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Abstract
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This thesis concerns the growth and magnetic properties of thin films and multilayers.
The samples were grown by magnetron sputtering, and characterized structurally
mainly by x-ray diffraction and reflectivity. The magnetic characterization of the
multilayers was done by magneto-optical Kerr technique, SQUID magnetometry and,
in two samples, by neutron reflectometry.

Arrays of small elements of polycrystalline permalloy (FeNi alloy with 19 wt%
Fe) are of interest as a component in non-volatile magnetic random access memories
(MRAM). Here the shape dependence of the domain structure in such elements was
studied by magnetic force microscopy (MFM) and in thin ring magnets the ’onion’
state could be seen for the first time. Also, by post-annealing in hydrogen atmosphere
the number of domains decreased in each element due to enhanced relaxation and
defect reduction.

Furthermore, permalloy-based anisotropic magnetoresistance (AMR) in read heads
are nowadays replaced by material combinations that have a giant magnetoresistance
(GMR) effect. In this work Fe/V(001) and Fe0.82Ni0.18/V(001) superlattices, i.e.
single-crystal-like multilayers, were investigated. These systems showed much smaller
GMR effect compared to the Fe/Cr system. However, by introducing Ni into the Fe
layers the magnetic anisotropy and the interlayer exchange coupling (IEC) decreased,
thereby increasing the sensitivity, which is a key property for a magnetic sensor.
The interface region showed a reduced magnetic moment, and the influence of the
structural quality was modelled and investigated theoretically in the Fe0.82Ni0.18/V
case. Also, in the Fe(2-3 ML)/V(x ML) superlattices (ML=monolayers) the transition
temperature from long-range magnetic order to paramagnetic order oscillated with
the V layer thickness (x) as a result of the oscillatory behaviour of the IEC.

The introduction of hydrogen in the non-magnetic layers of, for example, Fe/V(001)
superlattices is a way to tune the IEC strength. Here the tuning was used as a tool
to study the magnetic order in a low-dimensional magnet. At the critical hydrogen
concentration

〈 H
V

〉
=0.022 the Fe layers in an Fe(2 ML)/V(13 ML) superlattice became

decoupled. Then the system behaved as a two-dimensional Ising magnet with a finite
ordering temperature of about 60 K.
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Svensk sammanfattning

Magnetiska material har använts av mänskligheten sedan länge i bl.a.
kompasser och har i dagens samhälle allt fler användningsomr̊aden. Fr̊an
stora transformatorer i elgenererande verk till best̊andsdelar i h̊ard-
diskar och i dess läshuvud som avläser varje bits information i det
magnetiska sp̊aret p̊a diskytan. I mitten p̊a 1950-talet hade den första
kiseltransistorn realiserat möjligheten till miniatyrisering av elektroniska
komponenter. Redan d̊a fanns ett intresse av att använda magnetiska
RAM (random access memory), men problem med de magnetiska met-
allfilmernas tillförlitlighet gjorde att RAM blev halvledarbaserat. P̊a
1970-talet hade utvecklingen av den integrerade kretsen (IC) till mikro-
processorer blivit möjlig med hjälp av litografin, d.v.s. de aktiva och pas-
siva delarna kunde mönstras ut ur heterostrukturer. Heterostrukturer
best̊ar av flera materialskikt där de ing̊aende skiktens tjocklek ofta är
n̊agra f̊a atomlager. Detta ställer krav p̊a materialens kristallina struk-
tur, d.v.s. att atomavst̊anden (gitterkonstanterna) är ungefär desamma
i planet. En förutsättning för den resulterande epitaxiella strukturen är
att tillväxtprocessen sker i en extremt ren miljö. Ofta handlar det om
att belägga ett substrat med i storleksordningen ett atomlager varannan
sekund i en nästan lufttom (10−13 bar) tillväxtkammare. Substratet är
den stomme som filmen skall byggas upp p̊a och kan t.ex. vara en oxid,
som i det här fallet kiseldioxid SiO2 och magnesiumoxid MgO. Eftersom
de flesta strukturer med olika atomslag har olika gitterkonstanter kan
dessa i vissa gynnsamma fall och upp till en viss kritisk tjocklek anpassas
genom elastisk töjning. Det betyder att ett multilager där heterostruk-
turen upprepas flera g̊anger kan f̊a en gemensam kristallstruktur i planet
och bilda ett supergitter (se figur 2.1). Vid supergittertillväxten kan
man l̊asa en metastabil kristallstruktur som inte finns i naturen, vilket
skapar nya material med andra egenskaper än hos dess best̊andsdelar.

I mitten p̊a 1980-talet upptäcktes att i ett multilager best̊aende av
magnetiska och icke-magnetiska metaller kunde den s̊a kallade interlager-
utbytesväxelverkan (interlayer exchange coupling, IEC) mellan de mag-
netiska skikten resultera i en upplinjering av respektive ’sm̊amagneter’ i
motsatt riktning den i intilliggande skikt. Denna upplinjering, mag-
netiseringsriktningen, kan man p̊averka med ett yttre magnetfält s̊a
att alla de små magneterna (momenten) ställer in sig åt samma h̊all.
Detta medför i sin tur att den elektriska resistansen minskar drastiskt
d̊a ledningselektroner i det ena tillst̊andet, t.ex. ’spinn upp’, har bättre
transportegenskaper genom de olika skikten än elektroner i det andra
tillst̊andet, ’spinn ner’. Den här effekten kallas för gigantisk magne-
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toresistans (GMR) och används numera i m̊anga typer av magnetiska
sensorer som t.ex. datorers läshuvuden. Det induktiva läshuvudet hade
tidigare blivit utbytt mot sensorer med anisotropa magnetoresistans-
effekten (AMR) i t.ex. permalloy, en legering av nickel (80 %) och järn,
som har l̊ag magnetisk anisotropi men där resistanserna d̊a strömmen
är parallell eller vinkelrät mot magnetiseringsriktningen skiljer sig åt.
Med magnetisk anisotropi menas att ett magnetiskt material kan ha
en preferentiell magnetiseringsriktning. Detta är en viktig parameter
som kan utnyttjas för att lagra data tätare. Permalloy är även tilltänkt
som en komponent i MRAM, som best̊ar av ett magnetiskt lager med
rörlig riktning, ett icke-magnetiskt lager, samt ett referenslager med fast
magnetisk riktning. Därför har här resultatet av den interatomära ut-
bytesväxelverkan i sm̊a magnetiska permalloypartiklar av olika storlekar
och former studerats.

Den metod som används i denna avhandling för att bygga upp tunna
filmer samt supergitter är den s.k. sputtringstekniken där joniserade
argonatomer under en p̊alagd spänning accelereras mot en materialkälla
och sl̊ar ut atomer som kan landa, deponeras, p̊a bl.a. substratet. Vid
magnetronsputtring kan de elektroner som ocks̊a sl̊as ut vid kollisio-
nen f̊angas in av magnetfältet och jonisera argonatomer i närheten av
materialkällan och därmed förhöja deponeringshastigheten. Gränsy-
torna mellan de olika skikten är mycket viktiga och de kan vara mer
eller mindre skrovliga (ojämna) eller sammanblandade (legerade). Vik-
tiga parametrar i detta sammanhang är substrattemperaturen och gas-
trycket som b̊ada p̊averkar de deponerade atomernas rörelse p̊a ytan.
Vanligtvis undersöks filmens kristallstruktur med hjälp av diffraktion
av röntgenstr̊alar som har en v̊aglängd av samma storleksordning som
atomavst̊anden. Med reflektion (liten infallsvinkel) kan även multila-
grets periodicitet samt gränsytornas kvalitet studeras. Om man istället
använder sig av neutroner kan man dessutom f̊a information om den
magnetiska periodiciteten.

Genom att studera supergitter best̊aende av tunna lager av järn (mag-
netiskt) och varierande tjocklek av vanadin (icke-magnetiskt) kan man
studera hur IEC och dess transportegenskaper varierar. Om man dessu-
tom introducerar vätgas i supergittret kommer enbart vanadin att ab-
sorbera vätet, s̊a att IEC kopplingen förändras. Detta ger en unik
möjlighet att studera ett kvasi-tv̊adimensionellt magnetiskt system som
i det här fallet best̊ar av tv̊a atomlager tjockt järn. Om man istället
legerar järn med nickel (18 %) p̊averkas kristallstrukturen samt de mag-
netiska egenskaperna, däribland anisotropin. I denna avhandling har
tävlan mellan IEC och anisotropin studerats samt hur gränsytornas
kvalitet p̊averkar de magnetiska egenskaperna hos olika supergitter.
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Introduction

In the conceptual picture we can regard a ferromagnet as a collection of
small bar magnets that order in parallel, due to interactions described by
the interatomic exchange coupling, J . By reducing the extension in one
direction, as in thin films, and by the investigation of different material
compositions, new magnetic characteristics are introduced that could be
of interest for future spin electronic devices and other applications.

In magnetic hard disc drives the grain size is on the order of 10 nm,
close to the superparamagnetic limit when the orientation of the mag-
netic moments is thermally fluctuating, although the bit cell contains
103 grains to reduce the signal-to-noise ratio [1]. To have commercial
memories of the order 100 Gbits/inch2 the number of particles must
be reduced, and one way of doing this is by patterning regular arrays of
uniform magnetic dots. Patterned arrays are also proposed for magnetic
random access memories (MRAM), a non-volatile memory compared to
the conventional semiconductor-based RAM. Since the size and shape
of the magnetic particles are important for the magnetic interactions,
there is a need for investigations of their magnetic states.

Permalloy is an alloy of Fe and Ni with, in general, 80 atomic percent
of Ni. However, the proportion of nickel may range from 35-90 atomic
percent depending on the desired properties. The alloy is very useful in
applications, as in MRAM, magnetoresisitive spin valves or multilayers,
since it is magnetically soft and, in certain concentrations, it has no
preferential orientation of the magnetic moments.

A field of specific interest is artifical multilayers, where we can com-
bine different materials forming structures not found in nature. In ad-
dition, with today’s deposition techniques such as sputtering, we are
able to grow single-crystal metals with a crystallographic structure that
can be altered by the choice of substrate. Figure 2.1 illustrates a cross-
section of a multilayer consisting of two elements. In a superlattice there
is an additional in-plane crystallographic orientation of the film con-
stituents that is preserved laterally many times longer than the layer
thickness. The system is metastable, thus in the case of Fe and V, the
miscible atoms will interdiffuse and form a binary metal alloy at elevated
temperatures. In contrast, e.g. permalloy and Ag are immiscible, and
in ref. [2] the diffusion of Ag created disk-like islands of permalloy.

If we introduce a paramagnetic metal, such as V, in between two
ferromagnetic layers, such as Fe, there is a possibility that the conduc-
tion electrons in the metal mediate an interaction between the magnetic
layers, which is described by the interlayer exchange coupling J ′. This
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Figure 2.1: Schematic cross-sectional view of a multilayer grown on a
substrate. The thin film layers consists of atom A with
thickness DA followed by layers of atom B with thickness
DB repeated several times. The chemical modulation wave-
length, Λ, is the total thickness of each bilayer (DA + DB).
The blown-up picture shows the atomic plane distance d.

can change the alignment between adjacent magnetic layers into, for ex-
ample, antiparallel alignment. If we then apply a magnetic field, the
magnetic layers will align parallel in the field direction, and the resis-
tance will decrease drastically during the process. The effect is called
giant magnetoresistance and IBM was, in 1997, the first company to
implement the effect into their read head devices [3]. Furthermore, the
total exchange interaction (J as well as J ′) also influences at which tem-
perature the whole system becomes paramagnetic.

The interaction changes with the thickness of the paramagnetic layer.
By introducing hydrogen in e.g. V the layer expands forming VHx, and,
at the same time, the electronic properties are altered. In addition, by
changing the ferromagnetic layer thickness the intra- as well as the in-
terlayer exchange coupling can be varied. Moreover, by alloying the Fe
layers (here Fe0.82Ni0.18) we can also alter the magnetic properties of the
obtained heterostructure. In overall, the combination of Fe and V is an
excellent model system for investigating the dimensional and electronic
aspects of the magnetic interactions.

This thesis is structured as follows: in chapter 3 an introduction to
thin film magnetism is given, followed by a description of the experi-
mental techniques used in chapter 4. Finally, in chapter 5 a summary
of the results from the papers is presented.
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Thin film magnetism

3.1 Basic concepts
3.1.1 Introduction
Before introducing the concept of magnetism in thin films I will give
a brief summary of magnetism in solids. For those who are interested
to know more I recommend standard textbooks in solid state physics,
quantum mechanics and magnetism [4, 5, 6].

