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Abstract

Skyrmions are magnetic quasiparticles with a chiral whirling spin texture that have shown prom-
ise as data carriers in future spintronic applications. They can be stabilized by the interfacial
Dzyaloshinskii-Moriya interaction (DMI) in material systems that exhibit both inversion asym-
metry and spin-orbit coupling, such as magnetic multilayers. The ability to locally tune interface
interactions, like the DMI, and hence also the skyrmion energy, at the nanoscale could greatly
enhance the control of skyrmions in future memory devices. In this thesis, we investigate local
tuning of the magnetic interface effects using Ga+ ion irradiation, in an Ir/Co/Pt based mul-
tilayer system. Furthermore, we show that skyrmions are stable in this system and investigate
their current-driven nucleation. The combination of these two parts provides the first steps
towards the eventual control of skyrmion nucleation.

Ion irradiation is a tool that can locally change the interfaces, which has previously been shown
to reduce the magnetic interface anisotropy in single magnetic layers. However, its effect on the
interfacial DMI, and therefore also the skyrmion energy, is currently not understood. Using a
combination of magnetic domain imaging, electrical Hall measurements and SQUID-VSM meas-
urements, we investigate the effect of ion irradiation on the DMI in a multilayer system and are
able to determine that the DMI strength indeed decreases upon irradiation. Furthermore, we
find that the change in DMI and anisotropy are correlated. This shows that the DMI and the
anisotropy depend in a similar manner on the interface quality, providing further insight into the
physical origin of the DMI.

Next, we investigate the current-driven nucleation of skyrmions in the same multilayer system
using a modified magnetic force microscope. In line with other recent experimental work, we
confirm that a combination of magnetic field and nanosecond electrical current pulses can be
used to nucleate skyrmions into our system. We investigate the dependence on the magnetic
field strength and current density in detail, revealing the dependence of the nucleation process
on these experimental parameters.

These results indicate that ion irradiation can facilitate the nucleation of skyrmions. We conclude
this thesis by proposing an exciting experiment in which we hope to experimentally confirm this.
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Chapter 1

Introduction

Magnetism has played a vital role in the rise of today’s information age. The most common
devices for storing all this information are the conventional magnetic hard disk drive (HDD) and
the electronic solid-state drive (SDD) [1]. HDD’s are mechanical systems—making them fragile—
and their bit size is currently approaching a limit [2]. Because SSD drives are fully electronic
devices they do not suffer from this problem. However, SSD’s are limited in the number of
read/write cycles due to the accumulation of electrons in the storage cells [3]. A promising
novel technological concept, which does not suffer from these problems is the magnetic racetrack
memory [4]. In this device, information is stored in small magnetic domains that are literally
racing though a track. In this thesis, we work towards the realization of one of the proposed
versions of such a devices, that utilizes nanometer sized magnetic quasiparticles called skyrmions
as information carriers [5, 6].

1.1 Skyrmion based racetrack memory

Skyrmions are localized magnetic quasiparticles with a chiral whirling spin texture [7–10]. In
Figure 1.1 a), we illustrate its spin texture. At the circular boundary of this skyrmion, all the
spins point upwards. Moving inwards along a radial line, the spins gradually rotate towards the
down direction, in a clockwise fashion. This rotation direction is referred to as the chirality of
the skyrmion. The opposite chirality (i.e. a counter-clockwise rotation from up to down) is also
possible, although in a given system only one of these will be stable, as we will see later on.

Skyrmions have several properties that make them desirable as information carriers for future
data storage and processing devices. Firstly, the size of a skyrmion can be extremely small.
Depending on the material properties of the system, it is possible to stabilize skyrmions with a
size of several nanometers [12]. Secondly, skyrmions are very stable spin configurations. To see
why, consider the spin structure shown in Figure 1.1. Because of the uniform chirality there is
no irregularity where the unwinding of the spin texture can begin. This topological protection
results in a large energy barrier that prevents the nucleation and annihilation of the spin texture
[7, 13, 14]. Finally, short electrical current pulses can be used to efficiently move skyrmions
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Figure 1.1: a) Illustration of a skyrmion spin texture. The arrows denote the orientation of the
spins. At the circular border the spins are aligned with the rest of the spins in the ferromagnet
(not shown). Moving inward along a radial line, the spins gradually rotate towards the down
direction, in a clockwise fashion. Below the skyrmion a cross section of the spin texture is shown.
Adapted from Ref. [11]. b) A racetrack type memory that utilizes skyrmions as data carriers
(represented by the light gray circles). Skyrmions can be created (written) and detected (read).
c) Short current pulses can be used to move the skyrmions through the track, and transport the
information past the read and write devices.

through the magnetic film at velocities exceeding 120 m s−1 [6, 9, 15].

