




“And the day came when the risk to remain tight
in a bud was more painful than the risk it took to

blossom.”

Anais Nin (1903 - 1977)
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Introduction

I. From lodestone to the advances in nanotechnology
Ever since the discovery of the mineral magnetite (lodestone), magnetic ma-
terials and the study of magnetism and related phenomena have occupied a
central place in scientific research and technological progress.

Early research studies were focused on understanding the fundamental
properties of naturally occuring ferromagnetic elements. The magnetism of
the transition metals Fe, Co, Ni and the more intricate magnetic structure
of rare earths, Gd, Dy and Tb, have since been thoroughly investigated and
reported. The main scientific objectives have been to establish the connection
between magnetism and structure and to develop an understanding about
the origin of ferromagnetism as well as the forces that mediate magnetic
interactions.

It was later discovered that certain alloys of magnetic materials exhibited
enhanced properties compared to their respective consituents. The magnetic
properties of the alloys can be tailored by using different element combina-
tions and adjusting the composition. This way, intrinsic material properties
such as the size of the magnetic moment, the Curie temperature, magnetic
anisotropy and magnetostriction can be tuned in a straighforward manner.

Magnetic phenomena have been harnessed in the development of many
commodities and technological innovations that have become essential in
modern life. Magnetic materials have been engineered to meet the demands
of a large variety of applications. Soft magnetic materials with small
anisotropy and magnetostriction, e.g. permalloys (FeNi alloys) are used in
power grids and transformers owing to low energy losses. On the other
hand, materials with large anisotropy which impels a specific magnetization
direction, e.g. Nd2Fe14B alloys, have been used as permanent magnets and
also in information storage devices. The large diversity that characterizes the
range of desired applications underlines the necessity to be able to engineer
materials with novel magnetic properties.

A breakthrough in materials research came about with the transition from
bulk systems to systems with reduced dimensions, signifying the dawn of the
age of nanotechnology. The object of nanomagnetism is the study of phenom-
ena and properties involving materials that have at least one dimension in the
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nanoscopic range, from 1 (1 nm = 10−9 m) to 100 nm. The most significant
development is the additional possibility for tailoring magnetic properties by
changing the physical extension of the material [1].

Due to the emergence of new phenomena, the magnetic behavior of sam-
ples with nanometric dimensions can present important differences compared
to macroscopic systems. These differences have their origin in reduced phys-
ical extension that is in the range of the characteristic length scale of many
physical processes and interactions. Another reason is the higher proportion of
surface (or interface) atoms for nanoscopic objects, which is associated with
broken translation symmetry. This resuls in sites with reduced coordination
number, broken exchange bonds and possibly, magnetic frustration [1].

Another influencing factor that can lead to modified magnetic properties
in nanostructured materials is the immediate environment. For example, in
thin films, strong interactions with the substrate through hybridization can
influence the magnetization of the interface layers. The crystal structure of
the substrate can also lead to stabilization of a phase that is metastable in
bulk. Dependence of magnetic properties on the material and thickness of the
capping layer has also been observed. With a reduction in dimensions, the
presence of imperfections and defects also becomes more relevant and can
largely determine the material quality.

Furthermore, as systems become smaller, the importance of thermal fluctu-
ations increases. For example, studies of thin film magnetic media have con-
tributed to the multiplication of the amount of data that can be encoded into a
unitary area by some fifty million times, over about five decades [1]. However,
with the reduction in physical size of the recorded bit, its thermal stability has
become an increasingly important issue.

A great deal of present-day technology relies on discoveries in the research
field of nanomagnetism that have stimulated the development of products
such as sensors and actuators, integrated electronic circuits, controllers for in-
dustrial processes, telecommunication solutions, magnetic recording devices,
medical diagnostic tools, as well as improved scientific research instruments,
to name but a few applications of nanostructured magnetic materials.

II. The contribution of this study
The study that is presented here introduces another step in the progress of
modern material development: the fabrication and tailoring of magnetic prop-
erties of nanostructured disordered materials in the form of thin films and
multilayer structures.

Structurally disordered materials such as amorphous solids present one of
the most challenging cases in the study of condensed matter. First and fore-
most, their structure and properties can not be investigated from first principles
using the standard/conventional theoretical and computational models.
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In an amorphous solid, the disordered state is generally characterized by an
overall irregular arrangement of atoms, and some atom sites are commonly
substituted by atoms of different elements. The resulting microstructure has
a decisive effect on material properties. In the case of magnetism, the effect
of atomic-scale disorder can be profound. The disorder that manifests on all
significant length scales is also the cause of notable advantages, because the
materials behave isotropically with respect to mechanical and magnetic prop-
erties. Furthermore, structural defects, that are degrading factors for the qual-
ity of crystalline materials, can be averaged out within a disordered structure.
Therefore, it could be said that amorphous materials represent “perfection
through imperfection.”

The amorphous state is metastable. The stabilization of an amorphous struc-
ture corresponds to higher energy than a crystalline state, and achieving it for
a single element is associated with practical difficulties. For example, pure
amorphous Fe will spontaneously relax into a crystalline state - even at very
low temperatures [2]. To overcome this, Fe-based alloys with other elements
that favor an amorphous structure, such as zirconium, have been developed.

For the most part, this study focuses on FeZr alloys deposited in the form
of thin films and multilayers using magnetron sputtering. These Fe-rich alloys
are regarded as models for studying the magnetism of Fe in an amorphous
environment, as will be discussed in section 2.2. Thin films have been intri-
cately connected to the study of amorphous magnetism ever since 1965, when
S. Mader and A. S. Nowick demonstrated the first amorphous ferromagnetic
material: CoAu alloy films prepared by co-depositing the two metals from va-
por onto a cooled substrate [3]. Utilizing structural support from the substrate
allows the investigation of the properties of low-dimensional ultra-thin mag-
netic structures. It is also possible to deposit multilayer structures consisting
of alternating layers of a magnetic and a non-magnetic spacer material.

The investigations involving amorphous FeZr alloys focused on the follow-
ing scientific questions: which material combinations and deposition methods
can be used for room-temperature deposition of highly amorphous layers with
varying composition; how do interfaces and nano-crystalline impurities in-
fluence the layer growth and the magnetic properties; what is the effect of
reduced layer thickness on the magnetic order and magnetic dimensionality
of thin FeZr layers; and lastly, what is the contribution of the alloy element Zr
to the magnetic properties.

CoZr and FeCoZr alloys were also investigated and implemented in layered
structures. Regarding CoZr alloys, their magnetic properties are contrasted to
FeZr, and the role of the induced magnetic moment in Zr is also examined.
Ternary FeCoZr alloys were deposited in the presence of an applied magnetic
field which resulted in a preferred magnetization direction in the layers; a
phenomenon called induced magnetic anisotropy.

Lastly, the structure and properties of non-magnetic amorphous AlZr al-
loys were examined. The use of these alloys as spacer layers is introduced in
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this study. Magnetic alloy layers deposited on top of AlZr layers are found to
be highly amorphous and with small waviness. Furthermore, AlZr alloys are
found to exhibit good passivation properties.

This thesis is organized in the following way: The first chapter presents the
most common types of disorder in metallic materials and offers a short review
of the progress made thus far in understanding the structure of amorphous
metals, as well as the characterization methods that are used. The second chap-
ter discusses fundamental magnetic properties of transition metal thin films
and how they evolve for amorphous structures. The magnetic materials that
were investigated in this study are also introduced. The third chapter focuses
on the experimental methods that were used. The fabrication of amorphous
thin films is discussed, together with structural, composition and magnetic
characterization techniques. The fourth chapter represents a concise review
of the experimental highlights from the different research projects, which are
reported in detail in the articles appended at the end of the thesis.
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1. Disorder in Metallic Materials

Disorder is an attribute of many types of natural and man-made solids. The
most common material exhibiting structural disorder is glass and is described
in terms of random covalent networks of SiO4 tetrahedra. The local structure
in amorphous metallic materials, owing to the nature of the bonding in metals,
is distinct from that of covalent solids and is often described as resembling the
structure of a frozen liquid.

The existence of disorder in a material implies the presence of irregularities
in its structure. These are described and modelled at the atomic scale and are
directly influencing the average macroscopic properties of a metallic solid.
In this section, several different types of disorder in metallic materials will
be discussed. Furthermore, the current understanding of the much-debated
topic of the atomic arrangement in amorphous metallic materials, described
as short-range order, will be briefly introduced and discussed.

1.1 Different Aspects of Disorder
Two separate general categories of disorder can be identified initially. One
category involves the lack of lattice symmetry and periodicity in the atom
arrangement. This is referred to as stuctural disorder. The other has to do
with local variation in chemical composition and the type of neighbors of a
reference atom. This is referred to as chemical disorder. Presence of chemical
disorder alone is observed in disordered crystalline alloys, while both types
of disorder can be present in amorphous solids. Furthermore, there are several
other types of disorder that can originate from the effect of finite temperature
or magnetic interactions in solids [4].

The first type of disorder that will be discussed is vibrational disorder, de-
picted in Fig. 1.1(a) for the case of a crystalline lattice.At any finite tempera-
ture the atoms in a solid will perform a continuous random motion about their
equilibrium positions. The amplitude is increased with higer temperatures.
However, this vibration amplitude is small compared to interatomic positions
and the resulting disorder averages out over time. The effect of temperature
slightly weakens the correlations between the positions of the atoms and intro-
duces a small degree of peak broadening in their measured diffraction patterns.

A type of chemical disorder in crystalline metallic alloys, substitutional
disorder, is illustrated in Fig. 1.1(b). The material is an alloy with one type of
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Figure 1.1: Schematic illustration of different types of disorder in the atomic scale: (a)
vibrational disorder about the equilibrium lattice positions, (b) substitutional disorder
in a crystalline lattice, (c) spin disorder in a regular lattice and (d) atomic structure of a
binary amorphous metallic alloy exhibiting chemical, topological and bond disorder.

atoms randomly substituting for the other in the lattice. The matching com-
bination of the atom species allows the atoms to reach equilibrium positions
so that the crystal structure is preserved. In a magnetic material with substitu-
tional disorder, the local environment of a host atom is altered from its pure
elemental state. Assuming that the host atoms are mainly responsible for the
magnetic properties, changes in the electronic structure due to the presence of
the solute atoms can result in modified magnetic behavior for the alloy.

Spin disorder, Fig. 1.1(c), refers to randomness in the spin or magnetic mo-
ment of each atom site in an ordered lattice. An example is a paramagnet, or
a ferromagnet for temperatures above its Curie temperature, where the energy
of the magnetic interactions between neighboring atoms is overcome by ther-
mal energy. Other examples include dilute magnetic alloys (e.g. Cu-Mn) with
a distribution in the magnetic exchange interactions, resulting in a random
relative orientation of the magnetic moments.
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The last type of disorder that is discussed here and characteristic of amor-
phous metallic solids is topological disorder. This refers to positional disorder
in the atomic arrangement of a material that globally manifests as an absence
of crystalline order and translational periodicity. However, on a local scale
there can be a certain degree of order. The local packing of the atoms in amor-
phous materials can resemble that of their crystalline counterparts. The extent
of the local order differs significantly between materials and depends on the
preparation method.

Regarding amorphous metallic materials, it is well-known that it is prac-
tically impossible to stabilize them in their pure elemental form without the
addition of a small concentration of an alloy element. Therefore, in Fig. 1.1(d)
where the local structure of an amorphous metallic solid is illustrated, two
kinds of atom species are included. There is a significant difference in their
atomic size, with the solute atom being much larger.

This structure is characterized by a combination of chemical, topologi-
cal and bond disorder (distribution in interatomic distances). This disordered
atomic arrangement can not be described by the use of primitive vectors and
a basis. Instead it is described by the average number of atoms that are in-
tercepted by a spherical shell of radius r around a central atom, as indicated
in Fig. 1.1(d). This consitutes a statistical description of the average structure
with distance from a reference point. For short distances r, the weak corre-
lations between atoms can be resolved. For large distances r, the averaging
will be over a large volume (represented by an area in the figure) and because
of the absence of long-range order, the result will be the average number of
atoms in the probed volume (or the atomic density).

In summary, all amorphous materials are disordered but the opposite is not
true because there exist crystalline alloys with substitutional disorder. Amor-
phous materials exhibit lack of long-range order for the average macroscopic
structure. In the atomic scale, however, a degree of short-range order exists,
that is related to the corresponding crystalline structure.

1.2 The Structure of Amorphous Metals and Alloys
Amorphous metallic solids are characterized by a random arrangement of the
atoms. However, in the atomic scale, the relative atom arrangement is not fully
random because, due to the creation of bonds and packing of the atoms, the in-
teratomic distances between nearest neighbors compare to those in crystalline
structures. This gives rise to short-range order, the precise nature of which is
still under discussion [5].

A comparison with the gas state, the most randomly arranged state of mat-
ter, is not helpful. In the gas phase the separation between particles and the
forces between them are not comparable to the dense atomic packing and
structural bonds that are found in solid matter. The density of a liquid, how-
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ever, is usually close to that of a solid and a comparison with an amorphous
solid has physical meaning. In a liquid, the atoms do not exhibit any degree
of long-range order. However, diffraction experiments have revealed the pres-
ence of correlations that extend over atomic lengths. This typically refers to
a few shells of nearest neighbors around one atom. Similar observations have
been made for diffraction from amorphous solids [6].

These similarities led to the description of amorphous metallic materials
as supercooled liquids or metallic glasses, having a frozen liquid-like
atomic arrangement.This is also the operating principle behind the most
common method that is used for producing bulk amorphous alloys,
melt-spinning, which involves cooling a molten alloy sufficiently rapidly
to avoid crystallization [7]. Other popular techniques such as evaporation
or sputtering can be considered akin to rapid liquid quenching in that the
mobility of the atoms is rapidly decreased during the formation of the solid
phase. The cooling rate in sputtering, although difficult to quantify with
accuracy, is well in excess of what is achievable by melt-spinning [4].

Crystalline materials are identified by their periodic structure, the quality
of which can be evaluated as the deviation of the coherence of the crystal
structure from an ideal single crystal, using well-established criteria and char-
acterization methods. Therefore, an idea would be to employ a characteriza-
tion standard that is based on a similar argument for the determination of the
amorphous quality of a sample.

So far there exist no absolute standards for evaluating the amorphous qual-
ity. The reason is that, the same way as crystalline order applies to all length
scales of the material structure, so should the disorder. Especially for very
short lenghtscales, of the order of a few atomic distances, a degree of struc-
tural correlations between neighboring atoms is generally present in amor-
phous solids. An important issue arises then: which is the upper limit in the
extent of these short-range correlations, below which a solid material can be
undoubtedly defined as amorphous.

The answers to this question are met with controversy. The amorphous
structure is often defined in negative terms, as being non-crystalline. For ex-
ample, Elliott defines amorphous materials as “not possessing the long-range
periodicity characteristic of a crystal” [4]. This definition disregards the ex-
tent of the short range order. Therefore, a material consisting of a collection
of small and randomly oriented crystals could also be characterized as amor-
phous since over large distances it will show infinitesimal correlations.

Admitting that the terms amorphous and glass have no precise meaning and
trying to address all length scales in the material structure, Luborsky defined
amorphous materials as “not crystalline on any significant scale”, adding to
this that amorphous solids have random structures but with differing degrees
of short range order, depending on the nature of their atomic bonding [8].
Focusing on the atomic scale, Leung and Wright proposed the definition that
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“amorphous refers to a structure which exhibits no crystalline order beyond
the first coordination shell” [9].

The importance of knowing the length scales that an experimental method is
sensitive to is emphasized because this defines the extent to which the atomic
structure of the material can be resolved. When a material is categorized as
amorphous, the experimental method by which it was characterized should be
clearly stated. Arguably, the most commonly used methods for the structural
characterization of amorphous materials are scattering techniques such as X-
ray, electron and neutron scattering [10, 11]. In these methods, the wavelength
of the scattered radiation is of the order of the atomic distances in the mate-
rial. Therefore, interference effects in the scattered radiation arise from the
structural coherence in the probed sample volume.

In scattering experiments, the radial distribution function (RDF) G(r) can
be derived from a Fourier transform of the scattered intensity as a function
of the scattering vector [12]. The RDF describes the positions of the atoms
in a statistical way. G(r)dr is the number of atoms that are found between
r and r + dr from an arbitrary central atom, averaged over the illuminated
sample volume. An example is given in Fig. 1.2 for the RDF obtained by in
situ electron diffraction measurements of an elemental amorphous Co film
deposited on a cooled substrate [9].

The RDF for amorphous Co in Fig. 1.2 is similar to that observed in liquid
Co. The expectation value for the distance between nearest neighbors is 2.49
Å for the amorphous phase and 2.48 Å for the liquid phase. These values are
comparable to the nearest neighbor distance in crystalline Co which is 2.50 Å.
This shows that, although there is no unique nearest neighbor distance in the
amorphous solid, the average nearest neighbor distance is nearly identical to
that of the close packed crystalline form of Co.

The second peak shows a splitting for amorphous but not for liquid Co. This
is attributed to a relatively higher degree of angular correlation between near-
est neighbors in the amorphous as compared to the liquid phase. The signifi-
cance of the reduced angular correlations between atoms in the disappearance
of long-range order is better understood by considering the Debye model for
scattering from short-range ordered materials: The geometrical arrangement
of the atoms can be described by definite interatomic distances but the angular
arrangement between the atoms is lost [6, 13]. The Debye model successfully
describes scattering from liquids and substances like glass. For amorphous
metals, it gives only a qualititative description because the interatomic dis-
tances are fluctuating and therefore understanding the structure is based on
resolving the RDF.

As seen in Fig. 1.2, the RDF shows peaks for the first few coordination
shells and at large distances r it is close to featureless. This is because the
atomic density of the material is constant when averaged over a large volume,
because the probability of finding an atom at any distance becomes unity for
large r. In contrast to this, the RDF of a crystalline solid, characterized by a set
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the first atomic coodination shells. The short-range order is like that of a frozen
liquid. G(r) can be derived experimentally from the Fourier transform of the
diffraction pattern I(k).

The prefix ‘a-’ will be used for amorphous materials. A binary a-AB alloy
needs three partial radial distribution functions GAA, GAB and GBB just to
provide this averaged description of the structure.GAB(r)dr denotes the number
of B atoms between r and r + dr from a central A atom.

Figure 1.2: RDF for deposited amorphous elemental Co using electron diffraction
(solid line). The dotted line is the RDF for liquid Co. The dashed line with no features
corresponds to the RDF of a gas. From Leung et al. [9].

of discrete distances between atomic positions, would show a corresponding
set of discrete, sharp and narrow peaks over large distances r [12].

Supporting information about the local-scale atomic arrangement in amor-
phous metals comes from observing the one or more broad peaks that are
detected in an X-ray scattering experiment. The peaks are centered at angular
positions close to the diffraction positions for the corresponding crystalline
material. If the lattice spacing that corresponds to these peak positions is cal-
culated using Bragg’s law, it is found to nearly coincide with the closest spac-
ing of planes in the crystalline structure [14].

The findings from scattering experiments corroborate the picture that the
atoms in amorphous materials are densely packed in a way that resembles
crystalline close-packing. The packing efficiency is assisted by the formation
of metallic bonds. Amorphous metallic solids therefore possess atomic densi-
ties similar to their crystalline counterparts [15]. Assuming that the density of
the amorphous Co film that is described by the RDF in Fig. 1.2 is that of the
close packed crystalline form of Co, the coordination number for the atoms
in amorphous elemental Co is found to be about 11, close to the coordination
number of close-packed fcc and hcp structures.

The RDF that is deduced from an ordinary X-ray or electron scattering ex-
periment describes the environment of an average atom in the solid. This is
sufficient in the case of a pure elemental material. However, if the material is
composed of several elements, the RDF will represent the weighted average
of their contributions without being able to distinguish between them. Conse-
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quently, the chemical environment around a central atom can not be resolved.
Another technique, EXAFS, or Extended X-ray Absorption Fine Structure,
makes it possible to analyze the individual contributions of each type of atom
present in a multi-element material [4, 12].

An EXAFS measurement is an X-ray absorption experiment. The energy of
a given X-ray absorption edge is specific for the atoms of a particular element.
This allows one to separately probe the environments of the different types of
atoms in a solid and determine the type, number and coordination of atoms
close to the atom sites responsible for the absorption. Similarly to scattering
techniques, a sizable sample volume must be probed to achieve reasonable
measured intensity. Therefore, although EXAFS conveys information about
the local atomic structure, it does not constitute a local probe.

Using EXAFS for investigating the average atomic structure in an amor-
phous binary AxB100−x alloy, illustrated in Fig. 1.1(d), three partial RDFs can
be determined, namely GAA, GAB and GBB.In this case, GAB(r)dr describes the
number of B atoms found between r and r +dr from a central A atom.

An example of the use of EXAFS for investigating amorphous materials is
the study of chemical order in amorphous melt-spun Co90Zr10 ribbons, where
the partial correlations between Co-Co, Co-Zr and Zr-Zr atoms were resolved
[16]. The average closest interatomic distance between Co atoms was found
to be about 2.42 Å and 10.9 was the coordination number between Co atoms.
For pairs of Co-Zr atoms, the average interatomic distance was 2.79 Å and
their coordination number was 1.5. Correlations between the Zr atoms were
practically absent, as expected by the low atomic concentration of Zr.

Another tool for understanding the atomic arrangement in amorphous ma-
terials is modelling of the atomic structure with the objective of understanding
the nature of the short-range order. The accuracy of a model is tested by its
ability to predict the composition and density of amorphous alloys and repro-
duce experimental data such as the RDF.

The high atomic packing density of the structure of amorphous metals that
was concluded from scattering experiments led to the description of their
structure as a dense random packing of hard spheres [12, 17]. This picture
gives a satisfactory description of the structure of single-element amorphous
solids, or alloys with constituents that have comparable atomic sizes. How-
ever, it fails to describe many binary alloys, especially those with solute atoms
that are larger than the solvent atoms, for example, CuZr, NiNb and ZrPt.

Elaborate models have been proposed for the three-dimensional structure of
several amorphous alloys that contain two different types of atoms [17, 18].
These consider efficiently packed atomic clusters consisting of a central so-
lute atom surrounded by several solvent atoms. The atomic clusters are then
approximated as spheres and are densely packed to form the amorphous struc-
ture. The first experimental evidence for the validity of this description was re-
cently reported [19]. A diffraction pattern from the individual atomic clusters
in an amorphous ZrNi alloy was obtained with the use of nanobeam elec-
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ton diffraction in a transmission electron microscope. This was achieved by
focusing a coherent electron beam to a subnanometer diameter. The results
showed that the local atomic order in the disordered alloy can be consistently
described by the recently developed cluster models [19].
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2. Magnetic Properties

The first part of this chapter constitutes an overview of some basic concepts
concerning the magnetic properties of transition metal thin films. The topics
that are discussed include the nature of the ferromagnetic state, the exchange
interaction, magnetic anisotropy and the influence of reduced physical size on
the magnetic properties near magnetic phase transitions.

The second part introduces the magnetic materials that this study has con-
centrated upon. The investigation of the magnetic properties of amorphous Fe-
based alloys has been a keystone and a brief review of the progress is given,
with an emphasis on amorphous FeZr alloys. This is followed by a summary
of the magnetic behavior of CoZr and ternary FeCoZr alloys.

2.1 Basic Concepts
At the atomic scale, there are two contributions to the magnetic moment of
an electron: the electron spin which represents its intrinsic magnetic moment
and the orbital moment, which is associated with the motion of the electron
in its orbit. For a free atom, the ground state is obtained by taking into ac-
count the Pauli exclusion principle and the Coulomb interactions between the
electrons which give rise to an empirical set of rules, known as Hund’s rules
[20]. In solids, the collective behavior of the individual magnetic moments of
the atoms, by means of a characteristic interaction, can give rise to an ordered
magnetic state.

The Ferromagnetic State
In a few of the 3d transition metals, namely Fe, Co and Ni, a high magnetiza-
tion is observed in the absence of an applied external field owing to unpaired
electron spins in the partly filled 3d shells. These materials are called ferro-
magnetic and are characterized by a spontaneous parallel alignment of the
atomic magnetic moments through a strong exchange interaction.

The spontaneous magnetization depends on temperature; it is the highest
at zero temperature and vanishes at the Curie temperature (TC). Below TC,
the material is ferromagnetically ordered. With increasing temperature the
thermal excitations are competing against the magnetic ordering until TC is
reached and the material enters the paramagnetic state where the spin mo-
ments are randomly directed. The Curie temperature is an intrinsic property
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for a bulk material and it principally depends on the composition, i.e., the type
and number of atoms and their arrangement in the structure [21, 22].

The magnetic order as a function of temperature in 3d transition metals has
been described by two divergent viewpoints regarding the microscopic nature
of the ferromagnetic state below and above the Curie temperature. According
to the Heisenberg model, the ferromagnetic state is described in terms of local-
ized magnetic moments and the magnetization vanishes at TC due to thermal
fluctuations that disorder the alignment of the moments. Nevertheless, their
absolute value remains practically independent of temperature. In the itiner-
ant electron model, the magnetic moment is determined by the number of
unpaired electrons in the exchange-split spin-up and spin-down bands. At TC,
the thermal excitations of electron-hole pairs reduce the exchange splitting
and hence promote a paramagnetic state. As a result, the magnetization dis-
appears when the absolute value of the magnetic moment goes to zero, which
happens when the exchange splitting is zero [20].

The alignment of the individual atomic magnetic moments within a ferro-
magnetic material results in the creation of a magnetic stray field through the
dipole-dipole interaction between the magnetic moments. To minimize this
magnetostatic energy the material forms magnetic domains [23]. Within each
individual domain, the spins are aligned in parallel by the exchange interaction
and the magnetization is pointing along a preferred direction due to the mag-
netic anisotropy. The uniform magnetization within each individual domain is
oriented differently with respect to neighboring domains. As a result, from a
macroscopic point of view and in the absence of an applied magnetic field, a
ferromagnetic material is usually found in a state of zero magnetization, the
so-called demagnetization state.

The magnetic domains are separated by boundaries called domain walls.
The domain walls contain atomic magnetic moments with gradually varying
orientation that provide a smooth transition from one magnetization direction
to another. Their formation is associated with a wall energy, which is mainly
a result of the rotation of the moments with respect to each other, while they
instead prefer to arrange in parallel. Therefore, the overall domain structure
of a ferromagnetic material represents an energy minimization with respect
to the magnetostatic, anisotropy and wall energies. Amorphous ferromagnetic
materials typically have large domain sizes as a result of the absence of grain
boundaries in the structure [21].

