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1. Introduction

This dissertation belongs to the field of computational physics and micro-
magnetism, concentrating on the energy losses related to the magnetiza-
tion dynamics in ferromagnetic thin films, investigated through numerical
micromagnetic simulations. The main subject of the dissertation is thin
films in motion under an applied magnetic field or relative to another film,
such that the magnetization dynamics are triggered by the motion and
the resulting energy dissipation due to magnetic relaxation is interpreted
as a source of magnetic non-contact friction. The dissertation is compiled
from peer reviewed journal articles, included at the end of the dissertation.
The following chapters provide an introduction to the subject matter, while
the publications themselves contain the exact details of the methods and
results.

1.1 Ferromagnetism

Ferromagnetic materials are those which are commonly referred to as just
”magnetic materials”, possessing the features conventionally associated
with magnetism, such as the ability to attract and magnetize other mag-
netic substances [1]. Though all substances are magnetic to an extent,
diamagnetic, paramagnetic and antiferromagnetic materials are typically
referred to as non-magnetic, due to the magnetization of these materials
requiring sensitive laboratory equipment to measure, and the fact that
they demagnetize rapidly after the magnetizing influence, e.g. an exter-
nally applied field, is turned off. By contrast, ferromagnetic materials
become magnetized easily, and when a field is applied and then removed,
the magnetization does not return to its original value, a phenomenon
known as hysteresis [2]. Throughout history, ferromagnetic materials
have served a purpose in many important applications, ranging from com-
passes to modern devices essential to everyday life, e.g. electric motors
and generators, transformers and recording heads in hard disk drives.

The source of magnetism lies at the atomic level: the magnetic dipole

1



Introduction

moments observed in bulk matter arise from the motion of electrons about
their atomic nucleus (orbital angular momentum) and the rotation of the
electron about its own axis (spin angular momentum) [3]. The nucleus
itself also has a magnetic moment, but it is typically negligible compared
to the electron magnetic moment. In ferromagnetic materials, the indi-
vidual magnetic moments have a strong tendency to align in parallel, a
phenomenon first explained by the molecular field theory by Weiss in
1906, and later made more accurate by Heisenberg by introducing ex-
change forces arising from the quantum-mechanical exchange interaction
[4]. When heated to a certain temperature called the Curie point, which de-
pends on the material, a ferromagnet loses its magnetization and becomes
paramagnetic. The loss of magnetization above Curie temperature is due
to the thermal excitations overcoming the exchange interaction, resulting
in the breakdown of long range order and thus the vanishing of the net
magnetic moment.

In nanoscale ferromagnets, the exchange interaction can be strong enough
to force a uniform magnetization across the magnet. However, as the size
of the magnet increases, other contributions, such as the demagnetizing
field created by the magnetization along with crystallographic defects and
grains, start to factor in and the minimum energy configuration is no
longer a uniform magnetization. The magnetic structure of a macroscopic
ferromagnet thus consists of multiple magnetic domains, regions in which
magnetization points uniformly in the same direction, separated by do-
main walls, regions where the magnetization changes smoothly from the
direction of one domain to the direction of the other. The net magnetic mo-
ment of the ferromagnet is the sum of the magnetization in the individual
domains. Applying an external field results in parallel aligned domains
growing larger and other domains shrinking, resulting in strengthening
the net magnetic moment in the direction of the applied field. When all
the domains are aligned into a single direction, a material-dependent sat-
uration magnetization is reached, and the magnetization of the magnet
cannot be increased further.

1.2 Magnetic thin films

A particularly interesting class of magnets are ferromagnetic thin films,
which are, in simple terms, films in which the thickness is considerably
smaller than the other dimensions of the film. Hence what exactly consti-
tutes as ”thin” might vary slightly from source to source, but in physical
context this usually means the point at which the thin system starts ex-
hibiting qualitatively different properties than a non-thin system. When it
comes to magnetic thin films, absolute thicknesses below a few micrometers
are usually considered to be thin [5, 6], with ultrathin films, having thick-
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nesses of a few atomic layers [7, 8], typically being treated as a separate
category.

Compared to bulk ferromagnets, thin films have very large surface area.
This change in surface-to-volume ratio increases the relative importance of
surface and interface effects, which can alter the magnetic properties, such
as the saturation magnetization [9] and Curie temperature [10] of thin
films compared to bulk matter. In addition to the reduced dimensionality,
the thin film fabrication methods, such as magnetron sputtering [11] or
molecular beam epitaxy [12], affect the crystalline structure, which has
a significant influence on the electromagnetic properties of the film [13].
Modern fabrication techniques have made it possible to construct magnetic
films composed of multiple different material layers, in which the coupling
between the layers can result in further changes in magnetic properties
[14] or novel effects such as the Dzyaloshinskii-Moriya interaction [15].

Ferromagnetic thin films are researched extensively due to their wide
range of magnetic properties and dynamics [16, 17, 18], the most well-
known being probably giant magnetoresistance (GMR), in which the elec-
trical resistance of a magnetic multilayer changes depending on whether
the magnetization in the different layers is parallel or antiparallel [19, 20].
Magnetic thin films have plenty of existing applications and great poten-
tial for novel nano- and microscale devices in multiple fields, such as data
storage [16, 21], magnetostrictive and magnetoresistive sensing [22, 23],
spintronics [24] and magnonics [25].

1.3 Non-contact friction

Changes in magnetization incur energy losses due to various coupling
mechanisms between the spin degrees of freedom and the lattice [26]. The
link between changing magnetization and energy dissipation is evidenced
macroscopically by the existence of the hysteresis loop in magnetization
processes, and has also been demonstrated experimentally at the atomic
level with a spin-polarized scanning tunneling microscope moving mag-
netic and non-magnetic adatoms on a magnetic substrate [27]. In the
experiment, significant change in force required to move the magnetic
adatoms from an adsorption site to the next was observed, depending on
the strength of the coupling of the spin of the atom and the tip and whether
the adatom was magnetic or nonmagnetic (Fig. 1.1).

When the change in magnetization and the resulting energy losses are
induced by the movement of the magnetic specimen, like in the afore-
mentioned experiment, it is natural to call these losses magnetic friction.
Magnetic friction is a form of non-contact friction, that is friction between
two moving bodies not in direct contact, separated by a vacuum gap [28].
In general, non-contact friction is mediated by long-range electromagnetic
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Figure 1.1. A schematic depiction of the experimental setup of moving adatoms on a
magnetic substrate with a scanning tunneling microscope (left) and the lateral
force exerted on the adatom coupled to tip of the microscope (right). The force
depends on whether the adatom is non-magnetic (orange), weakly coupled to
the tip (blue), or strongly coupled to the tip (purple). Reprinted from [27] with
permission from American Physical Society.

interactions, including contributions from Van der Waals forces [29], Joule
losses from electrostatic interactions [30] and local deformations of the
surface leading to the creation of phonons [31].

Non-contact friction is usually very weak, the contribution in a typical
sliding contact being about one billionth of the total friction force [32]. Thus
non-contact friction forces are mainly considered in situations where one
wants to minimize frictional energy loss. Magnetic losses in particular are a
relevant contribution to overall energy loss in applications with alternating
electromagnetic fields and/or components moving in such fields, such as
in magnetic bearings [33], magnetic gears [34] and electric motors [35].
Additionally, a macroscale application utilizing non-contact friction forces
can be found in eddy current brakes [36], though in this case the effect
is usually referred to as eddy current damping rather than eddy current
friction. Overall, if the strength of non-contact friction could be increased,
it would be a desirable means of actuation and damping motion in systems
that are normally susceptible to wear due to contact.

1.4 Thesis outline

The previous sections have introduced, in a general sense, the physical
system and phenomena examined in this thesis. The remainder of the
thesis is organized as follows: Chapter 2 describes ferromagnetic thin
films and their magnetic dynamics, with focus on topological solitons stud-
ied in the publications. In Chapter 3, the theory behind magnetic losses
is discussed from macroscopic and microscopic perspectives. Chapter 4
presents the theory of micromagnetism and practical considerations re-
garding micromagnetic simulations. Chapter 5 provides short summaries
of the publications and an outlook.
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2. Magnetic structure and dynamics of
ferromagnetic thin films

Ferromagnetic thin films can be broadly separated into two classes: mag-
netically hard films, which are characterized by a preferred magnetization
directions (easy axes) due to strong anisotropy induced by the crystalline
structure (magnetocrystalline anisotropy), and magnetically soft films,
where the magnetocrystalline anisotropy is largely absent and the magne-
tization aligns parallel to the film boundaries to minimize the stray field
(or demagnetizing field), the magnetic field created by the magnetization
of the ferromagnet itself [16]. The equilibrium magnetization and the mag-
netic dynamics of the two types of thin films differ considerably. Examples
of ground state configurations of the two types of films, with dimensions
1 μm × 1 μm × 20 nm each, are shown in Fig. 2.1.

