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Abstract

Tailoring the magnetic anisotropy in amorphous
FeZr-based thin films on flexible and solid substrates

Matteo Menniti

In this thesis the magnetic properties of novel amorphous magnetic materials grown
on a flexible substrate of polyethylene naphthalate and a silicon wafer have been
analyzed and characterized. The analyzed films are two films of amorphous
Cobalt-Iron-Zirconium(Co36Fe53Zr11 & Co37Fe55Zr8) grown on the flexible
substrate and two films of amorphous (Fe89Zr11) doped with boron (B). The B is
implanted in a lattice of rings with inner diameter of 10 µ m and outer diameter of 20
µ m and with the distance between the center of the rings of either 50 µ m or 25
µ m. The composition in the doped region is Fe80Zr10B10.

Various magneto-optical Kerr effect(MOKE) magnetometers are used to measure
hysteresis loops of the samples and a superconducting quantum interference device
(SQUID) is used to find the volume magnetization of the flexible samples. 
To measure the anisotropy in the flexible films a series of sample holders has been
developed to measure various amount of stress using the same sample in
magneto-optical magnetometers. The stress induced uniaxial anisotropy is found by
measuring hysteresis loops of the flexible samples while bending them with different
curvatures. The induced anisotropy is related to the magnetostriction and the
magnetostriction constants is estimated for the two flexible samples by assuming
values for Young’s modulus and Poisson’s ratio. The estimated values for the
magnetostriction constant are found to vary with the amount of Zr and to be in the
correct order of magnitude for magnetic films. 

The implanted B rings with the short distance of 25 µ m between the center showed
to have some interaction between the rings. This conclusion is drawn after analyzing
first order reversal curves of the samples and looking at the domains under a
MOKE-microscope. At very low temperatures the (unimplanted) FeZr matrix is
ferromagnetic and seem to have an anti-ferromagnetic coupling with the B rings. At
room temperature the rings are still ferromagnetic and they couple to each other.
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Populärvetenskaplig sammanfattning

Magnetism är ett fenomen som alltid fascinerat människan och har spelat stor
roll i samhällets utveckling. Däremot, bortsett fr̊an kompassen, har magnetiska
material inte haft en stor p̊averkan p̊a människan förrän de senaste 200 åren och
idag finns de nästan överallt. Detta efter att man p̊a 1700-talet börjat upptäcka
och beskriva elektromagnetismen. Detta ledde exempelvis till upptäckter som
generatorn som untnyttjar växelvärkan mellan magnetiska och elektriska fält för
att kunna generarera elektricitet. Men för att bättre först̊a magnetism krävs
kvantfysiken som bekriver till exempel hur elektroner rör sig kring atomkärnor
samt hur de bidrar till att h̊alla ihop molekyler. Men detta omr̊ade existerade
inte förrens p̊a 1900-talet.

Tillämpningarna för magnetiska material idag är många. De finns p̊a och i
kylsk̊ap, i generatorer och transformatorer, i h̊arddiskar för att lagra informa-
tion och i läshuvudet. Magnetiska material används som sensorer till exempel i
kompassn̊alar men ocks̊a i elektroniska navigationssystem. Magnetiska sensorer
används även för att läsa av information fr̊an h̊arddiskar. Det finns tv̊a hu-
vudtyper av magnetiska material, h̊ard- och mjukmagnetiska. H̊ardmagnetiska
innebär att de beh̊aller magnetisering när de väl är magnetiserade. Dessa är till
exempel s̊adana som finns p̊a kylsk̊apet eller i generatorer och betalkort. Mjuk-
magnetiska är material som lätt kan magnetiseras och avmagnetiseras. Dessa
används i transformatorer eller i sensorer.

Utveckling inom elektroniken driver även utvecklingen för magnetiska mate-
rial och en spännande vision är flexibel elektronik och komponenter man direkt
kan fästa p̊a kroppen eller ha i kläder. Det finns dock många sv̊arigheter att
komma runt. Ett exempel p̊a detta är anisotropin. Anisotropi är ett sätt att
beskriva skillnaden mellan att magnetisera ett material i olika riktingar. Mot-
satsen är att ett material är isotropt, d.v.s. magnetiseringen sker p̊a samma
sätt i alla riktningar. Ett sätt att komma runt detta är att göra materialet
amorft. Amorfa material är material som inte är kristallina, d.v.s. atomerna
inte är ordnade utan ligger helt slumpmässigt och därmed blir materialet även
isotropt. Ytterligare en fördel med amorfa material är att man kan minska an-
talet defekter som bildas i gränsytan mellan tv̊a amorfa material jämfört med
tv̊a kristallina material.

Amorfa material kan dock ocks̊a bli anisotropa och det finns olika sätt att
göra detta p̊a. Ett sätt är att helt enkelt dra eller trycka ihop materialet. När
materialet sträcks och trycks ihop blir det enklare för det magnetiska materialet
att magnetiseras, antingen i samma rikting som man drar i eller vinkelrätt. Hur
materialets anisotropi p̊averkas av att man drar i det bekrivs av magnetostrik-
tionskontanten som är en materialspecifik konstant. Ett annat sätt att införa
anisotropi är genom att använda sig av formen p̊a magneterna och växelverkan
mellan olika delar i ett magnetiskt material som best̊ar av flera olika kompo-
nenter.

I det här projektet har fyra olika tunna filmer av amorft järn-zirkonium
(FeZr) analyserats. Tv̊a av dessa är p̊a ett flexibelt substrat, likt en overhead
film, som utöver FeZr även inneh̊aller kobolt (Co) som är ett starkt magnetiskt
ämne. De övriga tv̊a är p̊a ett h̊art kiselsubstrat där man dopat FeZr med ringar
av bor (B) i olika rutmönster.

För att studera dessa material utnyttjades den magneto-optiska Kerr e↵ek-
ten. Den bygger p̊a att polariserat ljus som reflekteras mot en magnetiserad



yta f̊ar dess polarisation förändrad beroende det lokala magentiska momentet.
Man kan p̊a s̊a vis inte bestämma magnetisering hos materialet, men man kan
f̊a fram hur stor del av materialet som magnetiserats. I figuren kan vi se hur det
olika omr̊aden p̊a filmen är magnetiserade åt olika h̊all och därmed reflekteras
olika mycket ljus.

Sketch av den magneto-optiska Kerr e↵ekten.

Genom en klyftig provh̊allare som böjer proverna kunde de flexibla CoFeZr
filmerna analyseras och man fann d̊a att de magnetiseras lättare om man sträcker
dem längst med magnetfältets riktning och magnetostriktionkonstanten för dessa
material kunde bestämmas. Det visade sig att mängden Zr p̊averkade magne-
tostriktionskonstanten.

De dopade proverna analyserades b̊ade under ett magneto-optiskt mikroskop
som visar hur olika omr̊aden är magnetiserade och med hjälp av en avancerad
metod som kan visa vid vilka magnetiska fältstyrka som materialet reagerar
p̊a samt om det finns n̊agra magnetiska kopplingar mellan de olika delarna p̊a
filmen. Man fann d̊a att ringarna kunde vid vissa fält ha magnetmomenten som
rotera runt i ringarna. Dessa ringar samarbetade med varandra och linjer av
intilliggande virvlar som snurrar åt samma h̊all bildades.

Dessa material är en del av grundforskningen kring nya typer av sensorer
som kan bli aktuella inom framtidens elektronik. Nästa steg skulle kunna vara
att kombinera de fyra olika proverna och dopa de flexibla substraten p̊a samma
sätt som de p̊a kisel har dopats och undersöka hur dessa beter sig om man drar
eller komprimerar dem.



Acknowledgements

I’d like to thank Petra Jönsson and Giuseppe Muscas for all of the lessons taught
and always being there to discuss results and progress or lend a helping hand in
the lab when needed. To do my master thesis with you has been a really nice
experience, so: thank you!

