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Introduction

Magnetic heterostructures, with the shape of thin films, are present almost

any where: magnetic sensors in magnetic storage devices, magnetic cooling

devices, microattuators and motors, micro-pumps and many others.

However, none of them would be possible without the knowledge of the
base of magnetism when the size scales to nanometric scale. For such a reason,
magnetic multilayers, hands made sandwiches of ferromagnetic (FM) and/or
not-magnetic (NM) and/or anti-ferromagnetic (AFM) materials, are powerful
structures in order to address the basic investigation on magnetism.

The understanding of the magnetism at this scale cannot be carried out with-
out the knowledge of the production techniques of such thin films (chapter 1)
and their structural characterisation by using X-rays (chapter 2). The investi-
gation of the optimisation of the growth of a specific system is described in
chapter 3.
The main goal of the scientific process is the investigation of the magnetic

properties. Three techniques of investigations are reviewed (chapter 4). Such
measurements show the existence of temperatures where the magnetisation
vanishes. In the proximity of such ordering point, the magnetisation seems to
follow particular universality classes (chapter 5).
In some case, two FM layer, spaced by a NM layer, can indirectly interact.

Such an interaction is described in chapter 6.
The magnetic ordering in layered magnets has been addressed in five dif-

ferent cases. If one considers a single FM layer embedded in NM layers, the
magnetic thickness does not correspond to the geometrical one as it has been
shown by a dimensional crossover in the magnetisation. The coupling between
two FM layers has been investigated as a function of the coupling strength,
showing that in the weak coupling limit, there is no change in the universality
class. In case of a multilayer, the long range interaction among the FM layers
adds an extra degree of freedom changing the length scale and the magnetic di-
mensionality. The effect of the coupling strength is different at the surface and
in the interior. Different thicknesses at different positions are shown to play a
role in the overall magnetisation of multilayers. Finally, it will be shown that
the boundary conditions play a role in the determination of the universality
class in a super-superlattice.
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1. Growth of ultra thin films

Thin films are present in many devices used in every day life, one has just to
think to LCD screens, magnetic sensors, data storage devices, etc.

The production of ultra thin film has become feasible with the progress in
the area of growth technology and vacuum science. Firstly, the technological
problem of their production has been solved by improving vacuum technol-
ogy. In order to exactly control the chemistry of the materials, ultra high vac-
uums must be generated and at the present time, pressures of 10−10− 10−11
Torr are easily generated by using a cascade of vacuum pumps.
Secondly, many deposition techniques, which are able to exactly control the

physical dimensions of the thin films, have become available. Among all these

possible techniques, the most used techniques in metal thin films growth and

science are the:

1) molecular beam epitaxy or MBE
and

2) magnetron sputtering.
Both techniques give the best results in terms of controlling the thickness of
the thin film, and in terms of controlling the chemistry of the materials.
In this chapter the above introduced growth techniques will be described

as a first step of the scientific process, followed by general description of a
superlattice.

1.1 Sputtering Process

Sputtering is the dominating deposition process used for the synthesis of
metallic thin films. Its main feature is the capability to evaporate many
kinds of material from metals [1, 2, 3, 4] to either insulators [5, 6] or
semiconductors.

The goal of the sputtering process is to maintain a glow-discharge plasma
in front of each material source, called the target. The plasma is caused by
the impact of energetic ions (usually Ar) accelerated through a potential drop,
while the material to be etched or sputtered is kept at negative potentials. The
use of Ar as opposed to other noble gases is due to Ar having the best ratio
between economicity and great cross section1. But, in order to generally im-
prove the growth of the thin films, other gases can be used together with the

1The cross section results to be proportional to the mass of the colliding particles and to the

mass of the collided one as (mAr/mmetal)4
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Figure 1.1: Sketch of sputtering process. Ar gas flows above the target. The Ar+

collides with the target and other atoms are ejected.

primary Ar [7]. Also the production, for example, of either nitrides or oxides
can be achieved by using reactive sputtering.

Briefly, the sputtering process is the following: Ar gas is introduced in the
growth chamber at few mTorr. A dc or RF negative voltage is applied on the
target. This voltage accelerates the electrons and ions present inside the cham-
ber. The collisions among Ar atoms and electrons yield more ions because Ar
atoms are ionised by the interaction with the energetic electrons. The Ar+

ions are then accelerated towards the target and collide with the material. In
the collision the energy of the ions is partially transferred to the atoms of the
material and the etched atoms spread all around in random directions. Some
of the sputtered atoms can reach the substrate and stay fixed there.
In order to increase the sputtering rate, the targets sit on strong permanent

magnets: this device is called the magnetron. In such a way, the magnetic

field is coming out through the targets, see Fig. 1.1. Because of the presence

of a strong magnetic field, the secondary electrons, which are freed by the

scattering among Ar+ ions and material of the target, are effectively involved

in the sputtering process. The secondary electrons are thus confined above the

target and spin around the magnetic field lines. These energetic electrons cause

the creation of new ions in the collision with the Ar atoms. This increases the
sputtering efficiency greatly.
If the voltage drop is high enough a self-sustaining discharge glow is gen-

erated such that the process itself is self-sustaining.
The growth rate can be mainly influenced in two ways:

• by applying different powers on the magnetrons
• by applying different pressure during the process

12



One can assume that the average energy of the atoms is of the order of some

eV. The pressure allows the modulation of the energy of the molecular flux. In

first approximation, the mean free path of the atoms is inversely proportional

to the pressure. Thereby, at high pressure the mean free path is short and the

atoms are thermalized in a short time. On the other hand, at high pressure the

material flux from the target to the substrate is reduced.
It must be remembered that no trace of Ar can be found on the final sample.

Ar gas does not chemically interact at all with the sputtered material. Gener-

ally, the only impurities that can be found inside the samples are oxygen and

carbon. The source of oxygen is the water that generally sticks on the wall of

the chamber and the carbon impurities degas from any organic material and

from the steel of the chamber’s walls. Other impurities come from the impu-

rities present in the Ar gas. The purity of the target generally is above 99.9%

and the purity of the Ar gas is better than 99.9999%. Therefore, the final purity

of the deposited material is above the 99.9%.

1.2 Molecular Beam Epitaxy (MBE) Process

The beauty of the molecular beam growth technique is the extreme cleanness

of the growth environment. The needed UHV condition of the growth cham-

ber (base pressure of≈ 10−10−10−11 Torr) allows the deposition of materials
with a high grade of purity. This method is especially suitable to growth semi-
conductors and single crystal rare earths. [8, 9, 10] The deposition rate, that is
the amount of material that is deposited per unit of time, generally measured
in Å/s, is much smaller with respect to the deposition rate generally accepted
in sputtering growth. This very slow growth rate is reached without the help
of any external factor such as gases.

With respect to the sputtering where the kinetic energy of the molecular flux
can be estimated on the order of tens of eV, the kinetic energy of the atomic
flux is much lower than 1 eV. The only sources present in a MBE system are
thermal sources as will be described later. Therefore, the only component of
energy is the thermal energy. For example, the thermal energy of an atom at
2000◦C is just≈ 0.2 eV. The small energy decreases the probability that atoms
move/hop randomly on the surface of the sample. In order to increase the mo-
bility of the atoms on the surface, a much higher temperature of the substrate
should be used as opposed to the substrate temperature during the sputtering
process. Two kinds of thermal sources exist in a MBE system: effusion cells
(EC), and electrons guns. The latter are all-purpose sources and they are also
used to evaporate high melting point materials.

1.2.1 Molecular beam from effusion cells

The effusion cells or Knudsen’s cells [11, 12] are the preferred sources used
to evaporate materials if the melting point temperature of the material is low
enough and the vapour pressure of the material is high enough. The latter is a

13



very important parameter since a molecular flux can already be established at

a temperature much lower than the melting point.
The Knudsen’s cell is built of a heater and a crucible, protected by a shield

of molybdenum or tantalum, two refractory metals2. The crucible, which is
made up of a high melting point material, like Al2O3, Ta or W or pyrolytic

graphite, is filled with the material. Each material is evaporated from a suitably

chosen crucible since one should avoid the chemical reactions between the

two.
The molecular flow is modulated by the modulation of the temperature of

the crucible. Effusion through the orifice of the cell gives a molecular beam
which spreads in isotropic distribution over a sphere. The molecular flux can
be considered as constant as a function of time at fixed temperature.

1.2.2 Electrons guns

Electrons are emitted from a filament at high temperature by a thermionic
effect. In order to increase their energy, these are accelerated by an electric
potential of the order of some keV. Their trajectory is bent by strong perma-
nent magnets and they are collimated by playing with electromagnetic sweep
coils whose purpose is to move the electrons beam onto the surface of the
material. Using this method, the material is melted by the transfer of energy
from the colliding electrons to the atoms of the material. In principle any kind
of material can be melted down by this technique. The molecular flow is not
stable in this kind of source and therefore the growth rate is tracked by using
a quartz crystal microbalance.

1.3 Metallic superlattices/multilayers

A regular repetition of layers of two or more different materials are called
multilayers.
In the special case when a long range structural coherence, much larger than

one bilayer thickness, is present along the growth direction, the more precise
term superlattices [13] should be used.
In order to briefly clarify how a superlattice is produced, the following ex-

ample is given: one should start with a single crystal substrate whose orien-

tation is defined by the indices (hkl). Substrates are generally oxides such as
MgO or Al2O3 but also single crystal metal substrates can be used. By using

a deposition technique the metal A is deposited on the substrate. The deposi-
tion is carried out by using a molecular flow from a source of the metalA. The
thickness of the metallic layer is then fixed at α mono-layer3 (ML) by the tim-
ing of the opening and closing of the source. The metal B is deposited on top
of the previous layerA in the same way. The thickness of this layer of material

2Refractory metal - A metal with a very high melting point such as tungsten, molybdenum,
tantalum, niobium, chromium, vanadium and rhenium.
3Mono-layer - Out-of-plane distance between two neighbouring atoms.
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Figure 1.2: Distribution of the Fe/V(001) on the substrate. The bct (body centred
tetragonally distorted) crystal structure of the superlattice is rotated of 45◦ with re-
spect to the fcc (face centred cubic) structure of the substrate.

B is then fixed at β ML. If the combination AB is repeated in a predictable
sequence as ABABA. . . , with the entire structure showing the same crystal
direction, such a film is called a superlattice with a selected crystal growth
direction (l′m′n′) which can be different with respect to the crystal orientation
of the substrate.

In such a way two are the periodicities, given by Aα and Bβ with the de-
fined superlattices lattice constant Λ which is given by the summation of the

2 thicknesses:

Λ = Aα +Bβ

Under these conditions the expression [AαBβ ]n correctly describes the super-
lattice, where n represents the number of repetitions of the bilayers.
One example of superlattice is the case of the epitaxial growth4 of

Fe/V(001) superlattices on MgO [14, 15]. It has been shown that this kind of

superlattices presents an epitaxial relationship5:

• Fe/V(001) ‖MgO(001)
• Fe/V [11̄0] ‖MgO[020].

In order to avoid any confusion, the term thin filmwill be used instead of either
multilayer or superlattice in the rest of this work.

4Epitaxial Growth - The growth of one crystal on the surface of another crystal. The growth
of the deposited crystal is oriented by the lattice structure of the original crystal.
5Epitaxial Relationship - The orientation of the planes (hkl) and directions [uvw] in the film
relative to those of the substrate.
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Fe/V(001) superlattices on MgO are examples of hetero-epitaxial growth,

where the substrate and the thin film are two different materials. In this case

the thin film presents stresses and/or strains because lattice mismatch gener-

ally exists among substrate and materials. The strains are usually accommo-

dated elastically when the thin film is attached at the substrate.

