Fe thickness (β) when the temperature is gradually increased to 280 K

with a rate of approximately 5 − 10 K/min (Fig. 3.1(b)). No further shift is observed

127K

280K

127K
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cool down

a

b

g

a)

c)

b)
warm up

reversible irreversibile

M

50 µm

Figure 3.1: Thermally-induced shift of the reorientation transition of an Fe wedge. (a-b) tcrit

changes from α to β when raising the temperature from 127K to 280K. (c) Cooling back to

127 K shifts the reorientation transition to γ 6= α. Size of each image: 400µm×90µm. Drawn

from D. Peterka’s PhD thesis [97].
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when the sample temperature is held constant at the annealing temperature, Ta . Re-

versing the experiment, i.e. cooling the sample back to 127 K, causes a shift of the SRT

back to higher film thickness (γ) (Fig. 3.1(c)), but the tcrit = α as in Fig. 3.1(a) cannot be

achieved again. Repeating the experiment, i.e. annealing to 280 K followed by cooling

to 127 K, now shifts the SRT fully reversible between β and γ. In other words, at a given

Fe thickness, the easy axis of magnetization can be switched reversibly between in-plane

and out-of-plane by changing the temperature. Clearly, the magnetic anisotropy of the

Fe films depends partly reversible (for β < tF < γ), and partly irreversible (γ < tF < α)

on the temperature.

The advantage of the experiment is that during subsequent annealing the reversible

change of the magnetic anisotropy can solely be observed since irreversible changes have

already been accomplished during the preceding annealing/cooling cycle, allowing for a

separation of reversible and irreversible contributions.

The full temperature dependence of tcrit in the temperature range between 127 K and

300 K is shown in Fig. 3.2(a). The tcrit measured at Ta is plotted as solid symbols (•).
Plotted at the same temperature as an open symbol (◦) is the shifted tcrit measured

at 127 K after the sample has been cooled down from the respective Ta . All data in

this figure have therefore been measured under the same experimental conditions, i.e.

the same temperature. The difference between adjacent data points in this data set

corresponds to irreversible shifts of tcrit upon annealing, equivalent to the change from

α to γ in Fig. 3.1. The data set represents irreversible changes in the spin reorientation

transition with increasing temperature. On the other hand, the difference between

the two data sets in Fig. 3.1(a) corresponds exclusively to reversible changes in tcrit ,

analogous to the shift from β to γ.

The observed temperature dependence of the magnetism is ascribed to a temperature

dependence of the surface anisotropy constant, KS = Kf−vac + Kf−s , which is the

origin of the perpendicular magnetization for Fe films thinner than 4.3 monolayer (ML).

The KS summarizes contributions to the total magnetic anisotropy of the films arising

at the film-vacuum, Kf−vac , and film-substrate, Kf−s , interface. As already seen in

Sec. 1.1, the magnitude and sign of KS determines the critical thickness at which the

magnetization reorients from out-of-plane to in-plane:

tcrit =
2(Kf−vac + Kf−s)

2B1(ε⊥ − ε‖) + µ0M2
S

(3.1)

Here, B1 is the bulk magneto-elastic coupling constant, ε|| and ε⊥ being the in-plane and

out-of-plane strain, and MS the saturation magnetization. The observed tcrit = 4.3 ML
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Figure 3.2: (a) Temperature dependence of the critical thickness in the temperature range be-

tween 127K and RT. (b) The difference of both data sets in (a) is proportional to K(T ). Drawn

from D. Peterka’s PhD thesis [97].

of the as-grown film is reproduced by inserting Kf−vac = 0.89 mJ/m2 [118],

Kf−s = 0.6 mJ/m2 [2], MS = 1751 kA/m, ε|| = 5% and ε⊥ = 1.54%. The

strain is calculated by using the lattice constant for Cu, aCu = 3.61 Å [119], fcc-Fe,

afcc
Fe = 3.59 Å [120], and the average Fe interlayer spacing, d = 1.87 Å [20]. An effective

Beff
1 (ε||) = 13.5 MJ/m3 has been used to account for the strain dependence of the

magneto-elastic coupling [121]. Assuming the effective epitaxial strain and the B1 to

be independent of the film temperature, as it is for bulk below 300 K [122], changes in

tcrit can solely be attributed to a temperature dependence of KS. This approximation

is based on the fact that the surface anisotropy is the dominant energy contribution,

and changes in Beff
1 during the growth of already existing islands are small. As will be
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discussed later, the irreversible shift of tcrit from α to γ will be correlated with thermally

activated structural changes in the film. Based on our experimental observation, the

KS may be separated into a temperature dependent reversible and an irreversible

contribution:

KS = K(T ) + Kirr (3.2)

The K(T ) corresponds to the surface anisotropy if there were no structural changes in

the film. Both contributions, K(T ) and Kirr , could be separately determined for the

first time. K(T ) is calculated from the shift of tcrit during cooling, tcrit(Ta)−tcrit(127 K),

by using Eq. (3.1), and plotted in Fig. 3.2(b). Only changes in K(T ) with respect to its

value at 127 K can be determined. After the structural changes are fully accomplished

(we will see in the following that this happens at ∼ 240 K), Kirr is zero in the subsequent

cycle. Thus the reversible shift with T can exclusively be recorded. It can be seen that

within the temperature range below 300 K a linear decrease of the K(T ) with increasing

temperature is observed.

Qualitatively, the result agrees with theoretical models that predict a reduced

anisotropy as the thermally-induced jiggling of the spins reduces the expectation value

of the magnetization [123,124]. A quantitative comparison of our data with such models

requires an analysis in terms of T/TC . For the films investigated the Curie tempera-

ture, TC , is well above 300 K, and could therefore not be measured due to the onset

of intermixing at the Fe-Cu interface. However, similar results of decreasing surface

anisotropy with temperature have been found by other authors for Ni/Re(0001) [37]

and Ni/W(110) [125]. The trend of the few data available suggests that the destruction

of the perpendicular ferromagnetic ordering of the spins by the thermal agitation at the

Curie temperature is always preceded by a spin reorientation into the plane.

In contrast to the linear dependence of K(T ) as deduced from the reversible shift of

tcrit , the irreversible shifts depend non-linearly on temperature. The tcrit measured at

120 K increases after annealing to Ta ≤ 220 K, but decreases for higher annealing tem-

peratures (Fig. 3.2). The data clearly reflect a competition of anisotropy contributions

of different sign. It is therefore reasonable to attribute these irreversible changes to the

anisotropy contribution, Kirr , arising from thermally activated structural changes in

the film. To identify such structural changes we performed, in collaboration with N.

Lin and A. Dmitriev (Kern’s group, Max Planck Institute, Stuttgart), VT-STM exper-

iments on 3 ML Fe grown at 120 K on Cu(100). Representative STM images taken in

the temperature range between 165 K and room temperature are shown in Fig. 3.3(a-



46 CHAPTER 3. T dependence of the magnetism of Fe/Cu(100)

10 nm

b

c d

a

150 300temperature T (K)a

0

2

6

(Å
)

s
, 
L

e)

island
width, L

RMS roughness, s

Figure 3.3: (a-d): STM images of a 3 ML Fe film grown on Cu(100) at 120K, at 165K (a),

215K (b), 238K (c), and 296K (d). (e) Island width and RMS roughness as a function of

annealing temperature. In collaboration with N. Lin and A. Dmitriev, Nanoscale Department,

MPI Stuttgart

d). The image in Fig. 3.3(a) reveals that as-grown films exhibit a rather high density

of very small islands of width L ≤ 1 nm. The morphology of the film changes visibly

with increasing temperature Fig. 3.3(b-d). The island width, L, and the RMS rough-

ness, σ, have been extracted from the STM images, and are plotted as a function of Ta

in Fig. 3.3(e). Three important information can be concluded from the data: (i) Below

Ta = 240 K the island width increases with temperature from ≤ 1 nm up to ≈ 5 nm. (ii)

No further change in the island size is observed above 240 K. (iii) The RMS roughness

does not significantly change during annealing. In other words, visible improvements of

the film quality mainly affect the island diameter and are accomplished below 240 K.

Based on these results the increase of tcrit below 220 K is correlated with the increase

of the island width, L, in the same temperature range. In this interpretation the en-

largement of L causes an increase of Kirr. This conclusion therefore strongly supports

calculations given by Bruno et al. which show that any surface roughness, σ, and islands

of width, L, diminish the surface anisotropy with respect to the value of the ideally flat

film by ∆KS/KS = −2σ/L [126]. For the Fe films shown here it is the increase of L

that increases the effective surface anisotropy while the RMS roughness remains almost

unchanged.

After the island growth is accomplished at about 240 K no further increase of tcrit

is expected according to this model. Instead, the data in Fig. 3.2(a) show that for

Ta > 240 K a decrease of tcrit is observed. Presumably, this decrease of Kirr is caused
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by structural changes in the film of different nature, not visible in our STM images.

One might speculate if the formation of bcc-crystallites in the fcc-Fe film, as have been

discovered recently with high resolution STM on RT grown Fe films [76], reduce the

perpendicular anisotropy by gradually making the film more bcc like. This idea is

supported by experiments showing drastic changes of the morphology of such films on

Cu(100) after cooling and subsequent warming up to 300 K, also ascribed to a transition

of the film towards bcc-structure [29]. Thermally activated interdiffusion between Fe

and Cu, which is known to alter the magnetic anisotropy energy [22], does not have to

be considered here since it is found to be negligible below 300 K [127].

In conclusion, the observed temperature dependence of tcrit(Ta) is the result of a non-

linear irreversible anisotropy changes due to competing thermally activated changes in

film structure and morphology, superimposed by the linear reversible K(T )-dependence.

It will be shown in the following that also the coercive field, HC , of the Fe films is

governed by the island structure.

The temperature dependence of HC measured on a 3 ML Fe film grown on Cu(100)

at 120 K is shown in Fig. 3.4. The data measured on the as-grown film during the
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Figure 3.4: Temperature dependence of the coercivity of 3 ML Fe grown at 127K during the

first (+) and subsequent (◦) annealing.
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first annealing after the growth (+) are markedly different from the temperature depen-

dence of HC found for subsequent annealing (◦). The coercivity increases irreversibly

after annealing to Ta < 250 K, while the two data sets match above 250 K. The irre-

versible increase of HC is attributed to the observed change in the film morphology. As

mentioned in Sec. 1.2, the energy and thus the field needed to reverse the magnetiza-

tion in the sample are determined by the variation of the free energy of the domains,

HC ∼ ∂E/∂r. The islands introduce energy barriers for domain wall propagation due

to exchange and anisotropy inhomogeneities [47], thus determining the coercivity. The

film morphology in Fig. 3.3 can be used to estimate the wall exchange energy variation,

∆γ, at the island sites. By using γ = 4
√

A tF KS, the variation of the film thickness,

∆tF = 4.8 Å, results in ∆γ = 1× 10−11 J/m. Among this exchange effect, also the mag-

netic anisotropy energy and the strain vary with the island size, further contributing

to the energy barriers at the island sites. This means that it is less favorable for the

domain wall to enter the 3D islands due to the enhanced wall energy there.

The Bloch domain wall width can be estimated using the expression, δ =
√

A tF /KS.

By inserting the film thickness, tF = 5.4 Å, A = 2 × 10−11 J/m and KS = 1.49 mJ/m2

the wall width of δ = 6 nm is obtained. The use of bulk exchange stiffness, A, is a good

approximation for films thicker than 1 ML; calculations for bcc-Fe(110) layer indicate

that A is somewhat increased only at the surface of thin films [128], in contrast to pure

2D systems [129]. It now becomes clear that it is mainly the increase of the island

width during annealing which enhances the trapping of domain walls and causes an

increase of HC . The mechanism is illustrated in Fig. 3.5. In the as-grown film, at low

temperatures, the islands are considerably smaller than δ. The wall therefore stretches

over several islands and domain wall propagation is comparatively easy. As their width

increases with temperature, eventually at 240 K the islands become comparable in size

to the Bloch wall width, L ≈ δ. Now, the wall is being trapped most efficiently between

5 nm

a) b)

DtFL

Figure 3.5: Model of the Bloch domain wall (BW) width with respect to the island size.

Annealing of the as-grown film (a) results in island sizes comparable to the BW width (b).
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adjacent energy barriers and higher fields are necessary for wall displacement. Repeating

the annealing cycle does not further change the island size. The resulting dependence

of HC(Ta) (dashed line) is characteristic for a thermally activated overcoming of the

energy barriers.

3.2 Temperature dependence of the magnetization

reversal process

3.2.1 Magnetic after-effect

The results discussed in the Sec. 3.1 show clearly that the coercivity is determined by

the distribution of energy barriers which mainly originate from the microstructure of

the film, such as the Fe islands. Detailed information about the potential energy surface

(PES) in Fe/Cu(100) can be obtained by measuring the time dependence of the magne-

tization reversal process for applied fields H < HC as a function of temperature [130].

-5 0 5
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M
 /

 M
S

magnetic field (mT)
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Figure 3.6: MOKE magnetization loop of

3 ML Fe/Cu(100) at 120K.

The experimental parameters for the

after-effect measurements, that are the

pre-magnetization field, Hpre , and the

coercivity, HC , are chosen from MOKE

hysteresis loops recorded prior to the ex-

periment. A characteristic MOKE loop

for 3 ML Fe/Cu(100) at 120 K is shown

in Fig. 3.6. Typically, at HC a magneti-

zation somewhat smaller than the satu-

ration magnetization, MS , is achieved.