When a magnetic field is applied on a ferromagnetic material below its TC,
the magnetic moments will interact with the field (Zeeman interaction). As
a result, the magnetic domains will tend to rotate and orient themselves in
the field direction. The domains that are oriented along the field will grow in
size in the expense of the others, through the movement of domain walls. If
a large field is applied and then removed, the motion of the domain walls is
not reversible due to inhomogeneities in the sample such as dislocations and
grain boundaries, which act as pinning centers. Therefore the magnetization
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Figure 2.1: Basic features of the hysteresis loop of a ferromagnetic material.

will not trace back its initial domain structure, nor will the material go back
to a demagnetization state. This behavior is called magnetic hysteresis [21].

The characteristics of a hysteresis loop (or M(H) curve) are illustrated in
Fig. 2.1. If the applied field is large enough, all the magnetic moments will
be aligned along the field direction and the magnetization will reach its sat-
uration value Ms. When the field is switched off, a remanent magnetization
Mr continues to exist. For the magnetization to be reduced from Mr to zero, a
field strength described as the coercivity Hc is required. The remanent magne-
tization and the coercivity are extrinsic material properties that are influenced
by the size, shape and microstructure of the magnetic material as well as its
magnetic history [22].

The shape of the hysteresis loop is a determining factor in the selection of
materials for technological applications. For example, magnetic recording me-
dia involve hard magnetic materials with a nearly square hysteresis loop, char-
acterized by high coercivity, high remanent magnetization and a large Mr/Ms
ratio, absolute requirements for information storage in the absence of an exter-
nal field. On the other hand, applications such as transformers and recording
heads involve soft magnetic materials with large saturation magnetization and
low coercivity which signify low hysteresis losses.

Exchange Interaction
In ferromagnetic materials the individual magnetic moments are coupled
through spin-spin interactions that promote long-range spin ordering.
This coupling mechanism is known as the exchange interaction. It is
quantum-mechanical in origin and emerges as a consequence of the overlap
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between electronic wave functions of neighboring atoms and the necessity to
satisfy the Pauli exclusion principle [21].

In the ferromagnetic 3d transition metals Fe,Co and Ni, the exchange in-
teraction is known as direct exchange because it proceeds directly between
the atoms without the need for an intermediary. The exchange interaction is
denoted by J and for a many-body system the exchange Hamiltonian of the
Heisenberg model is usually expressed as [20]:

H =−2 ∑
i> j

Ji j ~Si ·~S j (2.1)

where Ji j is the exchange interaction between the i-th and j-th atoms (units
meV/atom) and Si is the total spin of atom i. If Ji j has a positive value, the
lowest energy state results from a parallel alignment of the spin moments. This
gives rise to ferromagnetic order. If Ji j is negative, the spins of adjacent atoms
align antiparallel giving rise to antiferromagnetic order.

A reliable calculation of Ji j is generally a complex task. Since exchange
forces decrease rapidly with distance some simplifications are added in their
calculation. Equation 2.1 is usually applied only between two atoms and the
summation is restricted to include only the nearest-neighbor pairs [21]. The
interaction between next-nearest-neighbors is therefore considered negligible
and Ji j is often taken to be equal to a constant J for nearest-neighbor spins and
to be zero otherwise [20].

The exchange interactions are commonly regarded as isotropic, because
they depend primarily on the orientations of the moments relative to each
other [22]. Furthermore, exchange forces depend mainly on interatomic dis-
tances and not on the geometrical regularity of the atom positions. As a con-
sequence, crystallinity is not a requirement for ferromagnetism [21].

The variation of the nearest neighbor exchange interaction with the in-
teratomic separation is qualitatively described by the semi-empirical Bethe-
Slater curve [21, 22, 24]. In Fig. 2.2 the exchange interaction Jex is the ordi-
nate and the abscissa is the ratio of the interatomic separation to the diameter
of the unfilled 3d shell of the elements (denoted D/d).

The exchange interaction is relatively small and positive for large inter-
atomic distances. As the ratio D/d decreases and the 3d electrons approach
one another more closely, the positive exchange interaction that gives rise to
ferromagnetism becomes stronger and then is decreased to zero. Further de-
crease in the interatomic separation results in negative values for Jex because
the 3d electrons have come so close together that their spins become antipar-
allel, giving rise to antiferromagnetism.

The Bethe-Slater curve is successful in separating the early part of the tran-
sition metal series where the interatomic exchange interactions are antiferro-
magnetic (Cr and Mn) from the next part where the exchange interactions are
ferromagnetic. Furthermore, in the case of Fe which is the element closest to
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Figure 2.2: The Bethe-Slater curve, that shows the dependence of the exchange inter-
action with the ratio of interatomic separation to the diameter of the 3d shell [21, 22].

the point where the curve changes sign, it is indicated that for two adjacent Fe
atoms the sign of the exchange interaction shows strong dependence on the
interatomic distance. This generally agrees with the observation that Fe atoms
with reduced lattice spacing are found in a non-magnetic or antiferromagnetic
state, as observed, for example, in γ-Fe [25, 26].

The magnitude of the exchange interaction is proportional to the Curie tem-
perature, because spins that are held parallel to each other by exchange inter-
actions require a significant amount of thermal energy to be disordered. The
positions of Fe, Co and Ni on the curve agree with the fact that Ni has the
lowest and Co has the highest Curie temperature of the three [21].

The Bethe-Slater curve has been used to describe the temperature depen-
dence of the magnetization of amorphous ferromagnets [14, 27]. However,
it does not have a solid theoretical basis and is mostly helpful for predict-
ing trends. It also presents a broad generalization since the materials that are
represented are different in terms of electronic and crystal structure [24].

Elemental Fe is an example where this simple framework of a nearest-
neighbor model does not suffice to describe the totality of the exchange in-
teractions. Calculations from first principles of the exchange interactions as a
function of the order of neighbor, for bcc Fe at the experimental lattice con-
stant (2.87 Å), revealed that they remain non-negligible over a long range
and they also oscillate in sign [28–30]. It has been established that the ex-
change interactions between the nearest-neighbor pairs J1 and between the
next-nearest-neighbors J2 constitute the dominant contributions to the Heisen-
berg Hamiltonian for Fe. From the third nearest neighbors the interactions
change from ferromagnetic to antiferromagnetic coupling [28, 30]. In addi-
tion, J1 and J2 follow different trends as a function of the lattice constant
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and there is substantial difference between them for the same interatomic dis-
tance. This highlights the dependence of J on the atomic environment [30]. In
a range of lattice constants that extends from a compressed to an expanded Fe
lattice, J1 is oscillating and is positive while J2 is highest at about the equi-
librium lattice constant, decreases with decreasing interatomic distance and
becomes negative for short distances [29, 30]. These findings underline the
inadequacy of the pair-wise representation of the exchange interactions that is
often assumed for convenience.

Interlayer Exchange Coupling
In artificially layered structures such as multilayers that consist of alternating
layers of magnetic and non-magnetic metals, the magnetic layers can couple to
each other across the spacer layers. This indirect exchange coupling is known
as interlayer exchange coupling (IEC) and has been observed for different
combinations of magnetic and non-magnetic layer materials [31].

The IEC, denoted here as J′, is generally mediated by polarization of con-
duction electrons in the metallic spacer layer [32]. Depending on the sign of
J′ it can lead to parallel or antiparallel alignment of the magnetic layers with
respect to each other, which are referred to as ferromagnetic (FM) and anti-
ferromagnetic layer coupling (AFM), respectively. In the latter case, there is
ferromagnetic order within the individual magnetic layers while their relative
alignment is antiparallel.

The IEC between two ferromagnetic layers depends on the electronic struc-
ture of the non-magnetic spacer material and its sign shows an oscillatory
behavior with the spacer layer thickness t. Therefore the coupling between
the magnetic layers switches from FM to AFM as a function of the spacer
layer thickness. The strength of IEC, defined as the difference in total energy
between the ferromagnetic and antiferromagnetic configuration, decays fast
with increasing thickness of the non-magnetic layer and it follows an inverse
quadratic form J′ ∝ 1/t2 [32]. Therefore, for transition metal multilayers, the
ratio J′/J, where J is the exchange interaction, can be made arbitrarily small.

The ratio J′/J largely influences the TC of the whole multilayer stack as
well as the magnetic dimensionality. For multilayers where the magnetic lay-
ers are decoupled and J′ is practically zero, the magnetic response of the mul-
tilayer stack can be regarded as the sum of the individual responses of the
non-interacting magnetic layers.

Magnetic Anisotropy
A preferred magnetization direction is often observed in ferromagnetic mate-
rials. An energetically favorable direction is called easy magnetization axis,
in contrast to an unfavorable hard axis. The energy that is associated with
the dependence of magnetic properties on spatial direction is called magnetic
anisotropy energy (MAE).
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MAE is defined as the energy difference per unit volume between samples
magnetized along easy and hard directions [33]. The anisotropy energy deter-
mines the energy cost of rotating the magnetization direction away from its
preferred orientation along an easy axis and is therefore an influencing factor
for the shape of the hysteresis loop, as well as the size of the coercivity and
the remanent magnetization.

All sources of anisotropy are linked to the structure of the material. The
most common contributing factors to the magnetic anisotropy energy are the
crystal structure of the material, its form and shape, the breaking of symme-
try at interfaces and surfaces and structural strain. Furthermore, a favorable
anisotropy direction can be induced during the material preparation or by sub-
sequent treatment. The magnetic anisotropy is temperature-dependent and for
itinerant ferromagnets it disappears at TC [33–35].

The magnetocrystalline anisotropy is primarily related to the interaction of
the electron orbitals with the periodic potential created by the crystal lattice,
known as the crystal field. The symmetry of the potential reflects the lattice
symmetry. The spin moments interact with the orbital components through the
spin-orbit coupling. As a result, the spins and consequently the magnetization
align themselves preferably along a certain crystallographic direction [34].
When a field is applied in order to rotate the spin moments from this direction,
the orbital components need also to be rotated due to the spin-orbit coupling.
However, since the orbitals are coupled to the crystal lattice, the rotation of the
spin axis is resisted. This anisotropy term is an intrinsic material parameter
and is independent of the sample thickness and shape as long as the crystal
quality is maintained and no structural strain is present [35].

The symmetry of the magnetocrystalline anisotropy is the same as the lat-
tice symmetry. The most common cases are cubic and uniaxial anisotropy. In
bulk bcc Fe with cubic symmetry, the easy directions are <100> and the hard
directions are <111>, while the reverse is observed for fcc Ni. When a ma-
terial has only one easy axis it is said to have uniaxial magnetic anisotropy.
Such is the case of bulk Co that has an easy axis along the hexagonal c axis.

In the case of uniaxial anisotropy, the magnetic anisotropy energy Emc per
unit volume can be expressed as a function of the angle θ between the mag-
netization vector and the anisotropy axis:

Emc = K1 sin2
θ + K2 sin4

θ + · · · (2.2)

where K1 and K2 are the first- and second-order anisotropy constants, respec-
tively, expressed in J/m3. For 3d metals, higher anisotropy terms are generally
omitted [35].

The random anisotropy model describes the anisotropy in nanocrystalline
and amorphous materials where the microstructure leads to a distribution of
the magnetic easy axis direction over the scale of the structural correlation
length, represented by the grain size D. For small structural correlation
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lengths, the ferromagnetic exchange forces the magnetic moments to align
in parallel which prevents the magnetization from following the easy axis of
each individual structural unit. As a result, the effective magnetic anisotropy
will be an average over the randomly oriented local anisotropies of several
structural units and will therefore be reduced in magnitude [14, 36, 37].

The critical length scale where the exchange interaction energy starts to
balance the anisotropy energy is determined by the ferromagnetic exchange
correlation length:

L0 = φ0
√

A/K1 (2.3)

where A is the exchange stiffness constant, expressed in J/m, which charac-
terises the strength of the exchange interaction, K1 is the first-order anisotropy
constant and φ0 is a proportionality factor in the order of one. L0 represents a
characteristic minimum length scale below which the direction of the magne-
tization can not vary appreciably. It also determines the width of the domain
walls. Typical values are L0≈ 5−10 nm for Co-based and L0≈ 20−40 nm for
Fe-based alloys. Consequently, both amorphous (D in the order of the atomic
scale) and nanocrystalline alloys (D≈ 5−20nm) fall into the regime D < L0.

The anisotropy of the structural units included in the exchange coupled vol-
ume (L3

0) is averaged out and the averaged anisotropy constant 〈K1〉 is found
to scale with D as [37]:

〈K1〉= K1 · (D/L0)6 (2.4)

which is reflected in experimental studies of amorphous and nanocrystalline
materials that report the dependence of the coercivity, Hc (∝ 〈K1〉) with D6.

The renormalized exchange length Lex can now be defined using Eq.2.3 and
substituting the averaged anisotropy 〈K1〉 for the local anisotropy constant K1.
The resulting expression shows that as the structural coherence decreases and
the anisotropy is averaged out, the range over which the exchange interaction
dominates is expanding.

The random anisotropy model successfully explains the exceptionally soft
magnetic properties that are observed for amorphous alloys as a direct con-
sequence of their short-range structural order of a few atomic distances. In
this class of materials the contribution of the random anisotropies is practi-
cally negligible and usually long-range uniaxial anisotropies such as shape or
field-induced anisotropy dominate the total anisotropy [37].

The shape anisotropy has an extrinsic character. It depends on the sample
dimensions and varies with the shape. In general, if a sample is exactly spher-
ical, the same field can magnetize it to the same extent in every direction. If
the sample shape is asymmetric, then it will be easier to magnetize it along a
long direction. This anisotropy term is inherently uniaxial.
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The sample shape influences the demagnetizing field ~Hd which is an inter-
nal field that is formed in the opposite direction to an applied external field
and tends to demagnetize the magnetic material. The size of the demagnetiz-
ing field is directly proportional to the sample magnetization [34, 35]:

~Hd =− Nd ~M (2.5)

where Nd is generally a tensor whose components depend on the sample
geometry. For some particular geometries it can be substituted by a dimen-
sionless number called demagnetizing factor. For example, for a homogenous
sphere, Nd = 1/3. For elongated samples, Nd is smallest along the long axis
and largest along the short axis. For thin films, the thickness of the film is
very small compared to the lateral dimensions and the infinite plate approxi-
mation can be made, where Nd = 0 in the plane direction and Nd = 1 in the
out-of-plane direction [34].

For thin films, the shape anisotropy energy contribution per unit volume Ed
can be expressed as [34]:

Ed = Kd cos2
θ =

1
2

µ0M2
s Ndcos2

θ =
1
2

µ0M2
s cos2

θ (2.6)

where Kd is the shape anisotropy constant for the thin film, µ0 is the perme-
ability of vacuum and MS is the saturation magnetization, which subtends an
angle θ with the surface normal. According to this expression, the total energy
minimization will favor an in-plane orientation for the magnetization.

It should be noted that, while in bulk samples this type of anisotropy has
only a small contribution, in thin films and multilayer structures it is typically
so significant that it can overcome the magnetocrystalline contribution and
dominate the total magnetic anisotropy energy [34].

In the case of ultrathin films, however, this picture can be reversed. At sur-
faces and interfaces, symmetry breaking and the reduced coordination num-
ber for the magnetic atoms due to the absence of neighbors tend to cause the
magnetic moments to align perpendicular to the surface. This is known as
surface anisotropy [34, 35]. The competition between the shape and surface
anisotropies is manifested in reorientation transitions of the magnetization as
a function of the film thickness, with a perpendicular orientation being pro-
moted as the thickness decreases and the fraction of surface atoms increases.

Magnetoelastic anisotropy is caused by stresses produced in the film struc-
ture by the deposition process, due to non-matching lattice parameters of
neighboring layers, or due to differences in the thermal expansion between
the magnetic film and the substrate. Even a change of the crystal structure by
just a few hundredths of an Å can change the magnetocrystalline anisotropy
and contribute to a large increase in MAE [33]. This effect is the inverse of
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magnetostriction, an intrinsic property of ferromagnetic materials, which can
be defined as the fractional change in length along the applied field direction.

The magnetoelastic energy per unit volume for an elastically isotropic ma-
terial with isotropic magnetostriction, both valid assumptions for amorphous
materials, is given by [34]:

Eme = Kme cos2
θ =−3

2
λσ cos2

θ (2.7)

where Kme is the stress-induced anisotropy constant, λ is the magnetostriction
constant, σ is the uniform stress and θ is the angle between the magnetization
and the direction of uniform stress. The sign convention for strain is σ > 0
for tensile and σ < 0 for compressive. For a material with positive magne-
tostriction, such as Fe-rich alloys [38], a compressive stress will promote a
magnetization direction perpendicular to the film plane.

A material with induced magnetic anisotropy can be produced by certain
preparation methods or by subsequent treatment. The most suitable materials
are polycrystalline or amorphous because their magnetocrystalline anisotropy
has a local character which is averaged out over large distances. As a result, the
induced anisotropy can dominate the total anisotropy [14, 35]. The possibility
to tailor both the magnitude of the anisotropy and the direction of the easy
axis reveals a large potential for engineering magnetic properties.

The imprinting of an easy magnetization axis in the material can be
achieved by applying mechanical stress treatments that result in significant
lattice deformations which induce anisotropy through a magnetostriction
mechanism [38–40]. Another way is applying a magnetic field during the
fabrication process [41, 42] or by annealing in the presence of a field [43, 44].

These processes generally result in the generation of uniaxial anisotropy
defined by the field direction. The underlying mechanism is generally under-
stood to derive from the spin-orbit interaction. As an energy minimization
process, the atom pairs in the material will tend to orient themselves along the
field direction. This directional ordering of bond axes persists after the field is
removed and affects the magnetic anisotropy, creating an easy magnetization
axis [14, 35].

The total anisotropy acting in a material is the sum of the individual
anisotropies. However, experimentally, it is not always easy to separate the
different contributions to the magnetic anisotropy energy. For thin films
and multilayers, the experimentally observed effective anisotropy Ke f f can,
to a good approximation, be phenomenologically separated into a volume
contribution Kv and a contribution from the surface and interfaces Ks [34]:

Ke f f = Kv +2Ks/d (2.8)

where d is the film or layer thickness.
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This relation represents a weighted average of the MAE of the interface
atoms and the inner atoms of a magnetic film or layer of thickness d. The
Kv term contains the contributions of magnetocrystalline, shape, stress and
growth-induced anisotropy. The Ks term accounts for the two interfaces of the
layer which are assumed to be identical, hence the prefactor 2. The assump-
tion is less applicable for thin films that have an interface with a substrate or
underlayer and a free surface facing vacuum, in which case the two Ks contri-
butions can be significantly different [33]. The surface term is of significance
when d is in the order of nanometers or less. A positive Ke f f corresponds to
preferred magnetization direction perpendicular to the film plane [34].

Influence of Reduced Thickness on Magnetic Dimensionality and TC

A material deposited as a thin film may no longer exhibit a bulk-like, three
dimensional structure because the extension of the out-of-plane dimension is
in the nanoscale range. A change in the physical extension can exert influ-
ence on the the Curie temperature, the critical behavior at the magnetic phase
transition as well as the magnetic dimensionality, which can show a crossover
from a 3D to a 2D character below a certain thickness [45].

The zero field magnetization, which vanishes at the Curie temperature, is
often selected as the order parameter for describing the transition from an or-
dered to a disordered phase. In the vicinity of TC, the zero field magnetization
M follows a power law of the form [46]:

M(T ) ∝ (1−T/TC)β = (−t)β (2.9)

where T is the temperature and t is the reduced temperature, used to mea-
sure the relative temperature deviation from the Curie temperature. Providing
that TC is accurately determined, the critical exponent β can be evaluated. In
experiments, the remanent magnetization Mr is usually the measurable order
parameter and the TC is considered as the temperature where Mr vanishes.

The value of the β exponent depends on the spatial dimensionality (D = 1,2
or 3) and the number of degrees of freedom for the spin orientation. As indi-
cated in Fig. 2.3, this is three for the Heisenberg model (isotropic in space),
two for the XY model (spins rotate freely within a plane) and one for the Ising
model (only two possible states, spin-up or spin-down). Therefore, the critical
behavior of magnetic systems can be divided into a total of nine universal-
ity classes. With proper scaling, systems that belong to the same universality
class show the same critical behavior.

Not all universality classes represent systems that exhibit long range mag-
netic order at finite temperature, as can be seen in Table 2.1. For the 3D
case, all spin models order at finite temperatures. For the isotropic Heisenberg
model, long-range order at finite temperature is not stabilized for spatial di-
mensionalities lower than 3D, according to the Mermin-Wagner theorem [47].
In two dimensions, only the Ising model exhibits true long-range order in the
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Figure 2.3: Spin degrees of freedom in the Ising, XY and Heisenberg models.

Table 2.1: The nine universality classes. The dashes signify a lack of long range order
at finite temperatures. The value of the critical exponent β is given otherwise.

Spatial/Spin dimensionality Ising XY Heisenberg

1D - - -
2D β = 0.125 (β = 0.23) -
3D β = 0.31 β = 0.33 β = 0.36

thermodynamic limit (infinite system size). The 2D XY system does not or-
der at finite temperature in the thermodynamic limit. However, it does have a
critical point with long range correlations but no spontaneous magnetization.
Below the critical point, it exhibits a type of topological order appearing as
bound pairs of vortices which unbind at the phase transition, called Kosterlitz-
Thouless transition. It has been proven that a 2D XY system with finite size
orders magnetically and shows spontaneous magnetization that varies near TC
with a characteristic critical exponent β ≈ 0.23 [48]. For a linear chain of
spins (1D) there is no finite ordering temperature in the thermodynamic limit.

The difference in β between 2D and 3D classes makes it possible to deter-
mine the spatial dimensionality as well as the spin dimensionality for 2D sys-
tems (either Ising or XY ). For 3D systems, it is more difficult to determine the
spin dimensionality since the corresponding values of β are relatively close.

The Curie temperature is proportional to the strength of the exchange in-
teractions and the atomic coordination. In a thin film, the TC is thickness-
dependent because a reduction of the number of outermost neighbors reduces
the overall magnetic coupling.

The thickness at which the TC begins to differ from the bulk value is a
measure of the length scale of the spin-spin correlation length ξ , which is
the maximum distance over which the spin directions are correlated. In the
vicinity of TC, the correlation length diverges following a power law of the
form:

ξ ∝ (T/TC−1)−ν = t−ν (2.10)
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where T is the temperature, t is the reduced temperature and ν is the critical
exponent for the correlation length. At TC, the fluctuating magnetic moments
are correlated in a volume ξ 3 which is influenced by the reduced physical
dimensions of the sample [33]. The shift of the Curie temperature can be de-
scribed by finite-size scaling of the TC with decreasing film thickness [45]:

TC(∞)−TC(n)
TC(∞)

∝ n−λ (2.11)

where TC(∞) is the bulk Curie temperature and TC(n) is the reduced TC for n
atomic layers of the material. This scaling relation is characterized by the λ

exponent, where λ = 1/ν .
If the film thickness is much smaller than the in-plane correlation length,

then the reduced out-of-plane dimension provides a cut-off for spin correla-
tions in this direction and the film can be regarded as 2D [45].

2.2 Amorphous Fe and FeZr Alloys
A bulk sample of crystalline bcc Fe is generally considered as the archety-
pal ferromagnetic material. Pure elemental Fe with an amorphous structure is
therefore the obvious choice for investigating the link between structural and
magnetic properties and for answering fundamental questions concerning the
nature of the exchange interaction and the change in saturation moment and
Curie temperature with structural disorder.

Samples of amorphous elemental Fe can only be prepared in thin film form
by deposition onto substrates which are sufficiently cold to inhibit atomic or-
dering [2, 49, 50]. The structure of pure amorphous Fe films is characterized
by severe instability due to a large driving force for recrystallization. For ex-
ample, a 25 Å layer of amorphous Fe is transformed into an ordered lattice
at a temperature as low as 50 K [2]. This presents problems in investigating
magnetic properties of such layers, as well as limitations in the achievable
thickness range. A largely reduced magnetic moment, in the order of 0.35
µB/Fe atom, has been reported for thin amorphous Fe layers [2, 49].

Thin layers of amorphous elemental Fe have been interface-stabilized in
multilayers with a number of different elements. Examples of the spacer layer
material include transition metals, Zr [51–53], Ti [54], Y [55, 56] and rare
earths, Tb [56], Ce [57], Gd [58]. Due to large structural mismatch, amor-
phous structure is forced in the Fe layers, up to a critical thickness (of the
order of 2 nm) where structural relaxation results in the recovery of a bcc
structure. Therefore, a bulk-like layer of amorphous Fe can not be produced
by interface stabilization alone. This introduces a limitation in the accessible
thickness range for amorphous Fe films fabricated this way. In many of the
above systems, the spacer material also shows siginificant magnetic response
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that interferes with that of the amorphous Fe layers. As a result, attempts to ex-
trapolate from such structures to the properties of pure elemental amorphous
Fe have shown large inconsistencies between studies.

Fe-metalloid alloys have also been developed using rapid-quenching techn-
inques and codeposition. These typically contain about 80 at.% Fe and include
one or more of the following elements: B, C, Si and P. The presence of the met-
alloids lowers the melting point making it possible to quench the alloy rapidly
enough to form a homogenous amorphous phase, which can be stable over
a large temperature window. By alloying with these elements, the magnetic
properties are drastically altered. The saturation magnetization, Curie temper-
ature and the coercive field are lowered, resulting in generally soft magnetic
materials [8].

Another route for achieving an amorphous structure with composition close
to pure Fe is alloying with small quantities of another transition metal with
largely different atomic radius. Even small amounts of Zr cause a large in-
crease of the critical thickness for the amorphous-to-crystalline transition in
layered structures [59, 60]. For concentrations above 7 at. %, the amorphous
phase is stabilized and is no longer thickness-dependent. Therefore, bulk-like
layers of Fe100−xZrx, x≥7 can be deposited with no restriction in thickness.

The Fe-rich amorphous FeZr alloys with 7 to 15 at. % Zr have been re-
garded as a model system for amorphous Fe and their magnetic properties
have been studied extensively. The findings from theoretical [61–64] and ex-
perimental studies [65–77] converge to the existence of a mixed magnetic
phase that involves a non-collinear arrangement of the magnetic moments.
The amorphous FeZr system is generally descibed as a ferromagnet with
quenched random-exchange disorder which exhibits a reentrant behavior at
low temperatures [78].