The strains are defined as [16]

ε ≈ (as−a f )
as

(1.1)

where as and a f are, respectively, the lattice constant of the substrate and
the lattice constant of the film. For example, one can calculate the strain in
a Fe/V(001) superlattice attached on the MgO substrate: because of the rota-
tion of the lattice plane of either Fe or V with respect to the lattice plane of
the MgO, as = aMgO×

√
2/2= 2.978 Å. The lattice constants of V = 3.03 Å

whereas the lattice constant of Fe = 2.868 Å. By applying Eq. 1.1, the follow-

ing results for ε are calculated:
• ε =−1.73% for V on MgO
• ε = 3.70% for Fe on MgO

• ε = 5.35% for Fe on V

It is clear the reason why all the Fe/V(001) superlattices studied in this work
had been grown by starting with V as first layer.
Since the thickness of substrate is of some order of magnitude thicker than

the film (the thickness of the substrates is of the order of mm) in Eq. 1.1

one lets to accommodate the elastic stresses/strains into the film. A critical

thickness [16] exists below that a coherent thin film, without imperfection

can be grown. This critical thickness is a function of the elastic modulus and

biaxial strain ε of the materials.
Three growth modes are defined depending on the thermodynamic equilib-

rium during the deposition: [17]

• Volmer - Weber equilibrium - The thermodynamic equilibrium is char-
acterized by the existence of three dimensional crystals in contact with the
substrate while the rest of the substrate is devoid of any condensed phase.
That is, the growth of the thin film is caused by 3-dimension island coales-
cence.

• Frank - van der Merwe equilibrium - The thermodynamic equilibrium

is characterized by the perfect cover of the substrate by the stacks of the

layers. This is the two dimensional crystal growth or layer by layer. Each

layer starts to grow on the top of the previous one [18].

• Stranski - Krastanov equilibrium -This is an intermediate equilibrium
between the previous two. Starting from a bare substrate a limited number
of 2-dimensional layers can be formed until a 3-dimensional growth of
islands begins.
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For our aims, the growth mode of the Fe/V(001) superlattices, which are

mainly studied in this work, has been described as Frank - van der Merwe

equilibrium [14].
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2. Structural characterisation of
metallic superlattices

A crystal structure is defined by the lattice,the lattice parameter d and sym-
metry and the arrange of atoms with lattice unit. This lattice parameter, in
the special case of a cubic structure, represents the single length scale of the
lattice. In a superlattice, one also introduces the lattice constant of the con-
stituent bilayer Λ. Thereby, together with the d, Λ must also be added to the
possible length scales. In a thin film, one also adds the total thickness D as

an additional length scale. All of these length scales can be probed by X-ray

techniques such as X-ray diffraction for d and Λ and X-ray reflectivity for Λ
and D.
In this chapter, the theory of X-ray interaction with matter will be intro-

duced. The focus will be on reflectivity and diffraction measurements. Exam-
ples of the structural properties which can be extracted from those measure-
ments will be shown.

2.1 Interaction between matter and X-ray

The energy spectrum or wavelength spectrum of electromagnetic waves ex-
tends from those with long wavelength, radio frequencies, through the whole
spectrum of infrared, visible light, ultraviolet, to those with ultrashort wave-
length, X-rays and γ-rays.
X-rays are used to investigate the structure and the magnetic characterisa-

tion of both hard and soft matter. The reasons for this are that X-rays can
penetrate the first Å of a specimen, so they can be diffracted by the crystal
and the mathematical treatment of the diffraction can be applied. Also, their
energy fit with energy which can excite the magnetic state of atoms.
Presently, the main sources for X-rays radiation are X-rays tubes and syn-

chrotrons. In the first, an electron beam with an energy of tens of keV collides

with an anode. The electrons are quickly slowed down and the emitted ra-

diation is caused by the Bremsstrahlung effect. However, the X-ray can also

be absorbed by the electrons of the inner shell and these electrons leave the

atom. Thereby the spectrum is composed of a continuous spectrum together

with strong peaks. These peaks are caused by the decay of electrons from an

outer atomic shell to an empty inner atomic shell. It follows that the energies

of these peaks are quantised and element specific. These strong emission lines

can be selected by using a monochromator, see Fig. 2.1
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Figure 2.1: Sketch of Bremsstrahlung emission from a generic anode. The highest

peaks represent the specific element emission due to the decay of the electrons from

the outer to the inner shells.

In synchrotrons X-rays are generated by placing undulator or bending mag-

nets in the way of the electron pulse. By forcing the electrons to follow a

curved path, they emit a continuous electromagnetic radiation known as syn-

chrotron radiation. This radiation is characterized by a very high intensity. The

specific energy can be selected by using a monochromator (generally more

than one). The brilliance of the source is at least 1010 times stronger than the

classical X-ray tube!
X-rays can be modelled either as electromagnetic waves or as photons,

depending on the circumstances of the experiment. The relation between the

wavelength λ in Å and the energy of the photon ε in keV is the following:

λ =
2π h̄c

ε
=

A
ε

where A = 12.398 Å keV−1.
In scattering processes the radiation is described by using the wave-particle

duality and this description helps in understanding the X-ray reflectivity at the
interfaces and diffraction from a crystal.
In brief, the electric field of the wave exerts a force on the electrons in the

matter which are accelerated and radiate the scattered wave. In these exper-
iments, the process can be considered elastic if there is a negligible energy
transfer to the sample. In order to describe the elastic process, a new variable
Q, the scattering vector or wave vector transfer is introduced, as the follow-
ing:
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h̄Q = h̄k− h̄k′ (2.1)

where k and k′ are the initial and final momenta of the photon, with |k|= |k′|,
see Fig. 2.2.

k k'

Q

Figure 2.2: Sketch of momenta which are involved in elastic scattering. Both in

diffraction and reflectivity the wavevector transfer Q is always perpendicular to the

plane of scattering.

So diffraction from a crystal and reflectivity from interfaces are examples

of elastic processes.
In inelastic processes, the X-rays are conventionally described as photons.

In the scattering, the energy of the photon is partially transferred to the elec-

tron which recoils with its new momentum, see Fig. 2.3. The electron moment

is calculated by the Compton scattering equation:

q = k−k′ = k′k
h̄

mec
(1− cosψ)

where the constant h̄
mec = λc is the Compton scattering length and ψ the scat-

tering angle.

For some element-specific energies, the X-ray can be absorbed by the atom
and the excess energy is transferred to the electrons which leave the atom and
the atom is ionised. The general process is called photoelectron absorption and
it is generally described by saying that the intensity of the beam exponentially
decays by passing throughout the material, that is:

I(x) = I0 e−μx

where μ is the linear absorption coefficient which is element-specific.
It follows that after the absorption and ejection of one electron by an atom,

the atom can decay to the ground state by fluorescence or the Auger effect. In
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Figure 2.3: Sketch of momenta and energy which are involved in inelastic Compton
scattering.

the first case, one X-ray is emitted which is caused by the decay of one electron
of the outer shell to the inner shell. In the second case, another electron is
emitted from the outer shell while another electron of an inner shell decays on
the first hole. The technique of X-rays absorption is used in X-ray magnetic
circular dichroism (XMCD) and photo-emission spectroscopy.

The basic idea of XMCD spectroscopy is that in magnetic materials the
spin-up and spin-down electronic bands are split. The energy gap corresponds
to some precise value ΔEgap = E(s, l) which is described by the Fermi’s
golden rule. It follows that using circular polarised light which is tuned on
that specific ΔE, just the electrons with either spin-up or spin-down can be
excited, that means, either absorption spectra or emission spectra can be
measured, or the drain current from the sample can be collected.

2.2 X-ray diffraction

The wavelength of X-rays is of the order of 1 Å. This length is of the same
order as the distance among atoms in a crystal. It follows that, if one thinks
of X-rays as electromagnetic waves, X-rays can be diffracted by the regular
structure of a crystal.

The constructive interference pattern of the diffraction from a crystal with
atomic distance among the layers d, is described by Bragg’s law

2d sinθ = nλ (2.2)

where n is an integer.
Figure 2.5 shows how Bragg’s law can be derived. The necessary condition

for constructive interference is that the phase of the beams must coincide when

the incident angle equals the reflecting angle.
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Figure 2.4: Sketch of the absorption of X-rays. The result is a decrement of the

intensity, emission of electrons and re-emission of X-rays.

The rays of the incident beam are always in phase and parallel up to the
point at which the top beam strikes the top layer at atom A. The second beam
continues to the next layer where it is scattered by atom C and it must travel
the extra distance AC + CB if the two beams are to continue travelling ad-

jacent and parallel. This extra distance must be an integral n multiple of the
wavelength λ in order that the phases of the two beams are the same. By using
trigonometry, it can be shown that the beams are in phase when Bragg’s law
(Eq. 2.2) is fulfilled.
On the other hand, Bragg’s law does not allow the calculation of the in-

tensity of the diffraction pattern. The scattering amplitude for each diffraction

condition can be derived as

Fcrystal(Q) = ∑
r j

Fmol
j (Q)eıQ·r j ∑

Rn

eıQ·Rn (2.3)

by taking into account the unit cell structure factor (first sum) and the lattice

sum (second sum). In this Eq. 2.3, r j is the position of the j’th molecule in
the unit cell, Rn specifies the origin of the unit cell, and Fmol

j is the molecular

form factor. The molecular form factor is defined as

Fmol(Q) = ∑ f j(Q)eıQ·r j (2.4)

where f j(Q) is the atomic form factor.
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Figure 2.5: Sketch of Bragg’s law (cut through a cubic crystal): two parallel beams
are in phase when the extra distance AC+CB is equal to n times the wavelength.

For a certain lattice, the lattice vector (�a1, �a2, �a3) represents the base and in
such a way a point Rn can be described by the relation

Rn = n1�a1+n2�a2+n3�a3.

Based on these definitions, a most convenient way to describe the plane of
diffraction is by using the Miller indices (hkl). For example, for a given family
of scattering planes in a cubic symmetry, these are defined such that the plane

closest to the origin has the intercept (a1/h,a2/k,a3/l) on the base. Therefore,
for a given scattering plane a dhkl lattice spacing is defined by

dhkl =
a√

h2+ k2+ l2

The lattice sum in Eq. 2.3 represents the Fourier transform of the real space,

and generates the reciprocal space whose base vectors are (�a�
1,�a

�
2,�a

�
3). The

reciprocal space is generated by applying the condition that

Q ·Rn = 2πn (2.5)

Thereby that condition is fulfilled if�ai ·�a�
j = 2πδi j. The points in the reciprocal

lattice are defined by the vector

G = h�a�
1+ k�a�

2+ l�a�
3 (2.6)

Under this hypothesis, G satisfies the same condition of Eq. 2.5

24



20 30 40 50 60 70 80 90 100 110 120

2� (degrees)

L
o

g
1
0
 I

n
te

n
s
it

y
 (

A
rb

. 
u

n
it

s
)

(111)

(222)

(100)

(200)
(400)

(300)

Figure 2.6: Diffraction measurements of a single of Pd95%Fe5%, whose the total thick-
ness is 400 Å, which was grown on SrTiO3 (100) single crystal. The peaks indicated

by the squares are Bragg’s peaks of the alloy whereas the stars indicate the peaks from

the substrate.

G ·Rn = 2π(hn1+ kn1+ ln3) (2.7)

Because the terms in parenthesis of Eq. 2.7 are integer, the condition of
diffraction is given by the equality

Q = R

which is the Laue condition for the observation of the X-ray diffraction.
The regular structure of the lattice in the real space does not allow the

diffraction from all the Miller’s planes. This can be derived by calculating

the unit cell structure factor for different unit cells. For example, by consider-

ing a f cc (face cubic centred) structure and applying the first sum in Eq. 2.3, it
follows that if and only if (hkl) are all even or odd then the unit cell structure
factor is not zero. In case of a bcc (body cubic centred) structure the condition
for scattering is fulfilled if and only if the h+ k + l is an even number.
For example, in Fig. 2.6, Bragg’s peaks of SrTiO3 (100) substrate and an

alloy Pd95%Fe5% are shown. The structure of the alloy is fcc without any ro-
tation. In such a way the peaks from the reflection from the plane (111) and
(222) are clearly visible. The structure of SrTiO3 is a cubic peroskite but the
description of this structure is will not be included in this thesis.
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Figure 2.7: The different length scales in a superlattice.

