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ABSTRACT 
The thesis deals w i th magnetic force microscopy of soft magnetic nanostructures, mainly 
NiFe nanowires and th in- f i lm elements such as discs. The thesis covers almost all as­
pects related to this technique - i.e. f rom preparation of magnetic probes and magnetic 
nanowires, through the measurement itself t o micromagnet ic simulations of the inves­
t igated samples. We observed the cores of magnetic vortices, t iny objects, both w i th 
commercial and our home-coated probes. Even domain walls in nanowires 50 nm in d i ­
ameter were captured w i th this technique. We prepared funct ional probes w i th various 
magnetic coatings: hard magnetic Co, CoCr and soft NiFe. Hard probes give better 
signal, whereas the soft ones are more suitable for the measurement of soft magnetic 
structures as they do not influence signif icantly the imaged sample. Our probes are at 
least comparable w i th the standard commercial probes. The simulat ions are in most 
cases in a good agreement w i th the measurement and the theory. Further, we present 
our preliminary results of the probe-sample interact ion model l ing, which can be exploited 
for the simulat ion o f magnetic force microscopy image even in the case of probe induced 
perturbat ions of the sample. 

KEYWORDS 
Magnet ic force microcopy, probe, soft magnetic nanostructure, magnetic vortex, 
nanowire, micromagnet ic s imulat ion. 

ABSTRAKT 
Práce pojednává o mikroskopii magnetických sil magneticky měkkých nanostruktur, ze­
jména NiFe nanodrátů a různě tvarovaných tenkých vrstev - například disků. Práce se za­
měřuje na téměř vše, co s tou to mikroskopickou technikou souvisí: přípravu měřicích sond 
a vzorků, samotná pozorování a mikromagnet ické simulace magnetického stavu vzorků. 
Byla pozorována jádra magnetických vírů, jak s komerčními, tak s námi připravenými 
sondami. Podařilo se zobrazit i magnetické doménové stěny v nanodrátech o průměru 
pouhých 50 nm. Připravil i jsme fungující sondy s různými magnet ickými vrstvami: mag­
neticky tvrdého kobaltu, sl i t iny CoCr a magneticky měkké sl i t iny NiFe. Magnet icky tvrdé 
sondy poskytovaly lepší signál, zatímco magneticky měkké byly vhodnější pro pozorování 
magneticky měkkých vzorků, protože je příliš neovlivňují. Námi připravené sondy jsou 
přinejmenším srovnatelné se standardními komerčními sondami. Simulace se ve většině 
případů shodují jak s měřením, tak teorií. Dále představujeme také naše prvotní výsledky 
modelování interakce vzorku s magnetickou sondou, které mohou složit k simulaci měření 
pomocí mikroskopie magnetických sil, a to i v případě, kdy sonda ovl ivňuje magnetický 
stav vzorku. 

KLÍČOVÁ SLOVA 
Mikroskopie magnetických sil, sonda, magneticky měkká nanostruktura, magnetický vír, 
nanodrát, mikromagnet ická simulace. 
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1 INTRODUCTION 

Magnetic nanostructures have great applications in the field of magnetic record­

ing, e.g. a Hard Disc Drive ( H D D ) . Other promising spintronic (spin-electronic) 

devices have been proposed such as magnetic non-volatile memories ( M R A M s ) and 

other based on magnetic nanowires or discs hosting magnetic vortices. Even some 

commercially available M R A M s exist [1]. The miniaturization impetus, demand 

for smaller bits and higher data density, requires techniques that are suitable for 

magnetic imaging at nanoscale. One of the proven techniques is Magnetic Force 

Microcopy ( M F M ) [2], which is based on Atomic Force Microscopy ( A F M ) [3] wi th 

a magnetic probe. Even though it is quite slow and not so easy to interpret in some 

cases, it provides very good resolution, down to 10-15 nm [4], and versatility for a 

reasonable price. 

Magnetic vortices, mostly in soft magnetic permalloy discs, have been intensively 

studied at our Institute of Physical Engineering ( IPE) . The ultimate goal is the 

efficient switching between four possible states of the vortex at (sub) nanosecond-

time-scale. The main experiments are carried out at synchrotrons, large facilities 

providing high-intensity and if required highly monochromatic radiation, mainly X -

rays for probing the magnetic state of the sample and its switching. The beam-time 

at such a facility is l imited and not so easily obtained. 

It is possible to test various switching techniques offline by measurement of the 

state before and after the switching event without informations about the dynamics. 

If the switching process yields the desired states, in the other words the method is 

reliable, one can request the beam-time and use it more effectively - focusing on the 

dynamics. Magnetic force microscopy enables such offline observations. 

There have been some attempts at the institute to image magnetic vortices and 

especially their cores, t iny objects, by M F M , but unti l now they have failed. In this 

work we present the M F M observations of the cores of the magnetic vortices both 

wi th commercial and our home-coated probes. Other interesting and even more 

challenging samples - magnetic nanowires - are covered as well. 

The following text focusses on almost all aspects related to M F M : from prepa­

ration of magnetic probes and magnetic nanowires, through the measurement itself 

to micromagnetic simulations of the measured samples. The structure of the work 

is as follows: 

We wi l l start with introduction to the magnetism in low dimensions in chapter 

2, which involves mainly micromagnetism (nanomagnetism) used for the description 

of the nanostructures and their modelling. We wi l l briefly discuss possible magnetic 

states in samples of interest in this work - nanowires, magnetic vortices in discs and 

soft magnetic (rectangular) thin-film elements in general. 

7 



Chapter 3 involves the description of magnetic force microscopy itself, both the­

ory and examples of measurement performed on soft magnetic nanostructures. A s 

the magnetic probes are key elements for the imaging, the whole chapter 4 is de­

voted to the probe preparation and their parameters important for the imaging. 

Chapter 5 focusses on methods used in experiments: electrodeposition of magnetic 

nanowires, Ion Beam Sputter deposition (IBS), inspection of the probes and the 

samples by Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray spec­

troscopy ( E D X ) . Few notes on instrumentation are given as well. The chapter ends 

wi th information on micromagnetic simulations wi th Object Oriented Mic roMag-

netic Framework ( O O M M F ) solver. Finally, results of fabrication, measurements 

and corresponding simulations are presented in chapter 6. 

The work on nanowires, except the simulations, was done during author's Eras­

mus research internship at Institut Neel of C N R S in Grenoble (France), where the 

author improved and acquired many of his skills, M F M imaging in particular. 
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2 MAGNETISM IN LOW DIMENSIONS 

Magnetism is of a pure quantum-mechanical origin and should be rigorously treated 

in this regard. O n the other hand, real systems are too large for exact treatment 

of the many body problem, i.e. solving the many-body Schródinger equation, due 

to l imited computational resources. Therefore approximative approaches such as 

the Hartree-Fock method, wave function-based approximation, and the Density-

Functional Theory are employed. In some cases, statistical theories and even classi­

cal electrodynamics can be used as well. [5, p. 1] 

In this chapter, after recalling some basics of magnetism, we wi l l restrict ourselves 

to micromagnetism. This continuous theory is especially suitable for a description of 

nanostructures which form usually too large systems to be addressed by (relativistic) 

quantum mechanics, however, st i l l too small to be described by the phenomenolog-

ical Maxwell 's theory of electromagnetic fields. Micromagnetism bridges the gap 

between these two approaches - assuming continuum while taking results derived 

from quantum mechanics. Rest of the chapter is devoted to magnetism and mag­

netization in low dimensional structures, patterned thin films and one-dimensional 

structures in particular, being suitable for the characterization via magnetic force 

microscopy. 

Magnetism originates mostly in spin polarized currents, e.g. unpaired electrons in 

Fe, N i and Co atoms. Unlike in electrostatics, the basic element of magnetism is still 

a current loop - magnetic dipole - characterised by magnetic moment \x. However, 

the concept of magnetic monopoles - magnetic charges - is used in theory, description 

of various phenomena as well as in magnetic force microscopy. It turns out that the 

concepts of magnetic dipoles, current loops and magnetic charges give the same 

results but in a particular case one of them might be more viable, for example from 

the computational point of view. We wi l l cover only some aspects of magnetism, 

which are related to the following sections. Basics of magnetism can be found in 

many physics textbooks such as [6, 7]. 

Volume density of magnetic dipoles is called magnetization M. In analogy wi th 

electrostatics, J = u 0 M is polarization wi th u 0 being vacuum permeability. Mag­

netic dipole in vacuum creates a magnetic field H, in a material magnetic induction 

defined by the material relation: 

2.1 Magnetism - basics 

£? = u 0 # + u 0 M . 
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To shine some light on these magnetic vectors 1 and the material relation (2.1) 

let us assume simple case of a homogeneously magnetized body, e.g. a magnetic 2 

disc with an out-of-plane magnetization (see Figure 2.1). i f -f ie ld in the material 

opposes magnetization, that is why it is called the demagnetizing field H-field 

outside the body, referred to as the stray field Hs, forms closed loops in the same 

way as .B-field does. This is not a surprise when taking into account that in the free 

space B = \i0Hs and both fields are divergenceless. Maxwel l equation V • B — 0 

is fulfilled, i.e. there are no sources of the £?-field. O n the other hand, there is no 

reason why H or M should not have their sources. This idea leads to the concept 

of magnetic charges. In analogy with electrostatics 3 , volume (p m ) and surface (<rm) 

density of magnetic charges (shortly just charges) are defined as: 

/ V = - P 0 V • M = u 0 V • H, (2.2) 

<7m = u 0 n • M. (2.3) 

Second part of (2.2) originates in inserting 4 material relation (2.1) into Maxwel l 

equation V • B — 0. Vector n in (2.3) denotes outward-directed surface normal. 

Note that very often the volume magnetic charges are defined simply as p m = V • M 

(and this definition wil l be used as well). Here, more rigorous definition from [9] 

was given. The difference is just in multiplication by a constant, magnetic charges 

are related to divergence of magnetization in both cases. 

Typica l way how to characterise a magnetic material is to observe its behaviour 

in an external magnetic field - i.e. to measure its hysteresis loop - as the one 

in Figure 2.2. Magnetic moments in the sample, grouped in so called domains 

(see section 2.2.3), points in random directions so almost no net magnetization 

exists. Upon increase of the external field, magnetic moments are being aligned 

with the external field unti l the saturation value is reached. Decreasing the field and 

applying the field in opposite direction results in hysteresis behaviour - dependence 

on previous states. Even though the moments are again being aligned with the 

field, the material exhibits remanent magnetization (remanence) M r in zero applied 

field. A non-zero field of the opposite direction, so called coercive field or coercivity 

Hc, is necessary to reach zero net magnetization. Here, well-behaved bulk material 

was treated for the sake of simplicity. More complex curves can be obtained for 

real materials, samples composed of different magnetic bodies, multilayers, array of 

1 Axial vectors to be precise, there is a sign change with respect to time reversal, so their 
symmetry differ from their electric counterparts [8]. 

2When referring to magnetic we will mean ferromagnetic materials. Diamagnetic, paramagnetic, 
anti-ferromagnetic materials, helical magnets etc. are not of an interest in this work. 

3 V • Ě = ^ and therefore V • H = ^ . 
4 ( V • B = o) A [Ě = v0H + u0m) =• - u 0 V • M = u 0 V • H = pm. 
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B H I n s i d e 

H, 
M 

Fig. 2.1: Magnetic axial vectors characterizing an uniformly magnetized ferromagnetic 
disc with an out-of-plane magnetization - from the left: B, H, M and overall picture 
inside the material. H-field inside the disc acts against the magnetization, hence called 
demagnetizing field H-field emanating from the body, stray field Hs, closes in loops 
as B-field does. Taken from [8], note that vectors are denoted in bold. 

micro/nano structures. Note that only projection of magnetization into the direction 

of the external field is measured. 

Remanent magnetization gives an information on how much magnetization is 

retained after removal of the external field. Coercivity shows how difficult it is to 

reverse or switch the magnetization. Bo th of these characteristics are important for 

magnetic probes for magnetic force microscopy. A n area enclosed by the hysteresis 

loop is related to the energy losses during the magnetization process in the external 

field. Two types of magnetic materials are distinguished: 

hard - high remanence and coercivity, e.g. permanent magnet producing strong 

magnetic field and not so easily influenced by external fields. 

soft - low remanence and coercivity, e.g. core of a transformer requiring very low 

losses during the operation. 

Both hard and soft magnetic materials are used for M F M probes as we wi l l see 

later. 

Magnetic recording media, one of the most important applications of magnetism, 

lies somewhere in between - a reasonable remanent magnetization is required for a 

good signal when reading the data from the medium. Coercivity should be high 

enough so that the medium keeps the stored information, but too high coercivity 

means that high fields have to be applied for writing, which leads to undesired higher 

power consumption. 

2.2 Micromagnetism 

Micromagnetism, sometimes merged with nanomagnetism, is suitable for description 

of magnetism at mesoscopic scale - i.e. micro and nanostructures. It forms basics of 
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Fig. 2.2: Hysteresis curve of a ferromagnet - dependence of the magnetization M (projec­
tion into the direction of the external field) on the applied magnetic field with magnitude 
H. Virgin magnet not spoiled by the external magnetic field exhibits no net magnetization. 
Application of the increasing field gradually turns magnetic moments of the sample into 
the field's direction - magnetization rises, following so called first magnetization (virgin) 
curve. After reaching the saturation value of magnetization Ms, higher field doesn't lead to 
any significant increase. After removing the field, the sample keeps the so called remanent 
magnetization MT. In order to reduce the net magnetization to zero, an external field of 
opposite direction, referred to as a coercive field, has to be applied. 

micromagnetic simulations of nanostructures which wi l l be used in this work. It is a 

continuum theory of magnetism, where magnetization is supposed to be a continuous 

function of a position in space. In addition, it is assumed that the magnetization 

vector has a constant norm for homogeneous materials, thus only the direction of 

magnetization is allowed to change: 

The topic wi l l be covered only briefly without derivations and provision of deeper 

insight. Interested reader is encouraged to consult an excellent book Magnetic Do­

mains [9] and other helpful resources [10, 11]. 

2.2.1 Magnetization dynamics 

Magnetization dynamics, i.e. the evolution of magnetization, is described by the 

Landau-Lifschitz-Gilbert ( L L G ) equation: 

(2.4) 

DM 
7 G M x HeS + -fM x 

DM 
(2.5) 

dt s dt ' 
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The first term stands for Larmor precession of the magnetization around an 

effective magnetic field Hes. = — P o ^ ^ r * s Gilbert gyromagnetic ratio, wi th e 

being elementary charge and me mass of the electron. The Lande g factor has value 

close to two for many ferromagnets [9]. Gyromagnetic ratio links magnetic moment 

fx wi th angular momentum L: ft = 7L. A s we know from mechanics, 4| = T, where 

T stands for torque. Thus all the terms on the right-hand-side of (2.5) can viewed 

as torques 5 multiplied by a constant. 

Because real magnetic systems possess losses, the precessional motion is being 

damped and finally magnetization is oriented (anti)parallel with respect to Hes, as 

expected 6 . This is described by the second term in (2.5) wi th cyq being dimensionless 

empirical (phenomenological) Gilbert damping parameter wi th typical values for real 

material 10~ 3 — 1 0 _ 1 . It describes further unspecified dissipative phenomena such as 

magnon scattering on lattice defects. Vectors and terms acting in the L L G equation 

are depicted in Figure 2.3. 

H, eff 

? d w 

x / 
Y m 

Fig. 2.3: Schematic picture of the dynamics of a magnetization vector (or magnetic mo­
ment) - graphical representation of the LLG equation. Torque T = M x Hes acts on the 
magnetization M in an effective field Heg • This leads to a precession of the magnetization 
around Hes in a direction opposing T, because 7g is negative. Ln case of non-zero damping 
a, a damping torque Td emerges. Lt is related to the second term in the LLG equation. For 
common case of positive a it aligns the magnetization with the effective field. Therefore 
the end point of M goes in a spiral before it reaches final state (angle 9 = 0). Typical 
time-scale for this process is in the order of nanoseconds. Adapted from [8]. 

5Recall that eg. torque acting on a magnetic dipole in external magnetic field is given by 
Te = jlx v0H. 

6Magnetization precessional dynamics can be viewed as analogue with gyroscope in mechanics. 
Even though antiparallel alignment of M with respect to He^ in case of negative «q might be a 
surprise, it has its mechanical analogy as well: special spinning tops having a low lying centre of 
gravity - tippe tops. Some reader may recall the photo in which even Wolfgang Pauli and Niels 
Bohr were fascinated by upside-down flip of the tippe top [8, Fig. 3.18]. 
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It follows from thermodynamics that the effective magnetic field is given by: 

HeS = - - (2.6) 

where E is the total energy of the system under consideration. Particular energy 

contributions wi l l be described in the next section. 

New phenomena in magnetization dynamics such as spin transfer torques [12] or 

Dzyaloshinskii-Moriya interaction [13] can be incorporated into the L L G equation 

(2.5) as additional torques or included in effective magnetic field Hes as new energy 

contributions. 

2.2.2 Energies at play 

There are various contributions to the total energy of a (micro)magnetic system, 

among them the most important are: exchange, Zeeman, magnetostatic and mag-

netocrystalline anisotropy energy. 

Exchange energy 

This contribution results from purely quantum mechanical interaction between spins. 

In case of direct Heisenberg exchange, exchange energy of two spins Si, S2 reads [7]: 

Eex,spm — —Jl^Sl • 5*2. (2-7) 

Here, constant J represents the value of exchange integral and in the case of a 

ferromagnet J > 0. Thus alignment of neighbouring spins in the same direction is 

preferred. In micromagnetism we work wi th continuous magnetization rather than 

wi th spins. Very often magnetization is supposed to be constant in a very small 

volume. Then we can speak of a macrospin. If the magnetization in a ferromagnet 

deviates from uniform one, an energy penalty in the form of an isotropic volume 7 

exchange stiffness energy appears: 

E - = A i f f d v ' ( 2 8 > 
ferromagnet \ / 

where A is exchange stiffness with dimension J / m . A t zero temperature, stil l used in 

many simulations, its value is related to the critical Curie temperature T c : A(T = 

0K)f« keTc/aL, with ke being Boltzmann's constant and ol lattice parameter of 

the ferromagnetic crystal [9]. Typical value is of the order of l O p J / m : 3 1 p J / m for 

cobalt and l O p J / m for permalloy (Ni8oFe2o) [14]. 
7There exist also interface exchange coupling, when two different ferromagnets are in contact. 

This case is far beyond the scope of this work. 
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A s V • M is related to volume magnetic charges, we can see the tendency for 

their minimization. O n the other hand surface charges are present at the ends of an 

uniformly magnetized region. 