A wealth of data from bulk magnetization, magnetic susceptibility, Möss-
bauer effect and muon spin relaxation measurements has been combined to
yield the magnetic phase diagram of Fig. 2.4, for amorphous Fe100−xZrx,
7≤x≤11. Alloys with composition in the vicinity of 7 at. % Zr behave as
spin glasses [79] while alloys with Zr concentrations above 11 at. % behave
as regular ferromagnets. For intermediate concentrations, 8 to 11 at. % Zr, the
system undergoes two transitions with decreasing temperature from the para-
magnetic state; a transition to a ferromagnetic state at a well-defined Curie
temperature (TC) and another transition to a reentrant state at a lower temper-
ature (TRE). The reentrant state is generally considered as an inhomogenous
mixed magnetic phase in which long-range ferromagnetic order exists along
with spin glass behavior.

As seen in the magnetic phase diagram in Fig. 2.4, the TC for the alloys is
reduced almost an order of magnitude compared to crystalline bcc Fe and it
increases with Zr concentration up to approximately 15 at.% Zr [65–67]. The
size of the magnetic moment follows a similar trend. TRE is suppressed until
about 11 at.% Zr, where a reentrant state is no longer observed.
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Figure 2.4: The Fe100−xZrx magnetic phase diagram for 7≤x≤11, as established by a
number of studies, using a variety of experimental techniques. Adapted from [78].

No general consensus has been reached on the description of the magnetic
structure of amorphous FeZr in the atomic scale and how it is affected by
structural disorder. Theoretical studies have attributed the mixed magnetic be-
havior to effects from the local environment of the Fe atoms, that influence
the character of the magnetic interactions. The spin glass phase in the Fe-rich
FeZr alloys has been observed to be more energetically favorable when the
Fe-Fe coordination number (or alternatively the density) is increased [61–63]
and it has also been explained as a result of the fluctuation of interatomic
distances [61, 63, 64].

Several models of the magnetic microstructure have been proposed in an
attempt to interpret the experimental data. These include: (i) the wandering
axis model, in which the non-collinear magnetic moments are ferromagneti-
cally correlated but the local ferromagnetic axis changes direction over short
distances throughout the material [70]; (ii) the freezing of transverse compo-
nents of the magnetization at a low temperature [75]; (iii) The formation of
antiferromagnetically coupled Fe spin clusters in a ferromagnetic FeZr matrix
[65, 68, 69]; (iv) The arrangement of the entirety of the magnetic moments
in finite, interacting, non-collinear spin clusters [74, 76] or (v) the formation
of non-collinear ferromagnetic clusters embedded in an infinite ferromagnetic
matrix [72, 73, 77].

FeZr alloys is the key material involved in the structures studied in Papers
I-IV and a major part of Paper V. The investigations involving amorphous
FeZr alloys were focused on the following general directions: the determi-
nation of the influence of interfaces and nano-crystalline impurities on the
layer growth and magnetic properties, developing methods and material com-
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binations for depositing highly amorphous layers with varying composition
at room temperature, addressing the induced magnetic moment in the alloy
element (Zr), and studying the influence of reduced layer thickness on the
magnetic order and magnetic dimensionality of thin FeZr layers.

2.3 Amorphous CoZr and FeCoZr Alloys
Amorphous layers of CoZr and FeCoZr alloys with low Zr concentrations
have also been a part of the studies reported in this thesis. While from a struc-
tural viewpoint they are very similar to FeZr alloys, their magnetic behavior,
by and large, differs significantly.

CoZr Alloys
The amorphous phase in deposited CoZr alloys can be stabilized with a small
amount of Zr. Typically 5-6 at.% Zr is sufficient for achieving a uniformly
amorphous structure with room temperature deposition [80, 81], while a Co
content up to 98 at.% has also been achieved for amorphous CoZr layers [82].

In general, Co-rich CoZr alloys have been described as moderately strong
ferromagnets [83]. These amorphous alloys do not exhibit similar behavior
as the mixed magnetic phases, magnetic frustration and non-collinear mag-
netization observed in Fe-rich FeZr alloys. Furthermore, in contrast to FeZr
alloys, properties such as the magnetic moment and TC are shown to follow a
monotonic decrease with the increase of Zr concentration [80, 82].

Amorphous Co-rich CoZr alloys are magnetically soft, with high saturation
magnetization that is comparable to elemental crystalline Co [80, 82, 84]. The
coercivity is low, the magnetostriction is close to vanishing [80–82] and the
TC exceeds the recrystallization temperature, which for a Zr content around 10
at.% is of the order of 600 K [85]. These characteristics have established CoZr
alloys as candidates for applications such as high density magnetic recording
[81, 84].

A Co95Zr5 thin film was studied in Paper V where the aim was to investi-
gate the influence of structural disorder on the induced magnetic moment in
the Zr atoms, in CoZr and FeZr alloys.

FeCoZr Alloys
As previously discussed, the magnetic behavior of Fe-rich FeZr alloys pre-
vents the possibility of developing functional devices based on these amor-
phous materials. The substitution of Fe for Co in FeZr amorphous alloys was
suggested as a way to make these materials more technologically attractive
[86, 87]. An added degree of flexibility with this ternary compound is that
magnetic properties such as the saturation magnetization and TC can be tai-
lored by adjusting the concentration of the magnetic elements.
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In Fe-rich FeCoZr alloys, even small Co concentrations in the order of a few
atomic percent, are effective in suppressing the appearence of the mixed mag-
netic state that is characteristic of FeZr alloys [88, 89]. The average magnetic
moment increases drastically with Co concentration up to 20 at.%. This has
been attributed to a strong increase of the Fe moment while the Co moment is
constant. Therefore the substitution of Co atoms is considered to restore the
original Fe moment in Fe-rich FeCoZr alloys [89]. With Co concentrations
above 20 at.% the value of the average magnetic moment shows a gradual
decrease. The TC follows a nearly linear increase with Co concentration and
exceeds 500◦C for Fe70Co20Zr10. This is above the recrystallization tempera-
ture of these amorphous alloys, which does not show an important dependence
on the composition and is about 500◦C [88].

For Co-rich FeCoZr alloys, the substitution of Co atoms for Fe increases the
saturation magnetization and decreases the TC [86] which is generallly found
to be in the vicinity of 800 K [90]. In addition, investigations of the thickness
dependence of the Curie temperature of thin Fe24Co68Zr8 layers showed that
the TC for a layer thickness that exceeds 14 Å is already above room tempera-
ture [91]. It was established by element-specific magnetization measurements
that Fe and Co are strongly coupled and their magnetic properties can be re-
garded as the weighted average of the two elements. However, a quenching of
the orbital magnetic moment takes place for the Fe atoms in the amorphous
alloy, while that of the Co atoms shows only a modest reduction compared
to the elemental bulk value [92]. The orbital moment is the main contributing
factor to magnetic anisotropy, which can therefore be tuned for these mate-
rials by adjusting the Fe-to-Co atomic ratio. The extended possibilities that
amorphous FeCoZr alloys present for tailoring their magnetic properties re-
veal potential for the use of these materials in practical applications.

Thin films and multilayers of Fe24Co68Zr8 were investigated in Paper VI
which examines the effect of an applied magnetic field during the layer growth
on the magnetic anisotropy.
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3. Experimental Methods in Practice

This chapter presents an overview of the experimental techniques that were
put into use in the reported studies. This involves the preparation of thin films
and multilayers by vacuum deposition, structural characterization by means of
X-ray and electron scattering, composition determination with the help of ion
beams, as well as the investigation of magnetic properties using magneto-optic
effects, magnetometry, X-ray and neutron scattering.

On all accounts, the intention is not to be thorough, with respect to the tech-
nical details and the theoretical background of each technique, rather to high-
light the operating principles, while emphasis will be given on suggestions for
good practice. Examples will be given, as well as references to review articles,
for more in-depth study of the research methods.

3.1 Thin Film Deposition
The deposition methods for thin films can be divided into two large general
categories [93]. In Chemical Vapor Deposition (CVD) methods, chemical re-
actions take place on the substrate surface, between precursor materials and
also with gases, while byproducts are also produced, usually in the form of
gasses. There is no general requirement for vacuum environment in these
chemical processes so they were the first to be developed. CVD methods are
common in the production of semiconductors, carbides and nitrides.

In Physical Vapor Deposition (PVD) methods, mechanical and thermody-
namic means are used for the production of thin films.These include thermal
evaporation from a source of molten metal in a resistively heated crucible,
electron beam evaporation using a high-energy focused electron beam, pulsed
laser deposition, where material is ablated by a pulsed laser beam, cathodic
arc deposition, where the erosion of the cathode surface occurs by employ-
ing a high-current, low DC voltage gas discharge and sputtering, that will be
discussed in more detail here.

Common to all applications is the use of substrate materials which, besides
offering mechanical support for the deposited film, can also influence its prop-
erties, such as the crystal structure. The properties of the deposited material
are sensitive to the deposition environment, the level of chemical purity and
the degree of control over the deposition parameters. Depending on the aim of
each application and study, the requirements can vary. The growth of very thin
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magnetic layers on different surfaces typically calls for Ultra High Vacuum
(UHV) conditions, high purity materials and good control of the deposition
parameters.

3.1.1 Sputtering
Sputtering is the most widely used method for the production of thin films and
coatings, also found in numerous industrial and large-scale applications. Sput-
tering is a non-thermal process that relies on momentum transfer and involves
the bombardment of a target material with energetic ions and the subsequent
ejection of atoms that are deposited on a suitable substrate.

In its simplest form, DC sputtering, the vaccuum system is filled with an
inert gas, such as Ar, at low pressure (in the range 3-300 Pa) and a negative
potential of a few kilovolts is set on a metallic target which therefore con-
stitutes a cathode. The Ar gas atoms are ionized and accelerated towards the
cathode. The bombardment by the ions causes target atoms to be ejected. The
sputtered atoms are condensed on the substrate. A plasma glow discharge is
formed and is sustained by secondary electrons that are emitted from the cath-
ode and are then accelerated by the voltage drop towards the plasma where
they undergo further ionizing collisions with the inert gas atoms.

Target atoms are ejected from random points of ion impact across the sur-
face, when the transfered energy by the impinging ions exceeds a certain
threshold that corresponds to the chemical binding energy. This is smaller for
surface atoms than in bulk, making surface atoms more likely to be ejected
[94]. The ability to knock out target atoms is described as the sputtering yield
Ys, which is the number of sputtered atoms per incident ion. In most pro-
cesses, the values of Ys range from 0.1 to 10. It depends on the ion energy, the
type of inert gas, the target element and its crystal structure and the angle of
incidence.

The flux of sputtered particles from the source can be described as a wide
cosine law distribution and is therefore non-directional, compared to evap-
oration sources. The typical mean free path in the pressure range 3-300 Pa
is in the order of centimeters [95]. During the process, atoms travel and are
deposited virtually everywhere in the vacuum chamber. To a good approxi-
mation, the deposition rate decreases with the square of the distance between
source to substrate, however the film uniformity is enhanced as this distance
is increased [96].

It is common for sputter systems which encompass more than one source,
that the substrate stage is situated in the center and the sources sit at an angle.
Therefore, the substrate can not be placed directly under each source, so that
the flux of adatoms is vertical to its surface. Deposition under these conditions
will result in a wedge-shaped film. A rotating sample stage is used to counter
this and to ensure uniformity in layer thickness and lateral homogeneity in
composition.
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To ensure the purity of the deposited material, UHV conditions are em-
ployed, with a base pressure for the deposition system in the order of 10−8

Pa (10−10 mbar) and inert gas purity corresponding to 6N. Gas purifiers and
all-metal connections are typically used in the gas handling system. Under
these conditions, only a small concentration of impurities will be present in
the vacuum system. Target materials of high purity are also selected, with the
limiting factor typically being the production cost. Typical values are 99.99%
for Fe, Co and Al and 99.5% for Zr. Due to their nearly identical chemical
behavior, it is exceedingly difficult to separate Zr from Hf. A Hf content about
0.01 at.% is typically detected in samples produced with such a target.

Magnetron Sputtering
Magnetron sputtering increases the efficiency of the process significantly, by
confining the plasma close to the target surface. Strong permanent magnets
(typically made out of NdFeB) are placed under the target and generate a field
of about 0.1 T. Where the electric and magnetic fields are perpendicular, a
Lorentz force will act upon the electrons, trapping them in orbits near the
target surface. Due to the increased electron concentration, there is a greater
probability of ionizing the inert gas atoms. The deposition rate is therefore
enhanced and lower gas pressure and applied voltage are needed to maintain
the plasma discharge, around one order of magnitude lower than usual. Typical
values for gas pressure are around 0.2 Pa (2 mtorr) and about 500 V for the
operating voltage.

Planar as well as circular magnetron geometries are common. The cross
section of two circular magnetrons that operate at the same time for the de-
position of an alloy is illustrated in Fig.3.1. The ion bombardment causes a
significant amount of heating on the target surface. The permanent magnets
are therefore water-cooled. If the magnetic flux from the outer and the inner
permanent magnets is the same, the magnetron is balanced. Because of the low
Ar pressure, the mean free path of the ejected atoms can be larger compared
to a standard sputtering setup.

There are certain concerns regarding the use of the target material in mag-
netron sputtering. First of all, magnetic materials will influence the magnetic
flux. If the target is too thick, the flux might be closed inside the material. For
this reason, the thickness of magnetic targets is often in the order of a millime-
ter. On the other hand, non-magnetic materials can be thicker, usually a few
millimeters. These numbers vary, depending on the strength of the permanent
magnets.

The targets erode preferentially where the plasma is most dense. This results
in the formation of an erosion track, also known as race track, as illustrated in
Fig.3.1. For magnetic targets, the race track is narrow and steep, while for non-
magnetic it is broad and shallow. Since the material is favorably removed from
this area, the overall efficiency of the use of the target is low, only 10-30% of
its area is utilized. If the race track runs deep and a hole to the back side of the
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Figure 3.1: A cross section illustration of two magnetrons during the co-sputtering of
an alloy, illustrating the basic processes that are taking place. The vacuum chamber
is filled with Ar gas. Close to the target surface, the high voltage ionizes gas atoms
and the Ar+ ions are accelerated towards the targets due to the negative bias. The
magnetic field, acting on the electrons, focuses and sustains the plasma discharge
close to the target surface. The target atoms that are sputtered away condense on the
rotating substrate after a series of collisions with inert gas atoms.

target is created, it can lead to sample contamination with the material that is
sitting behind the target, usually a copper bonding plate.

Deposition Rate
The deposition rate depends on the energy of the impinging ions, the sputter-
ing yield for this combination of inert gas and target material, the gas pressure,
the ion current to the target and the system geometry. It is usually given in Å/s
and can be adjusted. For example, ultra-thin layers can be deposited with rate
lower than 1 Å/s while higher rates can be achieved when required, for the
deposition of thick layers such as coatings, with thickness that can be in the
order of one to a few microns.

For a specific deposition system and gas species and at fixed pressure, the
deposition rate can be adjusted by tuning the output of the power supply unit of
each source. It is recommended that the output of the magnetron is regulated
on power because the rate depends linearly on power [94].

The deposition rate can be monitored in situ, using a Quartz Crystal Mi-
crobalance (QCM) deposition monitor. This relies on the change of oscillation
frequency of a quartz crystal when material is deposited on its surface. How-
ever, absolute knowledge of the density of the deposited material is needed for
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this measurement to be accurate, and for this reason it is typically regarded as
a good estimate. For thick films, a profilometer can be used. This features a tip
that touches the surface and senses the height difference at a step correspond-
ing to a substrate-to-film transition. A part of the substrate has therefore to
be protected from deposition. For purposes that require a higher degree of ac-
curacy, calibration samples can be made and their thickness determined with
X-ray reflectivity. This is the most accurate and also the most time-consuming
process, since additional samples need to be produced.

The deposition rate will change with the erosion of the target. It is therefore
good practise to monitor and log the applied voltage and current to the target,
which drift as its surface profile changes, and keep a record of its use. Large
changes in the voltage can also be a sign that the sputter target has reached the
end of its lifetime.

Sputtering of Insulating Materials
The voltage drop across the target draws an electric current and initiates the
sputtering process. This largely depends on the resistivity of the target ma-
terial. For insulating materials such as oxides, the resistivity is so large (in
the order of 1016 Ω cm) that impossibly high voltages would be required
for this process. Therefore, DC sputtering will not work. However, since the
impedance of dielectrics depends on the frequency, this problem can be over-
come by using high frequencies.

Furthermore, buildup of a positive charge takes place at the insulating target
surface, due to the neutralizing of the Ar+ atoms. At some point an equilib-
rium will be reached between the ions accelerated towards the target and the
repelling Coulomb force from its surface. This will cause the sputtering pro-
cess to stop. The solution to this is reversing the polarity of the target so that
electrons from the plasma are attracted and the positive charge is therefore
neutralized. The alternating frequency should be high enough in order to en-
sure that a number of electrons are captured while Ar+ ions are still drawn
towards the target. Therefore, frequencies of a few MHz are used, which cor-
respond to radio frequencies, hence this method of operation is called RF
sputtering. The deposition rates of the sputtered insulators are typically much
lower than metal targets.

The deposition from an oxide target is not a straightforward process. Of-
ten, non-stoichiometric layers are produced. The oxygen atoms can have a
different sticking ability on the growing film, or largely different kinetics in
the plasma than the other atom species of the oxide material. Also, materials
found in the vacuum system can have an affinity for oxygen (operating as a
kind of getter pump). To remedy this, oxygen gas can be mixed with the inert
sputter gas, or added through a separate inlet. This process is called reactive
sputtering.
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Deposition of Alloys and Compounds
To deposit an alloy layer of two or more constituents, the different alloy el-
ements can be co-sputtered from separate sources or sputtered from a single
source using a compound target. The advantage with the first configuration
is that the composition can be regulated at will and its effect on the proper-
ties can also be mapped out. A compound target has a fixed composition and
is an excellent alternative when a ternary alloy is selected. For example, the
FeZr alloys investigated in Papers I to V have been co-sputtered with vary-
ing compositions while the FeCoZr alloy in Paper VI came in the form of a
compound target.

In the case of co-sputtering, the composition of the alloy can be adjusted by
regulating the deposition rates of the materials accordingly. A practical way
to do this is desribed in the following steps: A calibration sample is grown for
each element for a specific deposition time and its thickness is determined.
Then the acquired deposition rate can be converted from Å/s to atoms/cm2s,
which represents the atomic flux. The atomic ratio of the desired composition
would then coincide with the ratio of the atomic fluxes of the elements towards
the substrate. With this method, a density value of the film needs to be assumed
and also that the sticking coefficients of the elements are the same (a valid
estimate for metals).

The use of a compound target will result in a deposited layer that practically
has the same composition. The mechanism behind this is the following: The
sputter yield for the different target elements will be different, so it is expected
that some might sputter faster. However, this will cause the surface to be en-
riched by the atoms of the other species, therefore increasing the probability
that they are sputtered. This process occurs very rapidly, due to the large num-
ber of collisions. The initial composition is therefore maintained in the film
[97].

Multilayer Growth
A multilayer can be produced by alternating deposition of two layers. Typ-
ically, the repeated two-layer structure is refered to as the bilayer or as the
chemical modulation. The term multilayer is rather broad and usually is used
to describe amorphous or polycrystalline materials. There is a large category
of crystalline layered structures that are based on the same principle. In this
case a coherent periodic atomic arrangement is present throughout the struc-
ture, which, in most cases, is imposed by the substrate crystal structure. There-
fore, these are commonly called superlattices.

Most sputter systems that carry more than one source are typically fitted
with shutters in front of each magnetron. These are fast-acting plates that op-
erate through pneumatic pressure or a magnetic actuator and when engaged,
block off the path of the sputtered target atoms to the substrate. The open-
ing/closing time is a fraction of a second in most cases and therefore the layer
thickness can be contolled with high accuracy.
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The purpose for such a precise operation is to limit the variation of the
layer thickness between each repetition of the bilayer. This is very significant,
especially in the case of ultra-thin layer deposition, where film properties, such
as the magnetic order, depend significantly of the layer thickness. If thickness
variation exists from layer to layer, the studied properties can also show a
distribution.

In the multilayer samples that are discussed in this thesis, flat amorphous
layers with complete coverage and minimal thickness variation have been
achieved for thicknesses down to 5 Å, as discussed in Paper IV.

Protective Coatings
A coating, also called a capping layer, is usually deposited on top of the sam-
ples to protect them from degradation due to the ambient enviroment. The
material can be an oxide such as Al2O3, a noble metal such as Au, Pt or Pd
or a material with a Pilling-Bedworth ratio 1 between 1 and 2. Examples of
this last category are Al, Ti and Ni that form a passivating oxide layer on their
surface. Some amorphous alloys exhibit good passivating properties, as will
be later discussed about AlZr alloys.

Buffer Layers
An intermediate layer is often used between the film and the substrate. The
purpose can be to improve the structure of crystalline materials through better
lattice matching, such as the use of Fe50V50 layers in Fe/V superlattices [98]
and Nb layers in the growth of rare earth materials [99, 100], or even the
contrary, to inhibit interface-induced crystallization, that is discussed in this
thesis. Other purposes can be to enhance the adhesion to the substrate and
improve mechanical properties.

3.1.2 Growth Modes
From a thermodynamic point of view, when materials are deposited on sur-
faces, the free energy γ of the surface will play a dominant role in the ar-
rangement of the growing layer. The growth mode in thermal equilibrium will
be determined by the minimization of the free energy, which depends on the
balance between the surface energies of the substrate material, the overlayer
and their interface [95, 101, 102]. The illustration of Fig.3.2 shows the three
general modes that are commonly observed.

If the substrate has a higher surface energy than the deposited overlayer and
the interface,

γsubstrate ≥ γoverlayer + γinter f ace (3.1)

1The Pilling-Bedworth ratio is an empirical formula, defined as the ratio of the volume of the
elementary cell of a metal oxide to that of the pure metal. When the value of that ratio is between
1 and 2, a stable oxide is formed on top of the metal that protects against further corrosion.
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Figure 3.2: Illustration of the growth modes: (a) layer-by-layer growth, (b) island
growth, (c) intermediate mode

the first deposited layer will tend to wet the substrate surface to reduce the total
energy. This results in the layer-by-layer growth mode (Franck van der Merwe
mode). When the substrate surface has been covered, the energy balance for
additional layers might change, since the already deposited layer will now act
as the substrate for the new arriving atoms. Therefore, this mode is typically
observed up to a certain limit in thickness.

If the energy balance at the substrate interface is pointing to the other direc-
tion, meaning that

γsubstrate ≤ γoverlayer + γinter f ace (3.2)

the deposited atoms will tend to dewet the substrate surface and organize in
three-dimensional island structures, leaving the low-energy substrate exposed.
This is called Volmer-Weber growth mode. Magnetic materials exhibit rela-
tively high surface energy owing to their partially filled d shell. Therefore,
inert substrates such as noble metals and oxides with very low surface en-
ergies will promote an island growth in the deposited overlayer (Table 3.1).
However, if a multilayer is depositied, the situation is reversed during the de-
position of the inert layer on top of the metallic layer. The direction of energy
minimization is reversed, so the inert layer will readily wet the metal layer.

Furthermore, the islands can keep growing by incorporating atoms
that arrive nearby and eventually coalesce into a smooth layer. This has
been observed in the case of Ni81Fe19/Al2O3 multilayers [103, 104] and
Co68Fe24Zr8/Al2O3 multilayers [105]. In the first case, the continuity of
the metal layers is disrupted for thickness less or equal to 8 Å because the
layers break down in small clusters. In the second case, the same behavior
was observed for amorphous layers of a ternary composition when deposited
on top of an oxide. In both cases, when the thickness of the metal layer is
increased above 30Å approximately, the space between the islands is filled
and smooth layers are produced.

An intermediate mode is also possible, where the first few atomic layers
grow as a continuous layer and subsequently, a roughening transition takes
place which results in the formation of island-like structures. This is called
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Table 3.1: The surface energies of commonly found materials. These are indicative
values, since surface energies are particularly hard to measure. From [106–108].

Material Surface Energy (J/m2)

Magnetic Metals Fe: 2.9 Co: 2.7
Transition Metals Zr: 1.56 V: 2.9

Simple Metals Al: 1.1 Cu: 1.9
Noble Metals Au: 1.6

Semiconductor Si: 1.2
Insulators SiO2: 0.61 Al2O3: 1.4

Stranski-Krastanov growth. This is often the result of structural strain that is
developed during the growth and since islands are able to relax laterally, their
formation is favored.

The orientation and cleanliness of the substrate surface will also influence
the arrangement of the deposited atoms. The surface can be contaminated by
the atmosphere, usually with water layers adsorbed on top. These are removed
by heating the substrates in the deposition chamber at high temperatures (de-
gassing). If a crystalline layer is to be deposited, annealing of the substrate
crystal is used for improving the surface crystalline quality and smoothness.

Chemical reactions with the substrate material are also possible. For exam-
ple, Si used as a substrate will react with most magnetic materials to form
silicides, even if the temperature and kinetic energy of the deposited atoms
are kept low. However, the use of Si substrates is rather extensive, due to their
low cost and easy cleave directions. All samples investigated in this thesis
have been deposited on Si substrates, often with a native SiO2 top layer. The
unwanted reactions with the deposited overlayers can be prevented by using
appropriate buffer layers.

3.2 Structural and Composition Characterization
Both reciprocal and real space techniques have been applied for studying the
layering and amorphous quality of the samples. Most prominently, X-ray scat-
tering was used, and the findings were often complemented with transmis-
sion electron microscopy analysis. Essential to the study and development of
metallic alloys is knowledge of their composition which can have a decisive
effect on their properties, as in the case of amorphous Fe-rich FeZr alloys that
show largely different magnetic behavior for small changes in composition.
To determine the alloy stoichiometry, backscattering spectrometry was used.
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3.2.1 X-ray Scattering
X-ray scattering techniques are one of the most widely used characterization
tools in materials science. For the study of thin films, X-ray scattering can be
used to address all significant length scales, from the atomic structure to the
thickness of thin films and multilayers and methods such as diffraction and
reflectivity are routinely employed.