A possible future application that combines these three advantages in one device is a skyrmion
based racetrack memory [6, 16, 17]. A top-down view of such a device is illustrated in Figure 1.1
b), where the light gray circles represent skyrmions. The logical bits are encoded in the presence
(’1’) or absence (’0’) of skyrmions. To operate the memory, short current pulses are injected
into the device to shift all of the skyrmions through the track and past stationary write and
read positions, as indicated in Figure 1.1 c). Here skyrmions can be nucleated/annihilated
[18–23] and detected [24, 25], respectively. The combination of the small skyrmion size, high
stability and their efficient current induced motion allows such a device to achieve high data
densities and operating speeds, while the skyrmion stability provides non-volatility of the data [5].
Furthermore, because there are no moving parts, such a device is more robust than conventional
hard disk drives.

In this thesis we will focus on the current-driven nucleation of skyrmions. There are still chal-
lenges that have to be addressed before efficient nucleation into such a racetrack memory can be
realized. Skyrmion nucleation can be achieved by sending electrical current pulses into the track,
but currently very high current densities on the order of 1× 1011 A m−2 are required [19, 21–
23]. This makes such devices energy inefficient and repeated high-density pulses can damage the
structure over time, lowering the reliability. To solve this problem it is important to gain control
over the energy barriers that prevent the nucleation of skyrmions and this is what we will work
towards in this thesis. In the remainder of this introduction we will first describe the material
systems in which stable room temperature skyrmions have been observed thus far and explain
why skyrmions are stable in these systems. Afterwards, we will present the technique that we
will use to tune the properties of these structures. Finally, we will conclude with an outline for
the rest of this thesis.
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Figure 1.2: a) Side view of magnetic multilayer made up of of trilayer repeats. Each repeat
contains one ferromagnetic layer (FM, in blue) and two heavy metal layers (HM1 and HM2, in
light and dark gray). A sideview of the skyrmion texture in each of the magnetic layers is also
shown. b) Illustration of the DMI. In the absence of DMI (D = 0) two spins Si have parallel
alignment because of the standard Heisenberg exchange. The DMI prefers a perpendicular align-
ment of the spins. The rotation direction (either clockwise [CW] or counter-clockwise [CCW]) is
determined by the sign of the DMI.

1.2 Magnetic multilayers and stable skyrmions

It is only recently that relatively small skyrmions (< 100 nm) have been observed in a material
system at room temperature [15, 26, 27]. This was achieved in so-called magnetic multilayers, an
example of which is shown in figure 1.2 a). As the name suggests, a magnetic multilayer consist
of several magnetic layers, which are highlighted in blue. Surrounding these layers are two types
of heavy-metal layers, shown in light and dark gray. Such structures have two properties that
allow for stable skyrmions at room temperature. Firstly, when a skyrmion is present in such
a systems, all of the magnetic layers have the skyrmion spin texture. This increases the total
magnetic volume of the skyrmion, which protects it against thermal fluctuations [26]. The second
property is a particular magnetic interaction called the Dzyaloshinskii-Moriya interaction (DMI),
which stems from the interfaces between the ferromagnetic layer and the heavy-metallic layers.

The DMI is a magnetic interaction that was discovered in the 1960’s [28, 29]. We illustrate its
effect on two neighboring spins in Figure 1.2 b). In the absence of DMI, two spins [denoted S1

and S2 in Figure 1.2 b)] are aligned parallel due to the standard Heisenberg exchange. Instead of
this parallel alignment, the DMI prefers a perpendicular alignment of the two spins. Depending
on the sign of this interaction, either a clockwise or counter-clockwise perpendicular orientation
of S2 compared to S1 is preferred, making the DMI a chiral interaction. In Figure 1.2 b), we
show the energies corresponding to a negative DMI, which prefers a clockwise rotation. Because
of this preferred perpendicular alignment, the DMI is a key ingredient for the stabilization of
spin structures that have a rotating spin texture, such as skyrmions [9].