Generalized expression states: 

terromagnet ' A i ' 

Fortunately, symmetric tensor A^i reduces to a simple scalar for cubic or isotropic 

materials, thus isotropic stiffness expression (2.8) can be used [9]. 

Zeeman energy 

Zeeman energy stands for an external field energy, This contribution gives an energy 

penalty if the magnetization does not lie in the direction of an external applied field: 

£ z = - p 0 JJJ M-HextdV. (2.10) 
ferromagnet 

Magnetostatic energy 

Magnetostatic (dipolar) energy describes Zeeman-like mutual interactions of mag­

netic moments in a ferromagnet and reads: 

£d = ~ P 0 JJJ M-HddV. (2.11) 
ferromagnet 

Sometimes energy density called dipolar constant Kd = | p 0 M s

2 is used. Whi le 

demagnetizing field Hd has zero curl, it results from a potential: Hd = —V(j)d. 

Using this notation and the concept of magnetic charges, magnetostatic energy can 

be expressed in a slightly different form [9]: 

Ed = p 0 M s JJJ Pra<t>ddV + (g) a m 0 d d S . (2.12) 
\ V dV J 

To minimize Ed, we need to reduce both volume and surface charges, which leads 

to a so called charge avoidance principle. Surface charges can be avoided when the 

magnetization lies parallel to the sample edges, which can lead to a so called flux 

closure as wi l l be shown later. Shape of the sample - integration region - has also 

significant influence on the magnetization configuration. Sometimes we speak about 

shape anisotropy in this case. However, the shape anisotropy is not related to other 

anisotropies like the magnetocrystalline one, which wi l l be cover in the next section. 
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Magneto crystalline anisotropy 

In a crystal not all directions of the magnetization have the same energy. Due 

to crystal-field effects, coupling electron orbitals wi th the lattice, and coupling of 

electron orbitals with spins, some directions (planes) wi th respect to the crystal 

axes are preferred. These are so called easy axes 8 . O n the other hand less favoured 

hard axes exist [11]. Rigorous treatment of magnetocrystalline anisotropy is quite 

complex as well as formulas used for its description, interested reader may consult 

references [5, 9, 14]. Very often volume density of magnetic anisotropy energy is 

given in terms of set of angular functions. Here we wi l l restrict ourselves to simple 

example of uniaxial anisotropy found in hexagonal and orthorhombic crystals: 

e m c , u = Kx s in 2 9 + K2 s in 4 9 + • • •, (2.13) 

where Ki are anisotropy constants wi th dimension J / m 3 and 9 is angle between 

magnetization and the anisotropy axis. Anisotropy constants for higher power terms 

are usually negligible and sometimes only the first term is taken into account. Cobalt 

is a typical represent wi th K1 = 520 k J / m 3 and the c axis of the hexagonal crystal 

being the only easy axis [11]. 

Mercifully, we wi l l be mostly concerned with soft magnetic samples made of 

permalloy which exhibits very low magnetocrystalline anisotropy. Therefore we 

wi l l neglect this term in most of our computations. This brings us back to the 

distinction between soft and hard magnetic materials. A s coercivity is related to 

the magnetocrystalline anisotropy, soft (hard) magnets posses low (high) anisotropy. 

So far we have spoken of undeformed lattice. External stress results in mag-

netoelastic contribution which is sometimes taken as a part of magnetocrystalline 

anisotropy. Local deformation may result from stress generated by the ferromagnetic 

material itself - magnetostriction [14]. These contributions are very often negligible. 

2.2.3 Magnetic domains and domain walls 

Magnetic domains are regions wi th (almost) uniform magnetization within a mag­

netic body. Their creation results from competition of particular energy contri­

butions, mainly exchange, magnetostatic and anisotropy energy. How this combat 

influences magnetization in a spheroidal particle is illustrated in Figure 2.4. Ex ­

change energy favours uniform magnetization, thus only one domain is present -

we speak of a single domain-state. If we add magnetostatic interaction, flux-closure 

pattern appears as a tendency to minimize surface charges by keeping magnetization 

parallel to the particle edges. Anisotropy favours only some directions of the magne­

tization, thus domains separated by boundary, domain wall (DW) , emerge. Domain 

8More generally not only easy axes, but easy planes and surfaces exist. 
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theory is very complex and there is no single and simple origin of domain creation 

for all materials. It rather differs from case to case, depending on anisotropies, shape 

and size of the sample. For sure, magnetostatic energy plays an important role in 

this case [9]. For rigorous treatment and nice pictures of various domains (bam­

boo, bubble, spike, labyrith, saw-tooth, . . . ) consult the excellent book - Magnetic 

domains [9]. 

Fig. 2.4-' Influence of energy contributions on a spheroidal particle. In first particle (from 
the left), only exchange is taken into account, thus uniform magnetization is present. In the 
middle flux-closure pattern results from competition of exchange and magnetostatic energy. 
On the right, particle with a considerable uniaxial anisotropy is split into two domains as 
intermediate directions of the magnetization are unfavourable. Gray line represents the 
the domain boundary - domain wall. Adapted from [14]. 

2.2 A Characteristic lengths in (micro)magnetism 

A s a consequence of competition of different interaction, characteristic quantities 

such as lengths arise. We wi l l mention here only two of them [11]: 

• anisotropy exchange length (Bloch parameter): A a = \p^-. 

• dipolar exchange length (exchange length): A d = \f^~-

A a is more relevant for hard magnetic materials, where exchange and anisotropy 

(with anisotropy constant Ka) compete. This length corresponds to the width of 

a domain wall separating two domains. For soft magnets, it is A d wi th exchange 

and dipolar energy in arena. Their main importance for us w i l l be elucidated in the 

next section, briefly dealing wi th micromagnetic simulations. A a is roughly 1 nm 

for hard magnets and up to several hundreds nanometers for soft magnets. A d lies 

near 10 nm for both types [11]. Therefore we see, that nanoscale is really important 

in magnetism. 

2.2.5 Micromagnetic simulations 

Analyt ica l solutions are available only to l imited amount of rather simple micro-

magnetic problems. Thus, numerical simulations have to be employed for real three-

dimensional problems, where equilibrium magnetic configuration of a magnetic body 

is sought or its dynamics under external field tracked. 
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Like in every numerical computation, discretization of part of the space with our 

magnetic body into small cells plays a key role. There are two main approaches: 

• body composed of cubes (rectangular parallelepipeds) - finite difference (FD) 

method, 

• body composed of tetrahedra - finite element (FE) method. 

In both cases, magnetization in the cell is supposed to be constant. Therefore we 

can say that the cell possesses macrospin. The solution to our problem is obtained 

either by numerical integration of the L L G equation (2.5) or by seeking the minimum 

of the corresponding energy functional (sum of al energy contributions). The former 

can track the magnetization dynamics, the later provides ground state of the sample 

under the investigation. Bo th F D and F E have their virtues and drawbacks. 

Finite difference usually consumes less computer memory, are suitable for rect­

angular shapes and an excellent choice for thin films wi th large surface, where F D 

override F E . Use of identical cubic cells enables faster computation of magnetostatic 

interactions which is commonly the slowest part of the simulation. A s derivations 

are substituted by differences, new terms in the L L G equation are more easily incor­

porated into the F D than into F E . Typica l example of F D solver is O O M M F [15], 

which is used in this work and is further described in section 5.3. 

Finite elements are best for geometries wi th some curvature, angles different 

from 9 0 ° . In these cases very often larger cell might be used compared to F D 

wi th almost no loss in precision. F E is also based on a more rigorous background. 

However, creation of the mesh requires some time. F E is represented for example 

by N M A G or Magpar [16]. We have mentioned above only freely available solvers, 

commercial and home-made codes exist as well. 

Once we have chosen the method, the most important question is a size of the 

cell. The smaller, the more accurate results. O n the other hand: the smaller, the 

more cells and thus computational time and resources are required. In derivation of 

micromagnetism, it is assumed that the magnetization varies only a little (only few 

first terms in Taylor expansion of exchange interaction are taken into account). To 

ensure this, cell size should be smaller than exchange length. In previous section we 

have mention two exchange lengths. A s already mentioned A a should be taken for 

hard and A d for soft magnets. When in doubt, just choose the smallest of these two 

quantities [16]. 

To characterise variation of the magnetization in neighbouring cells, the quan­

ti ty called spin-angle is used. Here 0 ° spin-angle means parallel magnetization in 

neighbouring cells. How big maximum value of spin-angle is stil l acceptable? M . 

J . Donahue, person behind O O M M F solver and other projects, says in email to H . 

Fangohr on 26 March 2002 referring to O O M M F : 

• // the spin angle is approaching 180 degrees, then the results are completely 
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bogus. 

• Over 90 degrees the results are highly questionable. 

• Under 30 degrees the results are probably reliable. 

To conclude, the right cell size is the one wi th low maximum spin-angle, especially for 

simulation of large objects. More information can be found for example in manuals 

of above mentioned solvers [15, 16], which were the main sources of information in 

this section. 

It is necessary to note that atomistic treatment of nanomagnetism, usually based 

on multiscale models, exists as well. Open-source software for atomistic simulations 

taking some aspects from micromagnetism, V A M P I R E , is being developed. It en­

ables atomistic treatment of magnetic nanostructures in a reasonable time [17]. 

2.3 Magnetization patterns in low dimensions 

Bulk material comprises a high number of complex domains, whereas very small 

nanoparticles are in a single domain state. Between these two extrema, mesoscopic 

scale provides small number of simple domains, which are good objects for studies. 

Examples of the magnetic configuration at different scales are depicted in Figure 2.5. 

In this section we wi l l give some information on magnetic configurations that 

might be found (not only) at nanoscale. Some of these - vortices, domain walls in 

nanowires and various magnetization patterns in soft magnetic thin-film elements 

wi l l be subject to M F M measurement and simulations as we wi l l see in the following 

chapters. Other interesting structures exist - artificial spin-ices [18] and magnetic 

skyrmions [19]. 

2.3.1 Magnetic vortices 

Magnetic vortices can be found in thin discs, prisms and even less regular shapes, 

depending on the geometry and the material. Smaller objects tend to be in single do­

main state and larger ones approach multi-domain state. In prisms, e.g. diesquares, 

90° domain walls appear and so called Landau pattern is formed as shown in F ig ­

ure 2.7. 

Closed magnetic flux of the vortex minimizes the demagnetization energy. O n 

the other hand, there is a penalty in higher exchange energy which causes the mag­

netization to point out-of-plane in the centre. Aside from flux closure, described 

by circulation (clockwise, anti-clockwise), vortex possesses a core with out-of-plane 

magnetization, denoted by polarity (up, down). These two degrees of freedom -

circulation and polarity - are independent. A s a consequence, four states with the 

same energy exist as illustrated in Figure 2.6. Nowadays, data are encoded in binary 
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Fig. 2.5: Magnetic force microscopy images of magnetic structures at different length-
scales. On the left: rather complex domain structure in a (1000) surface of a bulk cobalt 
sample [9]. In the middle: magnetic vortices in permalloy discs [20]. Finally on the right: 
array of uniformly magnetized dots (up or down magnetization), imaged by N. Rougemaille 
and I. Chioar at Institut Neel. Dark and bright regions corresponds to areas with opposite 
magnetization. Note, that bright areas around discs in the middle picture come from image 
processing and that bright dots, not including the central ones, are impurities or topography 
defects as will be discussed later on. 

system (0, 1), here four states might be exploited. Random number generator based 

on magnetic vortices is under consideration as well [21]. 

Fig. 2.6: Four remanent states of a magnetic vortex. The vortex is described by circulation, 
clock-wise or anticlockwise flux-closure of the magnetization, and up or down polarity of 
the core in the centre. Image courtesy of Michal Urbánek. 

2.3.2 Domain walls in nanostrips 

In nanostrips, usually prepared by lithography from thin films, magnetization tends 

to be in-plane. In this case two types of DWs can be observed - transverse and 

vortex. If high perpendicular magnetic anisotropy [22] is present, e.g. in very thin 

(multi)layers - less than few nanometers thick, out-of-plane magnetization can be 
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i<%. 2.7: Magnetic vortex in a diesquare with four domain walls (diagonals of the square). 
As in case of the disc, four states with different combination of circulation and polarity 
exist. Black arrows depict in-plane magnetization and red dot in the centre represents 
the core with out-of-plane magnetization. Edited simulation from micromagnetic solver 
OOMMF (will be described later in section 5.3). 

present wi th Bloch and Neel walls. Domain walls in nanostrips are schematically 

shown in Figure 2.8. 

2.3.3 Domain walls in nanowires 

In nanowires (NWs) both wi th circular and square cross-section, magnetization tends 

to point out along nanowire axis, due to the shape anisotropy. Two types of domain 

walls have been predicted by simulations [24, 25] and recently identified by X-ray 

related techniques [23, 26] and by M F M at Institut Neel. Nanowires wi th diameters 

smaller than several dipolar exchange lengths contain transverse wall [TW, depicted 

in Figure 2.9(a)] similar to vortex and transverse walls in nanostrips [26], whereas 

large-diameter-nanowires bear so called Bloch point wall [ B P W , demonstrated in the 

centre of Figure 2.9(b)] sometimes confusingly referred to as vortex wall - e.g. [27]. 

B P W name originates in Bloch point in its centre where magnetization vanishes. 

Al though magnetization configuration of B P W may somewhat resemble vortices 

found in discs and diesquares, B P W possesses no core wi th out-of-plane magneti­

zation, the magnetization vanishes in the centre instead. Bo th types of D W should 

have the same high D W propagation speed (> l k m / s ) under an external magnetic 

field necessary for spintronic devices like the race-track memory [28]. 
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(a) 

(c) 

(b) 

(d) 

Fig. 2.8: Domain walls in nanostrips. (a)-(b) Strips with in-plane magnetization with 
domain walls of type (a) transverse and (b) vortex, (c)-(d) Strips with out-of-plane mag­
netization with DWs of type (c) Bloch and (d) Neel. Arrows depict local magnetization, 
domain wall region is highlighted with blue color. [23] 

Fig. 2.9: Domain walls in nanowires: (a) transverse wall found in small-diameter 
nanowires and (b) Bloch point wall in thicker ones, sometimes called confusingly vor­
tex wall. Magnetization vanishes in the centre of the BPW - here denoted with a small 
blue dot (the Bloch point is considered an OD object). Taken from [26]. 
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2.3.4 Domain walls in nanotubes 

Similarly to nanowires the magnetization lies along the tube axis and two types of 

DWs have been predicted [29]: transverse and vortex wall (analogue of the B P W in 

nanowire, without the Bloch point due to the missing material in the centre). They 

have not been observed experimentally so far. Like in the nanowire case, D W in 

nanotubes should have high mobility, this implies potential use in spintronics. 

Fig. 2.10: Domain walls in ferromagnetic nanotubes: (T) transverse and (V) vortex wall, 
arrows depict the direction of magnetization [30]. 

2.3.5 Patterned permalloy thin films 

Small dots and strips have already been covered above. Here we wi l l focus on 

rectangular-shaped thin film elements, which are being prepared in most cases by 

Electron Beam Lithography ( E B L ) and thin film deposition. These structures were 

used for measurement in this work including test of prepared M F M probes. 

Depending on the shape, size (thickness) and magnetic history of the sample, dif­

ferent magnetic configurations are favoured. Maps of magnetic charges for the com­

mon states are given in Figure 2.11, these images are close to the M F M measurement. 

Various states are demonstrated on an element wi th dimensions 2 p m x 1 p m x 2 0 nm. 

According to simulations by Rave and Hubert [31], the ground states is the diamond 

one. However energy of Landau pattern and single cross-tie is only a little bit higher 

than in case of the diamond. The situation might change for different dimensions. 

The diamond state and other ones resembling vortices are found usually in struc­

tures with a lower planar aspect ratio. O n the other hand, C and S states seem 

to be preferred for elongated rectangles [32]. Note that previously applied external 

field may favour C and S states even for low aspect ratio structures. 

For another images of thin-film elements see section 3.4.2 and Figure 3.9 in 

particular. 

23 



Flower C-state 

\ Us 
S-state Landau pattern 

Diamond Tulip 

Single cross-tie Double cross-tie 

Fig. 2.11: Various magnetic configurations found in soft magnetic permalloy rectangles 
depicted as maps of magnetic charges, which resemble images acquired by MFM. Sim­
ilar structures can be found for different aspect ratios. Here, element with dimensions 
2]imx 1 pmx 20nm favours diamond state. But other states such as Landau pattern and 
cross-tie have only slightly higher energy. Taken from [31]. 
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3 MAGNETIC FORCE MICROSCOPY 
Soon after the invention of Atomic Force Microscope ( A F M ) [3], M a r t i n and Wick-

ramasinghe [2] introduced magnetic imaging by 'force microscopy'. Their invention 

was followed by further observation by Saenz et al. [33]. Since these times, when 

etched ferromagnetic wires served as magnetic probes, the technique has evolved and 

nowadays it belongs to the standard imaging techniques of magnetic nanostructures. 

Two main milestones can be recognized: use of batch fabricated probes based on 

A F M cantilevers coated wi th thin magnetic film [34]; introduction of lift mode [35] 

for separation of topography and magnetic contributions. The lateral resolution has 

been improved from init ial 100 n m to 10 nm [4] due to more sensitive detection and 

use of enhanced probes. Two main challenges remain: pushing the resolution be­

low 10 nm and observation of soft magnets, which are very often influenced by the 

magnetic probe. 

A s M F M is based on A F M (in a simplified view: M F M = A F M + m a g n e t i c probe) 

we wi l l start this chapter wi th a brief treatment of atomic force microscopy. We wi l l 

follow wi th the theory of M F M imaging, where we wi l l see that the interpretation 

of M F M images is not always straightforward and sometimes simulations are nec­

essary to facilitate the analysis. Further, some examples of application of M F M to 

measurement of soft magnetic structures wi l l be shown. Finally, main parameters 

influencing an M F M image wi l l be covered. M F M probes wi l l be discussed in the 

next chapter. 

3.1 Atomic Force Microscopy 

Atomic force microscopy relies on measurement of force acting between a sample 

and a very sharp tip - atomically sharp in ideal case. The tip is mounted on a 

mechanical lever built in a larger chip, thus referred to as a cantilever (illustrated 

in Figure 3.1; see also Figures 5.3 and 5.4). The radius of curvature of the t ip apex 

(further on only t ip radius) is usually below 10 nm. Bo th cantilever wi th the tip and 

the chip are very often from Si or S i3N 4 . For further applications, the t ip may be 

coated with layers such as magnetic or conductive. 

A simplified scheme of A F M is given in Figure 3.2. The sample is being scanned 

wi th the tip and the force is deduced from corresponding deflection of the cantilever. 