A saturation field of Hsat ∼ 2HC is

required to achieve the fully saturated

magnetization state, leading to charac-

teristic tails in the hysteresis loop. It

will be shown in the Sec. 3.2.2 by means

of domain images that these tails are due

to the formation of 360◦ domain walls which slow down the magnetization reversal pro-

cess.

Prior to the viscosity experiment, the sample is magnetized by an external field of

Hpre = +1.05×HC , to achieve a well-defined initial magnetization state, where domains

of opposite magnetization are already nucleated. At t = 0, a field of opposite direction,
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Figure 3.7: Magnetic after-effect of 3 ML Fe/Cu(100). (a,b) T = 120K, H = −0.74 ×HC ,

(c,d) T = 270K, H = −0.77×HC .

−HC < H < 0, is applied and kept constant for the duration of the experiment. The

evolution of the sample magnetization with time, M(t), is recorded with MOKE mea-

surements. At the end of the experiment, the field is increased above Hsat to achieve

the opposite saturated magnetization state as reference.

The time dependent MOKE signal measured on 3 ML Fe at 120 K is shown in

Fig. 3.7(a). At t = 0 an external field of H = −3.2 mT = 0.74×HC was applied. The

magnetization reverses from +M∞ to −M∞ as a function of time due to thermally

activated domain wall propagation. As was shown in previous work [52], the time

dependence M(t) can be described by the following expression:

M(t) + M∞ = 2M∞ exp

(
− t

τ

)
(3.3)

The M∞ refers to the equilibrium or anhysteretic magnetization, and of course depends

to some extent on the Hpre . The exact value for M∞ is not known, but a reasonable ap-

proximation is given by M∞ = MS . The time constant τ should follow an Arrhenius law:

τ = τ0 exp

(
EA

kBT

)
(3.4)
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and can be obtained by fitting M(t). The measurements in Fig. 3.7 are performed

as a function of H, and the τ for each experiment is determined. The obtained data

for ln τ(H), measured at 120 K, are plotted as a function of field in Fig. 3.8. The

data show linear dependence on H. The slope is directly related to the activation energy:

ln τ = ln τ0 +
EA

kBT
(3.5)

which has to be a function of field if ln τ0 is assumed to be field independent:

EA = MSVB(H + HP ) (3.6)

This expression is valid for −HP ≤ H ≤ 0. In this equation the propagation field HP

is introduced. It corresponds to the field needed without any activation process, and

reflects the local slope of the PES, as was thoroughly discussed in Ref. [52]. Temperature

dependent measurements of M(t) should in principle yield HP , as will be discussed later

in this paper.
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Figure 3.8: Relaxation times as a function of temperature, for 3 ML Fe/Cu(100) grown at

127K.
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By substituting EA , the Eq. 3.5 becomes:

ln τ = ln τ0 +
MSVBHP

kBT
+

MSVB

kBT
H = y0 + αH (3.7)

with α = MSVB/kBT , corresponding to the slope of the data in Fig. 3.8. It directly

yields the Barkhausen volume, VB . For two-dimensional systems, such as the monolayer

thin films presented here, it is more appropriate to use the expression ”Barkhausen

length”, lB , rather than the volume. The film thickness, tF , is required for conversion:

lB =

√
VB

tF
(3.8)

Following this recipe, a Barkhausen length of lB = 80 nm is determined for the 3 ML Fe

film on Cu(100) at 127 K.

Temperature dependent measurements of the magnetic after-effect are performed

between 127 K and 300 K to obtain lB as a function of temperature. Since the coercivity

changes with temperature (see Fig. 3.4), smaller external fields are necessary to reverse

the magnetization in the sample with increasing T . The recorded M(t) at 270 K is shown

in Fig. 3.7(c). Here, at t = 0 the field H = −0.95 mT = 0.77 ×HC was applied. As in

the measurement at 120 K the magnetization reverses as a function of time. The main

difference between both measurements is that the magnetization is almost completely

reversed at 120 K at the end of the experiment, while at 270 K the M(t = ∞) remains

significantly smaller than MS at 270 K.

The lB as a function of T is shown in Fig. 3.9 for 3 ML Fe grown at 127 K (•),
3 ML Fe grown at 300 K (◦) and 2 ML Fe grown at 127 K (�). The data show that:

(i) the Barkhausen length is a linear function of temperature. We find for 3 ML Fe

grown at 127 K an increase by a factor of 3, from lB = 80 nm at 127 K up to 240 nm at

296 K. The temperature dependence is fully reversible; after cooling the sample from

Ta = 300 K down to 127 K the lB = 80 nm is again found. The reversible increase of

the measured Barkhausen length is a result of the reduced effective barrier height at

elevated temperatures. (ii) As a tendency, lB increases with film thickness. (iii) The

preparation condition influences lB only a little. The atomically flat, high quality Fe

films prepared at 300 K show a lB only slightly larger than that one of the rough Fe films

grown at 120 K. On the first glance, this results might suggest that the Barkhausen

length is not determined by the morphology of the film. A possible explanation could be

an avalanche-like switching of many volumes, i.e. a domain wall overcomes ballistically

many energy barriers once it is in motion, after the activation event. The measured lB
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Figure 3.9: Temperature dependence of the Barkhausen length, lB , for Fe/Cu(100): 2 ML Fe

grown at 127K (�), 3 ML Fe grown at 127K (•), 3 ML Fe grown at 300K (◦).

is therefore much larger than the intrinsic Barkhausen length, l∗B , determined by the

morphology, and thus insensitive to barriers on the atomic scale. As a consequence,

changes in the film morphology during annealing influence the measured lB only a little,

if at all.

3.2.2 The magnetization reversal process

Details about the magnetization reversal process are revealed by in-situ Kerr microscopy.

The sequence of Kerr images in Fig. 3.10 shows the propagation of magnetic domains

in 3 ML Fe during a viscosity measurement at 131 K. The dark/bright contrast in

the images corresponds to magnetic domains in the film with opposite magnetization

along the film normal. The elapsed time after the external magnetic field was applied

is indicated within the images. Already nucleated domains barely visible at t = 0 s

start to grow with time, until the magnetization is almost completely reversed. As the

Bloch walls of adjacent domains approach each other, they are unable to merge, which

slows down and finally stops the reversal process. Small lines of original magnetization

of width d ≈ 5 µm remain. These non-reversed areas of original magnetization are the

result of the formation of 360◦ walls out of two adjacent 180◦ Bloch walls, as discussed



54 CHAPTER 3. T dependence of the magnetism of Fe/Cu(100)

[001]

0s 4s

42s 102s

310s

A
B

A B

Figure 3.10: Evolution of the magnetization of 3 ML Fe/Cu(100) at 131K after a magnetic

field of H = −0.97 mT was applied at t = 0 s. After 310 s narrow lines of original magnetiza-

tion remain due to the formation of 360 degree walls preventing the fully saturated opposite

magnetization state. Image size: 400µm× 300µm.

by Bauer et al. for the case of Ni/Cu(100) [56]. Removal of these walls is energy-costly.

A field almost twice the coercivity is required to form a fully saturated single domain

state, leading to the characteristic tails in the magnetization loop in Fig. 3.6.

The Kerr images clearly show that the magnetization reversal is a propagation dom-

inated process. The activation energy for domain nucleation is significantly larger than

the activation energy for wall propagation.

For a more compact and informative presentation of the time evolution of the domain

state, the sequence in Fig. 3.10 is reduced into the color-coded chart in Fig. 3.11(a). The

colors represent subsequent areas occupied by the domains of majority magnetization

at the indicated time interval. For comparison, the magnetization reversal at 131 K

(Fig. 3.11(a)) and 291 K (Fig. 3.11(b)) are shown. At low temperature the domain walls

propagate continuously in all directions. The propagation velocity is determined by the

in-plane anisotropy of the Fe, thus the domain shape reflects a four-fold symmetry after

some time. The nucleation sites for the domains are determined by macropins on the

surface.

The domain propagation changes completely at elevated temperature (Fig. 3.11(b)).

Here, the four-fold in-plane anisotropy does not show up in the domain shape. More

strikingly, the wall propagation is discontinuous. On many positions, such as those ones

marked by arrows, the domain propagation grinds to a halt and proceeds jump-like

only after a long pause. The transition from continuous to discontinuous wall propaga-

tion indicates a change in the activation process due to competing pinning mechanisms
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Figure 3.11: Comparison of the domain wall propagation in 3 ML Fe/Cu(100) within a

constant field at 131K (left) and 291K (right). The evolution of the domain size with time

is color-coded. Image size: 400µm× 300µm.

predominant at different temperatures.

The sequence of Kerr images in Fig. 3.10 reveals that besides the micropins, which are

intrinsic defects in the film correlated with its morphology, also macropins significantly

influence the domain propagation. Such macropins are extrinsic defects spatially dis-

tributed on a 10− 50 µm scale and directly recognizable in the Kerr images [57]. They

visibly act as pinning centers for the domains. As can be seen, these macropins provide

insurmountable obstacles in the temperatures range up to 300 K. As was discussed

already in Sec. 3.1, bcc-crystallites are formed within the fcc-Fe during cycling of tem-

perature. These crystallites do not only change the anisotropy, but also introduce new

energy barriers into the potential energy surface (PES) and might add additional pinning

centers. Hence, the dominating wall pinning mechanism changes with temperature. As

a result, a transition from continuous to discontinuous wall propagation at ≈ 250 K is

observed, when the micropins provided by the Fe islands become unimportant compared

to the macropins.

3.2.3 Energy barriers and relaxation times

The data on the film structure, the magnetic after-effect and the domain wall prop-

agation will be compared in the following to obtain the determining parameters for

the magnetization process. The calculation of the activation energies, EA, requires the

intrinsic propagation field HP (Eq. (3.6)), which can be deduced from the field and
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temperature dependent measurement of the relaxation times in Fig. 3.8. The intercept

y0 of each fit with the y-axis at H = 0 is according to Eq. (3.7):

y0 = ln(τ0) +
MSVBHP

kBT
(3.9)

From the temperature dependence of y0 a system of equations is obtained with HP as

one solution. For the Fe/Cu(100) in Fig. 3.8 the y0 turns out to be constant for all

measurements, and thus independent on T . The slope, α, on the other hand, is clearly

a function of T . A solution for HP other than HP = 0 can therefore not be found.

This means that the intrinsic propagation field itself changes with temperature. This

proposed dependence, HP (T ), is independent of the film structure since identical values

for α and y0 are found after repeating annealing cycles for the same film. Although

HP can not easily be calculated within this model, we can say that HP has to depend

inversely and reversibly on T .

To circumvent the difficulty of determining HP we consider relaxation times, τ , rather

than activation energies in the following. The relaxation times can be determined from

the experiment directly and are equivalent to the activation energies, with the advantage

that HP and τ0 are not required.

We use an approach introduced by Bruno et al. to obtain the distribution of τ

as a function of field [51]. Starting from Eq. (3.3), the viscosity measurements in

Fig. 3.7(a,c) are plotted as the logarithm of (M(t) + MS)/2MS. In such a presentation

the data should depend linearly on t if there was no distribution of τ . As can be seen

in Fig. 3.7(b,d), this is clearly not the case here. The data are therefore approximated

by assuming a Lorentz distribution of τ :

σ(τ) =
Γ

2π[(τ − τ ∗)2 + (Γ/2)2]
(3.10)

The τ -distribution of width Γ is centered around τ ∗. At a time t the total magnetization

of the sample exposed to the field H < HC is the sum of the magnetization of all

Barkhausen volumes with Lorentz-distributed τ :

M(t) = 2M∞

∞∫

0

σ(τ) exp(− t

τ
) dτ −M∞ (3.11)

The resulting fit to the viscosity measurement at 120 K, shown in Fig. 3.7(a) and (b) as

a solid line, is in fairly good agreement with the data. The distribution σ(τ) determined



3.2 the magnetization reversal process 57

0 10 20 30 40 50

0

0.1

0.2

0.3

s
(t

)

t (s)

0.89

0.85

0.82

0.78

0.73

Figure 3.12: Distribution of τ for 3 ML Fe/Cu(100) at 120K for different H/HC .

from the data at 120 K as a function of field are shown in Fig. 3.12. The ratios H/HC

are indicated in the figure. One can see that the closer the field to HC the smaller the

parameters τ ∗ and Γ of the fitted distribution.

The model yields a good description of the viscosity at 120 K, but it fails to describe

the measurements at higher sample temperatures: although a satisfying fit to M(t) can

be achieved (Fig. 3.7(b)), the same fit matches the data in the logarithmic presentation

in Fig. 3.7(d) only in the early stage of the experiment. As time elapses the discrepancy

between the viscosity data and the fit from the applied model becomes significant.

This discrepancy is clearly related to the transition from continuous to discontinuous

wall propagation at ≈ 250 K, when additional pinning centers with different sensitivity

to temperature are present (see previous subsection). The applied theoretical model

does not consider competing activation mechanisms and therefore works best at low

temperatures, where the micropins govern the magnetization reversal. A theoretical

description of the viscosity experiments is only possible for continuous wall propagation

as found at low temperatures. The Kerr images in Fig. 3.11 visualize the difference

between the magnetization reversal process at low and room temperature, and help

further to explain the failure of the model at higher temperatures.