Facilitating skyrmion nucleation with Ga+ ion irradiation 3
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Ga+

Pt

Co

Ir

Figure 1.3: Illustration of the effect of ion irradiation on a material system comprising of
layers of different materials. On the left, the structure is shown before irradiation where the
interfaces between the different layers are smooth. On the right, we show the same structure
after irradiation with Ga+ ions. The Ga+ ions collide with the atoms in the different layers and
around the interfaces this leads to a change in the coordination of the atoms, which affects the
magnetic interface effects. This figure is based on a figure in Ref. [38].

In the multilayers that are studied in this thesis, the DMI originates from the interfaces between
the ferromagnetic and heavy-metal layers [26, 30]. Because of this, the strength of the DMI
depends on the thickness of the ferromagnetic layer [31]. This provides the first possible way in
which the stability of skyrmions can be tuned; changing the thickness of the various layers in the
multilayer [26]. Another method of tuning the interactions responsible for the skyrmion stability
is by manipulating the growth of the layers to tune the interface quality [32–35]. However, both
these methods affect the interfaces in the entire device in the same way. A method that can
locally tune these interactions would be more beneficial. For instance: i) to decrease the energy
barrier for nucleation only underneath the write head, ii) to engineer pinning sites in locations
where skyrmions should be stored or iii) creating energy barriers that prevent skyrmions from
reaching the device edges where they are easily annihilated [36, 37].

1.3 Ion irradiation

In this thesis we make significant progress towards the realization of racetrack devices that are
enhanced with local tuning. We do this by investigating the influence of local ion irradiation on
the magnetic properties of these multilayers. Ion irradiation is a tool that enables local tuning
of the magnetic properties that originate at the interfaces between different layers [39–41]. To
see why, consider the material stack shown in Figure 1.3. On the left we show the material stack
before irradiation where the interfaces between the different layers are smooth. An illustration
of the same stack after irradiation with ions is shown on the right. The ions collide with the
atoms inside the material as they pass through it, knocking them out of their original position
and causing displacements. The effect of these displacements is particularly noticeable around
the interfaces between the different layers, where it causes intermixing of the different species of
atoms present [38, 40]. This change in the coordination of the interface atoms, which influences
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the strength of the magnetic effects that originate at these interfaces [38–43] and provides a
pathway to tune the magnetic parameters and potentialy the skyrmion stability and nucleability
as well.

However, the dependence of the DMI on ion irradiation is currently unclear because there are
conflicting reports on this dependence in literature. Most reports point towards a decrease in
its strength [42–44] although an increase has also been reported [45]. One of the goals of this
thesis is to elucidate how the DMI changes upon ion irradiation. Furthermore, the effect of
ion irradiation in systems with more than one magnetic layer is also a topic that has not been
investigated much. Something we address in this thesis.

1.4 This thesis

In this thesis we present the progress that we made towards realizing a skyrmion based racetrack
memory that has been enhanced with ion irradiation. We will focus on two aspects of such a
device in particular: tuning the magnetic interactions with Ga+ ion irradiation and the nucleation
of skyrmions.

In chapter 2, we will present the theoretical background for the results presented later in the
thesis. Here we will focus on the different magnetic interactions that occur in magnetic mul-
tilayers and show how their interplay determines the magnetic textures found in these systems.
In chapter 3 we take a more detailed look at how ion irradiation modifies these magnetic in-
teractions and present a brief overview of the state of the art on the use of ion irradiation in
the literature. Furthermore, we present simulations of the irradiation process and use them to
define some requirements for the multilayer system. Next, we present the experimental tools and
methods that will be used in chapter 4.