I also want to acknowledge all the people working in the material physics
group in the department of physics and astronomy and in the shared o�ce
for all the friday fika, monday presentations, random beers, happy atmosphere
and help. Especially Gabriella Andersson for teaching and trusting me with the
MOKE microscope and for letting me join her measurements at the synchrotron
facility. Vassilios Kapaklis for connecting people and always having good ideas
and comments in scientific discussions. Another thank you goes out to the
coworkers that prepared the samples and lab technicians for all the maintenance
of the equipment.

Finally since this work marks the end of a chapter I want to thank my mum,
dad, brother and morfar och mormor, for being a nice and supportive family.
All the friends that I got the honor to make during these years with an extra
cheers to the fellow students Douglas, Lisa, Martin, Piotr and Tora that made
everything rush by way too fast.



Contents

1 Introduction 1
1.1 Project description . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 Theory 3
2.1 Anisotropy and magnetostriction . . . . . . . . . . . . . . . . . . 3

2.1.1 Measuring anisotropy . . . . . . . . . . . . . . . . . . . . 4
2.1.2 Measuring magnetostriction . . . . . . . . . . . . . . . . . 4

2.2 Magnetization switching: the Stoner-Wohlfarth model . . . . . . 5
2.3 Magnetic domain . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4 Magneto-optical Kerr e↵ect . . . . . . . . . . . . . . . . . . . . . 8

2.4.1 Measuring hysteresis loops . . . . . . . . . . . . . . . . . . 9
2.5 First order reversal curves . . . . . . . . . . . . . . . . . . . . . . 10

3 Method 12
3.1 Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 Experiment setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.2.1 Magneto-optical magnetometer . . . . . . . . . . . . . . . 14
3.2.2 SQUID . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.2.3 Magneto-optical microscopy . . . . . . . . . . . . . . . . . 17

3.3 Measurement and calculation strategies . . . . . . . . . . . . . . 18
3.3.1 Magneto-optical magnetometer . . . . . . . . . . . . . . . 18
3.3.2 FORC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.3 SQUID . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.4 Magneto-optical microscopy . . . . . . . . . . . . . . . . . 21

4 Results and discussion 22
4.1 Flexible substrates . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.1.1 Moke magnetometry . . . . . . . . . . . . . . . . . . . . . 22
4.1.2 SQUID . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.1.3 Anisotropy & magnetostriction constant . . . . . . . . . . 27

4.2 Implanted structures . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.2.1 MOKE microscopy . . . . . . . . . . . . . . . . . . . . . . 29
4.2.2 FORC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5 Conclusions & ideas for future work 43

6 References 44

7 Appendix 46
7.1 RT Moke . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
7.2 RINGS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
7.3 Extract from ”Development of a MOKE magnetometer for

measurement on flexible thin film” . . . . . . . . . . . . . . . . . 87



1 Introduction

Throughout history, magnetism has been, due to its complex mechanism, filled
with mysticism and it’s not until the end of the 18th century that the science
behind magnetic phenomena started to be understood and described mathe-
matically with less metaphysical and poetical description. This however hasn’t
hindered humans from using the properties of magnetic material, mainly for
navigation in the form of compass needles [1, 2]. The discovery and develop-
ment of the field of quantum physics improved the understanding of magnetism.
After the extended work done during the last hundred years, good models and
new methods of fabrication and analysis exist. This has paved the way for the
development of new materials and many are being used all around us.

Magnetic materials are everywhere in todays society and used for example in

• generators: where soft and hard magnets convert kinetic energy in turbines
to electric power.

• transformers: where soft magnets are used to increase or decrease the
voltage between two stages in an electric circuit.

• particle accelerators: to control the particles in medical and scientific re-
search facilities.

• data storage: magnetic memories in tape bands and hard drives.

• sensors: magnetic field sensors used in for example navigation systems,
metal detectors and to read magnetically stored information on hard
drives, which also are an example of a magnetic material.

• actuators: to position parts of a system for example in CD-driver.

The demand for smaller, cheaper, faster and sustainable components is push-
ing the limit for the magnetic materials in use today. The next generation is
still demanding the previous features but now the devices should become fold-
able yet robust and in some cases even wearable. The goal of having flexible
electronics brings new challenges for magnetic materials since their properties
are altered when they are physically stressed. This coupling between physical
stress and magnetic properties can however also be used as a sensor. The aim
of this thesis is to analyze some properties for candidate future materials that
can be of interest for electronic applications, especially for sensors and flexible
electronics.

1.1 Project description

In this thesis two di↵erent groups of soft magnetic thin films are studied. The
first group is magnetic thin films grown on a flexible substrate. The focus here
is to understand how the magnetic properties can be altered by flexing them.
To do this, a special setup has been developed in a previous work and an extract
of this is found in the appendix 7.3. The second group are pattered magnetic
structures on a silicon wafer. The focus for this group is to understand how the
patterns a↵ects the properties of the material. All of the samples are amorphous
which is a highly interesting property for magnetic material. Amorphous means
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that the atoms are not ordered in a crystalline structure. Since there is no
long range structural ordering the magnetic properties of the films are isotropic.
The anisotropy can be altered or induced for example by applying physical
stress or by implanting di↵erent structures. This will a↵ect the characteristic
properties of the sample. Amorphous materials have the added quality of not
being sensitive to defects the same way that crystalline materials are and give
smoother surfaces compared to polycrystalline materials. [3]. All the samples
analyzed, thus all the results, in this thesis are novel result and can not be found
in literature. Being able to design materials with specific properties is valuable
for both fundamental physics research and for commercial applications.
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2 Theory

In this section the theory needed for understanding the result is presented.

2.1 Anisotropy and magnetostriction

Anisotropy is a term describing that a phenomenon is direction dependent.
Anisotropy in magnetic materials describes how the magnetic moment prefers
certain direction, thus the magnetization process varies depending on the direc-
tion of the applied magnetizing field. There are multiple sources for anisotropy
in magnetic materials, the most important being: crystalline, shape and stress.

The crystalline anisotropy is due to spin-orbit coupling, as described in [4],
the orbitals of the electron in the crystal are coupled with the lattice. The
spin of adjacent atom’s electrons are coupled to each other in order to minimize
the energy, arranging either parallel or anti-parallel. The spin and the orbits
are also coupled so when a field, that wants to re-orientate the spin of the
electrons is applied the lattice, by the lattice-orbit coupling, will try to counter
this rearrangement. The energy needed to rotate the spin away from the easy
axis and overcome this is called the anisotropy energy. The easy axis is the
direction in which a domain would point in a relaxed state, or in better words
the direction with lowest energy. The hard axis is the highest energy direction.
Intermediate axis can also exist called medium axis. If a system only has one
hard axis it’s said that the system has a uniaxial anisotropy. The anisotropy
energy can generally be expressed as

Ea = K0 +K1V sin
2
✓ +K2V sin

4
✓ (2.1)

where K are the anisotropy constants, ✓ is the angle between the applied field
and easy axis. Assuming K2 is small and only looking at the angular dependent
part of eq 2.1 the energy per unit volume becomes

ea = Ea/V = K1sin
2
✓ (2.2)

Shape anisotropy is important when thinking about the material wanting
to minimize its energy. If we now disregard for other sources of anisotropy, a
perfect sphere will be equally di�cult to magnetize in all directions (a sphere
is very isotropic). If we now look at an elliptical single domain particle we can
think of it as a dipole with the charges at its end. The longer distance between
them makes it more favorable than if the dipole was arranged perpendicular with
the length of the particle. This is also what gives rise to demagnetizing factor.
Since this is a geometrical parameter only one should think of the geometry of
the samples one is studying.