So what is magnetism? As we all know the magnetic compass is a use-
ful guide, in which the needle is a small bar magnet with its south pole
pointing in the direction of the Earth’s magnetic North pole. Through-
out history people have been using permanent magnets such as the min-
eral magnetite (Fe3O4) for different purposes, but the technological im-
pact of magnetism was not realised until the invention of electromag-
netism. In 1845 the theory of electromagnetism was accomplished by
J C Maxwell after discoveries on the magnetic field from an electric
current by Ørstedt, Ampère and Faraday among others. Faraday’s in-
duction law, which explains that an electromotive force is induced by a
conductor moving in an uniform magnetic field1 (or a stationary conduc-
tor in a time-varying field), was the starting point of the development
of the magnetoelectric generator. Another application is the magnetic
recording medium, used in tape and video recorders, developed in the
beginning of the 20th century. Later in the computer era, magnetic mate-
rials were used for the data bit storage in hard drives. Also, sofisticated
magnetic sensors are widely used in industry as well as in our daily life.
’Magnetic sensor’ is a general term for different sensors measuring the
magnetic field or non-magnetic properties through a physical effect, for
example the change in magnetoresistance in read heads while detecting
a bit cell in a computer RAM memory. Another example is the magneto-
optical disc, in which the writing process changes the magnetic state of
a bit cell by laser heating, whereas in the read-out process the magnetic
state changes the polarization of the laser light.

3.1.2 Atomic magnetism
Where did this permanent magnetism in some materials come from?
The discoveries of the electron and the nucleus as well as the theory of
quantum mechanics in the beginning of the 20th century made it possible
to understand the fundamental properties of magnetism in matter.

1The induced magnetic field is opposed to the applied field according to Lenz’s
law.
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In an isolated atom the simplest case is the hydrogen atom with one
electron and a spherical symmetric potential. The hydrogenic energy
levels or shells (bound states) are described by a set of quantum numbers:
the principal n, the orbital angular momentum l, the orbital magnetic
ml, and the spin angular momentum ms. In many-electron atoms the
Pauli exclusion principle describes the electrons to have an individual
set of quantum numbers, i.e. to be in different states. The magnetic
dipole moment of the atom originates from the unpaired electrons in the
partly filled shells, and the magnetic moment from the nucleus (protons
and neutrons) is normally negligible in comparison to this moment.

At finite temperature we also need to take into account the excited
state occupation and this is done by using quantum statistics in the ther-
mally averaged moment, which is lower than the ground state moment.
The positive response to an applied field from moments in a partly filled
shell is then described by the paramagnetic susceptibility2, which is tem-
perature dependent following the so-called Curie law χ = C

T in free atoms
or ions (Langevin paramagnetism).

On the other hand, if we apply an external field, all atoms are mag-
netic due to the magnetic response to a change in the electrons’ orbital
angular momentum, a response called diamagnetic susceptibility (Lar-
mor and Landau diamagnetism for closed and partly filled shells, re-
spectively). However, the temperature independent diamagnetism is of
the order −10−5, and compared to the paramagnetic susceptibility which
is of the order 10−2 − 10−3 at room temperature, the diamagnetism is
only of importance in some systems like the noble gases (Ar, Kr, etc).

3.1.3 Solid state magnetism
In a solid the atoms are stacked together and in some cases forming a
highly ordered structure, a crystal (see section 4.1). The ’glue’ between
the different atoms is a chemical bond, in metals a metallic bond, which
is characterized by the binding (cohesive) energy. The most common
crystal structure for a metal is the body-centered-cubic (bcc) like in
Fe and V, face-centered-cubic (fcc) like in Ni and the hexagonal-close-
packed (hcp) like in Co (see figure 3.1). The building blocks in a crystal
are in theory represented by a lattice and a basis with the atomic posi-
tions in the lattice. For example, bcc, fcc and hcp have 2, 4 and 2 atoms
in the basis, respectively.

2The magnetic susceptibility is defined as the partial derivative of the magne-
tization with respect to the applied field χ = ∂M

∂H at constant temperature T. The
magnetization (magnetic moment per unit volume) can be defined as the partial
derivative of the Helmholtz free energy with respect to the applied field per unit
volume M = − 1

µ0V
∂F
∂H and at constant temperature T.
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Figure 3.1: Crystal structures: a) bcc b) fcc and c) hcp.

Each atom in the solid will have tightly bound core electrons that form
an ion together with the nucleus, and valence electrons that are more
free to move around in the crystal. This means that, for the valence
electrons, the discrete set of energy levels in an atom forms a more or
less continous energy band in a solid (see figure 3.2 a). In the free (non-
interacting) electron model the solutions to the Schrödinger equation
(H Ψ = EΨ) are wavefunctions representing plane waves. However, since
the electrons (Bloch electrons) are perturbed by the periodic potential
from the ions, the wavefunctions at the edges of the Brillouin zone are
standing waves due to the Bragg reflections of the electron waves (see
section 4.2.1). This will cause a split of the original band into a set of
energy bands and band gaps with no allowed wavelike states in between,
as presented in figure 3.2 b.

a) b) c)
Energy

k

Energy

k

Eg

π
a

π
a

��

Energy

k

εF

π
a

π
a

��εF

(metal)

(semicond./
insulator)

conduction band

Figure 3.2: Conceptual picture of bandstructure, energy versus wavevec-
tor k, for a) free electron states and in b) nearly free electron
states in a periodic lattice with lattice parameter a showing
the bandgap Eg. In c) the highest occupied state (the Fermi
level εF) in a metal and in a semiconductor or insulator is
presented in a reduced-zone scheme.

Also, since the potential landscape looks different in different direc-
tions of the crystal, so do the energy bands. Some bands might have

7



allowed states at the same energy level, so-called band overlap or band
hybridization and in a semimetal like Bi a small band overlap gives partly
filled band. In a metal the topmost energy band, the conduction band,
is partly occupied by electrons up to the Fermi level (see figure 3.2 c).
This means that the conduction electrons can respond to electric fields,
thermal gradients and incident light, and as we all know, metals are ex-
cellent electronic and thermal conductors as well as good mirrors. This
is not the case for an insulator like diamond where the electrons are
within filled energy bands at 0 K. The bandgap is too large compared to
the thermal energy kBT at ambient temperatures, whereas in semicon-
ductors like Ge and Si the thermal energy is enough to excite electrons
into the empty conduction band. Two important concepts in the band
model are the density of states (DOS), defining how many one-electron
states there are at a certain energy, and the Fermi surface, which is
the surface of constant energy εF in k space that separates the occupied
states from the unoccupied states at 0 K.

Going back to the magnetic properties, we see that in a solid several
contributions to the magnetic susceptibility occur. In order to describe
the magnetism in metals we need to introduce two special cases that
originates from the competition between the kinetic energy, b, and the
Coulomb interaction, U: localized when U > b and itinerant when U < b.
In the localized model the magnetic moments can be approximated as
localized to the core electrons, as in the case of 4f rare earth metals,
where the 4f electrons are embedded within the atom while the 5d and
6s electrons form the conduction band. The Langevin description of
paramagnetism works rather well, giving rise to the Curie-Weiss law3

χ = C
T−TC

, and the moments of the individual atoms align parallel to the
applied field until the thermal disorder will disrupt the magnetic order
at the Curie temperature, TC. Unless the internal magnetic field gives
rise to a magnetic order, the moments are uncorrelated in zero external
field and points in random directions with a resulting zero net moment.
The conduction electrons in this case give only a small contribution to
the magnetic moment, but play a crucial role in mediating the magnetic
interactions (see next section).

In the 3d transition metals (the iron-group), such as Fe, Ni and V, the
moments of the conduction electrons (4s and 3d) have to be described
by an itinerant model since they become more or less delocalized. In
the free electron model the applied field will cause a downward shift of
the energy levels for electrons with ’spin up’ (parallel to the field) and

3In the beginning of the 20th century Weiss introduced a classical internal magnetic
field, the molecular field, to explain the spontaneous magnetization. Each moment
sees the average magnetization of all the other moments.
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an upward shift for the ’spin down’ electrons (see figure 3.3). Since the
chemical potential (Fermi level) must be equal for the two spin channels
there must be an electron transfer from the minority electron band (’spin
down’) to the majority electron band (’spin up’).

Energy

DOS

H=0

εF

Energy

DOS

H>0

εF+µ0MH
e-

εF−µ0MH

a) b) c) Energy

DOS

H>0

εF

2µ0MH

Figure 3.3: Pauli paramagnetism in the free electron model. In a) the
density of state (DOS) of the two spin channels at 0 K is
presented. b) is showing the energy split in the two spin
channels ’spin up’ and ’spin down’ due to the applied field
H together with the following transfer of electrons, and in
c) is the final DOS and Fermi level (εF).

The difference in the number of electrons with ’spin up’ and ’spin
down’, the spin polarization, will cause a net moment described by the
temperature independent Pauli susceptibility, χP. In addition, since the
electrons are moving in a periodic potential the applied field couples
to the motion of the conduction electrons, causing a Landau diamag-
netism that is −1

3 of the Pauli paramagnetism (ignoring the effective
mass correction).

In the above discussion we did not include the electron-electron inter-
actions from the crystal environment, an electric field from the neigh-
bouring atoms called the crystal field. This breaking of the spherical
symmetry of the potential may cause a quenching of the orbital an-
gular momentum so that J=S, instead of J=L+S from Hund’s rules,
with a moment proportional to the number of unpaired electrons. In
3d elements the crystal field splitting is much larger than the spin-orbit
splitting. However, the measured magnetic moments are non-integer
values in µB in the magnetic 3d elements.

In the Stoner model the electron-electron interactions are included in
the splitting of the spin channels and the Pauli susceptibility becomes
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enhanced by the Stoner enhancement factor:

χS = χP · 1
1− Is ·N(εF)

, (3.1)

where Is is the Stoner exchange integral, a measure of the exchange
interaction, and N(εF) is the DOS at the Fermi level.

A spontaneous magnetization is possible if the Stoner criterion, Is ·
N(εF) ≥ 1, is fulfilled as for Fe, Co and Ni. The DOS at the Fermi
level is exceptionally high for these three elements partly because the
3d bandwidth is narrow (in E) at the Fermi level. The moment per
atom of Fe, Co and Ni at 0 K is 2.2 µB, 1.7 µB and 0.6 µB, respectively
[7]. Fe, Co and Ni are examples of ferromagnets, i.e. materials with
the moments aligned in parallel. In an antiferromagnet, such as Cr, the
two sublattices have equal size of the magnetization vector and no net
moment. The spin polarization occurs at k-values that are equal to the
spin-order vector Q [1].

The magnetic moment can be altered by changing the lateral exten-
sion as in thin films and multilayers. First of all, a reduced coordination
number, i.e. less neighbours, is present at a surface or an interface. The
reduction leads to a decreased bandwidth, thereby increasing the DOS
at the Fermi level. Thus, the magnetic moment would be enhanced in
this case. Secondly, band hybridization at a surface or an interface can
have a large effect. In general, this will lead to a band broadening re-
sulting in a decreased DOS at the Fermi level with a reduction of the
magnetic moment (see section 3.4).

At the ordering temperature, T C, the entropy (thermal disorder) over-
comes the interaction energy and destroys the magnetic order, and at
higher temperatures the Curie-Weiss law is valid. With increased tem-
perature the spin polarization is also reduced by spin flip processes, such
as single particle transitions between bands of opposite spins, so-called
Stoner excitations, or spin wave scattering (see section 3.1.4). Below T C,
the field dependence is more complicated due to the irreversible magne-
tization process as seen in the magnetic hysteresis loop (see figure 3.4).

A magnetic domain is a region inside a crystal that is uniformly mag-
netized to the saturation value. The boundaries between different do-
mains are called domain walls. The overall magnetization process in-
cludes the displacement of domain walls, in which domains aligned in
the applied field direction grow on the expense of other domains, and on
the coherent rotation of the magnetization vector inside the domains.
A common magnetic domain pattern for films with small anisotropy
and cubic structure, for example permalloy (see paper I), is the Landau
state (see figure 3.5 a), in which we have a 180◦ domain wall in the mid-
dle together with 90◦ domain walls at the edges [8]. In small enough
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Figure 3.4: Hysteresis loop of a ferromagnet. The saturation magneti-
sation Ms, the remanence MR, and coercivity Hc are defined
as shown.

particles with low coercivity no domain walls will develop, and instead
we can have a vortex state with a curling magnetization structure [8]
(see figure 3.5 b), as seen in paper II.

a) b)

Figure 3.5: Schematic representation of two possible magnetic struc-
tures in permalloy: a) Landau state with magnetic domains
walls b) vortex state without magnetic domain walls.

In a multilayer, the magnetization process of the magnetic layers
is a competition between the applied field energy (Zeeman term), the
anisotropy energy (see section 3.2) and the interlayer exchange coupling
(see section 3.3) [9]. In the case of an antiferromagnetically coupled
sample, the domain walls become irregular since the flux closure is al-
ready obtained, compared to the regular 90◦ and 180◦ domain walls in
a ferromagnetically coupled sample [8].

For a ferrimagnet, where there exists two sublattices with different
sizes of the magnetization vectors aligned antiparallel to each other with
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a resulting net moment, the temperature dependence of the magnetic
susceptibility is more complicated above the ordering (Curie) tempera-
ture. In the case of an antiferromagnet the ordering occurs below the
Néel temperature, T N. Examples of other magnetic orders are the canted
spins of α-Fe3O4 [10] and the helical spin structure of rare earth metals
[11].

In binary alloys of the magnetic 3d metals, the total magnetic moment
at saturation follows the Slater-Pauling curve (see figure 3.6). Under the
assumption of rigid bands, i.e. no change in the band structure during
the electron transfer from ’spin down’ to ’spin up’, the shape of the
DOS will affect the band splitting. Magnets in the positive/negative
slope of the Slater-Pauling curve are termed weak/strong ferromagnets.
In the case of the substitutional FexNi1−x alloy it will undergo a phase
transition from the Fe-rich bcc to the Ni-rich fcc at a bulk value around
x=0.35. In this particular region the system behaves in a very peculiar
way with almost negligible thermal expansion, so-called Invar effect,
that has recently been described theoretically by moments pointing in
different directions (non-collinear moments) [12, 13].