Very common is the use of a Cu X-ray tube that emits Cu Ka radiation with
a wavelength of 1.542 Å, which corresponds to a photon energy of about 8.05
keV. X-rays are scattered by the electron cloud of the atoms, and the scattered
waves undergo interference effects that give rise to a diffraction pattern which
is characteristic of the phases that are present in the material.

X-ray scattering measurements are performed using a diffractometer that
typically features a number of combinations of optical components, as well as
a sample stage with extended degrees of freedom, so the intensity of the beam,
resolution and orientation of the sample can be adjusted. The uses of X-ray
scattering techniques are many and include the identification of the presence
and composition of phases, measurements of strain, crystal orientation and de-
fects in materials, and the determination of the thickness of layers and quality
of interfaces.

X-ray diffraction and reflectivity techniques are well-established and there
exist extended reference databases as well as a variety of software applications
that facilitate the results analysis.

X-ray Diffraction
X-ray diffraction yields information about the phases that are present in the
sample, the existence of a preferred orientation for the crystal structure, also
known as texture, and the overall coherence of the atomic arrangement.

In a specular reflection geometry, illustrated in Fig. 3.3, X-rays with a char-
acteristic wavelength λ are incident on a sample at an angle ω with respect to
the sample surface, and are diffracted at angle 2θ with respect to the direction
of the incident beam, so that ω = 2θ/2.

The interaction between X-rays and electrons is generally considered elas-
tic, which means that the energy of the the X-rays is conserved, and the mo-
mentum transfer can be expressed as:

h̄~Q = h̄~k f − h̄~ki (3.3)

where~ki and~k f are the respective wavevectors of the incident and diffracted
beam and ~Q is the momentum transfer vector, also known as the scattering
vector. The lengths of the wavevectors~ki and~k f are:

|~ki|= |~k f |= 2π

λ
(3.4)
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Figure 3.3: Schematic drawing of the specular reflection of an X-ray beam from a
sample where the (hkl) set of planes is oriented parallel to the sample surface. The
interplanar distance of the (hkl) planes is dhkl . The incident (ω) and diffraction (2θ )
angles of the photons satisfy the relation ω = 2θ/2. The momentum transfer vector
is constructed as ~Q =~k f −~ki and lies along the Z axis, normal to the sample surface.

From the geometrical construction in Fig. 3.3, the length of the scattering
vector can be given as [13]:

|~Q|= Qz =
4π

λ
sinθ (3.5)

Constructive interference between the diffracted beams will ensue from the
fulfillment of Bragg’s law:

nλ = 2 dhkl sinθ (3.6)

where dhkl is the separation of the crystallographic planes with Miller indices
h,k and l, and n is the order of the reflection. In the Bragg condition, where
all parallel (hkl) planes coherently scatter the incident X-ray beam, a peak is
recorded in the diffraction spectrum.

For a crystal with cubic symmetry and lattice constant a, the distance dhkl
can be expressed as:

dhkl =
a√

h2 + k2 + l2
(3.7)

By combining the expressions for Bragg’s law (Eq. 3.6) and the length of
the scattering vector (Eq. 3.5), it is found that, when Bragg’s law is fulfilled,
the latter takes on a value: |~Q| = Qz = 2π/dhkl . The length of the scattering
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vector is therefore given in values of inverse length (e.g. Å−1), which indicates
that momentum transfer occurs in inverse space.

This concept of reciprocal space, also known as k-space, is central to the
understanding and interpretation of diffraction data. The reciprocal space is
constructed as the Fourier transform of the spatial atomic correlations of a
periodic real-space lattice. A reciprocal lattice is also a periodic set of points
in this space and each point corresponds to a set of (hkl) planes in real space.
The points in reciprocal space can be described with the help of the reciprocal
lattice vector ~Ghkl . This vector emerges from the origin of reciprocal space,
defined as the tip of the incident wave vector~ki, and extends to the point with
coordinates (hkl). The reciprocal lattice vector has the following properties:

• The vector ~Ghkl in reciprocal space is perpendicular to the set of planes
with Miller indices (hkl) in real space.
• The length of the vector ~Ghkl is reciprocal to the interplanar distance dhkl

of the set of (hkl) planes:

|~Ghkl|= 2π

dhkl
(3.8)

These relations show that the reciprocal lattice completely describes the
real-space lattice, in the sense that the interplanar distance and orientation of
any (hkl) set of planes is represented in reciprocal space [109].

The equivalent reciprocal space representation of the X-ray diffraction ex-
periment of Fig. 3.3 is illustrated in Fig. 3.4. The scan direction is the specular
direction (ω = 2θ/2) and for the point with coordinates (hkl) the scattering
vector equals the reciprocal lattice vector: ~Q =~Ghkl . This is known as the Laue
condition for constructive interference and it is the reciprocal space equivalent
to the Bragg condition. The figure also shows that off-specular reflections are
also accessible by selecting a suitable combination of ω and 2θ .

In Fig. 3.4, the shaded areas designate a part of the reciprocal space that
is not accessible because the sample is not transparent and is shadowing the
X-ray beam. If these regions in reciprocal space need to be accessed, radiation
with longer wavelength can be used. A shorter wavelength can be selected to
expand the outer limit of the accessible part of the reciprocal space.

Another scan type is also indicated in Fig. 3.4, by the arrows that point
sideways from the reciprocal lattice point with coordinates (hkl). A scan in
this direction is called an ω scan (also rocking curve or transverse scan).
It is performed by varying the ω angle while the 2θ angle is kept fixed on
the position of a Bragg peak. In this case, the scattering vector will trace an
arc in reciprocal space, over the peak position. This type of scan is primarily
used in diffraction studies of crystals, where a narrow peak profile indicates
high crystalline quality. This scan type and how it relates to reciprocal space
are mentioned here because its use is also common in reflectivity studies of
layered materials, discussed in the next section.
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Figure 3.4: Representation of the reciprocal space in X-ray diffraction measurements.
The outer limit corresponds to ω = 90◦ and 2θ = 180◦ and the grey areas are a part
of the reciprocal space that is inaccessible due to the opaqueness of the sample. An
arbitrary reciprocal lattice vector ~G is drawn as an example. The scattering vector
~Q is fulfilling the Laue condition. The arched line at low-Q values near the origin of
reciprocal space arbitrarily marks a scattering vector length, for which the X-rays start
being reflected by the sample, rather than diffracted.

Scattering from a solid
A perfect crystal has been assumed so far, to introduce the Bragg and Laue
conditions. In a general case where a material is investigated in an X-ray
diffraction experiment, the recorded intensity will depend on the arrangement
and density of the atoms and the electronic structure of the material. A concep-
tual, semi-quantitative description will be given here, for a thorough treatment
see [6, 110].

The scattering of X-rays from a single atom will be considered first. The
primary intensity of the incident X-ray radiation is I0 = |A0|2, where A0 is the
radiation amplitude. After being scattered by the electron cloud of an atom,
the scattered intensity I can be given as:

I ∝ σ I0 = b2 I0 (3.9)

where σ is the cross section of the material, which represents the probability
of scattering and is equal to the square of the scattering length of the atom,
symbolized here as b. If a material that consists of a single element is consid-
ered, the scattering length is equal to: b = Zr0, or the atomic number of the
element times the scattering length of an electron, also known as Thomson
scattering length, which is the classical electron radius (r0≈ 2.818×10−15m).
This shows that heavy (high-Z) elements are more efficient scatterers for X-
rays. The amplitude of the scattered wave A can be roughly approximated as:
A ∝ bA0. Lastly, considering that the scattering vector ~Q is varied during the
experiment, the spatial distribution of the electron charge of the atom (the cor-

53



relations between the electrons of an atom) needs also to be taken into account
as a Fourier transform from real space to reciprocal space, thus the amplitude
of the scatterd radiation from a single atom is given as A(~Q).

The diffracted X-ray intensity from a solid that consists of many atoms of a
single element can be expressed as:

I(~Q) ∝ N S(~Q)(A(~Q))2 (3.10)

where N is the number density of atoms in the illuminated volume, S(~Q) is the
structure factor and (A(~Q))2 represents the scattered intensity from a single
atom of the material.

The structure factor S(~Q) is a Fourier transform of the atomic arrangement
(the correlations between the atomic positions) inside the solid. It accounts
for the spatial distribution of the atoms that defines the interference of waves
that are scattered from different atom sites inside the crystal structure. The
importance of the structure factor in determining how the material scatters the
incident radiation is highlighted by comparing the structure factors for crystals
with cubic symmetry, which is the most common crystal structure for metals.

In the case of a bcc lattice, the structure factor will allow reflections from
the (hkl) set of planes when the sum of the Miller indices is an even number,
h+k+ l = 2n. If this condition is obeyed, the scattering can be detected at the
position predicted by Bragg’s law. In all other cases, destructive interference
between the waves scattered from different atom sites results in a zero value
for the structure factor. The two strongest diffraction peaks from a bcc crystal
originate from the (110) and (200) planes.

In the case of an fcc lattice, the allowed reflections originate from the (hkl)
set of planes for which all indices are odd or even. Therefore the two strongest
reflections from an fcc crystal originate from the (111) and (200) planes. In
contrast to the more densely packed structures, reflection from all atomic
planes is allowed for a simple cubic lattice.

From this comparison between the various cubic lattices it becomes appar-
ent that the Bragg condition is a necessary but not a sufficient condition for
X-ray reflections to arise, as some might be forbidden by the structure factor.

It is common, especially in the fabrication of amorphous materials, that
several elements are present in the structure. The scattered intensity from a
compound that consists of n elements can be described as:

I(~Q) ∝ N
n

∑
i j

Si j(~Q)Ai(~Q)A j(~Q) (3.11)

where the summation is over every possible spatial pair-wise correlation be-
tween the atoms of the different elements, each giving rise to a diffracted wave
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with amplitude Ai(~Q). For the case of a binary component AB, the above re-
lation becomes:

I(~Q) ∝ N
[
SAA(~Q)(AA(~Q))2 +SBB(~Q)(AB(~Q))2 (3.12)

+ SAB(~Q)AA(~Q)AB(~Q)
]

where the summation has been split up to include the different combinations
of A and B. The first two terms correspond to the contributed intensity from the
interference of radiation scattered from atom sites of element A and element
B, respectively. The last term describes the interference between waves that
are scattered from atoms belonging to A and B. The structure factors SAA(~Q),
SBB(~Q) and SAB(~Q) are the Fourier transforms of the spatial pair distribution
function2 for A−A, B−B and A−B, respectively.

In summary, the basic operating principle of X-ray scattering is based in
the detection of the interference pattern for the scattered radiation, which pro-
vides information on the spatial Fourier transforms of electron and atom cor-
relations. The former refers to the density distribution of the electron charge
in an atom and the latter to the distribution of the atom sites inside a material.

A θ −2θ diffractometer
This type of diffractometer features the Bragg-Brentano geometry, also known
as focusing circle geometry, and is the most frequently used X-ray diffraction
instrument for performing specular θ − 2θ scans [13]. As discussed in the
previous section, in this type of scans the diffraction condition is fulfilled for
the sets of atomic planes in the crystal structure that are parallel to the sample
surface.

In a schematic illustration of this geometry, found in Fig. 3.5, the X-ray
beam is generated by the X-ray tube and its divergence is set by a collimating
slit. The beam is incident on the sample at an angle θ and the detector angle is
2θ . The diffracted beam passes through the receiving slits, then bounces off a
monochromator (not shown in the illustration) to single out the characteristic
wavelength and is finally counted by the detector.

The geometry gets its name from the focusing circle that is defined by the
X-ray source, the sample and the receiving slits that all lie on a circle. The
sample then needs to be positioned tangentially to the circle. This indicates
that in this geometry, true focusing can not be obtained, since the sample can
not be bent to the radius of the focusing circle. This further implies that the
measurement will be very sensitive to the adjustment of the sample height and
will be affected if it is tilted and also if it has a uneven surface. The position
of the X-ray source is moved along the circle or alternatively, the sample is

2The pair distribution function describes the probability with which other atoms are found at
distance r from a central atom.
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Figure 3.5: A schematic illustration of the Bragg Brentano geometry. X-rays are emit-
ted from the X-ray tube (a) and the angular divergence of the beam is defined by the
collimating slit (b). The radiation is incident on the sample surface at an angle θ . The
divergence of the diffracted beam is set by the receiving slit (c) before it hits the de-
tector (d), that is located at an angle 2θ with respect to the incident beam. The scan
direction is along the specular reflection. The size of the sample is exaggerated for
illustrative purposes.

rotated, while the position of the detector changes at twice the angle, so that
the scattering vector ~Q is normal to the sample surface. Because the X-ray
tube produces a divergent beam, the Bragg condition, as indicated in Fig. 3.5,
is strictly valid only for the central beam, with respect to the detector position.

An unconditional prerequisite for the use of X-ray scattering for study-
ing the structure of a thin film is that diffraction peaks occur. In the Bragg
Brentano scattering geometry there exists the restriction that the diffracting set
of planes must be oriented in parallel with respect to the substrate. In polycrys-
talline films, the orientation of the crystal grains and the distribution of their
sizes can be random. In nanocrystalline and amorphous films, the structural
order is further suppressed, down to a few interatomic distances. Characteriz-
ing these materials using a θ −2θ scan, only those grains whose orientations
satisfy the above restriction contribute to the diffracted intensity. This might
represent a small fraction of the total sample volume, yielding low diffracted
intensity. The illumination profile of the beam on the sample also changes as
the incident angle is varied and only a small area is illuminated coherently at
high incident angles. The diffraction pattern of materials with random orien-
tations can often be dominated by substrate peaks.
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Figure 3.6: Grazing-Incidence X-ray diffraction using a parallel beam setup. X-rays
emitted from an X-ray tube (a) are reflected and collimated by a parabolic mirror (b).
The incident beam illuminates the sample at a fixed small angle α < 3◦, with respect
to the sample surface. The reflected beam passes through a parallel beam collimator
(c) and reaches the detector (d), which is moved to scan a selected 2θ range. The
film volume that is probed by the beam is highlighted. The size of the sample is
exaggerated for illustrative purposes.

X-ray Diffraction at Grazing-Incidence
A suitable measurement geometry for the study of materials with small grain
size and random orientation would succeed in illuminating as large sample
volume as possible and also in increasing the sensitivity of scattering from
the film while suppressing the scattering from the substrate. These necessities
can be met by the use of Grazing Incidence X-ray diffraction, performed in a
parallel beam diffractometer, outlined in Fig. 3.6.

The emitted X-rays are first reflected by a mirror, known as a Göbel mir-
ror. This optical component is a parabolically bent multilayer made from two
elements with large difference in electron density and has a small absorption
coefficient for X-rays. Examples are W/Si or Ni/C multilayers. The diver-
gent incident beam strikes the mirror at different locations and angles and is
diffracted as an intense, parallel, and monochromatized beam. The angle of
incidence is fixed below 3◦, so that a large part of the sample is illuminated
and the path length of the beam through the film is increased. On the detector
side, a Soller slit is used, to obtain well-defined scattering geometry.

During the measurement, only the detector is moved in 2θ and therefore,
the scattering vector ~Q is not parallel to the surface normal. This makes asym-
metric Bragg X-ray diffraction possible for crystal grains with arbitrary orien-
tations inside the film [111, 112]. Furthermore, diffraction from a crystalline
substrate is greatly reduced, since the substrate has a fixed orientation with
respect to the changing scattering vector. As a result, the signal-to-noise ratio
for diffraction from the film is dramatically increased.
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Figure 3.7: Grazing Incidence X-ray diffraction curve for a 300 Å Fe90Zr10 layer
deposited on top of a 100 Å thick Al75Zr25 buffer layer. The x-axis scale is given as
the detector angle 2theta and also as the length of the scattering vector Qz. The inset
shows the background-subtracted results and the positions of the strongest diffraction
peaks from crystalline Fe and Al.

An example of a GIXRD measurement of an amorphous thin film is given in
Fig. 3.7. The sample belongs to the sample series studied in Paper IV. It con-
sists of a 100 Å thick Al75Zr25 buffer layer, on top of which a 300 Å Fe90Zr10
layer is deposited and capped with a thin Al75Zr25 layer. The wavelength of
the incident radiation is 1.542 Å (Cu Ka) and the incident angle is 1.2◦, with
respect to the film surface.

The intensity shows a steep increase with decreasing detector angle, which
originates from scattering from the top SiO2 layer of the substrate. The result
shown in the inset is obtained by subtracting the substrate intensity from the
measurement. There are two contributions to the diffraction curve, from the
Al-rich layer and the Fe-rich layer, which respectively yield a broad peak in
the vicinity of the strongest diffraction line for fcc Al (38.5◦) and for bcc
Fe (44.7◦). There is no perceivable separation between the two contributions,
because the combined scattering from the layers gives rise to a curve that
peaks at about 44◦ in 2theta and is over 9◦ wide at the position of half the
maximum intensity (FWHM).

It is a common rule of thumb that the appearance of such broad diffraction
curves signifies an amorphous structure. The definition of the X-ray amor-
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phous state by Fewster [113] is given as a material whose bond lengths are the
only correlated lengths. This gives rise to broad diffraction features charac-
teristic of the distribution of bond lengths in the structure. Nevertheless, it is
not possible to absolutely conclude from a single X-ray diffraction measure-
ment, like the one presented here, that the deposited material is amorphous or
whether it possibly contains a partial crystalline fraction.

An X-ray diffraction experiment conveys information on the structural co-
herence of the film material in the direction of ~Q, averaged over the illumi-
nated sample volume. Peak broadening might originate either from fluctua-
tions in interatomic distances or be due to the effect of finite crystal size.
There exist therefore two possible points of view regarding the microstructure
of the material: either there are a large number of coherently scattering crystal-
lites with perfect correlations which have a small volume or, scattering occurs
from a larger volume in which there exist correlations that are less perfect. In
both cases, scattering from an amorphous sample or one with randomly ori-
ented crystallites will give rise to a spherically symmetric scattering pattern
so measurements with different orienations can not distinguish between them.

The characteristic diffraction pattern from an amorphous material displays
only short range order and no peaks that arise from large distance structural
coherence. The short range order defines the microstructure, which chiefly in-
fluences material properties, such as magnetism. However, it is not possible to
conclude upon the extent of the short range order that is present in the sample
structure by means of such X-ray diffraction measurements. The reason is that
the measurements are not a local probe, because the average correlations are
resolved and averaged over the illuminated sample volume.

X-ray Reflectometry
X-rays can be reflected and refracted when moving between media with dif-
ferent refractive indices. The layered structure will typically be parallel to
the surface of the sample, so the scattering geometry for reflectometry is the
same as for a specular diffraction measurements. The difference is that in re-
flectometry, the length of the scattering vector is smaller than for diffraction
measurements, thus making larger-scale structures accessible, such as layer
thicknesses from a few to a few hundred Ångström. Furthermore, the contrast
mechanism between elements is not the atomic-scale structure, but differences
in the refractive index, which arise from differences in electronic structure.

The refractive index of an elemental material for X-ray radiation of a given
wavelength λ is expressed as [114]:

η = 1−δ + iβ (3.13)

where δ (∼ 10−5) is the dispersion and β (∼ 10−6) the extinction coefficients.
The real part describes the scattering properties of the material and the imagi-
nary part its absorption properties.
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For transition metals, the values of δ are positive, so the refractive index
for X-rays is less than unity. Therefore, according to Snell’s law, there exists
an angle of incidence below which the X-rays are totally reflected from the
material’s surface. With the approximation that β = 0, the value of this critical
angle will be:

ac =
√

2δ (3.14)

and typical values of the critical angle for metal films are below 1◦ [114]. X-
rays that are incident at an angle larger than the critical angle penetrate the thin
film and interference effects, which carry information about the layer structure
of the sample, are observed in the reflected radiation. This is best explained
using an example, the reflectivity obtained from a CoZr/AlZr multilayer, il-
lustrated in Fig. 3.8.

From bottom to top, the sample consists of: a Si substrate, a 100 Å thick
buffer layer of Al75Zr25, 15 repetitions of the bilayer: [Co95Zr5 (16 Å) /
Al75Zr25 (25 Å)] and a 25 Å thick capping layer of Al75Zr25.

The reflected intensity is constant and equal to the incident intensity up to
the critical angle at about 0.67◦, or the corresponding critical scattering vector
Qc

z . Above this angle, the intensity drops approximately as Q−4
z considering a

perfectly smooth surface [115]. In reality, all surfaces and interfaces exhibit a
degree of structural roughness and the more pronounced this is, the faster the
drop of the reflected intensity with Qz.

Rapid oscillations are observed throughout the scan range. These are total
thickness fringes, also known as Kiessig fringes, and present the interference
pattern for X-rays reflected by the film surface and the interface with the sub-
strate. The difference in position, in units of scattering vector, between two
consecutive oscillations corresponds to: ∆Qz = 2π/Ttot , where Ttot symbol-
izes the total film thickness. This is an approximation because the position of
the fringes will also be influenced by the other kinds of interferences that the
incident beam undergoes in the sample. A useful and practical rule of thumb
can be mentioned here: When Cu Ka radiation is used, one total thickness
oscillation per degree in 2 theta corresponds to a thickness of about 88 Å.

The other prominent features in the reflectivity curve are two distinct peaks
with much higher intensity than the fringes, as well as larger angular separa-
tion. These peaks emerge due to interference between X-rays reflected from
the bilayer, which is repeated 15 times in the sample structure. These are there-
fore referred to as bilayer peaks. The angular positions of the bilayer peaks are
related to the bilayer thickness Λ and the critical angle [116, 117]:

sin2
θ =

(
λ

2Λ

)2

n2 +a2
c (3.15)
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Figure 3.8: X-ray reflectivity curve for a CoZr/AlZr multilayer. Details of the sample
structure are given in the discussion. The inset shows a magnification of the reflectiv-
ity around the first bilayer peak (marked as 1 B.P.).

where n is an integer indicating the order of the reflection. Accordingly, Λ

can be determined by a linear regression of sin2θ versus n2. This yields an
accurate value for Λ in the case where many orders of reflection are detected,
as for example is found for the samples in Papers I and IV. Regarding the
reflectivity from the CoZr/AlZr multilayer that is examined here, the most
accurate value is obtained by fitting the reflectivity.

The reflectivity from a thin film can be simulated with the use of software
that is principally based on the recursive Parratt formalism, which also takes
into account the absorption [118]. The simulation can also return a value for
the root-mean-square structural roughness of the layers σrms, which can not
be obtained by evaluating the results by hand.

The reflectivity curve in Fig. 3.8 was simulated using the GenX software
package [119]. It was found that the thickness of the CoZr layers is 16 Å and
that of the AlZr layers is 24 Å. The rms roughness value for the layers is
approximately 6 Å. The buffer layer is 89 Å thick and the capping layer
consists of 37 Å AlZr and a 26.5 Å thick oxide top layer.

Rocking curve scans can be used to evaluate the layering quality. The in-
terface structure of a sample deviates from the ideal case of perfectly smooth
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interfaces, therefore the reflected intensity will be reduced faster with increas-
ing Qz compared to the ideal case. The missing specular intensity is actually
re-distributed into the off-specular diffuse scattering region that can be ac-
cessed with low-angle rocking curve measurements [115]. By comparing the
amount of integrated intensity that corresponds to specular scattering, to the
diffuse scattering intensity, conclusions about the waviness of the layering can
be drawn. An example of such an analysis can be found in Paper IV.

3.2.2 Transmission Electron Microscopy
The transmission electron microscope (TEM) offers the possibility to obtain
high-resolution real-space images and also record the diffraction pattern from
a selected region of the sample, while the transition between these two modes
is almost instantaneous.

The use of an electron beam for achieving fine resolution can be illustrated
using the classic Rayleigh criterion for a visible light microscope, which states
that the resolution δ is:

δ =
0.61λ

µsinβ
(3.16)

where λ is the wavelength of the radiation, µ is the refractive index of the
viewing medium (e.g. the lens) and β is half the value of the angle that is
formed between the object and the edges (margins) of the objective lens [120].
The product µsinβ is usually referred to as the numerical aperture and its
value is close to unity, so the resolution primarily depends of the wavelength.

If visible light is used, e.g. green light with λ = 550 nm, the highest possible
resolution is about 300 nm, not enough for imaging the atomic scale that is
of interest in nanoscience. If an electron beam is used instead, λ is in the
picometer range and atomic resolution can be achieved. Practically, the limit
of the resolution is set by various lens aberrations that occur in the lens system.

One apparent limitation in the use of the TEM is the arduous sample prepa-
ration that is required since the specimen needs to be transparent for electrons,
and therefore must be thinner than 100 nm. The preparation process that is fol-
lowed typically involves dimple grinding of the sample down to a few micro-
menters and then ion milling down to electron transparency. Attention must be
payed to the possibility of introducing artifacts in the sample structure during
the preparation stage, since the energies associated with these processes are
high. The absence of preparation artifacts is typically asserted by contrasting
the TEM results to the findings of other structural characterization methods.

Inside the TEM, the specimen is typically illuminated by an electron beam
with energy between 200 and 300 keV and a system of electromagnetic lenses
is used to form highly magnified images. A converging objective lens is posi-
tioned after the sample, followed by an intermediate lens and a strong projec-
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of view, the samples can be regarded as well defined amor-

The chemical compositions of the layers were deter-
mined by RBS, as described above and illustrated in Fig. 4.
The yield from cobalt and iron overlaps significantly due to
their similar atomic mass, which makes the determination of
the Fe/Co ratio less accurate. However, the total integrated
yield can only be successfully reproduced in a narrow con-
centration range of the elements. The cobalt and iron content

24!3"%, respec-
tively. The zirconium content in the CoFeZr layer is deter-

. A small concentration of hafnium
is also detected. Hafnium is a common im-

purity in zirconium. The purity of the target material was

The magnetic anisotropy of the prepared films was stud-
ied using longitudinal MOKE magnetometry with an in-
plane magnetic field as a function of the Kerr rotation. The
hysteresis loops of the CoFeZr single layer were measured at

is defined here as the
angle between the direction of the field applied in the MOKE
measurement and the edge of the sample, which was close to
parallel to the growth field. The results for "=0° and "

=0° shows a square
shape with single and abrupt magnetization switching at ap-

1 mT; whereas, in the case corresponding
=90°, the magnetization is saturated at approximately

8.3 mT. This clearly shows that the MOKE loops cor-

responding to "=0° and "=90° behave as easy and hard
axes, respectively. Magnetic measurements at "=180° and
270° indicated the same behavior as those at "=0° and 90°,
respectively. Full azimuthal MOKE scans were performed on

FIG. 2. XRR with simulated reflectivity curves of the samples single
CoFeZr and double CoFeZr. Graphs are offset for clarity.