In hard magnetic thin films, the magnetic configuration is determined by
the competition of three energy terms: the magnetocrystalline anisotropy
energy, which is minimized when the magnetization points into the direc-
tion of the easy axis/axes, the stray field energy, which is minimized when
magnetization direction aligns parallel to the boundaries of the magnet,
and the exchange energy, which is minimized when all the magnetic mo-
ments are aligned in parallel to each other. Depending on the strength
and direction of the magnetocrystalline anisotropy, the out-of-plane films
can exhibit unique domain patterns such as bubble domains and maze-like
domain structures [37]. Of especial interest are films in which the easy
axis points out of the plane of the film, known as perpendicular (magnetic)
anisotropy thin films, due to their potential applications in high-density
data storage [38, 39].

In soft magnetic thin films, the magnetic structure is determined by the
competition of the stray field energy and the exchange energy. For small
films or nanodots (up to few tens of nanometers depending on the film/dot
thickness [40]), the exchange interaction dominates and the ground state
is a single magnetic domain [5]. In larger films, up to a couple of tens of
microns [41], the stray field energy starts to compete with the exchange
energy, causing the ground state configuration to depend on the geometry
and topology of the film. Very high domain wall velocities have been
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Figure 2.1. a) Magnetic equilibrium configuration of a monocrystalline Permalloy thin
film with dimensions 1 μm × 1 μm × 20 nm, displaying the so-called Landau
pattern, four domains separated by 90◦ domain walls and a single vortex at
the center. b) A similarly sized CoCrPt thin film with out-of-plane uniaxial
anisotropy, relaxed into a configuration with multiple up (white) and down
(black) domains separated by domain walls. The color wheel at the center
indicates the magnetization direction in the plane of the films.

reported in in-plane magnetized nanowires [42], making them promising
candidates for domain wall memory and logic applications, the most famous
concept probably being the magnetic domain wall racetrack memory [21].

2.1 Magnetic topological solitons

Due to the competition between the different energy terms, parts of the
magnetization of a ferromagnet can form coherent magnetic configurations,
which can be treated as non-linear solitary magnetization waves, i.e. mag-
netic topological solitons (also called magnetic topological defects) [43]. The
term ”topological” here is attributed to the fact that theoretically, topologi-
cal solitons cannot be transformed into a uniform field by any continuous
deformation of the magnetization without surpassing an infinite energy
barrier [44]. In real systems, the energy barrier is naturally never infinite,
but nevertheless high enough to make the magnetic solitons remarkably
stable. Topological solitons and their dynamics have garnered considerable
scientific interest due to this stability, as they could potentially serve as
nanoscale information carriers [45].

Topological solitons can be characterized by their topological charge Q
(sometimes referred to as the skyrmion number)

Q = 1
4π

∫∫
m ·

(∂m
∂x

× ∂m
∂y

)
d2r,

where the integral is over the unit sphere, counting how many times the
magnetization m wraps the unit sphere [46].

Depending on the thickness and magnetic properties of a ferromagnetic
thin film, it can exhibit various types of solitons, including vortices, domain
walls and skyrmions [47]. In this work, the main soliton/defect types
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Figure 2.2. Schematic illustrations of the internal magnetic configurations of various point
defects encountered in in-plane magnetic thin films: a) vortex b) antivortex
and c) and d) edge defects. The circle indicates the core of the soliton, with
out-of-plane polarization in the case of vortex and antivortex, and the black
bar depicts the edge of the sample in c) and d)

encountered are vortices, antivortices, edge defects (or half-vortices) and
domain walls, which will be discussed below. For research on skyrmions,
see e.g. [48].

2.1.1 Vortices, antivortices and edge defects

Vortices, antivortices and edge defects are magnetic point defects/solitons
that appear in thin films with weak magnetocrystalline anisotropy, such as
Permalloy, where the magnetization prefers to align parallel to the bound-
aries of the magnet [49]. These point defects are characterized by small
(approximately equal to the magnetic exchange length of the material)
cores and fractional skyrmion numbers, ±1/2 for vortices and antivortices
[50], and presumably ±1/4 for edge defects due to their half-vortex na-
ture, though they’re rarely discussed in the terms of topological charge.
Schematic depictions of vortex, antivortex and two types of edge defect are
provided in Fig. 2.2. Point defects and their dynamics in magnetically soft
thin films are the focus of Publication I.

The core magnetization, often referred to as the polarization of the
(anti)vortex, points out of the thin film plane [45]. In the case of vortices,
the surrounding magnetization rotates around the core. Vortices are thus
characterized by two quantities: the core polarization and the rotation
direction of the surrounding magnetization (clockwise or counterclockwise).
In antivortices, the magnetization around an antivortex does not rotate
around the core of the defect, but instead points into the core from two
opposite directions and out of the core from two perpendicular directions,
with the rest of the surrounding magnetization assuming orientation in
between these main directions.

The dynamics of vortices and antivortices, such as the gyrotropic motion
of an isolated vortex in a nanodisk and the nucleation and annihilations
of vortex-antivortex pairs, have been studied quite extensively [51, 52,
53, 54, 55]. It has been demonstrated that both the core polarization
and the circulation of a vortex can be switched using high frequency field
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pulses or spin-polarized currents [56, 57]. The polarization switching
of a vortex core occurs through the forming of vortex-antivortex pair of
opposing polarization and the annihilation of the original vortex and the
antivortex, leaving only the vortex with different polarization [56]. This
type of restricted pairwise nucleation and annihilation of vortices and
antivortices is explained by the conservation of the skyrmion number [50].
Depending on the polarizations of the cores, the annihilation has been
found to proceed either in a continuous, smooth manner or in a burst of
spin-waves [58].

Vortices and antivortices are bulk defects, meaning they form in the bulk
of the film and tend to stay away from the edges unless driven there due
to e.g. magnetic relaxation or an outside influence such as an external
magnetic field [49]. A third type of topological defect encountered in in-
plane magnetized thin films, dubbed edge defects or half-vortices, are
conversely confined to the edge and cannot move to the bulk. The edge
defects are also different from vortices and antivortices in that the core
magnetization of the defect does not necessarily point out of plane. Edge
defects provide an additional skyrmion number conserving annihilation
mechanism, in which a vortex annihilates with two edge defects [59].

In films with strong magnetocrystalline anisotropy, the formation of
vortices and other point defects is suppressed due to the shape and topology
of the magnet having less of an effect, as most of the magnetization is
forced to point into the preferred direction(s). However, different kind of
point defects can appear in these films, such as vertical Bloch lines that can
form and move confined inside domain walls in films with perpendicular
anisotropy, displaying similar nucleation and annihilation dynamics as
vortices and antivortices [60], and edge dislocations, defects in stripe
patterns of domain walls, with half-integer topological charges [61].

2.1.2 Domain walls

Domain walls are stable magnetic solitons in which magnetization rotates
continuously between two domains. Two types of basic domain wall struc-
ture found in thin films, characterized by how the magnetization rotates
along the wall relative to the wall direction, are Bloch walls, in which the
magnetization rotates perpendicularly to the wall plane, and Néel walls,
where the rotation is in the wall plane [5]. The two types of domain walls
are illustrated in Fig. 2.3.

Bloch walls appear in bulk magnets and thin films with out-of-plane mag-
netocrystalline anisotropy. The width of the domain wall is determined
by the competition between the exchange energy, attempting to align the
magnetic moments, and the magnetocrystalline anisotropy energy, trying
to align the magnetization along the preferred direction. Néel walls are
typically found in very thin films and in films with weak magnetocrys-
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Figure 2.3. Illustrations of a 180◦ Bloch domain wall (upper), in which the magnetization
rotates perpendicularly to the wall plane, and a 180◦ Néel domain wall (lower),
in which the rotation occurs in the plane of the wall.

talline anisotropy, in which the wall width is restricted by the stray field
energy. In addition to the classification in Bloch and Néel walls, domain
walls are typically referred to by the degree of magnetization rotation from
one domain to the other, with 180◦ and 90◦ domain walls being the most
common.

Depending on the film geometry and the magnetocrystalline anisotropy
strength and direction, the films can also exhibit domain walls with asym-
metric and complex geometries, containing or being composed of topological
defects. Sufficiently thick and wide in-plane magnetized strips, for exam-
ple, exhibit vortex walls, where the wall is formed by one or more vortices
[62]. Domain walls, mainly 180◦ Bloch domain walls in perpendicular
anisotropy films, and their dynamics are the main focus of Publications III
and IV.