Figure 3.6: The Slater-Pauling curve. From ref. [7].

3.1.4 Magnetic interactions

Within the solid there are several contributions to the energy from differ-
ent interactions. The magnetic moments will interact with an external
field through the Zeeman term (µ0m ·Hext). Also, the magnetic dipole-
dipole interaction (magnetostatic or stray field energy) will cause the
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demagnetizing field, generated by the magnetic body itself. This field
will cause formation of magnetic domains and thereby lowering the en-
ergy. However, a reduced dimensionality can decrease the demagnetizing
field (see section 3.2).

When the Stoner criterion is fulfilled the spins tend to align spon-
taneously. The exchange interaction is due to the overlap between the
electronic wavefunctions, which is restricted by the Pauli exclusion prin-
ciple. In direct exchange the two nearest neighbour magnetic ions have
overlapping charge distributions, in superexchange the interaction is me-
diated by a non-magnetic ion in between the two magnetic ions, whereas
in indirect exchange the interaction is mediated by conduction electrons.
The indirect exchange is an RKKY interaction formulated by Ruderman
and Kittel for nuclear spins, and later modified by Kasuya and Yoshida
for the polarization of the conduction electrons by a local spin [11].

In the Heisenberg model, localized spins on different lattice sites in-
teract pairwise via an exchange integral described by an Hamiltonian:

H = −∑
i�= j

Ii jSi ·S j, (3.2)

where the exchange integral Ii j is between spins located on sites i and j.
In the case of an applied field, there is an additional term (Zeeman

term). In a uniform magnet the alignment is parallel if Ii j > 0 and
antiparallel if Ii j < 0. If the interaction is not restricted to the nearest
neighbours it is important to simplify the Heisenberg Hamiltonian. This
can be done by introducing the mean-field approximation, in which the
individual spin interacts with a field produced by all the neighbouring
spins [6].

The Heisenberg model also includes excitations of the whole spin sys-
tem, so-called spin waves or magnons. This collective excitation will
cause a decrease in the spontaneous magnetization for a ferromagnet
described at low temperature by Bloch’s law. With the requirement of
no spin wave interactions present Bloch’s law is given by:

Ms(0)−Ms(T )
Ms(0)

= BT 3/2, (3.3)

where B is the spin wave parameter. The spin wave parameter is closely
related to the stiffness constant, D, described by the dispersion relation
[14]:

Ek = D0K1 +Dbkb, (3.4)

where K1 is the first order anisotropy constant (see section 3.2), k is
the spin wavevector and b=1 or 2 is valid for an antiferromagnet and a
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ferromagnet, respectively (see paper IV). At low temperature the spin
waves are strongly affected by the presence of anisotropy.

Two other spin excitation models are the Ising model, where the spin
excitations are in one dimension (’spin up’ or ’spin down’) and the XY
model, where the spins are confined within a plane (see figure 3.7).

a) b) c)

Figure 3.7: Spin configuration in a) Ising model (uniaxial) b) XY-model
(planar) and c) Heisenberg model (isotropic).

The order-disorder phase transition in a simple magnet is induced
by the temperature and its dependence on the order parameter, the
magnetization, is quantified by a power law [15]:

M(T ) ∝ (−ε)β,T < TC, (3.5)

where ε = T−Tc
TC

is the reduced temperature, TC is the critical temperature
and β is the critical exponent.

The critical exponent β is only one of several critical exponents de-
scribing the system and they can be related to each other by scaling
laws [16]. An important parameter close to the phase transition is the
correlation length of the spin fluctuations, which is affected by the sam-
ple dimension. By reducing the lateral extension in one direction, as in
thin films, there is a transition from 3- to 2-dimensional behaviour at a
critical thickness. The phase transitions can be divided into 9 univer-
sality classes depending on the spin dimension, due to the presence of
anisotropy, n, and the spatial dimension of the system, d, as presented
in table 3.1. In the Heisenberg model, no long-range order at finite
temperature is expected for spin dimensionalities lower than 3D, as de-
scribed by e.g. the Mermin-Wagner theorem [15]. In 3D the exponent β
is approximately 0.35, 0.33, and 0.31, in the Heisenberg, XY and Ising
model, respectively [15]. The XY model has a topological phase transi-
tion (Kosterlitz-Thouless, KT) in 2D going from a short-range ordered
low-temperature phase to a disordered high-temperature phase with the
unbinding and appearance of new vortices [10]. However, in finite sys-
tems spontaneous order occurs due to spin interactions with β≈0.23 [17]
compared to the 2-dimensional Ising model with β=0.125 [15].

As we mentioned earlier, the magnetic moment is affected by the
change in the magnetic coupling strength from the reduced coordination
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Table 3.1: Universality classes and the presence (x) or absence (-) of
long-range order. From ref. [15].

d= 1 2 3

n= 1 (Ising) - x x
n= 2 (XY) - -/KT x
n= 3 (Heisenberg) - - x

in thin films. Since the critical temperature is proportional to J this will
also change the critical temperature according to the finite-size scaling
[1]:

TC(t) = TC(∞)
[

1− (
t
t0

)−λ
]
, (3.6)

where the critical temperature of bulk, TC(∞), is scaled by the thickness
of the thin film t and λ is the inverse of the critical exponent ν of the
correlation length.

3.1.5 Theoretical calculations of the band structure

The nearly free electron model is a simplified way to describe the many-
body problem of a solid. In a real case one would have to find a solution
to the Schrödinger equation with a very complex Hamiltonian describ-
ing all the different interactions in the system and with a wave function
having at least as many coordinates as the number of electrons in the ma-
terial (≈ 1023/g). However, this is solved by using approximations and
tools like the density functional theory (DFT) [18]. The ground state
energy (0 K) is uniquely determined by the electron density (n(r)) and
this density minimizes the total energy functional, which was used by
Walter Kohn and his colleagues. Furthermore, the Kohn-Sham scheme
involves minimizing the energy of a system of non-interacting electrons
with the same ground state density as the original system. Starting with
a guessed density, this is used in the calculation of the effective poten-
tial in the Hamiltonian of the non-interactive electrons. By solving the
single particle Schrödinger equation (Kohn-Sham equation) a new den-
sity is obtained as the sum of the single particle densities, which will be
used in a new calculation of the effective potential. This iterative pro-
cedure continues until the difference between two consecutive density
values becomes small enough- the solution is self-consistent. The part
of the energy functional that includes all the many-body effects, the
exchange-correlation energy functional is normally approximated with
the local-density approximation (LDA) where the exchange and corre-
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lation energies are those of a particle in a uniform electron gas with
density n(r). In a spin polarized system, calculations have to be made
in the two spin states, ’spin up’ and ’spin down’. The total electron
density is the sum of the two different states, whereas the magnetization
is depending on the difference in the electron density.

The single particle Schrödinger equation is solved by expanding the
wavefunctions into a set of basis functions, e.g. Bloch summed MTO’s
(Muffin-Tin Orbitals) [19]. The space is here divided into two parts,
spheres surrounding the atomic sites and the interstitial region in be-
tween with the periodicity of the lattice incorporated (Bloch condition).
In paper VII and X a further approximation of the method called KKR-
ASA (Korringa-Kohn-Rostocker with Atomic-Sphere-Approximation) is
used. The space consists here of overlapping atomic spheres so that
the interstitial region is removed and this substantially decreases the
computational cost [19].

To calculate a random substitutional alloy the coherent potential ap-
proximation (CPA) is used in the calculations, by introducing the alloy
constituents A and B as impurities into an effective medium with the
average properties of the system [20].

In the calculations discussed in the thesis, a cubic crystal structure
with a given size is assumed together with no local structural imper-
fections in the lattice, such as vacancies or dislocations. It is also of
importance to check if the energy minimum is the global one, i.e. if
the obtained magnetic structure is the correct one. Here, only collinear
moments are possible to model. In order to evaluate the magnetic align-
ment, the anisotropy, or an asymmetrical change in the crystal shape,
other methods are needed.

3.2 Magnetic anisotropy
In a solid, the energy is minimized when the spontaneous magnetization
is along certain crystallographic orientations, easy directions, as com-
pared to the least preferred, hard directions. The energy that describes
this is called the magnetic anisotropy, and it is mainly given by the
spin-orbit interaction, the magnetocrystalline anisotropy (MAE), and
the shape of the specimen, the shape anisotropy.

The shape anisotropy depends on the magnetic dipolar coupling be-
tween the individual spins, as mentioned earlier. The demagnetizing
field is due to poles at the surface. Inside a ferromagnetic sample it is
opposed to the spontaneous magnetization direction -N · Ms, where the
tensor N depends on the shape of the sample and Ms is the saturation
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magnetization. For example, N is isotropic and equal to 1
3 for a sphere,

whereas for an infinite x,y-plane (more or less thin films) N is 1 in
the z-direction and 0 in the plane. The corresponding shape anisotropy
energy per unit volume of thin films [21]:

Ed =
1
2

µ0M2
s cos2(θ), (3.7)

where θ is the angle between the uniform magnetization and the film
normal (z-direction). This contribution favours an in-plane magnetiza-
tion for thin films lowering the total energy. In reality the finite size
effects can introduce a shape anisotropy within the film plane, as well
as changing the out-of-plane shape anisotropy [22].

The electron spin-orbit interaction of energy will reduce the spherical
symmetry of the atomic potential, and thereby introduce an anisotropy
in the orbital moments. The energy of the MAE (per unit volume) of a
cubic system can be expanded in terms of the direction cosines [21]:

Ecubic
a = K0 +K4(α2

1α2
2 +α2

1α2
3 +α2

2α2
3)+K6(α2

1α2
2α2

3)+ ..., (3.8)

where α1 = sin(θ)cos(ϕ), α2 = sin(θ)sin(ϕ), and α3 = cos(θ). ϕ is the
azimuthal angle. In general the anisotropy constant K4, which is re-
sponsible for the four-fold symmetry about the 〈100〉 axis, is termed
K1. In bulk permalloy the anisotropy constant K1 changes sign and the
material becomes isotropic near 70 at% Ni [7].

At room temperature the MAE makes the easy directions for bulk
bcc Fe to be 〈100〉, the intermediate directions are 〈110〉, and the hard
directions are 〈111〉, while the reversed is valid for bulk fcc Ni [22]. In
bulk the MAE is significantly small as compared to the total energy of
the system, especially for the quenched transition metals (see table 3.2).
However, in thin films and multilayers the crystal symmetry is broken
at surfaces and interfaces. Then the quenching is partially lifted causing
an increase of the MAE.

In this work the MAE of a cubic crystal is obtained from the area
enclosed by the easy and the hard direction of the film in a hysteresis
curve: E110 −E100 = K1

4 [7].
Often, the anisotropy constant of a film can be separated into a vol-

ume (V) and a surface contribution (S) [23]:

Ki = KV
i +2KS

i /t, (3.9)

where t is the thickness of the layer, and the factor 2 is due to averaging
of the interface and surface/vacuum contributions. Sometimes the shape
anisotropy is subtracted from the volume part of K2 with a resulting
K2eff.
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Table 3.2: Characteristic energies of a metallic ferromagnet (from ref.
[22]).

binding energy 1-10 eV/atom
exchange energy 0.01-1 eV/atom
structure energy 0.01 (fcc), 1 (bcc) eV/atom
interface energy 0.2 eV/atom

stress 0.1 eV/atom
shape anisotropy at 0 K 11 (Ni), 90 (Co), 140 (Fe) ×10−6 eV/atom

MAE 5 (cubic), 70 (uniaxial) ×10−6 eV/atom
monolayer MAE 1×10−4 eV/atom

step induced MAE 1×10−4-1×10−3 eV/atom

In tetragonal systems, e.g. thin films with tetragonal symmetry, the
MAE can be written as [22]:

Etetragonal
a = −K2cos2(θ)− 1

2
K4⊥cos4(θ)− 1

2
K4‖

1
4
(3+ cos(4ϕ))sin4(θ).

(3.10)
Apart from the intrinsic MAE, the growth conditions can give rise to

additional anisotropy terms. For instance, steps on the substrate, due
to miscut, or steps within the film from interface roughness, introduce a
uniaxial (two-fold) anisotropy at the step edges, compared to the fourfold
anisotropy on the terraces [24]. In special cases the film can also exhibit
a unidirectional anisotropy with only one easy direction, for example
from exchange biasing or in low-symmetry magnetic thin films [25, 26].

Another extrinsic MAE contribution is the magnetoelastic anisotropy,
which can be induced by strains in a film grown epitaxially on a sub-
strate. In a strained fcc film with tetragonal distortion this energy can
be estimated by [21, 27]:

Eme = −B(ε⊥− ε‖)cos2(θ) (3.11)

where B is the magnetoelastic coupling constant and ε is the strain in
the out-of-plane (⊥) and in-plane (‖) directions. For a [001] oriented
cubic crystal -B= 3

2(C11−C12)λ001, with the elastic constants C11 and C12

and the magnetostriction constant λ001. The magnetostriction describes
the change in magnetization from a distortion of the sample, or vice
versa, in response to the magnetoelastic coupling.