The diffraction pattern from a superlattice has to include theΛ lengths scale,
see Fig. 2.7 Because of the superlattices structure, which is defined by the

bilayer thickness and number of repetitions, the diffraction pattern is charac-

terized by the presence of additional peaks. These peaks are caused by the

additional periodicity arising from the chemical modulation. The positions of

these peaks are functions of the bilayer thickness Λ, and they are described by
the following formulation: [19]

2
sinΘn

λ
=
1

d̄
± n

Λ
(2.8)

where d̄ is the average lattice constant of the crystal,

d̄ �
Λ

α +β

where α and β are the number of monolayers of each material, for example
as in [Aα /Bβ ]n. In Eq. 2.8, λ is the wavelength of the X-ray, n the label of the
superlattices peak, and Θn is the position of the satellite labelled by n.
In Fig. 2.8, the typical X-ray diffraction pattern from a superlattice, in such

a case [Fe3V11]20, is shown. Thus, from the positions of the satellites, the
average bilayers thickness is determined.
The high frequency fringes, which are called Laue’s fringes, are given by

the constructive interference between the total thickness and the d spacing.
Any sample is generally capped with a protective layer of Pd or other oxide
and this capping layer does not contribute to the interference because of the
lack of epitaxial relation with the superlattice.
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Figure 2.8: X-rays diffraction scan of the superlattice [Fe3V11]20. The main diffrac-
tion peak 0 is surrounded by two satellites per side. The out-of-plane correlation is of

the order of ≈330 Å.
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Figure 2.9: Rocking curves around the peaks 0,−1, and+1 of the sample in Fig. 2.8.
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An important value from Bragg’ scan is the full width at half maximum

(FWHM) which is related to the out-of-plane correlation. This is described by

Scherrer’s formula:

h =
κλ

BcosθB
(2.9)

with κ Scherrer’s constant [20], B the values of FWHM, λ the wavelength of
X-rays, θB is Bragg’s angle. Equation 2.9 is widely used in order to estimate

the crystal quality of the samples. However, one needs to know the instru-

mental resolution and the disorder of the crystal structure. If one considers the

samples in Fig. 2.6 and 2.8 and applies the previous equation, an out-of-plane

coherence of the crystal structure is calculated to be respectively 400 Å and

330 Å.

Additional information on the in-plane lateral correlation length [21] and
mosaicity are determined by collecting the rocking curve, ω-scan or trans-
verse scan around the main Bragg’s peaks. The sample is rotated on the plane

while the angle 2Θ is fixed. Strictly speaking, the Q is scanned transversely
through Bragg’s reflection, see Fig. 2.10. Therefore, by means of the ω-scan,
the x-y plane can be accessed. In Fig. 2.9, the rocking around the Bragg’s re-
flection (200) in the same superlattice [Fe3V11]20 is shown together with the

rocking curve around the first satellites. More details can be found in Refer-

ences [22, 23, 24]. Strictly speaking, a sharp rocking curve is the evidence

Allowed 

reflection

Q
z
 

Q
x
 

Q 

Figure 2.10: Visualisation of transverse scan in the reciprocal space. The grey area
are not accessible because of geometrical reasons.

of high coherence of the lattice planes and crystal orientation because Bragg’s
condition is fulfilled only at one narrow range. By fitting this shape with two
Gaussians, one for the narrow peak and one for the diffuse scattering around
the narrow one, the lateral correlation length of the grain size can be estimated
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by the width of the first one [21, 25, 26, 27]. On the other hand, the diffuse

scattering around the narrow peak is the measurement of the mosaicity of the

crystal. By integrating the area below the two Gaussians and by the ratio be-

tween those, one may estimate the largest component between mosaicity and

lateral smoothness.

2.3 X-ray reflectivity

In reflectivity measurements, the Q value is much closer to zero. Therefore

the length scales probed by the reflectivity, in the special case of multilayers,

are comparable with the thickness of bilayers Λ and the total thickness D,
Fig. 2.7.
In such measurements, X-rays can be described by using the optical the-

ory of electromagnetic waves. The refraction and/or reflection at the interface

between two media of an electromagnetic wave are described by Snell’s law:

�0

�i

�j

i

j
�j

�i

Figure 2.11: Sketch of Snell’s law for optical wavelengths. The refractive index for
X-ray is η < 1 so that Θ0 < Θi

ηi sinΘ = η j sinΘ j (2.10)

where ηi and η j are the refractive indices of the medium i and of the medium
j. The angle Θ0 is the angle between the normal to the surface and the inci-

dent beam whereas the angleΘi is the angle between the normal to the surface
and the refracted beam, see Fig. 2.11. In this figure, two interfaces are shown:
firstly, vacuum, whose refractive index is defined η0 = 1 and medium i; sec-
ondly medium i and medium j.
In the special case of interface vacuum-medium, the Eq. 2.10 becomes
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sinΘ0 = ηi sinΘi

It can be shown that a critical angle Θc exists below which the light is totally
reflected: Θc is linked to the density of the material ρ .
In the special case of X-rays the refractive index η is a complex unit. The

η fulfils the following relations:

η = 1−δ − ıβ (2.11)

where δ is a very small, of the order of few 10−5 to 10−6, β is the imaginary
component of the refractive index to account for the absorption effect. Both
are specific parameters for the medium.
Because β and δ are very small quantities, the refractive index can be es-

timated as η ≈ 1− o(10−6). Taking into account Snell’s law (Eq. 2.10), an
angle of total reflection is found to be Θc � 1◦.
By using these principles, one can analyse the data in Fig. 2.12: the general

trend of the intensity beyond the critical angle is a function of I = I0(Q−4)
(Q = 4π

λ sinΘ). The total reflection region extends until Qc ≈ 0.06 Å−1. This
critical angle can be used to determine the average composition in multilay-

ered structures [28].

By examining Fig. 2.13, one can see two strong and well defined peaks,
namely Q1 and Q2. Those peaks reflect the out-of-plane chemical modulation
of the sample (for a review see References [29, 30, 26, 31]).

Because of two different metals, that is two different electronic densities,
the reflectivity index for X-rays changes at the interface, so (see Eq. 2.11)
under the same conditions for total reflectivity, the beam reflects for particular
angles, Eq. 2.10. The full and complete theory of reflectivity by X-rays has
been developed by Parrat by taking into account multiple reflections [32].
The position of these peaks are correlated with the bilayers thickness (fre-

quency of the chemical modulation) Λ. On the other hand, the intensity and
shape yield information on the roughness and interdiffusion at the interface. It

means that by analysing the shape of these peaks, the structure at these length

scales can be determined. The value of the length scale Λ is determined by the
following equation:

Λ = m
λ
2

1√
sin2 θm− sin2 θc

(2.12)

where λ is the wavelength of X-rays, Λ is the bilayer thickness, θm is the

position of the peak, θc is the critical angle,m is the order of satellite. Equation
2.12 may be used to calculate the experimental value of Λ if the values of θm
and m are known.
The fringes which are present both in Fig. 2.12 and on Fig. 2.13, are the

so-called Kiessig’s fringes [33]. The Eq. 2.12 may be approximated for small
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Figure 2.12: Reflectivity measurement of a single layer of the alloy Pd95Fe5 which
was grown on SrTiO3. The well defined and smooth total thickness is shown by the

presence of the Kiessig’s fringes.
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Figure 2.13: Reflectivity scan of [Fe3V7]41: the peaks Q1 and Q2 are the superlattice
peaks. The Kiessig’s fringes are well visible, meaning a well defined total thickness.

31



values of θ as θ 2j − θ 2c = j2
(

λ
2·ΛT

)
(ΛT total thickness of the superlattice).

Each fringe of order j may be fitted with the previous expression.
In order to estimate the roughness1 and interdiffusion2 the reflectivity scan

must be fitted to the exact solution as described by Parrat.

Commercial and open source software are available, however they slightly
differ on how they model the reflectivity and the minimisation routines. The
software used in most of the fits is GenX developed by M. Björk [35], based
on Parrat algorithm for the reflectivity calculation and the genetic algorithm
for the minimisation of the fitting parameters. Figure 2.14 shows a simulation
using GenX. The final parameters of the simulation are the values of the aver-
age thicknesses of each layer, with their average roughness/interdiffusion. In
reflectivity experiments, it is not possible to discriminate between roughness
and interdiffusion, since both give the same components in the shape of the
peaks and shape of the whole scan. In order to estimate the roughness, the
main peaks must be investigated by rocking curves as it has been previously
stated.
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Figure 2.14: Simulation and real scan for the gradient sample GR- as described in

Paper IV.

1Roughness - Long range variation of the height of given layer, which may be transmitted
throughout the superlattices (correlated roughness) [34]
2Interdiffusion - Atomic scale variations of the layers height, with possible interchange of the
two materials [34].
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3. Growth of Fe/V(001) superlattices

Nowadays superlattices of Fe/V(001) have been used as exemplary model in
structural phase transitions [36, 37], magnetic order-disorder [38, 39, 40, 41,
42, 43, 44, 34, 45, 46] and transport properties [39, 47, 45, 48]. One of the
reasons for this success is the possibility of growing such a system in layer
by layer mode as shown by Isberg et al. [14]. My contribution is given by
the application of this method on the new sputtering and MBE system called

Óðinn.
In first approximation, it is not possible to apply a growth recipe, exper-

imentally found in one specific system, to another one. The first stage was
to find the new conditions for growing Fe/V(001) superlattices in that new
system. A series of superlattices were grown at different temperatures, which
were measured on the heater, and successively characterized by X-ray tech-
niques. When the right growth temperature was determined, the second step
was to try to see if different pressures and different magnetron powers had
some effect on the overall sample qualities. By varying the pressure, at fixed
magnetron power, the growth rate, that is the amount of atoms which reaches
the substrate, experimentally measured in Å/s, proportionally changes. On the
other hand, by changing the magnetron power at fixed pressure, the growth
rate changes, too.

In summary, the criteria for the best growth conditions are those which give
these properties:

• small interdiffusion and roughness at the interfaces.
• single crystal or maximisation of the out-of-plane and in-plane crystal co-
herence

• small growth rate for Fe and V in order to become possible to precisely
control the thickness of both layers.

The [Fe11/V13]40 superlattice was designed in order to achieve these goals.
The large thickness of the sample, together with the large thicknesses of the

single layers, allow for an easy structural characterisation of the samples. The
ratio between the Fe and the V monolayer does not allow the presence of
destructive interference in the X-ray pattern. After the preparation, each sam-
ple was characterized by X-ray diffraction and reflectivity as well as rocking
curves through the main peaks, see Chap. 2. Figure 3.1 shows the reflectivities
of four samples, which were grown at four different temperatures (measured
on the heater).

Because of the geometrical conditions between the heater and an external
window, it is not possible to directly measure the real temperature on the sub-
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Figure 3.1: X-Ray reflectivity scan of four identical [Fe11/V13]40 superlattices which
were grown at four different temperatures. The number of peaks is the marker of the

interdiffusion/roughness at the interfaces, see text.

strate by using a pyrometer which can be done in the other sputtering systems

which are present in our lab.
One can see that in the reflectivity scan of the sample grown at 375 ◦C just

the peak Q1 is present whereas the samples grown at 575 ◦C, 700 ◦C and
600 ◦C are characterized by more than one peak. (The meaning of these peaks
is described in Chap. 2) In brief, one can say that the higher the index i of
Fourier’s components, the sharpest the Fe/V interface.
Therefore, if one only considers reflectivity, the best sample is that one

which is grown at 575 ◦C, followed by the samples at 600 ◦C, 700 ◦C and
350 ◦C. The high frequency fringes (Kiessig’s fringes) on the reflectivity of the
sample at 575 ◦C are the markers of the well-defined total thickness. Figure
3.2 shows the X-ray diffraction pattern for the samples which are taken as

examples.