Very often a piezoelectric element, tube, is used for scanning, where voltage applied 

to the element leads to its deformation. If several electrode pairs are attached to 

the tube, setting appropriate voltages results in displacement of the element. For 

reliable operation of the A F M , calibrated scanner (non-linearity, hysteresis etc.) is 

required. Two designs exist - scanning by the sample or wi th the tip. The later one 
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(a) (b) 

Fig. 3.1: AFM probe, (a) chip bearing a cantilever and (b) cantilever with a tip. Taken 
from [36]. 

enables scanning of larger samples, but depending on a particular construction can 

lead to easier damage of the piezoelement during mounting of the A F M probe. 

Fig. 3.2: Scheme of AFM imaging. Adapted from [37]. 

The deflection of the cantilever may be very small, for example several nanome­

ters. In order to visualize such a small variation, optical detection is very often 

employed. A laser beam is aimed on the back side of the cantilever and is reflected 

towards segmented (four-quadrant) photodiode. The optical path is much longer 

than the deflection, thus enabling visualisation of small changes in the cantilever 

position. Segmented photodiode allows detection of both the vertical and the lat­

eral displacement of the cantilever (torsion). 

For stable operation and good resolution (especially for the atomic one), protec­

tion against temperature variation, acoustic vibrations, airflow and other possible 

interference should be ensured. 

So far, we were describing the so called contact or static mode, when the tip 

almost touches the sample and feels repulsive forces. This regime is no longer used 

in M F M , dynamic modes are employed instead. In the dynamic mode, the can­

tilever is forced to oscillate near its resonance frequency. The excitation is done 
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by a piezo-drive-element placed under the chip wi th the cantilever. The dynamic 

imaging modes, non-contact and intermittent (tapping), and the contact mode are 

distinguished according to the tip-sample distance and forces which prevail at these 

distances as depicted in Figure 3.3. The interaction between atoms of the sample and 

of the t ip is often approximated by the Lennard-Jones 12-6 potential (non-retarded 

model) [38], which involves the attractive van der Waals interaction (vdW, elec­

trostatic interaction between induced dipoles) and shorter-range repulsive quantum 

mechanical interaction. 

Attractive force 

Fig. 3.3: AFM imaging regimes depending of the nature of forces a thus tip-to-sample 
distance. 

The interaction wi th the sample leads to the change of cantilever oscillation - both 

amplitude and phase. Al though in general the cantilever oscillation is anharmonic 

(especially in the tapping mode), here we wi l l be concerned wi th small amplitudes 

of oscillation and harmonic approximation wi l l be used through out this work. 

The v d W forces, giving the topography signal, are not the only ones at play. In 

air, both the sample and the tip are covered wi th adsorbed water molecules leading to 

capillary attraction. Another interaction which comes to play is the electrostatic one 

which is exploited in Electric Force Microscopy and Ke lv in Probe Force Microscopy 

(sensing potential of the sample surface wi th a conductive tip). Last but not least, 

magnetic forces act between magnetic sample and a tip covered wi th magnetic layer. 

This interaction is of a major interest in this work. 

In general, the cantilever motion is damped, especially in the air. The influence 

of the damping is prominent in the dynamic mode. It can be significantly reduced 

when performing the measurement under vacuum, which also leads to an improved 

sensitivity of the probe. Aside from the damping in the air there might be additional 

contributions to damping from adsorbed layers on the sample and variable local 
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mechanic and magnetic dissipation [38]. The last two can provide some information 

on the sample. A n example of a technique making use of the magnetic dissipation 

when scanning for example across domain walls is the Magnetic dissipation force 

microscopy. We may describe the damping in terms of the so called quality factor: 

Q = ^ 5 * . (3.1) 
-Moss 

This is just ratio of mechanical energy stored in the cantilever and the power 

dissipated during one period of oscillation T=2n/u, wi th u being angular frequency 

of oscillation. The higher Q, the less damping - enhanced sensitivity. 

A F M electronics is controlled via computer and many task can be automated. 

The system also involves a feedback loop. When the feedback loop is turned on, 

it keeps constant deflection or oscillation amplitude of the cantilever by adjusting 

tip-sample distance. 

Dominant interaction of the probe wi th the sample depends on the tip-sample 

separation as illustrated in Figure 3.4. Magnetic forces are long-range, thus in 

order to sense mainly the magnetic contribution, the tip-sample distance should 

be at least 10 nm. In practise, for the separation of topography and long-ranged 

magnetic contribution, so called lift mode is employed. The tapping/lift mode wi l l 

be described in section 3.3. 

quantum mechanical forces 

^ capillary attraction 
< • 

van der Waals forces 
A • 

electric and magnetic forces 
A • 

1 1 1 1 1 • 
X A 1 n m 10 nm 100 nm 1 ]xm 

tip sample distance 

Fig. 3.4-' Forces acting on a magnetic tip and tip-sample distances where they prevail. 
Adapted from [38]. 

To conclude, the most common scheme involves sensing the force or its gradients 

wi th fiexural deflection in the contact mode or change in resonance of the cantilever 

in the dynamic mode. The probe can sense also lateral force acting on the lever. 

In addition to the fiexural resonance, torsional resonance of the cantilever can be 

exploited for lateral forces imaging. The torsion is excited by two piezo-elements 

which are excited out-of-phase. 

More about A F M can be found in a very nice book by Eaton and West [39]. 
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3.2 Theory of M F M imaging 
Magnetic Force Microscopy imaging is based on the interaction of a magnetic sample 

wi th a magnetic probe. The most common probes used in these days are the A F M 

cantilevers wi th a magnetic layer on the tip. The tip-sample interaction leads to 

cantilever deflection in the static mode or change in the cantilever oscillation in the 

dynamic mode. Even in dynamic mode, oscillation frequency of the cantilever (kHz-

M H z , in our case usually ~ 70 kHz) is much lower than the Larmour frequency (GHz) 

corresponding to the spin or magnetization precession around external magnetic 

field. In other words, magnetization dynamics takes place at the nanosecond-time-

scale so we can suppose that for every tip position (cantilever deflection) the system 

configuration is in equilibrium. Energy of the system, cantilever mechanical energy 

is not covered, reads: 

E = Eint + -Egample + Etip. (3.2) 
—* 

Eint is the Zeeman energy - energy of the sample (with magnetization M s a m p i e ) 

in the stray field of the t ip (i?ti P) or vice versa: 

-Eint = - P 0 J \ \ Mtip • HsampledV = - p 0 J Msampie • HtipdV. (3.3) 
tip sample 

For a constant tip magnetization, which is close to the measurement wi th hard 

magnetic t ip magnetized along its axis, equation (3.3) can be replaced, using dipole 

approximation of the tip [40], by: 

Ez = —fitip • Po-^sample, (3.4) 

i.e. by the energy of a magnetic dipole (2tip in stray field of the sample. Because 

opposite magnetic charges of the tip dipole are located far away from each other, 

even the monopole approximation of the tip [40] is sometimes used. 

Both sample (Esampie) and tip (EtiP) energy related to their magnetic states may 

be described in terms of magnetostatic, exchange and anisotropy energies. Other 

terms, such as the magnetoelastic energy and the magnetostriction, can be taken 

into account, but they often play only a minor role. 

What we measure is not the energy but the force 1 : 

F = -VE. (3.5) 

In general, both the analytical and the numerical evaluation of the force (or its 

derivatives in the dynamic mode) is at least difficult if not impossible. Ful ly 3D 

l rTo be accurate: we measure cantilever deflection or change of its oscillation amplitude, but 
force can be deduced if the cantilever stiffness is known. 
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micromagnetic simulations may shed some light on the problem. Very often hard 

magnetic (CoCr) tips are employed. If magnetized properly along the tip axis (z 

direction), their magnetization is well defined and constant 2 . Being interested in 

derivatives of the energy, we can drop the constant term Etip. 

Situation when both the sample and the tip magnetic configuration may change 

is in most cases so far strongly undesired. It can be avoided by adjusting imaging 

parameters, mainly by increasing the tip-sample distance but at the expense of a 

weaker signal and deteriorated resolution. 

Commonly it is assumed that both the tip and the sample magnetization do 

not change during the measurement. In this rigid magnetization approximation 

we may drop both the tip and the sample energy which are constant and their 

spatial derivatives vanish. We are left wi th the sole interaction energy Eint. If the 

magnetization chaner result of the mutual tip-sample interaction, we speak of 

a perturbation. This might be the case of a soft magnetic sample probed by a hard 

magnetic tip with a high magnetic moment. 

3.2.1 Alternative description - magnetic charges 

Hubert et al. [41] showed that E-mt may have an alternative and for someone more 

intuitive form comprising the magnetic volume (p m ) , the surface charges (<rm) of the 

sample and a magnetic scalar potential (0) of the tip. This form can be derived when 

inserting 3 Ht[P = —V0tiP into the second version of equation (3.3) and integrating 

by parts over sample's volume/surface [41]: 

-E-int — J J J Pm,sample0tipdV + (JJ) O"miSample0tipd5'. (3.6) 
V s 

Volume and surface charges have been already defined in section 2.1 by (2.2) and 

(2-3). 

According to the nature and strength of tip-sample interactions we can divide 

contrast phenomena in M F M into these groups [41]: 

• Charge contrast 

• Susceptibility contrast 

• Hysteresis contrast 

2Excluding measurement in a high and/or variable external field. 
3In case of no conduction currents in the region of interest, field can be described in analogy 

with the electrostatics as negative gradient of a scalar potential. 
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Charge contrast 

The interaction is weak and neither the sample is modified by the probe nor the probe 

by the sample. In this case the image gives information about original magnetic 

charges of the sample. Experimentally this can be achieved wi th hard magnetic 

t ip of low magnetic moment and large tip-sample distances. The interaction is 

considered negligible if images taken with the t ip magnetized in opposite directions 

gives opposite contrast, but no other differences are present [9]. 

Susceptibility contrast 

Magnetic charges can be induced by mutual tip-sample interaction. Often the hard 

magnet influences the softer one. This contrast is reversible and it is very often 

demonstrated by overall attraction between sample and the probe. Reversibility 

might be checked again from average of images with opposite polarity probes. Dif­

ference of these images very often gives original charge map of the sample [9]. 

Hysteresis contrast 

Strong mutual interaction may lead to irreversible changes, then we speak about hys­

teresis contrast. Such a strong influence should be avoided as it leads to completely 

distorted images and artefacts. Thus this corresponds to strong perturbation. 

To conclude, in case of no perturbation, M F M maps magnetic charges of the 

sample. 

In static mode we observe deflection of a cantilever carrying a magnetic t ip. Here, 

only the deflection caused by the magnetic force is taken into account. In general 

case, v d W forces contribute to the deflection as well, however we usually try to 

minimize their influence by increasing the tip-sample separation. The magnetic 

force acting on the cantilever is under the assumption of rigid magnetization given 

t ip 

The tip magnetization usually lies along the tip axis (z direction) and we detect 

cantilever deflection A (shown in Figure 3.5) in z direction as well: 

3.2.2 Static (DC) mode 

by: 

(3.7) 

t ip 

31 



where k is flexural stiffness (force constant) of the cantilever. In dipole approxima­

tion of the tip: 

A = ^ oc U i p • ^ f ^ . (3.9) 
k k oz 

Thus the signal increases wi th lower force constant constant of the lever and 

higher magnetic moment of the tip (either bigger magnetic volume or Ms). Due to 

the reciprocity theorem, bigger magnetic moment of the sample enhances the signal 

strength. Last but not least, smaller tip-sample distance leads to better signal owing 

to larger stray field and its spatial derivatives. In general large signal means also con­

siderable mutual interaction and thus potential perturbation, therefore compromise 

between signal strength and unwanted interaction has to be found. 

Not well magnetized tip - ie. t ip magnetization deviating from z direction leads 

to lower signal or sensing also different component of stray field (derivatives) which 

may aggravate the image interpretation. However, this is not always a drawback, 

because demagnetized tips reduce perturbations of the sample. 

The cantilever senses lateral forces as well, but due to its geometry, the torsion 

sensitivity is lower, thus mainly Fz deflects the lever. 

The minimum detectable force in D C regime for common stiffness of l N / m an 

at room temperature IS ~ 1 0 " n N . 

Fig. 3.5: Schematic picture of a deflected cantilever. 

3.2.3 Dynamic (AC) mode 

In the dynamic mode, cantilever wi th stiffness k and quality factor Q is forced to 

oscillate near its resonance frequency - wi th driving frequency ud and amplitude Ad. 

Force gradients lead to change in effective stiffness and thus resonant frequency oor 

of the probe. Ampli tude A and phase 0 are affected as well. This is schematically 

shown for phase in Figure 3.6. In harmonic approximation, A and 0 read: 

A = Ad f (3.10) 
V K - W d ) +(uTud/Q) 

0 = arctan I ^ — ^ I. (3.11) 
W K 2 - ^ d ) / 

New resonant frequency uT is related to its free oscillation value uq by: 
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Fig. 3.6: Phase shift (in the harmonic approximation) as a result of force gradient acting 
on an oscillating cantilever. 

* = u ° r - k - t e " u ° { 1 - ň - t e ) -  ( 3 ' 1 2 )  

The expansion of the square root to the first order is justified by small relative 

frequency shifts (~ 10~ 4) and thus is much smaller than 1. In experiment 

frequency shift is of the order of few Hz, whereas the resonant frequency around 

100 kHz. 

The phase and frequency shifts are very often detected instead of changes in 

amplitude. They provide better better acquisition speed and sensitivity as we can 

detect very small frequency shifts. In some cases frequency detection is preferred to 

phase as it does not depend on Q - confer (3.11) and (3.12). The reason is that Q is 

not constant, but varies, wi th z in particular [42]. For frequency shift detection we 

need additional feed back loop keeping the phase constant - so called Phase Lock 

Loop ( P L L ) [43]. 

Min ima l detectable force gradient is below 1 0 _ 6 N / m . If F/z 

and z = 10 nm, just for the sake of simplicity and comparison wi th D C , we arrive 

at force detection limit of 1 0 _ 1 4 N . This is much better than D C case wi th 1 0 - 1 1 N . 

That is why the dynamic M F M is preferred. 

3.2.4 Perturbations 

We can distinguish reversible and irreversible perturbations depending on whether or 

not the sample recovers its ini t ial state once the tip stray field is removed. Examples 

of the reversible ones are domain wall distortion [44, 45] and stretching or shrinking 

of closure domains [46]. Irreversible perturbations are represented by probe-induced 

switching [47, 48] (under external field) or transformation of single domains into 

flux closure states [49]. Examples of perturbations found during the measurements 

in this work wi l l be shown in Figures 6.17 and 6.21. 
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Although high tip-sample interaction is usually unwanted, it can be exploited 

for local magnetization switching as was demonstrated in [50, 51]. 

To unravel possible artefacts not only back and forward scan should be compared, 

but different scan directions should be used as well [51] (left-right, bo t tom-up , . . . ) . 

Sometimes even different types of probes are needed. 

3.3 Imaging modes 

M F M imaging is mostly performed in the dynamic mode and many pass techniques 

are used - same line is scanned at least two times. More than one scan is motivated 

by the need for separation of signals coming from the topography, the electrostatic 

and magnetic interaction. Different parameters might be set for each pass and 

various signals might be acquired. Aside from classical two pass tapping/lift mode 

technique, other imaging modes exist: 

• Switching magnetization M F M [52, 53], 

. Bimodal M F M [54], 

• Torsional resonance M F M [55, 56], 

• Magnetic dissipation force microscopy [57, 58, 59], 

• Magnetic exchange force microscopy [60, 61]. 

Both switching magnetization and torsional resonance M F M should be suitable for 

imaging of soft magnets, although no explicit mention of this use has been found. 

Both bimodal M F M and magnetic dissipation force microscopy have been employed 

for characterization of soft magnets. Magnetic exchange force microscopy is rather 

a curiosity than viable imaging technique. It is listed here to show that magnetic 

interactions can be probed even at atomic scale. In this case short-range quantum 

mechanical exchange is probed instead of long-range magnetic forces. 

Common color coding of the M F M images is as follows: 

• dark: attractive force, lower phase, lower frequency, 

• bright: repulsive force, higher phase, higher frequency. 

No matter what particular technique is used, there are (general) improvements 

which can enhance almost any of mentioned techniques: 

• cantilevers wi th good mechanical properties= high Q . 

• imaging under vacuum - noise reduction, higher Q [62], 

• low temperature (lower thermal noise) and tuning fork (improved sensitiv-

ity) [63], 

• Phase Lock Loop - frequency modulation [43]. 
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Two pass technique - tapping/lift mode 

So called tapping/lift mode, introduced by Digi ta l Instruments [35], is the most 

commonly employed technique for M F M imaging. It consist of two steps (passes) 

as is depicted in Figure 3.7. First 'topography' is acquired in the tapping mode 

- t ip stays in the close proximity of the sample, therefore short-range v d W force 

responsible for topography prevails. Then the same line is scanned again and the 

tip copies the topography at same elevated distance - lift, thus keeping the tip-sample 

distance almost constant. Lift at least 10 nm are often required for predomination 

of magnetic interaction. Note that even negative lift heights are possible and used 

together wi th lower amplitude of cantilever oscillation during the second pass (often 

reduced to one half). Commonly change in amplitude of oscillation is used in the 

first pass for the topography acquisition, while phase or frequency shift is employed 

in the second one, which provides a map of magnetic charges. 

Fig. 3.7: Tapping/lift mode - two pass technique for separation of topography and magnetic 
interaction. First pass in tapping provides mainly topography, whereas the second one, 
performed at elevated height and copying the topography, gives signal of magnetic origin. 
Note that all possible contributions are present in measured signal during both passes. 
However, they are of different magnitude. 

Three-pass technique 

In fact, the tapping/lift mode provides not only the magnetic contribution, but the 

electrostatic as well, because both magnetic and electrostatic forces are dominating 

at larger distances. Whenever the tip and the sample work functions are different 

the electrostatic contribution arises. However, it can be suppressed by biasing the 

sample (tip). Single bias is adequate in case of homogeneous sample. Else K e l v i n 

Probe Force Microscopy ( K P F M ) has to be used in order to determine corresponding 

electric potential. Thus, the three pass technique involves acquisition of: 

1. Topography, 

2. Surface electrical potential - corrected for topography, 

3. Magnetic Force Microscopy - corrected both for topography and electrostatic 

interaction. 

35 



The description of the technique can be found in N T - M D T catalogue [64] and 

later in the article by Jaafar et al. [65]. 

3.4 M F M images of soft magnetic nanostructures 

Numerous M F M observations of soft magnets have been reported, we wi l l show just 

only several of them. Most of the samples are from permalloy - Ni§oFe2o (further on 

only NiFe, but note that the composition may vary slightly). Considerable progress 

in imaging was reached wi th observations of the cores of magnetic vortices by Shinjo 

et al. [20] in 2000. Other observations involve nanodots, patterned thin-film elements 

and artificial spin-ices. Some challenges remain, particularly imaging of domain walls 

in I D nanostructures, nanowires and nanotubes, and magnetic skyrmions. 