2.2 Domain wall dynamics

When a multi-domain magnet is acted upon by an external field, magnetic
domains in which the magnetization direction aligns with the external field
expand while domains not aligned with the field shrink. The shrinking and
expanding of domains is induces domain wall motion inside the magnet,
leading to one of the simplest form of domain wall manipulation: driving
via an applied field. Other novel methods of inducing domain wall motion
have also been developed, including domain wall driving by spin-polarized
currents, a process in which momentum is transferred from the current to
the domain wall [63], and driving by electric fields, where the mechanism
causing domain wall motion is based on elastic coupling between magnetic
and ferroelectric domain walls in multiferroic heterostructures [64].
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Figure 2.4. The time series of the displacement of a domain wall in the thermally activated
creep regime (left) and at the depinning threshold (right). The time sequence
is illustrated by a color code, from dark red (older) to dark blue (more recent).
Reprinted from [66], with the permission of American Physical Society.

2.2.1 Domain wall motion in disordered media

Crystalline structures of solids found in nature are rarely perfect, but
instead contain many kinds of impurities, crystallographic defects and
grains. In this kind of disordered medium, domain walls can relax into
energetically favorable locations, resisting the forces that attempt to move
them, a phenomenon that is known as domain wall pinning. Domain wall
pinning is responsible for many static properties of macroscopic magnets,
such as coercivity and permeability [65].

A microscopic consequence of domain wall pinning is that the domain wall
motion inside a ferromagnet is not continuous, but consists of periods of
inactivity followed by short bursts of domain wall movement, during which
the domain wall(s) rapidly jump from a low-energy configuration to another.
The magnetic dynamics is thus dominated by intermittent domain wall
jumps, the exact dynamics of which depend on the microstructure of the
material and the strength of the driving relative to the critical depinning
field Hd. Three kinds of domain wall motion have been distinguished:
thermally activated domain wall creep below the depinning threshold, the
Barkhausen effect exhibiting large avalanches of domain wall motion at
driving close in magnitude to the depinning field, and flow or sliding regime
when the depinning field is exceeded. The domain wall behavior during
creep motion and at the depinning threshold are depicted in Fig. 2.4.
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2.2.2 Creep motion

If the strength of the driving field is significantly below the depinning
field, one finds the so-called domain wall creep regime. In this regime,
the domain wall is mostly pinned, with small segments of the moving ap-
proximately independently, the motion being activated by random thermal
fluctuations [67]. Creep motion has been experimentally observed in thin
films and wires using magneto-optic Kerr effect [68] and extraordinary
Hall effect [69], and investigated numerically with both micromagnetic
simulations [70] and the Ising model [71].

In the creep regime, the average velocity of the domain wall follows an
Arrhenius-like law v ∝ exp(−Up / kBT · (H/Hd)μ), where Up is the characteris-
tic pinning energy, T is the temperature, kB is the Boltzmann constant [72].
The term (H/Hd)μ represents scaling according to the driving field acting
on the wall, with the value of the exponent μ depending on the by the di-
mension and the nature of the disorder in the system, initially understood
through phenomenological arguments and later predicted by the renor-
malization group theory [73, 74]. Creep exponent values μ= 0.25 and μ= 1
typically found in experiments and simulations [67, 68, 69, 70, 71], corre-
sponding to short-range and long-range disorder, respectively, generally
agree well with the theoretical predictions.

The renormalization group theory predicts also that, like in the case of
driving fields near the depinning threshold discussed in the next section,
there’s another class of domain wall creep in which the domain wall motion
proceeds by collective avalanche-like dynamics [74]. These predictions have
been confirmed by recent numerical simulations [66] and experimental
work [75, 76].

2.2.3 The Barkhausen effect

When driven by fields close in magnitude to the depinning field, the motion
of the domain wall occurs in wide avalanches, a phenomenon known as
the Barkhausen effect [4]. The discontinuous domain wall motion results
in a measurable (e.g. by winding a coil around a magnet and measuring
the induced voltage during magnetization reversal) crackling noise signal
called Barkhausen noise.

Barkhausen noise has been found to incorporate characteristics similar to
many other kinds of crackling noise phenomena [77, 78]. For a wide range
of avalanche sizes S, the size distribution follows a power law scaling with
cutoff P(S)∝ S−τS f (S/S0) where τS is the critical exponent for the avalanche
size [79]. The cutoff is represented by a rapidly decaying function f with
S0 being the size cutoff value. The durations of the avalanches, T, have a
similar distribution with its own critical exponent and cutoff.

Due to interest in the statistics of critical phenomena and avalanche dy-
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namics in disordered systems, Barkhausen noise has been quite extensively
studied, both in 3-dimensional [80] magnets and thin films [81, 82, 83, 84].
The power law distributions have been found to span a broad range of
different materials, suggesting critical behavior in which the only the main
symmetries and conservation laws influence the behavior of the system,
while many other quantitative details are irrelevant. Two universality
classes for have been identified, corresponding to the range of interactions
governing the domain wall dynamics: long-range, in polycrystalline or
partially crystallized amorphous alloys, governed by dipolar interactions,
and short-range, in amorphous alloys, governed by short-range elastic
interactions of the domain walls [85]. A temperature-induced crossover
between the two universality classes has also been demonstrated [86].

Early experiments demonstrated various different values for τS and
τT (see e.g. [87] and [88]), raising valid questions about the criticality
and the universality classes in Barkhausen noise. As pointed out in [89],
lengthy power law scaling sections can be obtained even without being
directly at the critical point. Thus theoretical models of Barkhausen noise
should include not only explanation for the power law scaling regions of
e.g. the size distribution, but also an explanation for other statistical
properties, such as the scaling relations of the cutoffs S0 ∼ k−1/σk and T0 ∼
k−Δk , where k is the demagnetizing factor representing a restoring force
hindering the propagation of Barkhausen avalanches [90], and the scaling
exponent relating the average avalanche size to the duration 〈S(T)〉 ∼ Tγ.
The correctness of the predicted exponents can be verified using well-known
scaling relations, e.g. γ= (1−τS)/(1−τT) [80]. A model known as the ABBM
model [91] was particularly successful for predicting the properties of
systems with long-range disorder e.g. polycrystalline silicon steel, whereas
short-range models are found suitable for amorphous systems [90].

2.2.4 Motion above the depinning field

When the driving field (or a current density threshold in the case of driving
by spin-polarized current) is sufficient to overcome the pinning effects,
H > Hd, the domain wall starts moving steadily on average, and its velocity
becomes linearly dependent on the magnetic field or current density [92].
In addition to the strength of the driving, the velocity of the domain wall
depends on the properties of the system, such as the type and width of the
domain wall [93], the damping of magnetization of the material [94] and
the dimensions of the film or strip [95].

The linear dependence continues until the strength of the driving field
exceeds a certain material- and geometry-dependent threshold, the Walker
field [96]. At this point the domain wall velocity starts to oscillate, causing
the average domain wall velocity to experience a sudden drop. This phe-
nomenon is called the Walker breakdown, a point at which the domain wall
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motion becomes unstable due to the torque exerted by the driving influ-
ences overcoming the demagnetizing and damping fields [97]. In in-plane
magnetic nanowires, the walker breakdown causes nucleation vortices
and antivortices in the domain wall during motion, which slows down the
propagation [55].

Above the Walker field, the domain wall starts to undergo precessional
motion, leading to the wall velocity oscillations. When the driving field or
current is further increased to high levels, the linear relationship between
domain wall velocity and driving strength is regained, though the flow re-
mains precessional and the mobility of the domain wall is greatly reduced
[98]. As fast domain wall motion is highly desirable in spintronics applica-
tions, considerable effort has been made to understand how to enhance the
velocity of domain walls and suppressing the Walker breakdown. Some of
the proposed techniques include deliberately rough wire edges in magnetic
strips [99] and having a perpendicular anisotropy layer underneath the
in-plane layer [100], both of which suppress the nucleation of vortices
and antivortices and show considerable enhancement in the domain wall
velocity.

13





3. Magnetic losses

Heating up a magnetic sample causes excitations in the magnetization,
eventually completely breaking down the magnetic order at the Curie
temperature. This connection between lattice thermal excitations and
the magnetic configuration goes both ways, and thus the relaxation of the
magnetization also transfers energy from the spin excitations to the lattice.
This chapter discusses the theoretical background of these magnetic losses
from both macroscopic and microscopic perspectives.