The description of this figure and the quantities which can be extracted,
are fully described in Chap. 2. Briefly, as stated previously, for the case of
the reflectivity scan, the number of satellites around the main peak, Q0, is
the marker of the well defined superlattice structure. The full width at half
maximum (FWHM) of the main peak is correlated with the crystallinity of
the film. The smaller this value the bigger the coherency. By applying the
Scherrer’s formulation 2.9, we can calculate the highest out-of-plane crystal
correlation of about 600 Å for the samples at 600 ◦C and 575 ◦C. The other
two samples are discarded because, in one hand the reflectivity of the sample
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Figure 3.2:X-Ray diffraction pattern of four identical [Fe11/V13]40 which were grown
at four different temperatures.

at 350 ◦C shows just one reflectivity peak with respect to the other three and,
on the other hand, the width of the main peak Q0 of the sample at 700 ◦C is
much broader than the others. One can list the samples, based on the diffrac-

tion scans, from the best to the worst, as 575 ◦C, 600 ◦C, 700 ◦C, and 350 ◦C.
The direct estimate of the roughness at the Fe/V interface is given by mea-

suring the rocking curve around the peaks Qi of Fig. 3.3. The estimate of the
width of the peak together with the estimate of the background plateau suggest
the amount of this defect and allows one to choose the sample which fulfils
the previously displayed conditions.

After these considerations and examining Fig. 3.3, one can say that the sam-
ples at 575 ◦C and at 600 ◦C do not show any difference whereas the sample
at 700 ◦C shows a much broader peak and larger plateau. It follows that the
interfaces Fe/V in the first two cases are rather smooth whereas a much higher

roughness defines the scattering profile of the sample at 700 ◦C [49]. This
can be as an indication that around this temperature the growth mode starts

to act like the Volmer - Weber mode. Indeed, the growth mode for the range

575-600 ◦C should be described by the Frank - van der Merwe equilibrium
[14].

Bragg’s peak Q0 is also investigated by means of rocking curve. In such a
case, the rocking curve displays the amount of crystallite and misalignments
of the grains. In brief, because of the geometry of such a scan, misalignment
of the scattering plane will give a more wide rocking curve. In Fig. 3.4, the
rocking curves for three of the superlattices are displayed. By calculating the
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Figure 3.3: Rocking curves on the peaks Q1 of the X ray reflectivity of Fig 3.1. Both
samples at 575 ◦C and 600 ◦C show the same profile which points to a flat interface.
Δω is measured with respect to the peak position.
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Figure 3.4: Rocking curves around the peaks Q1 of the X ray reflectivity of Fig 3.2.
The sample at 700 ◦C presents the most sharp rocking curve with FWHM of 0.34◦.
Δω is measured with respect to the peak position.
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FWHM, the best crystallinity is given by the sample which was grown at

700 ◦C with a value of 0.34◦. On the other hand, by observing the Fig. 3.2,
the quality and misalignments seem to be better for the samples at 575 ◦C and
600 ◦C.
At this point, by taking into account all the data and by keeping in mind

the conditions which have to be fulfilled, one can say that the best Fe/V(001)

superlattices are grown at a temperature of 575 ◦C. In such a case, the growth
is 2-dimensional with small roughness at the interface; the superlattice is a

single crystal with small misalignments.
The growth of superlattices at different pressures and powers did not show

any improvement of the overall quality of the superlattices.
As it will be stated later on, the most critical parameter is the Fe/V interface

because the electronic scattering of the conduction electrons at the interface

plays a critical role on the oscillatory interlayer exchange coupling [50].
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4. Magnetic characterisation of
metallic superlattices

One way to magnetically characterise FM or AFM superstructures is by ex-
ploiting the interaction between polarised light and magnetisation. Two of the
effects, the magneto optic Faraday effect in transmission and magneto optic
Kerr effect (MOKE) in reflection yield qualitative measurements of the mag-
netisation. MOKE is widely becoming the master tool to investigate thin films
[3, 2] and superstructures [51, 52] because of its versatility. On the other hand,
MOKE can not be used to determine the absolute value of the magnetisation.
SQUID (Superconducting Quantum Interference Device) is the appropriate
tool to be used for the determination of the absolute value of the magnetisa-
tion. If one considers a multilayer which is made of magnetic/non-magnetic
material, then the absolute value of the magnetisation per atom is the aver-
age magnetic moment. That means that MOKE and specially SQUID can not
measure the magnetisation at different length scales. The technique which can
be used to discriminate the magnetic moment among different length scales is
polarised neutron reflectivity (PNR). It follows that only being able to handle
these techniques, one can achieve the complete knowledge of the magnetic
properties of thin films.

4.1 Magneto optic Kerr effect (MOKE)

The magneto optical Kerr effect (MOKE) is described as the following: visi-
ble and linearly polarised light, which is generated by a LASER, is reflected
from sample’s surface. Because of the interaction between the photons and
the density of states (DOS), the polarisation of the light changes as well as the
ellipticity [53]. Two ways exist to describe the effect. Firstly and macroscop-
ically, the interaction light-magnetisation arises from the anti-symmetric, off-
diagonal elements in the dielectric tensor. Secondly and microscopically, spin-
orbit interaction gives different energy levels for different orbital states which
differently interact with the spin state of light. Thus, the optical response, such
as speed and absorption coefficient of light in the media, are different for left
and right polarised light. When the linear polarised light shines on the mag-
netic sample, differences of the phase shifts of the left polarised part and the
right polarised part make polarisation direction rotates. This effect gives Kerr
rotation. The difference in absorption changes polarisation from linear to el-
liptic. The effect gives Kerr ellipticity.
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rps

rss
= φs = φ ′s +φ

′′
s (4.1)

rsp

rpp
= φpp = φ ′p +φ

′′
p (4.2)

Here, r is a reflection coefficient and p and s mean s−1 or p−polarised
light2. The term φ ′ represents the Kerr rotation whereas the term φ ′′ represents
the Kerr ellipticity. For example, rps is the reflection coefficient from incoming

p−polarised light to outgoing s−polarised light. In magnetic material, both
Kerr rotation and Kerr ellipticity exist. However, in metals, Kerr ellipticity
usually dominates over Kerr rotation.
The magnitude of the rotation of the polarisation is linearly proportional to

the net magnetisation M of the sample. In case of thin film and multilayers,
it can be shown that the net rotation is a summation of the net rotation of
each layer probed by the light [53]. It follows that is the total thickness of the
thin film is smaller than the total probing depth (≈200 Å per metals) one can
speak of Surface MOKE. A sketch of MOKE setup is showed in Fig. 4.1.

sample

B

Laser

Polarizer

Analyzer

Detector

Faraday rotation

Helmhotz

coils

B

Figure 4.1: Main components and devices which are needed to build up a MOKE

instrument. In order to achieve high magnetic field, the Helmotz coils can be replaced

by a electromagnet.

This setup is like the Ac-MOKE setup “Homer”, where all the samples that

are presented in this work, had been characterized in their hysteresis loops and

susceptibility χ: the setup is described in details in References [42, 56].
Depending on orientation between polarisation of the light and magnetisa-

tion, three geometries are possible [57]. Each different geometry can access

1s-polarised light - Light that is polarised perpendicular to the plane of incidence.
2p-polarised light - Light that is polarised parallel to the plane of incidence.
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to one of the three components of the magnetisation Mx, My, Mz, yielding a

qualitative value:

�

� �

�������	�
	���

�

� �

�����	��	��	��	���

M

I R

Longitudinal geometry

Figure 4.2: The three different geometries for MOKE. M represents the direction of

the magnetisation that is probed.

• Polar geometry - The magnetization M points out-of-plane. Both polar-

ization and ellipticity change.

• Longitudinal geometry - The magnetization M lays on the plane. The
plane of incidence of the light is parallel to M. The plane of polarization
of the reflected beam changes as well as the ellipticity. The setup Homer
belongs to this class.

• Transverse geometry - Magnetization is normal to the plane of incidence
of the light but parallel to the sample surface. One measures both intensity
variation and phase shift of the reflected light.

The polar Kerr signal is usually an order of magnitude greater than the longitu-
dinal Kerr effect, because of the great refraction index of metal. The boundary
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conditions in each of the three geometries either allow or do not allow for a

Kerr rensponse for specific conditions and s− or p−polarization (page 728 of
Ref. [58]).

Samples that are protected with some ten Å of non-magnetic layer can be
measured with MOKE techniques because the Kerr rotation is only due to the
magnetic part of the sample. But, one should keep in mind that the penetration
depth of the light in the visible range is written as I = I0 exp(−t/λ ) where t
is the optical path length and λ is the optical skin length. In case of metals,
the value of λ lays between 100-200 Å. For example, all the samples which
were measured by MOKE and that are presented in this work had been capped
with 50-60 Å of Pd. Therefore, the common use of a metallic protective layer
of some ten Å of non-magnetic material does not change the magneto-optic
response. On the other hand, a protective layer of amorphous and transparent
oxide such as alumina, will not change the penetration depth of the light in the
sample.
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Figure 4.3: Remnant magnetization vs temperature for a single monolayer of Fe

embedded in Pd.

The longitudinal MOKE “Homer” setup allows the recording of hysteresis
loops by slowly varying the temperature of the sample. In such a way, by ex-
tracting the remnant magnetization from each loop, and because of the linear
response of Kerr rotation as a function of the magnetization, one can measure
the change of the remnant magnetization as a function of the temperature,
M vs T , Fig. 4.3. These data play an important role for the determination of
the universality class of the magnetic order-disorder transition.
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The rotation φ ′ may be positive or negative, depending on the reflecting
metal, that it the DOS, and depending on the energy of the incoming photons.

For example, at the wave length of the He-Ne laser, the φ ′ for Pd [54] is posi-
tive whereas for Fe is negative [55]. Figure 4.4 shows two hysteresis loops as

an example of different Kerr rotations. Ac-susceptibility χac measurements
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Figure 4.4: Hysteresis loops for two samples: the Kerr rotation for Fe/Pd is the oppo-
site of Fe/V because Kerr rotation is dependent on the energy of the photons and on

the metal (See References [55, 54] and references therein).

are also possible in the “Homer” setup. The measurements of χac yields in-
formation on the universality class of the magnetic order-disorder transition
and on the magnetic ordering temperature whose value is dependent on the
frequency on the strength of the exciting field [59, 60]. The χac measurements
can also be used in the determination of the order-disorder temperature in an-
tiferromagnets [61]. This makes the χac an universal tool for the investigation
of the magnetic ordering phenomena.

4.2 Superconducting Quantum Interference Device
(SQUID)

The Superconducting Quantum Interference Device or SQUID has been a key
factor in the investigation of magnetic materials and magnetic structures (for a
review see Ref. [62]). Two are the keywords to understand this device: firstly,
magnetic flux quantisation; secondly, Josephson effect [63].
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The first one is a well known effect in superconductivity: as long as the

superconductor remains in superconducting state, the magnetic flux is trapped

within it. The magnetic flux is quantised Φ0 = hc
2e , so that the change of the

flux can not be a continuous function.

x

x

Josephson 

Junctions

Pickup

coil

SQUID loop

Feedback

signal 

�I�V

��

Figure 4.5: Main components of a SQUID. The sample oscillates through the pick-up
coil.

The second effect accounts for the tunnelling of the superconducting cur-
rent through a non-superconductor barrier without any voltage drop if the tun-
nelling barrier is shorter than the coherence length (ξ ) of the Cooper pair and
the current is smaller than a critical one Ic. The tunnelling current, in presence

of a magnetic field, is generally written as:

I = I0
sinπΦ/Φ0

πΦ/Φ0

where Φ is the total magnetic flux trapped in the junction. The effective

principle of a dc SQUID is really simple. The supercurrent in the SQUID

loop is above the Ic for the Josephson barrier. The magnetic sample oscil-

lates through a pickup coil and the generate current transferred to a input coil.