Stress anisotroy is, as the name implies, due to applied mechanical stress.
The origin of this anisotropy is also related to the spin-orbit coupling. By com-
pressing or straining the material it becomes easier or harder to magnetize.
This property is strongly related to the magnetostriction, which is an e↵ect -
described by the magnetostriction constant, often called � - that relates the
deformation or strain of a material to applied magnetic field. This � is usually
di↵erent for di↵erent direction of applied stress. If, however, the magnetostric-
tion is isotropic and the applied stress is uniaxial, the energy that can be related
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to the applied stress will be defined as a magnetoelastic energy density

eme =
3

2
�� sin2 ✓ (2.3)

where � is the applied stress and ✓ is the angle between applied stress and easy
axis of magnetization.

2.1.1 Measuring anisotropy

To determine the anisotropy there are di↵erent approaches. One way to do this
is to think of the relation between work and energy and use that the anisotropy
energy is the di↵erence between the work needed to magnetize the sample from
zero to saturation in the easy and hard direction. Mathematically this would
be expressed as

ea =

Z
Hsat

0
(Measy �Mhard)dH [J/m3] (2.4)

Assuming that the magnetization process in the easy direction is saturated in
any applied field, (see the Stoner-Wohlfarth model sec 2.2) Measy can be set
equal to Msat which is constant and eq. 2.4 then becomes

ea =

Z
Hsat

0
(Msat �Mhard)dH [J/m3] (2.5)

This integral can be visualized as the area that forms between the easy and
hard axis hysteresis loop in the first quadrant.

2.1.2 Measuring magnetostriction

In order to calculate the magnetostriction constant one can think of the mag-
netoelastic energy, eme , as beeing the source of anisotropy hence saying that
eme = ea. If the anisotropy energy is measured as a function of stress, for a
uniaxial system, � can be identified by combining eq. 2.2-2.4

ea = eme = (
3

2
� sin2 ✓) · � (2.6)

The stress, �, is a function of physical material properties and strain as described
in Hooke’s law

� =
E

1� ⌫2
· ✏ (2.7)

where E and ⌫ are Youngs modulus of elasticity and Poissons ratio. The strain,
✏, from bending a film can be calculated as

✏ =
d+ t

2r + d+ t
(2.8)

where d and t are respectively the thicknesses of the substrate and film, r is the
radius of curvature of the bending as shown in figure 1. [5]
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Figure 1: Schematic of the parameters used in eq 2.8. The grey indicates the
substrate with thickness d and red is the magnetic film with thickness t.

The stress induced while bending a film can then be calculated from Hooke’s
law and the above expression for strain as

� =
E

1� ⌫2
· d+ t

2r + d+ t
[Pa] (2.9)

If the angle between applied stress and saturation direction, ✓ in eq. 2.6, is
90� it’s easy to obtain the magnetostriction constant � from a linear fit of the
anisotropy as a function of strain

ea(✏) =
3

2
· E

1� ⌫2
� · ✏ (2.10)

2.2 Magnetization switching: the Stoner-Wohlfarth model

A widely used model, named after Edmund Clifton Stoner and Erich Peter
Wohlfarth, [6, 7] the two physicist that developed it, can be used to measure
the anisotropy energy. The Stoner–Wohlfarth (SW) model describes how the
magnetization of a single domained, ellipsoidal particle with uniaxial anisotropy
varies depending on the angle between the applied magnetizing field and the easy
axis, figure 2

Figure 2: Description of a particle used to develop the SW-model.

In figure 3 the typical shape of hysteresis loop for applied field parallel with
easy axis, blue, and hard axis, red, is visualized. It also shows the definition of
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the saturation field and magnetization, Hsat and Msat, coercive field, Hc, and
remanent magnetization, Mr. If the applied field is at an angle between the
0�and 90�the loops will be somewhere in between these two. This hysteresis
behaviour explains that if the applied field is parallel with the easy axis the
domain will stay in that position until the field is strong enough to reverse the
magnetization and direct it in the opposite direction. While for the case where
the applied field is parallel to the hard direction the domain will move with the
field. This model is at 0K but is used at high temperature as well since the
main di↵erence is the rounding of the edges of the curves. [4, 8]

Figure 3: Hysteresis loops according to the SW model. In red the magnetiza-
tion is along the hard axis and blue along the easy axis.

2.3 Magnetic domain

Magnetic domains are a region in a material where the magnetic moment points
in the same direction. Domains are separated by so called domain walls. Domain
walls are region in which the moments are gradually rotating between the two
direction of the domains that are being separated. Domain walls cost energy
to maintain however the total energy stored in a magnetic structure can be
lowered by having multiple domains due to a reduced magneto-static energy.
[4] Magnetic domains can be imaged by magneto-optical Kerr microscopy (see
sec. 2.4) and this type of study are useful when analyzing magnetic materials.
[9]

Two interesting type of domain structure that can appear in circular materi-
als are the vortex and onion state. The vortex state is when the moments in the
material all rotate round a point where the moment points out of plane. This
center point has four possible states: chirality - clockwise or counter clockwise
rotation - and polarity - center moment pointing up or down. In general this
mid point is expensive energy wise, therefor it is easier to make vortex state in
ring structures where this midpoint doesn’t exist. The ring structure in a vortex
state only has two states, the chirality. In the onion state there are 2 domains

6



pointing in the same direction separated by a domain that point in the opposite
direction, figure 4.

Figure 4: Shows the onion and vortex state in disc and ring structures. The
onion state has three distinct regions where the magnetic moments point in
opposite direction. In vortex state the magnetic moments rotate around a
point, in this case in the middle of the domain. The center point of this disc
can either point out of plane up or down. In the ring structure however this
midpoint is not present, making it easier to form the vortex state.

These two states have an interplay and can be identified by analyzing hys-
teresis curves. The typical hysteresis curve for a vortex and onion magnetization
is shown in figure 5. When lowering the field, from fully saturated, an onion
state will form and the material will keep this domain structure with a relatively
high magnetization. When the field is reversed a jump will occur and the rema-
nent magnetization will go down as a result of vortex formation. The change of
the net moment in the vortex state is very low and occurs due to the growth of
the domain pointing in the same direction of the field. This is a reversible pro-
cess that is easy visualized as the movement of the rotation point perpendicular
to the direction of applied field. The domain will stay in the vortex state until
enough magnetic field is applied to annihilate the vortex and return to onion
state. [3, 10]
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Figure 5: Hysteresis loop for a ring structure showing the typical vortex and
onion state. The vortex state can be identified as a plateau where the moment
doesn’t change a lot. This is explained by the fact that the vortex state is a
meta stable state where the change in the magnetic moment is due to the
movement of the center due to the growth of the domain aligned with the
field. When the center of rotation of the vortex no longer is energetically fa-
vorable, the domain reorganizes in an onion state.

2.4 Magneto-optical Kerr e↵ect

When light reflects on a magnetized surface the reflection will be a↵ected by
the magnetization of the surface. This is called the magneto-optical Kerr ef-
fect(MOKE), after John Kerr that discovered this e↵ect in 1877.[11]

This e↵ect is described by the o↵-diagonal elements of the dielectric tensor
that combined with Maxwells’s equation result in a rotation of the polariza-
tion vector. This rotation is very small, usually less than 1�, but almost linearly
dependent on the magnetic moment thus it’s an easy way of analyizing the mag-
netic environment of the surface of a material. There are multiple geometries for
MOKE: polar (P), transversal (T) and longitudinal (L). P-MOKE is sensitive
to the out-of-plane component of the magnetic moment and is measured at nor-
mal incidence. T-MOKE and L-MOKE are instead sensitive to the component
perpendicular and parallel to the plane of incidence respectively, see figure 6. In
T- and L-MOKE the light should come in with a large angle compared to the
normal of the plane. MOKE can be used to image magnetic domains as shown
in section 3.2.3, 3.3.4. [9]
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Figure 6: Schematic showing the direction of the magnetization components
for the di↵erent MOKE modes in relation to the plane of incidence (pink) for
the light (red). For P-MOKE, ✓ should be small, while in L- and T-MOKE it
should be large.