Due to the competition between different anisotropy terms, there
can be a spin-reorientation transition (SRT) with increased thickness
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in which the easy magnetization axis switches from an in-plane direc-
tion to an out-of-plane direction (or vice versa) [23]. Also, since the
anisotropies have a temperature dependence, the SRT can be a function
of temperature [22]. The perpendicular magnetic anisotropy (PMA),
with the preferred out-of-plane magnetization direction, was first seen
in ultrathin permalloy films on Cu(111) in 1968, and then in Co/Pd
multilayers in 1985 [21]. This recent development is of importance for,
for example, increasing the storage density in magneto-optical recording
devices.

Soft magnets with small magnetostriction and MAE are used for
power distribution due to low energy losses. Materials with large MAE,
which gives a well-defined magnetization direction, are used for perma-
nent magnets and information storage on magnetic devices. It is of large
technological importance to be able to modify the magnetostriction as
well as the MAE, by straining the lattice or by alloying, as discussed in
this thesis.

3.3 Interlayer exchange coupling

The interlayer exchange coupling (IEC) between two ferromagnetic lay-
ers through a non-ferromagnetic metallic spacer layer was first observed
for Fe/Cr and Gd/Y layered films in 1986 [28, 29]. The Fe/Cr coupling
resulted in antiferromagnetic ordering of the ferromagnetic layers. How-
ever, Parkin [30] showed in 1990 that the alignment for Co/Ru, Co/Cr
and Fe/Cr was oscillating between ferromagnetic and antiferromagnetic
with the spacer thickness, t. Later the same effect was observed for
different non-magnetic transition metal spacers, all in polycrystalline
samples grown by sputtering [31]. The oscillation period of the films
was ≈10 Å and the coupling strength showed a damping 1

t2 from an en-
velope function. The oscillating coupling behaviour has been described
by several models, for example, with an RKKY-like model in which
the conduction electrons in the spacer are influenced by the ferromag-
netic layer [32], and the model of quantum well states introduced by
Edwards [33], where the conduction electrons are confined within the
spacer due to spin dependent potential barriers. A more general model
was later introduced by Bruno [34]: the quantum interference model,
where multiple spin-dependent reflections of the conduction electrons at
the paramagnetic-ferromagnetic interfaces change the DOS. Construc-
tive interference gives an increased DOS. The oscillation arises from crit-
ical spanning vectors at the Fermi surface of the spacer, so-called Kohn
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anomalies4. The spanning or nesting vector is the wavevector component
perpendicular to the interface linking two points at the Fermi surface
with group velocities in opposite directions [34]. In different crystal di-
rections there are different extremal points that will give rise to new
oscillation periods. Also, other oscillation periods are believed to come
from aliasing, i.e. adding of a reciprocal lattice vector to the spanning
vector [35]. Aliasing can be compared to ’beating’ between correspond-
ing frequencies. In addition, the model also includes the IEC oscillation
with the thickness of the magnetic layers which has been seen in, for
example, Co/Cu/Co and Fe/Cr/Fe trilayers [34].

The quantum well states have been observed experimentally by Or-
tega et al. with inverse photoemission in ref. [36], where electrons of
well-defined energy are injected into empty excited electronic states at
a certain energy with respect to the Fermi level. When the electrons
deexcite into energetically lower states the corresponding deexcitation
energies are released as photons. Standing waves are formed when the
thickness between the interfaces is equal to half a wavelength of the
standing waves modulated by a slowly varying envelope function.

A more straightforward model of the IEC strength, J ′5, as a function
of the spacer thickness, t, is according to Stiles [37]:

J ′(t) = ∑
α

J ′α

t2 sin(qα
⊥t +φα), (3.12)

where q⊥ is the critical spanning vector in the direction perpendicular
to the interfaces, and φ is the phase shift. The summation is over the
critical points α at the Fermi surface of the spacer. The spacer deter-
mines the period of oscillation (2π/q⊥), while the ferromagnetic layers
determine the strength (amplitude) and the phase shift due to the spin-
dependent reflections of the conduction electrons at the paramagnetic-
ferromagnetic interfaces. In general, the description of the strength of
the coupling oscillation in the theoretical models has not been success-
ful so far [35]. For instance, in real films the IEC strength is affected
by the band matching, or degree of confinement, at the interfaces [34].
Also, the strength and the occurrence of short period oscillations seem
to depend on the sample quality (see paper X).

In general, the areal energy density of the IEC is phenomenologically
described by a truncated Taylor series [35]:

4The Kohn anomalies are divergences in the slope at wavevectors corresponding
to extremal positions of the Fermi surface [4, 11].

5I use J for the direct exchange and J ′ for the indirect exchange, not to be confused
with the total angular momentum quantum number J.
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Eex = −J ′
1cos(θ)− J ′

2cos2(θ), (3.13)

where θ is the angle between the magnetization directions in two adja-
cent magnetic layers. The first term is known as the bilinear term and
the second as the biquadratic term. If the coupling constant J ′

1 domi-
nates and it is positive/negative we have parallel/antiparallel alignment
of the magnetic layers. On the other hand, if J ′

2 dominates and is neg-
ative we will have a canted configuration, while if it is positive we will
have the ordinary parallel/antiparallel alignment [38]. In the presence
of a fourfold cubic anisotropy, the canted configuration is a 90◦ order-
ing of the magnetic layers, since the moments prefer to stay in the easy
directions [38].

The bilinear term has shown a T 3/2 dependence in a ferromagnetically
coupled superlattice probably due to magnetic excitations (magnons)
[39]. This Bloch’s law is in agreement with ref. [40], where the magne-
tization in Fe/Cr superlattices follows different temperature power laws
depending on the sign of the interlayer exchange coupling strength.

The biquadratic term seems to be an extrinsic property of the film
[37]. Slonczewski has introduced two possible sources for the biquadratic
exchange coupling: the fluctuation mechanism of the bilinear exchange
coupling [41], due to variations in the spacer layer thickness (roughness),
and the loose spin model, in which magnetic impurities in the spacer cou-
ple to the ferromagnetic layers [42, 43]. Therefore, the biquadratic and
bilinear term can have different temperature dependencies [38]. More-
over, the two terms, J ′

1 and J ′
2, show different spacer thickness depen-

dencies and, in some cases, the biquadratic term becomes dominating
over the bilinear term with thicker spacer layers [38].

In a multilayered structure the energy becomes more complicated
by adding all the different energies of the layer. In present work the
interlayer coupling strength was estimated, under the assumption of
negligible anisotropy and biquadratic term, by [35]:

∣∣J ′∣∣ = µ0MsHst/4, (3.14)

where Hs is the saturation field and t is the thickness of the magnetic
layers, all in SI units.

In the theoretical calculations the IEC strength is defined as the dif-
ference in the total energy between the antiferromagnetic and ferromag-
netic configuration [44] (see paper X).

21



3.4 Hydrogen-induced switching of Fe/V(001) super-
lattices

Hydrogen in metals has been of interest for fundamental research, as
well as technological applications, such as metal-hydride batteries and
fuel cells. In bulk metals, hydrogen has been of unwanted character due
to the mechanical damaging of the metal, embrittlement. However, in
recent years there has been a large research activity of the hydrogen
uptake in thin metallic films because of the discovered switching proper-
ties. For example, the reversible loading of hydrogen in an yttrium film
changes the mirror-like metallic state (YH2) into the transparent insu-
lator state (YH3) [45]. Another example is the change in IEC coupling
in a superlattice when alloying the spacer with hydrogen [46, 47, 48].

In ref. [46] the Fe3/Vx(001) superlattices were reversibly switched
from AFM alignment (x=12,14 ML) to a FM alignment, and the FM
alignment (x=15 ML) to an AFM alignment by introducing hydrogen
into the film. When exposing the sample to hydrogen gas, the H2

molecule adsorbs on the metal surface and then dissociates into the
atomic H, i.e. a combination of physisorption and chemisorption called
dissociative adsorption [49], before it diffuses into the bulk of the metal.
Since there is no activation barrier of the dissociative adsorption of H2

on Pd, this noble metal is often used to enhance the hydrogen uptake.
In Fe/V superlattice films only the V layers dissolve hydrogen in an
exothermic reaction and the hydrogen atoms reside on interstitial sites
with different symmetries (octahedral and tetrahedral) [50]. However,
since the epitaxial film is clamped to the surface the lattice expansion
is only in one direction (out-of-plane) and even at low concentrations
the H atoms prefer the octahedral z-sites [51, 52]. The shift in lattice
plane distance of the vanadium layer ∆dV can be used to determine the
hydrogen concentration x =

〈
H
V

〉
. For example, at low concentrations

(x <0.1) the expansion coefficient ks in ∆dV
dV

= ksx is equal to 0.35 [51],
which is used in paper V.

Also, at low and intermediate concentrations (x <0.5) an interface
region of 2-3 ML on each end of the V layer is depleted from hydrogen due
to the charge transfer from the Fe layers to the V layers at the interfaces
[53]. This charge transfer can become enhanced by interface intermixing
and will have an effect upon the Fermi level of V and Fe, thereby inducing
an antiparallel magnetic moment in the V layers close to the interface,
while reducing the Fe moments [54, 55]. During hydrogen uptake this
charge transfer is altered. For example, in ref. [56] the Fe moments were
partly restored while the V moments at the interfaces were decreased,
giving in total a net moment increase.
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As mentioned earlier, another effect of hydrogen loading is the ex-
pansion of the lattice. The resulting strain field gives rise to an elastic
interaction between the hydrogen atoms that is mediated by the host
metal [57]. Since the symmetry of the strain field changes the electronic
structure of the host, the topography of the Fermi surface is altered and
thereby the interlayer exchange coupling (IEC) is changed [46]. In a
multilayer the IEC crosses zero while going from AFM (J ′ < 0) to FM
(J ′ > 0) alignment with the spacer thickness, and in a certain thick-
ness region the magnetic layers are believed to become decoupled with
quasi-2D magnetic order if the intralayer exchange coupling (J ) is much
stronger than the IEC.

The realisation of a dimensional crossover from 3-dimensional to 2-
dimensional behaviour of the magnetic order and its phase transition
can therefore be done by temporary alloying with hydrogen. In ref.
[58] this was investigated in an Fe3/(VHx)13(001) superlattice by means
of magnetometry and MOKE-susceptibility. Above a certain hydrogen
concentration and within a certain temperature range the film behaved
like a 2-dimensional XY magnet with an easy plane at room tempera-
ture. Another approach was used in paper V, where an Fe2/(VHx)13(001)
superlattice was investigated by polarized and unpolarized neutron re-
flectometry and SQUID magnetometry. Then the system behaved as a
2-dimensional Ising magnet, which had also been seen in an Fe2/V5(001)
superlattice [59]. The different spin symmetries are believed to evolve
from different anisotropy energies in the Fe2 layers compared to the Fe3

layers [60].

3.5 Magnetoresistance
The anisotropic magnetoresistance (AMR) was discovered by Thomson
(Lord Kelvin) in 1857. Here the measured resistance depends on if the
current is perpendicular (R⊥) or parallel (R‖) to the saturated magneti-
zation direction [61]:

∆R
R

=
R‖ −R⊥

R0
, (3.15)

where R0 is the resistance in zero field. Before saturation the magneti-
zations in different magnetic domains can point in different directions,
and thus the measured resistance is a sum of the two components:

R(θ) = R⊥sin2(θ)+R‖cos2(θ), (3.16)

where θ is the angle between the magnetization and the current direc-
tion. The resistance is angle-dependent because the spin-orbit coupling
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tends to induce an anisotropic spin intermixing of the ’spin up’ and ’spin
down’ d-subbands [62].

In the present work, measurements were performed both with the
current parallel to the applied field and with the current perpendicular
to the field in a standard four-point configuration as seen in figure 3.8.

I

H

I

H
U

I

a) b)

Figure 3.8: Schematic view of a) the current along the applied field con-
figuration and in b) the current perpendicular to the field
configuration. The four-point probe onto the metallic con-
tacts (white stripes) is shown in a).

In bulk materials like permalloy the AMR effect can be about 4-5 %
at room temperature, while it decreases rapidly in thin films since the re-
sistivity increases with decreasing film thickness from random scattering
at the surface [61]. However, the difference in anisotropic magnetoresis-
tance ∆R stays the same.

The conductivity is determined by the number of charge carriers and
the mobility, which includes the effective mass and the relaxation time
between collisions. The transition probability of the scattering depends
on if the spin is conserved or not (spin flip process) and if the energy
is conserved or not (elastic or inelastic scattering). The temperature
dependent total resistivity is according to Matthiessen’s rule [63]:

ρtotal(T ) = ρimp +ρm(T )+ρph(T ), (3.17)

where ρimp is the residual resistivity due to elastic scattering of the elec-
trons from impurities and lattice defects, ρm is the magnon scattering
and ρph is the phonon scattering. In a metal the magnetic scatter-
ing increases weakly with increasing temperature, whereas the phonon
scattering is proportional to T 5 at low temperatures and T at high tem-
peratures [4]. In a ferromagnet of high purity the total resistivity is
proportional to T 2 at low temperatures [64]. It is the magnon scatter-
ing, the Stoner excitations, or the magnetic impurity scattering (Kondo
effect) that can cause a spin flip of the electron.