This is placed close to the SQUID loop and induces a magnetic flux Φ in the
SQUID loop. A change in Φ induces a phase change in the superconducting

current. As Φ increases/decreases, the voltage at the Josephson barrier fol-
lows the field. This voltage is used as a feedback voltage that nulls the flux
that penetrates in the SQUID loop.
Among all the uses of superconducting loops, magnetometry or suscep-

tometry are the main uses for the magnetic characterisation of materials. In

practice, the sample that one wants to measure, is magnetised inside a magnet

and oscillated through detection coils, whose shape and setup are depending

on the different system. The oscillations give rise to a change of flux that is

proportional to the magnetization M of the sample. This flux is continuously

measured by the SQUID loop. Thereby, the peak-to-peak signal, which is a

voltage change at the Josephson contacts, is proportional to twice the M.
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Figure 4.6: Squid data of gradient samples and non-gradient (Paper IV). If the sam-
ple is known, one can measure the effective moment for magnetic moment carrier.

The effective measured values of the SQUID, which was used to carry out

our magnetometry measurements, are expressed in terms of emu3, that mea-
sures the total moment of the sample. By knowing the composition and the
number of carriers of magnetic moment, one can extrapolate the magnetic
moment for carrier. Such measurements are, in any case, affected by errors in
the determination of the number of carrier. Such errors come from the non-
accurate measurements of either the size of the sample or the weight of the
sample in case of powder sample. Otherwise, the sensitivity of a commercial
SQUID is on the order of 10−8 emu.

4.3 Polarised neutron reflectivity

A tool that probes the layer-by-layer magnetization at the most relevant length
scales is neutrons reflectivity. Neutrons are widely used to investigate mag-
netic structures in thin film [64], dynamic in thin films [65], superlattices
[30, 66, 67] and superstructures [68].

The huge difference among neutrons and either photons or electrons is the
much weaker interaction with matter and the difficulty to produce those. This
claims for the access to big international facilities such as ILL.
Neutrons have no charge but they have:

• a de Broglie wavelength which can be adjusted to few Å, λ = h
mnv

3emu - electromagnetic unit is equivalent to 1 emu ≈ 1021μB.
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Figure 4.7: Comparison between X-ray reflectivity and neutron reflectivity in the

case of a Fe/V(001) super-superlattice sample which was measured at ADAM beam

line at ILL.

• a momentum p = h/λ = hk

• magnetic dipole moment given by −γμnσ̂ (σ̂ Pauli spin operator)
• the kinetic energy of a thermal or cold neutron is in the same range of the
energy of phonons or magnons.

It follows that the neutrons are subjected to nuclear force and magnetic field

B. Also, at certain energies, the neutrons can be captured by the nuclei giving
rise to a nuclear reaction such as, for example, the nuclear fission of U235 of

Pu239.
Because they exhibit the duality wave-particle, neutrons can be considered as
a wave and the X-ray scattering theory which has been described in the pre-
vious chapters, can be directly applied to the neutrons scattering. The only
hypothesis are that the neutrons should be describe by a plane wave and the
interaction is weak, that is, the neutron beam is not fully reflected by the mat-
ter. In order to access to the correct de Broglie wavelength (about some Å), the
neutron beam should be “cold” or “thermal”, that means the average energy
has to be about hundreds of K which is about between 5 and 100 meV. An
example of neutrons reflectivity is shown in Fig. 4.7.

Both neutrons and X-ray are diffracted in the same way, but neutrons allow
the identification of peaks that can be hidden in the large hump at small Q
because of charge scattering. For example, in Fig. 4.7, the low Q < 0.2Å−1
region, the X-ray reflectivity is dominated by a huge hump. This is due to
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the huge scattering cross section of Pd, which caps the sample, in the X-ray.

On the other hand, the Pd is almost transparent for neutrons and this allows

the observation of two other peaks for Q < 0.2Å−1. Neutron reflectivity data
can be used as a complementary tool with respect to X-ray reflectivity to in-

vestigate the structure of a multilayer. Also, this becomes the master tool to

investigate multilayers whose layers have almost the same electron density.
The interaction of neutrons with the atoms is generally written in terms of

Fermi’s pseudo-potential V±: [69]

V±(r) =
2π h̄2

m
(bn±bm)δ (r) (4.3)

where m denotes the mass of the neutron, bn the nuclear scattering length,

and bm the magnetic scattering length. The nuclear scattering length bn is de-
pendent on the isotope and on the energy of the incoming neutrons and the
magnetic scattering length bm is proportional to the magnetic moment.
The superscripts highlight that the scattering potential is different for neu-

trons that are aligned parallel to the atomic moment (+) or are aligned anti-

parallel to the atomic moment (-).
In a first approximation the neutrons refractive index n is equivalent to

n = 1− 1

2π
ρλ 2(bn±bm) (4.4)

where ρ is the number of nuclei per unit volume, and λ is the wavelength

of the incident neutrons [69]. Only the component of the magnetization on

the plane contributes to the refraction since in the most simple experiment the

sample is magnetised on the plane and it is perpendicular to the scattering

plane. By taking into account the Eq. 4.4 and the Eq. 4.3, it follows that the

refractive index is different for the neutrons (+) and neutrons (-). Like the X-

ray, neutrons are totally reflected by a flat surface if the angle of incidence is

smaller than the critical angle γc

γ±c ∼ λ (bn±bm)1/2

These different γ±c allow to select the neutrons with the selected spin by glanc-
ing incidence reflection on multilayer mirror. The spin state is kept fixed by a

guiding field which is maintained along the path of the incident and scattered

beams. For example, the selected neutrons are (+) and they can be flipped to

(-) by a flipper which produces a radio frequency field perpendicular to the

guiding field.

Polarised neutrons scattering (PNR) allows the measurements of the mag-
netic moment of the atoms at the most relevant length scales and it is self-
calibrating since the spin-dependence of the reflectivity yields the total mag-
netic moment of the layers [70].
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Figure 4.8: PNRmeasurements of three samples (see Paper IV). The different reflec-
tivity from (+) and (-) are clearly visible as splitting between the scans. This splitting

is proportional at the magnetic moment probed at that length scale.

For example, in Fig. 4.8 the reflectivity measurements on three samples (see
Paper IV) are shown. The (+) reflectivity is clearly different with respect to
(-). This difference is called “spin-asymmetry”, S: [71]

S =
R++−R−−

R++ +R−−

S is proportional to the amount of moment probed by neutrons at that length
scale. In this specific case, the average bn for V takes on a negative value
whereas the average bn for Fe is positive. By fitting these data by using the
software GenX, we can extract the magnetic moment per carrier. As opposed
to SQUID, PNR can more precisely measure the magnetic moment since the
technique is element selective and the measurements are not influenced at all
by the substrate [72].
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5. Order-disorder transitions and
universality classes

Phase transitions phenomena occur in front of our eyes everyday: the boiling
of water and the melting of ice are just two of such examples. Water undergoes
a structural phase transition when it goes from the liquid to gaseous state, or
when it goes from the solid to the liquid state. All kinds of phase transitions
occurs in many other systems, and typically they involve some kind of change
from an ordered state to a disordered one and viceversa. Examples include
transitions to superconducting, superfluid, and magnetic state [73, 74, 75, 76,
77]. In this chapter we will focus on magnetic phase transitions a.k.a magnetic
order-disorder transitions.

There are two milestones for the addressing of the critical phenomena.
Firstly, the the scaling hypothesis by Widom [78, 79] and Kadanoff [80, 81].
Secondly, the application of the renormalization group theory (RG) by Wil-
son [82, 83, 84, 85, 86].

Within the framework of the RG, it is possible to quantitatively describe the
critical behaviour of, for example, liquids and ferromagnets, when they are
close to the critical point. In this sense, the theory of critical phenomena is
universal and can be applied to any branch of physics in which phase transi-
tions are relevant. In the rest of the chapter, order-disorder phenomena will be
discussed in connection with the experimental results both from literature and
our works.

5.1 Magnetic order-disorder transitions

Order-disorder phenomena are defined by their own order parameters whose
vanishing at some point in the phases space defines the critical point.
In the special case of ferromagnetic order-disorder, the order parameter is

the spontaneous magnetisation M

M(T ) = lim
H→0+

M(H,T )

whereas in the antiferromagnetic case, the order parameter is the sub-lattice
magnetisation M′ which is defined by the long range spin correlation: [74, 75]

limH→0+ |〈S0Sr〉|= (〈S0〉)2 ∝ (M′)2
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In order to calculate the mean energy E, the Gibbs free energy G and the

Helmotz free energy F , the starting point is the definition of a Hamiltonian.
The Hamiltonian of an ensemble of interacting spins defined in a lattice, Ĥ ,

is written as;

Ĥ = J ∑
〈i, j〉

�Si · �S j− �H ∑
m,n

�Sz
m,n

This is the Heisenberg classical Hamiltonian. The first term accounts for the
interaction among first-neighbour spins by the coupling constant J. The sec-
ond term takes in to account the presence of a magnetic field H, which gener-
ally is pointing on the z direction. Statistically, the partition function of such a
system is defined by

Z = ∑
Si

e−H /kBT

where kB is the Boltzmann constant. The partition function is the only quan-

tity that is required to calculate all the thermodynamic functions of a system.

These include

• E = 1
Z ∑i Eie

Ei/kBT , the Energy

• F = E−T S =− 1
kB
logZ, Helmotz free energy

• G = F +∑i PiVi =− 1
kB

∑i
∂

∂Vi
(Vi logZ), Gibbs free energy

All the other thermodynamic quantities can be calculated by knowing the re-

lation with one of the previous defined energies.
A series of universality classes can be defined by taking in to account

a) spatial dimensionality D, depending on whether one is addressing ques-
tions about dots (D = 0), chains (D = 1), planes (D = 2), volumes (D = 3).

b) the dimensionality d of the order parameter.

The universality classes which are defined by the dimensionality of d, are
historically defined as

- Ising - one-dimensional spin.
- XY - two-dimensional spin.

- Heisenberg - three-dimensional spin.
The magnetic phase transitions described above, are knows as second order
phase transitions1 2, according to the classification given by Ehrenfest, or

1First-order phase transitions exhibit a discontinuity in the first derivative of the free energy
with a thermodynamic variable
2Second-order phase transitions show a discontinuity in a second derivative of the free energy.
These include ferromagnetic phase transitions

50



continuous3, according to more recent classification [74]. The order-disorder

point is defined by the thermodynamic point where the second derivative of

the thermodynamic potential diverges.

Ferromagnetic (FM) order-disorder is characterized by the following con-
ditions:

- long range order (LRO) in FM state

- short range order (SRO) in paramagnetic state

- critical point that defines the critical temperature Tc.

A way to understand such a system is by thinking to be at 0 K and to deal with
a planar system of spins which can point in just two directions, for example,
either up or down with respect to the plane. This ensemble shows a spon-
taneous magnetisation M which implies long range order (LRO) among the

spins, all of them pointing in the same direction. Now we increase the temper-

ature up to the critical temperature Tc and the M vanishes. At and above this

temperature, the system switches from being fully ordered to a condition that

is dominated by short, local, range order (SRO).
In particular, this means that the local fluctuations increase dramatically in

the vicinity of the critical temperature and destroy the LRO. For example, fluc-

tuations of the magnetisation may reach macroscopic magnitudes, as long as

the size of the system, and, correspondingly, the second-derivative of the free

energy becomes very large and may even tend to infinity for some wavelength.