The experimental results will be split into two parts. The first part is presented in chapter 5.
Here we show that the magnetic interactions in a magnetic multilayers can be tuned using Ga+

ion irradiation. Using a novel approach to measure the strength of the DMI as a function of ion
dose, we are also able to elucidate the dependence of the DMI on this irradiation. This is the
first systematic study of its kind and shows that the DMI decreases upon irradiation, similar to
the other well known interface interaction: the interfacial anisotropy. Chapter 6 describes the
second part of the experimental results. In this chapter we show that skyrmions can be nucleated
in our multilayer system using a combination of nanosecond current pulses and a magnetic field.
Furthermore, we provide a comprehensive study on the dependence on the field strength and
applied current, yielding one of the first phase diagrams of this nucleation process. This is
the first time that the effect of ion irradiation on a system that can host skyrmions has been
demonstrated and it opens up the possibility to fabricate a range of devices that enhance the
potential uses of skyrmions. Finally, the thesis will be summarized in chapter 7 and in a short
outlook we will outline how the results from chapter 5 and 6 can be combined to facilitate the
nucleation of skyrmions using Ga+ irradiation.

Facilitating skyrmion nucleation with Ga+ ion irradiation 5





Chapter 2

Theoretical background

This thesis focuses on creating and controlling specific chiral textures in the magnetization of
ferromagnetic multilayers. These textures arise as a result of and are stabilized by the interplay
between several interactions that are present in these multilayers. In this Chapter we will intro-
duce the interactions and discuss their interplay, by considering the contribution of each of these
interactions to the total energy of the magnetization.

We begin in Section 2.1, by showing why the magnetization tends to form textures in the first
place, and does not remain in a uniform state. Next, in Section 2.2, we give a detailed overview of
the different effects and interactions that contribute to the total energy of the magnetization and
we discuss the role of these interactions in the stabilization of chiral magnetic textures. In the
remainder of this chapter we focus on specific chiral textures. Firstly, in Section 2.3, we present
a model for the chiral stripe domain phase, developed by Lemesh et al [46]. In Chapter 5, we
will use this model to measure the strength of the DMI. Secondly, in Section 2.4, we show how
skyrmions are stabilized in these multilayers, using a model developed by Thielle [47]. In the
final section of this chapter, Section 2.5, we show how electrical currents can be used to nucleate
these skyrmions into the multilayers.

2.1 Magnetic domains and domain walls

To see why the magnetization tends to break into domains we consider a magnetic thin film,
with the magnetization M oriented perpendicular to the plane of the film, as illustrated in
Figure 2.1 a). The magnetization of the film will generate a stray field Hd that extends into the
space surrounding the film, indicated by the solid arrows in Figure 2.1, as is well known from
magnetostatics. However, if we only consider the contribution to this stray field emanating from
the magnetization in the center of the film, indicated by the dashed arrows, we find that the
magnetization at the edges of the film is oriented anti-parallel to this field. This has an energy
cost, which is called the dipolar energy.

Hence, the film can reduce its dipolar energy by breaking the uniform magnetization into domains,

Facilitating skyrmion nucleation with Ga+ ion irradiation 7
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a) b)

W

M

Hd

Figure 2.1: a) Schematic side view of a film with uniform magnetization M. The solid arrows
illustrate the stray field of the whole film, Hd. The dashed arrow shows part of the stray field
emanating from the magnetization in the center of the film. The magnetization at the edges of
the film is oriented anti parallel to this field, which is energetically unfavorable. b) Side view of
the formation of domains in a magnetic film. The formation of domains reduces the energy in
the stray field, this is balanced by the energy cost of domain walls (shown in white), resulting in
an equilibrium domain size W .

e)

a) b)

c) d)

CW Bloch Wall

CW Néel Wall CCW Néel Wall

Δ ≈ 15 nm 

CCW Bloch Wall

Δ

Δ Δ

φ 
n

m

φ = π/2 φ = -π/2 

φ = 0 φ = π 

Figure 2.2: a-d) Schematic side view of the four archetypal domain wall types. a-b) Bloch
domain walls, here the magnetization rotates solely in the plane of the domain wall. c-d) Néel
domain walls, here the magnetization rotates perpendicular to the plane of the domain wall. In
each case the magnetization can rotate in two directions, clock-wise (CW) or counter clock-wise
(CCW). ∆ is the domain wall width, a typical value is 15 nm. e) Top down view, showing the
domain wall normal n and domain wall angle ϕ.
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as illustrated in Figure 2.1 b). Now, the magnetization in a domain is oriented parallel to the
stray field coming from the neighboring domains, lowering the dipolar energy [48, 49]. The white
regions in between these domains are called domain walls, in these regions the magnetization
twists gradually from up to down or vice-versa. Later in this Chapter we show that these domain
walls have an energy cost σDW associated with them. Therefore, when the magnetization breaks
into smaller domains to lower the dipolar energy, each domain wall that has to form will cost
energy. This competition eventually leads to an equilibrium domain size W , at this size the
formation of an extra domain wall is no longer compensated by the decrease in the dipolar
energy.