The giant magnetoresistance (GMR) effect is closely related to the
interlayer exchange coupling (IEC) since the rotation of an antiferro-

24



magnetic to ferromagnetic alignment of a trilayer or a multilayer might
induce a GMR effect. The GMR effect can be visualised by a resistor
network of Mott’s two-current model as seen in figure 3.9 for a trilayer
[65]. In the model a long mean free path is assumed, as well as absence
of spin mixing. These conditions are fulfilled at low temperatures.

a) b)
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Figure 3.9: The GMR effect visualised by a resistor network of the two
different spin channels at low temperature (no spin mixing)
(freely adopted from ref. [66]). The two spin channels ’spin
up’ and ’spin down’ in a) a ferromagnetic configuration and
in b) antiferromagnetic configuration of the trilayers. The
net current flow is parallel to the layers, but the conduction
electrons drift randomly.

The GMR was discovered in 1988 by Baibich and co-workers [67] for
a Fe/Cr multilayer system with a change in the resistance as high as
50 % when applying an external magnetic field. Almost at the same
time and independently, Binasch and co-workers [68] showed the effect
for Fe/Cr/Fe trilayers.

In the current-in-plane (CIP) geometry, as used in this thesis, the
current will go within the layers, whereas in the current-perpendicular-
to-plane (CPP) geometry the current will go through the layers. In the
latter a higher GMR effect can be obtained as described by the Valet-
Fert model [69]. One problem, though, with the CPP geometry in the
view of applications is the low resistance due to the small thicknesses of
the layers [63].

For the GMR effect to occur, the scattering process for one spin ori-
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entation of the conduction electrons must be more effecient than for
the other orientation. A measure of this is the spin asymmetry α, i.e.
the difference in the scattering probability, proportional to the DOS at
the Fermi surface, for the minority electrons (’spin down’) compared to
the majority electrons (’spin up’). Another important parameter is the
mean free path of the conduction electrons, λ. In order to see any GMR
effect in the CIP geometry, λ must be longer than the thickness of the
layers, whereas in the CPP configuration it is rather the spin diffusion
length, ≈ √

λλs f , that has to be longer than the layer thickness [35].
The scattering process occurs both within the bulk and at the inter-

faces, and the contributions are from the intrinsic reflection from perfect
interfaces as well as the extrinsic scattering from imperfections, impuri-
ties, interface roughness etc [70]. The strength of the scattering depends
on the availability of final states into which the electron can scatter and
normally the conduction electrons of s and p character are scattered into
the d-band. With increasing temperature the phonon scattering in the
spacer layer will decrease the mean free path of the conduction elec-
trons and this will affect the interlayer exchange coupling between the
ferromagnetic layers. In addition, the magnon scattering in the ferro-
magnetic layers will introduce a spin mixing. Moreover, with increasing
temperature, layers close to the interfaces have argued to become para-
magnetic [62]. For instance, as discussed in paper VIII the GMR effect
decreases by a factor of about 3 from low temperature (21-22 K) to room
temperature. However, it is important to realise that the contribution
from the phonon scattering is included in the GMR definition (see be-
low). The magnetoresistance, i.e. the change in resistance due to the
applied field, in Fe/Cr superlattices has been shown to decay from its
maximum value with T 2 in an antiferromagnetically coupled film and
with T 2/3 in a ferromagnetically coupled film at low temperatures (be-
low 100 K) [71]. The temperature dependence of the magnetization in
Fe/Cr superlattices followed the same power laws [40]. It has also been
seen for IEC in a ferromagnetically coupled Fe/V sample [39].

The GMR can also be anisotropic with respect to the current direc-
tion related to the anisotropy in the spin asymmetry ratio from spin-
orbit coupling [62]. Also, in multilayers with AFM coupling we have
contributions both from AMR and GMR. In low field the ferromagnetic
layers are aligned antiparallel in the direction perpendicular to the ap-
plied field, and then they rotate towards the field direction at higher
fields [62]. If one can increase α by for example alloying and thereby
changing the spin-dependent DOS at the Fermi level, the GMR can be
enhanced.

The definition of the GMR is twofold. In the following definition the
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magnetoresistance can be as high as 150 % [72]:

∆R
R

=
R(H0)−R(Hs)

R(Hs)
, (3.18)

whereas in this thesis we have used the other definition, which never
results in a magnetoresistance more than 100 %:

∆R
R

=
R(H0)−R(Hs)

R(H0)
, (3.19)

where R(H0) and R(Hs) are the resistances in zero magnetic field and at
the saturating field, respectively.

In a magnetic sensor the sensitivity S, which also includes the size of
the applied field needed to saturate the film, is of importance [63]:

S =
1

Hs

∆R
R

(3.20)

Finally, the GMR can be obtained even without the antiparallel align-
ment due to the IEC, for instance in a spin valve with different ferro-
magnetic layers with different coercivities, or when one ferromagnetic
layer is pinned by an antiferromagnetic layer: exchange biasing [25, 63].
In the case of two different ferromagnetic layers 1 and 2 one can have a
negative GMR effect, an inverse GMR, if α1 > 1 and α2 < 1 [73].
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Experimental techniques

4.1 Growth
4.1.1 Sputtering
The thin film growth techniques can be divided into two different branches
depending whether on a gaseous (chemical vapour deposition) or a solid
source (physical vapour deposition) is applied. In this thesis a PVD
technique called magnetron sputtering is used. When using magnetron
sputtering, ions of inert elements, mostly Ar or Kr, are accelerated by
an electric field before they impinge on the source, normally called tar-
get, held at a negative potential (cathode). These highly energetic ions
’knock out’ atoms and, to a lesser extent, ions, molecules etc from the
target, due to momentum exchange between the sputter gas and the
source (see figure 4.1).

target surface

implanted Ar

incident ion (Ar+)

sputtered atom

secondary
electron

.

Figure 4.1: Schematic view of the sputtering process. Energetic argon
ions collide with the surface atoms and make a series of
collisions with other atoms. A sputtered atom escapes from
the target when the atom has gained enough energy. The
secondary electrons are released from the collisions. Some
argon ions will remain in the target and become sputtered
later.

The process is quantified by the sputtering yield, defined as the num-
ber of target atoms ejected per sputtering ion. The sputtering yield
depends on several parameters, such as the target material, the incident
angle and the energy of the sputtering ion. In the sputtering process,
so-called secondary electrons are also emitted from the target. These
electrons, together with the ions, form a self-sustaining plasma in front
of the target. The sputter gas becomes ionised by the collisions of free
electrons in the plasma. With a planar magnetron (see figure 4.2) the
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electrons are trapped by a magnetic field close to the target to enhance
the sputtering rate. This means we can work with a lower Ar pressure,
and thus a cleaner environment. When the sputter source is made as a
diode, a dc power supply feeds the electric potential in the plasma.
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Figure 4.2: A schematic view of the magnetron configuration.

As a comparison, in the MBE technique1 it is mainly the vapour pres-
sur, at the given source temperature, which deduces the deposition rate
[74]. Some transition metals, like Fe, are deposited by both methods,
whereas heterostructures of rare earth metals and semiconductors are,
in general, grown by MBE with low deposition rates [75]. These target
atoms will travel until they reach a nearby surface, such as the substrate.
In the sputtering technique the kinetic energy of the deposited atoms can
be altered by the sputter gas pressure. Also, the technique is utilized
to deposit materials with high melting points, e.g. transition metals,
at high deposition rates, or alloys like permalloy or Fe0.82Ni0.18. When
sputtering alloys one has to bear in mind that the gas-phase transport
and the sticking coefficients on the substrate have to be similar for the
alloy components, or else the alloy composition will change.

In growing thin films it is essential to work in a clean environment
that introduces as small amount of impurities as possible. Nowadays
this is accomplished by using as pure material as possible in an ultra-
high vacuum (UHV) system with a pressure lower than 10−12 of the
atmospheric pressure2.

1MBE (molecular beam epitaxy) uses, for example, sources that is resistively
heated in an effusion cell. By controlling the temperature of the crucible the vapour
flux can be stabilised before it escapes through small holes on top of the crucible.

2If like in our case, the pressure is around 5 ·10−12 bar, then the distance an atom
can travel before collision, the mean free path, is longer than one third of a Marathon!
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4.1.2 Growth modes

When growing films on an amorphous substrate the deposited atoms can
form a polycrystalline3, textured film4 with a columnar microstructure
[63]. This is valid when we grow permalloy on an oxide (SiO2) that does
not impose any constraints on the film growth. In bulk materials the
preferred orientation for film growth is along the normal to the most
densely packed atomic plane, which is [111] for fcc, [110] for bcc and
[010] for hcp.

Several kinetic processes with different activation energies propor-
tional to the melting temperature of the film are involved in the growth.
The deposited atoms can simply re-evapourate or they can diffuse along
the surface before being trapped. The surface mobility depends on the
substrate temperature and the energy of the impinging atoms. The nu-
cleation of adatoms might occur close to clusters, which results in island
formation. In addition, for the adatoms to be able to diffuse over a
crystalline step-ledge and not to aggregate at the same level on which
they land, they need to overcome an energy barrier called the Ehrlich-
Schwobel barrier [76]. An additional parameter to the growth mode is
the sputtering gas pressure, since high pressure will thermalize high-
energetic particles like the sputtered atoms due to scattering. This will
affect the diffusion process of the atoms and thereby introduce defects
like voids in the film. The different structural quality can be presented
in a so-called Thornton zone diagram (see e.g. ref. [77]).

The complicated non-equilibrium process of growth has been simpli-
fied into three different growth modes of thin films [74] (see figure 4.3):

1. Frank-van der Merwe - a two-dimensional layer-by-layer growth mode
(FM)

2. Volmer-Weber - a three-dimensional growth mode where small clus-
ters of atoms nucleate on the substrate to immediately coalesce and
form islands, while leaving bare regions on the substrate (VW)

3. Stranski-Krastanov - starts with a two-dimensional growth, but after
a few layer-by-layer the film progresses into a three-dimensional is-
land growth (SK)

To distinguish between the different growth modes, we can consider

3A polycrystalline film consists of multiple crystallites (grains) that are randomly
oriented and separated by grain boundaries.

4In a textured film there is a preferred crystallographic orientation of the crystal-
lites in the growth direction.
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1. 2. 3.

Figure 4.3: A schematic view of the different growth modes explained
in the text.

the force equilibrium at growth between the surface tension (free energy
per unit area) of the substrate/vacuum, substrate/film and film/vacuum
interfaces, γS, γS/F and γF , respectively. Neglecting any anisotropy of
the tensions or any kinetic barrier to overcome, the atom will wet the
substrate and cause layer growth (FM) if γS ≥ γS/F +γF and the last two
forces are parallel, whereas the opposite, γS < γS/F +γF , will cause island
growth (VW) [74].

Sometimes we want to grow a single crystalline epitaxial film, in which
the orientation of the grown crystal has a fixed relationship to the ori-
entation of a single crystal substrate. Then the important parameter is
the lattice mismatch, ∆:

∆ =
a0 −as

as
, (4.1)

where a0 is the lattice parameter of the film and as is the lattice param-
eter of the substrate.

In the case of Fe or bcc Fe0.82Ni0.18 on ceramic MgO there is a 45◦

rotation between their unit cells instead of cube-on-cube, and thus the
in-plane distances should be used instead. The lattice mismatch between
them is at most -1.5 %. Also, when growing multilayers the lattice
mismatch between the two, or more, constituents, here denoted A and
B, is of importance. In order to reduce the strain energy, the lattice
mismatch has to be small enough to yield a coherent or pseudomorphic
multilayer, with a one-to-one correspondence between the atomic planes
of A and those of B on the other side of the interface. Above the so-called
critical mismatch, the introduction of misfit dislocations5 is energetically

5Dislocations (edge, slip, screw) are structural disorders with missing lines of atoms
in the crystal structure.
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more favourable than straining the lattice. Also, misfit dislocations are
introduced as a strain release above a certain critical layer thickness
estimated from the force balance theory [78, 79]. Other defects in the
film can be grain boundaries, twins, and stacking faults.

In the case of bulk Fe or Fe0.82Ni0.18 and V the lattice parameters
are 2.87 Å [4, 80] and 3.02 Å [4], respectively. The coherent growth of
the multilayer will cause a tetragonally distorted bcc lattice (bct) with
a lattice mismatch of 5.2 %. In the superlattice the in-plane biaxial
strain will cause the V lattice to compress and the Fe or FeNi to expand
within the plane, to obtain a common lattice parameter. The out-of-
plane lattice parameter for the constituent i, ci, depends on strain as
well as the elastic constant according to [81]:

ci = a0

(
1− ε‖,i

2νi

1−νi

)
, (4.2)

where a0 is the bulk lattice parameter, ε‖,i = a−a0
a0

is the in-plane strain
and νi is Poisson’s ratio for constituent i.

In order to improve the metallic film quality one can begin the growth
with a seed layer with good matching to the ceramic substrate. Also,
when the substrate or the metal is chemically reactive a buffer layer
isolates the film from the substrate, for example Cr on Si or Nb on Al2O3.
To prevent oxidation the film can be finished with a capping layer, and
by using Pd it also enhances the hydrogen uptake (see section 3.4).