Order-disorder phenomena are therefore focused on investigating the be-
haviour of the order parameter and the behaviour of the other thermodynamic
quantities close to the critical point. Here, one introduces the scaling hypoth-
esis [78, 79, 80, 81]: in this framework it is assumed that any critical quantity
scale as (Tc− T )λ for T → Tc. Therefore, the real task is to determine the

quantity λ , which is called the critical-point exponent.
In first approximation, a good function f (x) that fulfils the scaling hypoth-

esis is
lim

x→0+
f (x)∼ xλ

The critical exponent λ is therefore defined as

λ = lim
x→0+

log( f (x))
logx

Away from the critical point, this approximation does not hold. It follows that
higher orders of correction are to be added [87], for example, the magnetisa-
tion may be written as

M(T ) = B(Tc−T )λ [(1+bθ (Tc−T )θ +b1(Tc−T ) . . .],T < Tc

3Continuous phase transitions are described by a continuous first derivatives of the thermo-
dynamic potential while the second derivatives are diverging or discontinuous. No latent heat

is associated with these transitions.
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Figure 5.1: Different spin distributions (in the insets) and order parameter M(t). The
LRO at 0 K switches to SRO above t = 0. Inset: the full dots represent the 2 different

signs of the spins.

where λ and θ are universal exponents, whereas the other quantities are not
universal. (see Ref. [88] and references there in)

A number of common critical-point exponents are defined, for example α ,
β , γ , δ , ν , η . Each one describes the behaviour of a physical quantity when
the system is coming close to the critical point [89]. For magnetic systems,

one defines the reduce temperature

t =
T −Tc

Tc
,

and the following expressions for the critical exponents can be written down:

- CV ∼ (t)−α , t → 0,H = 0,M = 0

- M ∼ (−t)β , t → 0−,H = 0

- χ ∼ (t)γ , t → 0,H = 0

- H ∼ |M|δ sgn(M), t = 0 critical isotherm

- ξ ∼ (t)−ν , t → 0, H = 0 correlation length

- Γ(r)∼ |r|−(d−2+η), t = 0, H = 0, M = 0 (pair correlation function)

Figure 5.1 shows an example of a spins system. At 0 K, all the spins point

out of plane (full circles) whereas a the t = 0, the net spontaneous magneti-
sation is zero (same amount of full and empty circles) but the local order is
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given by the local state of the spin at each point. The different β are related to
different spin-dimensionalities.
But, the application of the RG theory [84, 83, 82, 85, 86, 88], shows that

knowing only two of the exponents and the spatial dimensionality of the sys-

tem is sufficient to calculate all the others. This property of the critical expo-

nents gives rise to a series of scaling relations [90]. With these foundations,

one can analyse the universality classes of the ferromagnetic order-disorder

phenomena.

5.2 1D universality class: Ising model

The Hamiltonian of an Ising system is defined by

Ĥ = J ∑
i, j

�Si · �S j (5.1)

with J the strength of the coupling. The �Si can have only 2 values, for exam-
ple, either +1 or -1. It takes the name from Ising [91] who had studied this
system for his PhD. He showed that a spins system that is described by the
Hamiltonian in the Eq. (5.1), could not show any long range order in the limit
of one spatial dimension: the work of Ising was done on a spin ring. There-
fore, such a system did not go through any phase transition. This result was
taken by the physics community to imply that such a system could not show
any phase transition in any other order of spatial dimensionality.
In 1944 Onsager [92] derived the exact partition function of the Ising model

in two dimensions. By knowing the partition function Z of a statistical system,
F, G and CV can be calculated. Onsager’s solution allows the calculation of

the exponent α , which is related toCV :

CV (T ) = kB
2

π

( 2J
kBTc

)[
− ln

(
1− T

Tc

)
+ ln

(kBTc

2J

)
−

(
1+

π
4

)]

Thus, the heat capacity can be seen to diverge logarithmically as T → Tc,
that is α = 0. The calculation and the mathematics of Onsager solution are
complex, but his method was simplified by Kaufman [93] and it allowed to
calculate the short-range order in crystal lattice [94].
The exact solution for the critical exponents β , which is related to the spon-

taneous magnetisation M, was found by Yang [95] in the 1951. An example
of exact solution of such a spin system in a squared lattice is given by the
Eq. 5.2;

m =
[
1− (1− tanh2K)4

16tanh4K

] 1
8

[96]
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K =
J

kBT

which behaves as (T −Tc)
1
8 per T → Tc.

By applying the scaling relations and the RG theory, the exact solutions for

the other critical exponents can be calculated and it follows that:

α = 0, β =
1

8
, γ =

7

4
, δ = 15

For 3D Ising systems, the exact partition function, at the present time, has not
been computed. A modern way to compute the critical exponents for such a
system is by using Monte Carlo calculations to simulate the behaviour of a
set of a finite number of spins. The magnetisation M is thus seen to approach

the critical point with a power law decay whose exponent is in the order of

β = 0.3267(10) [97]. Other exponents that have been computed by Monte
Carlo calculations include:

α = 0.110, β = 0.3267, γ = 1.237, δ = 4.786 [97]

Several uniaxial antiferromagnets and ferromagnets have a 2D Ising

behaviour [98, 99, 100, 101]. Also, non-magnetic systems such as absorbed

gases on surfaces (references in Ref. [77]) show the behaviour of an ideal

2D Ising order-disorder transition. The 3D Ising order-disorder transition

shows a magnetic behaviour that is much closer and indistinguishable

from the 3D-XY and 3D-Heisenberg because the approximated β values

fluctuate among β ≈ 0.31 and β ≈ 0.37 (such values depend on which kind
of computational method has been used). An example of a real 3D-Ising
system has been given by Li et al. [102]. The authors observed a dimensional
cross-over from a 2D-Ising to a 3D-Ising by measuring the exponent β .
Assuming the spin dimensionality D does not change during the cross-over,

then the experimental value should belong to the 3D-Ising class.

5.3 2D universality class: XY model

In the XY model the dimensionality d of the spins increases to 2 and the spins
can freely rotate on the plane of the lattice. Ĥ is then written, in absence of
magnetic field, as:

Ĥ =−J ∑
<i j>

�S j ·�Si =−J ∑
<i j>

cos(φi−φ j) (5.2)

In a such system made of infinite number of spins, it has been rigourously

shown that no long range order can exist [103, 104, 105] at any temperature

above 0 K. It follows that no ordinary phase transition is possible, specifically,

no magnetic long range order at any temperature above 0 K occurs.
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However, if the size of the system is finite, then a spontaneous magnetisa-

tion M is possible above 0 K. This has been found in many real systems that
can be described by the XY Hamiltonian, Eq. (5.2), such as those described
in References [106, 107, 108, 109].
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Figure 5.2: Magnetisation decays very slowly in terms of temperature t = kBT
8πJ and

system size 2N, see Eq. 5.3.

The spontaneous magnetisation M, even if forbidden by the Mermin-
Wagner theorem [103], is possible since the thermodynamic limit for M is

approached very slowly [110]. The magnetisation can be written in terms of

temperature and system size: [111]

m(N,T ) =
( 1

2N

) kBT
8πJ

(5.3)

where N is the number of spins and T is the temperature and J the coupling
strength among the spins. The magnetisation is thus the key-signature of finite
size 2D-XY behaviour, Fig. 5.2
The exponent β has been calculated by Bramwell and Holdsworth [112]

β =
3π2

128
≈ 0.23

This critical exponent has been found in various systems [113, 114], whilst

this is not a critical exponent in the strict sense, in practice it treated as such

in experiment.
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Figure 5.3: Bounded vortex and antivortex (Courtesy A. Taroni).

In the thermodynamic limit, the 2D-XY model exhibits some unique prop-
erties. For instance, it undergoes a topological transition [115, 116, 117] with
the creation of bounded pairs of spin vortex and anti-vortex, Fig. 5.3
The topological order is broken at the temperature where the pair of vortices

unbinds. Such a Kosterlitz-Thouless temperature TKT is given by

πJ
kBTKT

≈ 0.12

where J is the coupling strength among the spins. Above TKT free vortices

are possible. In this framework, the exponent η is found to depend on the
temperature:

η =
kBT
4πJ

. (5.4)

This is an unusual situation, because η is related to the correlation function
Γ(r) ∼ |r|−(d−2+η), and it normally only defined at Tc. Thus, Eq. 5.4 implies

that the 2D-XY model is critical over a range of temperatures. However, this

situation cannot persist up to arbitrarily high T , because the model must even-
tually enter in a high T paramagnetic state, where the correlation decays ex-
ponentially.

From an RG analysis [118], it is possible to show that at a temperature

Tc =
πJ
kB

,

the continuum of critical point ends abruptly, with

η(TC) =
1

4
.
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At this temperature, a number of other exponent may be determined, using the

scaling relations relations. For example

δ = 15

The exponent β for the 2D-XY model holds in a region

lim
T→T �

m(T )∼ (T −Tc)β [119]

where T � is a temperature close to TKT with the scaling given by

Tc(L)−TKT = 4[T �(L)−TKT ] =
π2

c ln2L

That is, if one plots the lnm vs ln t, the result should be a straight line for all
the temperatures.

Figure 5.4: (From I) Remnant magnetisation versus reduced temperature for a series
of δ -doped Pd/Fe layered magnets. The straight lines in connection with each dataset
represent the slope in the fitted interval (between the two dashed lines), the exponent

β . The datasets are offset for clarity.

This results are shown in Fig. 5.4 from Papers I. The straight lines whose
slopes are β ≈ 0.23 fit very well on the experimental data set for the entire
set of reduce temperatures while those whose slopes β are higher are fitted to
the line in a smaller region. The universal properties of a 2D-XY system are
summarised in Ref. [119].

Layered magnets with either no coupling or weak coupling among the mag-
netic layers are able to display a 3D-XY behaviour. The magnetic excitations

57



Figure 5.5: Exponent β versus dFe for all samples in this study, as determined by

direct fitting and by double logarithmic plotting. The dashed horizontal lines represent

β of the 2D XY, 3D Ising, and 3D Heisenberg models. The solid line serves as a guide
to the eye. Typical uncertainties in β and thickness are indicated.

are confined in the magnetic layers and can weakly interact with the other
magnons in the magnetic neighbour layers. The M in spin waves approxima-

tion for such weakly coupled 2D-XY layer is written by

M =

(
J⊥
J‖

) kBT
8πJ⊥

[120]

where J⊥ is the coupling strength out-of-plane (or interlayer exchange cou-
pling J′) and J‖ is the intralayer coupling strength.
For the 3D-XY model there are just numerical solutions for the critical

exponents. The β exponent takes on a value ≈ 0.34 [121], being calculated
by Monte Carlo simulations. Many systems seems to share this universality

class [77, 112, 113].

Figure 5.5 is a compelling example of the crossover between 2D-XY to 3D-
XY. In such a case, by increasing the Fe layer embedded in Pd, the magnetic
effective thickness increases, giving rise to magnetic excitations out-of-plane
with the in-plane magnetisation. The same cross-over has been observed by
Ho et al. [122].
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5.4 3D universality class: Heisenberg model

The Heisenberg model is the most general one because it accounts for the

spins which can rotate on a sphere. The Ĥ is given by, in absence of any
magnetic field,

Ĥ = J ∑
〈i, j〉

�Si · �S j

with the spins �Si free to rotate in the sphere: in practice, such a Ĥ describes
a isotropic magnet with no disorder. No exact solution for the critical expo-
nent for order parameter M exists as well as for the other critical exponents.
Such exponents can be calculated by Monte Carlo simulations or high tem-
perature expansion in the framework of renormalization group. In Ref. [77],
a list of calculated exponents is reported, together with the experimental one:
the average calculated β exponent is on the order of ≈ 0.37, which is similar
to those one for the 3D-Ising and 3D-XY. One special case that can be affil-

iated with the Heisenberg model, is the case of spherical model [123], which

is the only solvable model in presence of an applied field. For D ≤ 2, this
model does not show any phase transition, fulfilling the Mermin-Wagner the-
orem, while at higher order of spatial dimensionality such a model displays
the ferromagnetic transition at Tc. The critical exponent are function of D, for
D < 4, thereafter they are independent, with β = 0.5. Such a model holds in
any dimension and the solutions for the exponents are the same such as those

of the mean field model.