As domain walls will play a key role in the sections and chapters to come, we take a closer look
at them here. There are four archetypal domain wall types, which are illustrated in Figure 2.2
a-d), they can be subdivided into two groups. In Bloch walls the magnetization in the center of
the wall is oriented perpendicular to the domain wall normal n, as shown in Figure 2.2 a), b) ,
and e). In Néel type walls, the magnetization in the center of the wall is collinear with n. In both
wall types the magnetization can either rotate in a clock-wise (CW) or counter clock-wise (CCW)
direction, when looking along n from the up towards the down domain. The angle between the
magnetization in the center of the wall and the domain wall normal is called ϕ, as shown in
Figure 2.2 e). The width of a domain wall is given by ∆, which has a value of approximately
15 nm in the systems studied in this Thesis [50].

The exact value of both ∆ and ϕ in a thin film depends on the interplay between several micro-
magnetic effects and interactions, which are discussed in detail in the following section.

2.2 Micromagnetism

In this section we will discuss the interactions and effects that contribute to the total energy of
the magnetization M(r). We will use the continuum approximation to express the total energy
E as a functional of M(r), hence assuming that M(r) is a smoothly varying function of the
position r and neglecting variations on the atomic scale. E can be written as [51, 52],

E[ M(r) ] = EZeeman + Ed + EEx + EA + EDMI, (2.1)

where the terms on the right side correspond to the energy of the Zeeman interaction, dipolar
interaction, exchange interaction, anisotropy, and DMI, respectively. Equation (2.1) can be used
to calculate the equilibrium domain state, which corresponds to the function M(r) that minimizes
E. The equilibrium domain state is constant in time, and we therefore neglect time dependent
phenomena M(r, t) = M(r). Furthermore, we assume that the magnitude of the magnetization
is everywhere equal to Ms, the saturation magnetization, and define the unit vector m, which is
parallel to M.

We are interested in equation (2.1) because it can be used to calculate various parameters that
can also be observed in experiments, such as the equilibrium domain width W or the domain wall
width ∆ discussed in the previous Section. In addition, the equilibrium solutions to equation (2.1)
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provide insight into how these parameters depend on the strength of the different effects and
interactions. In the remainder of this Section, we will explain each of these effects and show how
equation (2.1) can be used to calculate the equilibrium domain wall profile.

2.2.1 The Zeeman energy

The Zeeman energy density εZeeman accounts for the interaction between the magnetization and
a magnetic field H. Here we use it to exclusively account for the interaction with an externally
applied magnetic field Hex. The magnetization in a sample prefers to align with an externally
applied magnetic field and this tendency is captured in the Zeeman energy term [51]. The Zeeman
term can be written as,

EZeeman = −
∫

µ0Hex ·M dV. (2.2)

This term should be included in equation (2.1) whenever a magnetic field is applied, in addition
it is sometimes possible to model other effects as an effective magnetic field, Heff, acting on the
magnetization. The energy of these effects can then be written in the same form as the Zeeman
effect,

ε = −
∫

µoHeff ·M dV. (2.3)

We will use this when expressing the energy density of the DMI in section 2.2.6.

2.2.2 The dipolar energy

The dipolar term εd in equation (2.1) represent the energy associated with the interaction between
the magnetization and the magnetic field that originates from the magnetization itself, which we
illustrated in Figure 2.1 a). This field is called the stray field outside the magnetic volume and
the demagnetization field inside, we use Hd(r) to denote this field, both inside and outside the
film. The total dipolar energy is then given by [51],

Ed =

∫
µ0H

2
d dV = −1

2

∫
µ0Hd ·M dV (2.4)

where both integrals are taken over all space.