3.4.1 Magnetic vortices 

First observations of the cores of magnetic vortices in permalloy discs were provided 

by Raabe et al. [66] and even better one by Shinjo et al. [20]. Since that year other 

M F M measurements have been reported such as behaviour in external field [67], 

vortices in triangular dots [68] (displayed in Figure 3.8) and asymetrie discs [69]. 

Nice images of vortices both in discs and squares wi th good explanation supported 

by simulations were given by Garc ía -Mar t ín et al. [49]. 

* £ * * >. 
#̂  jr* i 
< < > * t > * . 

Fig. 3.8: Magnetic vortices in triangular elements. Left: AFM image of an array of 
triangular elements. Right: corresponding MFM image. Dots and arrows indicate core 
polarity and circulation of vortices in these elements. Taken from [68]. 
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3.4.2 Permalloy thin-film elements 

Special case of magnetic vortices in discs has already been shown above, here we wi l l 

focus on different shapes, although ellipses are involved as well. Gomez et al. [47] 

imaged permalloy rectangles with different planar aspect ratio, this is demonstrated 

in Figure 3.9. Most elements on the diagonal show magnetic vortex and four domain 

closure pattern. The biggest square has complex multi-domain structure. Other 

states such as seven domain closure pattern and (near) single domain structure etc. 

Fig. 3.9: MFM image of array of NiFe islands (height 26 nm) at remanence after applying 
external magnetic field corresponding to 15mT (direction indicated by arrow). Dimensions 
are marked at the borders. Inset shows different states obtained for 5 u m x i u m rectangles 
(from top) and ^ p m x ^ p m square at the bottom. Taken from [47]. 

L i o u et al. [70] and Felton and coworkers [71] focused on arrays of permal­

loy ellipses, this is illustrated in Figure 3.10. Garcia et al. [48] studied mag­

netization switching of small permalloy rectangles under applied field (see F ig ­

ure 3.11). Another M F M measurement of soft magnetic thin-film elements were 

reported in [49, 72, 73, 74]. 

3.4.3 Magnetic nanowires 

M F M has been mostly employed for imaging of hard magnetic nanowires - especially 

from Co prepared by electrodeposition technique [75, 76]. The only found mention of 

M F M of soft magnetic nanowires is from Wang et al. [77] in 2009 who studied reversal 

of Fe nanowire wi th 60 nm in diameter. T i p coated wi th FePt layer exhibiting 

very high coercivity was used for imaging in external magnetic field. Results are 

shown in Figure 3.12. Only magnetic charges at the ends of the wire were imaged. 
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Fig. 3.10: An array of permalloy ellipses (thickness 30 nm) imaged by MFM. Taken 
from [70]. 

Fig. 3.11: Switching of a 2]imxl]imxl6nm permalloy element observed by MFM. After 
saturation in one direction, increasing field of opposite direction is applied. Magnetic 
configuration of the element is transformed from initial S-state to deformed flux-closure 
diamond state and finally ends in C-state, another near single state configuration, now 
with magnetization mainly in the direction of the applied field. Adapted from [48]. 
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Although some other contrast is seen along the wire, author attributes it to defects 

and roughness. 

Fig. 3.12: Magnetization reversal in a Fe nanowire. MFM images show one end of the 
wire with surface charge of the magnetic dipole under different magnitudes of external 
field (converted to SI and shown as V-qH). Other contrast along the nanowire is attributed 
to roughness and defects. Nothing happens till 86mT; but slight increase in the field 
magnitude leads to magnetization reversal depicted by opposite contrast at the end of the 
wire. Adapted from [77]. 

Thus, to the best of our knowledge, the first images of domain walls in soft 

magnetic nanowires have been acquired at Institut Neel by the group of Olivier 

Fruchart, where the author spent his Erasmus research internship. Images acquired 

by the author wi l l be demonstrated in section 6.3. 

3.4.4 Miscellaneous 

Sato and coworkers [74] explored cross and Y-shaped permalloy structures (illus­

trated in Figure 3.13). If the elements are close to each other, their mutual interac­

tion leads to long-range arrangement of the magnetic dipoles. Nice example of single 

domain elements which form an array of the so called frustrated magnets (artificial 

spin-ices) is illustrated in Figure 3.14. 

3.5 What influences M F M image? 

There are lot of parameters in play which influence the resulting M F M image, mainly 

in terms of signal strength, resolution and possible perturbation of the magnetic 

structure with respect to its original state. The major ones are the magnetic probe, 

lift height in the tapping/lift mode and last but not least reliable microscope wi th 

good sensitivity. Here we wi l l provide a list (summary) of parameters and short 

description of their impact on the imaging. Several of them were already mentioned 

and another ones wi l l be further discussed in the following sections. 
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Fig. 3.13: Permalloy Y-shaped elements, (a) SEM micrograph of an array of Y-elements 
arranged in a honeycomb pattern, (b) Corresponding MFM image, (c) MFM image of a 
single element which is far away from the others and one of its arms displays flux-closure 
state. Adapted from [74]. 
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Example of interacting frustrated nanomagnets. Left: scheme of array of ele­
ments with their magnetization depicted by arrows. Right: corresponding MFM image of 
the array. Adapted from [18]. 
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Sample 

The sample plays a significant role in the imaging. For sure, the signal from thick 

hard magnet layer is higher then from a domain wall in a soft magnetic nanowire 

wi th a diameter of 50 nm. A n inappropriate tip-sample combination may lead to 

artefacts and/or distortion of the imaged magnetic configuration. Care should be 

taken when imaging a hard magnet wi th a soft t ip and vice-versa. Even though 

the tapping/lift mode technique enables imaging of quite rough surfaces, the flat 

samples are easier to image and interpret. 

Magnetic probe 

Magnetic probe - cantilever bearing sharp magnetic t ip - is the key for good imaging 

and wi l l be covered in the next chapter and parameters particularly in section 4.1. 

For obtaining nice images, magnetic coating and its thickness should be tailored to 

a particular sample. Generally sharp tips with a low magnetic moment give better 

resolution, but a slightly lower signal. 

Microscope and imaging parameters 

It is not surprising that the microscope itself determines the quality of acquired 

images. The microscope should be well calibrated and in a good overall state. It 

should not contain magnetic parts in the vicinity of the sample, which may influence 

the measurement. When performing the measurement in an external magnetic field, 

no magnetic parts at all shall be present. High sensitivity and available imaging 

modes are of importance as well. Nowadays, almost all A F M s enable the tapping/lift 

mode wi th possibility of setting independent parameters for both scans - mainly the 

amplitude of the cantilever oscillation. 

Hi t t ing the sample surface during the tip approach (crash-landing) should be 

avoided, especially for super-sharp tips which are more susceptible to damage and 

complete destruction. Therefore slower, finer approach should be performed. 

A n appropriate choice of the driving (excitation) frequency is necessary for the 

imaging. The frequency is commonly selected close to the ini t ial resonant frequency 

of the probe when it is far from the sample. In the air and for the flexural oscillation, 

finding the peak is easy and very often automated. Complication arises in liquids 

or in case of higher harmonics or torsional oscillations. 

The most important imaging parameter is the tip-sample distance, which is given 

by the lift height and the oscillation amplitude. The lower the is the distance, the 

higher is the signal and the better is the resolution. The resolution depends mainly 
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on the probe, further on scan size, number of points in the image, scan speed, scanner 

non-linearity correction, etc. 

3.6 Comparison with other magnetic imaging tech­
niques 

M a i n virtues and drawback of M F M are summarized below: 

+ good (medium) resolution: 15 nm (some claims for 10 nm resolution exist [78]), 

+ measurement in various environments (vacuum, magnetic field, low temperatures, 

liquids), 

+ no special sample preparation required, 

+ observation of large and rough samples, 

+ moderate (lower) cost compared to other magnetic imaging techniques, 

- not so easy data interpretation, especially data quantification requires simulations, 

- possible influence of the sample during measurement (tip dependent), 

- slow (acquisition typically several minutes+). 

Table 3.1 shows how M F M stands in comparison with other imaging techniques. 

Their description can be found in [79], here only very short summary wi l l be 

given. Spin-Polarized Scanning Tunnelling Microscopy ( S P - S T M ) is based on spin-

dependent tunnelling of current through small gap between conductive magnetic 

sample and very sharp (magnetic) tip (wire). Scanning Electron Microscopy wi th 

Polarization Analysis ( S E M P A ) probes sample wi th electron beam and detects po­

larization of electrons emitted by the ferromagnetic sample. Transmission Electron 

Microscopy ( T E M ) provides magnetic information especially in holographic or dif­

ferential setup. The family of X-ray techniques is large and has many members. 

X-ray-Magnetic Circular Dichroism - PhotoEmission Electron Microscopy ( X M C D -

P E E M ) is a combined synchrotron technique. X M C D probes difference in absorp­

tion of left and right circularly polarized X-rays by magnetic sample. Absorbed 

Y-rays lead to emission of photoelectrons which are detected by P E E M . Further 

Magnetic Transmission X - R a y Microscopy ( M T X M ) and Scanning Transmission X -

Ray Microscopy ( S T X M ) are employed for probing magnetic nanostructures wi th 

X-rays [80]. 

Al though M F M is quite slow and indirect method of magnetization, it provides 

reasonable resolution and it is quite versatile. 
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Tab. 3.1: Comparison of MFM with several other imaging techniques [9, 81]. Measurement 
stands for determination of the magnetization. X-ray techniques involve XCMD-PEEM, 
MTXM, STXM etc. [80]. Note that rather no external magnetic field should be applied in 
XMCD-PEEM. 

M F M S P - S T M S E M P A T E M X-ray 
Resolution 10-15 nm < 1 nm 10 nm 1-2 nm 25 nm (—>10 nm) 
Measurement indirect direct quantitative quantitative direct 
Element sensitive no yes no limited yes 
Versatile yes no limited limited yes 
Necessary investment moderate high high very high extremely high 
Measurement in field limited yes only local limited yes 
Dynamics observation no no no limited yes 
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4 PROBES FOR M F M 

In pioneering works, etched ferromagnetic wires (Fe, Ni) served as probes for M F M [2]. 

Due to the high amount of the magnetic material, these tips provided only low res­

olution (100nm). Their high magnetic moment significantly disturbed the sample 

magnetization especially in case of soft magnets. O n the other hand, M F M was 

mostly concerned with hard magnetic recording media, so this potential influence 

played only minor role. Nowadays, M F M probes based on A F M S i / S i 3 N 4 cantilevers 

are used instead. They offer better resolution, have lower influence on the sample 

magnetization and enable batch fabrication [34]. 

Resolution of the M F M is mostly determined by the probe used for imaging. 

Improvements in probe preparation, optimal magnetic layer thickness for a given 

material, use of a Focused Ion Beam (FIB) and nanotubes contributed to resolution 

enhancement in the past several years (schemed in Figure 4.1). 
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Fig. 4-1-' Improvement of MFM spatial resolution. Taken from [82]. 

Magnetic material can be put on the tip by various methods: 

• evaporation/sputtering [34, 82, 83, 84] (+FIB treatment), 

• electrochemical deposit ion+FIB treatment [85], localized electrodeposition us­

ing A F M with fluid cell [86], 

• carbon nanotubes wi th embedded magnetic nanowires [87] or coated nanotubes 

on the tip [88], 

• magnetic nanowires [49, 89] / nanoparticles [90] on the tip, 

• Electron Beam Induced Deposition - mainly Co [4]. 
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Evaporation/sputtering of magnetic thin films (coatings) on the tip is the most 

frequently used method due to its relative ease, reasonable reproducibility and pos­

sibility of batch preparation. Sputtering of a magnetic coating (NiFe, Co, CoCr) 

wi l l be used in this work for M F M probes preparation, thus, we wi l l discuss this 

method and related issues further in section 4.2. Instrumentation wi l l be covered in 

section 5.1.2 and experiments in 6.5. 

F I B can be employed for several task: t ip sharpening before and after the appli­

cation of magnetic material on the tip, fabrication of nanoparticles at the tip apex, 

even for material deposition by F I B sputtering of small targets directly in F I B / S E M 

apparatus [84]. F I B can be also used for Ion Beam Induced Deposition. 

We wi l l start this chapter by addressing M F M probe parameters important for 

the imaging. A s pointed out above, we wi l l continue wi th discussion of M F M probes 

preparation by means of coating the tip wi th various (magnetic) layers. Finally, we 

wi l l provide some information about commercial M F M probes, that were used for 

the M F M imaging in this work for comparison wi th prepared probes. 

4.1 Probe parameters 

Cantilever 

Cantilevers wi th medium spring constant (several N / m , typical value 2 N / m ) corre­

sponding to medium resonant frequency (50-100 kHz , typical value 70 kHz) are very 

often employed for M F M imaging. Lower stiffness provides better sensitivity [91], 

but too soft cantilevers {k « 1 N / m ) should be avoided as there is high probability 

of jumping into contact and consequent t ip damage. Stirrer probes are sometimes 

used for permanent magnets. Back side of the lever bears reflective coating which 

enhances the detection of lower signals. Sensitivity is also improved by a good ge­

ometry and mechanical properties of the lever which are described usually in terms 

of the quality factor. 

Magnetic coating 

Various materials are used for the tip coating as we wi l l see in next section. Material 

and layer thickness determine magnetic moment of the probe and its coercivity. 

Lower magnetic moment provides better resolution, but lower signal as well. Note 

that the effective magnetic moment is influenced by the t ip magnetization process 

and is reduced by misalignment during the process and demagnetization. For some 

applications so called superparamagnetic particles are place on the tip [92]. 

Coercivity of the coating is often in tens of m T , lower (NiFe, N i C o coatings) is 

used for soft magnetic samples. High coercivity is needed for imaging of permanent 
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magnets or measurement under external field. C o P t is a common choice in this case, 

but also very high coercivity corresponding to 1.1 T was reported for multilayers such 

as C r R u / M g O / F e P t [93]. 

Aside from the magnetic coating, protective coatings against mechanical wear 

and oxidation are used, although not very often. Probe life-time can also be pro­

longed by a storage in a low humidity environment (storage under low vacuum). 

T i p 

T i p shape and the radius of curvature of its apex determine the resolution both 

in topography and magnetic imaging. Generally low cone angle and high aspect 

ratio of the tip provide better resolution and enables reliable imaging of high aspect 

ratio structures [91]. Magnetic coating makes the tip more blunt and thus reduces 

resolution in the topography. Standard tips have t ip radius and the resolution near 

50 nm. For high resolution (<25nm) super-sharp tips (often radius of 5 n m for bare 

and 15 nm for coated tip) can be employed. Unfortunately, super-sharp tips are very 

fragile, easy to destroy and sometimes difficult to use, not speaking of high price. 

To summarize: high coercivity tips (CoCr, CoPt ) and stiff cantilevers (high 

/ r ) are used for permanent magnets, whereas medium stiffness cantilevers wi th low 

moment tips (and sometimes also low coercivity) for high resolution and soft samples. 

4.2 Tip coating 

Various magnetic materials, their alloys and even multilayers are used for the coating 

of M F M probes. The choice depends on application. The most common coating 

is C o C r as wi l l be demonstrated below and most commercial M F M probes bear 

just this coating. Soft magnetic layers, NiFe and less often N i C o , are used for 

soft magnets [34]. FePt is an example of layer with very high coercivity, therefore 

very suitable for imaging in (higher) external magnetic field. Other used coatings: 

C o C r P t [51, 82], Co, C o P t [34, 82], FeCo, FePd [82], Fe [50], FeB [94]. Example 

of multilayers is C r R u / M g O / F e P t system [93]. Other informations about magnetic 

coatings for M F M probes can be found in [95, 96, 97]. Hard magnetic tips like C o C r 

are better for observation of domains, whereas the soft tips (NiFe) for domain walls 

as they respond to the total stray field of the sample [34]. 

Babcock et al. [83] studied the dependence of the M F M signal strength, repre­

sented by the shift in resonant frequency of the probe, on the thickness of Cos5Cr i 5 

coating. This alloy posses coercivity of Ri39.8kA/m (500 Oe, sufficient for most of 

applications) and magnetization of 4 0 0 k A / m (400emu/cm 3 ) . They probed thick­

ness range of 15-150 nm and found an optimal value, i.e. for highest sensitivity and 
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lowest corresponding thickness, to lie around 50 nm (see Figure 4.2). Commercial 

probes are being coated just with C o C r alloy, standard probes bear layer of 40-

50 nm. Most manufacturers do not provide precise composition, neither thickness 

of their magnetic probe coating. However, aiming for optimal thickness value near 

50 nm is obvious. Babcock also demonstrated possibility of in-plane-magnetization 

of the tip for better lateral sensitivity of the tip. 

Ol 1 1 1 1 

0 400 800 1200 1600 
CogsCris coating thickness/A 

Fig. 4-2: Dependence of the MFM sensitivity (resonant frequency shift of the oscillating 
probe) on Co%§Cr\§ coating thickness. In probed range of 15-150 nm, roughly linear increase 
of the sensitivity with the thickness was observed up to the critical thickness of 50 nm. 
Thicker layers do not provide any further improvement. Batches of at least 5 tips were 
used for each thickness. Adapted from [83]. 

Futamoto et al. [82] studied the dependence of resolution on magnetic coating 

thickness for various materials. They found out the optimal coating thickness (op­

t imal wi th respect to resolution as well, not only signal strength as in the case of 

Babcock's study) to be 20nm for the following materials: Co, Fe-Co, Fe-Pd, Co-Pt . 

Example of this study for Co coating is illustrated in Figure 4.3. Thinner coatings 

suffered from weak signal, whereas thicker ones led to deteriorated resolution due to 

too large tip radius. Here it is necessary to note, that they coated super-sharp tips 

wi th tip radius of 4 nm. This implies that optimal thickness for coating common tips 

(radius of < 10nm) might be slightly different (lower). Their work (including coer-

civity of layers) is great from a material point of view, but their claims for sub l O n m 

resolution are questionable because of improper definition of spatial resolution used 

in their article(s). It is not a surprise that the commercial M F M low moment probes 

bear 15-20nm coating (CoCr) . In principle, thinner coatings should provide even 

better resolution, but corresponding weaker signal has to be compensated by lower 

lift heights and enhanced detection. Appropriate vibration and other interference 

insulation is a must in such 
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Fig. 4-3: Comparison of MFM images (under vacuum and at room temperature) of a 
perpendicular recording medium for various Co coating thickness. Base Si super-sharp 
tips (tip radius 4 n m ) were coated with (a-1) 5, (a-2) 10, (a-3) 20, (a-4) 30, (a-5) 40, 

and (a-6) 80 nm of Co. (a) MFM images and (b) appropriate profiles measured along the 
dotted lines in (a). 20nm thickness was recognized as the optimal one. Taken from [82]. 