The Fe islands have been found to dominantly shape the potential energy surface,
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which is seen by a domain wall during the magnetization reversal process. Thus, the

PES is providing the link between structure and important magnetic properties.

The activation energy could not be calculated directly within this work due to the

difficulties in determining the intrinsic propagation field. However, a rough approxi-

mation for HP can be obtained by assuming HP = HC(T = 0). Extrapolation from

Fig. 3.4 gives HP ' 36 mT , resulting in EA ' 1 eV . This value is comparable to the

activation energy found for Ni/Cu(001) with EA ' 0.7 eV [56], or for Au/Co/Au films

where EA ' 0.9 eV [51]. It is interesting to note that the activation energy is thus

orders of magnitude larger than the thermal energy (∼ 10 meV ) and the field energy

(∼ 0.3 µeV ). The observed relaxation times on the other hand suggest that the ratio

between the activation energy and the barrier height must be smaller than 1:10. This

discrepancy suggests that the model for the calculation of EA provides only an estimate.

The result underlines the importance of the attempt rate of a spin to overcome energy

barriers, besides the barrier height itself, for the magnetization reversal process.



Chapter 4

Coupled perpendicular

magnetization in Fe/Cu/Fe trilayers

I have used fcc-Fe films on Cu(100) as templates for the fabrication of fcc-Fe/Cu/Fe

trilayers. The structure of these films is studied by LEED and Reflection High Energy

Electron Diffraction (RHEED). The magnetism is investigated in-situ by integral MOKE

measurements and Kerr microscopy.

Perpendicular coupling between the Fe layers and magnetic domain formation have

been found and ascribed to a magneto-static interaction [131]. Furthermore, the gov-

erning role of the Fe-vacuum interface for the magnetism of the whole trilayer is demon-

strated by oxygen adsorption experiments [132].

4.1 Fabrication of fcc-Fe/Cu/Cu trilayers

Fe films were grown by molecular beam epitaxy with deposition rate of 0.3-0.5 ML/min,

as calibrated with the quartz microbalance. The substrate was held at RT during Fe

deposition for both layers and cooled to 125 K for deposition of the Cu spacer layer.

However, Cu spacer layers have been also deposited at RT and no significant changes

were observed in the magnetic properties of the systems.

The fcc-structure of the Fe/Cu/Fe trilayer is confirmed by LEED performed during

the fabrication (Fig. 4.1). The characteristic first-order diffraction spots of the clean

fcc-Cu(100) surface are visible in Fig. 4.1(a). The deposition at RT of 3 ML Fe does not

substantially alter the LEED pattern (Fig. 4.1(b)). Only the background intensity has

increased a little, probably due to some structural disorder of the film. The position of

the spots does not change after the deposition of 3 ML Cu at LT and of the second Fe

layer on top (Fig. 4.1(c,d)). Only weak broadening of the spots is observed, in particular
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+ 3MLFe

+ 3MLCu
+ 3MLFe
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c)

a)

d)

Figure 4.1: LEED images taken at 156 eV on: clean Cu(100) substrate (a), 3 ML Fe/Cu(100)

(b), 3 ML Cu/3 ML Fe/Cu(100) (c), 3 ML Fe/3 ML Cu/3 ML Fe/Cu(100) (d).

after the growth of the Cu spacer layer. The LEED data thus show that heteroepitaxial

Fe/Cu/Fe trilayers on Cu(100) substrate with fcc-structure are formed. This structure

is favored because the epitaxial strain is small. Assuming a lattice constant of fcc-Fe,

aFe
fcc = 3.59 Å [120], and of Cu, aCu

fcc = 3.61 Å, the tensile strain in the first Fe layer

results to be only of 0.6% !

In collaboration with Heinrich’s group (Simon Fraser University, Burnaby, BC,

Canada), we have furthermore investigated the growth mode of the films by RHEED.

The results indicate that a layer-by-layer growth only occurs for the first atomic layers.

During the deposition of 6.5 ML Fe on Cu(100), the specular spot signal intensity is

recorded as a function of time, which is equivalent to the amount of Fe deposited on the

substrate. Is it possible to associate to each oscillation in the signal intensity the forma-

tion of one atomic layer. A perfect layer-by-layer growth would show all maxima with

the same intensity. We have found for Fe/Cu(100) that the oscillation amplitude decays

with coverage and only up to 4 oscillations are visible. Above 4 ML thickness, a tran-

sition from layer-by-layer to three dimensional (3D) growth occurs. Oscillations of only

small amplitude can be identified during the subsequent deposition of 6 ML Cu first and

9 ML Fe afterwards on top of the 6.5 ML Fe/Cu(100). Such small RHEED oscillations

are attributed to increasing surface roughness of the the first Fe layer (6.5 ML).

The evolution of the magnetic anisotropy of the films after the deposition of each
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Figure 4.2: RHEED measurements taken during the fabrication of Fe/Cu/Fe trilayers.

Specular spot signal intensity recorded as a function of time during the deposition of:

6.5 ML Fe/Cu(100) at RT, 6 ML Cu on 6.5 ML Fe/Cu(100) at RT, 9 ML Fe on

6 ML Cu/6.5 ML Fe/Cu(100) at RT. In collaboration with O. Mosendz, B. Kardasz, and B.

Heinrich, Simon Fraser University, Burnaby, BC, Canada
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individual layer of the Fe/Cu/Fe trilayer is summarized in Fig. 4.3. The hysteresis loop

of 3 ML Fe/Cu(100) grown at RT in Fig. 4.3(a), as observed by a polar MOKE loop

taken at 110 K, shows the known result of perpendicular magnetization of this system.

The deposition of 2 ML of Cu on top of this film causes a spin reorientation into the

plane, as concluded from the longitudinal MOKE loop in Fig. 4.3(e) and the absence of

a polar Kerr signal (Fig. 4.3(b)). A detailed study of this spin reorientation as a function

of the Cu thickness is given in the Sec. 4.1.3. The easy axis of magnetization switches

again out-of-plane after the deposition of the second Fe layer of 3 ML thickness. The

magnitude of the observed polar Kerr signal in Fig. 4.3(c) is approximately twice the

signal of the 3 ML Fe in Fig. 4.3(a) and thus corresponds to the sum of the signals of

both individual Fe layers. Clearly, it is the presence of the top Fe layer that induces a
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Figure 4.3: Polar (a-c) and longitudinal (d-f) MOKE hysteresis loops of 3 ML Fe (a,d),

1 ML Cu/3 ML Fe (b,e), 3 ML Fe/1 ML Cu/3 ML Fe (c,f) films on Cu(100).
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perpendicular magnetization also in the bottom Fe layer. On the trilayer, no in-plane

magnetic signal was recorded (Fig. 4.3(f)).

I have investigated the dependence of the trilayer magnetization on the thickness of

the Fe layers and the Cu spacer. The results are presented in the following sections.

4.1.1 Bottom Fe layer of variable thickness

The magnetization of the trilayer was investigated first as a function of the bottom Fe

layer thickness, t1 , with the thickness of the top Fe layer, t2 , and of the Cu spacer, tCu ,

kept constant.

A wedge of t1 = 0−15 ML Fe was grown at RT on Cu(100) and investigated by MOKE

at 200 K. The remanent (N) and saturation (M) Kerr signals of polar MOKE loops as

a function of t1 are shown in Fig. 4.4. The well-known magnetic phase transitions from
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Figure 4.4: Polar remanent (N), polar saturation (M) and longitudinal saturation (¦) Kerr

signals of MOKE loops of a t1 ML Fe-wedge grown at RT on Cu(100), as a function of the Fe

thickness, t1 . Polar remanent (•), polar saturation (◦) and longitudinal saturation (�) Kerr

signals of MOKE loops of a 3 ML Fe/2 ML Cu/t1 ML Fe/Cu(100) trilayer as a function t1 ,

taken at 90K.
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FM polar to partly antiferromagnetic (AF) polar ordering at ∼ 4 ML and to in-plane

magnetization (¦) at t1 ∼ 12 ML can be recognized [75]. For 4 ML< t1 < 12 ML, only

the two top Fe atomic layer are coupled with the magnetization pointing out-of-plane,

whereas the other layers are antiferromagnetically coupled giving a zero net MOKE

signal. Above 12 ML the magnetization reorients into the plane. The polar saturation

signal (M) drops to zero since the available field was not sufficient to saturate the film

along the hard magnetization axis. By applying an in-plane magnetic field, square

hysteresis loops were obtained, thus indicating an easy magnetization axis within the

film plane. The longitudinal MOKE signal (¦) linearly increases as a function of t1.

Based on this sample, a trilayer of 3 ML Fe/2 ML Cu/t1 ML Fe/Cu(100) was formed.

The polar (•) and saturation (◦) Kerr signal, measured at 90 K, of the trilayer in Fig. 4.4

is clearly the sum of the signal of the Fe wedge plus a constant offset corresponding to

the contribution of the top Fe layer. Since the Cu covered Fe wedge showed in-plane

magnetic anisotropy, it is obvious that the top Fe layer controls the anisotropy in the

bottom Fe layer. Both layers are ferromagnetically coupled and exhibit perpendicular

magnetization for all thickness t1 < 12 ML. However, although the magnetic interaction

is sufficient to align out-of-plane the magnetic moments of the two top most atomic layers

of the bottom layer, it does not influence the AF arrangement. Above t1 = 12 ML, both

layers show in-plane magnetization (�). The structure of the top Fe layer, and hence

the magnetic anisotropy, is probably influenced by a transition from fcc to bcc in the

structure underneath [18].

4.1.2 Top Fe layer of variable thickness

To further probe the role of the top Fe layer on the total magnetic anisotropy of the

trilayer, samples with varying top layer thickness, t2 , and constant t1 and tCu were

analyzed. For the MOKE measurements at 135 K shown in Fig. 4.5, a Fe wedge of

t2 = 0 − 4 ML was grown at RT on top of a 2 ML Cu/3 ML Fe bilayer. The top

Fe layer causes perpendicular magnetization in the trilayer, after in-plane anisotropy

was observed for the Cu/Fe bilayer. The polar remanent (•) and saturation (◦) Kerr

signals of the trilayer are shown in Fig. 4.5(a). The data clearly show that: (i) For t2 >

1.3 ML Fe, the saturation signal (◦) of the trilayer is larger than the polar MOKE signal

of the Fe bottom layer (M and dashed line). This means that also the magnetization in

the bottom layer partially contributes to the polar MOKE signal of the trilayer. (ii) For

t2 > 2 ML Fe, the intensity of the Kerr signal of the trilayer corresponds to the sum of

the signals of both individual Fe layers, assuming a linear proportionality between the

thickness of the Fe layers and the MOKE signal. The magnetizations of the two layers
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Figure 4.5: (a) Magnetization of a trilayer, t2 ML Fe/2 ML Cu/3 ML Fe/Cu(100), as a

function of the top Fe layer thickness, t2. Remanent (•) and saturation (◦) Kerr intensities of

polar MOKE loops before O2 adsorption, taken at 135K. Saturation (M and dashed line) Kerr

intensity of polar MOKE loop of 3 ML Fe/Cu(100) (bottom Fe layer). Saturation (�) Kerr

intensity of longitudinal MOKE loops after O2 adsorption. (b) Kerr images of the remanent

state at t2 = 2.5ML (left) and t2 = 3.5 ML (right) taken at 140K on a similar sample.

(c) Polar MOKE hysteresis loop of: t2 = 1 ML (I), t2 = 2.5 ML (II), t2 = 4 ML (III) on

2 ML Cu/3 ML Fe/Cu(100).
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are aligned out-of-plane. Extrapolation of the saturation to t2 = 0 yields the polar Kerr

signal of the bottom layer. (iii) Saturation and remanence have the same value only in

the thickness range between 2.2 ML< t2 < 2.8 ML. Within this thickness range, square

shaped hysteresis loops are observed (Fig. 4.5(II)) and clearly prove that the easy axis

of magnetization for the whole trilayer is perpendicular. The magnetizations of the two

Fe layers are ferromagnetically coupled. Outside this region, S-shaped magnetization

loops were measured (Fig. 4.5(I) and (III)). For t2 > 3.5 ML Fe and t2 < 1.5 ML Fe the

remanence is zero. This thickness region of t2 strongly depends on the relative thickness

t1, t2, tCu and on the sample temperature. By lowering the temperature, the interval of

t2 in which remanence and saturation have the same value becomes broader.

A spin reorientation of the whole trilayer into the plane was observed for t2 > 5.7 ML.

This thickness represents the critical thickness for perpendicular magnetization in the

top Fe layer when grown on the Cu/Fe bilayer and, as a consequence, in the bottom

layer as well.

In-situ Kerr microscopy was used to analyze the magnetization of the trilayer more

in detail. The Kerr images in Fig. 4.5(b) were taken at 140 K on a similar sample. They

show the magnetic domain configuration of the remanent state at position corresponding

to a top layer thickness of around t2 = 2.5 ML (left) and t2 = 3.5 ML (right) at

the center of each image. Within these images the t2 is increasing from left to right

by ∼ 0.2 ML. The black and the white contrast in the image represents magnetic

domains with opposite magnetization perpendicular to the plane. At t2 < 2 ML and

t2 > 2.8 ML a transition from single domain magnetization state to a multi-domain

state with domains of a few micrometers in size is observed. The appearance of S-

shaped magnetization loops can thus be identified as the result of the formation of

domains with zero net magnetization. Such a transition into a multi-domain state is

not uncommon for single films with perpendicular anisotropy at a thickness just below

the critical thickness, tcrit , for the spin reorientation transition into the plane [133]. It is

the result of the competition between the energy needed to introduce domain walls, γ ,

and the gain of magneto-static energy , Eshape , when the sample’s stray field is reduced.