2.4.1 Measuring hysteresis loops

With MOKE the magnetization of a sample cannot be measured. However, since
the rotation of the polarization vector is linearly dependent on the magnetic
moment, a qualitative picture of the magnetization process can be developed.
In figure 7 schematics of a L-MOKE magnetometer is shown. Two crossed
polarizers wont let any light through, but the rotation due to the magnetic
moment of the reflective surface will allow some light to go through. By plotting
the amount of light that passes the second polarizer versus the applied field (H)
hysteresis loops can be obtained. When measuring the longitudinal components
one can detect transversal components aswell. This signal will show up as a
increment in intensity changing the shape of the hysteresis loops.[9]
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Figure 7: Schematics of a L-MOKE magnetometer. The big square represents
the sample in the field H. The polarizers are crossed as shown by the white
arrows. See appendix 7.3 for details on how a MOKE setup has been devel-
oped for measuring thin films.

2.5 First order reversal curves

First order reversal curves, FORC, is an advanced analysis tool for magnetiza-
tion processes. The sample is progressively magnetized from fully saturated in
one direction to the opposite but reversing at a number of reversal fields, Hr.
The hysteresis curve from every Hr to saturation is measured until the sample
is fully saturated in the opposite direction, see figure 8. Every magnetization
point, M, is defined by its reversal field, Hr, and the value along the H-axis,
Hm. By taking the mixed derivative the function, ⇢ can be defined as

⇢(Hr, Hm) = �1

2

@
2
M(Hr, Hm)

@Hr@Hm

(2.11)

By plotting ⇢ in a 3D graph with Hr vs Hm a FORC map of the sample can be
made, figure 8. In order to get a smooth map, the values on every point on the
map is averaged with the values surrounding it. This results in a mesh around
every point with size (2SF + 1)2, where SF is a smoothing factor. Smaller SF
can be used for a sample with a high signal-to-noise ratio. [12, 13, 14, 15, 16, 17]

The complexity in FORC analysis is to find an explanation for the signals,
it requires applying individual models to each new map and therefor knowledge
about the specific sample is usually needed. A deeper explanation will be pre-
sented in section 4 where the analysis of the sample can be used for explaining
the di↵erent results.
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Figure 8: Typical FORC data for the ring samples with implanted structure
at a temperature of 200K. Above the FORC map calculated with SF = 5 and
below is the partial hysteresis loops used to derive the map.
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3 Method

3.1 Samples

The samples analyzed in this thesis are novel samples prepared by the super-
visors and co-workers and can be divided in two categories: flexible samples
and implanted structures. The flexible samples consist of two thin film with
di↵erent compositions of amorphous cobalt(Co) iron(Fe) zirconium(Zr) grown
on a flexible substrate of polyethylene naphthalate (PEN) that is very similar
to the plastic used in overheads. The implanted structures are two thin films of
amorphous FeZr grown on silicon wafer with implanted structures of boron (B).
In previous work [3] among other structures discs of B were implanted leading to
a closed vortex, in order to remove this expensive center point the middle of the
disc is removed forming rings. The rings have an inner diameter of 10µm and
outer diameter of 20 µm. The rings are placed in two di↵erent square lattice to
see how they might interact with each other at a distance of either 40 or 25 µm
between the center of the rings. The implanted region has 10% of B resulting in
a composition of Fe80Zr10B10. In table 1 a summary and nomenclature of the
sample is shown.

Table 1: Overview of the samples analyzed in this thesis

Sample Composition Details
Flexible 66 Co36Fe53Zr11 Flexible substrate, magnetic film

thickness 10 nm
Flexible 68 Co37Fe55Zr8 Flexible substrate, magnetic film

thickness 10 nm
Ring 31 Fe89Zr11 & implanted B distance between center: 40µm,

magnetic film thickness 15 nm
Ring 32 Fe89Zr11 & implanted B distance between center: 25µm,

magnetic film thickness 15 nm

All the samples were prepared using a sputtering techniques and the compo-
sitions were analyzed by Rutherford back-scattering (RBS) and the structure by
X-ray refractometry (XRR). The implantation of B is made by ion implantation
technique. A chromium mask is layered on top of the sputtered FeZr film with
a negative of the designed structures. Ions of B is then accelerated to 5keV and
enters the film through the surface without the chromium mask. Removing the
chromium mask then results in a thin film of FeZr with localized concentration
of B. This B is physically altering the structure of the FeZr matrix changing the
magnetic properties. In figure 9 a schematic of the flexible samples is shown
together with a photo of one of the samples. Figure 10 shows the mask used to
get the ring structures under an optical microscope. For more details on how
the samples were prepared and analyzed see [3].
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Figure 9: Schematic and image of the flexible samples. The flexible substrate
has a thickness of 1200 µm, the magnetic layer is 10 nm and the protective
capping layer is 5 nm. In the photo of the sample the small cut in the lower
left corner helps identifying in what direction the sample is measured at to
have the same condition every measurement.

(a) Sample 31 (b) Sample 32

Figure 10: Microscopy image of the chromium mask used to implant B in
the sample. The outer diameter is 20 µm and inner is 10 µm in both pic-
tures. The light regions is where the B will be implanted while the dark is the
chromium mask that is removed after B-implantation leaving only the FeZr
film with the regions of implanted B. Image taken by R. Brucas.
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3.2 Experiment setup

In this section the experimental setups and devices are described individually.

3.2.1 Magneto-optical magnetometer

Multiple magneto-optical setups were used. They all work in longitudinal mode
and utilize di↵erent red lasers.

Homer Cryogenic setup based on a Helmholtz coil with a field up to 7 mT
and cooling with liquid nitrogen can measure between 80 and 300K. It is
shielded from outside magnetic field with a µ-metal shield and its sensi-
tivity is 5 µT. Operates a red laser with typical power of 20 mW at a
wavelenght of 660nm.

Figure 11: Photo of the Homer setup. The laser comes from the right goes in
the Helmholtz coil in the middle and comes out on the left after reflecting on
the sample. The grey tube at the top that goes in the coil in the middle leads
liquid helium or nitrogen to the sample.
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Bart Room temperature setup previously developed to measure flexible sub-
strates. It is based on the same software that controls Homer however it
is made of an electromagnet with a max applicable field of 280 mT. For
more details on this setup see the appendix 7.3

Figure 12: Photo of the Bart setup. The laser starts at the black box at the
top of the picture. A mirror reflects the beam through the polarizer and on
to the sample in the electromagnet. The yellow coil generate the magnetic
field and the sample sits on the black sampleholder. The light then ends in
the detector after passing through the second polarizer on the right side.
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RT-Moke Room temperature setup with electromagnet with a max applicable
field around 700 mT. It also have a better formfactor than Bart allowing
greater incident angle which is better for longitudinal moke. [9] Laser
modulated at 13kHz and lock-in amplifier is used to reduce the amount of
noise and also allows faster measurement.

Figure 13: Photo of the RT-Moke setup. The laser starts in the right lower
corner. The electromagnet sits in the middle of the picture where the mag-
netic field is generated by the big coils (the copper colored wire partially cov-
ered with black tape and paper towel). The detector and second polarizer are
in the lower left corner.

3.2.2 SQUID

In order to measure the magnetization of the samples a superconducting quan-
tum interference device (SQUID) was used. The SQUID used is a commercial
product by QuantumDesign, shown in figure 14. It operates with liquid helium
hence allowing measurements down below 5K.
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Figure 14: SQUID setup by QuantumDesign used in this thesis to measure
the magnetic moment.

3.2.3 Magneto-optical microscopy

To analyze magnetic domains visually a MOKE-microscope is used. The MOKE-
microscope used is shown in figure 15. It works thanks to the MOKE e↵ect
resulting in grey scale images where black and white indicates the opposite
directions for the magnetic moment.

Figure 15: MOKE microscope and computer for the data collection.
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3.3 Measurement and calculation strategies

In this section follows a description on how the samples are installed and the
data collected and analyzed in the various setups.