4.2.1 Choice of tip side to be coated 

We are very often interested in sensing the out-of-plane components of the magnetic 

stray field. In this case magnetization of the tip should lie in this direction, usually 

denoted as z. However, various shapes of tips exist and they are not symmetric 

(around z axis) in all cases. Coating the whole probe might not be the best idea 

- effective t ip moment is increased and magnetization of the t ip might not be well 

defined and do not necessary lie along the z axis. Most of the tips have a pyramidal 

shape with at least one side (plane, or t ip side) t i l ted 10-15° wi th respect to the 

z direction. This t i l t compensates mounting the chip with the probe at a similar 

angle in the microscope, which preventing the other parts of the cantilever from 

touching the sample. When coating this side of the t ip wi th thin magnetic layer, its 

magnetization should lie in-plane of this side. This means in the z direction when the 

probe is mounted on the microscope. Comparison of images obtained with one and 

two side-coated t ip is shown in Figure 4.4. It is obvious that coating (improperly) 

more sides can lead to sensing not only out-of-plane, but in-plane components of 

the stray field, thus making the image analysis even more difficult. 

4.2.2 Tips for imaging of soft magnets 

Most authors agree that probes wi th low magnetic moment ( L M ) are needed in order 

not to influence the soft magnetic samples. Low magnetic moment is not strictly 

defined, it is just lower than the moment of the standard C o C r coating (40-50 nm 

thick). L M coating is very often equivalent to <20-25nm of CoCr . Some examples 

of L M coatings from the literature: 

. 25 nm C o C r [68], 

. 12 and 24 nm C o C r P t [62], 
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•250 nm * 250 nm 

Fig. 4-4: Comparison of images obtained with two and one-side coated tips. Left: 
two side coated tip - ie. MFM tip with mixed out-of-plane and in-plane sensitivity. 
Right: one-side coated tip with pure out-of-plane sensitivity. Both MFM images of 
Lao.7 CoQ.zMnOz/LaAlOz sample (with out of plane magnetization) were obtained at 5.1 K 
in external field of 0.295 T. Even though not the same area is imaged in both cases, 
one-side-coated tip gives clearly better image without further intriguing contrast. Taken 
from [78]. 
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. 1 2 - 1 8 nm C o 8 0 C r 2 0 [49] 

. C o P t 7 n m [91], 

. 20 nm C o C r , 20 nm NiFe, 20 n m N i C o [72]. 

Getlawi and co-workes [72] showed that tips with low coercivity coating - NiFe and 

N i C o - do not influence so much soft magnetic samples as the C o C r coating does. 

Memmert et al. [32] summarize strategies used to minimize the soft sample per­

turbations induced by the tip. Aside from reducing magnetic volume (thickness) of 

the coating at the tip apex, they mention two other approaches. Demagnetizing the 

probe before measurement and use of low-coercivity probes. Memmert notes that in 

case of low-coercivity probes, the t ip moment aligns wi th the local stray field of the 

sample and therefore less information is detected. Of course, this might be severe 

disadvantage in some cases. Further, he reminds that most (irreversible) perturba­

tions happen during the acquisition of the topography image performed in tapping 

mode. To suppress this perturbation he modifies the probe wi th deposition of 50nm 

carbon spacer on top of the t ip wi th electron beam of the S E M . He shows that wi th 

such a spacer, increasing the tip-sample separation even during topography imaging, 

soft magnetic samples can be measured even wi th standard tip bearing 50 n m of 

C o C r . But there is a price - lower lateral resolution. O n the other hand, it is not 

necessary for the spacer to be as large as 50 n m . . . 

4.3 Commercial M F M probes 

Not only for comparison, commercial probes were acquired and used for imaging in 

this work. Manufacturers (suppliers) and probes follow: 

• Nanosensors: 

— P P P - M F M R (standard, medium moment) 

— P P P - L M - M F M R (low moment) 

— S S S - M F M R (super-sharp, even lower moment) 

. Asy lum: A S Y M F M L M (low moment) 

• Bruker: M E S P (medium moment) 

Selected properties of the commercial probes are summarized in Table 4.1. The 

data are based on the information provided by suppliers. Parameters such as mag­

netic layer composition, thickness and the whole coating process are not given in all 

cases (proprietary). It is necessary to note that magnetic properties of the coating 

are estimated from measurement performed on the layer on a flat substrate. This 

means that properties of the coating on the tip might be different. For example, Car l 

and co-workers [98] inspected directly M E S P tips and found out that the coercivity 

is in fact lower (27-36 m T instead of manufacturer's 40 m T ) . These parameters may 
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vary quite significantly for different batches. Ca r l further pointed out that magnetic 

properties of the M F M tip, or better to say its part involved in the imaging, should 

be measured using M F M technique itself. Inferring this data from magnetometry 

or even characterising layer on a flat substrate may lead to significant differences 

(such as factor of 2). Car l proposed M F M imaging of special current carrying gold 

rings as method for determining hysteresis loop of the M F M tips [98]. In general the 

thickness of the coating on the tip can be lower than the nominal one. Knowledge 

of probe properties is helpful for realization of a particular experiment and crucial 

for quantitative measurements. 

Tab. 4.1: Parameters of selected commercial MFM probes: cantilever stiffness k, resonant 
frequency fT, thickness of the CoCr magnetic coating t, coercivity Hc, effective magnetic 
moment /j, and guaranteed tip radius r. Some manufactures do not provide magnetic layer 
thickness and precise composition. Except ASYMFMLM, magnetic coating thickness is 
estimated from guaranteed tip radius and radius of a bare tip (in general < 10 nm, super-
sharp < 5 nm). Other data were taken from manufacturers websites [99, 100] and probe 
datasheet [101]. Magnetic properties were determined from measurement on a fiat surface 
- ie not directly from the tip. Reflective coating thickness of the Bruker MESP probe is not 
provided as well, being probably the same as in the case of magnetic coating - estimated in 
the range of 40-50'nm CoCr. Reflective coating is 30nm Al in case of Nanosensors probes 
and 15nm CoCr for ASYMFMLM probe. 

Probe k/ tNm- 1 ) /r/kHz t/nm u 0 ff c /mT /x/(aA-m2) r/nm 
PPP-MFMR 2.8 75 w 40 nm w 30 w 100 < 50 

PPP-LM-MFMR 2.8 75 w 20 nm w 25 w 50 < 30 
SSS-MFMR 2.8 75 w 10 nm w 12.5 w 25 < 15 

A S Y M F M L M 2 70 15nm CoCr « 4 0 w 30 < 25 
Bruker MESP 2.8 75 w 40 - 50 nm « 4 0 w 100 < 50 
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5 METHODS & INSTRUMENTATION 

In this chapter we wi l l rather briefly cover the techniques used in experiments and 

the modelling of magnetization in measured structures. Experiments involve the 

fabrication of samples, especially NiFe nanowires, and the probes for M F M ; further 

inspection of both samples and probes and M F M measurements. Finally, we wi l l 

describe micromagnetic simulations in the finite difference solver O O M M F . 

5.1 Fabrication techniques 

In this section we wi l l give a description of the fabrication of the magnetic nanowires 

by a electrochemical deposition into nanoporous alumina templates and ion beam 

sputtering used for the preparation of the magnetic probes and an antidot array. 

Methods which were not used by the author, wi l l not be discussed. This concerns 

E B L [102] patterning of NiFe thin films done by Marek Vanatka and Atomic Layer 

Deposition ( A L D ) [103] of aluminium oxide performed by Ing. Miroslav Kol iba l , 

P h . D . 

5.1.1 Electrodeposition of NiFe nanowires 

Electrodeposition of metallic layers/coatings is widely used in industry. A n electro­

chemical cell for the electroplating consist of at least two conductors, e.g. sheets of 

metal, immersed in a electrolyte - ionic conductor. Example of a such electrolyte 

is a solution or melt of a metallic salt plus some additives. B y applying a voltage 

across these two electrodes it is possible to shift the Fermi level of electrons, i.e. the 

electrochemical potential JI, in electrodes and reduce metal cations from the elec­

trolyte at the surface of negatively biased electrode - so called cathode. Commonly, 

three-electrode electrochemical cell is used for the electrodeposition. 

The electrode where the desired reaction, reduction, takes place is named Work­

ing Electrode ( W E ) , the other one Counter Electrode ( C E , here anode). The C E 

is usually from a chemically inert material such as platinum, which prevents un­

wanted interference wi th the desired reaction. Complementary redox reaction, oxi­

dation, takes place at the C E . T h i r d electrode, Reference Electrode (RE) , serves as 

a reference for measurement of the W E electrical potential. For the cell setup see 

Figure 5.1(a) and photos in Figure 5.2. Reader interested in further details and infor­

mation about electrochemical deposition can consult author's bachelor thesis [104], 

where other references can be found. 

In order to prepare nanowires instead of continuous layer, the nucleation and the 

growth of the metal has to be spatially restricted. One of proven possibilities is to use 
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electrically non-conductive nanoporous alumina template - depicted in Figure 5.1(b) 

- placed on W E . The rest of the immersed W E area is electrically insulated by a 

resin or an insulating tape in order to inhibit undesired deposition. 

H l — ® " 

w 
a 

Reference 
electrode 

Electrolyte 

\ 
Nonconductive nanoporous template 

(a) 

h e x a g o n a l c e l l 
/ r p o r e 

A l subst rate 

b a r r i e r l a y e r 

(b) 

Fig. 5.1: (a) Electrochemical cell, (b) Nanoporous alumina template; Al substrate, barrier 
layer has to be removed and Au layer sputtered on the bottom side prior to the deposition. 

Pulsed electrodeposition of NiFe nanowires [105] into the pores of the template 

was carried out with a potentiostat P A R 273A and NI P C I 6229 data acquisition 

card, experiment was controlled by a Lab V I E W programme created by the author. 

Another programme was created for the template fabrication. The templates were 

provided by Laurent Cagnon (Institut Neel). The pulsed electrodeposition should 

give better composition homogeneity than the classical D C electrodeposition. 

The aqueous solution (pH 3.0 ± 0 . 2 ) for the deposition of NiFe consists of 45.0 g/1 

H3BO3, 300.0 g/1 N i S 0 4 - 6 H 2 0 , 45.0g/1 N i C l 2 - 6 H 2 0 and 6.0 g/1 F e S 0 4 - 7 H 2 0 [105]. 

Iron content is kept low due to the so called anomalous codeposition for iron group 

elements, where the deposition of less noble element, here Fe, is favoured. To the best 

of author's knowledge, complete mechanism of this anomaly is not fully understood 

yet. 

The deposition was conducted at ambient conditions, i.e. no inert atmosphere, so 

a higher iron content in the electrolyte and longer pulse delays might be necessary 

to get the same composition as in [105]. Fe yield slightly lower than 20 atomic 

percent (rest Ni) is expected in our case due to F e 2 + oxidation. Other parameters 

are summarized below: 

• working electrode: golden layer on A A M 241 nanoporous alumina template, 

• counter electrode: platinum mesh (higher surface area than W E ) , 

• reference electrode: Saturated Calomel Electrode (SCE) , 

• pulse: -1245 m V for 10 ms followed by -745 m V for 100ms (potential vs S C E ) , 

• duration: 7200 s (pulses continuously repeated during the duration). 
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Fig. 5.2: Electrochemical deposition of nanowires. From the left: potentiostat (instru­
ment for electrochemical experiments), deposition cell with electrodes and salts used for 
the electrolyte preparation. 

In order to release the nanowires, the template was dissolved in 2 M sodium 

hydroxide. Afterwards, nanowires were collected with a permanent magnet and 

rinsed thoroughly wi th demineralized water and isopropyl alcohol (IPA) and finally 

stored therein. A drop of I P A wi th dispersed nanowires was transferred on patterned 

Si substrate v ia micropipette. The magnet was placed underneath the substrate and 

I P A was removed by air-blowing. If done properly other effect comes together wi th 

getting r id of I P A - part of the isolated nanowires is bent. Bent parts are ideal for 

D W trapping and on the other hand, bundles of non-dispersed nanowires can be 

used for easier (composition) analysis. 

5.1.2 Ion beam sputter deposition - Kaufman apparatus 

Ion Beam Sputter (IBS) deposition uses accelerated ions for sputtering a target from 

various materials in high vacuum. The sputtered atoms and clusters are deposited 

on the sample as well as on a quartz crystal of a thicknessmeter. From a change 

in the resonant frequency of the crystal and knowledge of the sputtered material 

we can deduce the thickness of the deposited layer. In Kaufman apparatus at I P E 

ion source of the same name is used. More information about the apparatus can 

be found in [106]. The base pressure is of the order of 10~ 5 Pa , typical deposition 

rate is 1-2 A / s and three targets can be mounted on the holder, but only one used 

at the same time. Most of the time, two out of three positions on the target holder 

are occupied by A u and T i , thus only one position is available for other materials, 

which makes the fabrication of magnetic (multi)layers more difficult and slows down 

the systematic preparation. Exchange of targets, ie. use of other target than the 

ones in the apparatus, requires venting of the chamber. Sufficient vacuum needed 

for the deposition of magnetic layers can be recovered at best after one day. The 

exchange of targets sometimes leads to a tilt of the whole holder and the material is 
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not deposited directly in a direction perpendicular to the sample holder. Moreover, 

there was a long term and repeated shut-down of the apparatus, which forestalled 

more systematic preparation of magnetic probes for M F M . 

Following targets are available at the institute and were used in the experiments: 

NiFe, Co, C o C r for the magnetic, A l and T i for the protective cover layer. Target 

from Pt , which is often used for adjustment of magnetic coatings of the M F M probes, 

has not been acquired so far. 

5.1.3 Choice of bare/base A F M probes 

Driving forces for the preparation of own M F M probes are mainly necessity of custom 

tips optimized for a particular sample and last but not least possibility of saving 

some money when preparing a larger number of probes. For example price of a low 

moment probe is about 50 € , super-sharp wi th better resolution over 100 € . Note 

that prices differ depending on suppliers and there are discounts for bulk orders. 

Among other commercial A F M probes from Micro-Masch, N T - M D T , Bruker 

etc., two were selected for further consideration - A s y l u m (Olympus) A C 2 4 0 T S and 

Nanosensors P P P - F M R . The tips from A s y l u m and Nanosensors belongs to the most 

favourite, frequently used and mentioned in the literature [49, 68, 107]. Bo th have 

similar characteristics as shown in Table 5.1, Figures 5.3 and 5.4. Finally, Asy lum 

A C 2 4 0 T S tips were chosen based on these factors: 

• good experience during the internship at Institut Neel, 

• smaller dispersion of the characteristic values such as stiffness, 

• slightly better reflective coating and thus signal to noise ratio, 

• t ip position just at the end of the microlever - easier aiming based on the 

optical microscope view. 

Probes from both suppliers have good mechanical properties - high Q. They are 

fabricated from doped Si for a better charge dissipation and therefore reduce the 

contribution of electrostatic forces during the measurement. Bo th probes have good 

reflective A l coating, P P P - F M R 30 nm and A C 2 4 0 T S even 100 nm of A l . 

Tab. 5.1: Commercial AFM force modulation probes - parameters [36, 108]: tip radius r, 
cantilever stiffness k, resonant frequency fT, length L, width W and thickness t. Typical 
values are given in bold. 

Probe r / n m k / t N m " 1 ) A / k H z L / p m W/\im t / p m 

A C 2 4 0 T S < 10 2 (0.5-4.4) 70 (50-90) 240 40 2.3 

P P P - F M R < 10 2.8 (0.5-9.5) 75 (45-115) 225 28 3 
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A C 2 4 0 T S 

(a) (b) 

Fig. 5.4-' Nanosensors PPP-FMR probe [108]. (a) front side of the tip, (b) tip apex. 
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5.1.4 Preparation of M F M probes 

A s stated above, three ferromagnetic coatings were available and used, namely hard 

Co, C o C r and soft magnetic NiFe. Aside from the magnetic film, a non-magnetic 

cover layer from A 1 0 z was used in some cases. T i cover was tried as well. The role 

of A 1 0 z coating is following: 

• protection against mechanical wear and oxidation of the magnetic layer, 

• spacer that increases the distance between the sample and the magnetic part 

of the t ip thus leading to lower tip influence on the sample, even during the 

topography scan, 

• influence on the magnetic properties of the coating, but probably prominent 

only for ultra-thin magnetic coatings. 

A C 2 4 0 T S probes were mounted on a sample holder wi th a Kap ton tape, because 

not any tape/glue is compatible with high vacuum. A flat Si substrate, which serves 

as a reference and enables easier study of coating properties, was added as well. 

However, note that magnetic properties of the coated probe are generally different 

from properties of the coating on the flat substrate. The deposition angle was slightly 

varied, but it was mostly perpendicular to the sample holder surface. No significant 

differences were observed within used tilts. A F M probes mounted on the holder are 

captured in Figure 5.5. 

Fig. 5.5: Sample holder for Kaufman deposition apparatus with the AC240TS probes and 
a flat Si reference substrate. 

After the preparation, the M F M tips were stored in a vacuum desiccator in order 

to avoid the undesired oxidation and other deterioration of the magnetic material. 

5.2 Characterisation techniques 

A F M / M F M was used for the measurement of soft magnetic - NiFe - nanostruc-

tures both with commercial and home-coated probes. The prepared probes and 
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samples were inspected by Scanning Electron Microscopy and Energy Dispersive X -

ray spectroscopy. Last, Magneto-Optical Ker r Effect was exploited for a qualitative 

characterisation of the magnetic coatings deposited on flat substrates. 

5.2.1 Atomic/magnetic force microscopy 

Atomic and magnetic force microscopies have already been described, so we wi l l 

make only small note on the instrumentation which was used in this work: 

• N T - M D T Ntegra A u r a (Institut Neel; microscope designed particularly for 

M F M ) , 

• N T - M D T Ntegra P r i m a ( IPE, microscope contains magnetic parts, which cor­

rupt the measurement), 

. Veeco Autoprobe C P - R ( I P E / C E I T E C ) , 

• Veeco Autoprobe CP- I I (Masaryk University), 

• Bruker Dimension Icon ( I P E / C E I T E C , microscope capable of T R - M F M imag­

ing). 

Classical two pass tapping/lift mode technique was used for the imaging. During 

the first pass amplitude change was tracked, whereas the phase shift was employed 

in the second pass at elevated (lift) height. If not stated otherwise, images were ac­

quired wi th N T - M D T Ntegra Pr ima. Veeco Autoprobe CP- I I at Masaryk university 

was used for comparison wi th Veeco Autoprobe C P - R at I P E , no significant differ­

ence were found, so only measurements from Veeco Autoprobe C P - R are presented. 