3.1 Macroscopic losses

When a ferromagnet is magnetized cyclically into two opposite directions
via an external field, the induced magnetic flux density B as a function of
the external field strength H traces a loop (Fig. 3.1 a). The shape of the
loop yields a great deal of information about the magnetic properties of the
ferromagnet, such as magnetic saturation (the maximum extent to which
the magnet can be magnetized), coercivity (the ability of the magnet to
resist demagnetization) and remanence (the residual magnetization when
the external field is removed) [2]. The area of the hysteresis loop expresses
the amount of work lost as heat in one induction cycle. The losses can be
divided into three separate contributions, Pcl, Ph and Pexc, which stand for
classical loss, hysteresis loss and excess (or anomalous) loss, respectively
(Fig. 3.1 b) [101]. In the case of a magnet in a sinusoidally oscillating field,
the losses take the forms

Pcl =
π2σd2

6
(Bf )2, Ph = 4khystBβ f , Pexc = 1.63

2L
d

Pcl [Wm−3], (3.1)

where in the term Pcl, σ is the conductivity of the material, d is the thick-
ness, B is the peak induction field and f is the frequency of the external
field oscillation. Due to the strong dependence on the thickness and con-
ductivity of the magnet, the classical losses are mostly neglibible in thin
films and insulators [5]. The hysteresis loss per cycle of magnetization is
independent of the magnetization frequency, leading in turn to a linear
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Figure 3.1. Hysteresis loops for a 0.35mm thick Fe–3wt.% Si lamination for a few different
magnetization frequencies (left) and the three contributions to the magnetic
losses for a grain-oriented 0.30mm thick Fe–3wt.% Si lamination (right).
Reprinted from [101] with permission from Elsevier.

frequency dependence on the dissipation power as seen in the definition of
Ph, where khyst and β are structural aspects affecting the domain wall pin-
ning and magnetization reversal, their values depending on the material
[101]. The equation for excess losses Pexc, where L is the average width of
a domain, is valid for bar-like domains of varying widths [102].

Classical losses and excess (or anomalous) losses are essentially caused by
Joule dissipation, in which eddy currents induced in a conducting magnet
convert energy into heat. In this case, it is the currents and the resistivity
of the conductor that are mostly responsible for the energy dissipation
rather than the direct interaction of the magnetization and the lattice, and
classical losses are present even without structural inhomogeneities and
in single-domain particles without domain walls [101]. The excess losses,
on the other hand, appear as the result of smooth large-scale motion of
domain walls across the specimen, in which local eddy currents concentrate
around the moving domain walls.

Hysteresis losses are a consequence of the pinning and depinning during
domain wall motion discussed in Chapter 2, i.e. the fact that the motion
of domain walls during the magnetization isn’t smooth but proceeds in
rapid jumps. The hysteresis losses are thus intimately tied to the degree
of structural disorder in the material. In pure crystals, it’s expected that
hysteresis losses are negligible, whereas they are the main contributor to
the energy dissipation in highly disordered materials. The losses studied
in Publication IV are primarily hysteresis losses, whereas the excess losses
are the main source of dissipation in Publication III due to the lack of
structural disorder in the film(s).
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3.2 Microscopic loss mechanisms

Though there is no general consensus on the complete nanoscale expla-
nation for the magnetic relaxation and energy dissipation mechanisms
as of yet, there are multiple pathways for the energy to be converted into
heat through spin wave (magnon) interactions, such as magnon-phonon
and magnon-electron interactions, magnon-impurity interactions, and
magnon scattering on the surface and interface defects [26]. The dissipa-
tion channels can be broadly divided into two classes: intrinsic damping
mechanisms, which are fundamental to a ferromagnetic material, and
extrinsic damping mechanisms, which arise from inhomogeneous mag-
netization in multi-domain magnets and magnets with imperfections of
the crystal structure, such as lattice defects and doping [103]. The total
damping of the spin precession is the sum of these two contributions. The
spin dynamics of various systems have been studied in ferromagnetic res-
onance (FMR) linewidth experiments [104, 105, 106], yielding insight to
the intrinsic and extrinsic damping mechanisms.

3.2.1 Intrinsic damping

The intrinsic damping, also called Gilbert-type damping due to it being
well described by the Landau-Lifshitz-Gilbert equation (see Chapter 4), is
inherent to all kinds of ferromagnets, applying to bulk magnets and thin
layers, and both electrically insulating and conducting magnets. A system
exhibiting purely intrinsic damping would be a uniformly magnetized
sample without lattice defects, the excitation being a uniform mode (wave
vector k=0) magnon. The energy dissipation from this type of systems
is thought to be mainly the result of spin-orbit coupling, which connects
the precession of the magnetic moments to the lattice, and electron-hole
pair creation and recombination, caused the by annihilation of uniform
mode magnons [103]. The damping is thus dependent on the density of
electronic states of the material, and the damping behavior as a function
of temperature depends on whether the electron-hole pairs occupy the
same energy band ("conductivity-like" damping, which increases with
temperature) or different energy bands ("resistivity-like" damping, which
decreases with temperature).

There are also various other mechanisms contributing to intrinsic damp-
ing which depend on the material. For example, in metallic magnets
the exchange interaction of s-d electrons can be a major contributor to
the damping [107], and impurities and doping can influence the intrinsic
damping mechanisms through modifying the electron-magnon interaction.
Another modification to the intrinsic damping can appear from an interface
between ferromagnetic and nonmagnetic materials. At the interface, spin
currents from the ferromagnetic layer can flow through into the nonmag-
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netic layer, a phenomenon known as spin pumping [108], in which the
spin angular momentum is transferred to the nonmagnetic layer and then
dissipated, the transfer rate depending on the electronic configurations of
the materials at the interface.

3.2.2 Extrinsic damping

The extrinsic damping effects include damping contributions that are not
inherent properties of the material itself, but instead are the result of
the structural inhomogeneities of the ferromagnet [104]. The inhomo-
geneities may arise from a multitude of microstructural origins, including
magnetocrystalline anisotropy variation in a polycrystalline sample, mag-
netostriction coupled with nonuniform stresses, surface roughness, and
step/edge anisotropy. Extrinsic damping is of theoretical and practical in-
terest since it can be controlled by sample growth conditions and topology,
making it possible to fabricate samples with a desired level of damping
[109].

The mechanism behind extrinsic damping is usually attributed to the
fact that the presence of the inhomogeneities in the magnetic structure
make the magnetization precess in local resonant magnon modes instead
of a uniform mode across the whole sample [103]. These non-uniform
mode magnons can scatter from the uniform mode magnon or each other, a
process referred to as two-magnon scattering [110], which is considered
to be the main contributor of extrinsic damping. The scattering processes
transfer energy from the uniform mode to non-uniform modes, which also
interact with the other degrees of freedom of the lattice. This provides addi-
tional pathways for relaxation, leading to the enhancement of the damping,
experimentally observable through the broadening of FMR resonance peak
[111].

Like the uniform mode magnon, the non-uniform magnon modes can
interact with the impurities and defects of the lattice. Thus, similar to
the intrinsic damping, the extrinsic damping can be enhanced with doping
[112] and in multilayer systems through the interlayer interaction [113].

3.3 Magnetic non-contact friction

When a magnetic surface moves in an external field or relative to another
magnet, the magnetization interacts with the external field or the magnetic
field of the magnet, respectively. The interaction transfers kinetic energy
to magnetic excitations, which then transfer the energy to the lattice in the
way described in the previous sections. This type of magnetic non-contact
friction has been studied computationally in models with e.g. single spin
moving atop a monolayer of spins, used to study temperature and velocity
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Figure 3.2. (Left) Transmission electron micrograph of a cobalt nanowire tip and a scan-
ning electron micrograph of a Pr2Fe14B particle tip used to measure magnetic
dissipation in an external field. (Right) The measured cantilever damping
vs applied field for both tips. Reprinted from [120] with permission from
American Physical society.

dependence of magnetic friction when the dynamics of the spins follow the
Landau-Lifshitz-Gilbert equation [114, 115]. Both velocity independent
(Coulomb) friction and velocity dependent (Stokes) magnetic friction have
been demonstrated in these simulations, though the difference in frictional
behavior could be explained by the simulation model [116].