On the other hand, the domain state transition below 2.5 ML is unusual.

We observed that a transition towards a multi-domain state occurs if the t2 is small

compared to the bottom Fe layer thickness t1 , as it is the case in Fig. 4.5 for t2 < 2 ML.

The ratio t1/t2 seems to be decisive for the domain state. The total magnetic anisotropy

energy, Etot , of the trilayer is made up of the anisotropy energy contributions of both Fe

layers. With increasing ratio t1/t2 , the Etot is reduced due to the in-plane anisotropy

contribution of the bottom layer. As a result, for large ratio t1/t2 the domain wall energy
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γ ∼ √
A · Etot becomes small and the formation of domains energetically favorable since

it decreases Eshape . Domains are thus created in two cases: if t1 is large compared to

t2 due to the reduced perpendicular Etot , and for large t2 close to tcrit due to the large

Eshape .

4.1.3 Cu spacer of variable thickness

The coupling between two Fe layers is best investigated by varying the thickness of the

Cu spacer, tCu . As shown already in Sec. 4.1, the deposition of a Cu layer on Fe films

with perpendicular magnetic anisotropy causes a reorientation of the magnetization into

the plane. In Fig. 4.6, polar MOKE loops of 2 ML Fe without (a) and with (b) the Cu

layer are shown. After the deposition of the top Fe layer, the magnetization switches

again out-of-plane, but the magnitudes of the resulting polar MOKE loops are different

and depend on tCu (Fig. 4.6(c) and (d)).

To find out the amount of Cu needed to switch the easy axis of magnetization, I grew

a Cu-wedge on a 3 ML Fe film, which exhibits perpendicular magnetic anisotropy. As
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Figure 4.6: Polar MOKE hysteresis loop of: 2 ML Fe (a), 3.5 ML Cu/2 ML Fe (b),

3.5 ML Fe/3.5 ML Cu/2 ML Fe (c), 3.5 ML Fe/18 ML Cu/3 ML Fe (d) films on Cu(100).
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shown in Fig. 4.7, just 0.8 ML of Cu is sufficient to reorient the magnetization of the

film into the plane completely.

Although this is apparently in contrast with other experiments [27], it can be ex-

plained by a change in the magnetic surface anisotropy energy due to a modification of

the electronic structure at the film-vacuum interface, as observed for Cu adsorption on

Ni/Cu(100) [134] and on Co/Cu(100) [135,136]. The difference to the results by Vollmer

et al. is probably due to different substrate and film morphologies, as discussed further

in the following.

A 3 ML Fe/tCu ML Cu/3 ML Fe/Cu(100) has been fabricated. In Fig. 4.8(a) we

show the remanent (•) and saturation (◦) Kerr intensity of polar MOKE loops of the

trilayer as a function of tCu . The Kerr signal increases with increasing tCu and reaches

a maximum for tCu ∼ 2.5 ML. Assuming a linear proportionality between the MOKE

signal and the film thickness, the signal of 3 ML Fe/2.5 ML Cu/3 ML Fe corresponds to

the sum of the signals of 3 + 3 ML Fe (which is not the same as 6 ML of Fe as a single

layer!), approximately twice the intensity of polar loop taken on the bottom Fe layer

((�) Fig. 4.8(a)). We conclude that the magnetization of the Fe layers are coupled and

aligned perpendicular to the plane. Then, the saturation and remanent signals decay

with tCu and above a critical thickness tcrit ∼ 12 ML the two layers are decoupled.

The saturation signal is about the same of that one measured on the bottom layer ((�)
Fig. 4.8(a)). Here only the top layer shows perpendicular magnetization and contributes
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Figure 4.8: (a) Saturation (�) Kerr intensity of polar MOKE loop of 3 ML Fe/Cu(100).

Remanent(N) and saturation (M) Kerr intensity of polar MOKE loops of

tCu ML Cu/3 ML Fe/Cu(100) as a function of Cu spacer thickness, tCu . Remanent (•) and

saturation (◦) Kerr intensity of polar MOKE loops of 3 ML Fe/tCu ML Cu/3 ML Fe/Cu(100)

as a function of tCu . (b) Saturation (�) Kerr intensity of polar MOKE loop of

2 ML Fe/Cu(100). Remanent(N) and saturation (M) Kerr intensity of polar MOKE loops of

tCu ML Cu/2 ML Fe/Cu(100) as a function of Cu spacer thickness, tCu . Remanent (•) and

saturation (◦) Kerr intensity of polar MOKE loops of 3.5 ML Fe/tCu ML Cu/2 ML Fe/Cu(100)

as a function of tCu .

to the observed polar MOKE signal, while the magnetization of the bottom layer lies

in the film plane, as concluded from longitudinal MOKE loops. To make sure that

it is the top Fe layer which exhibits perpendicular magnetization, I have repeated the

experiment with Fe layers of different thickness, 2 ML and 3.5 ML for the bottom and

the top layer, respectively.

MOKE hysteresis loops have been taken on such trilayer as a function of tCu

(Fig. 4.8(b)). The remanent(•) and saturation (◦) Kerr intensity of polar MOKE loops

reach a maximum for tCu ∼ 2.8 ML and then decay with tCu. It is important to note

that: (i) The value of the maximum signal corresponds roughly to the sum of the sig-

nals of 2 + 3.5 ML of Fe. (ii) Above tCu ∼ 14 ML, the signal reaches a plateau which

is now larger than the intensity of polar MOKE loop measured on the bottom Fe layer

((�) Fig. 4.8(b)). The observed value corresponds to a film thickness of 3.5 ML, i.e.

t2 , and demonstrates that, above tcrit , only the top Fe layer exhibits perpendicular

magnetization.
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4.2 Oxygen adsorption and spin reorientation

The governing role of the top Fe layer surface magnetic anisotropy for the trilayer

magnetization is demonstrated in the following by gas adsorption experiments. The

adsorption of small amounts of oxygen causes a modification of the electronic structure

of the Fe-vacuum interface, and thus of the magnetic surface anisotropy. Changes of

the easy axis of magnetization are observed by taking MOKE hysteresis loops before

and after the adsorption either in polar or longitudinal geometry, while changes in the

magnetic domain configuration are monitored by Kerr microscopy directly during the

adsorption process. This technique has already proven to be very successful on single

Fe layers on Cu(100) [77].

As it has been demonstrated in Sec.4.1.2, the trilayer has perpendicular magnetization

(Fig.4.9(a)). The easy axis of magnetization of the whole trilayer reorients into the

plane after the adsorption at 125 K of 1.8 L (1 Langmuir = 1 × 10−6 Torr · s) of O2,

as deduced from the polar (b) and longitudinal (c) MOKE hysteresis loops shown in
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Figure 4.9: (a) Polar MOKE hysteresis loop of 2.4 ML Fe/2 ML Cu/3 ML Fe/Cu(100), taken

before O2 adsorption. Polar (b) and longitudinal (c) loops after O2 adsorption. The two Fe

layers exhibit in-plane magnetization and different coercive field.
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Figure 4.10: Kerr images of t2 ML Fe/2 ML Cu/3 ML Fe captured during oxygen adsorption

at 125K. Inset: longitudinal MOKE loop of the trilayer taken after the adsorption of 1.94 L

of O2. Image size: 400µm× 110µm.

Fig.4.9. In particular, the longitudinal loop evidences that both layers exhibit in-plane

magnetization with slightly different coercive fields.

Oxygen-induced changes in the magnetization of t2 ML Fe/2 ML Cu/3 ML Fe with

increasing O2 exposure are shown in the Kerr images in Fig. 4.10. Within these images,

taken at zero field, the top layer thickness increases from ∼ 2.6 ML to 3 ML. The

transition from single to multi-domain state is visible at t2 = 2.9 ML. Exposure of
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the trilayer to oxygen initially causes a transition of the whole sample into a multi-

domain state after ∼ 1.1 L. The magnetic contrast disappears at 1.8 L of O2. The

magnetization loop depicted in the inset of Fig. 4.10 was taken after O2 adsorption by

longitudinal MOKE.

In Fig. 4.5, the saturation signal (�) of longitudinal MOKE loops after O2 adsorption

is shown as a function of t2 . We find that, independent of t2 , the magnetization of the

whole trilayer has switched into the plane. The observed spin reorientation is attributed

to an adsorbate-induced change of the magnetic interface anisotropy energy at the Fe-

vacuum interface. Oxygen adsorption is reported to cause a charge transfer from iron to

oxygen leaving behind Fe states with majority character and causing a decrease of spin

polarization at the density of states at the Fermi energy [137,138]. The strong response

of the trilayer magnetism to modification of the electronic structure at the Fe-vacuum

interface underlines the importance of this interface for perpendicular magnetization.

Discussion

As discussed in detail in Sec. 1.3, the magnetic coupling between FM layers separated

by a non-magnetic layer is characterized by the interplay between interlayer exchange

coupling (IEC) and magneto-static interaction. The IEC is often found to cause an al-

ternation of FM and AF coupling between the two magnetic layers as a function of the

spacer thickness. If this was the dominant coupling mechanism here, we would observed

oscillations in the remanent Kerr intensity of the MOKE loops, with maxima and minima

corresponding respectively to FM and AF configuration of the Fe layers. Such oscilla-

tions were not observed in our experiments. The results are rather in agreement with the

picture of magneto-static interaction between the Fe layers. For 1.5 ≤ tCu ≤ 4 ML, the

stray field produced by the top Fe layer magnetization aligns out-of-plane the magneti-

zation of the bottom layer, which exhibits in-plane magnetization after the deposition of

the Cu interlayer. The presence of a stray field is evidenced by the formation of magnetic

domains. By increasing tCu , the strength of the dipolar interaction gradually diminishes

and for tCu ≥ 12 ML, the bottom layer magnetization reorients into the plane along the

easy axis. The coupling strength can be adjusted by the top Fe layer thickness. The

higher the thickness, the larger its total magnetization and, as a consequence, the stray

field. This observation further supports the idea of magneto-static interaction between

the Fe layers. In case of negligible biquadratic coupling, the configuration with parallel

magnetization in trilayers is always favored, independently of the prevalent mechanism

of coupling. However, this is only true if the two FM layers have the same easy magneti-

zation axis. Otherwise, a balance between magneto-static and anisotropy energy has to
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be considered. For example, a non-collinear magnetic configuration induced by orthogo-

nal uniaxial magnetic anisotropies in the individual magnetic layers and a proper choice

of the spacer thickness was recently proposed by Taga et al. for Fe/V/Co trilayers [139].

In case of Co/Cu/Ni/Cu(001), a tcrit of 3.1 ML Cu for non-collinear magnetization state

was measured [140]. In our experiment a 90◦ alignment of the magnetization directions

has been found above a tcrit ∼ 12 ML.

Previous experiments on Fe/Cu/Fe trilayers with the magnetic measurements per-

formed ex-situ showed the indirect interaction through the Cu spacer as the dominant

mechanism of coupling [68]. The absence of IEC in our samples is therefore not due to

the particular choice of materials, but it has to be attributed to slight deviations in the

film structure or morphology.

Bruno et al. showed theoretically that the presence of roughness at the film-spacer

interfaces strongly reduces the strength of the indirect exchange coupling. In addition,

higher correlated interface roughness also leads to a stronger superimposed contribution

from magneto-static coupling, the so-called ”orange-peel” coupling (Sec. 1.3).

The rapid decay of the oscillation amplitude observed in the RHEED measurements

indicates that the layer-wise growth gets more and more out of phase. As a result,

unfilled layers remain, contributing to a significant roughness. We thus believe that

in our experiments, the interfacial roughness decreases considerably the strength of the

interlayer exchange interaction so that the coupling between the Fe layers is governed by

magneto-static interaction. The idea is supported by the absence of oscillatory coupling

with Cu thickness, the magnetic domain formation in the film, and a morphological

argument which will be discussed in the following.

The first experiments on the growth of Fe/Cu(100) by using Auger spectroscopy

have been interpreted as a simple layer-by-layer growth mode [111]. This was later

confirmed by STM studies [75] and it was also shown that the growth mode dominant

up to 11-12 ML, when relaxed bcc-Fe domains start to nucleate [17]. This description is

supported by numerous experiments. Recent studies have evidenced that the situation

is more complex and the growth mode strongly depends on the substrate morphology.

Dulot et al. have shown by STM that in case of Cu(100) substrate with high step density

(step periodicity 10 − 15 nm), Cu segregation from the step edges was observed up to

4 ML of nominal Fe thickness, resulting in islands of heterogeneous composition. After

the deposition of 0.5 ML of Fe, the formation of trenches, which expand through the

Cu terraces, was observed, with more than two atomic layers exposed [141].

In collaboration with M. Lingenfelder (Kern’s group, Max Planck Institute,

Stuttgart), we have performed STM on the Cu(100) crystals which have been
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used as substrates in our experiments. We have found a surface morphology

with terraces of width between 10 nm and 60nm (Fig. 4.11). We therefore believe

that the growth mode is similar to that one observed by Dulot and coworkers.