3.3.1 Magneto-optical magnetometer

Installing the flexible samples in the room temperature MOKE setups is done
using 3d printed sample holders shown in figure 16. The samples are cut in a
square shape to minimize any shape e↵ects as discussed in section 2.1 and then
placed inside the caps of the sample holder. The base of the sampleholder is
pressed in the cap and the sample is locked in place. The sample holders cap
has a small window of aperture around 4x4 mm through which the laser can hit
the sample unobstructed. The sample is then put on an extender attached to a
goniometer and the longitudinal MH loops can be measured at di↵erent angles
between the applied H field and the direction of the applied stress in the form
of curvature of the sample holders see figure 17.

Figure 16: Sampleholders designed for flexible substrate. To the left a photo
of the used sampleholders and to the right the technical drawings from the
CAD-software.

All data analyses are done in the software MATLab[18]. The setups return
a series of tables with the value of applied H-field and the detector value for the
intensity of the reflected beam which is proportional to the magnetization M.
All the curves are normalized so that the saturation values of M corresponds to
±1. The saturation values are found by visually identifying when the sample is
saturated and take an average of all the points after the saturation field. The
remanence and the coercive field are found by taking an average of where the
loop crosses the y- and x-axis respectively.
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Figure 17: Schematic for the angle between the applied stress direction and
magnetic field.

For the anisotropy measurements the area is calculated by numerically inte-
grating using the trapezoidal method. Assuming that the hysteresis loops are
symmetrical, to get a better estimation of the area, the average of the areas in
the first and third quadrant is taken. The area estimated becomes

Area ⇡ 1

2

Z
Hsat

�Hsat

(1�|M |)dH (3.1)

where ±Hsat is defined as the field at which the averaged loop crosses the
standard deviation of the saturation magnetization. M is the vector containing
the magnetization value and H is the value of the applied field corresponding to
M. In figure 18 the total area of the integral is shown.
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Figure 18: MH loop for the hard direction for samples 66 with 10mm curva-
ture. The light blue indicates the interception for the hysteresis curve in blue
with the standard deviation of the saturation magnetization (dashed line).
Yellow marks the integral in 3.1

3.3.2 FORC

FORC maps are made by doing the partial hysteresis loops with either Bart or
Homer. Using a MATLab program written at the department then gives the
FORC data needed. The smoothing factor, SF, used for all maps is set to 5.

3.3.3 SQUID

The flexible samples magnetization are measured in the SQUID. The samples are
mounted in the SQUID by gluing them on a quarts glass strip with a varnish that
is non-magnetic. The glass strip is placed inside a straw that is mounted onto the
extender that goes inside the SQUID. A photo of the cut sample is taken with a
reference ruler to calculate the area of the magnetic film to calculate the volume.
The photo is analyzed in a software called FIJI and the area is calculated after
deciding the ratio between mm and pixel with the help of the ruler in the same
photo. To measure the magnetization while bending the samples, they are glued
onto another straw and slid inside the straw that is attached to the extender.
When the sample is pushed into the second straw it bents following the curvature
of the outer straw. This bending is not perfectly measurable since the sample is
stronger than the straws thus deforming the straws slightly, but the straw has
a radius of around 5mm, which is an indication for the maximum amount of
bending. The value for the magnetization is calculated by making a hysteresis
loop and taking the average of the values where the loop is flat.
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The SQUID returns the value of the magnetization in emu. To convert from
emu, cgs, to volume magnetization in A/m, SI the emu values are multiplied
with a conversion factor in the following way

A

m
= emu · 10�3

V olume[m3]
(3.2)

3.3.4 Magneto-optical microscopy

MOKE-microscopy is made by placing the sample under the microscope. The
light, polarizer and analyzer are configured to be sensitive in L-MOKE. The ap-
plied field is aligned along vertical direction and in the same plane of the sample.
In figure 19 a microscopy image is shown with the direction of the applied field
and the resulting contrast depending on the direction of the magnetic domains
direction.

Figure 19: Sensitivity of the MOKE microscope where the rings contrast is la-
beled with the direction of the moment in the domains. The ring on the left
shows a onion state, while the ring on the right is a ring with multiple do-
mains, the lower half of it resembles the domain structure of a vortex state
while the upper half is just multiple domains.
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4 Results and discussion

4.1 Flexible substrates

4.1.1 Moke magnetometry

Both of the flexible samples are first analyzed in Bart. Hysteresis loops are
made for each sample in flat position, ± 20 mm and ± 15 mm of curvature.
The samples are rotated in steps of 15�for a full rotation inside the magnetic
field aligned along the surface of the sample as shown in figure 17. Plotting Mr
and Hc vs the angle confirms that there is an induced stress uniaxial anisotropy,
see figure 20-23. These graphs does not tell us the strength of the anisotropy,
this will be calculated later, however they indicate the geometry of it. Uniaxial
and perpendicular to the direction of applied stress. Notice also that the sample
has a small uniaxial anisotropy in the flat configuration. This might be caused
by:

1 A stress is induced in the film during the sputtering due to the attachment
mechanism of the film inside the sputtering machine. This stress would
then disappear when the sputtering is complete and the samples removed
inducing another stress due to the relaxation of the substrate.

2 A mismatch of Youngs modulus of the metallic layers and the substrate can
also induce a stress. [19]

Figure 20: Mr vs angle for sample 66 measured with the sample flat. An uni-
axial anisotropy seems to be present along an axis perpendicular to the field.
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Figure 21: Hc vs angle for sample 68 measured with the sample flat. Very
hard to get good measurement for this sample.
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Figure 22: Mr vs angle for sample 66 measured while stressing the sample
with a curvature of ±15 mm. If the stress is tensile, (convex or +), the axis
of anisotropy is perpendicular to the applied field. When compressive stress is
applied, (concave or -), the axis of anisotropy is parallel to the applied field.
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Figure 23: Mr vs angle for sample 68 measured while stressing the sample
with a curvature of ±15 mm. If the stress is tensile, (convex or +), the axis
of anisotropy is perpendicular to the applied field. When compressive stress is
applied, (concave or -), the axis of anisotropy is parallel to the applied field.

For more plots of the flexible substrates confirming their uniaxial anisotropy
see appendix 7.1.

4.1.2 SQUID

The surface area of the samples put in the SQUID are found to be 10.6 ± 0.2
mm2 and 7.7 ± 0.3 mm2 for sample 66 and 68 respectively, which is consistent
with the aimed size of 3x3mm. The SQUID measurement didn’t show a signifi-
cantly large di↵erence in saturation magnetization for high and low temperature
as shown in figure 24. The values of the volume saturation magnetization of
the samples at room temperature are found to be 1.28±0.03 MA/m for sam-
ple 66(Fe53Co36Zr11) and 1.35±0.02 MA/m for sample 68(Fe55Co37Zr8). The
values are calculated from the hysteresis loops shown in 25 and 26. The fact
that the magnetization of the samples doesn’t vary with temperature and/or
stress means that thin films of amorphous CoFeZr with these compositions are
possible candidates for use in application.
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Figure 24: Hysteresis loops for flexible 66 sample under tensile stress showing
that the coercivity doesn’t vary significantly with temperature. The satura-
tion moment varies with temperature, here only a small variation is shown,
indicating that Curie temperature is far above 300K.

Figure 25: Sample 66 at 300K both flat and bent in positive direction-
stretching the sample.
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Figure 26: Sample 68 at 150K both flat and bent in positive direction -
stretching the sample.

4.1.3 Anisotropy & magnetostriction constant

The data for the anisotropy as a function of induced strain, as described by eq.
2.10, is presented together with a weighted linear fit in figure 27 and 28. The
magnetostriction constant � can be estimated from the slope, k, of the fit as

k =
3✏�

2
c(E, ⌫) (4.1)

where c is a material constant depending on Young’s modulus and Poisson’s
number (see sec. 2.1.2) and not known for these samples. � are found to be:

�66 = 3.0± 0.5 · 106 · c(E, ⌫)

�68 = 4.44± 0.05 · 106 · c(E, ⌫)
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Figure 27: Plot of the calculated anisotropy constant as a function of strain
with a weighted linear fit for sample 66 - Fe53Co36Zr11.