An ideal multilayer film has, besides low dislocation density, sharp
interfaces and no mixing of the layers’ constituents. In real life this it not
the case, since we have both interface roughness, a lateral variation of the
interface position due to energy limitations, and interface intermixing
caused by interdiffusion (see figure 4.4). The interface roughness can be
correlated, for example if we introduce steps from the substrate and this
pattern is repeated throughout the film, or uncorrelated.

a) b)

Figure 4.4: The conceptual picture of a) interface roughness and b) in-
termixing at the interface.

As we mentioned before, the interface roughness as well as the inter-
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face intermixing are of importance for the IEC and the giant magnetore-
sistance (GMR) effect.

4.2 Structural characterization
4.2.1 X-ray diffraction

X-ray diffraction is a non-destructive method for analysing the crystal
structure where one utilizes the interaction between the incoming photon
and the electron charge density of the atoms. A general introduction to
the technique is given in, for example, ref. [82].

In the scattering process the characteristic x-ray with a well-defined
wavelength λ impinges on the sample at an angle ω, and as a response
to the incident wave k, secondary waves k’ are emitted by the atoms.
In the elastic scattering considered (see figure 4.5) no energy tranfer is
involved.

dhkl

Q

k k'

2θω

Figure 4.5: The elastic scattering geometry in x-ray diffraction, where
the wavevectors’ lengths are |k| =

∣∣k′∣∣ = 2π/λ, Q=k-k’ is
the scattering vector and dhkl is the distance between planes
with Miller indices (hkl).

A classical treatment of the scattering amplitude is done by Fourier
analysis in the atomic form factor:

fm =
∫

d3renm(re)e−iQ·re , (4.3)

where n(re) is the local density of electrons positioned at re = r−rm from
the center of nucleus m and |Q|= 4πsin(θ)/λ is the scattering vector (see
figure 4.5).

The summation of the scattering amplitudes of each atom in the unit
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cell results in the structure factor:

SQ = ∑
m

fme−iQ·rm , (4.4)

where rm = xma1 +yma2 +zma3 is the atomic position in the unit cell with
respect to a lattice point.

In order to have constructive interference Q ·rm must be equal to an
integer multiple of 2π. This is fulfilled according to the Laue condition
Q = G, where G = hb1 + kb2 + lb3, with |G| = 2π/dhkl, is the corre-
sponding reciprocal lattice vector. For example, a bcc lattice with its
two basis atoms (x1 = y1 = z1 = 0 and x2 = y2 = z2 = 1

2) will give a scatter-
ing amplitude of 2f when h+k+ l is an even integer and zero otherwise.
When the above is fulfilled, the lattice plane (hkl) will give an intensity
peak (4f 2), a Bragg peak, in the diffractogram at the position:

sin(θ) =
nλ

2dhkl
, (4.5)

where n=1,2,... is the order of the Bragg peak. This is the well-known
Bragg’s law.

In the case of a multilayer, the atomic form factor is modulated by
a chemical modulation, a wave with a period Λ, giving rise to satellite
peaks around the Bragg peaks. If we have perfect interfaces the mod-
ulation is a square wave resulting in an infinite numbers of satellites,
whereas if the interfaces are graded the modulation is sinusoidal with
only one pair of satellites. When we have thickness variations or dis-
placements of the atomic positions due to strain, then different peak
positions broaden the peak. The strain will also induce an intensity
asymmetry between + (higher angles) and - (lower angles) satellites of
the same order [83]. If the interatomic distance of the constituents dif-
fers much, or if the layers are thick enough, thereby decreasing the peak
widths, their individual Bragg peaks will be resolved. Otherwise there
is one peak corresponding to the average interatomic distance < dhkl >

6:

sin(θ) =
(

n
2 < dhkl >

± j
2Λ

)
λ, (4.6)

where j=0,1,2... defines the satellite order.
For the standard θ − 2θ scans discussed in the thesis, the Bragg-

Brentano geometry was utilized in a Siemens D5000 diffractometer (see
figure 4.6). The line focusing anode (filament current 40 mA, high

6The average out-of-plane latttice parameter < c >=< dhkl >
√

h2 + k2 + l2 for a
cubic lattice.
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voltage 45 kV) sends out a broad energy range of x-rays from the Cu
source. By introducing monochromators and filters, characteristic x-
rays of wavelengths 1.54056 Å (Kα1) and 1.54439 Å (Kα2) are selected.
The beam is collimated with 0.3◦ slits before and after the sample, and
a 0.6 mm detector slit. In a θ− 2θ scan (radial scan) the sample and
the detector are rotated simultaneously to keep the source-sample angle
equal to the sample-detector angle (θ = ω). This will give information
of the film in the direction perpendicular to the surface. In an ω scan
(rocking curve or transverse scan) we make a scan keeping 2θ (Q) fixed at
the Laue condition while rocking the sample hence varying the direction
of Q. This will give information about the mosaicity, i.e. the angular
spread of mosaic blocks. The full width at half-maximum (FWHM) of
the intensity is a measure of the tilt of different blocks. As a rule of
thumb, the FWHM should be less than 1◦ in a single crystal. In ad-
dition, if the maximum intensity occurs at ω �= θ we have a miscut of
the sample, imposing the sample surface not to be parallel to the lattice
planes. This must taken into account for accurate determination of the
lattice plane distance.

����
�� �
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X-ray
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Detector

Divergence
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Figure 4.6: Schematic view of the Bragg-Brentano geometry. See text
for details.

In order to deduce the texture of a film, polar scans can be performed
by a full rotation around the out-of-plane axis, Φ, and with a tilt of the
sample, Ψ. In the present work a Philips X’Pert MRD set-up was used
with a point-focus CuKα x-ray source operating with a capillary lens
together with crossed slits (8×8 mm2) as the incident beam optics. The
diffracted beam optics consisted of a 0.27˚ parallel plate collimator and
a monochromator before a solid-state detector. The same machine was
used with line focus and mirror optics during reciprocal space mapping
(RSM), i.e. a two-dimensional presentation of the intensity distribution
in a plane of reciprocal space obtained through scans in ω and ω−2θ.
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The in-plane and out-of-plane lattice plane distances, d‖ and d⊥, are
obtained from the corresponding scattering vectors at the Laue condition
[81]:

Q‖ =
4π

sin(θ)sin(θ−ω)
=

2π
d‖

, (4.7)

Q⊥ =
4π

sin(θ)cos(θ−ω)
=

2π
d⊥

, (4.8)

where Q‖ and Q⊥ are the scattering vector projections parallel and per-
pendicular to the reference plane, respectively, under the assumption
that there is no tilt in the sample so that the sample surface is parallel
to a lattice plane.

The crystalline coherence length, ξ, projected either in-plane or out-
of-plane, can be determined from the FWHM of the Bragg peak (in
radians) [84, 85]:

ξi =
2π

Qi ·FWHMrad , (4.9)

where Qi is the projection of the scattering vector in either direction, ‖
or ⊥.

4.2.2 X-ray reflectivity
When probing the composition profile of thin films and heterostructures,
x-ray reflectivity (low-angle region) is utilised. In x-ray reflectometry the
change in refractive index in different layers give rise to a interference
pattern while varying the angle of incidence. The interference pattern
from the beam reflected at the top and at the bottom of a film is called
the Kiessig fringes. The thickness of the thin film D can be obtained
from the oscillation period, which in Q is equal to 2π/D. In a multilayer,
there will be additional superlattice peaks from the bilayer repetition Λ.
Also, since the refractive index of x-rays is less than unity the incoming
beam will undergo total external reflection below a critical angle (

√
2δ)

and the reflectivity is equal to one, whereas above this angle the intensity
falls off as Q−4. The modified Bragg’s law is then [86]:

sλ = 2Λsin(θ)

√
1− 2δ

sin(θ)
,s = 1,2, ... (4.10)

where δ is the average deviation from unity (of the order 10−5 for x-rays)
of the refractive index n = 1−δ.

In a film the Fresnel coefficient for reflection (projection perpendicular
to the interface) is r = Q0−Q1

Q0+Q1
[82], where 0 and 1 denote the scattering at
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the interface and inside the material (transmitted beam), respectively7.
In a multilayer with multiple interfaces, the reflectivity r2 is obtained by
recursively calculating the Fresnel coefficients in each layer for each in-
cident angle in the Parratt formalism [87]. This is utilized in the Philips
simulation program WinGixa [88, 89] which was used in this work. In
the program, the interface width is estimated by the root-mean-square
deviation of the position of an interface atom in a perfectly smooth in-
terface: the Fresnel coefficients are multiplied by a Debye-Waller-like
factor. The program makes no distinction between interface roughness
or interface intermixing (see section 4.1.2). In order to distinguish be-
tween the different deviations one needs to look at the diffuse scattering
in the off-specular reflectivity. For example, in the case of correlated
roughness Bragg sheets on either side of the specular Bragg peaks, i.e.
in the direction Q‖, should appear in the scans [87].

4.3 Chemical composition
In order to confirm the chemical composition in an alloy, or to estimate
the average layer thickness in a film or a multilayer, an ion beam analy-
sis method named Rutherford backscattering spectrometry (RBS) can be
utilised [90]. In this method monoenergetic ions of typically 2 MeV im-
pinge on the thin sample, often called target, and become backscattered
off the sample nuclei. The interaction between the ion and the nucleus is
an elastic collision, which includes no excitations. The loss in ion energy
gives depth-resolved information on the target mass and concentration
and is quantified by the number of detected ions per channel (energy).
The area of the peak is proportional to the number of atoms per unit
area. The composition depth profile can be deduced by simulations with
proper scattering cross-sections from the calibrated energy loss per pene-
tration depth, stopping power, of each element. In this work simulations
were done in a computer program called RUMP8.

If the ion beam impinges in a direction that is aligned with a low-
index crystallographic direction of the sample, a large amount of ions
are able to penetrate deeper before any collisions, so-called channelling.
This would result in a lower area density than the correct one. However,
channelling can be used to study crystal disorder.

The ion beam analysis was performed in the tandem accelerator in

7In the so-called dynamical theory multiple scattering events are included as in the
WinGixa program, whereas a more simplified treatment is the kinematic theory with
only single scattering events.

8www.genplot.com
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Uppsala. In the investigation He+-ions of 2.0 MeV are used and the
detection is done until a well-defined dose is reached, typically 10 µC. In
order to avoid channelling, the measurements were done with an angle
of incidence of 6-9◦ away from the [001] direction, and also avoiding the
[100] and [010] directions (planar channelling).

4.4 Magnetization measurements
An indirect method to measure the magnetization of the sample is the
magneto-optic Kerr effect (MOKE) [91]. Magneto-optical effects evolve
from the interaction between the light and the electron spin due to the
spin-orbit coupling, and can be observed in transmission (Faraday and
Voigt effects) or reflection (Kerr effect). Due to the asymmetry of the off-
diagonal elements in the dielectric tensor, the left- and right-circularly
polarized light is refracted differently, so-called birefringence. Linearly
polarized light is composed of both left- and right-handed circular waves
and they travel with different velocities in the medium as seen in the
real part of the refractive index. The magneto-optics are described by a
complex magneto-optic (Voigt) constant. The resulting phase difference
is manifested by a rotation of the plane of polarization, in general less
than 1◦. Another effect is the difference in absorption, governed by
the imaginary part of the refractive index, of the left- and right-handed
circular waves. Thereby their amplitudes will become different, and
thus the ellipticity of the polarization will change. Since the Kerr effect
depends on the energy of the light, spectroscopic measurements can give
more information than the standard monochromatic measurement.

There are three different configurations of the light’s plane of inci-
dence with respect to the magnetization direction in a MOKE set-up:
polar, longitudinal and transverse, as illustrated in figure 4.7. In the
polar configuration, which is utilized in magneto-optical recording, the
magnetization is out-of-plane with an approximately ten times larger
Kerr effect than in the longitudinal configuration. If the magnetization
is tilted or if the direction changes as in a spin reorientation transition,
one must separate the polar and longitudinal contributions to the sig-
nal (see for instance ref. [92]). In the transverse configuration only the
intensity of the reflected light is altered.

In a stratified media such as a multilayer, Zak and colleagues made
use of the transfer matrix method and introduced a medium boundary
matrix and a medium propagation matrix in order to calculate the Kerr
rotation and ellipticity [93].

In this work mainly the longitudinal MOKE configuration in a room
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Figure 4.7: The different geometries in MOKE: a) polar b) longitudinal
and c) transverse.

temperature experimental set-up was used (figure 4.8). Light from a He-
Ne laser (594.1 nm) is linearly polarized by a polarizer with an extinction
ratio of 10−6 before it hits the sample positioned in the pole gap of the
magnet. In front of the photodetector there is an analyzer crystal close
to the extinction axis (crossed). In this specific set-up a modulator, a
Faraday rotator, is placed before the analyzer. This changes the plane
of polarization with a frequency provided by a lock-in amplifier, which
is utilised for noise reduction. In the polarizer, the electric field can be
separated into the s- and p-components, i.e. perpendicular and parallel
to the plane of incidence, respectively. Since a rotation of s-polarized
light gives rise to p-polarized light that is analyzed, either polarization
should be chosen in the MOKE set-up. Close to extinction the signal,
proportional to E2

p, is linearly proportional to the Kerr effect, and thus
the magnetization of the film within the laser spot of size ∼ 1 mm2.
The spatial resolution of the method is also useful when studying the
interlayer exchange coupling in wedged samples.