100 nm

Figure 4.11: Scanning Tunnelling Mi-

croscopy (STM) image of Cu(100) crystal,

taken after sputtering-annealing cycles. Im-

age size: 312nm × 312nm. In collabora-

tion with M. Lingenfelder, Nanoscale De-

partment, Max Planck Institute, Stuttgart

As confirmed by RHEED, the roughness

of the first Fe layer is maintained during

the fabrication of the trilayer, resulting

in rough interfaces between the Fe layers

and the Cu spacer and, as a consequence,

reduced IEC. Furthermore, the interface

roughness might explain why the change

of KS upon Cu coverage was found to be

much stronger here than reported previ-

ously [27] (Sec. 4.1). An increase of the

film roughness results in a smaller con-

tribution of KS [126], making less favor-

able out-of-plane easy axis of magnetiza-

tion. It becomes comparatively easier to

induce a spin reorientation transition into

the plane by further reducing KS by de-

positing the Cu layer.

To further investigate the coupling, it

is useful to change the magnetization di-

rection of one layer and observe changes in the the second layer. Thus, a switching

into the plane of the easy axis of the top Fe layer has been induced by oxygen adsorp-

tion (Sec. 4.2). As a consequence, a reorientation into the plane of the bottom Fe layer

magnetization was also observed. The perpendicular magneto-static field produced by

the top layer magnetization, which aligns out-of-plane the magnetization of the bottom

layer, vanishes as soon as its magnetization reorients into the plane. The dependence

of the bottom layer magnetization on the top layer magnetization is therefore evident.

The experiments clearly prove the governing role of the top Fe layer for the magnetism

of the whole trilayer and the sensitivity of the magnetic anisotropy to modifications of

the Fe-vacuum interface by adsorbates.



Chapter 5

Structure and magnetism of

ultrathin Fe films on Pt substrates

The correlation between structure and magnetism has been suggested and demonstrated

on numerous film/substrate systems [2, 3, 12, 142–144]. However, only limited success

could be achieved in correlating the magnetism to the sometimes minute details in

structural properties, owing to the complex interplay between local atomic structure,

electronic structure and magnetic anisotropy in atomically thin films.

To account for the particular electronic and structural properties of epitaxial films and

their influence on the magnetism, phenomenological quantities, such as surface and step

anisotropy, have been introduced and applied successfully during the past two decades of

research [2,145–147]. These quantities are chosen to reflect the symmetry of the observed

magnetic anisotropy and hide the dependence on the local atomic arrangement. The

immense effort in determining such anisotropy contributions experimentally has partly

distracted from gaining a better understanding of the role of the local atomic structure

itself.

In Chapter 3, it has been demonstrated the close relationship between morphology

and domain wall pinning on Fe/Cu(001) by monitoring magnetic domain propagation

directly during film annealing. In this chapter, I present another, particularly elegant

way to reveal structurally driven changes of the magnetism. By controlling the growth

mode of atomically thin Fe films on Pt surfaces via substrate steps, we govern the

morphology and the local atomic structure. The comparison of Fe on the flat Pt(111)

and on the vicinal Pt(997) surfaces strongly suggests a direct correlation between in-

plane magnetic anisotropy and structural symmetry for Fe films thicker than 3 ML. In

contrast, the perpendicular magnetization easy axis found below 3 ML Fe is independent

of the film structure and tentatively ascribed to the film-substrate interaction.

75
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5.1 Growth of Fe on flat and vicinal Pt surfaces

5.1.1 3-D Fe islands on Pt(111)

The growth of Fe on Pt is currently subject of extensive research [113, 114, 148, 149].

Within this work, the growth of Fe on flat Pt(111) has been investigated by LEED and,

in collaboration with S. Rusponi and H. Brune (Institut de Physique de Nanostructures,

École Politechnique Fédéral de Lausanne, Switzerland), by STM, for comparison. In

Fig. 5.1 STM images of different θFe on Pt(111) are shown. On the flat Pt surface

Vollmer-Weber growth mode with the formation of 3D islands already at the initial

stage of the growth is observed. The 3D islands have irregular, ramified shape and grow

laterally and in height with increasing coverage. A nominal θFe of 1.7 ML is distributed

into 4 simultaneously open layers (Fig. 5.1(d)). The corrugations visible in the second

(a) (b)

(c) (d)

Figure 5.1: (a,b) STM on 0.7 ML Fe, 1.25 ML Fe, image size 150nm×150nm. (c) 2.5 ML Fe

on Pt(111), image size 150nm × 138nm (d) 1.7 ML Fe/Pt(111), image size 60nm × 55nm.

In (d) the contrast was adjusted to accentuate the corrugation in the second layer. In

collaboration with S. Rusponi and H. Brune, Institut de Physique de Nanostructures, École

Politechnique Fédéral de Lausanne, Switzerland
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a) b)

Figure 5.2: LEED images taken at 152 eV on Fe/Pt(111) grown at 300K: (a) ΘFe = 0.8 ML,

(b) ΘFe = 3 ML after annealing at 500K.

and third layer in the contrast-enhanced image in Fig. 5.1(d) are interpreted as a misfit

dislocation network. Such dislocations are usually found to reduce the film strain due

to the lattice mismatch to the substrate [150].1 No signs of alloying are observed during

growth near RT. Noticeable diffusion of Fe into the Pt sets in only above 600 K [114].

We remark that there is a weak tendency for Fe incorporation into the Pt top layer at

very low dilution already around 140 K, which may be ascribed to the relaxation of the

compressive stress in the clean Pt(111) surface [151].

Complementary LEED investigations reveal the atomistic film structure. Fig. 5.2(a)

displays a LEED image taken on 0.8 ML Fe/Pt(111). The six diffraction spots of the

fcc-(111) surface are slightly elongated in radial direction. The second-order diffraction

spots, not visible at this energy, show an elongation in tangential direction. The sym-

metry of the diffraction spots hence excludes the presence of a pure fcc-Fe layer. A

comparison with the STM images (Fig. 5.1) shows that at this coverage of 0.8 ML also

the second and even the third layer contribute to the diffraction image. The observation

of dislocation lines in the second layer in the STM images and the anisotropic spot

broadening in the LEED pattern is thus interpreted as a structural transformation from

fcc to bcc from the second Fe layer on.

By increasing θFe , the LEED pattern visibly changes. For 3 ML Fe/Pt(111),

around each first-order diffraction spot, six characteristic satellite spots can be observed

(Fig. 5.2(b)). The intensity of the satellite spots depends strongly on the kinetic energy

of the primary electrons due to the limited sensitivity of LEED to the structure along

the surface normal. At no energy all satellite spots could be seen with identical inten-

1The epitaxial strain can be calculated to 9.2% by assuming a lattice constant of fcc-Fe, afcc
Fe = 3.59 Å

[120] and of Pt, afcc
Pt = 3.92 .
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sity. [152] To obtain this image, the sample was annealed at 500 K to improve the quality

of the satellite spots which are already visible before annealing. The arrangement of

these spots is consistent with the assumption of a bcc-Fe layer on Pt(111) [153], as will

be explained in the discussion at the end of this chapter.

5.1.2 Growth of Fe on Pt(997)

The study of the growth of Fe on Pt substrates was focused in particular on the de-

position of Fe on stepped Pt(997), since it allows to form linear nanostructures and

even chains of single Fe atoms. The available data obtained by Thermal Energy Helium

Atom Scattering (TEAS) can be summarized to the following picture: At deposition

temperatures between 200 K and 400 K, Fe atoms preferentially decorate the Pt sub-

strate steps at the initial growth stage. With increasing Fe coverage, θFe , the step

decoration is continued, resulting in step flow growth mode [114]. It is expected that for

θFe > 1 ML, the film overgrows the substrate steps, leading to vertical mismatch and

increasing disorder. The step periodicity is thus progressively lost.

LEED studies have been performed on Fe/Pt(997). LEED images obtained for dif-

ferent ΘFe are shown in Fig. 5.3(a-c). In Fig. 5.3(a) a characteristic diffraction image of

1 ML Fe/Pt(997) is shown. This image corresponds to the LEED image of the clean

Pt(997) substrate without qualitative difference. The superstructure resulting from the

substrate steps is fully maintained. This means that a pseudomorphic Fe layer has been

formed. For nominal coverage θFe > 1 ML, the superstructure spots merge into broad

spots with hexagonal symmetry (Fig. 5.3(b)). In addition, the background intensity in-

creases. The observed hexagonal pattern indicates that Fe still grows with fcc-structure

in the second and third layers in registry with the substrate. A characteristic change

a) b) c)

(00)

(  1)1 (01)

(10)

(1  )1(0  )1

(  0)1

Figure 5.3: LEED images taken at 122 eV on Fe/Pt(997) grown at 300K, (a) ΘFe = 1 ML,

(b) ΘFe = 2.2 ML, (c) ΘFe = 6.6 ML. Crosses (+) mark the position of the substrate fcc(111)

diffraction spots.
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of the diffraction image is observed at θFe ' 3 ML: four ((01),(11̄),(01̄),(1̄1)) of the six

first-order diffraction spots shift with respect to the fcc-position, while the (10) and (1̄0)

spots stay fixed at the same position (Fig. 5.3(c)). To visualize the change, the substrate

first order spot positions are marked in the images (+). The observed LEED images will

be interpreted as a fcc-bcc structural transition in the discussion later in this chapter.

5.2 Magnetic properties of Fe on Pt substrates

Magnetic investigations have been performed on films of constant coverage as well as

wedge shaped films deposited at RT, with the nominal coverage varying from 0 up to

7 ML. For the MOKE measurements on Fe/Pt(111) the angle between the incident laser

beam and the surface normal is ∼ 15◦. For the experiments on Fe/Pt(997), an improved

MOKE setup has been used, with the angle of incidence increased to 45◦. This modifi-

cation allows for a good sensitivity for both in-plane and out-of-plane magnetization.

5.2.1 Magnetism of Fe/Pt(111)

The evolution of the magnetization with θFe at RT (a) and 135 K (b) is shown in

Fig. 5.4. The values of remanence and saturation, as derived from MOKE hysteresis

loops, are plotted. Clearly visible is a spin reorientation transition (SRT) from in-plane

to out-of-plane when θFe is reduced below a critical coverage of θcrit ∼ 2.8 ML. Such

a SRT is found for many thin-film/substrate systems and is commonly ascribed to the

dominant role of the interface anisotropy. The magnitude of remanence and saturation

as well as θcrit depend on the measurement temperature. Below θFe ∼ 2.8 ML, the

magnetization lies preferentially perpendicular to the plane. However, no remanent

signal (•) is observed at RT. Above θFe > 2.8 ML, the magnetization is found within the

film plane. The longitudinal remanent (�) and saturation (�) Kerr intensities increase

with θFe and remain constant on the plateau of the wedge. For sub-monolayer coverage

below θFe = 0.85 ML no magnetic signal was detected, most likely because of the low

Curie temperature, TC , here. The coexistence of polar and longitudinal Kerr signals

within a limited coverage range around θcrit suggests a SRT via a canted magnetization

state. The polar Kerr signal below θcrit depends strongly on the temperature. By

lowering the temperature below 150 K, a remanent MOKE signal could be measured

((•) Fig. 5.4(b)).

Fig. 5.5 shows polar magnetization loops of 1.4 ML Fe/Pt(111) taken at 200 K

(a) and 110 K (b), respectively. A characteristic in-plane magnetization loop of

4.5 ML Fe/Pt(111) taken by longitudinal MOKE at 110 K is shown in Fig. 5.5(c).
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Figure 5.4: Polar remanent (•), polar saturation (◦), longitudinal remanent (�) and longi-

tudinal saturation (�) Kerr intensities of MOKE hysteresis loops taken at RT (a) and 135K

(b) of an Fe-wedge/Pt(111) of θFe = 0 − 4.8 ML as a function of θFe. Polar remanent (N)

Kerr signal measured at 135K.

The observations are summarized as follows: (i) Fe films grown on Pt(111) at RT

undergo a SRT from perpendicular to in-plane at θcrit ' 2.8 ML. (ii) Remanent mag-

netization is observed at RT only above θcrit. Remanent perpendicular magnetization

below θcrit has been observed only at T 6 150 K. (iii) Above θcrit, there are no signs of

a magnetic anisotropy within the film plane. The MOKE loops measured with the field

applied along the [1̄10] and [112̄] directions are both square shaped and appear to be

identical.
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Figure 5.5: Polar (a,b) and longitudinal (c) MOKE hysteresis loops of (a) 1.4 ML Fe/Pt(111)

at 200K, (b) 1.4 ML Fe/Pt(111) at 110K, (c) 4.5 ML Fe/Pt(111) at 110K.
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Figure 5.6: Kerr intensities of MOKE hysteresis loops taken at RT of an Fe-wedge/Pt(997) as

a function of θFe: polar remanent (•), polar saturation (◦), longitudinal remanent along [1̄10]

(�), longitudinal saturation along [1̄10] (�), longitudinal remanent along [112̄] (N), longitudinal

saturation along [112̄] (M).