Figure 28: Plot of the calculated anisotropy constant as a function of strain
with a weighted linear fit for sample 68 - Fe55Co37Zr8.

In order to get a comparable value, Youngs modulus is assumed to be 100GPa
which is in the range of similar material and Poissons number usually 0.3 for
metals [5]. Entering these numbers in the model represented in eq 2.10 and 2.9
the magnetostriction constant are found to be

�66 = 28± 5 · 10�6

�68 = 40.4± 0.5 · 10�6
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These result suggest that the amount of Zr does a↵ect the magnetostriction
constant.

4.2 Implanted structures

4.2.1 MOKE microscopy

Figure 29 - 32 shows the MOKE microscopy images for sample ring 31 and ring
32 when the rings are fully either onion or vortex state. White indicates that the
moment is pointing upward in-plane, and black means downward. To study the
coupling between the rings further sample 32 is rotated 45�so the magnetic field
line crosses the rings diagonally - [11] direction - figure 29c and 32. For easier
visualization the orientation of the vortexes in the images are colored, blue for
clockwise(cw) and red for counter-clockwise rotation(ccw). Too few images have
been collected to be able to make a statistical analysis of the rotation direction
however qualitatively some points are worth mentioning.

It seems that there is no set of 3x3 rings having the rotation in the same
direction in sample 32, while one of these groups occur in sample 31. In sample
32, where the rings are closer together, it looks like the rings like to sort them
self in groups of 2 parallel rows of vortexes rotating in the same direction and
lines with vortexes rotating in the same direction. This is indicated in the figures
by a square surrounding the rings with the same rotation.

In the [11] direction, the vortexes seem to prefer to rotate clockwise, 58% of
the vortexes compared to the [10] direction where only 51% rotated cw. This
can be explained by the fact that the sample is slightly tilted clockwise in respect
of the 45�rotation. The vortex state starts from the onion state which tries to
align with the applied field. At the same time the distance between the rings
is shorter diagonally, which could indicate that the rings have some interaction
with the closest rings. For full size images see appendix 7.2.
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(a) Sample 31.

(b) Sample 32 [10] direction.

(c) Sample 32 [11] direction.

Figure 29: Onion state state for implanted samples. Applied field is �0.12
mT. The white bar marks 100 µm.
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Figure 30: Vortex state just before the annihilation for sample 31. Applied
field is �0.27 mT. The white bar in the left bottom corner marks 100 µm.
The upper is an enlarged section of the full image underneath. The blue and
red dots indicate if the vortex rotates cw or ccw respectively.

31



Figure 31: Sample 32 in [10] direction. Vortex state just before the field starts
to saturate the rings in the field direction. Applied field is �0.52mT. The
white bar in the left bottom corner marks 100 µm. The upper shows an en-
larged section of the full image underneath. The blue and red dots indicate if
the vortex rotates cw or ccw respectively.
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Figure 32: Sample 32 in [11] direction. Vortex state just before the field starts
to saturate the rings in the field direction. Applied field is �0.32mT. The
white bar in the left bottom corner marks 100 µm. The upper shows an en-
larged section of the full image underneath. The blue and red dots indicate if
the vortex rotates cw or ccw respectively.
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4.2.2 FORC

In figure 33 the hysteresis loops for the rings is shown. They don’t show any
major di↵erences for the coercivity or remanent magnetization between the sam-
ples. However the shapes are di↵erent, especially at 80K, and can be analyzed
with FORC.

Figure 33: Hysteresis loops for ring 31, blue, and for ring 32 in [10] and [11]
direction, red and yellow respectively, at 80K (left) and 300K (right).

The result for the FORC maps and their hysteresis loops for sample 31, 32
and 32 rotated 45�is shown in figure 34-39 at 80K and 300K.

In sample 31, figure 34, at 80K, there are two positive signals at Hr =
�0.30mT, which indicates that the magnetically softest part (FeZr layer) of the
sample switches at around ±0.24mT. Lowering Hr to -0.38mT there is a wide
area around Hm 0.58mT. This small peak indicates most likely that we have
made onions state in the rings, and they get annihilated at 0.58mT. At Hr =
�0.61mT there is a new peak at Hm = 0.31mT, together with a negative peak
to the left. This peak indicates that a new reversal has occurred. This reversal
can be described by the formation of vortexes when the applied field reaches the
reversal field and to annihilate them a field of 0.31mT is needed. The negative
signal just shows that the first signal we described has been removed.

For sample 32, with the rings aligned with the field, defined as [10] direction,
the FORC map at 80K, figure 35, shows a similar behavior as sample 31 with
the addition of one peak at Hm = 0.03mT and reversal Hr = -0.43mT. To
the right of this signal there is a negative signal underneath the first positive
signal at Hm = 0.22mT and Hr = -0.28mT. This indicates that there is some
interaction between the di↵erent components of the sample. A part of the signal
is at negative Hm values, indicating that a switching occurs even before the field
reaches positive values. This can be explained by an antiferromagnetic coupling
between the B-rings and the FeZr-layer. Since this interaction isn’t seen in
sample 31 it most likely occurs in the close spacing between the rings. The
onion state and vortex state also appears in sample 32 at reversal field -0.44mT
and -0.59mT and annihilates at 0.48mT and 0.29mT respectively. Meaning that
the vortex state occurs at a slightly di↵erent position in Hr Hm-space.

Still at 80K, comparing the FORC maps for sample 32 in the two di↵erent
directions, figure 35 and 36, does not show any significant di↵erence. The only
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noticeable di↵erence is that the vortex state and onion state signal is slightly
shifted, see table 2. In the diagonally aligned map the shift towards smaller
Hm indicates that the annihilation of the vortixes and onion happens at a lower
field. This suggest that the coupling between the rings rotated 45�(or the [11]
direction) makes the switching slightly easier.

At 300K the signal from the FeZr is gone since it’s paramagnetic above the
Tc which is around 208K[3]. However the signal of the vortixes and onion state
in sample 32 are shifted di↵erently than at 80K. Above the Tc of FeZr it is
easier to annihilate the onions and vortixes in the diagonal orientation. This
can be explained by the fact that the density of coupled rings along the field line
is higher thus being more strongly coupled. A sketch of this is shown in figure
40. This e↵ect is counteracted at low temperatures by the antiferromagnetic
coupling with the FeZr matrix.

Table 2: Position of the peak signal (Hm; Hr) for the two states for the mea-
sured samples. [11] means the sample is rotated 45�with respect to the field
lines.

Sample detail Vortex [mT] Onion [mT]

80K 31 [10] (0.32 ; -0.62) (0.55; -0.38)
32 [10] (0.29; -0.59) (0.48; -0.44)
32 [11] (0.32; -0.58) (0.56; -0.34)

300K 31 [10] (0.03; -0.54) (0.54; -0.14)
32 [10] (0.04; -0.50) (0.49; -0.15 )
32 [11] (0.02; -0.48) (0.46; -0.14 )
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Figure 34: Forc data for sample 31 in [10] at 80K.
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Figure 35: Forc data for sample 32 in [10] direction at 80K.
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Figure 36: Forc data for sample 32 in [11] direction at 80K.
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Figure 37: Forc data for sample 31 in [10] direction at 300K.
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Figure 38: Forc data for sample 32 in [10] direction at 300K.
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Figure 39: Forc data for sample 32 in [11] direction at 300K.
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Figure 40: Orientation of the rings in relation to the applied field. To the left
[10] and to the right [11] orientation. The purple arrows indicates the closest
distance between the rings and thus where the coupling is strongest. Notice
how the density of coupled rings along a field line increase in the diagonal [11]
alignment.
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5 Conclusions & ideas for future work

The work done in this thesis resulted in new information on the properties of
amorphous FeZr-based thin films. The magnetostriction constant for CoFeZr
thin films varies with the amount Zr as shown in table 3. Since the physical
material constants E and ⌫ are not known, a rough estimate for these is used
to get comparable numerical results. The SQUID measurement and MOKE
magnetometry showed that the samples have a ferromagnetic ordering at room
temperature. Moreover the films seem stable and though enough to be bent
quite a lot and still maintain structural integrity and magnetic properties. A
stress test should be performed and measure the magnetic behaviour after bend-
ing multiple times. Only two compositions were studied in this thesis but more
could be fabricated to find a range of magnetostriction constants which could
be useful for various applications where specific characteristics may be needed.