TABLE I. Thicknesses of the CoFeZr and AlZr layers as determined from
the simulations of the XRR measurements. The AlZr and CoFeZr thick-
nesses refer to the weighted average of all the AlZr and CoFeZr layers in

AlZr
!Å"

0.3 30.4!0.5
0.5 27.6!1.5

FIG. 3. High-resolution phase contrast micrograph of the samples single
CoFeZr !upper" and double CoFeZr !lower" in cross-sectional view. The
crystalline Si substrate is seen at the bottom of each image. The inset shows
the corresponding Fourier transform of the region indicated by the white
box. The CoFeZr and AlZr layers show an amorphous structure and well
defined layers. Some crystalline grains can be seen within the aluminum
capping layer at the top.

FIG. 4. RBS spectrum of a 20 nm FeCoZr film, together with the simulation
for compositions of !68!3"% Co, !24!3"% Fe, and !7.6!0.2"% Zr. The
yield at 1.45–1.55 MeV !channels 700–760" corresponds to FeCo and the
yield at 1.64–1.70 MeV !channels 790–830" corresponds to Zr. A small
concentration of Hf is also detected at higher energies. The feature at low
energies corresponds to the silicon substrate.

Figure 3.9: A high-resolution cross section TEM micrograph of a sample with two
Co68Fe24Zr8 layers (dark contrast) separated by Al70Zr30 layers (light contrast). The
crystalline Si substrate is at the bottom and the Al capping layer at the top of the
micrograph. The inset shows the Fourier transform of the region indicated by the
white box, obtained by SAED. Diffuse intensity signifies an amorphous structure.

tor lens that produces the final image on a viewing screen. Part of the electron
beam is transmitted through the sample. Beams that undergo Bragg scattering
with the same angle cross each other at the back focal plane of the objective
lens, where a diffraction pattern is formed. In the image plane of the lens, the
different beams are combined to form an intermediate image. Thus, diffrac-
tion pattern and image are formed simultaneously. Adjusting the focal length
of the intermediate lens switches the operation mode between imaging and
diffraction. Furthermore, The possibility exists to measure diffraction from
a selected area of the sample (SAED), by using an apperture located in the
image plane of the objective lens.

The objective aperture can be used to select from which beam the final
image is constructed. Allowing only the direct beam to pass, a bright field
(BF) image is formed, where the contrast formation is due to the absorption of
electrons in the sample. Thicker regions of the sample or regions with high-Z
elements will appear darker and these two mechanisms occur simultaneously.
If the direct beam is blocked and one or more diffracted beams are allowed to
pass from the aperture, a dark field image is formed, where regions that do not
scatter in the selected reflections appear dark. By removing the aperture, the
diffracted beams interfere with the direct beam and produce a high resolution
image (HRTEM) that allows the atomic structure to be directly investigated.

An example of the use of TEM for thin film characterization can be seen in
Fig. 3.9, where the layering quality of the sample is investigated in real space
and the Fourier transform of the selected area reveals a pattern characteris-
tic of an amorphous structure. More information about these samples and the
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analysis can be found in Paper VI. Another example is the extensive use of
TEM in Paper I, where HRTEM images revealed that small crystalline impu-
rities had been formed within amorphous Fe91Zr9 layers, in the proximity of
the interfaces with oxide layers. SAED was also used in that case to determine
the lattice spacing of the crystallites. All TEM studies reported in this thesis
were performed by the Leifer group in Uppsala University.

3.2.3 Rutherford Backscattering Spectrometry
Rutherford Backscattering Spectrometry (RBS) is the method of choice for
the characterization of the composition of thin films. The sample is positioned
as the target for a beam of high-energy particles that bombard the sample
and scatter at large angles (backscatter), both at the sample surface and at a
depth. The energy of the detected particles carries information about the mass
of the target atoms and their depth distribution. The number of backscattered
particles from a given element is related to its concentration in the target.
Therefore, the depth profile of the sample composition can be quantified. A
concise description of the principles and processes that govern backscattering
spectrometry is given here.

The Kinematic Factor
The sample is bombarded with a beam of high-energy particles, typically
single-charged helium particles, 4He+, at 2 MeV. A fraction of these particles
will undergo a collision with the atomic nuclei in the first few micrometers un-
der the sample surface. At these energies, nuclear reactions do not occur with
4He and the particles will be scattered from the target nuclei due to Coulomb
forces, so the collisions are regarded as elastic. A schematic representation of
an elastic collision can be found in Fig.3.10. A projectile with mass m and
energy E0 impacts a target nucleus with mass M (M > m), transfers part of its
momentum and is backscattered with energy E f and at an angle θ , with re-
spect to its initial trajectory. The energy of the backscattered particle detected
at a given angle depends on the amount of energy that it lost due to the transfer
of momentum to the target atom and the energy loss of the particle because of
moving through a dense medium, both before and after scattering.

Examining the case of a projectile that is backscattered at the sample sur-
face, the only energy loss that it is subjected to is due to the collision with a
target atom. The ratio of the incident energy of the projectile to the energy af-
ter scattering on an atom with mass M, is known as the kinematic factor KM.
An elastic collision is characterized by the conservation of energy and mo-
mentum parallel and perpendicular to the direction of incidence. From this,
the following expression for KM is obtained [121]:
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Figure 3.10: Schematic illustration of an elastic collision. A projectile particle with
mass m and energy E0 collides on a target atom with mass M (M > m) and is backscat-
tered with energy E f at an angle θ with respect to the forward direction.

KM =
E f

E0
=

{
(1−R2 sin2θ)1/2 +R cosθ

1+R

}2

(3.17)

where R = m/M. For the specific case where backscattering occurs at θ =
180◦, the expression is simplified to:

KM =
E f

E0
=
(

M−m
M +m

)2

(3.18)

This expression shows that particles with mass m impinging on elements
with large atomic mass M retain a large fraction of their initial energy after
being backscattered. A measurement configuration where the backscattered
particles are detected at an angle θ = 180◦ yields the largest differences for
K when the target mass M is changed. Since the primary energy of the beam
E0 and the projectile mass m are known, equations 3.17 and 3.18 contain the
essence of how RBS acquires the ability to sense the mass of a target atom
and thereby differentiate between the elements.

Energy Loss and Stopping Power
The projectile particles can also penetrate the surface of the sample and be
backscattered at a depth. For 4He particles with 2 MeV energy the typical anal-
ysis range is 0-2 micrometers, depending on the type of target elements. The
penetration of the projectiles is governed by energy loss mechanisms due to
encounters with the electon cloud (electronic stopping). A contribution from
nuclear stopping becomes significant only at low energies.

The amount of energy lost per distance or alternatively, the energy loss per
unit length dE/dx depends on the identity of the projectile, the density and
composition of the target and on the projectile velocity. Typical dE/dx values
for 2 MeV 4He particles are between 10 and 100 eV/Å [122]. The energy
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reduction of the detected particles due to the energy loss mechanisms that
operate as the projectile particles traverse the sample on their way in and out,
is what enables the determination of the depth profile of the target composition
with RBS.

From the way the energy loss dE/dx has been defined, it might appear that
the amount of energy ∆E that is lost depends on the depth ∆x that the particle
traverses. Actually, the opposite statement is correct: ∆x is a function of ∆E,
or the depth that the particle traverses depends on the strength of the stopping.
This arises from the fact that the energy loss process is an atomic property and
is therefore independent of the packing density of the atoms. The amount of
energy loss that the incident beam undergoes depends only on the amount of
material that it traverses regardless of the physical thickness.

For example, the same amount of energy loss ∆E in two targets of the same
element but with largely different densities will result in two different values
for ∆x. With RBS, the measured quantity is ∆E and in order to specify the
corresponding ∆x, the atomic density of the material needs to be known. At the
same time, the product N∆x, where N is the atomic density, will be constant
and equal for both targets.

The specific energy loss for an element, also known as the stopping cross
section or the stopping power, is defined as [122]:

ε = (
1
N

)(
dE
dx

) (3.19)

where N is the atomic density. The units are eV cm2.
Knowledge of the stopping cross section is essential for the quantification

of the RBS spectra. The dependence of ε on the projectile particle energy and
the type of target element, in the energy range of interest for backscattering
spectrometry, is complicated. Numerical predictions from theory are inaccu-
rate, due to the large number of interactions that take place. The most reliable
values are obtained from experiments.

In an RBS measurement, the amount of energy loss ∆E that corresponds
to scattering at a certain distance ∆x from the sample surface, is quantified.
Consequently, by analyzing the spectrum based on the principal relation of
Eq.3.19 and since ε is known, N∆x can be calculated. The units of N∆x are
atoms/cm2, usually given as 1015/cm2. This represents the number of atoms
over the cross section area that the beam traverses or, in other words, the area
density. To find its correspondence in length units, it needs to be divided by
the atomic density.

It becomes apparent that depth has a specific meaning in backscattering
spectrometry which is not one of distance but rather refers to atoms per unit
area. Whenever depth is expressed in units of length for an RBS measurement,
knowledge of the density of the target material is implied. Otherwise the word
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Figure 3.11: Illustration of the characteristic features in a backscattering spectrum. A
beam with primary energy E0 is incident normal to the target surface. Backscattering
at the target surface and at a depth t results in different energies for the detected
particles, giving rise to a width in the spectrum. The yield of the spectrum for a given
energy corresponds to the number of detected particles with that energy.

“depth” indicates the number of atoms per unit area N∆x over the distance ∆x
that the beam traverses.

The usefulness of the stopping power is also found in that it enables the
comparison of the stopping between elements that have adjacent positions on
the periodic table, therefore similar Z, but show large differences in the energy
loss per unit length dE/dx due to different atomic densities.

The energy losses occur through several individual encounters. The process
is therefore subject to statistical fluctuations which will affect the energy of
the projectile at a given depth in the sample. This is known as straggling and
together with the detector resolution sets a fundamental limit to the depth
resolution of the experiment.

A Gedanken Experiment
The two basic concepts that have been discussed thus far, kinematic factor
and stopping power, will give rise to distinct energy positions in the RBS
spectrum of an element. These can be identified with the help of Fig.3.11,
where a hypothetical experiment is illustrated. A beam of particles with energy
E0 is incident normal to the surface of the target material with mass M and
uniform atomic density. The particles that are backscattered close to the target
surface will not be subject to electron energy loss and their energy will be
defined as E0KM, that depends only on the kinematic factor. On the right hand
side, where the resulting theoretical RBS spectrum is shown, these particles
will produce the high-energy side of the spectrum, as indicated.

The particles that traverse deeper in the material are subject to energy loss
on their way in until the moment they are backscattered. Right before the
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collision, their energy will correspond to E0−EL,in and right after, it will be
(E0−EL,in)KM. On their way out, the backscattered particles will experience
further energy loss EL,out so at the time of their detection their energy will
amount to: (E0−EL,in)KM−EL,out . Since the stopping power depends on the
energy of the particle, the amount of energy that is lost on the way in and
the way out is not equal: EL,in 6= EL,out . The energy of the detected particles
that are backscattered at the deepest point in the target that is probed, will
produce the low-energy side of the spectrum. The energy width ∆E is related
to the amount of material that the particles traverse before and after being
backscattered at depth t.

One question remains unanswered: what determines the yield (number of
detected particles) of the spectrum in Fig.3.11. For a given number of incident
projectile particles, the determining factor would be connected to the likeli-
hood of a collision between the projectile particles and the target nuclei as the
first traverse the target.

The Scattering Cross Section
The probability that an incident particle will be backscattered at an angle θ

from the direction of incidence and into a solid angle Ω, is the definition of
the differential scattering cross section, which for m�M and R = m/M can
be expressed as a power series [122]:

dσ

dΩ
'
(

ZmZMe2

4E

)2[
sin−4 θ

2
−2R2 + · · ·

]
(3.20)

An equivalent definition for the cross section would be the ratio of the num-
ber of backscattered particles from a target at an angle θ and into a solid angle
Ω, to the number of incident particles. It is therefore a measure of the element
sensitivity. The differential cross section is given in units of area, as millibarn
per ster-radian (mb/sr), where 1 barn = 10−28 m2. As a conceptual description,
each nucleus can be thought of as presenting a small area dσ to the incident
beam of particles.

Eq.3.20 shows the dependence of the cross section on Zm, ZM and E (θ
is fixed as the detector position). The cross section is proportional to Z2

m, so
heavier projectile particles will produce more yield. It is also proportional to
Z2

M. This means that for a given projectile, heavy atoms scatter more efficiently
than light ones, therefore the sensitivity to heavy elements is higher. In other
words, the bigger the scattering center (size of the target nucleus), the more
probable scattering events are. The inverse proportionality to E2 shows that the
cross section rises rapidly as the energy of the projectile particles is decreased.

Returning to Fig.3.11, the total yield Ytot of the spectrum can now be ad-
dressed. Ytot , recorded for the target element with mass M (shaded area in the
spectrum in Fig. 3.11) corresponds to the total number of detected backscat-
tered particles from the whole probed thickness of the target and can be ob-
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tained by integrating the spectrum over the energy. For a fixed scattering ge-
ometry (θ ,Ω and angle of incidence) and type of projectile particle, Ytot will
be proportional to the cross section dσ(E)/dΩ, the area density of the target
and the total number of incident particles, also known as the dose. Due to the
inverse dependence of the cross section with the square of the energy, the yield
is slightly increasing towards the low energy side of the spectrum.

Example of an RBS Spectrum
The example given here is of an AlZr alloy film, similar to those discussed in
Paper VII. The sample consists of an AlZr alloy layer on top of a Si substrate
which features a SiO2 top layer. The incident beam is 4He+ particles with 2
MeV energy and the scattering angle θ is equal to 160◦. The spectrum in Fig.
3.12 has been simulated using the computer software SIMNRA [123, 124].

Figure 3.12: RBS spectum of an AlZr alloy deposited on a Si substrate with a SiO2 top
layer. The bottom x-axis is the number of channels, as received in the measurement
file and the top x-axis is the energy scale that can be calculated from the energy
calibration of the detector. For the elements whose spectra overlap, the simulated
element-specific spectra have been plotted.

The first observation is the two different scales: Channel number and En-
ergy. The detected signal in the form of counts (number of events or detector
pulses) is digitized by the electronics which return a spectrum of yield vs.
channel number. This is then converted to yield vs. energy by calibrating the
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detector (assigning a number of keV per channel) using calibration samples.
The relation between energy and channel number is assumed to be linear.

The heaviest element of the film that is detected, 72Hf, appears first from
the high-energy side and towards lower energies, 40Zr and 13Al follow. In the
low-energy side, 14Si and 8O are detected. This corresponds to the substrate
signal. The spectrum for 14Si that begins at channel 520 shows a step at about
channel 300, which is the transition from probing the 14Si atoms in the SiO2
layer, to the ones in the pure Si substrate. At particularly low energies, the
yield increases rapidly as the beam penetrates deeper in the substrate and its
energy is reduced. Because 8O is a light scatterer and is also not concentrated
at the surface but under the AlZr film, the counts that are produced by 8O in
the SiO2 layer are superimposed on the yield of Si.

The yields for 13Al and 14Si overlap, since their atomic number differs only
by 1. However, this would not be the case if the AlZr film had been thinner. In
their region of overlap, the counts for 13Al and 14Si will be added and this ap-
pears as a seeming “peak” at about channel 520. This is, however, an artifact
due to the common counting. In the higher end of the spectrum, the elements
72Hf and 40Zr are separated, owing to the difference in atomic number. Con-
sidering the size of the difference in Z for 72Hf and 40Zr (32) and for 13Al and
14Si (1), the larger separation for lighter elements (better mass resolution) in
RBS becomes apparent.

The simulation returns a value of 680 × 1015 atoms/cm2 for the total
area density of the film. The element-specific area densities for the elements
are 183,6 for 40Zr, 495,4 for 13Al and about 1 for 72Hf, all in units of 1015

atoms/cm2. The atomic composition of the film can then be specified as:
40Zr: 27 %, 13Al: 72.9 % and 72Hf: 0.1 %. The error bars are smaller than
0.1 %. Obviously, 72Hf is an impurity in the material and is easily quantified
because it is a heavy element and therefore an efficient scatterer. On the other
hand, if the film happens to contain 8O impurities, these can not be accurately
determined because of their position in the spectrum and the choice of
substrate. A carbon substrate would present a better choice of material if the
purpose was to study the film oxidation.

If the sample is an alloy film of the type AmBn, where m and n are the
respective atomic concentrations (m + n = 1), the ratio m/n can be directly
determined from the yield of the individual elements in the spectrum, provid-
ing that these do not overlap with each other or with other elements, in which
case the spectrum needs to be simulated. In this treatment, the stopping power
is ignored (surface approximation). If YA and YB represent the total yield in the
spectrum for elements A and B, respectively, then m/n is approximated by:

m
n

=
YA

YB

dσB/dΩ

dσA/dΩ
' YA

YB

Z2
B

Z2
A

(3.21)

70



which effectively corresponds to the ratio of the total yield for each element,
normalized to the corresponding crossection.

An RBS spectrum contains information about the mass of the target
elements and the depth scale in a convoluted form. Therefore, a detected
backscattered particle at a given energy can originate either from a light
element at a shallow depth or a heavier element at a greater depth. Therefore,
initial knowledge of the basic constituents of the sample and the layer
structure facilitates the interpretation of the spectra and also the detection of
foreign elements (impurities). A precise energy calibration of the detector is
also essential. Furthermore, by measuring at two different incident angles,
therefore varying the effective path of the beam in the target, the separation
of the energy loss due to elastic scattering and stopping is possible, so a
unique determination of the sample concentration profile is ensured.

Channeling
In single-crystalline materials, the incident particles can travel through rows of
atoms in the lattice that are aligned parallel to the He beam, under certain geo-
metrical conditions. This is known as channeling and for a material with high
crystalline order, it can be used for investigating the crystalline quality or the
lattice location of impurities. For an amorphous material, channeling is absent
by definition. However, it can be of use if the substrate is single-crystalline.
By selecting an angle where the substrate is channeled, its contribution to the
spectrum will be decreased.

Measurements and Analysis
Backscattering spectrometry requires the use of a particle accelerator for gen-
erating a beam of energetic ions. The discussion of the instrumentation for
RBS measurements includes issues on detector resolution and efficiency and
its ideal positioning, the amplification and conversion of the detector signal to
a digitized one (appearing as counts per channel), the vacuum requirements
of the method and the generation and tuning of the ion beam itself. These top-
ics are not covered here and the reader is referred to classic textbooks where
they are described in detail [122, 125]. All RBS measurements reported in this
study were performed at the Ångström Tandem Laboratory in Uppsala.

RBS is a well-established technique and the collection and analysis of the
spectra are straightforward. The analysis can be done by hand, using certain
assumptions for the dependence of the stopping power on energy, or by using
a computer software that has libraries of stopping power values and cross sec-
tions, and can generate a theoretical spectrum based on the input parameters.
The software package that was used for the analysis of RBS data in Paper I
was RUMP, which is available online [126], and for the rest of the cases the
SIMNRA analysis software was used [123, 124].
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Strengths and Limitations
Backscattering spectrometry yields quantitative results for the range of ele-
ments from Li to U, without the need for calibration standards (detector energy
calibration excluded). There is no restriction in the type of sample - all solids
can be measured, conducting, insulating or other materials alike. The depth
profiling is not sensitive to the chemical bonding between the elements, only
their respective concentration. It is a non-destructive technique (only some
He atoms may be implanted) and can also offer crystallographic information
by performing channeling measurements. The acquisition times are typically
fast, in the order of 15-20 minutes per spectrum.

Using backscattering spectrometry, elements lighter than the projectile par-
ticles can not be detected. The detection of hydrogen is not possible, although
its presence will affect the stopping power in the material. For low-Z elements,
the mass resolution is good (large differences in the kinematic factor) but the
sensitivity is poor (small cross section). For high-Z elements, the mass reso-
lution is poor (adjacent values of K), while the sensitivity is high (high cross
section). This points to the fact that RBS is not suitable for the detection of a
light element in a heavy matrix, or on top of a heavy substrate. Furthermore,
because the energy of the detected particles is a function of both the kinematic
factor and the depth where backscattering takes place, spectral features may
overlap and this needs to be considered in the analysis.

The possibilities for materials analysis using ion beams extend far beyond
Backscattering Spectrometry. For a review and comparison of the most com-
mon ion beam analysis methods, the reader is referred to [121].

3.3 Magnetic Characterization
Several methods for the investigation of magnetic properties are introduced in
this section. The suitability of each technique is discussed here, with respect
to the scientific question that is to be adressed.

The magneto-optic Kerr effect (MOKE) is used for recording changes in
magnetization versus an applied field and temperature. Superconducting
Quantum Interference Device (SQUID) magnetometry is used to determine
the value of the average sample magnetization and the size of the
magnetic moment. X-ray magnetic circular dicroism (XMCD) provides
element-specific magnetization measurements. With Polarized Neutron
Reflectivity (PNR) the depth profile of the magnetization can be resolved.

The different methods have been combined in this study, starting from char-
acterization using laboratory-based techniques and proceeding with methods
that can not be routinely employed.
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3.3.1 Magneto-Optic Kerr Effect
The magneto-optic effects consider the response of a medium to incident plane
polarized light in the presence of a magnetic field. Magneto-optic effects that
are observed in transmission are known as Faraday effects and effects ob-
served in reflection are referred to as Kerr effects. The Kerr effect was first
observed as the change of the polarization state of linearly polarized light upon
reflection from a polished, soft iron pole-piece of an electromagnet [127, 128].

The effects are rooted in the fundamental property of polarized light to in-
teract with the orbital motion of the electrons in a material. The motion of the
electrons determines the optical properties of the material. The electron spin is
coupled to its motion through the spin-orbit interaction, so there exists a con-
nection between the magnetic and the optical properties. Therefore, magneto-
optic methods are tools for probing those parts of the electronic structure that
constitute the magnetic phenomena [129]. Because of the energy levels that
correspond to the wavelengths that are typically used in MOKE measure-
ments, the incident light can interact with the electrons that are lying in the
conduction band.

Either s- or p-polarization for the incident beam can be used. In the first
case, the electric field vector is orthogonal to the scattering plane, defined by
the incident and reflected beam, while in the second case it is parallel. After
being reflected from a magnetized medium, the light becomes elliptically po-
larized and the main axis of the ellipse is rotated through a small angle θK
with respect to the initial polarization. The effect is schematically illustrated
in Fig.3.13, where p-polarized light is reflected on a magnetized sample.

From a macroscopic viewpoint, the incident linearly polarized light can be
decomposed into a linear combination of a right and a left hand polarized
(RHP and LHP) electromagnetic waves with equal electric field amplitudes.
In a magnetic medium, the two will have different propagating velocities (dif-
ferent refractive index), resulting in a rotation of the polarization plane. This
corresponds to the Kerr rotation. Furthermore, difference in absorption for the
two polarization states, occuring due to differences in the imaginary part of
the refractive index, introduce the ellipticity of the reflected light [130].

As defined in Fig.3.13, changes in the magnetization will evidently result
in changes in the Eps component. The Kerr rotation θK is equal to Eps/Epp and
the ellipticity is: ηK = arctan(a/b). For most transition metal compounds θK
and ηK are small quantities, usually smaller than 1 degree [129].

Three possible geometries can be identified, regarding the relative orien-
tation of the magnetization direction with respect to the reflection geometry
[131, 132]. In the longitudinal geometry, the magnetization lies in the film
plane and is parallel to the scattering plane. In the polar geometry, the magne-
tization is pointing in the out-of-plane direction of the film, while it is parallel
to the scattering plane. Upon reflection, longitudinal and polar configurations
yield a polarization component that is orthogonal with respect to the incident
polarization, as shown in Fig.3.13.
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Figure 3.13: Incident linearly p-polarized light can be analyzed into two circularly
polarized beams, one left-hand and one right-hand, with respect to the propagation
direction. After the reflection, there exists an s-component in the reflected light, Eps,
together with a p-component, Epp. The polarization angle is rotated by the Kerr angle
θK and ellipticity is introduced. Two possible orientations of the sample magnetization
that yield Kerr rotation (polar and longitudinal) are also indicated.

Not shown in the figure is the transverse MOKE, where the magnetization
is in the film plane but orthogonal to the scattering plane. This configuration
does not result in a polarization rotation and only affects the amplitude of
the incident light, because there is no component of the magnetization in the
direction of propagation of the light.

Measurements using the Kerr effect
In MOKE measurements, the applied magnetic field H is swept at a certain
frequency and the change of the magnetization is recorded. The M(H) curves
are commonly called hysteresis loops. They can be continuously recorded as a
function of temperature and by analyzing the results, the magnetization versus
temperature, or M(T) curve, can also be extracted. The zero field magnetiza-
tion versus temperature can be obtained by selecting the value of the remanent
magnetization for each temperature step. The change of the coercive field HC
with temperature can be extracted as well, by plotting the corresponding HC
value from the M(H) curve at each temperature step.

Due to light absorption in the specimen, the probing depth for the laser
beam for metals is between 100 and 200 Å for visible frequencies [133]. Con-
sequently, the technique can be used to probe the magnetization in layers that
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Figure 3.14: A laboratory MOKE setup using the longitudinal configuration. A laser
beam with an optical wavelength (a) travels through the linear polarizer (b) and is
reflected on the sample surface inside a cryostat with glass windows (c). The magnetic
field is provided by a pair of Helmholtz coils (d) and the setup is shielded from Earth’s
magnetic field with a µ-metal cover (e). The angle of the analyzer (f) is almost 90◦ to
that of the polarizer. If the reflecting sample is magnetic, a component orthogonal to
the original polarization will be detected by the photodiode detector (g).

are found under non-magnetic layers. Because the MOKE signal is attenuated,
layers further from the surface will yield a lower signal. An example of this
can be found in Paper VI. The probing depth can be influenced by changing
the incident angle of the laser beam and by changing the wavelength. How-
ever, the fact that the magneto-optic response is wavelength-dependent needs
also to be taken into account[134]. When the sample thickness exceeds the
penetration depth, the signal is not influenced by the dielectric properties of
the substrate. For these reasons, MOKE is the method of choice for study-
ing the critical behavior of thin layers near the ferromagnetic transition and
determining the critical exponents that give information about the magnetic
dimensionality of the layers, as discussed in Paper III.