5.2.2 Scanning Electron Microscopy and Energy Dispersive 
X-ray Spectroscopy 

Scanning Electron Microscopy (SEM) wi th Energy-Dispersive X-ray spectroscopy 

( E D X ) were used mainly for the characterisation of samples and fabricated tips. 

S E M probes the sample wi th a focused beam of electrons and detects both scattered 

and secondary-emitted electrons from the sample. If the energy of the beam is 

sufficient, i.e. at least few keV, x-rays are emitted from the sample atoms upon 

irradiation wi th the electron beam. These x-rays are probed wi th E D X and from 

the characteristic radiation we can determine the element composition of the sample. 

Two systems were used: 

• Zeiss Ul t ra+ wi th Bruker QuanTax (Institut Neel), 

• Tescan L y r a 3 X M H wi th Bruker QuanTax ( IPE, 'default' microscope). 

The S E M images of the probes and the tips were acquired wi th samples tilted 

by 55°. Note that the measured tip radii may deviated 1-3 nm from the reality 

and the tip radius of the bare A C 2 4 0 T S probes could not be determined, as the 
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resolution of the S E M is not good enough. We can only say that the tip radius is 

really below 10 nm, the value guaranteed by the supplier. The E D X analysis was 

performed wi th the primary electron beam energy of 15 keV for efficient excitation 

of Ka lines of iron group elements. Too high energy is undesired as the interaction 

volume is enlarged, problem of possible charging is more profound and no additional 

advantage is expected. 

5.2.3 Magneto-Optical Ker r Effect 

Magneto-Optical Kerr Effect ( M O K E ) relies on a change of polarization plane of a 

polarized light upon a reflection from a magnetic sample. Miranda apparatus at I P E 

enables measurement in a varying external magnetic field and thus acquisition of 

hysteresis loops, even in the case of thin films and microstructures. Focusable He-Ne 

laser is used as a light source and difference of two orthogonal light polarizations 

is employed for the data acquisition. The scheme and more information about the 

technique and the apparatus are to be found in bachelor's thesis by Lukáš Flajš-

man [109], who designed the instrument. The field of magneto-optics is described in 

a book by Stefan Višňovský [110]. Regrettably, a Ha l l probe for measurement of the 

applied field is no longer available. Therefore rather qualitative data are currently 

obtained. Nevertheless, in the frame of our work, this is sufficient for determination 

whether the deposited layer is soft/hard or even non-magnetic. 

5.3 Simulations in OOMMF 

Object Oriented MicroMagnetic Framework ( O O M M F ) is a public micromagnetic 

solver from N I S T [15]. This finite difference code can solve the problem either by a 

numerical integration of the L L G equation (2.5) or by minimizing the energy func­

tional. A l l simulations are performed at 0 K , although extension called thetaevolve 

extension can mimic a finite temperature. Basic micromagnetic interactions and 

energies may be specified and other added in the form of other extensions. 3D prob­

lems are solved in O O M M F extensible Solver (Oxs) wi th application Oxsi i . Input 

is defined in the form of M I F 2.1 file, a T k / T c l script. Bo th scalar and vector out­

puts are available. The former one includes mainly particular energies, whereas the 

later pointwise magnetization or magnetic field values. Further information can be 

sought in the manual [15]. 

In our simulations of the magnetization in permalloy structures we take into ac­

count the magnetostatic energy and a standard 6-neighbour exchange energy. The 

magnetocrystalline anisotropy is added only in a computation involving cobalt tips, 
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whereas anisotropy is negligible for permalloy. The Zeeman energy was consid­

ered only when an external magnetic field was present. The cell size was 4 n m for 

standard and 2 nm for finer computation, which is lower than the dipolar exchange 

length of permalloy - 5nm. In case of Co, 2nm cell was employed. The damping 

parameter a was set to 0.5 (0.1 for nanowires) for a faster convergence as is common 

in micromagnetic simulations. Often even higher values are used. Other parameters 

are summarized in Table 5.2. The convergence criterion used in this work is reached 

when the maximal change in orientation of macrospins wi th respect to previous step 

is lower than a predefined value. In our case it is 0 .1° /ns , in special cases 0 .01°/ns . If 

not stated otherwise, the magnetic configuration is given in mid-plane of the sample 

- for example if the thickness is 40 nm, then magnetization in z = 20 nm is provided. 

Tab. 5.2: Material parameters used in the simulations. 

Parameter Permalloy Cobalt 

Exchange stiffness A 

Saturation magnetization Ms 

Uniaxia l anisotropy constant Kn 

1 3 - 1 0 " 1 2 J / m 3 0 - 1 0 " 1 2 J / m 

8 6 0 k J / m 3 1400 k J / m 3 

0 5 2 0 k J / m 3 

Computat ion server Konrad (IPE) was used for carrying out the simulations. 

Note that in the computations of the magnetization and its divergence for com­

parison wi th M F M images, the structure is simulated as it is. That means that 

no possible interaction wi th the probe is taken into account. If the measured data 

corresponds to the simulation, no significant perturbation of the sample is present 

and we do really measure the map of the magnetic charges. 

It is possible to model the whole M F M imaging and resulting M F M image as has 

been shown for example in [49]. But the realization itself is problematic. Usually 

the magnetic tip is approximated by dipole or even monopole. Even if we disregard 

questionable validity of the approximation, we do not know how strong is the effec­

tive dipole and where it should be positioned. However, some works dealing wi th 

determination of these values from the experiment exist [40]. Other approach relies 

on modelling the sample with the magnetic tip or at least its part. This way is not 

so common, because it often requires a lot of computation resources. If we adopt 

strategy from [49], we need to carry out 3 simulations wi th slightly different tip-

sample distance to get numerically the derivatives of the total magnetic energy. But 

this has to be done for each pixel of our image! A n d for larger sample 1 simulation 

can take even few d a y s . . . 

In our way towards the simulation of the M F M imaging, a magnetic wire with a 

square cross-section serves as the probe. The edge is 12 nm and the length 100 nm. 
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For sure this t ip is far away from the tips used in our experiments, but still not 

so far from reality, because magnetic nanowires are sometimes employed as M F M 

probes [49]. We were forced to use 2 n m cell, because 4 n m provided spin-to-spin 

angle slightly higher than 30 ° and the energy was about 30 % higher than for the 

2 nm cell. 
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6 RESULTS AND DISCUSSION 

In this chapter we present the results of the probe preparation and M F M measure­

ments of various NiFe soft magnetic samples including nanowires, antidot array and 

thin-film elements such as discs. Bo th commercial and our probes were employed in 

the imaging. The acquired images were compared wi th micromagnetic simulations. 

6.1 Instrumentation - improvements 

Aside from maintaining the Veeco Autoprobe C P - R microscope and help wi th the 

maintenance of the deposition apparatus (cryo-pump, thickness meter), several im­

provements have been made. The most important of them are storage of magnetic 

probes and samples in low humidity environment and a magnetic-shielded holder for 

the N T - M D T Ntega P r ima microscope which enables reasonable M F M measurement 

on this instrument. 

6.1.1 Storage of samples and probes 

Magnetic samples and the prepared M F M probes are being stored under low vacuum 

in a vacuum dessicator wi th silicagel dessicant to protect them from ageing - mainly 

the oxidation. This prolongs the lifetime of both the samples and the probes. Com­

mercial M F M probes are stored in closed containers wi th desiccants for the same 

reason. In principle magnetic targets for ion beam sputtering may be stored under 

under vacuum in a larger dessicator as well. However, this is not used so far, because 

the oxide layer and impurities are removed by ion sputtering before the deposition. 

6.1.2 Veeco Autoprobe C P - R 

Slight improvement of the microscope performance was reached after the scanner 

calibration. The cantilever A C 2 4 0 T S , the base for our M F M probes, was added 

to the database of probes and rough calibration of oscillation amplitude was per­

formed. However, precise calibration would have to be done for each cantilever. A 

new feature was added - phase tracking, possibility of phase shift when tuning the 

resonant frequency of the cantilever. Unfortunately it has not been confirmed if this 

feature is fully supported by the current hardware, because software for a newer 

version of the microscope is used. During experiments wi th this new feature, the 

cores of magnetic vortices in permalloy discs were measured wi th our probe bearing 

N i F e / A 1 0 z coating. The results are displayed in Figures 6.1 and 6.2. Regrettably, 

such good results were measured only during one session and not repeated ever since, 
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despite considerable effort. Aside from the measured data, the figures involves cor­

responding micromagnetic simulation, which are in good agreement both wi th the 

measurement and theory. 

(a) (b) 
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Fig. 6.1: Permalloy disc (thickness 45nm, diameter 2]xm) imaged by our K7 NiFe/Al 
probe on the Veeco CP-R microscope and comparison with the micromagnetic simulation, 
(a) topography, (b) MFM image. Aside from the core in the centre (black dot), MFM 
image contains a lot of topographical impurities due to low lift height of 8 nm, which was 
necessary to get reasonable signal, (c) corresponding micromagnetic simulation (cell size 
2nm). Two images were superimposed (magnetization and its divergence) fort the sake 
of simplicity. Black arrow indicate in-plane circulation of the magnetization. Gray-scale 
background is a map of magnetic charges which is close to the signal provided by MFM. 
Black dot in the centre shows the core of the vortex with out-of-plane magnetization. 

6.1.3 N T - M D T Ntegra P r ima 

For quite a long time it was believed (until recently), at the institute, that this 

microscope is not capable of M F M imaging. This assumption was supported by 

rather disappointing measurements. There were two main reasons. First , setting 

the appropriate parameters for the M F M imaging can be rather tricky. Secondly, the 

microscope contains magnetic parts that influence the measurement. In addition, 
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(a) (b) 
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Fig. 6.2: Permalloy diesquare (thickness 45nm, edge 2]xm) imaged by our K7 NiFe/Al 
probe on the Veeco CP-R microscope at lift height 10 nm and corresponding simulation of 
the magnetic state, (a) topography, (b) MFM image. Dark and bright contrast near the 
square diagonals correspond to the domain walls and an expert eye can see also the dark 
dot in the centre which shows the core polarity, (c) simulation of magnetic charges in the 
diesquare. Note that the core is really tiny. The simulation with 2 nm cell shows that its 
size is 12-16nm for above mentioned geometry. In the article by Fisher et al. [Ill] the 
size was 18 nm, but for larger thickness - 50 nm and larger computation cell size of 4nm. 
The core looks larger in MFM due to long-range interactions. The magnetization in such 
element has been already shown in Figure 2.7. 
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even the sample holders were magnetic! In a such case, both the tip and the sample 

magnetization can be distorted. 

The magnetic field at the sample's position corresponded to up to few tens of m T 

at some points according to a measurement wi th Phywe Teslameter. Such field is 

sufficient for saturation of soft magnets as well as for switching of some M F M probes. 

Influence of the magnetic parts on the soft permalloy nanostructures is illustrated in 

Figure 6.3. A l l structures, no matter what shape and dimension looked like dipoles, 

almost homogeneously magnetized elements in the external field of the magnetic 

parts. Even though the sample holder can be replaced with a non-magnetic one, 

the most problematic magnet is incorporated into the scanner. For comparison, 

permalloy diesquare from Figure 6.3 was subject to simulation in external magnetic-

field, which lies along the square diagonal and its magnitude corresponds to 50 m T . 

The result is illustrated in Figure 6.4. Al though both the field magnitude and 

direction may slightly differ, the simulated map of magnetic charges agree wi th the 

measured M F M images. 

When trying to deal wi th this issue, we put a piece of Fe plate as a weak shielding 

on the magnetic sample holder and tried to image a hard disc drive (HDD) and we 

succeed - see Figure 6.5. We moved on for permalloy nanostructures as demonstrated 

in Figure 6.6. There is great deal of improvement, nearly the Landau pattern is 

visible in the squares, wi th respect to the state depicted in Figure 6.3, but st i l l some 

external influence is present. The teslameter showed something like few m T . 

Finally, a special sample holder with 1mm thick Mu-metal plate, material which 

is used in industry for magnetic shielding, was assembled (captured in Figure 6.7). 

The design is rather crude, but sufficient. Geometry of the holder is l imited by the 

head of the microscope as is illustrated in Figure 6.8. A l l M F M images from Ntegra 

P r ima in the following part of this work were acquired with this shielded sample 

holder. 

6.2 Measurement with commercial probes 

Because of the long term shut down of the deposition apparatus, the preparation of 

our probes was significantly slowed down and for some time only commercial probes 

were available for the measurement. Below we present results obtained wi th the 

probes from 3 manufacturers: Asy lum, Bruker and Nanosensors. The parameters of 

the commercial probes have already been described in section 4.3 and particularly in 

Table 4.1. According to the E D X inspection, the whole tip is covered with magnetic 

material in all cases of commercial probes. 
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Fig. 6.3: Permalloy thin film elements (thickness 40nm) imaged by the Ntegra Prima 
microscope and slightly damaged AC240TS/CoCr[10nm]/Pt[l nmj'/A10X[3nm] probe from 
Institut Neel. Left: topography. Right: MFM. Note that all elements seem to be saturated 
in one direction (diagonal of the squares) and dipolar contrast is seen - surface charges. 
This is caused by the magnetic parts of the microscope. 
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Fig. 6.4-' Simulation of the permalloy diesquare from Figure 6.3 in external field applied 
along the square diagonal. The field magnitude corresponds to 50mT. (a) magnetization, 
(b) magnetic charges. The simulated charges match the MFM observation from Figure 6.3. 
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(b) 

Fig. 6.5: Hard disc drive with in-plane (longitudinal) magnetization imaged by the Nte-
gra Prima microscope and slightly damaged AC240TS/CoCr[10nm]/Pt[l nm]/A10X[3nm] 
probe from Institut Neel. (a) first pass - 'topography', (b) second pass - MFM image. 
Note that even in the first pass the magnetic contributions is significant and bits separated 
by dark and bright lines can be distinguished. This is the reason why stiffer cantilevers 
are used for the imaging of permanent magnets and magnetic recording media to suppress 
the magnetic signal during the topography acquisition. The significant magnetic signal in 
the first pass leads to a slight deformation of the 'magnetic' image acquired in the second 
pass. The sample is rather fiat and no topographical feature can be seen in the right image 
- neither nearly horizontal lines, nor an impurity near the centre of the image. This is 
ensured by the large lift height, 60 nm, in the second pass. 
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Fig. 6.6: Permalloy squares (thickness 40nm) imaged by the Ntegra Prima microscope 
with slightly damaged AC240TS/CoCr[10nm]/Pt[l nm]/AlOx[3nm] probe from Institut 
Neel and rather simple shielded sample holder. Left: topography. Right: MFM. Although 
not ideal, some pattern which resembles the Landau one, magnetic vortex in a square, is 
present. 
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Fig. 6.7: Shielded sample holder for the Ntegra Prima microscope which consists of non­
magnetic tubular ceramics with Al foil inside and 1mm thick Mu-metal plate and sticking 
tape for mounting the sample. The height of the holder is approximately 1 cm. 
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6.2.1 Asy lum A S Y M F M L M 

The A s y l u m L M tips turned out to be a great disappointment - nothing was mea­

sured for 4 out of 5 delivered probes (the last one was left for further inspection). 

Observations were performed on two different microscopes - Veeco Autoprobe C P - R 

and N T - M D T Ntegra Pr ima. Various imaging parameters (oscillation amplitude, 

set point, lift hight) and samples (NiFe nanostructures, H D D ) were tried without 

any magnetic contrast. The whole probe, including the reflective coating) is covered 

wi th 15 nm C o C r magnetic layer according to the suppliers specifications. The re­

flective coating provides a very low laser signal (sum intensity of laser beam reflected 

from the probe). For the Veeco microscope this signal is close to the minimum which 

is required for the correct microscope operation. O n average, the laser signal from 

Nanosensors probes (reflective coating 30 nm of A l ) is about 150% of A s y l u m L M . 

Our home-coated probes based on A C 2 4 0 T S (reflective coating 100 nm A l ) have 

laser signal 160-180% with respect to A s y l u m L M . 

S E M inspection revealed that the probes are completely oxidized and corrupted 

as demonstrated in Figure 6.9. E D X analysis found following elements on the tip: 

C (contamination), O (quite prominent peak, oxidized layers), Si (base cantilever 

material), Co and C r ('magnetic' layer). 

SEM is 0 kV WD: 3 00 
vie* iieid- a 59 urn Dtt 5E 
SFfJ MAG: 92,3- k* n.iteim.d y, 

LYRA3 TESCANB SEM HI/: 15.Dktf 

Performance in nanctpace 
View fluid: 1.S2 pm Dal: SE 
SEM MAG: 182 kx Dat*(mrt/y): 04/28,'14 Performance in nanospa-c-c 

Fig. 6.9: SEM images of oxidized and corrupted ASYMFMLM tip. Left: whole tip, front 
view. Right: detail of the tip apex. 

6.2.2 Bruker M E S P 

The M E S P probes belong to the standard ones, both the composition (CoCr) and the 

coating thickness (respectively tip radius) corresponds to the parameters specified 
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by the manufacturer. A typical M E S P tip is shown in Figure 6.10. Magnetic vortices 

and their cores, both in permalloy discs and diesquares (see Figure 6.11), have been 

measured, but only on the N T - M D T Ntegra P r ima microscope. The tips are not 

well suited for the imaging of soft permalloy structures. Al though this may not be 

so obvious for magnetic vortices, it is prominent in case of a permalloy rectangle as 

illustrated in Figure 6.12. C or S-state is expected in this case, but the result is biased 

by the tip. A n d the perturbation seems to be irreversible. Only distorted images of 

Landau patterns without vortex cores were measured on the Veeco microscopes ( C P -

R and CP-II) and on the Bruker Dimension Icon. The Bruker microscope should 

have even better sensitivity than Ntegra Pr ima, therefore it seems that the problem 

is in the selection of the appropriate imaging parameters. 

Fig. 6.10: SEM images of a Bruker MESP probe. Left: cantilever with a tip. Right: detail 
of the tip apex. The tip radius - 40 nm - lies in the guaranteed range < 50 nm. 

6.2.3 Nanosensors 

Three types of probes from Nanosensors were employed for the measurement - stan­

dard, low moment ( L M ) and supersharp tips wi th even lower magnetic moment. 