Table 3: Magnetostriction constant for the flexible samples as a function of
Young’s modulus E and Poisson’s ration ⌫, and numerical values with esti-
mated E and ⌫.

� Unknown E & ⌫ E=100 GPa, ⌫ = 1/3

66: Co36Fe53Zr11 3.0± 0.5 · 106 · c(E, ⌫) 28± 5 · 10�6

68: Co37Fe55Zr8 4.44± 0.05 · 106 · c(E, ⌫) 40.4± 0.5 · 10�6

The implantation of B rings in a matrix of amorphous FeZr showed inter-
esting phenomena. When the rings are close together the interaction between
ring-ring and ring-matrix was di↵erent depending on whenever the matrix was
ferromagnetic or paramagnetic which was not unexpected but what it led to
was interesting. The moment of the rings order in vortex states that can rotate
either clockwise or counter-clockwise. These vortexes seem to arrange them self
in stripes of vortexes rotating in the same direction. This could lead to potential
application where the arrangement of the rings is a↵ecting the anisotropy of the
film. It would be interesting to study these ring structure more in depth and
see how the anisotropy really is a↵ected.

The natural next step would be to implant B structures into films grown
on flexible substrates and analyze how the dilatation of the rings, and other
structures, in di↵erent direction may a↵ect the magnetic properties. This could
be problematic to analyze using MOKE microscopy due to the curved surface
but the other techniques used here would work fine with adaptation for possible
di↵raction.
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Ó Conbhúı, Lesleis Nagy, Andrew P. Roberts, and David Heslop. Magnetic
vortex e↵ects on first-order reversal curve (FORC) diagrams for greigite
dispersions. Earth and Planetary Science Letters, 501:103–111, 2018.

[17] Andrew P. Roberts, David Heslop, Xiang Zhao, and Christopher R. Pike.
Understanding fine magnetic particle systems through use of first-order
reversal curve diagrams, 12 2014.

[18] Mathworks. www.mathworks.com.

[19] M Gueye, F Zighem, M Belmeguenai, M S Gabor, C Tiusan, and D Fau-
rie. Spectroscopic investigation of elastic and magnetoelastic properties of
CoFeB thin films. Journal of Physics D: Applied Physics, 49(14):145003, 4
2016.

45



7 Appendix

7.1 RT Moke

Figure 41: Normalized remanent magnetization vs angle for sample 66 flat
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Figure 42: Coercive field vs angle for sample 66 flat
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Figure 43: Normalized remanent magnetization vs angle for sample 66 bent 20
mm radius
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Figure 44: Coercive field vs angle for sample 66 bent 20 mm radius
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Figure 45: Normalized remanent magnetization vs angle for sample 66 bent 15
mm radius
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Figure 46: Coercive field vs angle for sample 66 bent 15 mm radius
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Figure 47: Normalized remanent magnetization vs angle for sample 68 flat

Figure 48: Coercive field vs angle for sample 68 flat
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Figure 49: Normalized remanent magnetization vs angle for sample 68 bent 20
mm radius

53



Figure 50: Coercive field vs angle for sample 68 bent 20 mm radius
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Figure 51: Normalized remanent magnetization vs angle for sample 68 bent 15
mm radius
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Figure 52: Coercive field vs angle for sample 68 bent 15 mm radius.

Figure 53: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 54: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 55: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 56: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 57: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 58: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 59: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 60: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 61: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 62: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 63: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

61



Figure 64: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 65: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 66: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 67: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 68: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 69: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 70: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 71: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 72: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 73: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 74: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 75: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 76: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 77: Hysteresis loops for sample 66 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 78: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 79: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 80: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 81: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 82: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 83: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 84: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 85: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 86: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 87: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 88: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 89: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 90: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 91: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 92: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 93: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 94: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 95: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 96: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 97: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 98: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 99: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 100: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

Figure 101: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.
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Figure 102: Hysteresis loops for sample 68 for the various curvature: BO =
flat, Bx = convex and Bv = concave.

7.2 RINGS

Figure 103: Onion state for ring 31.
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Figure 104: Vortex state for ring 31
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Figure 105: Onion state for ring 32 in [10] direction
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Figure 106: Vortex state for ring 32 in [10] direction.
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Figure 107: Onion state for ring 32 rotated to the [11] direction.
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Figure 108: Vortex state for ring 32 rotated to the [11] direction.
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7.3 Extract from ”Development of a MOKE magnetome-

ter for measurement on flexible thin film”

The following is an extract from a project I did at the department of physics
and astronomy at Uppsala University before starting this thesis. The methods
I developed here made the measurement of the thesis possible.
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measurement on flexible thin film 

 
Matteo Menniti supervised by Petra Jönsson and Giuseppe Muscas 

Uppsala university dpt. of physics and astronomy div. material physics 
 
 
 
 
 
 
 
 
  



1) Design 
In Figure 1 the finished set up is presented. The various stages are labeled in the direction of the laser 

beam, from 1 being the laser to 8 the detector. The various stages are described below. 

 

Figure 1. Finished setup. The green numbers are labels for laser (1), mirror(2), focusing lens(3), polarizer(4), the magnet and 
sample holder (5), focusing lens(6), polarizer(7), detector (8). In between 2 and 3 there is a small aperture to clean the laser spot. 

 

Sample holder  
The sample holders were designed using the CAD software Autodesk Fusion360 which has a free student 
license. A print screen of the design in the software for sample holders and adapter is shown in Figure 2 
and Figure 3 respectively. The 3d-printer used is by Formlabs, namely the "form 2" which uses a laser to 
solidify a liquid into the desired structure layer by layer. This type of print is supposed to have a higher 
resolution then printing with a hot extruder. The form 2 has different resolution in the xy-plane compared 
to the z direction, where the xy-plane is a single layer and z is the stacking plane direction. This is since 
the laser has a higher precision than the motor that operates in the z direction switching the plane. This 
was held into account when printing the sample holders to have the highest resolution for the curvatures.  



 

Figure 2. Print screen of the CAD files from the Autodesk fusion360 for the sample holder. On the left one with a positive 
curvature and on the right one with negative curvature. The caps have the same curvature as the bases. When the base is 
pressed against the cap the elongated parts will hook onto the base, holding the sample holder locked inside at the given 

curvature. The small extruded parts on the cap are for easier alignment of the structure. 

 

Figure 3. Print screen of the CAD files from the Autodesk fusion360 of the adapter for fitting the sample holder onto a 
goniometer. The hole on the top is for fitting the bottom of the bases. The four holes on the bottom are for attaching the 

adapter to the goniometer with screws. 

 

In order not to induce any shape anisotropy and have easy sample preparation, the design was chosen to 
be used for squared film samples. The sample holder, seen in Figure 4, can be divided in two parts a base 
and a cap, the sample is placed in between those two and they are hold together with a clip-on system. 
The cap has an opening of 4x4mm2 for the laser to go through. The whole surface on which the sample 
can be on is 8x8mm2. At a later stage of the project some of the caps were noticed to have a 5x5mm2 

opening due to a mistake in the designing process since the two directions of curvature were drawn in 
separate occasions. This however shouldn’t affect the results but its recommended to change in the 



future. Various radii of curvature were printed between ±5 mm and ±100 mm and one with a flat surface, 
defined as 0. Specific radii can be printed by simply changing the radius parameter in the cad software, 
which is very helpful for further development of the project.  