Due to the absorption of the radiation in a metal, the skin depth9

is about 10-20 nm for the films in, for example, paper VIII. This is
comparable to the total thickness of the films.

The alternating gradient force magnetometer (AGM) is an ac version
of the force magnetometer that measures the force, µ0∇(m ·H), on the
sample subjected to a field gradient. The sample is mounted on a vi-
brating vertical rod with the same frequency as the field. The noise
reduction from the lock-in technique increases the sensitivity.

A very sensitive way to measure the magnetization is with a super-
conducting quantum interference device (SQUID) which consists of one
or two Josephson junctions, i.e. two superconductors separated by a
thin insulating layer, in a superconducting ring and is able to detect
extremely weak magnetic fields (10−15 T) by quantum interference. A
Quantum Design MPMS is used in Uppsala, where the SQUID sensing

9The skin depth is defined as the penetration depth where the light wave’s ampli-
tude has decreased by a factor 1

e .
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Figure 4.8: The longitudinal MOKE set-up.

Table 4.1: Comparison of magnetization measurements methods. From
ref. [14].

Method Type Typical sensitivity (J/T=Am2) Temperature range

MOKE indirect - mainly RT
AGM direct 10−10 RT

SQUID direct 10−11 low T - high T

device is connected to the superconducting pick-up coil in which a cur-
rent is induced when a magnetic sample moves through it. In order to
reduce the noise, the pick-up coil consists of a second-order gradiome-
ter with three coils. To obtain the absolute magnetization values the
equipment has to be calibrated with a well-defined magnetic sample. A
corresponding calibration has to be performed with the AGM.

In order to deduce the magnetization in A/m from the magnetic mo-
ment in Am2=J/T, the volume of the magnetic material in the sample
has to be known. Since the method measures the total magnetic mo-
ment it is also important to subtract any magnetic contribution of the
substrate or sample holder.

4.5 Microfabrication and MFM
Magnetic particles of different sizes and shapes can be fabricated by a
combination of electron beam lithography and ion beam milling [94].
A sub-micron layer of positive resist made of polymer is spinned onto
the film which is covered with a protective carbon mask, and settled
by heating. A pattern is transferred to the resist by an electron beam
current of 300 pA. By developing the resist, the e-beam exposed resist
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is removed from the film. A transfer NiCr layer is evapourated onto
the patterned resist before the lift-off process, in which the rest of the
resist is removed with acetone. The same pattern that was written
by the e-beam is now covered with NiCr. The carbon mask within
the unprotected region is removed by etching in an oxygen plasma. In
the following ion milling process the protective NiCr, together with the
non-carbon-covered metallic film (here permalloy covered with Ag), are
sputtered away by argon ions. Finally, the rest of the carbon mask is
etched out in oxygen plasma.

In order to study the magnetic domain structure of the patterned
arrays a magnetic force microscope (MFM) is widely used [95]. The
principle is similar as of the atomic force microcope, where the surface
is examined by a cantilever pyramid shaped tip that is deflected due
to interacting forces, mainly van der Waals, between the tip and the
atoms of the film. The cantilever is made out of silicon or silicon nitride
with a spring constant lower than that of atoms in a solid (∼10 N/m).
The deflection is recorded by optical sensing, i.e. a position-sensitive
detection of a laser beam reflected from the cantilever. The topographic
data can be obtained in contact mode, by operating with constant-height
or constant-force, or in non-contact mode. In the latter, the cantilever
vibrates close to its resonance frequency, which changes in phase and
amplitude due to the force gradient.

cantilever tip

laser beam

film

Figure 4.9: Schematic view of the magnetic force microscope geometry
in the magnetic (lift) mode.

In the case of MFM a tip coated with a ferromagnetic thin film, which
is magnetized normal to the surface, generates magnetic interactions be-
tween the tip and the out-of-plane stray field of the particle. To separate
the magnetic image from the topographic one, a detection scheme called
LiftMode is utilized, in which each line in the image is scanned twice.
First the surface topography is detected and then the tip is lifted to a se-
lected height and scanned, while keeping a constant separation between
the tip and the local surface topography (see figure 4.9).

In papers I-II the microfabrication and the MFM studies were car-
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ried out at Chalmers University of Technology. The MFM investigation
made use of a Dimension 3000 scanning probe microscope (Digital In-
struments) with a lateral resolution better than 50 nm.

4.6 Spin polarized neutron reflectometry
Unlike x-rays, neutrons carry a magnetic moment from their spin 1

2 and
may interact both with the nucleus and with the magnetic moments of
atoms, which is described by the coherent nuclear and magnetic scatter-
ing lengths, bcoh and pm, respectively. The coherent scattering length is
an average due to the interaction of the two different eigenstates spin up
(+) and down (-) of the neutron, and also from the isotopic distribution
in the nucleus. As seen in table 4.2 the neutrons are much more sensitive
to light elements, such as hydrogen and the less absorbative deuterium,
and in resolving V from Fe or Ni compared to x-rays. The scattering
length of x-rays is r0f , which is at 0◦ only the Thomson scattering length
r0 (2.82x10−15 m) times the number of electrons per atom, Z [82].

Table 4.2: Neutrons nuclear bcoh and magnetic pm scattering lengths
taken from ref. [96] and [97], respectively, compared to
the x-ray scattering lengths r0f . The values are given at
sin(θ)/λ=0.

Element bcoh (10−15 m) pm (10−15 m) r0f (10−15 m)

H 3.7409 - 3
D 6.674 - -
V -0.443 - 65
Fe 9.45 0.60 73
Ni 10.3 0.16 79

As in x-ray reflectivity the scattering vector is Q=k-k’, here defined
to be parallel to the sample surface, i.e. in the z-direction, whereas
the spin is quantized in the y-direction (see figure 4.10). Due to the
intrinsic nature of the neutron scattering, only the in-plane components
of the magnetization are detected. The neutron-nucleus interaction can
be described by a Fermi pseudopotentional Vn [96]:

Vn =
2π�

2

mn
Nbcoh, (4.11)

43



where mn is the neutron mass and N is the number of nuclei. The total
external reflection occur below a critical angle at the scattering vector
Qc =

√
16πNbcoh [98].

If the sample is magnetic there is also an interaction between the
neutron and the magnetic induction, a Zeeman term (-µn · B), described
by a Fermi pseudopotentional Vm [98]:

Vm =
2π�

2

mn
N pm (4.12)

The y-component of the magnetization in the sample gives an addi-
tional term of the non-spin flip (NSF) scattering, while the x-component
only contributes to the spin flip (SF) scattering, as shown in figure 4.10.
In this case we will have two critical angles at the scattering vectors
Q±

c =
√

16πN(bcoh ± pm,y).

Q
k k'

θ x

y

z

θ

Mi

µn

NSF

SFφi

H

Figure 4.10: Schematic view of the geometry for spin polarized neutron
reflectivity measurements adapted from ref. [87]. In the
figure the incident neutron with a magnetic moment µn is
in the spin-up state parallel to the y direction. The in-
plane magnetic moment Mi of layer i is rotated an angle φ
with respect to the x direction. In the case of an external
magnetic field H it is applied in the y-direction.

By neutron reflectivity we get information about the magnetic struc-
ture as in papers V and IX. For instance if we have an antiferromag-
netically ordered multilayer, the magnetic periodicity is twice the struc-
tural, as seen in an additional peak at Q1/2 (see figure 4.11). If the
neutrons are polarized we can get additional information of the mag-
netic x-component, that can be studied while applying an external field.
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Figure 4.11: Schematic picture of an antiferromagnetically aligned mul-
tilayer with the chemical periodicity Λ.

The neutron reflectivity measurements discussed in papers V and IX
were carried out at the ADAM neutron reflectometer at the Institute
Laue-Langevin, Grenoble [99]. ADAM is characterized by a very high
Q-resolution and low background. The wavelength of the cold neutrons
provided from the neutron source at ILL is 0.44 nm. A Be-filter is
placed behind the graphite monochromator to suppress higher harmonics
contamination and the intensity from λ/2 is a factor 10−3 lower than
λ. The neutrons are polarized and analyzed by supermirrors, in which
only one spin state is reflected. By introducing spin flippers in front
and behind the sample, four different reflectivities R, i.e. normalized
intensity, can be measured. When both spin flippers are turned off or
on we have the NSF cases: R+,+ ∝ (bcoh + pm)2 or R−,− ∝ (bcoh − pm)2,
whereas if only one spin flipper is turned on we have a SF case: R+,−
and R−,+. In figure 4.12 the reflectivity is exemplified by a SF case,
showing the spin state of the neutrons while they are moving in the
beamline. Since the two spin flip cases are usually equal either one of
the cross-sections is measured. In the case of a stratified media, the
Parratt recursion scheme can be used, as for the x-ray reflectivity, and
the experimental data simulated by a program called Parratt32 [100].

In a ferromagnetic thin film, the difference in the reflectivity coeffi-
cients of the NSF (+,+) and (-,-) is proportional to the magnetization
in the y-direction, whereas the sum of the reflectivity coefficients of the
SF (+,-) and (-,+) is proportional to the magnetization squared in the
x-direction [98]. In a multilayer this become more complicated. How-
ever, the difference in intensity of the Q1-peak in the two different NSF
channels can be used, as in paper IX, as a measure of the magnetization
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Figure 4.12: The spin state of the neutrons, indicated by arrows, when
they move in the reflectivity beamline. In this SF reflectiv-
ity case (-,+) the first spin flipper is turned on, while the
second one is turned off. The magnetization of the sample
has an x-component.

in the y-direction.
As in the case of x-rays, correlated magnetic roughness (domains)

should appear as Bragg sheets on either side of the specular Bragg peaks,
i.e. in the direction Q‖, in the scan [98]. The uncorrelated magnetic
roughness is most likely due to spin disorder at the interfaces.
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Summary of papers

5.1 Patterned thin permalloy films
The magnetically soft permalloy (FeNi alloy, here with 19 wt% Fe) has
been widely used and studied. By fabricating arrays of small magnetic
dots of micrometer size from a thin film, the magnetic properties be-
come significantly different from those in the bulk state. The size and
shape will also alter the magnetic interactions, thereby changing the do-
main structure. By post-annealing, the strain that is evolved during the
sputtering growth can be released. Also, by anneling in hydrogen atmo-
sphere the defect mobility is increased and the metal oxide formation is
reduced. How this heat treatment affects the magnetic properties of the
patterned films compared to continuous films is investigated in paper
I. The magnetic properties of the continuous films are not significantly
changed after the heat treatment (200◦C, 48 h, 0.35 bar H2), whereas
the number of domains decreases in the patterned elements. For exam-
ple, the thin ellipses are in the single domain state after the annealing
as seen in figure 5.1.

Figure 5.1: MFM images of elliptic particles (450 nm x 150 nm, 24 nm
thick) before (left) and after (right) annealing.

In paper II the domain structure is investigated in circular and ring-
shaped particles, patterned as octagons (figure 5.2). The vortex state,
indicated by kinks in the magnetization curves when the applied field
is in the out-of-plane direction, becomes less favourable when the thick-
ness of the circular particles decreases and the lateral size increases. In
soft permalloy the domain structure is mainly governed by the shape
anisotropy. Therefore, by removing the center of the magnetic particle,
the magnetic rings form either a flux closure magnetic domain structure
or, as in the narrow rings, an ’onion’ state with two opposing head-to-
head walls. This is probably the first time an MFM image of the ’onion’
state is realised.
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Figure 5.2: MFM images of circular particles. In the first image from the
left the particles have a diameter of 0.55 µm and a thickness
of 66 nm, while the rest are larger but thinner (d=2.2 µm,
t=24 nm). The ring in the fourth image has an inner di-
ameter of 0.7 µm, whereas the last two, the ring and the
split ring, are thinner (din=1.7 µm). Below each image is a
schematic representation of the magnetic domain structure.

5.2 Fe-based superlattices
The Fe/V(001) superlattices have been extensively studied and used as a
model system for hydrogen uptake [101]. Also, the magnetic properties
have been studied in the region of Fe(y≥3 ML) and V(x≥3 ML) [85, 102].
The main conclusions were: a) the interlayer exchange coupling results
in an AFM alignment in the region 12≤ x≤14 ML, b) a low temperature
giant magnetoresistance, GMR, of maximum ∼7 % for y=5-6 ML, and
c) no in-plane magnetic anisotropy for y≤3 ML at room temperature
[60].

In paper III we have deduced the magnetic and magnetotransport
properties of Fe(2 ML)/V(x ML) superlattices with 5<x<17. From the
sample characterization made by x-rays, the samples show a good struc-
tural quality with an expected roughness of 1-2 ML as determined by
WinGixa (figure 5.3). The system has an AFM alignment in the same
region as previously, while the maximum GMR decreases to 2 %. The
transition temperature from long-range magnetic order to paramagnetic
order is a measure of the exchange coupling energy and its dependence
on the spacer (V) thickness shows an oscillatory behaviour. This, to-
gether with the power law dependence of the normalized magnetization,
was used to distinguish the antiferromagnetically coupled region (T 2)
from the ferromagnetically coupled one (T 3/2) with an uncoupled, or
weakly coupled, region (T ) in between.