Studies regarding two larger-scale interacting magnetic surfaces have
been more rare, likely due to the large computational cost involved. One
such study, using Monte Carlo simulations in the Ising model [117], dis-
placed a half-plane of a two-dimensional Ising square lattice parallel across
the other half-plane. In this model, it was found that the magnetic friction
force is highest near the Curie temperature, and that antiferromagnetic
coupling lead to stronger friction than ferromagnetic coupling. However,
the study was more akin to contact friction due to exchange interaction
being the main contributor to friction. Using scalar approximation for
the magnetic moments and thin domain wall approximation [118], an
investigation of a larger-scale model with two disordered thin films incor-
porating stripe domains and interacting with dipolar interactions has been
performed [119]. In this study, various regimes of domain wall and film
motion, such as stick slip and domain wall dragging, were found.

There have also been some experimental studies regarding magnetic
friction, though experiments are relatively rare due to the challenges in
detecting the small friction forces. In addition to the single atom spin-
flipping experiment discussed in the introduction, magnetic friction has
been demonstrated experimentally using a soft cantilever with a magnetic
tip oscillating in an external magnetic field [120]. In strong (approaching
6 T) external magnetic fields, the damping coefficient measured for a cobalt
tip were found to be in the 10−13 – 10−12 kg/s range (Fig. 3.2). The impor-
tance of magnetic degrees of freedom to the energy loss was illustrated by
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showing that the dissipation was material dependent, with magnetically
more malleable cobalt showing orders of magnitude higher dissipation
compared to the stronger anisotropy PrFeB, for which the damping didn’t
differ significantly from the damping of a bare silicon (i.e. non-magnetic)
cantilever.
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4. Micromagnetics

The central theory and framework used in all the publications I-IV is
micromagnetics, specifically micromagnetic dynamics simulations. This
chapter aims to provide the necessary details on both the theoretical and
computational aspects of micromagnetics essential to this work.

4.1 Basics of micromagnetic theory

Micromagnetism is a semiclassical continuum theory of magnetism, in
which the atomic details are ignored and the magnetization is treated as a
continuous vector field inside a magnetic sample, the interactions of the
magnetic moment vectors with external influences and each other being
described by various effective field terms. The micromagnetic theory gained
tract after it was established and generally accepted that the magnetiza-
tion of ferromagnets consisted of magnetic domains separated by domain
walls, as ab initio methods were (and to a large extent still are) unfeasible
in analyzing the domain structure and dynamics of microscale magnets.
Continuum expressions for the exchange energy [121] and the anisotropy
energy [122] were derived in the 1930s and 1940s along with the equa-
tions of motion for the magnetic moments, and the basic principles and
methods of micromagnetics were collected into a single whole by Brown in
1963 [123]. Nowadays, micromagnetics has become the standard tool for
research involving magnetostatics and -dynamics at length scales between
atomistic spin dynamics (< 1 nm) and domain theory (1 μm - 1 mm) [5].
Falling into the realm of micromagnetics are thus particles which are large
enough to be nonuniformly magnetized (but small enough to not contain
regular domain patterns studied in domain theory), and the inner struc-
ture and dynamics of magnetic substructures such as domain walls and
skyrmions. Hence, micromagnetic theory is particularly apt for analyzing
magnetic structure and dynamics in magnetic thin films and strips.
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4.1.1 Micromagnetic energy

The central problem that micromagnetics aims to solve is finding the mag-
netization M of a sample of arbitrary shape in thermodynamic equilibrium.
This is done by finding the minimum of the total magnetic Gibbs free
energy G, which can be expressed as volume integral of the sum of the
energy densities of different magnetic interactions [124]

G =
∫

V

[
A(∇m)2+εanis−μ0Ms(Hext ·m)− 1

2
μ0Ms(Hdemag ·m)+εme

]
dr3, (4.1)

where V is the volume of the magnet and m is the magnetization normal-
ized by the saturation magnetization, m = M/Ms. The above expression
contains the five energy density terms most commonly present in magnetic
materials (in the order they appear in the equation): the exchange energy,
magnetocrystalline anisotropy energy, Zeeman (external field) energy, de-
magnetizing field energy and magnetoelastic energy. Some of the energy
terms were already discussed in Chapter 2, but they’re also are briefly
explained here. For a more thorough description, see e.g. [124].

Exchange energy density A(∇m)2 is the result of the quantum mechanical
exchange interaction driving neighboring spins into aligning with each
other. The exchange stiffness constant A, indicating the strength of the
exchange interaction, is usually determined experimentally, and for com-
mon ferromagnetic materials is in the range 1−10 pJ/m [5]. As can be seen
from the energy expression, the exchange energy is minimized when the
magnetization is aligned uniformly in one direction.

The magnetocrystalline anisotropy energy density εanis originates from
the spin-orbit coupling and depends on the crystal structure of the material.
The existence of magnetocrystalline anisotropy results in preferred direc-
tions of the magnetization, called easy axes or directions. In the simplest
case of uniaxial anisotropy materials, such as the ones simulated in the
publications III and IV of this work, the magnet has a single easy axis
with a single anisotropy constant Ku. In this case, the magnetocrystalline
anisotropy energy density assumes the form εanis = Ku(m ·u), where u is
the uniaxial anisotropy direction vector.

The external (or applied) field and the demagnetizing field energies
μ0(Hext ·M) and 1

2μ0(Hdemag ·M) arise directly from the interaction of the
magnetization with the external and demagnetizing fields, respectively,
being at a minimum when the magnetization points along the field lines.
The demagnetizing field or stray field is the magnetic field produced by
the magnetization itself, directly derivable from the Maxwell’s equations.
The stray field is generated by magnetic volume and surface "charges",
analogous to electric field arising from electric charges [125]. Thus, in
order to minimize stray field energy, the individual magnetic moments
close to the surface of the magnet tend to align parallel to the surface.
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Magnetoelastic energy εme comes from the interaction between elastic
stresses and the magnetization of the magnet. Due to the relatively low
(Publication I) and fabrication method dependent (Publications II-IV) mag-
netoelastic energies of the thin films studied in this work, the contribution
of magnetoelasticity is neglected.

4.1.2 Brown’s equations and the effective field

Below the Curie temperature and in thermal equilibrium, the saturation
magnetization Ms stays constant. Thus only the direction of the magne-
tization, represented by the normalized magnetization m=M/Ms, varies.
The equilibrium magnetization state is then found at a point where the
first-order variation of G with respect to m is zero, leading to the equation
[126]

δG =
∫

V

(−2∇· (A∇m)+ δεanis

δm
−μ0MsHd −μ0MsHext

)
δm dV

+
∫
∂Ω

(
2A

∂m
∂n

·δm
)

dS = 0,

(4.2)

where ∂m/∂n is the normal derivative of the magnetization. The variation
δm is of the form δθ̄×m, which represents an arbitrarily small rotation
|δθ̄| about the direction of the vector δθ̄ [123]. Using the vector calculus
identity v · (δθ̄×m)= δθ̄ · (v×m)=−δθ̄ · (m×v), one obtains

δG =
∫

V
m×(

2∇· (A∇m)− δεanis

δm
+μ0MsHd +μ0MsHext

) ·δθ̄ dV

+
∫
∂Ω

(
2A

∂m
∂n

×m
) ·δθ̄ dS = 0.

(4.3)

Since δθ̄ is an arbitrary rotation, the variation can be zero if and only if{
m×(

2∇· (A∇m)− δεanis
δm +μ0MsHd +μ0MsHext

)= 0

2A ∂m
∂n ×m

∣∣
∂Ω

= 0
.

the conditions can be written in a simpler form by introducing the effective
field Heff, which encompasses the various field terms,

Heff =
1

μ0Ms
2∇· (A∇m)− 1

μ0Ms

δεanis

δm
+Hd +Hext,

and noting that the normal derivative ∂m/∂n is orthogonal to m in the
second condition, thus meaning that the normal derivative has to be zero.
Together, these yield elegant equilibrium conditions for the magnetization,{

μ0Msm×Heff = 0
∂m
∂n

∣∣
∂Ω

= 0
,
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known as Brown’s equations. They state that in equilibrium, magnetiza-
tion is parallel to the direction of the effective field, and that the normal
derivative of the magnetization at the surface vanishes. The second condi-
tion can be modified in the presence of surface and interlayer anisotropies
[5].

4.2 Dynamic micromagnetics

In addition to finding the magnetization configuration in equilibrium,
micromagnetic theory is also capable of handling magnetization dynamics,
which consists of the magnetic moments precessing around and relaxing
into the direction of the effective field. Dynamic micromagnetics has been
utilized to interpret and investigate e.g. magnetic switching [127] and
ferromagnetic resonance [128], among other rapid magnetic processes.