The sample holder is placed in the magnets’ gap by pressing it onto a goniometer that is used to rotate 
the sample inside the magnetic field. To connect the sample holder to the goniometer an adapter was 
also designed and printed, as seen in Figure 3 and Figure 5 respectively. At the end of the adapter there 
is a circular perforation in which the sample holders round base is attached by simply pressing hard and 
locking in place by friction.  

 

Figure 4. Photo of the finished sample holders. The white markings on them are from the filing process and can be cleaned up. 

 

Figure 5. The finished adapter for the sample holders to the goniometer attached to the goniometer. A sample holder is 
mounted to show the function. The gray screw in the foreground is to rotate the goniometer. The rotation is then transferred to 

the sample in the sample holder. 

 



One of the greatest issues for this project has been to develop a functional sample holder that is easy to 
use. In fact, many different designs were tested, some of these are shown in Figure 6. For example, a 
design involving a small pin or screw to lock the cap onto the base, I and IV in Figure 6. The problem has 
been that the printed components are on the edge of being too small for the printer, hence breaking or 
being misaligned. Sometimes, out of pure mischance, the printed object could break in the printer due to 
it being too heavy for the supports, VI in Figure 6. At the same time, more supports would’ve led to a 
worse resolution and functionality so a balance was achieved by trial and error. 

 

Figure 6. Various generations of sample holders and different failures. From left to right: I. a smaller version of the first design. II. 
the first design with the clear resin and a system with a hole through for locking the cap. Rubber bands for bracers were also 

tested. III. Same design but using metal wires, not optimal since they could alter the magnetic environment. IV. A version with a 
better working pin, still not optimal. V. The first clip on version with clear resin. VI. A broken adapter that was ruined already in 

the printing process. VII. Two black caps from the first batch of caps in black where the printer wasn’t able to make the thin 
layers that as seen got messy. Notice that the sample holders from II-IV have black tape on them. This was to be able to absorb 

the laser that would pass through the film and reflect. This wasn’t needed in the black ones. 

 

Two different types of inks were used to develop the sample holders, clear and black. Where the black 
ended up being the final choice due to a much better resolution and overall structure.  

A lot of effort was put in to optimize the making of sample holders. The CAD files for making new sample 
holders with specific radii are available and a new sample holder could be made in approximately 4 hours 
including printing, hardening and post production work. After the hardening processes the sample holders 
need to be trimmed by hand using a file to get rid of small “imperfections” such as supports and overflow 
material.  

Electronic and optical components 
In order to perform MOKE measurements an old red laser from Melles Griot (model 56DOS647/IMS) with 
a power of 4.9mW was found and chosen.  An iris is placed at the opening of the laser to have a cleaner 
spot. A mirror (Thorlabs BB1-E02) is used to direct the light towards the middle of the electromagnet, 
where the sample is supposed to be. The light then passes through a focusing lens (Thorlabs LB1869) with 
a focus of 500 mm and a polarizer (Thorlabs GT10M). After reflecting on the sample, the light passes 
through a focusing lens (Thorlabs LB1889) with a focus of 250 mm. This later lens has a diameter of 50 
mm in order to be able to capture more of the reflecting light. When the light reflects on a bent surface it 
tends to spread more thus to have as much signal as possible a bigger lens is chosen to facilitate the 
collection of light. Another polarizer is place before the detector and is used to control how much of the 
light is let through to the detector. The detector is a DET100A2 biased detector from Thorlabs that 
generates a current proportional to the amount of light that hits it. The polarizers and the detector have 
apertures mounted on them to facilitate alignment and control on how much light passes through. 



The electromagnet used is made of a core with a big coil on each side of an opening. The maximum current 
allowed in the magnet is 6 A and the resistance of the wire is around 1.2 Ω which means approximately a 
maximum of 45 W of power is needed. A magnetic field vs frequency plot, Figure 7, was made in order to 
determine how fast the measurements could be performed. Already at 2 Hz the magnetic field is half of 
the value at steady state. To measure the magnetic field a Gaussmeter from Lakeshore (Lakeshore 460 3-
channel) was used. The probe is oriented so that it measures only in one direction, namely the x-direction.  

 

Figure 7. Calibration of electromagnet with a constant amplitude of the input signal of 280 mT at various frequencies. The  
magnetic field vs frequency of the input signal. 

 

 

Controllers and IO system 
The setup was designed based on an already existing Labview program for a different setup, called Homer. 
Homer is a MOKE magnetometer that also measures at low temperatures and small fields. In order not to 
rebuild a whole system the software was developed around this existing one. To use this software, 
however, the various stages of the setup were tested and calibrated individually, before adapting the old 
software to the new system. 

To control the magnet the relation between applied voltage and resulting magnetic field is determined, 
Figure 8. The numerical values are presented in form of a linear fit function for the set output voltage V 
for a wanted magnetic field in mT.   

The system is mainly controlled via a DAQ board from national instruments, NI USB-6259. The DAQ board 
has multiple digital and analog output and input ports. For this setup three of the analog BNC port were 
used, one output for sending the control signal of the magnet via a power amplifier and two inputs for 
the gaussmeter and photodetectors' signal. 

The magnet is driven by a Kepco BOP 10-75MG power supply used as a power amplifier. The control signal 
is sent to the Kepco via the DAQboard and a cable is made specifically for this application after closely 
analyzing the various port options in the datasheet. The Kepco amplifies the power output and places a 
voltage between ±6 V on the electromagnet. 6 V is not a large voltage and is within the working range of 
the DAQ board, the problem is the high current needed, thus a power amplifier is implemented. An audio 
amplifier was first tested as it was thought to work which would have reduced the total cost of the setup. 



The main issue with the audio amplifier that was tested, and in general for audio power amplifiers, is that 
they are not designed to work at dc-frequencies.  

The DAQ board collects data from the gaussmeter and the photodetector. The gaussmeter gives an output 
voltage directly proportional to the sensed magnetic field, for example if the range of the gaussmeter is 
set to 30 mT, the voltage displayed on the computer is one tenth of the field. The photodetector cannot 
be plugged directly onto the DAQ board because the current is too small. A low-noise current preamplifier 
from Stanford research systems (model SR570) is used to amplify the signal and convert it to a voltage. 
This amplifier is controlled from the computer using serial communication.  The serial communication for 
happened to function properly immediately. 

 

Figure 8. Calibration of electromagnet, output voltage vs magnetic field. The units in the equation for B is mT and V for the 
voltage. The 95% confidence for the parameter are -0.02025±0.00001 and 0.032477±0.00128. 

 

2) Method  
Functionality testing 
Before measuring films on flexible substrate testing was made using a sample of a thin film of 
polycrystalline iron (Fe) grown on a silicon (Si) substrate.  
Many tests are made to properly grasp how the various parameters such as offset voltages and sensitivity 
of the current amplifier, source of noise, rotations of polarizers impacted the reading. Since no filters or 
modulation are implemented all the light that hits the detector are registered. To minimize this the 
detector is covered with a black box. Ideally this should remove some of the 50 Hz of lamps and 
fluctuations cause by movement in the lab. The rotation of the polarizer can also be optimized for every 
measurement. To improve the signal-to-noise ratio, SNR, the second polarizer is not set to extinction but 
close. This allows a small bias to always be present but by applying an offset in the current amplifier this 



will be filtered away and allows a greater signal to be detected.1 Once a good base level is established a 
measurement is done on this setup and the old setup, the results were compared. Since the sample is 
polycrystalline not much attention is given to the rotation of the sample since it is known to be isotropic 
from previous studies.    

                                                           
1 Surface magneto-optic Kerr effect. (n.d.). Review of Scientific Instruments 71, 1243 (2000); doi: 

10.1063/1.1150496. 
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