A setup for magnetization measurements based on the Kerr effect can be
fairly simple, as illustrated in Fig.3.14. The main components are: a laser
source, polarizer and analyzer crystals for selecting and analyzing the po-
larization direction of the light before and after reflection, a magnetic field
generator, an electromagnet either with or without an iron core and a pho-
todetector. These parts constitute a room-temperature setup that also has no
requirement for vacuum. For reaching low temperatures, a vacuum cryostat
with windows is needed.

The laboratory system in Fig.3.14 represents the experimental realization
of the geometry presented in Fig. 3.13 and is similar to the MOKE setup
that was used in this study. The magnetic field is supplied by two current-
driven Helmholtz coils and the sample is shielded from Earth’s magnetic field
by a µ-metal cover. The applied field and the measured component of the
film magnetization are parallel to the plane of incidence (longitudinal con-
figuration). This is very common for studying magnetic films with in-plane
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anisotropy. The measurement temperature can be set as low as 4 K, using liq-
uid He as coolant. In the illustration, the polarizer allows p-polarized light
to travel through and the analyzer is at nearly 90◦ with respect to the polar-
izer (close to the extinction condition). Under these conditions, the recorded
changes in intensity by varying the magnetic field are directly proportional to
changes in the Kerr rotation angle, and therefore to the sample magnetization
[135].

In the setup that was used here, the current-driven Helmholtz coils can not
generate fields above 7 mT. For this reason, the setup is suitable for soft ma-
terials with small saturation fields and coercivity. If the coercivity exceeds 7
mT, minor loops will be recorded. The measurement duration is typically set
to 30 s and the measurement frequency is 5 Hz, which results in an averaging
of 150 hysteresis loops for each measurement. The sampling rate is typically
50 kHz. This means that each loop will contain 104 points. This averaging
yields good signal-to-noise ratio, even without the use of lock-in techniques.

To ensure that the measurement conditions are as close as possible to ther-
mal equilibrium, the temperature needs to be varied very slowly. A ramping
rate as low as 0.2 K/min can be selected. This is achieved by maintaining a
constant flow of coolant liquid while the temperature is stepped up by the heat-
ing stage, using the finest step possible. With these settings, the duration for
measuring from 5 K to 300 K is approximately 24 hours. With a measurement
time of 30s per final loop, the uncertainty in temperature is below 0.1 K. A
magnetization versus temperature dataset extracted from such measurements
for the above-mentioned temperature range, will contain about 2300 points.

Measurement of Magnetic Susceptibility
The magnetic susceptibilty is defined as χ=∆M

∆H , H→ 0. By measuring the real
and imaginary part of χ , an accurate deduction of the ferromagnetic transition
temperature (TC) is possible [136, 137]. If the magnetization is selected as an
order parameter, the transition temperature is defined as the temperature where
the spontaneous magnetization vanishes. At this temperature the susceptibility
diverges (becomes infinite). However, because of the finite size of experimen-
tal samples, the susceptibility shows a peak in the critical region [136]. The
condition H → 0 defines the true susceptibility, however, a driving magnetic
field with a finite amplitude needs to be applied in the measurements. Typical
field amplitudes are in the order of 0.1 Oe (1 µT). The position of the suscepti-
bility peak depends on the field amplitude. This is discussed in detail in [138].
The onset of the imaginary component χ ′′ which is a measure of magnetic
hysteresis losses, can also be used to define TC [137].

3.3.2 X-ray Magnetic Circular Dicroism
Magneto-optic effects are not unique to the optical frequency range. The Kerr-
Faraday effect for X-rays is the foundation of X-ray magnetic circular dicro-
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ism (XMCD), which is an established spectroscopic X-ray technique for the
investigation of surfaces and thin films of magnetic materials.

XMCD measurements are almost exclusively performed at synchrotron fa-
cilities. A synchrotron radiation source offers high brilliance and therefore a
large flux over a small beam size, tunability of the photon energy in a wide
range and a well-defined polarization state of the emitted radiation. Energies
between 0.3 and 1.6 keV can be used for studying the magnetic and electronic
properties of 3d transition metals, while higher energies between 2.0 and 20
keV can be used for probing the core levels of heavier elements.

In a conventional absorption experiment, electrons are excited by the inci-
dent photons to an unoccupied state above the Fermi level. If the photoelec-
trons originate from a 2p (l = 2) core level, transitions to unfilled d states have
the dominant contribution to the spectra, while transitions to s states are also
possible, but less probable. Transitions from 2p to other p states are not fa-
vored, as imposed by the dipole selection rules for the conservation of angular
momentum. Due to the spin-orbit interaction, the 2p core level is split to the
2p3/2 (l + 1

2 ) and 2p1/2 (l− 1
2 ) levels. This results in the emergence of, respec-

tively, the L3 and L2 absorption edges in the spectrum. The sum of the white
line intensities that are recorded for the L3,2 edges is directly proportional to
the number of d holes [139].

The possibility to employ absorption measurements for the study of mag-
netism comes from the use of circularly polarized X-rays. Magnetic contrast
emerges as the difference in absorption for right and left circularly polarized
light. The most effective way for probing the part of the electronic structure
that is most important for magnetism in transition metals, is studying the ab-
sorption at the L3,2 edges, which involves excitations to unoccupied states of
the d band.

The XMCD effect can be described as a two-step process [139, 140]. The
first step involves the interaction between the incident circularly polarized X-
rays and the core electrons that they excite. The photons transfer their angular
momentum to the orbital part of the excited p electrons and because of the
spin-orbit coupling, a relatively large portion can be transfered also to the
spin. The spin itself does not interact directly with the electric field. The ex-
cited electrons are therefore spin-polarized by the incident beam. Since the
two polarization states carry angular momenta with opposite signs, the re-
sulting spin polarizations will be opposite for a specific absorption edge and
because the L3 and L2 levels have opposite spin-orbit coupling (l + s and l
− s, respectively), the spin polarization will be opposite for the two edges for
a specific polarization state. Knowledge of the transition probability for each
combination of absorption edge, spin state and polarization, is essential for
analyzing the XMCD spectra.

In the second step, the magnetic properties of the material are considered. A
magnetic material exhibits a spin asymmetry in the d band which is split into
spin-up and spin-down bands due to the exchange interaction. Consequently,
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the asymmetry will be preserved in the population of holes. The d band will
therefore act as a kind of detector for the spin and orbital moments of the ex-
cited core electrons. The transition probabilities, as previously defined, when
weighted by the number of holes in each spin band of the final state, map
out the asymmetry and provide information about the ground state magnetic
properties of the material.

When collecting X-ray absorption spectra, the polarization direction is
changed, or equivalently, the direction of the applied field can be reversed,
which will reverse the asymmetry between the spin-up and spin-down
electrons. The XMCD signal is the difference signal, obtained by subtracting
the spectra for two opposite polarization directions or for one polarization
state and two opposite applied field directions.

By integrating the XMCD spectrum, the ratio of the orbital-to-spin magne-
tization (ml/ms) can be obtained and by applying a set of sum rules [141, 142],
the ground state value of the spin and orbital moment of the unpaired electrons
in an atom can be determined in a straightforward and quantitative way.

One of the strongest features of XMCD is that the measurement is element-
specific. The energy of the photon beam is tuned to the absorption edge of an
element. This gives the opportunity, in the case of alloys and multi-element
systems, to probe each of the alloy components independently. By stepping
the applied magnetic field, the recording of element-specific hysteresis loops
is also possible [92].

The measured signal originates from secondary processes during electron
de-excitation that can lead to the emission of fluorescence radiation or the
ejection of secondary electrons. When investigating the 3d edges of the com-
mon magnetic materials, Fe, Co and Ni, which involves energies in the order
of 1 keV, the second mechanism is more prominent. Since for these energies
the escape depth of electrons in solid matter is of the order of a few nanome-
ters, the technique is surface-sensitive. When edges of heavier elements are
probed using X-rays with higher energy, the fluorescence mechanism is more
prominent because the fluorescence yield increases with Z number.

The element-specificity of the measurement, the independent determination
of the spin and orbital contributions to the magnetization and high sensitivity
that allows the measurement of sub-monolayer structures, are distinct advan-
tages of XMCD. The technique does not rely on scattering from the atomic
structure, so the measurements yield no information in reciprocal space.

The dichroism measurements at the Zr L3,2 edges reported in Paper V have
been performed at the ID12 Circular Polarization beamline of the European
Synchrotron Radiation Facility (ESRF) [143, 144].

For a more detailed discussion of the technique and its application for in-
vestigating transition metal films, the reader is referred to [145]. Examples
and research highlights can also be found in a recent review [146].
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3.3.3 SQUID Magnetometry
A SQUID device consists of a closed superconducting loop that includes one
or two Josephson junctions in the current path. At the heart of the operation
lies the tunneling of superconducting electrons across the Josephson junctions,
which are very narrow insulating gaps. A dc measuring current flows through
the closed loop. Changes in magnetic flux that passes through the loop will
result in an induced current that is added to the measuring current. The volt-
age between two measurement points that is strictly proportional to the current
flowing through the loop, will then also change. Each voltage step corresponds
to a single flux quantum passing through the loop3. In short, the SQUID op-
erates as a high-sensitivity fluxmeter, in which intergration is performed by
counting voltage steps [147].

In a SQUID magnetometry setup, a SQUID device is used in conjunction
with a superconducting magnet that can generate high magnetic fields in the
order of 5 to 7 Tesla. The detection coils are positioned at the center of the
magnet outside the sample chamber, so that the magnetic field from the sample
couples inductively and induces an electric current in the coils as the sample is
oscillating through them. The variations in the current produce corresponding
variations in the SQUID output voltage, which are proportional to the sam-
ple magnetization. The signal is fitted based on the response expected from
a magnetic dipole and in a calibrated system, the absolute value of the sam-
ple magnetization can be measured with accuracy4 [148]. The sensitivity of a
SQUID magnetometer is generally about 10−7 emu (10−10 Am2) [21].

A SQUID setup allows the recording of the sample magnetization versus
temperature.There exist many protocols for measuring M(T) curves. For ex-
ample, in a field-cooled (FC) measurement, the sample is cooled in a field
while the opposite is true for a zero-field-cooled (ZFC) measurement. It is
also possible to cool the sample in a field and afterwards measure in zero field,
to record the thermo-remanent magnetization (TRM). This is common when
investigating memory effects in systems with frustration like spin glasses.

Measuring M(H) curves at a given temperature is also possible, as well
as cooling the sample in a field prior to the M(H) measurement, in order to
check for exchange bias effects. Regarding the collection of hysteresis loops,
SQUID does not feature a similar data point density as MOKE and the M(H)
measurements can also be time-demanding.

An important issue is the existence of a small residual field (1 to 20 Oe)
when the magnet is set to zero as a result of magnetic flux that is pinned in-
side the magnet. This does not affect the measurements with an applied field,
however, it will affect the value of the coercive field, especially for very soft
materials. A MOKE measurement using a set of electromagnets will provide

3The size of a flux quantum is h/2e=2.07 x 10−15 Wb or Tm2

4The result is typically in emu units. 1 emu is equal to 10−3 Am2. The magnetization per volume
can be given as emu/cm3 which corresponds to 103 A/m.
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better accuracy for that purpose. When measurements at true zero field condi-
tions are required, the trapped magnetic field can be compensated by applying
a field in the opposite direction. Alternatively, the magnet can be warmed for
a short time to temperatures above the superconducting temperature.

The in-phase and out-of-phase components of the magnetic susceptibility
can also be measured using different frequencies. Frequency-dependent sus-
ceptibility measurements allow the investigation of the dynamic behavior of
the sample. The frequencies used in the SQUID measurements are well below
103 Hz, so the measurements can be described as quasi-static compared to
resonance techniques that operate on the GHz range.

Since the sample size must be smaller than the size of the pickup coils, the
sample needs to be cleaved. From this point of view, it can be said that SQUID
measurements have a destructive character. The area for a thin film sample is
typically smaller than 5 mm2.

SQUID measurements are bulk magnetization measurements. This means
that the total sample magnetization is measured and in the case of thin film
samples, this includes the substrate. It is necessary to correct for the para- or
diamagnetic contribution of the substrate. An example is given for the case
of a Si substrate, which is a diamagnet with susceptibility χ = −4.1× 10−6

[149]. For a thickness of 0.5 cm and area of 0.5 mm2, and for an applied field
of 1 T, the signal from the substrate will be−4.1×10−5 emu. Considering that
the measured magnetic signal from thin films is typically in the order of 10−4

to 10−5 emu, it is evident that these corrections become very important if high
fields are applied. A direct consequence can be found in a M(H) measurement
where a high field is required to saturate the magnetization of the material.
Judging by eye, it might appear that the material is technically saturated but
this can change after the corrections are applied. Since diamagnetism is practi-
cally independent of temperature, the corrections can be made by measuring a
piece of the substrate independently, as a function of field, at an arbitrary tem-
perature and then subtracting the result from the sample measurement. At low
measurement fields, the diamagnetic response can be considered negligible.

From the saturation magnetization of the M(H) curve, the magnetic moment
of the sample can be extracted. This requires accurate knowledge of the sam-
ple volume (surface area and thickness for a thin film) and density, as well as
thorough corrections for the substrate contribution. There are different ways
for determining all of the above and all values have an uncertainty. Due to
error propagation, there will be a 5-10% uncertainty in the calculated value of
the magnetic moment, although the value of the saturation magnetization can
be determined by the instrument with less than 1% uncertainty.

A commercial MPMS-XL magnetometer from Quantum Design [150] was
used for the measurements presented in Paper IV and the results section in
this thesis.
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3.3.4 Polarized Neutron Reflectometry
Neutrons constitute a very versatile probe for the study of condensed matter.
Their use as a means for investigating the sample structure benefits from a type
of contrast between the elements that is unique to neutrons. They also have
a spin and the associated neutron magnetic moments couple to the sample
magnetization, thereby enabling the determination of the magnetic structure.
Furthermore, the rather low kinetic energy of neutrons allows the study of
magnon as well as phonon excitations [151].

The neutrons that are typically used for the study of solid matter have an
energy in the range 5 - 100 meV. The neutrons at the high end of this range are
called thermal and at the low-energy end are called cold neutrons. For these
energies, the value of the neutron mass results in a de Broglie wavelength (λ =
h/mu) of the order of interatomic distances in solids. The neutron wavelength
can be tuned by changing its kinetic energy. Neutrons do not carry a charge,
however they have a spin. The first means that they do not interact with the
electron cloud, they penetrate deeply in matter and are scattered due to nuclear
forces. The latter means that neutrons interact with the magnetic induction
produced by the unpaired electrons in magnetic atoms.

Polarized Neutron Reflectometry (PNR) is a technique that refers to a scat-
tering experiment using a spin-polarized neutron beam. It relies on the scat-
tering of neutrons from magnetic materials due to two interactions: between
the neutron and nucleus (nuclear scattering) and between the neutron spin and
the magnetism (magnetic scattering). The scattering geometry is outlined in
Fig.3.15 and will be discussed here together with the two types of interactions.

The nuclear scattering is described by the coherent nuclear scattering length
bn of an element (i.e. of a particular nucleus). This presents the mean value
of the distribution of scattering lengths owing to the different spin states of
the nucleus-neutron system and the presence of isotopes. The nuclear scat-
tering length does not show a systematic dependence on the atomic number.
Adjacent elements on the periodic table and also isotopes of the same element
can have largely different (or even negative) scattering lengths. Consequently,
neutrons can generate large contrast between elements that otherwise have
comparable electron densities, and hence scatter similarly for X-rays. The val-
ues of bn are derived from experiments and they define the cross sections for
nuclear scattering [152].

Upon incidence on the sample, the neutrons will experience a potential step
of height [153]:

Vn =
2π h̄2

mn
N bn (3.22)

where mn is the neutron mass and N is the atomic number density. The product
Nb is usually refered to as the scattering length density (SLD).
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Figure 3.15: The scattering geometry for Polarized Neutron Reflectivity measure-
ments. The incident and exit angles are ai and a f , respectively. For a specular reflec-
tion, ai = a f and the scattering vector ~Q =~k f −~ki points normal to the film plane,
along the Z direction. The direction of the applied field ~H is along the Y axis. The
magnetic moment of the incident neutron is aligned normal to the scattering plane and
parallel to the sample surface. Neutron moments pointing parallel to the Y axis corre-
spond to the (+) spin state and antiparallel, to the (-) spin state. In the case where the
sample magnetization vector ~M forms an angle γ with the applied field direction, non-
spin flip reflectivity will be due to the MY = |~M|cosγ projection, while MX = |~M|sinγ

will result in spin-flip reflectivity.

If the sample is magnetic, the neutron magnetic moment will interact with
the sample magnetization or, more precisely, the magnetic induction in the
sample, which presents a magnetic potential for the neutrons. This interaction
is described by the magnetic scattering length bm. Considering the geometry
in Fig.3.15, and assuming that the neutron beam is ideally polarized parallel
to the Y axis and the sample is homogeneously magnetized along the Y axis
(γ = 0), the potential energies of the neutron-sample interaction for the two
alternative polarization directions of the neutrons are [153]:

V± = Vn±Vm =
2π h̄2

mn
N (bn±bm) (3.23)

The (+) sign stands for the spin-up, and the (-) sign for the spin-down state,
that is, respectively, neutrons polarized along and opposite to the applied field.

In the case where the angle γ has a finite value, for example, if non-collinear
magnetization is present in the plane direction, some of the neutron spins
will be flipped in a spin-flip process. By performing polarization analysis
which distinguishes between non-spin-flip (NSF) and spin-flip (SF) scattering,
a quantitative analysis of the PNR data returns the magnetization components
along the X and Y directions. It should be noted that positive and negative γ
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angles can not be distinguished from each other and that the measurement is
not sensitive to any magnetization component parallel to the scattering vector.

For NSF scattering (γ = 0◦ or 180◦), the critical scattering vector for total
external reflection depends on the sample magnetization and the polarization
of the beam [154]:

Q±c =
√

16π N (bn±bm) (3.24)

where the ± sign refers to the spin-up (+) and spin-down (-) states, respec-
tively. If the sample is non-magnetic, bm is zero and only one critical value for
momentum transfer exists.

The neutron spin-dependent refractive index is defined as [155]:

n± = nn±nm = 1− Nλ 2

2π
(bn±Cµ) (3.25)

where nn and nm refer to the nuclear and magnetic contributions, λ is the
neutron wavelength, µ is the average magnetic moment per atom and C is
a constant equal to 0.2645 × 10−12 cm µ

−1
B ). The difference between the

NSF reflectivities will therefore be proportional to 2µ , twice the size of the
magnetic moment per atom along the applied field direction.

In a PNR experiment the goal is to measure the specular reflectivity. This is
related to the profile of the neutron refractive index as a function of depth. A
wide range of ~Q can be achieved by using a monochromatic beam and varying
the incident and detector angles (monochromatic mode), or by staying at a
fixed incident angle and varying the neutron wavelength, which will determine
the length of the~ki and~kf vectors (time-of-flight mode) [153, 156].

The PNR data can be analyzed using the same algorithms as X-ray reflec-
tivity data, for example, the GenX software [119], and fitting the scattering
length density for the nuclear and magnetic scattering. The measurements also
need to be corrected for the polarization efficiency of the instrument [157].
The PNR study that is reported in Paper II was performed at the D17 reflec-
tometer at the Institute Laue-Langevin [158].

Infomative reviews of polarized neutron reflectivity and examples of its ap-
plications for the study of thin magnetic films can be found in [153, 159, 160].
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4. Research Highlights

A review of the most notable scientific findings is given here. In this section,
the content of the attached papers is supplemented with additional results.
Emphasis is also placed on illuminating the scientific planning behind each of
the projects.

In the beginning, the growth of amorphous metal/oxide multilayers is dis-
cussed, together with the resulting magnetic properties. Thereafter, a method
for producing uniform amorphous metal layers of arbitrary composition and
thickness is introduced. This makes it possible to fabricate highly amorphous
multilayers with thin FeZr layers that show two-dimensional magnetic behav-
ior.

Subsequently, the induced magnetic moment in Zr in these materials is ad-
dressed. This is accompanied by a discussion on the violation of the third
Hund’s rule, a fundamental empirical law of physics, in these disordered struc-
tures. This section continues with a demonstration of the possibility to tai-
lor the magnetic anisotropy in a layer-specific way in amorphous multilayers.
The closing discussion is dedicated to the properties of AlZr alloys that have
played a major role in the design of the magnetic samples.

4.1 Properties of Fe91Zr9/Al2O3 Multilayers
In the effort to master the growth of amorphous metal/oxide structures, es-
tablishing a well-studied model system is a very efficient approach. A suit-
able candidate is the combination of FeZr alloys and Al2O3. The choice of
the metal layer was made because of the high drive for amorphous growth in
FeZr alloys, which is expected to facilitate the deposition of amorphous lay-
ers of this material on most surfaces. It is also known that sputter-deposited
Al2O3 layers at room temperature favor an amorphous structure [161, 162].
Therefore, the FeZr/Al2O3 multilayers were expected to be thoroughly amor-
phous. This combination of materials beares resemblance to the classic MTJs
made of Fe/Al2O3/Fe. Since FeZr alloys are typically paramagnetic at room
temperature, this particular material combination is not intended for techno-
logical applications.

The growth study of Fe91Zr9/Al2O3 multilayers, deposited at room tem-
perature, revealed that the layering quality depends largely on the thickness
of the metal layers. When the thickness of Fe91Zr9 is below 30 Å, the layer-
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Figure 4.1: X-ray reflectivity curve for the Fe91Zr9 (80 Å)/Al2O3 (20Å ) sample (a).
The bilayer is well defined and due to the large contrast in electron density between
the layers, reflectivity peaks up to the eleventh order can be seen in a specular scan.
Rocking curve scans on the first three reflectivity peaks (b), show a very narrow pro-
file, with a high ratio of specular to diffuse scattering, a sign of good layering quality.

ing quality is degraded by increased waviness due to accumulative roughness.
With increased thickness of the metal layers, the quality improves remarkably.
There exists also a thickness range for the Al2O3, between 10 and 20 Å, that
gives the best observed layering quality. This is demonstrated in an X-ray re-
flectivity cure, Fig. 4.1(a), for a sample with 80 Å Fe91Zr9 and 20Å Al2O3
layers, repeated ten times, starting with the oxide layer. All the results that are
presented in this discussion refer to this particular sample that is representative
of the entire series of samples, discussed in detail in Paper I.

In Fig. 4.1(a), bilayer peaks up to the eleventh order can be detected and
Kiessig fringes are present up to 8◦ in 2theta. A simulation of the reflectivity
returns a value of about 4 Å for the layer roughness. For larger values of
the momentum transfer normal to the surface Qz, the measurement becomes
gradually more sensitive to shorter length scales and a small broadening is
observed in the higher order reflectivity peaks, compared to the overlayed
simulation curve. This indicates a small degree of drift in the layer thickness.

The rocking curve measurements over the first three reflectivity peaks, Fig.
4.1(b), are very narrow, with FWHM in the order of 0.04◦. Attention is brought
upon a slight asymmetry in the rocking curve for the lowest 2theta angle,
indicated by (1) in the figure. This is the result of a slight bending of the
substrate. Its origin can be stress, induced by the overlaying film, because the
substrates are only 0.25 mm thick in this case. Such features in the rocking
curve measurements did not appear when thicker substrates (0.5 mm) where
later used.

The amorphous quality of the sample was investigated with specular X-ray
diffraction, Fig. 4.2(a), as well as GI-XRD, performed at different incident
angles, Fig. 4.2(b). In a specular measurement, the results are dominated by
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Figure 4.2: X-ray diffraction measurements for the Fe91Zr9 (80 Å)/Al2O3 (20 Å) sam-
ple. (a) A measurement along the specular direction contrasted to a pure Si substrate,
and (b) GI-XRD scans at two different angles of incidence. Both types of scan show
a peak with very diffuse intensity, characteristic of an amorphous structure.

Figure 4.3: (a) A MOKE measurement at room temperature for the Fe91Zr9 (80
Å)/Al2O3 (20 Å) sample shows evidence of a soft magnetic behavior. (b) A zero-
field-cooled temperature sweep with an applied field of 20 Oe using a SQUID mag-
netometer shows that the sample is magnetic up to 400 K.

scattering from the substrate. The multilayer gives rise to a diffuse peak that
extends from about 38◦ to 50◦. The GIXRD measurements show a broad peak
that is centered at approximately 42◦ and the peak FWHM is over 7◦. The
non-linear background originates from scattering from the top SiO2 substrate
layer. These broad features in the XRD pattern are commonly considered as
signature of an amorphous phase.

The investigation of magnetic properties of the sample lead to an unantici-
pated observation. Although the Fe91Zr9 layers were expected to be paramag-
netic at room temperature, in accordance with previous studies, this was not
verified. As shown from a hysteresis loop collected with MOKE, Fig. 4.3(a),
the sample exhibits soft magnetic properties at room temperature. In a zero-
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field-cooled magnetization measurement with a SQUID, Fig. 4.3(b), the sam-
ple is found to retain a large part of its magnetization for temperatures as high
as 400 K. Close to the expected value of the Curie temperature, about 200
K, a step in the M(T) curve is observed. This suggests that part of the mate-
rial undergoes a transition at this temperature, while the rest is still magnetic.
Therefore, the magnetization profile in the sample is non-uniform.

A reasonable explanation is the presence of a small crystalline fraction in
the sample, because it is the only material in the structure that can have a
significantly large Curie temperature. The volume fraction must be so small,
that its diffracted intensity lies below the resolution of laboratory-based X-
ray diffraction measurements, yet is enough to yield a considerable magnetic
signal. Similar magnetization results were obtained for varying thickness of
the magnetic Fe91Zr9 layers, although the step observed near the expected TC,
as seen in Fig. 4.3(b), is only discernible for thicker layers. These findings call
for an extended investigation of the sample structure. More thorough structural
studies would require higher intensity and better resolution and this is best
done under the transmission electron microscope.

In the dark field TEM micrograph on the left side of Fig. 4.4, the bottom
of the figure is the position of the substrate. Diffraction contrast makes the
Al2O3 layers appear dark and the Fe91Zr9 are brighter. Inside the magnetic
layers, there are some domains that appear particularly bright. These are crys-
talline grains that diffract the electron beam and form the diffraction spots
that were used for composing the image. Further investigations with high res-
olution imaging revealed that the crystalline impurities appeared to originate
from the interfaces to the oxide layers and are found only near the interface
regions. Similar observations were made for Fe91Zr9 layers deposited directly
on Si substrates with a native SiO2 top layer.