4.2.1 The Landau-Lifshitz-Gilbert equation

The key to solving micromagnetic dynamics is finding the appropriate equa-
tion of motion for the magnetic moments. The first considerations by Bloch
[129] analyzed the time-dependent motion of uncoupled and undamped
magnetic moments, treating the motion as classical mechanical preces-
sion. Landau and Lifshitz published an equation of motion for magnetic
moments with damping in 1935 [121], the Landau-Lifshitz equation

dM
dt

=−γ0(M×Heff)−
λ

M2
s

(
M× (M×Heff)

)
, (4.4)

in which the first term of the equation describes the precessional motion of
the magnetization M around the effective field Heff, with a frequency deter-
mined by the gyromagnetic constant γ0 = |γ|μ0 ≈ 221 kHz/(Am−1), where γ

is the electron gyromagnetic ratio and μ0 is the permeability of vacuum.
The second term describes the winding down of the precession, λ being the
dimensionless Landau-Lifshitz damping constant. The precessional mo-
tion of the magnetic moment around Heff with the precession and damping
terms is depicted in Fig. 4.1.

In 1955, Gilbert pointed out that the Landau-Lifshitz equation is valid
only for small damping and proposed an alternative damping term [130],
leading to the Landau-Lifshitz-Gilbert (LLG) equation

dM
dt

=−γ0(M×Heff)+
α

Ms
(M× dM

dt
), (4.5)

where α is the Gilbert damping constant, representing the damping influ-
ences acting on the magnetic moments discussed in Chapter 3. The Gilbert
damping constant is usually determined from ferromagnetic resonance
or time-resolved magneto-optical Kerr effect experiments [131]. The LLG
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Figure 4.1. A schematic image of the precession dynamics of a spin according to the LLG
equation, with the terms responsible for the precession and damping indicated
by vectors. Reprinted from [103] with permission from IOP Publishing.

equation can be cast into the mathematically equivalent Landau-Lifshitz
form

dM
dt

=−γ∗0(M×Heff)−
λ∗

M2
s

(
M× (M×Heff)

)
, (4.6)

where the gyromagnetic terms γ∗0 and γ0 and damping constants λ∗ and α

are related by

γ∗0 = γ0

1+α2 , λ∗ = αγ0Ms

1+α2 ,

respectively. Due to the equivalence, both Eqs. (4.4) and (4.5) are commonly
referred in literature as the Landau-Lifshitz-Gilbert equation, and both
equations produce the same dynamics when the damping is weak.

The LLG equation has become the staple of dynamic micromagnetics,
with further extensions to the basic equation having been developed to
deal with additional effective field terms representing various excitations
and interactions, e.g. thermal fluctuations [132], spin-polarized currents
[133] and the Dzyaloshinskii-Moriya interaction [134].

4.3 Micromagnetic simulations

The micromagnetic equations in general are difficult to treat analytically in
all but the simplest of systems. As such, numerical micromagnetics is often
the tool of choice when it comes to research concerning magnetic domains
and their dynamics. Since their early application in predicting domain
wall structure in soft thin films [135], micromagnetic simulations have
been used to reproduce a variety of experimental results in a multitude of
systems, see e.g. [136, 137, 138]. With the advances in GPU-accelerated
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computing, the speed of micromagnetic simulations has surged [139, 140],
making it possible to perform larger length- and timescale simulations,
μm and μs by the time of writing of this thesis.

Finite element methods (FEM) and finite difference methods (FDM) have
been found well-suited for solving micromagnetic problems [141]. Both
methods are based on discretizing the magnetic volume of interest into
small subvolumes and solving the LLG equation in each subvolume, which
are cuboid (often cubic) cells in FDM and tetrahedra in FEM. As such,
finite element methods are usually suitable for problems involving curved
geometries, while finite difference methods tend to be advantageous in
rectangular geometries and in problems with large surface area. Since
the publications in this thesis concern rectangular thin films, FDM was
the natural choice. The simulations of this work are performed with the
open-source micromagnetic code Mumax3 [142].

In an FDM micromagnetic simulation, the individual discretization cells
of the magnet are typically treated as uniformly magnetized, represented
by a vector in each cell. These magnetization vectors interact with the local
effective field Heff in the discretization cells, also assumed uniform per cell,
and revolve in time according to the LLG equation. The time discretization
is typically handled by adaptive step algorithms, in which the step size is
adjusted according to the local truncation error. Thus the timestep can be
reduced during rapid events (such as vortex-antivortex annihilations) and
increased when the change in magnetization is slower, saving computa-
tion time compared to fixed step algorithms while retaining good accuracy.
The spatial discretization is limited by the exchange length lex [5], below
which the magnetization direction can be considered uniform. The ex-
change length is determined by lex =



A/K , i.e. the exchange constant A

and the appropriate magnetocrystalline anisotropy constant K . Having a
discretization cell size close to or above the exchange length can introduce
numerical problems, such as artificial pinning of domain walls, to the sim-
ulation. In thin films with weak magnetocrystalline anisotropy, another
exchange length, the magnetostatic exchange length lmex =

√
2A/(μ0M2

s ),
can become a limiting factor [143]. In this case, the Néel domain walls
typical to this type of systems cannot be resolved properly unless the
discretization cell is smaller than the magnetostatic exchange length.

4.3.1 GPU acceleration and the demagnetizing field

Most of the effective field terms in the micromagnetic equations are lo-
cal and efficient to solve numerically. However, the demagnetizing field
term represents a non-local long range interaction, through which all the
magnetic moments interact with each other, making the micromagnetic
simulations scale as N2 with the number of magnetic moments. This
results in the demagnetizing field calculation usually being the most com-
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putationally heavy part of micromagnetic simulations, a fact due to which
a considerable effort has been made to make the calculation of the demag-
netizing fields more efficient. A discussion of the techniques is presented
e.g. in [144].

One of these techniques, usable in FDM micromagnetics and used by
Mumax3, is utilizing Fast Fourier Transforms (FFT) to speed up the evalu-
ation of the demagnetizing field. The technique is based on the fact that
on a regular simulation grid, the demagnetizing field components of an
individual magnetic moment can be reduced into geometric coefficients,
hence making it possible to write the demagnetizing field calculation as a
convolution of the magnetization and a demagnetizing (field) kernel, a 3-by-
3 tensor [125]. The convolution can then be transformed from real space to
a pointwise multiplication of the Fourier transformed magnetization and
the demagnetizing kernel, reducing the calculation complexity from O(n2)
to O(n logn) of Fast Fourier transforms. Both the FFT and the pointwise
multiplication can be calculated using Graphics Processing Units (GPU),
massively parallelizing the operations for increased simulation speed. The
demagnetization tensor can be calculated once at the beginning of the
simulation, Fourier transformed and moved to the GPU, while the magne-
tization has to be transformed and inverse-transformed during each time
step, the number of transforms being dependent on the time integration
scheme used. The Fourier transformation and GPU acceleration are im-
portant in Publication II, as these methods restrict the calculation of the
demagnetizing field to specific points, requiring interpolation in order to
find the demagnetizing field at any point in space.

4.4 Energy loss in micromagnetic simulations

Micromagnetic simulations have been employed to study the magnetic
losses in single domain particles and nanowires, with the dissipation in
magnetic switching of nanomagnets receiving particular attention due to
possible applications in magnetic logic devices [145, 146, 147]. In micro-
magnetism, the Gilbert damping constant incorporates the microscopic
energy loss mechanisms discussed in Chapter 3, with the micromagnetic
calculations inherently including the energy transfer to various spin-wave
modes, and the damping term consisting only of energy loss mechanisms
that transfer energy out of the system [148]. The rigorous evaluation of
the value of the Gilbert damping constant is difficult due to the variety
of the damping mechanisms and the challenge in separating the intrinsic
and extrinsic damping effects. There is also discussion over whether the
simple constant form of the damping is appropriate for modeling the energy
dissipation [149].

The phenomenology of the damping term considered by Gilbert, in which
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the damping torques can be derived from a Rayleigh dissipation function
[150], leads to a relation between the time derivative of the magnetization
and the energy dissipation

dW
dt

= η

∫
V

(dM
dt

)2
= αμ0

γ0Ms

∫
V

(dM
dt

)2
dr3.

Inserting the LLG equation from (4.5) in place of the derivative ∂M/∂t, one
has

dW
dt

= αμ0

γ0Ms

∫
V

[ γ0

1+α2

(
Heff ×M+ α

Ms
M× (M×Heff)

)]2
dr3,

which, due to the orthogonality of the precession and damping terms,
becomes

dW
dt

= αμ0γ0

(1+α2)2Ms

∫
V

(Heff ×M)2 + α2

M2
s

(
M× (M×Heff)

)2 dr3.