5.5 Extra universality class: Surface

The breaking of symmetry at the edge of a finite system can be seen as an

additional degree of freedom. If one considers a layered magnet, the out-of-

plane magnetic oscillations are confined in a shorter space, then just few of

them can be excited. The order-disorder at the surface becomes an extra uni-

versality class. This idea was developed by Binder who calculated the order-

disorder transition for an Ising system on the surface both exactly [124] and

by Monte Carlo calculation [125, 126, 127, 128, 129]. It is shown that the

magnetic surface is critical at a temperature T sur f
c which can be either higher

or smaller than the Tc of the bulk. Such a T sur f
c depends on the exchange cou-

pling J among the spins. The critical exponent β for a surface is equal to 1

and it collapse to the 3D-Ising β at some distance from the surface. Also such
a distance depends on the coupling J. There are some experimental example
about the exponent β , for example in References [130, 131, 132] much closer
to 1.
One way to explore the surface order-disorder is by using MOKE. Because

of the penetration of the light in metal is reduced to few 1-200 Å with ex-
ponential decay, and because of the Kerr rotation is a summation of the Kerr

59



6 7 8 9 10 11 12
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

V Thickness (ML)

�

� direct fit

� log-log

Figure 5.6: Exponents β from Paper III. These seem to be closer to the theoretical
exponent for a surface magnetic transition than for a 3D-universality class.

rotation of the single layers, then the highest contribution to the Kerr rotation

is given by the surface. In Fig. 5.6, the exponents β for a series of Fe/V(001)
superlattices are shown. None of them seems to belong to any of the univer-
sality classes previously described. The exponents seem to be close to those
measured for Gd in Ref. [130, 132]. This highlights the importance of the
surface in the overall framework of the order-disorder magnetic transitions. It
follows that the symmetry breaking of the surface generates another univer-
sality class.
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6. Oscillatory interlayer exchange
coupling

The oscillatory interlayer exchange coupling (IEC) between magnetic lay-
ers plays an important role in modern technology. The discovery of a giant
magneto-resistence (GMR) [133, 134], caused by different ohmic resistances
for spin-currents [135, 136, 137], allowed for the development of new devices
which are sensitive to magnetisation: a classical example is the hard-disks
used for data storage.

The first evidence of IEC was found in rare earth multilayers [138, 139]
while the first evidence in transition metals was found by Grünberg et al. [140]
in Fe/Cr/Fe multilayers. In this latter case, antiferromagnetic interlayer inter-
action, decaying regularly in strength with increasing thickness of Cr spacer,
was observed. Such a ferro- or antiferro-magnetic interaction between two
magnetic layers separated by non-magnetic spacers is explained in the frame-
work of the RKKY indirect exchange interaction (Rudermann-Kittel-Kasuya-
Yosida) [141, 142, 143] modified by taking into account the discrete number
of layers.

6.1 The RKKY framework

The Rudermann-Kittel [141] interaction was previously introduced to explain
the indirect exchange coupling between nuclear magnetic moments by the
means of conduction electrons. Kasuya [142] successively discussed the ex-
change interaction between conduction electrons and localised d-electrons
and Yosida [143] addressed the problem of exchange interaction among s and
d electrons. Such interaction describes an oscillating polarisation, rapidly de-
creasing with the distance from the magnetic nucleus and concentrated close

to the magnetic impurity. These indirect interactions were proposed in order

to explain the broadening of hyperfine absorption in magnetic alloys and mag-

netic impurities in non-magnetic metals.

The first correct RKKY theory which addressed the IEC in multilayers was
done in 1991 by Bruno et al. [144, 145]. The IEC was theoretically shown to
be oscillating as a function of discrete monolayer (ML) of the spacers. This
was in agreement with the original work of Grunberg et al. [140].

J′ = ∑
α

Aα

D2
sin(qαD+φα)[146] (6.1)
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Figure 6.1: On the left: the two magnetic layers are ferromagnetic coupled by a

positive IEC. On the right: the two magnetic layers are antiferromagnetic coupled by

a negative IEC. The thickness of the spacer changes the coupling sign and strength.

In Eq. 6.1, J′ is the IEC constant, Aα is the strength, φα a phase and D is the
thickness of the spacer. The coupling decay is a function of D−2 as opposed
to the the RKKY interactions which are dependent on D−3 [147].
Figure 6.1 shows the classical building block used to understand the IEC:

one non-magnetic spacer is sandwiched between two ferromagnetic layers.
The ferromagnetic layers induce a spin-polarisation inside the spacer and such
a polarisation extends and decays in the spacer. Eventually the polarisation can
reach the second magnetic layer: thus, the two magnetic layers can indirectly
interact. The spin-polarisation at the interface changes the electronic reflec-
tivity indices in the spacer and these indexes are spin-dependent. It follows
that there are two different indexes for electrons with either spins parallel or
anti-parallel to the magnetisation. In the spacer the electrons are reflected at
both interfaces: the interference between different waves gives a final wave
function for the electrons in the spacer. This wave function gives a contribu-
tion to the density of states which contributes to the total energy. This small
contribution is the interlayer exchange coupling that is dependent on:

- the thickness of the spacer

- the wave function of the reflected electrons

- the spin-asymmetry of the reflectivity indexes at the interface of the
magnetic-nonmagnetic layers [148, 149, 150]

The crystal orientation also plays a role in the determination of the strength

and sign of the IEC as pointed out by Stiles [151]. Because the electronic wave

functions are dependent on the crystal direction, the oscillatory IEC does the
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same: reviews on the oscillatory IEC are found in References [150, 146, 152,

153, 154].
The IEC has been found in many systems: for example Fe/Cr [140],

Co/Cu/Ni [155]; Fe/Pd and Fe/V(001) as discussed here.
The effect of the IEC on the magnetic order-disorder of magnetic multi-

layers is given by the increase of the ordering temperature Tc in the case of
ferromagnetic coupling, while in the antiferromagnetic state the marker of the
strength is the coercive field [40].
The IEC does depend on the temperature, as experimentally shown by Lind-

ner et al. [156]. This fact was later explained in terms of magnetic excitations
or spin-waves [157, 158] which dominate the strength of the IEC at tempera-

ture well above 0 K, eventually decaying to zero as a function of the tempera-

ture,

J′(T )≈ 1−α

(
T
Tc

)3/2

Such behaviour is the same of magnetisation in proximity of 0 K. In particular,
the larger the intralayer coupling strength, the weaker the decrease of J′ with
T [159]. This highlights the importance of magnetic fluctuations on nano-
magnetism [160].

Seeing that the IEC depends on the density of states at Fermi’s energy then it
should be possible to tune the strength and sign by changing these states. The
alloying of the non-magnetic spacer with H is one of the possibilities that has
been explored, such as in Fe/Nb superlattices [161], Ho/Y superlattices [162,
163] and Fe/V(001) [41, 164, 165, 2].

Also, the roughness and interdiffusion at the interfaces between the spacers
and the magnetic layers reduce the strength of the oscillations. In particular,
the reduction is stronger for the short period oscillation without depending on
the thickness of the magnetic slabs. Interdiffusion plays the most relevant role
in the quenching of the periodicities [166].

6.2 Exchange coupling in Fe/V(001) superlattices.

The IEC in Fe/V(001) superlattices was theoretically investigated for the first
time in 1993 [167]. This theoretical work, which was based on the trilayer
Fe2VxFe2, stated a double periodicity of 3 and 11 monolayers of V. The

strength and multi-periods in two different lattice orientations were, later,

shown to be different because Fermi’s surfaces are different for the two di-

rections of the lattice [168]. More recent theoretical work [169] shows an

oscillatory behaviour of the IEC rapidly decreasing as the V spacer thickness

increases, inset in Fig. 6.2. The IEC exhibits many local minimum values and

antiferro-magnetic couplings but, above 5 ML of V, the strength oscillates

around the zero value.
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Figure 6.2: Experimental IEC in Fe/V(001): the data are from, respectively, Vohl et.
al [38] (squares) and Broddefalk et. al [39] (circles) Inset: Theoretical IEC between
two semi-infinite Fe slabs separated by n monolayers of V [169] (Courtesy from the
author). The IEC is rapidly decreasing and oscillates around the 0 above 5 monolayers

of V.

Three antiferro-magnetic peaks in Fe/V(001) superlattices have been exper-
imentally found at the thickness of 14, 21 and 28 monolayers of V [40, 34] as
opposed to the theoretical ones. Another work [39] claims that antiferromag-
netic range depends on the thickness of Fe with the maximum AFM coupling
at 13 ML of V and 6 ML of Fe. The superlattices [Fe2/Vn]25 (5≤ n≤ 17) have
been investigated by Eftimova et al. [46]. They stated that the AFM range is
between 12 and 15 ML of V, with no coupling at 11 ML of V and maximum
AFM strength at 13 ML of V.
The IEC in Fe/V(001) superlattices has been also theoretically investigated

to define the roles of interdiffusion and roughness on the magnetic order-
ing [50]. It is shown that the most important role is played by the roughness
that quenches the short period oscillation in amplitude and changes the period
of oscillations. These effects can be seen by comparing the theoretical data
with the experimental ones. This is the main reason why the first experimental
AFM peak is at about 13 ML of V.
The IEC can be tuned by introducing H in the spacer [41, 165, 163, 2]. The

addition of electrons in the spacer changes the density of states of the spacer
and therefore the IEC can be adjusted at will.
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7. Magnetic ordering in layered
magnets.
Summary of papers

The universality class of a series of layered magnets, namely PdFexPd 0.2 ≤
x ≤ 1.6 ML, has been demostrated to be dependent on the effective magnetic
thickness of polarized Pd, Paper I.
In the RKKY framework, the IEC (generally defined by J′) in Fe/V(001)

thin layered film is discussed, after having established the inherent magnetic
order. The tuning of the IEC is shown by the change of the density of states.
The IEC affects the ordering temperature while the universality class remains
the same, Paper II.
Evidences of non-universal class is shown in a series of Fe/V(001) super-

lattices highlighting the role of the magnetization at the surface, Paper III
The inherent ordering and the position of the magnetic layers, with J′ fixed,

is shown to play a role in magnetic order-disorder transitions, Paper IV.
The effect of boundaries, such as the broken symmetry at the surface, brings

attention on the magnetic ordering at different length scales, Paper V.

7.1 Paper I: Dimensionality crossover in the induced
magnetization of Pd layers.

Because of the proximity of Fe, Pd acquires a magnetic moment. Thus, the
magnetic order-disorder transition can be investigated in sub-monolayers of
Fe embedded in Pd. The magnetization, probed by MOKE, is due only to
Pd. Because all the imperfections at the interface are washed out by the large
polarization, extending until ≈ 10 ML of Pd, the effective magnetic thickness
can be regarded as smooth and extending well above the sub-monolayer thick-

ness of Fe. A universality class cross-over from a 2D-XY to a 3D (Fig. 5.5) is

established at some thickness of Fe. This observation is explained in terms of

the creation of out-of-plane magnons whose ground state can be excited only

if the critical temperature of the 2D-XY slab is high enough.
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Figure 7.1: From Paper II: Critical temperature vs √p for the bilayer sample
[Fe3V14.4]2. Inset: Critical exponent β vs

√
p. The two horizontal lines represent β

of the 3D Heisenberg- (top) and 2D XY- (bottom) models.

7.2 Paper II: Oscillatory exchange coupling in the two
dimensional limit.

The inherent ordering of a single slab of Fe embedded in V and the ordering
of two weakly coupled slabs of Fe have been established as belonging to the
2D-XY universality class.
Despite this, the magnetic ordering in layered magnets can be altered by

changing the density of states of the spacers by reversibly alloying them with
H. In Fig. 7.1, the results of the measurements of the ordering temperature
Tc for two weakly coupled Fe layers on H uptake are shown. Oscillatory be-

haviour in the Tc is the evidence of the change on the strength of the IEC while
the overall universality class is not affected at all by the VHx alloy, see inset.