5.2.2 Magnetism of Fe/Pt(997)

For comparison, I have studied the magnetic properties of Fe films grown on Pt(997)

substrates. Also here, several Fe-wedges with θFe varying from 0 up to 6.7 ML have
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been grown at RT. The polar remanent (•) and saturation (◦) Kerr signals are shown

in Fig. 5.6. As for Fe/Pt(111), also on the Pt(997) substrates a SRT from in-plane to

perpendicular magnetization was observed. The θcrit ∼ 3.3 ML is ∼15% larger than

for Fe/Pt(111). No magnetic signal was measured below θFe ∼ 1 ML. In this thickness

range, TC is below 200 K as can be shown by measurements on the cooled sample. For

θFe > 3.3 ML, the magnetization lies within the sample surface. The in-plane magnetic

anisotropy has been investigated by applying the field within the film plane parallel and

perpendicular to the step edges on separate films, after rotating the substrate by 90◦.

Along the step edges the saturation (�) and the remanent (�) MOKE signals have the

same values. In contrast, no remanence (N) was observed perpendicular to the step

edges. The signal (M) corresponds to the Kerr signal at maximum available field and

does not represent the saturation signal. Along this direction the film magnetization

could not be saturated (see hysteresis loop in Fig. 5.7(c)).

MOKE magnetization loops taken on Fe/Pt(997) at θFe = 2.5 ML and θFe = 6.5 ML

are shown in Fig. 5.7. The polar loop (Fig. 5.7(a)) is clearly square shaped at RT, in

contrast to the loops obtained for the same θFe on Pt(111). The in-plane loops taken

on the thicker film along and perpendicular to the substrate steps (Fig. 5.7(b,c)) reflect

a pronounced in-plane anisotropy with the easy axis along the step edges.

Complementary X-ray magnetic circular dichroism (XMCD) measurements have been

performed recently on both systems. The experiments confirm the magnetic proper-

ties found by the MOKE study. In addition they reveal in-plane spin orientation for
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Figure 5.7: polar (a) and longitudinal (b,c) MOKE hysteresis loops, measured at RT, of: (a)

2.5 ML Fe/Pt(997), (b) 6.5 ML Fe/Pt(997) along the [1̄10] direction, parallel to the substrate

steps, (c) 6.5 ML Fe/Pt(997) along the [112̄] direction, perpendicular to the substrate steps.



5.2 magnetic anisotropy and spin reorientation of Fe/Pt 83

0.13 ML Fe, identical magnetic moment per atom for the out-of-plane and in-plane phase

and induced spin moment for Pt. [154]

5.2.3 Adsorbate induced shift of the Curie Temperature

Oxygen adsorption experiments have been performed on 2 ML Fe/Pt(997) to probe the

sensitivity to electronic modification of the Fe-vacuum interface. The oxygen has been

introduced into the UHV chamber through a leak valve to achieve an oxygen partial

pressure of 8.5×10−9 mbar. Polar MOKE loops were recorded as a function of exposure

to oxygen (Fig. 5.8(a)). The square shaped magnetization loop of the as-grown film (I)

changes to S-shaped loop with no remanence, but almost unmodified saturation (II).
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Figure 5.8: (a) Polar MOKE hysteresis loops of 2 ML Fe/Pt(997) taken at RT (I) (II) (III)

and 110K (IV): (I) after the growth, (II) after the adsorption at RT of 1.8L, (III) of 6.6L,

(IV) of 10.7L of O2. (b) Remanent (•) and saturation (◦) Kerr intensity of polar MOKE

hysteresis loops taken during oxygen adsorption at RT as a function of the oxygen dose put

into the chamber.
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The saturation disappears for dosages higher than 8 L of O2 (1 L = 1 × 10−6 Torr · s)
(III), but can be recovered by cooling the sample to 110 K (IV).

In Fig. 5.8(b), the evolution of the remanent (•) and saturation (◦) Kerr signals

with oxygen exposure, as obtained from polar MOKE hysteresis loops, is shown. For

small amounts of O2, less than 1.5 L, a drop of the remanence is observed while the

saturation remains constant. A further adsorption of oxygen causes a decreasing also of

the saturation signal. Above 10 L, neither polar nor longitudinal MOKE signals have

been detected at RT. By lowering the temperature to 110 K, the polar remanent and

saturation MOKE signals could again be recovered. We thus conclude a lowering of TC

caused by oxygen adsorption.

Changes in the magnetization can be monitored directly during the adsorption process

by in-situ Kerr microscopy. The Kerr images in Fig. 5.9 are taken in remanence during

oxygen adsorption at RT on 1.6 ML Fe/Pt(997). The sample has been magnetized by an

external field to obtain a magnetic single domain state. Exposure to more than 0.35 L

0.35 L

0.49 L

0.57 L

0.75 L

[ 10]1

[1
1

]
2 100 mm

Figure 5.9: Kerr microscope images of 1.6 ML Fe/Pt(997) acquired in remanence during

oxygen adsorption at RT as a function of the oxygen dosage. Image size: 400µm× 125µm.
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of O2 causes the appearance of bright stripes which propagate mainly along the [1̄10]

direction with increasing O2 exposure. The stripe width of ∼20µm is much larger than

the step periodicity (∼20 Å). After the adsorption of 0.75 L, all magnetic contrast has

disappeared. The intermediate grey color of the Kerr image is interpreted as a state

with no preferential direction for the magnetization, corresponding to the paramagnetic

state above TC.

Discussion

The structural and magnetic characterization of ultrathin Fe films on Pt substrates with

and without substrate steps reveal structural as well as magnetic transitions as a function

of θFe . Fe films on Pt(111) as well as on Pt(997) show a spin reorientation transition

(SRT) from perpendicular to in-plane at a similar critical coverage, θcrit , of 2.8 ML

and 3.3 ML, respectively. Fe starts to grow on both substrates pseudomorphically.

The resulting tremendous elastic energy triggers structural transition towards bcc(110)

already in the second atomic layer of the islands of Fe/Pt(111). The onset of this

transition is delayed in the presence of substrate steps and found at ∼ 3.2 ML for

Fe/Pt(997).

Because of the coincidence of the SRT with the fcc-bcc transition in Fe/Pt(997) it

appears obvious to ascribe the perpendicular anisotropy to the fcc-phase of Fe. However,

the robustness of the perpendicular anisotropy, in particular θcrit , to distinct variations

of structure and morphology as in Fe/Pt(111) opposes such a simple correlation. Rather

than the film structure, the electronic interaction at the film-substrate interface seems

to dictate the magnetic anisotropy. Circular dichroism experiments on FePt surface

alloys reveal the importance of hybridization between the Fe 3d and Pt 5d band: the Fe

anisotropy is governed by the large spin-orbit coupling of Pt and an induced magnetic

moment is found for Pt [155]. It is reasonable to assume similar hybridization for the

epitaxial films investigated here. The perpendicular anisotropy can hence be explained

independent of the film structure and is ascribed to the Fe-Pt interface anisotropy. The

slight dissimilarity between θcrit of the Fe islands on Pt(111) and the Frank-van-der-

Merwe layer on Pt(997) is thus attributed to the differences of the Fe-Pt contact area.

In this picture it is merely the stability of the perpendicular magnetization which is

directly influenced by the film morphology. The total perpendicular magnetization of

the Fe on Pt(111) is destabilized by the separation of the film into islands, manifested

in S-shaped magnetization loops and the absence of remanence at 300 K.

The film-vacuum interface, often cited as the origin of perpendicular magnetization in

the thin film limit, does not seem to play a significant role here. The adsorption of oxygen
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[ 2]11
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Figure 5.10: (a) bcc-Fe domains with Kurdjumov-Sachs orientation. Blue and orange spheres

represent Pt and Fe atoms, respectively. The [111] direction of the bcc-domains in the adlayer

coincides with the [1̄10] fcc direction of the substrate. For simplicity, the Fe atoms are placed in

on-top sites. (b) Atomistic picture of the bcc-Fe domains with Kurdjumov-Sachs orientation

on the Pt(111) substrate. (c) In the presence of substrate steps only 2 bcc KS domains,

schematically placed on the substrate terrace, remain.

does not cause a SRT, underlining the insensitivity of the anisotropy to perturbations

of the electronic structure at the surface, as discussed later.

The structural transition towards bcc occurs by formation of bcc(110) domains in

the so-called Kurdjumov-Sachs orientation to the underlying fcc(111) layer. In this

orientation, the bcc[111] direction is coincident with the fcc[1̄10] direction, bringing 2

atoms of the sketched bcc(110) cell out of registry as is shown in Fig. 5.10(a). On the

fcc(111) surface six structural domains can be formed (Fig. 5.10(b)), resulting in satellite

diffraction spots in the LEED image in Fig. 5.2(b). From these satellite spots only one

remains visible at the (01),(11̄),(01̄) and (1̄1) first order diffraction spots for Fe coverage

larger than 3 ML on Pt(997) (Fig. 5.3(c)). No satellite spots appear at the (10) and (1̄0)

spots. The LEED image is consistent with the hard sphere model given in Fig. 5.10(c).

The formation of four out of six possible bcc-domains is suppressed, and only those

domains with the bcc[111] direction aligned along the substrate steps are present. Such

a film structure may be the result of almost free strain relaxation perpendicular to the

step direction allowing for an incommensurate structure in this direction. This also

implies anisotropic film stress within the plane.

This structural asymmetry is directly reflected in the magnetic anisotropy of the

Fe films. Reducing the symmetry of the bcc-Fe film by introducing substrate steps of

the Pt(997) surface coincides with a pronounced in-plane anisotropy of the magneti-

zation with the easy axis along the step direction and the hard axis perpendicular to

it (Fig. 5.7(b,c)). We thus propose a direct correlation between the particular atomic

structure of the film and the magnetic anisotropy for Fe coverage larger than 3 ML.
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This conclusion means that the magnetic anisotropy of Fe/Pt(997) is determined by

structural asymmetry, besides the Neel-type contribution due to the modified coordi-

nation at the substrate steps [39], discussed as the dominant contribution in other sys-

tems [156–158]. However, the influence of the structural asymmetry on the anisotropy

appears to be a particular property of the Fe/Pt system. Experiments on Fe grown

on vicinal Cu(111) also reveal in-plane anisotropy but with all possible six Kurdjumov-

Sachs domains present [159]. The authors could prove the directional dependence of the

orbital moment within the plane due to broken bonds at the steps, resulting in in-plane

magneto-crystalline anisotropy.

Interesting insight in the interplay between electronic structure and magnetism can

be gained from the observed adsorbate-induced modification of the Curie temperature

of Fe/Pt. Unlike in earlier experiments, for instance on Fe/Cu [77], Fe/Cu/Fe [132],

or Ni/Cu [160], no SRT was observed upon adsorption. Here the easy axis remains

out-of-plane, independently of the amount of adsorbed oxygen.

A reduction of the Curie temperature, TC, due to small quantities of metal and gas

adsorbates was already found in the past for Cu on Co/Cu(100) and O2 on Ni/Cu(100)

[136, 161]. Weber et al. measured an enhancement of TC by adsorbing 0.1 L of O2 on

pseudomorphic ultrathin Fe films on W(110), whereas the adsorption of 1.0 L results in

a small decreasing of TC [162]. Oscillations of TC as a function of the capping layer

thickness were instead observed in case of Cu on Fe/Cu(100) [27]. The oscillations have

been attributed to the oscillatory RKKY character of exchange interactions in itinerant

ferromagnets [129]. The coupling between the magnetic atoms is not only mediated

through the magnetic layer itself but also via the capping layer and the substrate. But

in case of non-metallic adsorbate, very unlikely an oscillatory behavior of TC may be

found. Wang et al. suggested that a decreasing of TC might be ascribed either to a

smaller effective thickness of the magnetic film or to a reduced magnetic moment of the

Fe atoms due to charge transfer and hybridization between the 2p states of O2 and the

3d states of Fe [163]. In our case, the magnetic saturation signal after gas adsorption is

only little affected, proving that the magnetic moment per Fe atom is unchanged and

the formation of Fe oxide is minimal.

In general, changes of TC are ascribed to modifications of the magnetic anisotropy

or the exchange interaction. Bruno has discussed the thermodynamics of two dimen-

sional systems taking in account, besides the exchange interaction, both the magnetic

crystalline anisotropy and the dipolar interactions (shape anisotropy) [164]. In addi-

tion to the strong dependence of TC on the exchange interaction, a weaker logarithmic

dependence on the magnetic anisotropy for systems with perpendicular easy axis of mag-



88 CHAPTER 5. structure and magnetism of Fe on Pt substrates

netization was calculated. As a consequence, a reduction of the magnetic anisotropy

determines a lowering of TC. However, based on the insensitivity of the easy axis direc-

tion to the oxygen adsorption, a significant anisotropy change is excluded.

It is thus reasonable to conclude that rather the exchange interaction in Fe/Pt systems

is reduced by the gas adsorption, resulting in the observed decrease of TC . The exchange

interaction is directly related to the electronic structure near the Fermi energy, EF [165],

and thus susceptible to electronic interaction with adsorbates. Although the electronic

structure was not directly studied in this work, earlier experiments revealed strong

electronic interaction between Fe and O2 with major consequences for the magnetism

[137]. The density of states and the spin polarization of Fe near EF were found to

decrease gradually with oxygen coverage. A charge transfer from iron to oxygen was

furthermore suggested, resulting in spin-polarized states also in the oxygen. Similar

effects were observed also for Fe films on different substrates [137,138].



Chapter 6

Magnetism of Fe clusters on Pt

surfaces

The study of small clusters has shown that fundamental properties, such as magnetic

moments and anisotropy, electronic structure or chemical reactivity, are different from

bulk behavior and dependent on the cluster size [166, 167]. While in free clusters such

phenomena are commonly ascribed to the modified atomic coordination, clusters in

contact with surfaces are in addition affected by the underlying substrate [168, 169].