Finally, noting that
(
M×(M×Heff)

)2 is equal to M2
s (Heff×M)2 yields a simple

form

dW
dt

= αμ0γ0

(1+α2)2Ms

∫
V

(1+α2)(Heff ×M)2 dr3

= αμ0γ0

(1+α2)Ms

∫
V

(Heff ×M)2 dr3

In finite difference micromagnetics, the magnet is typically discretized into
cells of equal volume, with M and Heff being constant in each cell. In such
a system, the total dissipation power is just a sum over the dissipation in
individual cells:

dW
dt

= αμ0γ0Vcell

(1+α2)Msat

N∑
i=1

(
Mi ×Heff,i

)2, (4.7)

where Vcell is the volume of the discretization cell. This form for the
dissipation power is used in the calculations of Publications III and IV.
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5. Summaries of the publications

5.1 Publication I

Publication I focuses on the coarsening dynamics of topological solitons
and the resulting energy dissipation in permalloy thin films after a rapid
quench from an initially random magnetization. Similar phase-ordering
kinetics, in which the density of topological defects has often been found
to follow power law decay, has been studied in various kinds of systems,
including liquid crystals, biosystems and cosmology. In magnetic context,
such coarsening dynamics have been previously studied in Ising and XY-
models, but less so in the framework of micromagnetism with realistic
material parameters and all the relevant magnetic interactions included.

We use micromagnetic simulations to investigate the relaxation dynam-
ics of 20 nm thick permalloy films with lateral sizes ranging from 512
nm to 4096 nm. At the beginning of each simulation, the film is set to a
randomized magnetization, mimicking a high-temperature paramagnetic
configuration, and is let relax in time without external influences and in
zero temperature. After a short initial fluctuation phase, stable topological
point defects discussed in Chapter 2, vortices, antivortices, and edge de-
fects, form and exhibit coarsening dynamics through mutual annihilation
of colliding defects. We implement a method to identify and track the mo-
tion of the different types of defects from the magnetization data, following
the defect dynamics as well as quantities such as the total winding number
of the system and the counts of the defects.

Monitoring the defect dynamics during the relaxation, we detect various
winding number conserving annihilation and core switching events. We
find that the density of each kind of defect follows a power law with an
exponent depending on the defect type, with the exponent values deviating
from those found previously for simpler magnetic models. As the defects
are main contributors to the total energy of the film, the total energy of the
system also follows a power law decay during the defect annihilation phase
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Figure 5.1. (Left) Four snapshots of a 1024 nm × 1024 nm × 20 nm Permalloy film
undergoing relaxation from an initially random magnetization state at t = 0
to single-vortex state at t = 10 ns. (Right) The converging of the winding
number towards 1 for the different film sizes, with large initial deviations due
to the magnetic fluctuations making defects difficult to detect.

of the relaxation. The final relaxation of the system typically occurred
as single vortex gyration, eventually stopping at the center of the film,
though some simulated films ended up in metastable states with two or
more topological defects.

We also investigate the effect of the Gilbert damping parameter α and
quenched disorder on the relaxation, and find that high α tends to lead to
lower values for the power law exponents for all defect types, approaching
the value obtained from the XY-model with linear damping and short
range interactions only. The quenched disorder was realized by dividing
the films into grains via Voronoi tessellation with 20 nm average grain
size, and varying the saturation magnetization in each grain or decreasing
the strength of exchange between grains. We found that the disorder had
a negligible effect on the decay exponents.

Figure 5.2. (Left) The time evolution of the energy during relaxation in Permalloy films of
various sizes, showing the initial fluctuation stage of relaxation and the stage
dominated by defect annihilation. The inset shows the energy as a function of
point defect density. (Right) The total defect densities for different values of
the Gilbert damping constant α. The inset shows the decrease of the decay
exponent as a function of α.
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5.2 Publication II

In Publication II we develop an extension to an existing micromagnetic
framework, Mumax3, with the aim of studying magnetic domain dynamics
in thin films stimulated by motion, either in an external field or relative to
another film. The main focus of the extension is simulating two interacting
thin films, one of which is driven in a specified direction with either con-
stant velocity or attached to a spring moving at a constant velocity, while
the other film remains in place. Using the extension, one can simulate e.g.
the tip-sample interaction in magnetic force microscopy and non-contact
friction between sliding magnetic surfaces, the latter being the subject of
interest of Publications III and IV.

In a simulation scenario with two thin films separated by more than a
few nanometers, the films interact through their demagnetizing fields. As
discussed in Chapter 4, the demagnetizing field calculation is normally an
O(n2) operation in the number of simulation cells, due to which in Mumax3
the calculation is sped up using Fast Fourier transforms (FFTs). With the
FFT method, the demagnetizing field calculation can be accomplished as a
pointwise multiplication between the Fourier transformed magnetization
and a kernel consisting of geometric coefficients, the latter of which can be
computed once at the beginning of simulation and stored on the GPU. This
reduces the computational complexity to O(n logn), significantly speeding
up the computation.

However, due to a fixed demagnetization kernel, using the FFT method
means that the demagnetizing field can only be calculated in a single
predefined point (usually in the center) of each discretization cell. With
moving films, this leads to discrete motion and jumps in the demagnetizing
field experienced by both films, which further causes discontinuities in e.g.
the total energy of the system.
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Figure 5.3. (Right) The artificial discontinuations in the energy due to a film moving one
discretization cell at a time for three different velocities. The motion causes
an immediate magnetic excitation, which then relaxes, best seen at the lowest
velocity. (Left) Schematic idea of the interpolation of a magnetic field vectors
inside a discretized magnet moving between the discretization cells.
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We solve the discontinuity problem by implementing two methods of
smoothly interpolating the demagnetizing field terms in between the finite
difference discretization cells: direct interpolation of the field vectors, and
the calculation of the demagnetizing field through magnetic scalar poten-
tial. Both methods utilize cubic B-spline interpolation on the GPU, due to
cubic B-splines being twice continuously differentiable, a physical require-
ment for the magnetic scalar potential. In addition to the demagnetizing
field, the applied external field vectors can also be interpolated directly in
the case of simulations where an external field is applied.

We assess our implementation with an example simulation of stick-slip
motion, where two stripe-patterned CoCrPt films are sliding relative to
each other, one of the films being pulled by a spring. We observe continuous
domain and stray field evolution, smoothed by the spline interpolation,
leading to continuous energy, spring force and other quantities. Due to
the interpolation, however, some undesirable artificial divergence and
curl of the demagnetizing field are inevitably introduced to the system.
Fortunately, testing both the direct interpolation and the scalar potential
methods for a field created by a random magnetization, we find that the
artificial divergence and curl are increased relatively little (less than one
thousandth) compared to the baseline numerical noise already present in
the system.

In addition to the movement code, we implemented a method to explicitly
calculate the eddy current field induced by the changing magnetization.
The method was tested by simulating the magnetic switching of a Permal-
loy nanocube, where we studied how the eddy current field and the Gilbert
damping parameter influence the switching time. The effect of eddy cur-
rents was found to be somewhat dependent on the Gilbert damping, and
overall quite modest in this scenario.
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Figure 5.4. (Left) The percentage increase in artificial divergence due to the interpolated
magnetic field for different methods of calculation, showing how the spline
interpolation and the scalar potential method lead to significantly smaller
increase in artificial divergence compared to linear interpolation. (Right) The
spring force in the numerical example simulation for two values of distance d
between the films, showing stick slip motion with the higher distance.
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5.3 Publication III

In Publication III we use the extension developed in Publication II to study
magnetic non-contact friction. Compared to other forms of non-contact
friction touched upon in the Introduction, the magnetic interactions and
their contribution to the energy dissipation having seen comparatively
little research. Hence Publication III focuses on the magnetic friction due
to domain dynamics in magnetic thin films. In particular, we’re interested
in the energy dissipation arising from domain wall motion.

Experimentally, non-contact friction is usually studied with ring-down
measurements, in which the oscillations of an oscillator, typically a can-
tilever, are damped due to non-contact friction forces. In this type of
measurement, the slowly winding down oscillations of the cantilever can
be modeled as damped harmonic oscillation, where the exponential decay
of the amplitude occurs both due to the internal damping of the cantilever
and the non-contact frictional damping. From the amplitude decay, one can
find the the damping coefficient Γ, and separating the internal damping
gives the strength of the damping due to non-contact friction, usually found
to be in the Γ≈ 10−12 −10−14 kg/s range.