P P P - M F M R (standard moment) 

Standard M F M probes from Nanosensors (Figure 6.13) very resemble Bruker M E S P 

probes (depicted in Figure 6.10), the etching process for the tip fabrication seems to 

be similar and both probes have the same tip radius near 40 nm. Also the imaging 

performance seems to be close to the M E S P probes which can be seen in F ig ­

ure 6.16(b). 
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Fig. 6.11: An array of permalloy diesquares (thickness 50 nm). Top: topography. Bottom: 
MFM. Bruker MESP probe, lift height 20 nm. Few topographical features, impurities, can 
be seen in the MFM image due not so large separation (lift height). All four possible states 
of a magnetic vortex in a diesquare can be found in the image. The core polarities (up, 
down) are represented by bright and dark dots in the centre of the squares. The in-plane 
circulation (clockwise, counter-clockwise) can be deduced from the change of a contrast 
near the diagonals of the squares. 
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Fig. 6.12: Perturbation in a permalloy rectangle induced by the Bruker MESP probe and 
lift height 20 nm. Top: topography. Bottom: MFM. The pattern deviates from expected 
near single domain S or C-state. 
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P P P - L M - M F M R (low moment) 

The L M tip has the tip radius slightly higher than 20 nm as can be seen in F ig ­

ure 6.14. According to the catalogue, this tip should be suitable for imaging of soft 

magnets. However, this is not completely true. It turned out that commercial low 

moment is not low enough. Several tip induced perturbations have been observed, 

example of rather nice one is magnetization switching during the measurement of 

a small permalloy rectangle, which is depicted in Figure 6.17. Unambiguously, the 

resolution of the L M probe is better than that of the standard tips. Further, no 

problem has been encountered during the observation of magnetic vortices. Exam­

ple of two vortices with opposite core polarities is given in Figure 6.15. Note that 

the discs as well as other permalloy structures in our images are darker than the 

background. In our notation it means overall attractive force between the tip and 

the sample. This leads also to the fact that the 'bright' cores are less intensive as 

has been already discussed in [49]. A very nice observation of a disc array hosting 

magnetic vortices with different polarities is depicted in Figure 6.16(a). 

Fig. 6.14-' SEM images of a Nanosensors LM probe. Left: whole tip on protruding from 

the lever. Right: detail of the tip apex. 

S S S - M F M R (supersharp) 

The supersharp tip provides the best resolution in topography and a good M F M 

resolution as well. Further no perturbations have been observed during the mea­

surement with the probe. Figure 6.18 shows similar rectangular permalloy element 

which was switched by the L M probe. O n the other hand, the M F M signal is 
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Fig. 6.15: Magnetic vortices in permalloy discs with the opposite polarities indicated by a 
dark and bright dot in the disc centre. LM probe, lift 15 nm. 

quite low and handling of these probes is rather difficult. They are very easily de­

stroyed, require a very careful approach to the sample and slow scans should be 

used (< l p m / s recommended). Such a slow scan is very problematic if the sample 

is drifting and/or when we would like to scan larger areas (several micrometers). 

Like other Nanosensors tips (as well as in general), the probes are said to be very 

sensitive to static electricity and even small 'discharge' may deteriorate/destroy the 

tip. Last but not least, one probe cost even more than 100 € . That is why only two 

probes were obtained as free samples. These probes are not economically viable in 

our case. 
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Fig. 6.17: Magnetization switching of a permalloy rectangle induced by the LM probe dur­
ing the scanning. The switching is indicated by the abrupt change in contrast. After the 
event, the contrast at the ends is reversed. How the map of magnetic charges looks like 
without the perturbation is demonstrated in Figure 6.18 where the same type of element 
was imaged by the supersharp probe. 
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Fig. 6.18: Near single domain S-state in a permalloy rectangle imaged by the supersharp 
probe at lift height of 15 nm. Bright and dark parts indicate opposite magnetic charges. 
The same type of element was observed in Figure 6.17 with the LM probe, which caused 
magnetization reversal in the element. 
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Fig. 6.16: Vortex core polarity switching in a NiFe disc array, (a) MFM image of the 
array after an out-of-plane demagnetization taken with Nanosensors LM probe. Both core 
polarities are randomly present in the array, (b) The same array (check the 'j' topographical 
impurity on the top-right disc) after saturation in out-of-plane external field. Only one core 
polarity imposed the previously applied external field can be observed. The same polarity 
was found for other 15 elements in a larger array. Imaged with Nanosensors standard 
probe. 
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6.3 Magnetic nanowires 

Magnetic nanowires are potential candidates for novel spintronic applications such as 

the magnetic racetrack memory based on domain walls propagating in nanowires [28]. 

Here we provide results of the nanowire fabrication and observation of domain walls 

supported by micromagnetic simulations. 

The template used for the NiFe nanowires (NWs) electrodeposition and prepared 

nanowires are captured in Figure 6.19 . The inspection by A F M and S E M shows 

that the nanowires are more than 10 pm long wi th diameter around 50 nm. Accord­

ing to the E D X measurements the chemical composition of prepared NiFe nanowires 

is homogeneous and despite some inhomogeneities at the scale of tens of nanome­

ters, both elements (Ni , Fe) cover homogeneously the whole area of the nanowires. 

This is not the case of nanowires fabricated by the common electrodeposition; au­

thors usually give only an overall composition of their samples but do not provide 

information about element distribution that is crucial for novel magnetic memories 

- unwanted D W pinning may slow down or completely corrupt such a device. Other 

effect like deviation from ideal shape and roughness wi l l not be addressed here - they 

are related mainly to the quality of the template used for the nanowire preparation. 

Fig. 6.19: (a) nanoporous alumina template used for NiFe nanowire electrodeposition and 
fabrication of an antidot array, (b) prepared NiFe nanowires dispersed on a Si substrate. 
SEM Zeiss Ultra-/-. 

In the ground state of a straight NiFe nanowire the magnetization lies along 

the nanowire axis and opposite magnetic charges are present at both ends of the 

nanowire. This is illustrated in Figure 6.20. 

Even though it is possible to nucleate the DWs in a straight nanowire by demag­

netizing the sample in a direction transverse to the wire axis, we have adopted a 

more robust strategy. Part of the nanowires was bent by a directional air blowing 

of the I P A solution wi th NWs. The bent part acts as a geometrical trapping centre 
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Fig. 6.20: Simulation of a straight cylindrical permalloy nanowire with diameter J^Onm, 
length ^ m , cell size J^nm and damping parameter 0.1. Top: magnetization. Bottom: 
divergence of magnetization - map of volume magnetic charges. Note the opposite charges 
at the ends. Cross-section along the nanowire is shown in the both cases. 

for the D W when subject to an external field. Pr ior to the M F M observation, pat­

terned Si substrate wi th dispersed nanowires was magnetized with an electromagnet 

by in-plane field po-^ext ~ 1 T perpendicular (transverse) to the nanowire curvature 

[illustrated in Figure 6.22(a)]. 

M F M observations of soft magnetic nanowires, especially homogeneous ones, 

are challenging. The use of commercial probes even these with low magnetic mo­

ment leads to an unwanted domain wall distortion or displacement - depicted in 

Figure 6.21. Extremely low moment A C 2 4 0 T S probes with C o C r [ 3 n m ] / P t [ l nm]/-

A10x[5nm] multilayer (at Institut Neel) were used in order to overcome the unde-

sired D W displacement. 

Fig. 6.21: MFM image of the DW displaced by the magnetic probe. Fast scan was per­
formed in vertical direction. Apart from nanowire contour (signal from topography due to 
low lift height) phase contrast with abrupt change can be seen - DW was moved in two 
steps, first only few tens of nanometres, than completely away from scanned area. Ntegra 
Aura microcope. 

Magnetic domain wall in the bent NiFe nanowire was nucleated after withdrawal 

of the sample from the external field perpendicular to the nanowire curvature as 

confirmed by M F M observation in Figure 6.22(c) and rather crude simulation (Fig­

ure 6.23). 

In order to mimic the experiment, the bent nanowire was simulated. Length of 

the simulated wire is smaller than in experiment to save computational time. This 

is not a problem provided that the length is much larger than diameter. For the sake 

of simplicity (easier modelling) a wire wi th square cross-section (edge about 50nm) 
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Fig. 6.22: Electron and force microscopies observation of a bent NiFe nanowire with di­
ameter « 50 nm. (a) Scanning electron micrograph (crop from bigger image) with black 
arrow indicating direction of external field applied before imaging (DW nucleation after 
relaxation), (b) AFM topography of a part of the curved nanowire. Lateral distance (di­
ameter) is overestimated in AFM, especially with rather blunt MFM tip, the tip radius 
is slightly less than 20 nm (c) Corresponding MFM phase image (lift mode), black-circled 
phase contrast corresponds to the domain wall, nanowire contour may be seen as well 
(topography contribution). Zeiss Ultra+ and Ntegra Aura microscopes were used for the 
imaging. 

Fig. 6.23: Domain wall in the bent permalloy nanowire, simulation of divM (magnetic 
charges) is shown in gray-scale for better comparison with MFM measurement, cell size 
4nm, damping 0.1. 'Black' part near the centre corresponds to the DW, other weaker 
contrast might be seen when diameter slightly changes and at the right end of the wire. 
Only crop of the nanowire with the DW is displayed. 
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was simulated. Processed A F M image [from Figure 6.22(b)] served as an input 

geometry. Processing involved contrast enhancement, crop and rescaling - lateral 

distance is overestimated (underestimated in case of holes) in A F M , especially wi th 

rather blunt M F M tip. Nanowire was put in the strong field as in the experiment 

[Figure 6.22(a)] and then let to relax without any field. A s depicted in Figure 6.23, 

finally only one D W remained in the curved part of the wire. Detailed view on 

magnetization vector orientation in the vicinity of the D W is given in Figure 6.24. 

According to this simulation two parts wi th opposite magnetization are separated by 

B P W with Bloch point wi th zero magnetization in the centre [Figure 6.24(b)]. T W 

should become energetically-viable for nanowire edge (square cross-section) smaller 

than 35-40 nm [25]. However, it is necessary to mention, that in the case of a 

nanowire with square cross-section, energy of T W and B P W differs only slightly for 

the edge of 50 nm and even T W can be present in nanowire wi th diameter/edge of 

50 nm depending on the magnetic history of the sample. Example of simulated T W s 

in a straight cylindrical nanowire 40 nm in diameter is illustrated in Figure 6.25. 
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(5.^: Bloch point domain wall in bent 50nm thick nanowire for J^nm cell size, (a) 
Magnetization lies along nanowire axis, but two parts with antiparallel orientation might be 
distinguished, separated by BPW. Blue and red arrows denote out-of-plane magnetization 
in parts of DW. Where these two meet (in the centre of the wire), Bloch point with zero 
magnetization sits, (b) cross-section of the BPW with Bloch point in the centre. Note that 
the image is not symmetric along the nanowire axis. This might be attributed to the fact, 
that the cross-section is not taken exactly in the centre of the DW (cell size restriction) 
and the nanowire diameter varies slightly in this region. Although this magnetization 
configuration may somewhat resemble vortices found in discs and diesquares, BPW posses 
no core with out of plane magnetization, magnetization vanishes in the centre instead. 

It has been shown that even such a small structure like the D W in a nanowire 

[see Figure 6.22(c)] can be observed by M F M , unfortunately even the ultimate res­

olution of this technique cannot depict internal structure of D W in a nanowire - i.e. 

transverse and Bloch point walls cannot be distinguished by this technique so far. 

D W was found in the bent part of the nanowire as expected and confirmed by micro-
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Fig. 6.25: Simulation of transverse walls in a straight cylindrical permalloy nanowire with 
diameter J^Onm, length 4V-m> cell size J^nm and damping parameter 0.1. (a) head-to-
head and (b) tail-to-tail transverse wall. Note, that here blue and red indicate opposite 
magnetization along the nanowire axis and black arrows show transverse magnetization. 

magnetic simulation (Figure 6.23). The position is not exactly the same due to the 

model used for simulation - roughness and other defects were not taken into account. 

From micromagnetic simulation (Figure 6.24) we conclude that D W type might be 

B P W which is for this thickness (edge, 50 nm) in agreement with [25]. In further 

and finer simulations a finite element solver could provide better performance and 

better approximation of curved and bent geometries. 

6.4 NiFe antidot array 

A n array of NiFe antidots was fabricated by the deposition of 20 nm NiFe on the 

nanoporous alumina template wi th pore diameter around 60 nm. Opt imal thick­

ness of the layer is crucial for the antidot array. Too thick layer wi l l result in a 

continuous layer and too thin layer wi l l not provide enough signal for the M F M 

observation. Measurement performed on the array is summarized in Figure 6.26. 

From the topography image, it is obvious that the array have many defects which 

are inherited from the template. However some contrast in the M F M image can be 

seen at lift height of 40 nm, when the topography contribution should be low. Many 

dark areas correspond to the holes and defects in topography, but there is stil l some 

contrast that should be of a magnetic origin - especially the bright parts in places, 

where holes are present in the topography. St i l l the results are quite disappointing 
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as we expect a map of magnetic charges that resembles the simulation shown in 

Figure 6.27(a). 

For the modelling, a processed S E M image served as a template. Magnetization 

lies in-plane and closes around the holes as shown in Figure 6.27(b). 

5 3 . 3 nmF 
4 0 . 0 
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1 0 . 0 

0 . 0 

87.3 deg 

(a) (b) 

Fig. 6.26: Array on NiFe antidots on the nanoporous alumina template, (a) topography, 

(b) MFM, Nanosensors LM tip and 40nm lift height. 
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Fig. 6.27: (a) map of magnetic charges in the 20 nm thick antidot array, field of view is 
l u m . (b) magnetization in the NiFe antidot array closes around the holes. Magnetization 
near the part where two neighbouring hexagonal cell meet, follows rule two-in and one-out 
or vice versa. Situation when all three neighbouring magnetization vectors point in, or out 
is unfavourable. Crop of a larger simulated image. 

Next, we tried to deposit thicker layer - 40 nm of NiFe, but in this case the 

pores were almost covered. Further experiments were not possible due to the lack 

of suitable templates. 

More promising results should be obtainable with the template with less defects, 

smaller pore diameter, higher interpore distance and thicker NiFe layer, when the 
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magnetic volume is higher, but almost the same geometry is kept. For the current 

sample the achievable resolution might not be good enough. The pores themselves 

can be problematic as the abrupt changes in topography lead to the higher topog­

raphy contribution in the lift mode. This might be overcome by sealing the pores 

wi th a resin. Eventually the template can be dissolved and the array transferred to 

another substrate. Last but not least, if the NiFe deposition is not perpendicular to 

the sample surface, magnetic material covers the walls of the pores near the surface 

and may have some influence on the resulting magnetic configuration. 
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6.5 Preparation of M F M probes 
Similarly to commercial probes, all t ip sides are covered wi th the magnetic layer 

(probed wi th E D X ) . However there is preferential deposition on the back side of 

the tip due to the tip geometry. It turned out that the thickness of the coating on 

the t ip is much lower than on a fiat substrate. Thus sometimes 60 nm layer on a 

fiat substrate corresponds to 15-20 nm layer on the tip. The results of covering the 

A C 2 4 0 T S tips with NiFe, Co and C o C r coatings are presented below. Note that 

long term shut-down of the deposition apparatus forestalled the more systematic 

preparation of the probes and optimization of the process. 

6.5.1 Tips with NiFe coating 

First several probes deposited with Marek Vanatka suffered from the low M F M 

signal. The NiFe thickness was 10-30 nm on a fiat substrate and further 4 n m of A l 

was added as a cover layer. The probes were continuously rotated in-plane of the 

sample holder during the deposition. The probe K 7 wi th 30 nm NiFe, veteran of 

many observations, gave very good results - the vortex cores were measured wi th 

this probe on the Veeco C P - R microscope. The resulting images are displayed in 

Figures 6.1 and 6.2. 

Next several probes wi th a similar thickness of the NiFe coating exhibited no 

or very weak M F M signal. The deposition without rotation at slightly different 

deposition angles provided no improvement. 

Recently, probes with a higher thickness have been deposited - 35 and 40 nm 

(on a fiat substrate). Especially 40nm of NiFe provided satisfactory results. The 

apex radius near 22 nm (12-15 nm of NiFe on the tip) is shown in Figure 6.28 and 

examples of observations with these tips in Figure 6.29. No perturbations induced 

by these probes have been observed so far, even it the case of previously problematic 

permalloy rectangles. On the other hand, these tips provide lower signal than Co 

and commercial tips (except the supersharp). 

6.5.2 Tips with Co coating 

A l l probes from Co series, sputtered with 60nm Co (on a fiat substrate), showed 

layer thickness on the tip near 15 nm (see Figure 6.30) and had good performance in 

imaging, which is illustrated in Figures 6.31 and 6.40. Few tip-induced perturbations 

of the samples, permalloy rectangles in particular, were observed. The problem is 

similar to the commercial L M probes. Figure 6.32 demonstrates example of E D X 

spectra from point analysis. Similar observation were made for other probes at 

different points. In some case element maps were acquired - i.e. the spectrum is 
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(a) (b) 

Fig. 6.28: SEM image of (a) a NiFe probe, (b) a bare AC240TS tip. 

Fig. 6.29: MFM image of magnetic vortices in permalloy diesquares, NiFe probe (layer 
thickness 12-15nm), lift 15nm. 
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measured at each point of the S E M image. Note that even point spectrum contains 

informations from larger volume, because of the interacting volume of the primary 

electrons which forms so called pear. 

Fig. 6.30: SEM image of a tip after the deposition of 60 nm of Co, resulting layer thickness 
on the tip is around 15 nm. 

94.0 cleg 

Fig. 6.31: All four possible states of the magnetic vortex in a permalloy diesquare (500 x 
500 x 50 nm3) captured by MFM with our Co probe, lift 20 nm. 

6.5.3 Tips with C o C r coating 

A s there were some doubts whether the C o C r target for the deposition is not com­

pletely corrupted, the C o C r layer deposited on the flat Si substrate was measured 

wi th M O K E . The resulting hysteresis curve is shown in Figure 6.33; in fact it is av­

erage of 1000 of acquired loops. A s already mentioned, probe for field measurement 

was unavailable. But in our case the most important information is, that the coating 
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Fig. 6.32: Point EDX spectrum of the Co coated tip. The inset shows the tip and a red 
dot marks the point of data acquisition. Primary electron beam had energy of 15keV and 
both Ka and La were tracked. The Co peaks are quite prominent. The tip is made from 
Si, and the presence of other, contamination elements (C, O), are not a surprise as well. 

seems to be in a good state, it is magnetic, and exhibits coercivity 5 times larger 

than NiFe layers of the same thickness. According to the E D X measurement per­

formed on three C o C r layers at different points and quantification wi th interactive 

P B / Z A F method, it seems that the composition is (88 ± 2 ) at% Co and (12=1=2) at% 

of Cr . 