Thus, the deposition of clusters offers the opportunity to exert influence on the cluster

properties, for instance by exploiting electronic interactions or strain effects.

Several approaches have been developed to achieve controlled deposition of size-

selected nanoclusters onto a substrate. On one hand, clusters can be formed in the gas

phase and deposited on the substrate by soft-landing on a noble gas buffer layer [170].

On the other hand, compact clusters can be fabricated by Molecular Beam Epitaxy

(MBE) directly on the substrate if the surface has been pre-covered with a noble gas

buffer layer to enhance the adlayer mobility [171, 172]. But also without such a buffer

layer the heteroepitaxial growth of some materials results in the formation of separated

3D islands, offering a third method to fabricate supported nanoclusters [173,174].

A challenging aim is to explore specifics in the cluster properties resulting from the

preparation method. The scope of the work presented in this chapter is to analyze

and compare the structural and magnetic properties of Fe clusters on Pt prepared by

noble gas assisted growth on one hand, and by heteroepitaxy on the other hand. It will

be shown that the structure and the magnetic anisotropy of the clusters are strongly

influenced by strain effects imposed by lattice mismatch between cluster material and

support.

89
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6.1 Buffer layer assisted growth of Fe clusters

Clusters of Fe of a few nanometer in diameter have been fabricated on Pt(997) by noble

gas assisted assembly, as described in [171, 172, 175]. The atomic substrate steps of

Pt(997) surface separating terraces of (111) orientation are not expected to influence

the cluster formation at low preparation temperatures. Films of 2 atomic layers (ML)

and 4 ML Fe have been deposited by Molecular Beam Epitaxy (MBE) onto the substrate

which was pre-covered by a Xenon layer at 35 K [113]. Already at this low temperature

the mobility of the metal atoms on Xe is sufficiently high to form small clusters [172].

The formation of cluster is possible due to the very weak adatom-buffer interactions.

However, as we will see in the next section, to modify the magnetic anisotropy with

respect to epitaxial Fe films grown directly on Pt, a Xe layer of at least 2 ML thickness

is required. Warming up the substrate to 70 K causes evaporation of the Xe layer. The

clusters coalescence during Xe sublimation and thus grow in size, until making contact

with the Pt surface where wetting is frustrated by kinetics. The final cluster size and

the size distribution are independent of the substrate and depend mainly on the initial

thickness of the Xe layer and, to some extent, also on the Fe coverage.
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Figure 6.1: Xenon partial pressure in the UHV chamber as a function of substrate temper-

ature recorded during the sample warming up. The sketches illustrate the cluster formation

during Xe desorption.
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The thickness of the Xe buffer layer is controlled by adjusting the Xe partial pressure

and the exposure time. Assuming a sticking coefficient of 1 at 35 K, a gas flow of

5.5 Langmuir (1 L = 10−6 Torr × 1 s) leads to the formation of 1 ML Xe (1 ML =

1015 atoms/cm2).

The advantages of this preparation method are that (i) clusters of almost any material

can be prepared without limitations usually associated with epitaxy, such as wetting

phenomena, surface mobility, and other perturbations by the substrate [176], and (ii)

the cluster fabrication does not require experimental equipment beyond the standard

tools commonly used for MBE growth.

Auger Electron Spectroscopy (AES) yields integral information about the result of

each individual preparation step. The low energy Auger lines of Pt (64 eV ) and Fe

(47 eV ) are most sensitive to morphological differences of nanostructures. A character-

istic AES spectrum of the clean Pt substrate is shown in Fig. 6.2(a). After depositing

100 L (∼ 18 ML) of Xe at 35 K substrate temperature, only the MNN Auger line of

+ Xe

+ Fe
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Figure 6.2: Auger spectra taken during different stages of the cluster preparation. (a) clean

Pt, (b) 100L Xe/Pt, (c) 2 ML Fe/100L Xe/Pt, (d) clusters of Fe after the evaporation of Xe.

(e) Auger spectrum taken on 2 ML Fe film on Pt grown at 40K.
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Xe at 544 eV is visible (Fig. 6.2(b)). Fig. 6.2(c) shows an AES spectrum taken after the

deposition at 35 K of 2 ML of Fe on the Xe buffer layer. The Xe layer is desorbed by

gradually warming up the sample to 110 K with a rate of ∼ 3 K/min. The Xe partial

pressure in the UHV chamber reaches its maximum at ∼ 71 K substrate temperature, as

shown in Fig. 6.1. During the Xe desorption, the Fe atoms become very mobile and the

formation of clusters occurs. The AES spectra in Fig. 6.2(d) is observed on Fe clusters

after Xe desorption.

As comparison, in Fig. 6.2(e), an AES spectrum taken on epitaxial 2 ML Fe/Pt(997)

grown at 41 K is shown. It is clearly visible that (i) the intensity of the Pt peak at

64 eV , as well as the MNN lines at 168 eV and 237 eV are larger in (d), and (ii) The

ratio between the Fe47 and Pt64 peak intensities is larger for the Fe films in (e). These

findings are consistent with the picture that small Fe clusters, covering only a fraction

of the Pt surface, are formed on the Xe layer, while 2 ML Fe films, covering almost

(Pt(111)) or totally (Pt(997)) the full Pt surface area, are formed without Xe.

6.2 Magnetic properties of clusters and films of Fe

on Pt

6.2.1 Fe clusters

Magnetization loops of the Fe structures have been recorded in-situ by MOKE measure-

ments in polar and longitudinal geometry [177]. The MOKE measurements were done

in a temperature range between 40 K and 300 K, after the desorption of the Xenon at

80-100K. Longitudinal MOKE loops of clusters formed of 2 ML Fe (a) and 4 ML Fe

(b) on 100 L Xe are shown in Fig. 6.3. For clusters of 2 ML Fe, S-shaped magnetiza-

tion loops with no remanence are found at 43 K. The clusters are not magnetically

saturated at the maximum available in-plane field of 70 mT . Increasing the amount of

Fe significantly changes the shape of the loops. Aligning the magnetic moments of the

clusters of 4 ML Fe by the in-plane field results clearly in remanent magnetization. For

both samples no magnetic signal could be detected in polar geometry. Based on this

observation, a preferred magnetization axis along the substrate surface is concluded for

Fe clusters on Pt substrates.

The magnetic anisotropy of the clusters is thus clearly different from the anisotropy

of 2 ML Fe films grown at 40 K without the Xe buffer layer. At such low growth

temperatures, the mobility of the Fe atoms is suppressed and a highly disordered and

defect-rich adlayer is formed. Despite this significant roughness, clear perpendicular
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Figure 6.3: Magnetization loops measured at ∼ 40 K by (a) longitudinal MOKE on Fe clus-
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(c) polar MOKE on 2 ML Fe/Pt grown at 41K. To decrease the coercivity, this loop was

taken at 126K.

magnetization is found by polar MOKE, as shown in Fig. 6.3(c). The easy magnetization

axis is thus identical to the one found for room temperature grown Fe films, as described

in the previous chapter.

The investigation of the temperature dependence of the MOKE loops reveals further

information about the magnetization of the cluster ensemble. Fig. 6.4 shows longitudinal

MOKE loops of clusters of 4 ML Fe/100L Xe at different temperature. At 34 K, the loop

is open and the system exhibits remanence, as already seen in Fig. 6.3(b). Increasing

the temperature results progressively in a decrease of the remanence. In Fig. 6.5 the

remanent MOKE signal (•) and the MOKE signal at 70 mT (◦) are plotted as a function
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Figure 6.4: Longitudinal MOKE hysteresis loops of clusters of 4 ML Fe/100L Xe taken at

different temperature.
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of temperature. Additionally, also the temperature dependence of the coercive field is

plotted (+). The data show that the remanent magnetization as well as the coercivity

decrease with temperature and become zero at TB = 100 K. In the same temperature

range the MOKE signal at Hmax = 70 mT remains unchanged. The difference below TB

between the remanent MOKE signal (•) and the MOKE signal at 70 mT (◦) might be

due to several reasons, such as different orientation of the easy magnetization axis from

cluster to cluster, an inhomogeneous clusters size distribution, or to the fact that the

clusters are not saturated. It has been shown that the shape and the size of the clusters

are stable as the sample temperature increases from 90 K to room temperature [153]. We

can therefore exclude that the observed changes are due to thermal induced modification

of the cluster structure and morphology.

The presented data are characteristic for superparamagnetic behavior of the de-

posited clusters. The observed temperature TB is thus interpreted as the blocking

temperature of the clusters formed of 4 ML Fe/100 L Xe/Pt. A rough estimate of the

mean cluster size can be made by:

V ≈ 25× k · TB

EA

(6.1)

by assuming bulk magnetic anisotropy, EA = 5.8 × 104 J/m3, and inserting the exper-
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imentally determined TB and the Boltzmann factor, k. Assuming clusters of spherical

shape and bulk lattice parameters, equation 6.1 gives a cluster diameter of 10.4 nm, con-

taining 5.0 × 104 Fe atoms. In a similar way, for clusters formed of 2 ML Fe/100 L Xe

a blocking temperature TB ' 50 K is measured, giving a cluster diameter of ∼ 8.3 nm,

or 2.5× 104 Fe atoms per cluster. One can see that doubling the nominal Fe thickness

roughly doubles the average number of Fe atoms per cluster.

In Fig. 6.3 has been shown that ultrathin Fe films on Pt exhibit perpendicular mag-

netization, whereas Fe clusters formed on 100 L Xe/Pt have the preferred magnetization

direction within the film plane. The perpendicular easy axis observed, independently

of the structure and morphology, for Fe films on Pt below 3 ML has been ascribed

to the film-substrate interaction (Chapter 5). However, such films can not directly be

compared to the Fe clusters due to the different local atomic structure at the Fe-Pt in-

terface, which may result in different electronic interaction. Nevertheless, the height of

the cluster is significantly larger than the critical coverage for the spin reorientation into

the plane of Fe films grown directly on the Pt substrate. Clusters of 5 ÅAu/20 ML Xe

have been found to have nearly constant height of ∼ 25 Å [172]. Assuming a similar

height for the clusters of 2 ML Fe/18 ML Xe as presented here, we obtain a cluster

height which is a factor 5 larger than the critical coverage observed for Fe films on bare

Pt substrates. This argument indicates that interface contributions may not be rele-

vant here and the magneto-static anisotropy is dominating, thus favoring in-plane easy

magnetization axis. Besides the dominating shape anisotropy for the relaxed clusters,

also inter-particle interactions as well as particle-substrate interactions can be expected

to be relevant for the observed in-plane magnetization. It is generally recognized that

dipole-dipole interaction in cluster and nanodot assemblies can affect the magnetic be-

havior [178, 179]. In addition, also the idea of indirect coupling between Fe nanodots

through a Cu substrate promoting ferromagnetic in-plane ordering has been recently re-

ported [180]. It is interesting to find at which minimum thickness of the Xe buffer layer

the transition from perpendicular to in-plane magnetic anisotropy occurs. Results ob-

tained on clusters of 2 ML Fe as a function of the Xe buffer layer thickness are presented

in the following. Such experiment allows the investigation of cluster of different size,

as well, since the cluster size strongly depends on the buffer layer thickness [175]. The

measured magnetization loops are shown in Fig. 6.6. It can be concluded that in-plane

anisotropy is obtained if the Xe buffer layer thickness is larger than 2 ML. The evapo-

ration of a thinner Xe layer is not sufficient to complete the formation of clusters. The

magnetization loops show an increase of the remanent magnetization with increasing

the Xe thickness. This is indicative for an increase of TB. In other words, larger clusters
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are formed with increasing the Xe buffer layer thickness. A thicker layer needs longer

time to sublimate providing more time for the cluster growth and for the coalescence of

clusters into larger aggregates.

A further proof is given by the plot of the remanent MOKE signal (•) and the
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MOKE signal at 65 mT (◦) for clusters of 2 ML Fe formed on 250 L of Xe as a function

of temperature (Fig. 6.7). From this plot, TB ' 80 K is determined, which is higher than

TB ' 50 K found for clusters of 2 ML Fe/100 L Xe. Using Eq. (6.1), a cluster diameter

of 9.7 nm can be estimated, which means that each cluster contains 4.0× 104 Fe atoms

if bulk Fe density is assumed. Similarly, for clusters of 4 ML Fe/30 L Xe a blocking

temperature of ∼ 55 K has been measured, giving a cluster diameter of ∼ 8.6 nm or

2.8× 104 Fe atoms per cluster. The results are summarized in Table 6.1. As a tendency,

we see that cluster diameter and blocking temperature increase with Fe coverage on one

hand, and with Xe layer thickness on the other hand.

Nominal Fe Xe buffer layer Blocking Cluster Fe atoms

thickness (ML) thickness (L) temperature (K) diameter (nm) per cluster

4 30 55 8.6 2.8× 104

4 100 100 10.4 5× 104

2 100 50 8.3 2.5× 104

2 250 80 9.7 4× 104

Table 6.1: Blocking temperature and average size of Fe clusters (assumed of spherical shape)

formed on Xe buffer layer of different thickness.

6.2.2 Epitaxial Fe films and strain effects

While the preparation on noble gas buffer layers supports the formation of Fe clusters

independent of the substrate properties, the growth of Fe on Pt surfaces without Xe is

significantly influenced by the growth dynamics and the lattice misfit to the substrate.