Using selected area electron diffraction (SAED), scattering that
corresponds to a polycrystalline phase is detected, together with diffuse rings
of low intensity that originate from the amorphous phase. The lattice spacing
that was calculated from this diffraction pattern corresponds to a slightly
expanded α-Fe lattice. These can be pictured as Zr-poor regions because, due
to their much larger size, a large number of Zr atoms can not be enclosed in a
lattice of the size of Fe without causing significant distortion.

The real space images and electron diffraction pattern from the TEM analy-
sis agree that the orientation of the crystalline grains is random. The size of the
crystalline grains in the HRTEM images is approximately 30-40 Å. Despite
their small size, the crystallites exert significant influence over the magnetic
properties. Returning to the SQUID measurements in Fig. 4.3(b), it is now
evident that the growth of amorphous Fe91Zr9 on Al2O3 results in a com-
pound magnetic system, where interface-induced nanocrystallites polarize the
amorphous matrix. Part of the matrix shows a transition at about 200 K, the
expected Curie temperature for the amorphous Fe91Zr9 alloy, while the rest is
still magnetic above this temperature.
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Figure 4.4: A dark field TEM image of the Fe91Zr9 (80 Å)/Al2O3 (20Å ) multilayer
(left). Good layering quality of the sample is evident. Some areas within the Fe91Zr9
layers appear with different contrast. In a Selective area diffraction scan (b), diffrac-
tion spots can be seen in addition to the diffuse rings from the amorphous phase. This
reveals the existence of a small crystalline fraction in the magnetic layers.

The discovery of the interface-induced crystallization is surprizing, how-
ever, the reasons behind it do not have to be. They can already be under-
stood using a simple model. The number of Fe atoms that travel towards the
substrate under a certain time outweights that of Zr, as seen by their relative
atomic concentration. The first arriving atoms then have a very large probabil-
ity of being Fe atoms. These will be compelled to arrange in two dimensions
on the oxide underlayer because assembling in a structure in the vertical di-
rection is energy demanding, so this spatial degree of freedom is not available.
Due to the inert nature of oxides, the deposited atoms are loosely bound on
the surface and can diffuse, possibly with different rates between Fe and Zr.
An island-like growth is promoted and therefore, the first few Fe atoms are
not hindered from finding their neighbors and bonding with each other in a
cluster-like structure. In this stage, the inclusion of a Zr atom in the cluster
would result in a large energy term due to strain energy, therefore the initial
amount of Zr in the crystalline grains is low and they can grow in size up to a
few nanometers. The Zr atoms that are not included in the Fe crystallites keep
enriching the local surrounding environment until their concentration reaches
a level where the growth of the crystallites is no longer energetically favorable,
so an amorphous structure is formed.

Multilayers of Fe91Zr9/Al2O3 are a good example of how structural inho-
mogeneities can severely alter the magnetic properties of amorphous mate-
rials. Emphasis is placed on the fact that the fine details of the structure re-
mained unaccessible using laboratory-based X-ray diffraction measurements.

Discovering the interface-induced crystallization in FeZr alloys has opened
up a number of questions and set a new direction in the investigations. First
of all, attention is drawn to the need for the development of more accurate
criteria to be able to ascertain when FeZr alloys are uniformly amorphous.
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Furthermore, the crystallites are found to polarize part of the amorphous ma-
terial. To be able to give a general estimate of the extent of the influence of
crystalline impurities on the magnetic properties of amorphous FeZr alloys,
the changes in the magnetization for this particular case need to be quantified.
Last but not least, there is a need for a method that allows the deposition of
amorphous FeZr alloys that are undoubtedly free of crystalline impurities.

4.2 Achieving Highly Amorphous Fe100−xZrx Layers
The previous investigation demonstrated that the surfaces of amorphous ox-
ides, such as Al2O3 and SiO2, are not suitable for the growth of amorphous
FeZr alloys. A metallic surface seems more suitable and ideally, the selected
material would be an amorphous alloy so that an entrirely amorphous structure
can be formed. A suitable material would preferably be a Zr-based alloy.

AlZr alloys can be deposited in the amorphous phase on metallic and oxide
substrates in the composition range 17 - 70 at. % Zr which corresponds to a
very stable configuration, as proven by the large negative values of the free
energy for these compositions [163, 164]. Amorphous AlZr alloys with 20-30
at. % Zr were used as buffer layers for the deposition of FeZr alloys on Si and
SiO2 substrates. In all cases, samples with buffer layers were non-magnetic at
room temperature and the Curie temperature agreed with literature values.

Changes in the structure are not identifiable from a comparison of the X-ray
measurements of 800 Å thick layers of Fe90Zr10 deposited directly on SiO2
and also on a Al75Zr25 buffer, as shown in Fig. 4.5. The reflectivity scans, Fig.
4.5 (a), show that the layering quality is comparable, with the total thickness
oscillations extending over the same range in both cases. The grazing inci-
dence diffraction curves show a single broad peak, and for both samples the
peak width exceeds 7◦ in FWHM. The left part of the diffraction curve for the
FeZr/AlZr sample shows a slight asymmetry due to the scattering contribution
from the AlZr layer that is detected at about 39◦ in 2theta.

For resolving the depth profile of the magnetization and at the same time
quantifying the magnetic moment in these structures, the method of choice is
polarized neutron reflectometry (PNR). The analysis of PNR data allows the
modelling of the sample structure in layers with different refractive indices,
that depend on the structural and magnetic properties within each layer.

The analysis of the PNR results is discussed in Paper II. The non-spin flip
(NSF) intensities for the FeZr/Si sample, Fig. 4.6(a), are split at 273 K, which
shows that at this temperature there exists net magnetization in the sample,
parallel to the applied field. The NSF reflectivity was fitted with a two layer
model. The results show that the sample has a 54 Å thick layer on top of the
substrate that has a net magnetization at all temperatures, and it is therefore
regarded as crystalline. Above this sits a Fe90Zr10 layer that is non-magnetic
at 273 K, which is consistent with an amorphous structure. The value of the
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Figure 4.5: X-ray characterization of samples with an 800 Å Fe90Zr10 layer deposited
directly on the SiO2 substrate and on a 100 Å Al75Zr25 buffer layer. The specular
reflectivity, (a), shows little difference in the layering quality with the addition of the
buffer layer. GI-XRD scans, (b), show that differences in atomic structure between
the samples can not be resolved within the detection limits.

Figure 4.6: A comparison of the Non-Spin-Flip neutron reflectivity for samples with-
out, (a), and with an AlZr buffer, (b). In contrast to the sample that features a buffer
layer, the one deposited directly on the substrate shows a splitting between the two
NSF channels at 273 K. It is therefore ferromagnetic at this temperature.

magnetic moment in each layer was a fitting parameter. At 273 K, the mag-
netic moment in the crystalline layer is almost 1 µB/Fe atom and at 5 K, it
is about 1.5 µB/Fe atom while approximately 1 µB/Fe atom is found for the
amorphous FeZr layer at the lowest temperature.

For the Fe90Zr10 layer deposited on an Al75Zr25 buffer layer, no splitting is
observed between the NSF reflectivities at 273 K. The sample is non-magnetic
at this temperature, which is consistent with the absence of crystallites.

In conclusion, the magnetization of FeZr alloys is highy sensitive to struc-
tural inhomogeneities such as the existence of a small crystalline volume frac-
tion. Therefore, a way to evaluate the amorphous quality of these alloys can
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be the investigation of their magnetic properties. Changes in magnetization
have been reported to be correlated with a large scale transformation from
amorphous to crystalline state in Fe100−xZrx films, with 0 ≤ x ≤ 7, when the
layer thickness exceeds a critical value [165]. In the current investigation, it
is demonstrated that it is possible to trace even a small amount of crystalline
impurities in the material, owing to the large differences in the magnetization
of amorphous and crystalline Fe.

4.3 Properties of Fe100−xZrx/Al100−xZrx Multilayers
As discussed in the previous chapter, AlZr alloys provide an appropriate
seeding layer for the growth of amorphous FeZr. Further investigations of
FeZr/AlZr multilayers revealed that this combination of materials produces
samples with high layering and amorphous quality, which opens up the
possibility for investigating the magnetization of FeZr alloy layers as a
function of the layer thickness.

The studies focus on two types of samples, namely single layers and mul-
tilayers. A schematic illustration of the sample layout is found in Fig. 4.7.
A single layer is used for studying the bulk properties of FeZr alloys with a
certain composition. It features a buffer layer of AlZr, with thickness vary-
ing from 60 to 100 Å, and a thinner AlZr top layer. This way, symmetry is
preserved in the chemical environment of the top and bottom interfaces. A
multilayer begins with a buffer layer and typically has ten repetitions of the
FeZr/AlZr bilayer. All samples were covered with a thin Al capping layer.

Figure 4.7: A scematic drawing of the layer structure of the types of samples that
were studied: a single layer of FeZr (left) and FeZr/AlZr multilayers (right).

The first step in exploring the magnetic properties of FeZr/AlZr multilay-
ers was the study of coupling through the AlZr spacer layers. A series of
samples with Fe89Zr11/Al78Zr22 bilayers was produced. The thickness of the
magnetic layers was fixed to 10 Å and the spacer thickness was varied. The
MOKE results for the Fe89Zr11/Al78Zr22 multilayers are shown in Fig. 4.8.
The Curie temperature of all samples is found to be about 130 K. This sug-
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gests that the interlayer coupling through the Al78Zr22 layers is negligible. A
similar conclusion was drawn from ferromagnetic resonance (FMR) measure-
ments of Co68Fe24Zr8/Al70Zr30 trilayers, with 30 Å thick spacer layers [166].
The combination of these two studies unambiguously proves that no coupling
mechanism exists for Al100−xZrx layers with 22 ≤ x ≤ 30. The practical im-
plications of the absence of interlayer coupling are that the magnetic response
of a multilayer can be treated as the sum of the contributions of the individual
magnetic layers.

Figure 4.8: MOKE magnetization measurements for multilayers with 10 Å thick
Fe89Zr11 layers and Al78Zr22 spacer layers with thickness from 10 to 45 Å.

Investigations of the magnetic dimensionality of the ferromagnetic tran-
sition in Fe89Zr11/Al78Zr22 multilayers, reported in Paper III, revealed that
they belong to the 2D XY universality class. This is demonstrated for a sam-
ple with 15 Å thick magnetic layers in Fig. 4.9. The critical exponent β and
the TC were determined by a direct power law fit of the zero field magneti-
zation versus temperature, Fig. 4.9 (a). The obtained TC of 140.1 K was used
to plot the magnetization against the reduced temperature, t = (T/TC)− 1,
in a double logarithmic plot, Fig. 4.9 (b). The fits to both curves returned a
value of the critical exponent β = 0.21(1) which evidences a clear 2D XY
character for the magnetization. Similar observations have been made for
Co68Fe24Zr8/Al70Zr30 with thickness of the magnetic layer between 12 and
14 Å [91]. Therefore, the appearance of a 2D XY behavior does not show a
strong dependence on the layer composition. It can be attributed to the domi-
nating anisotropy term in these structures that is the shape anisotropy, which
compels the magnetization to lie in the film plane direction.

The two-dimensional character of the magnetization also gives rise to a
large field-induced magnetization above TC which is a distinguishable fea-
ture of these systems and arises from the extended magnetic correlations that
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Figure 4.9: Dimensionality analysis of Fe89Zr11 (15 Å)/Al78Zr22 (45 Å) multilayers.
(a) A direct power law fit to the zero field magnetization from MOKE and (b) a linear
fit of the magnetization versus the reduced temperature.

are still present in the structure for temperatures above the critical tempera-
ture. The understanding that this magnetic arrangement represents an inherent
property of this type of amorphous multilayers, suggests the use of these struc-
tures as 2D XY model systems.

A study of the influence of the Fe90Zr10 layer thickness on the magnetic
properties of Fe90Zr10/Al75Zr25 multilayers is found in Paper IV. The mul-
tilayers with FeZr layer thickness between 5-20 Å, show characteristics of
two-dimensional magnetization behavior, that manifest as extended criticality
in the AC-susceptibility response for temperatures lower than TC, as well as
field-induced magnetization tails above TC. Furthermore, a non-collinear ar-
rangement of the magnetic moments, that can be inferred from hysteresis mea-
surements of a bulk-like sample, appears to be largely suppressed in the mul-
tilayers. The change of TC and magnetic moment per Fe atom is documented
in Fig. 4.10. Small changes are observed for the TC down to a Fe90Zr10 layer
thickness of 10 Å, where a large jump to lower Curie temperature takes place.
The magnetic moment per Fe atom is nearly unchanged down to 10 Å, where
the first significant decrease is observed. A sample with 5 Å thick Fe90Zr10
layers does not exhibit ferromagnetic ordering down to 4 K. The X-ray re-
flectivity curve for this sample confirms that, in spite of their small extension,
the layers are complete, continuous and overall smooth. Consequently, a su-
perparamagnetic behavior is excluded and the most fitting explanation is that
amorphous Fe90Zr10 layers of this thickness are below the critical thickness
for establishing long-range ferromagnetic order.

An important observation was made regarding the structure of a Fe90Zr10
(15 Å) /Al75Zr25 (40 Å) multilayer, as discussed in Paper IV. The X-ray re-
flectivity curve showed that the layering in this sample had more waviness
compared to the rest of the samples. The AC-susceptibility measurements,
which are sensitive to the homogeneity, geometry and morphology of the sam-
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Figure 4.10: The change of TC (left y-axis, dots) and saturation moment per Fe atom at
5 K (right y-axis, squares) against the inverse thickness of the Fe90Zr10 layers. For the
5/40 sample that shows no ferromagnetic order, the data is indicated as open points,
the moment corresponds to the saturation value of an S-shaped M(H) response and
the freezing temperature is indicated instead of TC.

ple [136], showed that at the same time the amplitude of the AC-susceptibility
was suppressed.

A subsequent TEM investigation of the layered structure of the 15/40 sam-
ple, presented in Fig. 4.11, shed light on the origin of the flaws in the layering.
Substrate imperfections that are propagated in the layered structure through-
out the film, are clearly visible. It should be noted that in the TEM image on
the left side of Fig. 4.11, the contrast from the layers disappears at the po-
sitions where cusps are observed in the Si substrate, as this results in tilting
of the layers in the direction of the electron beam. The magnified image on
the right side of Fig. 4.11, focuses on the area close to the substrate surface
and shows how waviness that originates from substrate surface imperfections
is followed in the deposited layers. Concerning the layering within the multi-
layer itself, it is found to be of high quality. The metal layers wet each other
completely and form smooth intefaces and no visible thickness variation be-
tween the repetitions of the bilayer can be detected.

The conclusion is drawn that the layering quality of the amorphous samples
is dramatically affected by the quality of the substrate. These findings succeed
in demonstrating which is the real space correspondence of the reflectivity
results for these structures. Therefore, when a series of samples is examined,
the layering quality can be accurately infered from X-ray reflectivity measure-
ments, because it is impractical to routinely perform TEM analysis for each
and every sample.
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Figure 4.11: Cross section HRTEM micrograph of the 15/40 sample from Paper IV.
The substrate position is at the bottom of the image. The contrast in the images is
lighter near the top because the sample becomes thinner in this direction.

4.4 Comparing Amorphous FeZr and CoZr Thin Films
Remarkable differences are observed in the magnetic properties of amorphous
Fe-based and Co-based alloys. While Co-rich alloys are strong collinear ferro-
magnets with high Curie temperature, Fe-rich alloys exhibit an intricate mag-
netic behavior that has a large dependence on the type and concentration of the
alloy element that is added to stabilize the amorphous structure. Amorphous
FeZr and CoZr alloys are no exceptions to these observations.

The hysteresis and magnetization versus temperature of a 500 nm thick film
of Fe91Zr9 and a 400 nm thick film of Co95Zr5 are compared here. Both films
were deposited with an Al75Zr25 buffer and capping layer.

The magnetization versus temperature for the Co95Zr5 film, Fig. 4.12(a),
was measured using a vibrating sample magnetometer (VSM). A very gradual
reduction of the magnetization is observed from room temperature up to 950
K. At the highest measured temperature the sample retains more than half
the value of its room temperature magnetization. The TC of the amorphous
Co95Zr5 film can not be determined experimentally, because it lies above the
recrystallization temperature of the material [85] and the temperature range
that is accessible by the VSM.

No substantial changes are observed in the hysteresis loops for the Co95Zr5
film between 5 and 300 K, as seen in Fig. 4.12(b). The magnetization is sat-
urated in a field of about 5 mT and the coercive field is below 1 µT. The
magnetic moment of 1.38(3) µB/ Co atom, calculated from the saturation mag-
netization, corresponds to 19% reduction from the moment of pure bulk Co,
of about 1.72 µB/atom [167].

The FC and ZFC magnetization versus temperature for the Fe91Zr9 film,
in Fig. 4.13(a), was measured using a SQUID. The applied field was 2 mT.
In Fe-rich FeZr alloys the coercive field is known to increase rapidly with
decreasing temperature. The splitting between the FC and ZFC magnetization
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Figure 4.12: Magnetization versus temperature (a) and hysteresis loops (b) for the
bulk-like film of Co95Zr5.

Figure 4.13: Magnetization versus temperature (a) and hysteresis loop at the lowest
temperature (b) for a bulk-like film of Fe91Zr9.

occurs at the temperature where the coercive field of the sample exceeds the
size of the applied field. The TC of the bulk-like Fe91Zr9 layer is about 190 K.

A hysteresis loop recorded at 20 K, Fig. 4.13(b), shows that the magnetiza-
tion is asymptotically approaching its saturation value that is not completely
attained in this measurement because it requires an applied field larger than 2
T. This is a signature of the non-collinear magnetization that has been gener-
ally reported for these alloys. The strength of the applied field that is required
to reach saturation decreases with increasing Zr concentration. The coercive
field of the sample at this temperature is approximately 10 mT, as seen in the
inset of the figure. The size of the magnetic moment at the highest applied
field of 2 T, is found to be 1.18(3) µB/Fe atom. This corresponds to a 44%
reduction from the 2.22 µB/atom for pure crystalline Fe [167].

A summary of the values for the size of the magnetic moment per Fe atom
and the TC that were obtained for bulk-like FeZr alloys with varying compo-
sition, is given in Table 4.1. The reported values can largely deviate between
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Table 4.1: Changes in magnetic moment and Curie temperature with composition for
bulk-like, sputter-deposited Fe100−xZrx films. Uncertainties are shown in parentheses.

Composition (at. % Zr) Magnetic moment (µB/Fe atom) TC (K)
9 % 1.18(3)a 190.3(10)
10 % 1.24(4)b 205.5(5)
11 % - 214.0(5)

a) From the magnetization in a 2 T field, as discussed
b) From the saturation magnetization

studies, which is understood as the influence of the microstructure of the ma-
terial, which is sensitive to the sample preparation method and environment.

4.5 The Induced Moment in Zr
A small concentration of Zr atoms can stabilize a homogeneous and isotropic
amorphous structure in deposited FeZr and CoZr alloys. The contribution of
Zr to the magnetic properties of the alloys has so far not been addressed exper-
imentally, since this would require an element-selective technique with high
sensitivity. For the extraction of the average magnetic moment per Fe and Co
atom, the average moment per Zr atom is commonly assumed as zero. How-
ever, theoretical calculations of the magnetic moments in an ordered Fe3Zr
alloy [83] and for Zr impurities in a bcc and fcc Fe host matrix [168], suggest
an induced moment of about 0.4 µB/Zr atom, that is aligned antiparallel to
the moment of the Fe atoms. The Zr atoms are diluted in the Fe(Co) matrix
and a correlation between them is practically absent [16]. The induced mo-
ment on the Zr atoms is therefore expected to be dependent on the chemical
environment and the local atomic arrangement of the surrounding host atoms.

The induced moment in Zr was quantified in XMCD measurements at the
Zr L-edges, for the bulk-like amorphous Fe91Zr9 and Co95Zr5 films that were
introduced in the last section, and also for ordered CoZrPt alloys with varying
Co concentration. The results are discussed in Paper V. The direction of the
induced Zr moment is anti-parallel to that of the magnetic atoms. The value
of the Zr moment is the largest for the Fe-based alloy, about 0.16 µB/Zr atom.
In the Co-based alloys, the induced moment increases with Co content. In the
amorphous Co95Zr5 alloy, the Zr moment is about 0.12 µB/Zr atom.

The measurement results for the amorphous Co95Zr5 sample can be seen
in Fig. 4.14. Integrating the differential XMCD signal across the L3 and L2
edges with a starting value of zero, the value of the integral is found to be
positive, as seen in the lower part of Fig. 4.14. This shows that the spin (µS)
and orbital (µL) magnetic moments are aligned in parallel, which is a unique
observation because it seemingly indicates a violation of Hund’s third rule. A
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Figure 4.14: The results of the XMCD measurements on Co95Zr5. The X-ray absorp-
tion lines at the Zr L3,2 edges (top), differential XMCD signal (middle) and XMCD
intergal (bottom), can be seen. Due to the small size of the induced moment in Zr, the
XMCD signal and the integral are multiplied by a factor of ten.

similar behavior was observed for the amorphous Fe91Zr9 sample. However,
in the measurements on the structurally ordered CoZrPt alloys that were con-
ducted under the same conditions, the XMCD integral was negative, therefore
the spin and orbital moments are anti-parallel, as predicted by Hund’s third
rule. This implies that the effect is in some way related to structural disorder.

In an effort to model the character of the disorder in these amorphous al-
loys using first principles, the ordered bcc alloys Fe3Zr and Co3Zr were used.
Seeking to mimic the atomic arrangement inside the amorphous alloys, the
lattice spacing was varied around the equilibrium lattice constant. The calcu-
lations for both alloys revealed that at the equilibrium lattice constant, the ratio
µL/µS for Zr is negative, however, if the lattice spacing is reduced, it changes
sign. The results clearly indicate that a reversal of the sign of the Zr orbital
moment can occur when the interatomic distance between Co-Zr and Fe-Zr is
decreased. Studies of Co-rich CoZr alloys by EXAFS have demonstrated that
the Co-Zr interatomic distance is shorter in amorphous than in crystalline al-
loys [16]. Furthermore, when the coordination number in Co3Zr was changed
from 8 (bcc) to 12 (fcc), the calculated value of the µL/µS ratio for Zr was
found to be negative for all the examined lattice constants.
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This case study of the induced magnetization in the alloy element in amor-
phous alloys of FeZr and CoZr, evidences that the chemical environment, lo-
cal structural arrangement, coordination number and the variation of the bond
lengths exert large influence on the magnetic properties of amorphous alloys
and can lead to observations that are unique for this class of materials.

4.6 Imprinted Magnetic Anisotropy
It has been established that there are large differences in the magnetic proper-
ties of CoZr and FeZr alloys. The low value of the Curie temperature of FeZr
alloys excludes their use for applications that typically require a material with
room-temperature magnetization. Combining the two materials in the forma-
tion of a ternary alloy of FeCoZr, results in the realization of an amorphous
alloy with tunable magnetic properties. Both the TC and the saturation magne-
tization can be tailored, as an increase of the Fe content will lower the first and
increase the second. At the same time, the material is very soft magnetically.

The composition Co68Fe24Zr8 has been selected to demonstrate the possi-
bility for these materials to imprint the easy axis of the magnetization along
a preferred direction and in a layer-specific way. This can be accomplished in
a straightforward manner by applying a magnetic field along a selected direc-
tion during layer deposition. A custom-made sample holder was built for this
purpose and details of its construction can be found in Paper VI. An essential
requirement in this approach is that the combined effect of the value of TC
for the bulk material and the layer thickness will result in a TC for the layers
that is higher than the deposition temperature, which is room temperature for
convenience reasons. For layers of Co68Fe24Zr8 that are thicker than 14 Å, the
TC exceeds room temperature [91].

During the deposition of a 100 Å thick single layer of this alloy, the mag-
netic field was applied along an edge of the substrate. The schematic illustra-
tion on the left side of Fig. 4.15 shows the relation between the film geometry
and the applied field during deposition. The diagram on the right side of the
figure shows the normalized value of the magnetization at remanence, versus
the measurement angle θ . The remanence data is extracted from hysteresis
measurements, performed in a room-temperature MOKE setup. A peak value
therefore corresponds to an angle were an easy axis is observed. The separa-
tion between two peaks is about 180◦, so the layer exhibits a uniaxial in-plane
anisotropy which has been imprinted along the direction of the applied field.

A trilayer of Co68Fe24Zr8 (30 Å)/Al70Zr30 (30 Å)/Co68Fe24Zr8 (30 Å) with
imprinted layer-specific anisotropies was also produced. The applied field di-
rection during the deposition is indicated in the left part of Fig. 4.16. The
results from the MOKE measurements on the right side of the figure are in-
terpreted as follows: the two peaks with higher intensity correspond to the top
magnetic layer and the other two to the bottom layer, due to the finite penetra-
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Figure 4.15: The illustration on the left side shows the direction of the applied field
during the deposition of a single Co68Fe24Zr8 layer. The measurement angle θ is
also indicated. The right side shows the normalized remanent magnetization from the
MOKE measurements versus θ .

Figure 4.16: The illustration on the left side shows the directions of the applied field
during the deposition of a trilayer. The directions of the applied field for the two
magnetic layers are perpendicular to each other. The right side shows the normalized
remanent magnetization from the MOKE measurements versus θ .

tion of the laser beam. An easy axis for the magnetization is observed every
180◦ for each layer. However, the easy axis directions for the two layers are
not completely orthogonal. This is attributed to a slight inhomogeneity in the
magnetic flux density during deposition.

A large degree of flexibility is gained with the combined use of an amor-
phous FeCoZr alloy and the method for imprinting the magnetic anisotropy
that was introduced in this study. Not only is it possible to tune the inherent
magnetic properties of the material through the layer composition and thick-
ness, but also an arbitrary axis for the magnetization can be set, thus achieving
overall control over the magnetic behavior of the layers.
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4.7 Thermal Stability of Al100−xZrx Alloys
Alloys of AlZr have so far been presented as a key component in the produc-
tion of highly amorphous magnetic thin films and smooth amorphous mul-
tilayer structures. A definite advantage of these alloys is that there exists a
large drive towards an amorphous structure for a wide range of compositions,
indicated by the large reduction in free energy for an amorphous versus a
crystalline phase [164].