In Publication III, we perform micromagnetic simulations of ring-down
measurements, the studied systems being perpendicular anisotropy thin
films oscillating in space due to being coupled with a spring. We employ
two simulation setups, one with a single thin film oscillating in an ex-
ternal field, and another mimicking a magnetic cantilever tip oscillating
atop a magnetic substrate with 20 nm distance in between, such that
the interaction of the tip and the substrate occurs through their stray
fields. Both films have a simple domain configuration of two out-of-plane
domains pointing in opposite directions, with a single Bloch domain wall
in between. We alter various micromagnetic material parameters of the
films, such as the saturation magnetization, the strength of the uniaxial
magnetocrystalline anisotropy and the Gilbert damping parameter, observ-

Figure 5.5. (Left) A schematic visualization of a simulation setup consisting of a single
thin film oscillating in an external field, with two domains aligned along the
easy axis, and a Bloch domain wall in between the domains (Right) The
winding down of the amplitude in a ring down simulation of a single film, with
oscillation frequency f0 = 112 MHz.
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ing how these parameters influence the domain wall dynamics and the
energy dissipation.

From the results of our simulations, we distinguish three separate dy-
namic regimes for the domain wall motion, accompanied with different
domain wall behavior and correspondingly different damping coefficients.
Depending on the parameters, the domain wall(s) can move smoothly and
rigidly or with fluctuations and internal excitations such as Bloch lines
nucleating within. It’s also possible for the studied systems to become com-
pletely in-plane polarized, e.g. in the case of strong exchange interaction
and weak magnetocrystalline anisotropy. In the regime characterized by
domain wall excitations and fluctuations, the domain wall motion and the
damping coefficient is especially susceptible to the frequency of the oscilla-
tion, with the frequency dependence being pronounced in the tip-substrate
system.

The material parameter simulations were performed with frequencies of
56 MHz or 112 MHz, which are relatively high compared to experimental
cantilever frequencies. Hence, we further investigated the frequency de-
pendence of the damping coefficient, performing simulations in the motion
regime where the domain wall motion is smooth. Going from 56 MHz
down to 8 Mhz, we observe that the damping coefficient is unaffected by
frequency when below roughly 40 MHz. In this regime, the domain wall
moves as an approximately rigid object, in which case the micromagnetic
losses as formulated by Brown, discussed in Chapter 4, also predict a
frequency-independent damping coefficient. Overall, we find the damping
of the simulated systems at the simulated frequencies to be of roughly the
same order of magnitude as other forms of non-contact friction found in
literature.

Figure 5.6. (Left) The decay of the amplitude with time in the single thin film setup for
three different oscillation frequencies, with the decay constants τ marked
on the right for each frequency. (Right) The damping coefficients Γ for the
two simulation setups for various frequencies, showing weak to nonexistent
frequency dependence below ≈ 40 MHz.
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5.4 Publication IV

Publication IV considers the effects of polycrystalline structure and dis-
order on domain wall dynamics and magnetic friction. We study the
domain wall pinning and the resulting intermittent avalanche-like bursts
of domain wall motion discussed in Chapter 2 via numerical simulations,
again using Mumax3 with the extension of Publication II. In this case
the simulated system consists of two 20 nm thick polycrystalline CoCrPt
films with out-of-plane magnetocrystalline anisotropy, set up in a magnetic
configuration of two domains with domain walls in between. Like in the
second setup of Publication III, the films are set 20 nm apart and interact
only with their demagnetizing fields. The upper film is driven forward
with a constant velocity, with periodic boundary conditions in the driving
direction.

The polycrystallinity of the films is realized through Voronoi tessellation
and perturbing the direction of the magnetocrystalline anisotropy vector
from the out-of-plane direction by small amount in each grain. We examine
the influence of the disorder by varying both the average grain diameter
and the extent of the magnetocrystalline anisotropy vector deviations,
representing the strength of the disorder. As the domain wall width in the
studied films is approximately 22 nm, we consider grains with average
diameter that is smaller (10 nm), roughly as large (20 nm), and larger (40
nm) than the domain wall width. We also test the effects of driving velocity
(v = 0.1 – 10 m/s) and the width of the films (w = 20 – 1200 nm).

When measuring the average energy dissipation during motion, we find
that the energy losses are significantly increased compared to monocrys-
talline systems studied in Publication III. Compared to the smooth domain

Figure 5.7. a) The two films and the initial magnetization configuration (periodic images
not shown). The color wheel shows the orientation of the in-plane magnetiza-
tion. b) The schematic depiction of the Voronoi tessellated grains of the two
films. c) The realization of the disorder: anisotropy vectors with randomized
deviations from the z−axis in a pair of grains.
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wall motion with weak to nonexistent disorder, the energy dissipation (i.e.
magnetic friction) in a strongly disordered system was approximately an
order of magnitude higher. The strength of magnetic friction is at its peak
when the domain wall motion is dominated by frequent large avalanches, a
regime which is reached with different strength of disorder for each grain
size. If the strength of the disorder is too high, however, the domain walls
can become completely pinned, leading vanishing energy dissipation due
to the magnetization not changing in response to the motion.

Increasing the width of the film increases the magnitude of the magnetic
friction in a nonlinear fashion at small sizes, likely due to system-wide
domain wall avalanches and strong dependence on the grain configuration
when there are only few grains along the domain wall. The increase
becomes linear after the film can accommodate 14 – 20 grains. The velocity
dependence is linear throughout the tested values (0.2 m/s – 10 m/s),
corresponding to hysteresis losses discussed in Chapter 3. At higher
velocities, the domain walls could experience a breakdown, leading to
single domain films and vanishing friction.

The domain wall roughness and the size distribution of domain wall
avalanches, which resembled a power over one decade after which there
was a rapid cutoff, were found to match quite well to domain wall creep
motion statistics found in literature, even though the driving is caused by
the interaction between the films instead of thermal activation responsible
for the avalanches in the creep regime. The duration distribution was
found to resemble a log-normal distribution, with an average avalanche
duration of 11 ns. The stray field interaction limited the extent of the
domain wall avalanches, likely explaining the cutoff of the size distribution
and the short average avalanche duration. The film width and the driving
velocity did not significantly affect the avalanche distributions.

Figure 5.8. (Left) The average dissipation power during motion as a function of the
strength of the disorder for each grain size. The results for high disorder has
more noise, due to strong pinning resulting in fewer but larger avalanches.
(Right) The power dissipation signal as a function of time for a w = 400 nm
system driven with v = 1 m/s, showing multiple avalanches with varying sizes
(S) and durations (T). The red line is the avalanche threshold.

36



Summaries of the publications

5.5 Outlook

Non-contact friction is still a relatively young subfield of nanotribology,
with plenty of systems to study and phenomena to uncover. The main
contributions of this thesis are providing a method to investigate magnetic
non-contact friction with simulations in the full micromagnetic picture,
and laying the groundwork with studies on magnetic friction in out-of-
plane systems with domain walls. Magnetic friction originating from the
interaction of topological defects in in-plane magnetized thin films like
those studied in Publication I was also planned, but unfortunately had to
be cut due to time constraints.

Though large-scale applications of magnetic non-contact friction are
unlikely due to the difficulty of controlling the structure and the magne-
tization of macroscopic magnets, magnetic friction could have potential
in microscale applications e.g. in MEMS and NEMS. An advantage of
magnetic friction compared to e.g. electrostatic and phononic friction is
the robustness regarding surface contamination, and the fact that the
strength of magnetic interactions between surfaces could be adjusted using
external magnetic fields. In addition to utilizing magnetic interactions
for manipulating mechanical motion, understanding magnetic friction is
important in the cases where one wants to minimize external damping
influences in a system, such as in force and displacement sensors.

As is usual with purely computational work, experimentally investigating
systems similar to those studied in this thesis would be crucial to verify or
debunk the results of the simulations. In fact, one of the major obstacles
encountered while working on the dissertation was the scarcity of existing
research with which to compare results. Naturally, performing experiments
involving such weak forces is challenging. Particularly interesting would be
experimental work on large thin films with multiple interacting domains
and domain walls, as the strength of magnetic friction would likely be
increased to more easily measurable levels. In general, identifying the
magnitudes of the different damping contributions that are incorporated
in the Gilbert damping constant in micromagnetic simulations, such as
eddy currents and intrinsic and extrinsic damping, would clarify the role
of the magnetic contribution to non-contact friction.

Further computational work is also not difficult to come up with. In
addition to simulating in-plane thin films and the magnetic friction due
to interaction of topological defects, the extension developed for Mumax3
could be used to study adhesion and stick-slip dynamics. The avalanche
statistics found in Publication IV and their dependence on e.g. grain size
and the driving method could also be investigated more thoroughly.
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