Epitaxial films on Pt substrates have been thoroughly studied in the previous chapter.

A comparison between Fe structures prepared with and without the buffer layer is given

in the following.

Epitaxial Fe films of 2 ML thickness grown on Pt substrates exhibit perpendicular

magnetization. Fig. 6.8 shows a polar MOKE loop of 2 ML Fe/Pt(111) grown at RT and

measured at 135 K. The result is clearly different from the case of Fe clusters of 2 ML Fe

formed on the Xe buffer layer for which the preferred magnetization easy axis is within

the film plane. In the previous chapter, the perpendicular easy axis observed on Fe films

below θcrit ∼ 3 ML has been ascribed to the film-substrate interaction, neglecting the

influence of the epitaxial strain due to the lattice mismatch with the substrate. However,

such strain effects can significantly influence or even change the magnetism [35, 36].
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The most striking difference be-

tween Fe clusters and islands is indeed,

besides their specific morphologies, the

lattice strain. The atoms of the first Fe

layer occupy lattice sites provided by

the Pt, thus forming a pseudomorphic

fcc(111) layer. Assuming a lattice

constant of fcc-Fe, afcc
Fe = 3.59 Å [120]

and of Pt, aPt = 3.92 Å, this implies a

considerable epitaxial tensile strain of

9.2%!. Such epitaxial strain is known

to contribute to the total magnetic

energy via the magneto-elastic (ME)

coupling constant, B1. In order to

estimate this contribution, I apply the

phenomenological model, commonly

used for thin epitaxial films, shown in

Sec. 1.1. The balance between the magneto-static energy:

∆fshape =
1

2
µ0M

2
S (6.2)

and the magneto-elastic energy:

∆fME = B1(ε⊥ − ε‖) (6.3)

has to be analyzed. Both expressions represent energy differences between out-of-plane

and in-plane magnetization and give negative values if the energy for perpendicular

magnetization is lower than for an alignment of the magnetic moments within the plane.

The ∆fME is calculated by using the value for B1 found for strained Fe layers, Beff
1 =

1 × 107 J/m3 and assuming the in-plane strain of ε‖ = 0.092. The Beff
1 reflects the

observation that epitaxial films show a strain dependent ME coupling different from

Bbulk
1 . The value used here is an estimate based on experimentally determined Beff

1 for

epitaxial Fe films on W(100) and the calculated value using a strain model [36]. The

calculation of the strain perpendicular to the surface, ε⊥, requires a transformation of

the strain tensor into film coordinates [181]. One obtains ε⊥ = −0.184. Using Eq. (6.3)
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∆fME = −2.8 × 106 J/m3 is calculated. This value provides an upper limit for the

∆fME, since the pseudomorphic strain is assumed for the entire film. Yet, this simple

model shows that the strain contribution alone is sufficient to defy the magneto-static

energy of ∆fshape = 1.9× 106 J/m3!

The estimate predicts a perpendicular magnetization for fcc(111)-Fe films due to

strain, without consideration of surface anisotropy. Surface anisotropy contributions

are usually significant and often dominate the magnetism of monolayer thin films. Sur-

face and interface roughness (see for instance Fig. 5.1) are often found to influence the

magnitude of the surface anisotropy [126]. Such contributions to the anisotropy aris-

ing from the film morphology can be only determined by a complex analysis for each

individual system and are neglected in this estimate for simplicity.





Conclusions and outlook

In this thesis, investigations of the correlation between structure, morphology and

magnetic properties of atomically thin films and clusters at surfaces for different

film/substrate systems have been presented.

The experiments on ultrathin epitaxial Fe films grown on Cu(100) at 120 K show un-

ambiguously that annealing causes reversible and irreversible changes of the magnetic

properties of the films. I have described an experiment which allows to determine both

contributions to the surface anisotropy separately. Reversible shifts are attributed to the

temperature dependence of the surface anisotropy constants. In contrast, irreversible

changes have been correlated with changes of the Fe island diameter during annealing.

Furthermore, the Fe islands have been found to substantially shape the potential energy

surface which is seen by a domain wall during magnetization reversal process. The ex-

periments show clearly that both the height and the distribution of the energy barriers

within the films are decisive for the film magnetism: The measurements of the magnetic

viscosity show that with increasing temperature or applied magnetic field the effective

barrier height for magnetization reversal, and thus the necessary activation energy, de-

creases. As a consequence, the Barkhausen length increases with temperature. The

reversible dependence on temperature suggests that the measured Barkhausen length is

independent of the film morphology and rather determined by an avalanche-like domain

wall propagation. In contrast, the irreversible increase of the coercivity is interpreted

as an efficient domain wall trapping due to a morphology-related change in barrier dis-

tribution, while the barrier height itself remains unchanged.

Ultrathin Fe films grown on Cu(100) at RT have been used as templates for the fabri-

cation of fcc-Fe/Cu/Fe trilayers. Perpendicular coupling was found between the Fe lay-

ers and ascribed to magneto-static interaction. The perpendicular magnetic anisotropy

arises at the Fe-vacuum interface and governs the magnetization of the whole trilayer.

Without the top Fe layer, in-plane magnetization is found for Cu/Fe/Cu(100). A reorien-

tation into the plane of the top Fe layer magnetization by oxygen adsorption determines

a switching into the plane of the bottom layer magnetization, further suggesting the

101
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governing role of the top Fe layer. No RKKY-type oscillations of the magnetic signal

as a function of the spacer thickness are observed. The interlayer exchange coupling is

assumed to be strongly reduced by the observed interface roughness, as suggested by

theory. Due to the suppressed interlayer exchange interaction, magneto-static coupling

phenomena become directly observable.

The results on atomically thin Fe films on flat Pt(111) and stepped Pt(997) surfaces

underline the fundamental importance of the substrate choice for nanostructure fabrica-

tion, due to the possibility to control the structure, the morphology and the magnetism

at the ultrathin film limit. Stranski-Krastanov and Volmer-Weber growth modes have

been observed with and without the presence of substrate steps, respectively. In spite

of the different structure and morphology, an out-of-plane magnetization easy axis was

observed on both systems below 3 ML. This finding suggests that the perpendicular

magnetic anisotropy is rather governed by the Fe-Pt interface, whereas the film struc-

ture itself seems to be only of minor importance. In contrast to that, for the bcc-films at

higher Fe coverage we propose a direct correlation between atomic structure and in-plane

anisotropy. The suppression of four out of six structural bcc-domains with Kurdjumov-

Sachs orientation to the substrate results in a preferred in-plane magnetization direction

parallel to the substrate step edges. Oxygen adsorption experiments disprove the im-

portance of the Fe-vacuum interface for the magnetic anisotropy of Fe/Pt, but suggest

a direct decrease of the exchange interaction in the film. Due to the interesting corre-

lation between structural and anisotropy asymmetries, Fe films on Pt may serve as a

further model system to study the atomistic and electronic origin of magnetic anisotropy

contributions in ultrathin films.

Fe clusters have been prepared on Pt substrates by Xe buffer layer assisted growth.

The advantage of this technique is that magnetic nanostructures can be prepared on

substrate surfaces without the limitations and implications typically arising from the

lattice mismatching in molecular beam epitaxy. The relaxed strain free clusters show

superparamagnetic behavior and in-plane anisotropy below the blocking temperature.

By combining STM with magnetic measurements, a correlation between cluster size and

spacing and magnetic interaction between clusters will be possible.

The results of this thesis represent a starting point for future, more complex nanos-

tructuring experiments. The new UHV system with its VT-STM will allow for an im-

proved correlation between structure, morphology, electronic structure, chemical com-

position and magnetism and aims towards imaging of magnetism on the atomic scale

by spin-polarized tunnelling experiments.

The systems studied in this thesis will greatly benefit from complementary STM
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investigations. Imaging of the morphology of Fe films on stepped Pt substrates as well

as of the clusters formed by noble gas assisted growth will be immediate continuations

of this project.

Nanostructuring into the third dimension can be done on the basis of the results of

this thesis. The next step could be the formation of artificial (1 ML Fe/1 ML Pt)n su-

perlattices. Strong hybridization effects and indirect exchange interaction are expected

for this system, with direct consequences for the magnetism. A further extension could

be the growth of superlattices of FePt monolayers and Pt layers.

Also the possibility to fabricate Fe clusters embedded into a ”sea” of Pt is a fascinating

prospect. Clusters formed by the procedure described in this thesis could be covered with

a Pt layer, on which further clusters could be formed with the same noble gas assisted

method. Instead of Pt also Ag, which exhibits a much simpler electronic structure,

could be used. Besides the coupling between the clusters, also the interaction with and

the polarization of the host material could be investigated. Such bottom-up approaches

can now easily be done and are already steps on the road towards three dimensional

nanostructuring.
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me: Magaĺı Lingenfelder, Prof. Bret Heinrich and his group in Vancouver, Dr. Taeyon

Lee, Dr. Klaus Kuhnke, Dr. Rudiger Vollmer, Dr. Stefano Rusponi, Prof. Harald

Brune.

I thank the technicians of our group, Wolfgang Stiepany, Rafail Chaikevitch, Wolfgang

Heinz, Martin Siemers, Andreas Koch, and the people of the workshop for having done

the work that physicists are not able to do. I thank Artur Küster for his help during
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[54] A. Kirilyuk, J. Ferré, and D. Renard, IEEE Trans. Magn. 29, 2518 (1993).

[55] A. Kirilyuk, J. Giergiel, J. Shen, and J. Kirschner, J. Magn. Magn. Mater. 159,

L27 (1996).

[56] A. Bauer, E. Mentz, and G. Kaindl, J. Magn. Magn. Mater 199, 489 (1999).
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[129] M. Pajda, J. Kudrnovský, I. Turek, V. Drchal, and P. Bruno, Phys. Rev. Lett.

85, 5424 (2000).

[130] A. Enders, D. Repetto, D. Peterka, and K. Kern, (2005) (accepted for publication

in Phys. Rev. B).

[131] A. Enders, D. Repetto, T. Y. Lee, and K. Kern, J. Magn. Magn. Mater. 272-276,

Supp. 1, E959 (2004).

[132] D. Repetto, A. Enders, and K. Kern, (2005) (accepted for publication in J. Magn.

Magn. Mater.).

[133] M. Speckmann, H. P. Oepen, and H. Ibach, Phys. Rev Lett. 75, 2035 (1995).

[134] H. W. Zhao, Y. Z. Wu, C. Won, F. Toyoma, and Z. Q. Qiu, Phys. Rev. B 66,

104402 (2002).

[135] W. Weber, C. H. Back, A. Bischof, D. Pescia, and R. Allenspach, Nature 374,

788 (1995).



114 BIBLIOGRAPHY

[136] M. E. Buckley, F. O. Schumann, and J. A. C. Bland, Phys. Rev. B 52, 6596

(1995).

[137] P. Ferro, R. Moroni, M. Salvetti, M. Canepa, and L. Mattera, Surf. Sci. 407, 212

(1998).

[138] R. Moroni, F. Bisio, M. Canepa, and L. Mattera, Appl. Surf. Sci. 175-176, 797

(2001).

[139] A. Taga, L. Nordström, P. James, B. Johansson, and O. Eriksson, Nature 406,

280 (2000).

[140] W. Kuch, X. Gao, and J. Kirschner, Phys. Rev. B 65, 064406 (2002).

[141] F. Dulot, B. Kierren, and D. Malterre, Surf. Sci. 494, 229 (2001).

[142] U. Gradmann, J. Magn. Magn. Mater. 100, 481 (1991).

[143] R. Allenspach, J. Magn. Mag. Mat. 129, 160 (1994).

[144] B. Heinrich, in: Ultrathin Magnetic Structures, edited by B. Heinrich and J. A.

C. Bland (Springer-Verlag, Berlin, 1994), Vol. II, and references therein.

[145] D. S. Chuang, C. A. Ballentine, and R. C. O’Handly, Phys. Rev. B 49, 15084

(1994).

[146] R. K. Kawakami, E. J. Escorcia-Aparicio, and Z. Q. Qiu, Phys. Rev. Lett. 77,

2570 (1996).

[147] E. J. Escorcia-Aparicio, H. J. Choi, W. L. Ling, R. K. Kawakami, and Z. Q. Qiu,

Phys. Rev. Lett. 81, 2144 (1998).

[148] W. Weiss and M. Ritter, Phys. Rev. B 59, 5201 (1999).

[149] D. I. Jerdev and B. E. Koel, Surf. Sci. 513, L391 (2002).

[150] D.Sander, A.Enders, C.Schmidthals, D.Reuter, and J.Kirschner, J. Magn. Magn.

Mater. 177, 1299 (1998).

[151] S. Rusponi, T. Cren, and H. Brune, EPF Lausanne, Switzerland, private commu-

nication.

[152] U. Starke, (2005) (to be published).

[153] J. Shen, J. P. Pierce, E. W. Plummer, and J. Kirschner, J. Phys.: Condens. Matter

15, R1 (2003).

[154] T. Y. Lee, K. Kuhnke, A. Enders, J. Honolka, D. Repetto, C. Grazioli, K. Menom,

M. Veronese, C. Carbone, and K. Kern, (in preparation).



BIBLIOGRAPHY 115

[155] J. Honolka, T. Y. Lee, K. Kuhnke, A. Enders, K. Kern, K. Fauth, M. Hessler, and
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