Al though the C o C r coating seems to be all right from the magnetic point of 

view, problems wi th the deposition on the A C 2 4 0 T S tips occurred. A l l three sets of 

depositions with different thickness (25, 30 and 60 nm on a flat substrate) and slight 

change in the deposition angle resulted ended wi th almost no material deposited 

on the tip apex and bigger cluster can be found just slightly below the apex as 

demonstrated in Figure 6.34. No similar problems have been observed for the Co 

coating, thus might be the problem is in C r content. A n adhesion layer may solve 

the issue. The same problem was once observed also for the NiFe coating. 

It is not a surprise that very weak and distorted signal was obtained for all 

seven prepared probes. In case of two probes another C o C r layer was deposited, 

so the total C o C r coating would be 25+30=55 nm on a flat substrate, but the real 

t ip coverage is much lower. St i l l it was possible to image vortex cores wi th a such, 

redeposited, probe. However, low lift high of 15 nm had to be used to get sufficient 

M F M signal. A nice curiosity was imaged wi th this C o C r tip - so called Pacman-like 

nanomagnet, which is illustrated in Figure 6.35. The disc on the right in the F ig -
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Fig. 6.33: Normalized hysteresis loops of a typical CoCr (blue) and NiFe (red) coating 
deposited on a fiat substrate. The coercivity of CoCr is at least 5 times larger than for 
NiFe layers, which usually exhibit coercivity of few mT. Babcock [83] measured coercivity 
of 50mT for a CoCr coating of similar composition. This fact together with the shape 
of the CoCr loop suggest that our obtained loop is only a minor (recoil) loop and further 
measurement in higher fields should be performed. 
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ure contains notch, here unmeant defect. This asymmetry influences the magnetic 

state of the element, which is shown by simulation in Figure 6.36. Processed A F M 

image served as the input geometry for the simulation. A domain wi th uniform 

magnetization in the vicinity of the notch spans towards the disc centre. Dark and 

bright lines on the Pacman in Figure 6.35(b) show edges of the domain area. In our 

case this is just a curiosity. However, dynamics and switching of state of these Pac-

mans, asymmetric discs with artificial notches, are widely studied for applications 

in non-volatile magnetic memories [69, 21]. 

• • # 72.3 nm 

40.0 

20.0 

0.0 

(a) 

35.0 deg 

(b) 

Fig. 6.35: Permalloy discs (thickness 50 nm) hosting magnetic vortices with opposite po­
larities and Pacman-like nanomagnet imaged with home-coated CoCr tip at 15nm lift. The 
right disc contains a notch, this asymmetry influences the magnetic state of the element, 
(a) topography, (b) MFM. 

6.6 Comparison of M F M probes 
A s we have neither special sample for the determination of the resolution, nor a 

sufficient number of both commercial and home-coated probes for good statistics, we 

cannot carry out the proper comparison of the probes. However we can distinguish 

the probes according to measurement of the same sample under the same or at least 

very similar conditions. For this testing, the core of the magnetic vortex in permalloy 

disc wi th diameter 1 um and thickness 40 n m was selected as the imaging of the cores 

is of considerable interest in this work. Images were acquired with different probes 

at the same lift height of 20 nm for comparison of different commercial probes and 

15nm in case of comparison of our probes wi th the best commercial ones. We tried 

to keep at least similar (if not the same) scan size, rate and other parameters. We 

even intended to image the same disc, but this was not possible for a l l probes, 

because the disc was damaged during the experiments. Images are presented as 

crops from larger images. 
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Fig. 6.36: Simulation of magnetization in a Pacman-like nanomagnet. A domain with 
uniform magnetization in the vicinity of the notch spans towards the disc centre. Although 
this is not so obvious in our simulation in (a), it is quite clear in (b) where idealized 
Pacman was simulated by Soltys et al. [69]. Blue and red region corresponds to opposite 
x components of the magnetization. 
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From the M F M image (phase shift) we extracted line profile which involves the 

core. Two main information can be obtained from these profiles - signal strength 

(phase difference between the disc and the core) and seeming size (full width - half 

maximum) of the core which tells something about the resolution of the probe. 

Obviously the smaller 'is ' the core, the higher is the resolution. The rather crude 

comparison is given in Figure 6.37. Note, that the core was not always in the centre 

of measured area, but it was still near the centre of the disc (slightly to the right 

of x = 0.5 in case of the supersharp). In all cases the phase is lower over the whole 

disc which corresponds to the overall attraction. The higher is the magnetic coating 

thickness and magnetic moment, the higher the signal - phase shift between the 

disc area and the background. When scanning over the core, here wi th the same 

magnetization as the t ip, the signal is even lower. It is obvious that the highest 

signal is obtained for the standard tip (2.1 ± 0 .2°) , then our (1.2 ± 0.1 °) and the 

L M follows (1.0 ± 0 .1°) . The signal from the supersharp at this lift (20nm) is so 

weak, that the core is almost lost in noise. This t ip has to be operated at lower lift 

heights. The 'width ' of the core is similar (approximately 50 nm) in all cases, maybe 

it is smaller for the supersharp (if one believes that it is really there), which means 

that the resolution is mainly limited by the lift height. 

The signal from our Co probe is is slightly higher than in the case of the L M 

tip. Al though the thickness of our Co coating is even lower than in case of the 

L M probe, Co has higher saturation and also remanent magnetization than C o C r 

does. Depending on the particular composition of the C o C r layer, its remanent 

magnetization and thus magnetic moment can be 2-3 times lower wi th respect to 

the Co layer of the same thickness. This limits achievable resolution as well - our 

Co probes is comparable with the standard one, although there is potential for 

grading up wi th the L M probe or even beating it, when using C o C r coating as well. 

Regrettably, as mentioned above, we have problems with the deposition of CoCr . 

We have only one redeposited C o C r probe, its performance on the core, now at lift 

height 15 nm, is given in Figure 6.38 where it is compared with the L M probe at the 

same lift. Because our C o C r tip is not well covered, the signal is quite low and the 

L M probe is for sure better. Further optimization is necessary in our case. A buffer 

layer (Ta, T i? ) , which is commonly used both in research and industry, should solve 

the problem with adhesion of our C o C r coating. 

Our NiFe probes provide very low signal even at 15 nm lift, so thicker coating than 

15 nm (on the tip) should be used for reasonable signal with our instrumentation. 

O n the other hand, no perturbations of soft magnetic samples have been observed 

wi th these probes. Figure 6.39 demonstrates M F M observations of two discs wi th 

opposite core polarities at lift height of 12 nm. St i l l the signal is rather weak and 

almost hidden in the noise. 
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Fig. 6.37: Comparison of Nanosensors probes: standard, low moment (LM) and super-
sharp (SSS) with our Co probe. Core of a magnetic vortex in permalloy disc with diameter 
l u m and thickness J^Onm was measured at lift height 20nm. Left column shows line pro­
files across the core involving the disc and part of its surrounding. Right column illustrates 
corresponding MFM image acquired with the probes. 
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Fig. 6.38: Comparison of the commercial LM probe with our not so well covered CoCr 
probe at lift height of 15 nm. Profile across the core is on the left, whereas the right 
column illustrates the MFM image of the magnetic disc. 
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Fig. 6.39: (a) MFM observation of two discs with opposite core polarities with our NiFe 
probe. The signal is weak and almost hidden in the noise, (b) line profile across the dark 
core - the disc on the right. 
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Comparison of the imaging performance of the commercial Nanosensors super-

sharp tip and our Co-coated tip on a small permalloy rectangles is given in F ig ­

ure 6.40. In both cases the diamond state is found in the rectangle. Simply it can 

be viewed as two magnetic vortices next to each other. The simulated magnetization 

and its divergence is presented in Figure 6.41. 

(a) 

89.7 deg 
89.0 

(b) 

Fig. 6.40: MFM image of small permalloy rectangles (400 x 200 x 40 nm?) obtained with 
(a) our Co probe (b) commercial Nanosensors supersharp probe. Lift height was 15 nm 
in both cases. Both images are comparable, even though not all parameters were equal. 
The supersharp tip could be slightly damaged and the effective lift for our probe was in fact 
higher - near 20 nm due to the non-magnetic AlOx spacer on the tip. Still it is obvious that 
our probe provides stronger signal. The magnetic pattern in rectangles is the diamond state, 
corresponding simulated image is displayed in Figure 6.41. Note that elements seem to be 
larger, which is caused by slightly blunt tips (magnetic coating) and long-range interaction. 
Last, but not least there are really slight deviations of the structures from the ideal case. 

6.7 Simulations with the M F M tip 
For at least qualitative simulation of the tip-sample interaction we modelled both 

the t ip and the sample. Magnetic wire wi th a square cross-section serves as the 

probe. The edge is 12 nm and the length 100 nm, init ial magnetization of the tip 

is in — z direction. The sample is magnetic vortex in permalloy diesquare wi th 

dimensions 500 x 500 x 4 0 n m 3 . Commonly, smaller sample are simulated in order 

to save the computational resources. The magnetization of both the tip and the 

sample is allowed to change. The tip is positioned over left bottom corner of the 

sample and the tip-sample separation is 30 nm. 

The results of the modelling are displayed in Figure 6.42. The magnetization in 

the sample below the tip is influenced by the tip and it is partially aligned wi th the 

magnetization of the tip, which result in the attractive interaction. This change in 
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fl.^i: Simulation of the diamond state in the permalloy rectangle from Figure 6.40. 

(a) magnetization in plane of the rectangle depicted by black arrows and out-of-plane mag­
netization of the core indicated by red dots, (b) map of magnetic charges. The cell size 
was 4 nm. 

magnetization is reversible and corresponds to the susceptibility contrast and dark 

background of the samples displayed in the measurements. Similar results were 

obtained for the Co tip and tip-sample separation of 10 nm. 
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Fig. 6.42: Simulation of the tip-sample interaction with 2nm cell size. Black arrows show 
magnetization in-plane of the sample, red and blue ones out-of-plane magnetization (±z). 
(a) top-view at mid-plane of the sample (z = 20 nm) with the tip position marked by the 
red circle, (b) side view involving the tip. The magnetization in the sample below the tip 
is influenced by the tip and it is partially aligned with the magnetization of the tip, which 
result in the attractive interaction. Note that the contrast is enhanced for the z direction. 
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7 CONCLUSION AND PERSPECTIVE 
In this work we have been concerned with magnetic force microscopy of soft magnetic 

nanostructures. We have succeeded in fulfilment of the assigned tasks, although only 

partially in the case of the probe preparation. Systematic preparation and testing 

of our own magnetic probes was forestalled by the long-term shut down of the main 

instrument (Kaufman ion beam sputter - deposition apparatus). We even measured 

the cores of the magnetic vortices in thin permalloy discs with both the commercial 

and our own home-coated probes, the major goal, even though it was not mentioned 

explicitly in the official assignment due to an uncertain outcome. 

A s far as the probe preparation is concerned, we covered Olympus A C 2 4 0 T S 

A F M probes wi th both hard (Co, CoCr) and soft (NiFe) magnetic layer. Protective 

cover layer from A 1 0 z was deposited in some cases as well. The tips were tested on 

soft magnetic patterned thin-film elements (discs, 'rectangles'). 

The Co tips give the highest M F M signal for a given thickness, because Co has 

the highest saturation and remanent magnetization. Higher signal usually comes 

together with a deteriorated resolution and higher possibility of perturbations of 

the sample by the probe. However, Co tips can have similar imaging properties to 

commercial standard probes wi th C o C r coating, but wi th lower thickness of the Co 

coating compared to the corresponding thickness of the C o C r layer. This results 

in a sharper t ip and therefore better resolution of the probe in topography. A l l 

of our Co probes (approximately 15 nm of Co on the tip) were capable of imaging 

of the cores of the vortices. However, their moment was too high for some other 

soft magnetic structures - few perturbations were observed in permalloy rectangles. 

These rectangles seemed to be more sensitive to the tip moment, than the magnetic 

vortices both in discs and diesquares. The vortices turned out to be quite stable 

and no tip-induced switching was observed for any of the used probes. The reason 

might be defects in fabricated structures, rims around the edges in particular. 

C o C r coating is the best choice for general applications and commercial probes 

bear just this coating, even though the particular composition and thickness is a 

business secret. The commercial L M probes provided the best images of the cores in 

terms of the sufficient signal and a good resolution. Therefore we wanted to prepare 

similar probes. Regrettably, a l l except for one of our depositions resulted in almost 

no C o C r coating at the t ip apex and in most cases the deposited material formed big 

clusters just below the apex. The C o C r target for deposition seems to be in a good 

state from the magnetic point of view, but it seems that the problems are caused by 

wetting of the tip. This might be solved by deposition of a suitable adhesion layer. 

W i t h our C o C r probe we measured the cores as well and in addition a curiosity was 

observed, Pacman-like nanomagnet - a disc wi th a notch. Here it was just a defect, 
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but similar structures are studied for non-volatile magnetic memories. Despite this 

success, the signal was low and optimization of the C o C r deposition (with adhesion 

layer) is required. 

Our NiFe probes (10-15 nm NiFe) provided very low signal, but no sample per­

turbations were observed even for the problematic rectangles. Improvement of the 

signal might be achieved by increasing the layer thickness. These probes seem to 

be the best for the observations of really soft nanostructures. O n the other hand, a 

thin C o C r coating with non-magnetic spacer may perform even better. 

A s for the fabrication of soft magnetic nanostructures, two types of samples 

were prepared, both from NiFe: Antidot array by deposition of 20 nm NiFe on a 

nanoporous alumina template and cylindrical nanowires 50 nm in diameter by elec­

trochemical deposition into the nanoporous template. Results of imaging performed 

on the former turned out to be quite disappointing. The fabricated array had many 

defects inherited from the template and walls of the array were too thin. Al though 

some signal of magnetic origin was acquired as well, it was full of the topographical 

contribution and far away from very nice simulation of the array. 

The second type of sample, which was prepared and measured during author's 

research internship at Institut Neel, was much better. Individual bent nanowires 

more than 10 pm long and 50 nm in diameter wi th homogeneous chemical compo­

sition were prepared by pulsed electrochemical deposition into nanopores of the 

alumina template. One domain wall was nucleated in the bent part as excepted 

from our simulation and confirmed by the M F M observations. Soft nanowires are 

even more susceptible to the tip-induced perturbations, therefore special probes wi th 

multilayered C o C r / P t / A 1 0 z coating developed at Institut Neel were employed for 

the imaging. These probes have a very low magnetic moment and better resolution 

than the commercial probes (maybe except the Nanosensors supersharp probes). To 

the best of author's knowledge, the only images of DWs in soft NiFe nanowires have 

been acquired at Institut Neel in the group of Olivier Fruchart, where the author 

spent his Erasmus internship. Al though we were able to image such a D W in a 

NiFe nanowire, the resolution is not good enough to say which type of D W is in 

the nanowire. Bo th types of DWs in nanowires - the transverse and the Bloch point 

wall - were simulated. From micromagnetic modelling it seems that it might be the 

B P W , which is preferred for the diameters higher than approximately seven times 

the dipolar exchange length which is near 35 nm in our case. O n the other hand, the 

nucleation process by transverse magnetic field favours the transverse wall. Last, 

but not least the energy of both types of D W is not so different for our diameter. 

Thus, the question of the D W type in our nanowire remains open. It can be de­

termined at synchrotron by the combined X M C D - P E E M technique. Maybe, even 

98 



the M F M observation with an extremely low moment probe under vacuum and the 

ultimate resolution of 10 nm can give the answer. 

Last part of the thesis was also devoted to micromagnetic simulations involving 

modelling of the magnetization and its divergence in measured structures (nanowires, 

discs, diesquares, rectangles, antidot array). Even though the map of magnetic 

charges corresponded to the measured M F M image in most cases, we also tried to 

simulated the tip-sample interaction. Due to the high demand for the computation 

resources, only preliminary results are presented. Their extension wi l l lead to the 

simulation of the M F M imaging itself, i.e. involving also mutual tip-sample influence 

and possible perturbations. 

A lot of work has been done, but st i l l much remains to be carried out in the field 

of M F M at I P E . A s for the probe preparation, it is the C o C r adhesion problem and 

optimization of the tip coating in general. Next step after the imaging of magnetic 

nanostructures is M F M observation in an external field. A new microscope has been 

acquired at I P E / C E I T E C which should, in principle, enable such measurements. 

Moreover, the microscope is capable of the torsional resonance imaging, which can 

be also exploited in its M F M variation for the sensing of the in-plane components 

of the sample's stray field. In case of the magnetic vortices in discs, this should 

provide information both on the core polarity (in tapping/lift-mode) and the in-

plane circulation ( T R - M F M again in lift mode) by acquisition of two subsequent 

images wi th the same probe. Only the cantilever excitation would be different for 

each image. 

To conclude, we have prepared M F M tips capable of vortex core imaging and 

in some cases the perturbation-less observation of soft nanomagnets. Aside from 

the cores of magnetic vortices, we measured DWs in nanowires and configuration of 

thin-film elements, mainly rectangles. A l l measured samples were from the soft NiFe 

(permalloy in our case). The micromagnetic simulations of magnetic charges, the 

divergence of the magnetization, are in a good agreement both with the experiments 

and the theory. 
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LIST OF ABBREVIATIONS 
A F M Atomic Force Microscopy 

A L D Atomic Layer Deposition 

B P W Bloch Point W a l l (domain wall in a nanowire) 

C E Counter Electrode 

C E I T E C Central European Institute of Technology 

C N R S Centre Nationale de la Recherche Scientific 

D C Direct Current (also static mode) 

D W Domain Wal l 

E B L Electron Beam Lithography 

E D X Energy-Dispersive X-ray spectroscopy 

F D Fini te Difference 

F E Fini te Element 

F I B Focused Ion Beam 

H D D Hard Disc Drive 

IBS Ion Beam Sputter deposition 

I P A IsoPropyl Alcohol 

I P E Institute of Physicsl Engineering 

K P F M Ke lv in Probe Force Microscopy 

L L G Landau-Lifschitz-Gilbert (equation) 

L M Low (magnetic) Moment 

M F M Magnetic Force Microscopy 

M O K E MagnetoOptical Ker r Effect 

M T X M Magnetic Transmission X - R a y Microscopy 

N W NanoWire 

O O M M F Object Oriented MicroMagnetic Framework 

P E E M PhotoEmission Electron Microscopy 

R E Reference Electrode 

S C E Saturated Calomel Electrode 

S E M Scanning Electron Microscopy 

S E M P A Scanning Electron Microscopy wi th Polarization Analysis 

S P - S T M Spin-Polarized Scanning Tunnelling Microscopy 

S T X M Scanning Transmission X - R a y Microscopy 

T E M Transmission Electron Microscopy 

T W Transverse W a l l (domain wall in a nanowire) 

v d W van der Waals (interaction/force) 

W E Working Electrode 

X M C D Xray-Magnetic Circular Dichroism 
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