During the use of this material in amorphous multilayers, it was observed
that over a period of time, a layer of amorphous AlZr exposed to air did not
show any appreciable change in its thickness, determined by X-ray reflectivity
measurements. This implied that a passivation had taken place on the surface,
which prevented the in-depth oxidation of the material. Both Al and Zr have a
strong affinity for oxygen, as can be concluded with the help of an Ellingham
diagram which shows a large negative value for the free energy for the forma-
tion of their respective oxides (see e.g. [169]). However, an amorphous alloy
composed of the two elements exhibits passivating properties.

The potential use of this material as a protective coating becames apparent.
A strong point for the use of an amorphous material in such applications is the
formation of a smooth surface and the lack of crystalline grains and defects.
It is known that oxidation and corrosion progress, for the most part, at grain
boundaries and defect sites on the surface and both can be eliminated by the
use of an amorphous material.

Since the amorphous phase in AlZr alloys appears to be very stable, it would
be valuable to investigate the alloy stability with temperature. Also, if the
material is to be used in applications, the investigation should be conducted in
ambient atmosphere.

In the study reported in Paper VII, films of AlZr alloys were deposited
with compositions that cover the whole range between the pure elements. The
total thickness of each film was about 150 nm. Subsequently, the films were
annealed in air, in temperatures up to 700◦ C. It was found that the stability of
the films, with respect to structural changes and the progression of oxidation
in depth, depends mainly on the Zr content.

The findings for all examined compositions have been put together to form
the diagram in Fig. 4.17 that describes the structural stability and oxidation
resistance of AlZr alloys with temperature.

The amorphous phase for the as-deposited material extends from below 20
to about 80 at. % Zr. A thin oxide layer, with thickness between 3 and 6
nm, forms on the sample surface after being exposed to air. Upon heating, a
conversion to an oxide phase commences at temperatures around 400◦ C. For
Zr concentrations between 38 and 70 at.%, the structure remains amorphous
up to the highest temperature, regardless of the degree of oxidation.

Regarding the thickness increase of the oxide layer with temperature, it
was found to grow slower with high Al content in the alloys. In particular, the
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Figure 4.17: A diagram illustrating the structural stability of AlZr alloys annealed in
ambient atmosphere. The open circles correspond to amorphous metal and the filled
circles to amorphous oxide phases. The open triangles indicate a crystalline metal and
the filled triangles a crystalline oxide phase. Regions where mixed metal/oxide phases
are observed, in the Al-rich and Zr-rich sides, are marked with text in the figure.

oxide layers on top of the Zr-rich amorphous alloys grow almost twice as fast
with temperature compared to the Al-rich alloys. These results evidence the
stabilizing role of Al atoms in the amorphous structure.

Amorphous Al-rich AlZr alloys are suggested as a coating material for ap-
plications where protection against oxidation at room and slightly elevated
temperatures is required.
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Populärvetenskaplig sammanfattning

Avslöjandet av magnetisk ordning i nanostruk-
turerade oordnade material

I. Framsteg i forskning om magnetism och teknologi
Ända sedan upptäckten av naturligt förekommande magneter, så kallade segel-
stenar, och det vanligt förekommande mineralet magnetit, så har magnetism
haft en central plats i forskningsvärlden.

Till en början handlade forskningen om att försöka förstå de grundläggande
begreppen; vad är ursprunget till magnetism och magnetisk växelverkan, hur
kommer det sig att vissa material är magnetiska och andra inte, och vad spelar
sammansättningen och uppbyggnaden för roll i det hela.

Allt medan forskningen fortskred visade det sig att de magnetiska egen-
skaperna hos ett material kunde påverkas och anpassas genom ändring av
kompositionen, halten av olika grundämnen i materialet. Detta banade väg för
en uppsjö av teknologiska tillämpningar och en mängd olika moderna produk-
ter. Järn-nickellegeringar, så kallade permalloys, är mjukmagnetiska material
som används i bland annat transformatorer. Neodym-järn-borlegeringar som
används i hårddiskar är ett annat exempel på ett magnetiskt material skräd-
darsytt för en specifik tillämpning.

Ett stort genombrott inom materialforskningen gjordes när man började un-
dersöka storlekens effekt på ett materials egenskaper. Genom att gå från en
större storlek, på några centimeter och uppåt, bulkmaterial, till material med
en reducerad dimensionalitet, det vill säga tunna filmer eller trådar, kunde man
göra så att egenskaperna hos materialet förändrades. Detta var början på det
vi idag kallar nanoteknologi. För magnetiska material brukar man prata om
nanomagnetism vilket handlar om att undersöka ett material där minst en av
dimensionerna, till exempel tjockleken, är i nanostorlek, alltså 1-100 nanome-
ter (1 nm = 10−9 m). Det man upptäckte var att de magnetiska egenskaperna
för ett material påverkas av storleken. Ett materials magnetiska egenskaper
kan man alltså anpassa genom att ändra både kompositionen och storleken.

Storlekens påverkan kommer ifrån att 1 nm är i samma storleksordning som
den karakteristiska längden för många fysikaliska växelverkningar. Dessutom
ökar ytan i förhållande till volymen drastiskt när man skalar ner ett material till
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nanostorlek vilket innebär att yteffekter får mycket större inverkan. Termiska
fluktuationer får även de större effekt när storleken minskar.

Idag är mycket av den teknologi vi använder beroende av de upptäckter
som gjorts inom nanomagnetismen: sensorer, integrerade elektroniska kretsar,
medicinska diagnostiseringsverktyg och inte minst en hel del vetenskapliga
forskningsinstrument är några exempel på tillämpningar som använder nanos-
trukturerade magnetiska material.

II. Amorfa material och tunna filmer
Amorfa material är strukturellt oordnade på atomnivå, till skillnad från kristal-
lina material där atomerna upprepar ett visst mönster. Eftersom magnetism
är ett fenomen som har sitt ursprung på just atomnivå så har den amorfa
strukturen en distinkt inverkan på de magnetiska egenskaperna för ett ma-
terial. Dessutom påverkar inte defekter ett amorft material lika mycket som
ett kristallint eftersom oordning redan råder. På så sätt skulle man kunna säga
att ett amorft material uppnår perfektion genom sin imperfektion.

Det amorfa tillståndet är dock inte stabilt utan metastabilt, vilket innebär
att man på något sätt måste tvinga materialet att forma sig amorft. Ett sätt att
göra detta är med legeringar mellan grundämnen vars atomer har väldigt olika
storlek. Amorft järn kan på detta sätt produceras med hjälp av små tillsatser
av zirkonium. Det räcker med att en atom av tio är en zirkoniumatom för att
ett amorft tillstånd ska uppnås. Sådana järn-zirkoniumlegeringar används som
modellsystem för att undersöka hur magnetismen för järn ser ut i en amorf
miljö.

Tunna amorfa filmer kan läggas på substrat, där substratet ger strukturellt
stöd. Även multilager kan tillverkas där de olika lagren alternerar mellan mag-
netiska och icke-magnetiska material. I detta fall beror växelverkan mellan de
magnetiska lagren på avstånden dem emellan.

III. Resultaten av min forskning
Denna doktorsavhandling handlar främst om vilken effekt struktur och re-
ducerad dimensionalitet har på amorfa material i tunna filmer och strukturer
i flera lager. De amorfa filmerna tillverkades genom sputtring med hjälp av
magnetroner. Metoden fungerar så att man i en vakuumkammare accelererar
joniserade argonatomer mot ett ämne, varvid argonatomerna slår loss atomer
från ämnet. Dessa atomer far sedan mot ett substrat där de kondenserar i form
av en tunn film.

De tillverkade filmerna undersöktes med hjälp av röntgendiffraktion, där
konstruktiv och destruktiv interferens i den reflekterade strålningen ger in-
formation om atomstruktur, tjocklek på filmer och ytfinhet. Vidare användes
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transmissionselektronmikroskop, som ger högupplösta bilder och diffraktion-
smönster, och RBS (Rutherford Backscattering Spectrometry), som avslöjar
den stökiometriska sammansättningen. Slutligen bestämdes de magnetiska
egenskaperna hos materialen med en mängd olika tekniker såsom MOKE
(magneto-optic Kerr effect) och XMCD (X-ray Magnetic Circular Dichro-
ism) där växelverkan mellan polariserat ljus och magnetiska material används.
Även polariserad neutronreflektivitet, som ger information om struktur och
magnetisk profil, och supraledande magnetometri, som ger det absoluta värdet
för det magnetiska momentet, användes.

Doktorsavhandlingen består av ett antal vetenskapliga artiklar. Den
första behandlar ett system bestående av FeZr/Al2O3 multilager. Sådana
metall/oxidlager har väckt en hel del intresse sedan upptäckten av så kallade
magnetiska tunnelövergångar. Prestandan hos dessa strukturer försämras av
defekter vid ytorna mellan lagren. Idén var att använda amorfa lager som inte
har distinkta atomlager och på så sätt förbättra prestandan. Det upptäcktes
dock att oxidlagren orsakade kristallinitet i FeZr-lagren, något som drastiskt
förändrade deras magnetiska egenskaper.

Den andra artikeln diskuterar en metod för att i rumstemperatur tillverka
högkvalitativa amorfa FeZr-filmer med alla möjliga kompositioner. Med hjälp
av ett lager av AlZr under FeZr-filmen bildades inga kristaller i FeZr-lagret
som i fallet med oxiden.

Just kombinationen av FeZr och AlZr ger även multilager av hög kvalitet.
Sådana strukturer är i fokus i artikel tre och fyra. AlZr-lagret stoppar ef-
fektivt all växelverkan mellan FeZr-lagren, och i FeZr-lager med en tjock-
lek på omkring 1.5 nm uppvisar de en tvådimensionell magnetisering. Det
magnetiska momentet för dessa filmer befinner sig alltså bara i planet. Vidare
visade det sig att 2 nm tjocka filmer av FeZr har samma egenskaper som bulk-
material i fråga om det magnetiska momentet och Curietemperaturen, medan
1 nm tjocka FeZr-filmer har en drastiskt minskad Curietemperatur och ett min-
dre magnetiskt moment. FeZr-filmer på 0.5 nm uppvisar ingen magnetisk ord-
ning alls vid temperaturer över 0 K.

Den femte artikeln tar upp det inducerade magnetiska momentet i Zr som
påvisats i amorfa FeZr- och CoZr-legeringar. Det magnetiska momentet är i
storleksordningen av 0.2 µB per atom och antiparallellt mot momentet hosFe
eller Co och reducerar på så sätt det totala magnetiska momentet.

Den sjätte artikeln presenterar en metod för att skräddarsy magnetisk
anisotropi, alltså den fördelaktiga riktningen för den magnetiska momenten
i ett material. Genom att applicera ett magnetiskt fält under tillväxten av
FeCoZr-lager kommer magnetiseringsriktningen i lagret vara densamma som
för det pålagda magnetiska fältet.

Den sista artikeln fokuserar återigen på AlZr-legeringar. Denna typ av leg-
ering kan tillverkas amorft i ett väldigt brett kompositionsspann. Det visade
sig att legeringen bildar en passiv film, ett oxiderat skikt, som skyddar mot
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vidare oxidation, även i temperaturer upp mot 400◦C. Detta antyder att AlZr-
legeringar möjligtvis kan användas som skyddande lager emot degradering.

Sammanfattningsvis ger amorfa material oss nya möjligheter för att skräd-
darsy material med specifika egenskaper vad gäller magnetiska moment, Curi-
etemperatur och magnetisk anisotropi. Dessutom har amorfa material en unik
atomstruktur som är homogen och isotrop vilket ger dem möjligheten att vara
byggstenar för framtida forskning.
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[104] R. Bručas, M. Hanson, R. Gunnarsson, E. Wahlström, M. van Kampen,
B. Hjörvarsson, H. Lidbaum, and K. Leifer. Magnetic and transport proper-
ties of Ni81Fe19/Al2O3 granular multilayers approaching the superparamag-
netic limit. Journal of Applied Physics, 101(7):073907, 2007.

[105] Hans Lidbaum, Hossein Raanaei, Evangelos Th. Papaioannou, Klaus
Leifer, and Björgvin Hjörvarsson. Structural and magnetic properties of
Co68Fe24Zr8/Al2O3 multilayers. Journal of Crystal Growth, 312(4):580 – 586,
2010.

[106] S. H. Overbury, P. A. Bertrand, and G. A. Somorjai. Surface composition of
binary systems. Prediction of surface phase diagrams of solid solutions. Chem-
ical Reviews, 75(5):547–560, 1975.

[107] C. Messmer and J. C. Bilello. The surface energy of Si, GaAs, and GaP. Jour-
nal of Applied Physics, 52(7):4623–4629, 1981.

[108] L. Z. Mezey and J. Giber. The Surface Free Energies of Solid Chemical El-
ements: Calculation from Internal Free Enthalpies of Atomization. Japanese
Journal of Applied Physics, 21(Part 1, No. 11):1569–1571, 1982.

[109] B. D. Cullity. Elements of X-ray Diffraction. Addison-Wesley, 1978.

[110] D. W. L. Hukins. X-Ray Diffraction by Disordered and Ordered Systems. Perg-
amon Press, 1981.

[111] Michael F. Toney and Sean Brennan. Observation of the effect of refraction
on x-rays diffracted in a grazing-incidence asymmetric Bragg geometry. Phys.
Rev. B, 39(11):7963–7966, Apr 1989.

[112] Michael F. Toney and Sean Brennan. Structural depth profiling of iron oxide
thin films using grazing incidence asymmetric Bragg x-ray diffraction. Journal
of Applied Physics, 65(12):4763–4768, 1989.

[113] Paul F Fewster. X-ray analysis of thin films and multilayers. Reports on
Progress in Physics, 59(11):1339, 1996.

[114] J. Als-Nielsen and D. McMorrow. Elements of Modern X-Ray Physics. Wiley,
2001.

120



[115] H. Zabel. X-ray and Neutron Reflectivity Analysis of Thin Films and Super-
lattices. Applied Physics A: Materials Science and Processing, 58:159–168,
1994.

[116] P. F. Miceli, D. A. Neumann, and H. Zabel. X-ray refractive index: A tool to
determine the average composition in multilayer structures. Applied Physics
Letters, 48(1):24–26, 1986.

[117] J. Birch, J.-E. Sundgren, and P. F. Fewster. Measurement of the lattice param-
eters in the individual layers of single-crystal superlattices. Journal of Applied
Physics, 78(11):6562–6568, 1995.

[118] L. G. Parratt. Surface Studies of Solids by Total Reflection of X-Rays. Phys.
Rev., 95(2):359–369, Jul 1954.

[119] M. Björck and G. Andersson. GenX: an extensible X-ray reflectivity refine-
ment program utilizing differential evolution. Journal of Applied Crystallog-
raphy, 40:1174–1178, 2007.

[120] David B. Williams and C. Barry Carter. The Transmission Electron Micro-
scope. In Transmission Electron Microscopy, pages 3–22. Springer US, 2009.

[121] T. L. Alford, L. C. Feldman, and J. W. Mayer. Fundamentals of Nanoscale
Film Analysis. Springer Science, 2007.

[122] W.-K. Chu, J. W. Mayer, and M.-A. Nicolet. Backscattering Spectrometry.
Academic Press, 1978.

[123] M. Mayer. SIMNRA, a simulation program for the analysis of NRA, RBS and
ERDA. AIP Conference Proceedings, 475(1):541–544, 1999.

[124] M. Mayer. SIMNRA User’s Guide 6.05. Technical report, Max Planck Institut
für Plasmaphysik, Garching, Germany, 2009.

[125] R. C. Bird and J. S. Williams, editors. Ion Beams for Materials Analysis. Aca-
demic Press, 1989.

[126] RUMP, a package for plotting, analysis and simulation of RBS data:
www.genplot.com/doc/rump.htm.

[127] J. Kerr. Phil. Mag., 3:339, 1877.

[128] J. Kerr. Phil. Mag., 5:161, 1878.

[129] P.M. Oppeneer. Chapter 3: Magneto-optical Kerr spectra. volume 13 of Hand-
book of Magnetic Materials, pages 229 – 422. Elsevier, 2001.

[130] Z. Q. Qiu and S. D. Bader. Surface magneto-optic Kerr effect. Review of
Scientific Instruments, 71(3):1243–1255, 2000.

[131] S.D. Bader. SMOKE. Journal of Magnetism and Magnetic Materials, 100(1-
3):440 – 454, 1991.

121



[132] Z. Q. Qiu and S. D. Bader. Surface magneto-optic Kerr effect (SMOKE).
Journal of Magnetism and Magnetic Materials, 200(1-3):664 – 678, 1999.

[133] D.E. Fowler. Chapter 12.3: Magneto-optic Kerr Rotation. Encyclopedia of
Materials Characterization - Surfaces, Interfaces, Thin Films, pages 723 – 735.
Butterworth-Heinemann, 1992.

[134] A.K. Zvezdin and V. A. Kotov. Modern Magnetooptics and Magnetooptical
Materials. Institute of Physics Publishing, Bristol, 1997.

[135] D A Allwood, Gang Xiong, M D Cooke, and R P Cowburn. Magneto-optical
Kerr effect analysis of magnetic nanostructures. Journal of Physics D: Applied
Physics, 36(18):2175, 2003.

[136] A. Aspelmeier, M. Tischer, M. Farle, M. Russo, K. Baberschke, and D. Ar-
vanitis. Ac susceptibility measurements of magnetic monolayers: MCXD,
MOKE, and mutual inductance. Journal of Magnetism and Magnetic Mate-
rials, 146(3):256 – 266, 1995.

[137] C. Rüdt, P. Poulopoulos, J. Lindner, A. Scherz, H. Wende, K. Baberschke,
P. Blomquist, and R. Wäppling. Absence of dimensional crossover in metallic
ferromagnetic superlattices. Phys. Rev. B, 65(22):220404, Jun 2002.

[138] Martin Pärnaste. The Influence of Interlayer Exchange Coupling on Magnetic
Ordering in Fe-based Heterostructures. PhD thesis, Uppsala University, 2007.

[139] J. Stöhr. Exploring the microscopic origin of magnetic anisotropies with X-ray
magnetic circular dichroism (XMCD) spectroscopy. Journal of Magnetism and
Magnetic Materials, 200(1-3):470 – 497, 1999.

[140] J. Stöhr. X-ray magnetic circular dichroism spectroscopy of transition metal
thin films. Journal of Electron Spectroscopy and Related Phenomena, 75:253
– 272, 1995. Future Perspectives for Electron Spectroscopy with Synchrotron
Radiation.

[141] B. T. Thole, P. Carra, F. Sette, and G. van der Laan. X-ray circular dichroism
as a probe of orbital magnetization. Phys. Rev. Lett., 68(12):1943–1946, Mar
1992.

[142] Paolo Carra, B. T. Thole, Massimo Altarelli, and Xindong Wang. X-ray circular
dichroism and local magnetic fields. Phys. Rev. Lett., 70(5):694–697, Feb 1993.

[143] Andrei Rogalev, José Goulon, Chantal Goulon-Ginet, and Cécile Malgrange.
Instrumentation Developments for Polarization Dependent X-ray Spectro-
scopies. In Eric Beaurepaire, Jean Kappler, Gérard Krill, and Fabrice Scheurer,
editors, Magnetism and Synchrotron Radiation, volume 565 of Lecture Notes
in Physics, pages 60–86. Springer Berlin / Heidelberg, 2001.

[144] ID12 Circular Polarization Beamline webpage:
www.esrf.eu/UsersAndScience/Experiments/ElectStructMagn/ID12.

122



[145] Matts Björck. A Structural Viewpoint of Magnetism in Fe and Co Based Su-
perlattices. PhD thesis, Uppsala University, 2007.

[146] Andrei Rogalev, Fabrice Wilhelm, Nicolas Jaouen, José Goulon, and Jean-Paul
Kappler. X-ray Magnetic Circular Dichroism: Historical Perspective and Re-
cent Highlights. In Eric Beaurepaire, Hervé Bulou, Fabrice Scheurer, and Jean-
Paul Kappler, editors, Magnetism: A Synchrotron Radiation Approach, volume
697 of Lecture Notes in Physics, pages 71–93. Springer Berlin / Heidelberg,
2006.

[147] D. Koelle, R. Kleiner, F. Ludwig, E. Dantsker, and John Clarke. High-
transition-temperature superconducting quantum interference devices. Rev.
Mod. Phys., 71(3):631–686, Apr 1999.

[148] M. McElfresh. Fundamentals of Magnetism and Magnetic Measurements Fea-
turing Quantum Design’s Magnetic Property Measurement System. Technical
report, Purdue University, 1994.

[149] C. Nordling and J. Österman. Physics Handbook for Science and Engineering.
Studentlitteratur, 2006.

[150] Quantum Design webpage: www.qdusa.com.

[151] G. L. Squires. Introduction to the Theory of Thermal Neutron Scattering. Cam-
bridge University Press, 1978.

[152] A. J. Dianoux and G. Lander. Neutron Data Booklet. Institute Laue Langevin,
Grenoble, France, 2002.

[153] Hartmut Zabel, Katharina Theis-Bröhl, and Boris P. Toperverg. Polarized Neu-
tron Reflectivity and Scattering from Magnetic Nanostructures and Spintronic
Materials. John Wiley and Sons, Ltd, 2007.

[154] H. Zabel and K. Theis-Bröhl. Polarized neutron reflectivity and scattering
studies of magnetic heterostructures. Journal of Physics: Condensed Matter,
15(5):S505, 2003.

[155] J. Penfold and R. K. Thomas. The application of the specular reflection of
neutrons to the study of surfaces and interfaces. Journal of Physics: Condensed
Matter, 2(6):1369, 1990.

[156] J. Penfold. Instrumentation for neutron reflectivity. Physica B: Condensed
Matter, 173(1-2):1 – 10, 1991.

[157] A. R. Wildes. The polarizer-analyzer correction problem in neutron polariza-
tion analysis experiments. Review of Scientific Instruments, 70(11):4241–4245,
1999.

[158] R. Cubitt and G. Fragneto. D17: the new reflectometer at the ILL. Applied
Physics A: Materials Science and Processing, 74:s329–s331, 2002.

123



[159] J.A.C. Bland, J. Lee, S. Hope, G. Lauhoff, J. Penfold, and D. Bucknall. Layer
selective magnetometry in ultrathin magnetic structures by polarised neutron
reflection. Journal of Magnetism and Magnetic Materials, 165(1-3):46 – 51,
1997. Symposium E: Magnetic Ultrathin Films, Multilayers and Surfaces.

[160] J. F. Ankner and G. P. Felcher. Polarized-neutron reflectometry. Journal of
Magnetism and Magnetic Materials, 200(1-3):741 – 754, 1999.

[161] M. Schneider Jochen, D. Sproul William, and Matthews Allan. Phase forma-
tion and mechanical properties of alumina coatings prepared at substrate tem-
peratures less than 500 ◦C by ionized and conventional sputtering. Surface and
Coatings Technology, 94-95:179 – 183, 1997.

[162] Kari Koski, Jorma Hölsä, and Pierre Juliet. Properties of aluminium oxide thin
films deposited by reactive magnetron sputtering. Thin Solid Films, 339(1-
2):240 – 248, 1999.

[163] Jin-Kuo Ho and Kwang-Lung Lin. The metastable Al-Zr alloy thin films
prepared by alternate sputtering deposition. Journal of Applied Physics,
75(5):2434–2440, 1994.

[164] J. Joshua Yang, Ying Yang, Kaisheng Wu, and Y. Austin Chang. The forma-
tion of amorphous alloy oxides as barriers used in magnetic tunnel junctions.
Journal of Applied Physics, 98(7):074508, 2005.

[165] U. Herr, H. Ippach, and K. Samwer. Magneto-optical kerr effect study of the
polymorphic crystallization of thin Fe100−xZrx films. Applied Physics Letters,
75(12):1730–1732, 1999.

[166] Yu Fu, I. Barsukov, H. Raanaei, M. Spasova, J. Lindner, R. Meckenstock,
M. Farle, and B. Hjörvarsson. Tailored magnetic anisotropy in an amorphous
trilayer. Journal of Applied Physics, 109(11):113908, 2011.

[167] C. Kittel. Introduction to Solid State Physics, 8th Edition. John Wiley and
Sons, Inc, 2005.

[168] C. Paduani. First principles calculations of the local moments for 4d impurities
in bcc and fcc iron. Materials Science and Engineering B, 121(1-2):9 – 11,
2005.

[169] Katsuuki Yanagihara, Toshio Maruyama, and Kazuhiro Nagata. High temper-
ature oxidation of Mo-Si-X intermetallics (X = Al, Ti, Ta, Zr and Y). Inter-
metallics, 3(3):243 – 251, 1995.

124






	Abstract
	List of Papers
	Other published papers not included in this thesis
	Comments on my contribution

	Contents
	Introduction
	I. From lodestone to the advances in nanotechnology
	II. The contribution of this study

	1. Disorder in Metallic Materials
	1.1 Different Aspects of Disorder
	1.2 The Structure of Amorphous Metals and Alloys

	2. Magnetic Properties
	2.1 Basic Concepts
	2.2 Amorphous Fe and FeZr Alloys
	2.3 Amorphous CoZr and FeCoZr Alloys

	3. Experimental Methods in Practice
	3.1 Thin Film Deposition
	3.1.1 Sputtering
	3.1.2 Growth Modes

	3.2 Structural and Composition Characterization
	3.2.2 Transmission Electron Microscopy
	3.2.3 Rutherford Backscattering Spectrometry
	3.2.1 X-ray Scattering

	3.3 Magnetic Characterization
	3.3.1 Magneto-Optic Kerr Effect
	3.3.2 X-ray Magnetic Circular Dicroism
	3.3.3 SQUID Magnetometry
	3.3.4 Polarized Neutron Reflectometry


	4. Research Highlights
	4.1 Properties of Fe91Zr9/Al2O3 Multilayers
	4.2 Achieving Highly Amorphous Fe100
	4.3 Properties of Fe100
	4.4 Comparing Amorphous FeZr and CoZr Thin Films
	4.5 The Induced Moment in Zr
	4.6 Imprinted Magnetic Anisotropy
	4.7 Thermal Stability of Al100

	Populärvetenskaplig sammanfattning Avslöjandet av magnetisk ordning i nanostruk-turerade oordnade material
	I. Framsteg i forskning om magnetism och teknologi
	II. Amorfa material och tunna filmer
	III. Resultaten av min forskning

	Acknowledgments
	Bibliography