The small remanence that is present in the antiferromagnetically cou-
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Figure 5.3: a) Reflectivity and b) XRD of an Fe(2 ML)/V(12 ML) su-
perlattice with 25 repetitions. From paper II in ref. [50].

pled samples in paper III could arise from the ferrimagnetic alignment
as in paper IV. Another explanation would be the presence of ferromag-
netic or 90◦ coupled regions due to uncorrelated roughness.

The main idea of paper IV was to investigate what will happen if we
introduce a magnetic layer with different magnetic properties but with
similar scattering properties within the spacer layer. We know that the
ordering temperature (TN) for an Fe(3 ML)/V(13 ML) superlattice is
approximately 320 K [58], and for Fe(2 ML)/V(13 ML) it is around
90 K (paper III and V). The question is, if we combine the two sys-
tems into one, Fe(3 ML)/V(x ML)/Fe(2 ML)/V(x ML), would we see
two different transition temperatures of the magnetic layers? Also, in
the temperature region above the transition temperature of the thin Fe
layers but below that of the thick Fe layers, would the thin Fe layers
become scattering centers without any magnetic order? Then the inter-
layer exchange coupling should be antiferromagnetic at x=5-6 and we
would see a typical antiferromagnetic hysteresis loop. In order to accom-
plish as similar growth conditions as possible, all samples were grown
from the same targets. Unfortunately, the few number of repetitions
(10) was then too small to be able to answer these questions. Instead
paper IV is focused on the critical temperature and the IEC of the total
system in the region 4≤x≤15. The antiferromagnetic coupling in the
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region 9<x<11 is believed to result in a ferrimagnetic structure, since
the magnetic moment in the two monolayers of Fe is smaller than in
that of the three monolayers of Fe.

As we mentioned earlier, in chapter 3.4, the introduction of hydrogen
in the Fe/V system gives rise to an out-of-plane lattice expansion and a
change in the electronic properties of the host. By the hydrogen uptake
in the nonmagnetic vanadium we can tune the ratio between the inter-
layer and intralayer exchange couplings, J ′

J , continuously and reversibly,
and thereby study the transition from AFM to FM alignment. In paper
V this study is made on a thick Fe(2 ML)/VHx(13 ML) superlattice by
neutron reflectivity and SQUID magnetometry. The resulting magnetic
phase diagram of the system is a realisation of the 2-dimensional Ising
model on a cubic lattice with a finite ordering temperature of about
60 K (see figure 5.4 a). The transition, in which the external field neces-
sary to align the sample ferromagnetically vanishes, occurs at the critical
concentration

〈
H
V

〉 ≈0.022 (see figure 5.4 b).
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Figure 5.4: a) Magnetic phase diagram for an Fe(2 ML)/VHx(13 ML)
superlattice with 200 repetitions as determined by neutron
reflectivity (open symbols) and SQUID (solid symbols). The
inset shows the model system of Ising spins with fixed in-
tralayer coupling and variable interlayer coupling. b) The
strength of the AFM coupling field as a function of the hy-
drogen concentration x (1 Oe ≈ 80 A/m).

The investigation of the universality class of the magnetic phase tran-
sition is not straightforward. For instance, the system can behave as a
2D system, but upon decreasing the temperature towards the critical
temperature the system may undergo a dimensional crossover to 3D
[15]. Also, by introducing a perturbation, such as a small anisotropy,
the long-range magnetic order can appear as a 2D XY- or Ising sys-
tem. In paper III and IV the temperature dependence from spin wave
excitations of the superlattices at low temperatures reflects the IEC.
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The superlattice is modelled as a stack of 2-dimensional magnetic sheets
(monolayers) with isotropic spin symmetry (Heisenberg). In the pres-
ence of the IEC, the stack behaves as a 3-dimensional magnet. In the
interleaved system this is also indicated by the critical exponent β esti-
mate of 0.37-0.4. However, due to the oscillatory manner of the IEC the
stack can become decoupled (quasi-2D) when the IEC crosses zero. In
paper V the focus is on the magnetic order when we perturb the inter-
layer exchange coupling in the sample by the introduction of hydrogen.
In this case, the system has a dimensional crossover from 3D to 2D when
the magnetic layers become decoupled. The different spin symmetries
could be due to the temperature dependence of the anisotropy energies
[60], since in paper III we model the system at low temperature and in
paper V we are close to TC.

The magnetic moment of Fe is very sensitive to the number of nearest
neighbouring V atoms [103], which could vary due to thickness variation
or interdiffusion at the interfaces [104]. It is also important to realise the
reduction of the average moment, measured by SQUID magnetometry,
by the induced V moments that are aligned in the opposite direction
to that of the Fe moments. Both systems in papers III and IV show a
reduced average moment of ∼ 0.65 µB per Fe atom. This value can be
compared to the interface moment (0.7 µB) of the previously measured
Fe/V superlattices [105]. However, in paper V the average magnetic
moment of the thicker sample was determined to be as low as 0.37 µB

per Fe atom. This discrepancy could be within the accuracy of the
measurements since the good structural quality determined from x-ray
measurements does not deviate from those in paper III.

5.3 FeNi-based superlattices

The introduction of Ni in the Fe lattice changes the magnetic properties
as seen both in bulk and thin films. By alloying Fe with Ni (19 wt%,
corresponding to 18 at%) we are able to grow a heterostructure with
V since the Fe0.82Ni0.18 (FeNi) alloy has a bcc structure that fits well
to the V lattice. The magnetic anisotropy energy changes as well as
the scattering amplitude compared to the Fe/V system, which implies
a change of the IEC and the GMR effect. In paper VI we establish the
growth conditions by growing a series of samples at different substrate
temperatures. The investigation resulted in an optimized growth tem-
perature around 150◦C (see figure 5.5) (cf. 300-330◦C for Fe/V), where
the crystalline quality of the bct superlattice is similar to that of the
Fe/V superlattices.
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Figure 5.5: a) Reflectivity scans of FeNi/V superlattices grown at differ-
ent temperatures. b) High-angle XRD of the same samples
as in a). The scans are shifted for clarity. From paper VI.

In the study the chemical composition is confirmed by Rutherford
backscattering spectrometry (RBS) to be the same as in the sputter
target materials. The local structure, probed by transmission electron
microscopy (TEM), shows no twinning and a smaller defect density com-
pared to an Fe/V sample. The question whether there is any Ni enrich-
ment at the interfaces (segregation) remains unanswered, since XRD
and TEM are not able to probe the homogeneity.

Figure 5.5 indicates an increase of the degree of intermixing at the
interfaces with increasing growth temperature. The influence on the
magnetic properties is investigated in more details in paper VII. At the
highest growth temperature (400◦C) the coercivity is high due to the
introduction of domains and domain walls, whereas the magnetization
decreases from the alloying at the interfaces. At the growth temperature
200◦C or higher the layers become ferromagnetically aligned. There is
also an indication that the TC is closer to that of the bulk alloy (400◦C).
By increasing the temperature the strain is released, thereby decreasing
the magnetoelastic anisotropy. The relative reduction in the magnetic
moment of the system can rather nicely be modelled by first princi-
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ple calculations on a trilayer at 0 K. The induced V moment, which is
contributing to the average moment deduced from SQUID magnetome-
try, is included in the calculations. The theory supports the increased
interdiffusion with increasing growth temperature. In the model the con-
centration of FeNi and V at the interfaces is varied, and the influenced
interface region can be extended by a broadening parameter. In paper
X the theoretical model is developed further by modelling both inter-
face intermixing and interface roughness. Interface roughness is included
in a calculated property (e.g. magnetic moment or IEC) by making a
weighted average of this property for multilayers with different layer
thicknesses. Here we restrict ourselves to modelling roughness extend-
ing ± 1 layer from the ideal interface. The magnetic moment depends
strongly on the interface intermixing. It is thereby possible to deter-
mine the extent of the interface intermixing by comparing theory and
experiment. The IEC depends on both interface roughness and interface
intermixing. Both effects introduce a damping to the short period IEC
oscillation found in calculations for perfect interfaces, a damping that
are absent in the experiments. By modelling these interface effects we
are able to find satisfactory agreement between the experimental and
theoretical phase diagrams (see figure 5.6). The amount of interface
roughness is however not possible to obtain from this comparison. We
also find good agreement in the magnitude of the measured and calcu-
lated amplitudes of the IEC if interface intermixing is considered in our
calculations.

The experimental studies of the series of samples in the thickness
range DFeNi=0.4-1.7 nm and DV=0.7-2.4 nm, are presented more thor-
oughly in paper VIII. The grown superlattices are of good crystalline
quality with high interface sharpness and low interdiffusion. The mo-
saicity depends on the lattice strain but the substrate quality is also of
major importance. The interface density is another important factor for
the crystalline coherence length in the growth direction. The magneti-
zation measurements revealed a reduced in-plane anisotropy, mainly the
fourfold magnetocrystalline contribution, in the FeNi/V superlattices
compared to the Fe/V system, although the magnetoelastic contribu-
tion can not be excluded. Below 6 ML of FeNi there is a nearly isotropic
region, where also the magnetic moment is reduced by almost a factor
of 2 (1.15±0.08 µB per ’FeNi’ atom) from the thick film (bulk) value
(2.2 µB per ’FeNi’ atom). The AFM interlayer exchange coupling is
weak (0.02-0.03 mJ/m2 at 10 K) and almost constant within the stud-
ied FeNi thickness range. The balance between the anisotropy and the
IEC is thus different in comparison to the Fe/V system and this is prob-
ably the main reason for the different behaviours observed. The max-
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Figure 5.6: Magnetic phase diagram of the [FeNi (DFeNi)/V (DV)]×25
superlattices. From paper VIII.

imum magnetoresistance (GMR) of 2.5 % at low temperature seen in
the studied FeNi/V films is not a ’gigantic’ value. However, if one com-
pares the applied field which is needed to saturate into a ferromagnetic
alignment the sensitivity is only ten times lower than in Fe/Cr with its
obtained 150 % GMR. The magnetoresistance decreases with increasing
FeNi thickness and this is believed to arise from the interface scattering
dominating over the phonon scattering. At smaller FeNi thickness the
electrical resistivity ratio between high and low temperature increases,
which also supports the interface scattering dominance. However, the
oxide surface layer and/or Ag contacts give a peculiar decrease of the re-
sisitivity at intermediate temperatures. This is not seen when a thicker
but otherwise equivalent superlattice covered with Pd is studied. The
transport properties as well as the magnetic configuration of this an-
tiferromagnetically coupled sample is studied in more detail in paper
IX. By applying an external magnetic field the change of directions of
the magnetic moments can be studied by polarized neutron reflectom-
etry. The small hysteresis of the sample seen at room temperature is
enhanced at low temperature. The obtained magnetic moment (1.3±0.2
µB per ’FeNi’ atom) is similar to that from previous investigations made
by Mössbauer spectroscopy and SQUID magnetometry [106].
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Stefan, Emil, Till, Cyril and Rimas. You have all helped me in many
different ways and I have enjoyed your company very much. Good luck
in the future!
A big thank-you goes to all my collaborators, e.g. Olga, Vincent, Erik
and Björn (see List of papers). I’m your biggest fan. In particular Dr.
Gabriella Andersson, my co-supervisor at Uppsala University, who also
helped me with the editorial work of this thesis.
To my room-mate Matts, Martin and Inna next door, and to the rest of
the Physics III members: Keep up the good work!
During the past years I have met several people I also would like to
thank: The members of Materials Physics at KTH and professor Ulf
Karlsson, who was also kind enough to let me visit Lindau and meet all
these Nobel Laureates; Professor Elisabeth Rachlew-Källne, my mentor
in the female mentor programme led by Annika Vänje Rosell at KTH;
Dr. Jens Birch who introduced me to x-ray diffraction; Professor Har-
mut Zabel and his group members who took care of me during my stay
in Bochum; The fun people I met during the meetings within TMR -
Switchable metal-hydride films; The help and the nice company I got at
Max-LAB from Dmitri, Anders, Cecilia, Jonathan and Charlie; Peter B
who introduced me to Freyja; Fredrik G who I inherited the MR setup
from; and Pierre at the workshop for his nice work; To my friend Dr.
Douglas for her encouraging chats.

Finally, in the long run all of this is just a parenthesis. The real life
is with you, Patrik and Olivia!

Uppsala, January 7, 2004.
Anna Maria Blixt

55



56



References

[1] F. J. Himpsel, J. E. Ortega, G. J. Mankey, and R. F. Willis, Adv. Phys. 47, 511
(1998).

[2] T. L. Hylton, K. R. Coffey, M. A. Parker, and J. K. Howard, Science 261, 1021
(1993).

[3] S. S. P. Parkin, IBM J. R & D 42, 3 (1998).

[4] N. W. Ashcroft and N. D. Mermin, Solid State Physics (Saunders College
Publishing, USA, 1976).

[5] E. Merzbacher, Quantum Mechanics (John Wiley and Sons, Inc., New York,
USA, 1998).

[6] P. Mohn, Magnetism in the Solid State. An Introduction, Solid-State
Sciences (Springer-Verlag, Berlin Heidelberg, 2003).

[7] R. M. Bozorth, Ferromagnetism (D. Van Nostrand Company, Inc., Princeton,
N.J., USA, 1956).
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