Furthermore, the H alloying allows the tuning of the magnetic moment of
both Fe and V. In Fe/V(001) superlattices, the interface plays the role of tuning
the moments of Fe and V. The Fe moments are reduced while the V moments
are increased and antiparallel to the Fe atoms [170, 34, 171, 172, 173, 174].
When H is alloyed with V, the Fe moment increases towards the bulk value
while the V moment turns back to zero, as has been experimentally [175] and
theoretically confirmed [176].
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Figure 7.2: From Paper III: Tc versus V thickness in series of [Fe3Vx]20, 7≤ n≤ 11
superlattices. The regular decay of the ordering temperature follows a logarithmic law,

with zero coupling for � 11 ML.

7.3 Paper III: The influence of interlayer exchange
coupling on magnetic orderign in Fe/V superlattices.

The interplay between magnetic ordering and IEC has been explored in a se-
ries of superlattices, namely [Fe3Vx]20 with 7 ≤ x ≤ 11, in order to map out
the intensity of J′ and TC versus the thickness of V, from the strong coupled
regime to uncoupled regime.

Results of the measurements of the Tc are shown in Fig. 7.2: it is clear that
the change of Tc is not linear with respect to the spacer thickness. The single

slab of Fe can be considered as a 2D-XY magnet, and it follows that [112]

Tc = TKT +
a

(lnL)2
(7.1)

where TKT is the Thouless-Kosterlitz temperature and L is the size of the sys-
tem. The Eq. 7.1, when IEC is introduced, can be written as

T (J′/J) = Tc,0+
a

ln2(J′/J)

where Tc,0 is the value of a single, isolated Fe slab and J is the intra-layer
coupling.
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Figure 7.3: From Paper III:β values for a set of [Fe3Vn]20, 7≤ n≤ 11, superlattices.
These values are closer to those of a magnetic surface (page 59) than those of a 3D-
XY system (page 54).

The spin-spatial dimensionality, which is defined by the β value of the mag-
netization (page 52), of such a set of samples is unusual, being always the
typical values for an 3D-XY system (0.36).
In the Fig. 7.3 these β values, determined in two different ways, are shown.

Such magnetic orderings are explained in terms of surface effect, (page 59).
The magnetization is dominated by the surface contributions, whose β = 1,

because the magnetization is measured by MOKE (surface sensitive probe,

page 39).

7.4 Paper IV: The influence of the distribution of the
inherent ordering temperature on the ordering in layered
magnets.

A series of three samples was developed in order to address the influence of

the inherent magnetic ordering of individual magnetic layers on the overall

ordering and universality class.
The IEC was fixed and two mirror symmetric samples with the Fe thickness

going from 2 to 3ML (and viceversa) were structurally and magnetically char-

acterized by SQUID, MOKE and PNR. As seen in Fig. 7.4, while the regular

superlattice shows a regular magnetic behaviour, with β ≈ 0.48, both of the
gradient samples can not be included in any of the universality classes. This
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Figure 7.4: From Paper IV: Magnetic ordering in no magnetic field for a regular
Fe/V(001) superlattices compared with those of two gradient superlattices.

highlights the breakdown of the order-disorder modelling in the presence of
altered inherent ordering of the magnetic layers.

The position in the superlattice of the weak link, that is the position of the
thinnest Fe layer, plays a role in determining the overall ordering temperature.
One can say that the magnetization starts to “melt” from this layer because
the intra-layer coupling is smaller due to the missing coordination number.
So, the sample GR- is seen to be melting from inside while the sample GR+
is seen to be melting from outside.

7.5 Paper V: The effect of boundaries on ordering in
finite magnets.

As stated in Paper III, the magnetic ordering in layered magnets depends on
the effects of the boundaries. In order to explore such effects, they should be

enhanced such that they are the main causes of the magnetic order-disorder

transition. Thus, a sample with enhanced boundaries has been developed and

investigated.

Figure 4.7 (not included in the paper) shows the the non-polarized neutrons
reflectivity of the super-superlattice. Each individual peak is the Fourier com-
ponent of the relative structural length scales of the sample. The peak Q7 is
the component relative to the bilayer thickness Λ1, while the peak Q1 is the
constructive interference from the length scale Λ3, given by the length of the
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Figure 7.5: From Paper V: The effective exponents βi, corrensponding to the differ-

ent length scales probed by the experiments. Only the component Q1 resembles the
expected exponent for a 3D universality class.

magnetic stack and non-magnetic spacer. The Q2 is the Fourier component of
the thickness of the magnetic stack Λ2. Such a sample has been magneti-
cally characterized by means of PNR at ILL. The magnetic induction of each
Fourier component can be directly mapped by the spin asymmetry, as defined
by the difference in intensity of the two different neutrons spin channels. By
such measurements as function of the temperatures, both the Tc and the uni-
versality class, given by the exponents β , can be determined.
The results for the exponent βi, where the subscript indicated the Fourier

component, are shown in Fig. 7.5. It follows that only the first component
seems to belong to a 3D universality class, the dashed line, while the other
components are characterized by high β values, showing a magnetic melting
from the surface to the interior. This highlights the inherent importance of
boundaries on the order-disorder transitions. On the other hand, the overall
order-disorder transition point is well defined since all the ordering tempera-
tures Tc,i collapse at the same value.

70



Svensk Sammanfattning

Människan har känt till magnetism sedan oräkneliga år. Redan de gamla grek-

erna kände till järnmineralen magnetits förmåga att dra till sig järn. Kom-

passen, som är en av de viktigaste uppfinningarna i mänsklighetens historia,

utnyttjar växelverkan mellan jordens magnetfält och en magnet. Den möjlig-

gör bland annat havssegling i stor skala. Även duvor är utrustade med några

korn av magnetiskt material i sina huvuden, som gör att de kan orientera sig

under sina resor. Dynamon utnyttjar växelverkan mellan ett magnetiskt fält

genererat av en magnet och en kopparspole för att skapa elektricitet.

Magneternas storlekar kan i variera i skala, alltifrån en enorm neutron-
stjärna med sitt kolossala magnetfält till den enskilda järnatomen. I det första
fallet adderar ett stort antal partiklar sina magnetiska egenskaper för att öka
magnetismen. I det andra fallet fördelar sig elektronerna över bestämda banor,
och varje elektron snurrar runt sig själv medurs eller moturs för att spara en-
ergi.
I likhet med duvorna kan man tänka sig att utnyttja en enda näve atomer för

att skapa en liten magnet. Vakuumteknologins framgångar börjar tillåta oss att

konstruera maskiner där det råder atmosfäriskt tryck på utsidan, medan trycket

på insidan är ungefär 1 000 000 000 000 gånger mindre! Genom förångning

av naturligt magnetiska grundämnen som järn, nickel och kobolt inuti dessa

maskiner, kan enskilda magneter förmås att växa till önskad storlek atom för

atom, lager för lager.
Och deras tjocklek spelar roll!
En tunn film kan idag ha tjocklek 4 Å, vilket är 10 000 000 gånger tunnare

än dagens mobiltelefoner, som kan ha en tjocklek på 4 millimeter. Med dessa
dimensioner är filmen betydligt mer magnetisk än mobiltelefonen. Och även
om filmen inte är magnetisk vid rumstemperatur kan den vara det vid temper-
aturer under nollstrecket, eller vid lägre temperaturer än de som kan uppmätas
i Norrland, temperaturer då luften blir flytande.
Tunnfilmsvetenskapen verkade tråkig fram till 1988 då 2007 års nobel-

pristagare Albert Fert och Peter Grünberg öppnade vägen till utvecklingen

av nya teknologiska prylar som Ipod, vilket är en hårddisk med utomordentlig

förmåga till datalagring, och magnetiska sensorer som exempelvis den elek-

troniska kompassen.

De två nobelpristagarna observerade att det elektriska motståndet mellan
två järnlager separerade av krom berodde på det magnetiska fält i vilket de
var placerade, och att denna resistans blev enormt stort när två järnskikt rik-
tade sina respektive magnetiseringar åt motsatta håll. I vissa fall bestämmer
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sig faktiskt två tunna magnetiska filmer att ställa sig i motsatt riktning från

varandra.
Den här effekten orsakas av Interlayer Exchange Coupling, utbyteskop-

pling mellan skikt, som studeras i den här avhandlingen, särskilt i det fall som

gäller för multilager av järn och vanadin. Det som man observerar är att mag-

netiseringen upphör vid temperaturer som varierar beroende på tjockleken hos

det vanadin som separerar järnlagren.

För att mäta magnetiseringen har man använt ljusets förmåga att identifiera
magnetiseringens intensitet. Dessutom har dessa multilager undersökts med
tekniker som utnyttjar växelverkan mellan magnetiska fält och supraledning.
Båda teknikerna kan mäta medelmagnetiseringen och på ett ungefär atomer-
nas enskilda magnetisering.

För att lära känna det exakta värdet av järnatomernas magnetisering har
man använt kärnteknik, särskilt vad gäller växelverkan mellan neutroner (som
tillsammans med protoner bygger upp atomkärnorna) och järnatomer. Det är
inte lätt att få tag i fria neutroner, därför har man utnyttjat tillgången till en
stor facilitet som Institute Laue et Langvin (ILL), Laue och Langvin institutet,
i Frankrike. Här produceras neutroner i en på ett adekvat sätt modifierad kärn-

reaktor som slösar lite energi. Samarbetet har gett optimala resultat som man

hoppas ska accepteras inom hela vetenskapssamhället.
Vi återvänder till våra multilager, där tjockleken av det enskilda järnskik-

tet bestämmer temperaturen vid vilken magnetiseringen upphör. Detta bevisas

i två olika fall. I första fallet var järnet paketerat mellan två skikt av palla-

dium. Man har bevisat att ett enda skikt (och även mindre) av järnatomer

lyckas magnetisera palladiumatomer i hög grad. Med adekvata tekniker kan

man mäta magnetiseringen av endast palladiumatomerna.

I det andra fallet varierade tjockleken hos järn från lager till lager i ett mul-
tilager av järn och vanadin. Positionen av de tunnaste järnlagren ger upphov
till två olika typer av magnetisering, beroende på om järnet finns i mitten eller
på ytan av skiktet. Magnetiseringen av dessa tunna filmer har undersökts på
alla skalor. Deras yta, deras volym och även varje enskild atom har studerats.

Vetenskapen om multilager är en exakt vetenskap: även den minimala skill-
naden i tjocklek av en enda Ångström, mindre än ett lager atomer, förändrar
magnetiseringen. Därför är det viktigt att veta exakt vad man undersöker. Man
måste exempelvis veta hur tjock den tunna filmen är. Man skulle kunna tro att
det skulle vara mycket svårt att mäta de här olika tjocklekarna, men så är
inte fallet om man kan använda röntgenstrålning. Röntgenstrålningen reflek-
teras genom tunna filmer på samma sätt som ljuset reflekteras i en spegel.
Genom att noggrant mäta reflektionerna kan man även mäta atomernas täthet
och till och med avståndet mellan atomerna. Tack vare röntgenstrålning kan
man dessutom mäta elektronernas och atomernas rotationsriktningar.
Magnetisering upphör inte ögonblickligen vid vilken temperatur som helst,

utan den följer exakta, universella lagar som även kan förklara andra före-

teelser. I varje experiment har man försökt förstå vilken universell lag som

gav upphov till magnetiseringen. Vid ett tillfälle verkade det som om filmens

tjocklek gav en magnetiseringen som följde två universella lagar. I övriga fall

72



verkade inte magnetiseringen följa en förutbestämd universel lag, omman inte

introducerade teorin att magnetiseringen hade sin egen universela lag när dess

yta mättes.

Denna teori har bidragit till utvecklingen av en ny typ av multilager i vilket
man försökt införa flera magnetiska ytor. Utforsknigen av denna tunna film
har bevisat att olika magnetiska lagar kan uppmätas i samma tunna film.
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[135] R. E. Camley and J. Barnaś. Theory of giant magnetoresistance effects in

magnetic layered structures with antiferromagnetic coupling. Phys. Rev. Lett.,
63(6):664–667, Aug 1989.
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