Hd can be calculated using the concept of magnetic charges, assuming there are no electrical
currents. In this case Hd can be expressed in terms of a scalar potential Φm,

Hd = −∇Φm. (2.5)

From Gauss’ law we find,

∇ ·B = 0 = µ0∇ · (H + M) ⇒ ∇ ·H = −∇ ·M. (2.6)

Combining equation (2.5) and equation (2.6) then gives,

∇2Φm = ∇ ·M = −ρm, (2.7)
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ρs = M · en 
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ρv = -    · M 
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z

Figure 2.3: a) Surface charges generated by a magnetic thin film with its magnetization uni-
formly oriented in-plane. b) Surface charges generated in the same film, when the magnetization
is oriented out-of-plane. c) A Bloch wall does not have magnetic volume charges, since ∇ ·M is
zero everywhere. d) In contrast, a Néel type wall does have volume charges, resulting in a higher
dipolar energy than in the Bloch wall case.

the Poisson equation. Hence, a divergence in the magnetization act as effective magnetic charge
density ρm for the demagnetizing field Hd. In the bulk of the magnetic volume the density of
magnetic charges is given by [51],

ρv = −∇ ·M. (2.8)

At the surfaces of the magnetic volume, these charges are only generated if the magnetization
has a component perpendicular to this surface, the density of surface charges is given by [51],

ρs = M · en, (2.9)

where en is the surface normal. To see why this concept of charges is useful, we consider several
different magnetization distributions, shown in Figure 2.3, here red denotes positive charges and
blue denotes negative charges. Figure 2.3 a) and b) shows a uniformly magnetized thin film. In
a), the magnetization is oriented in-plane and to the right. As a result, the magnetic charges are
far apart and the field between them is weak. When the magnetization is oriented out-of-plane,
as in b), the charges are close together and the field between them is strong. In both cases
no volume charges exist, because the magnetization is uniform. Inspecting the second integral
in equation (2.4), it is clear that the in-plane case in a) has a lower dipole energy than the
out-of-plane case in b).

In Figure 2.3 c) and d) a Bloch and Néel wall are shown, respectively. Here the magnetization
is not uniform and changes as a function of x. Nevertheless, in the case of the Bloch wall,
the divergence of the magnetization is still zero everywhere, since there is no change in the x-
component of the magnetization. This is not true in the case of the Néel type wall, as shown in
Figure 2.3 d), here the divergence is non-zero and opposite in both halves of the wall, leading to
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a volume charge distribution. This raises the dipole energy and is the reason why Bloch walls
are found in most material systems [52].

Magnetic charges are not only useful as a tool to quickly visualize what the stray field of a
magnetization distribution will approximately look like or which orientation of the magnetization
is energetically favorable. They can also be used to calculate the dipolar energy directly. This is
because the dipolar energy is equivalent to the energy needed to assemble all the charges in the
charge distribution ρm(r) [46, 52]. The potential Φm(r) of this charge distribution is given by,

Φm =
µ0

4π

∫
ρm(r′)

| r− r′ |
dr′, (2.10)

equivalent to an electrostatic potential. The energy needed to assemble the charge distribution
ρm is found by integrating the energy of each charge over r,

Ed =
1

2

∫
ρm(r) Φm(r) dr (2.11)

This last integral is equivalent to equation (2.4) and is often used to calculate the dipole energy
for more complex magnetization distributions. One such distribution is a stripe domain state
with Néel type domain walls [46, 53, 54], which we will study later in this Thesis.

To conclude this section, the dipolar energy is reponsible for the formation of domains, as we
showed in Section 2.1. It also tends to favor certain orientations of the magnetization, such as
in-plane in the case of uniform magnetization or the Bloch wall in the case of domains walls. It
is however, not responsible for the domain wall energy density σDW. This term is the results
of the interplay between the exchange interaction, the anisotropy and the DMI, which we will
explain in the following sections.

2.2.3 The exchange energy

The exchange interaction is responsible for the parallel alignment of the electron spins in a
ferromagnetic material. Between two nearest neighbor spins Si, the exchange interaction is
represented by the Heisenberg Hamiltonian,

H = −2J S1 · S2, (2.12)

where J is the exchange constant. In the case of a ferromagnet J > 0, and a parallel alignment
of neighboring spins, shown in Figure 2.4, results in the lowest energy. Heisenberg showed that
the exchange interaction is the result of the Pauli exclusion principle and the Coulomb repulsion
between the two electrons. When the spins of both electrons are parallelly aligned, the Pauli
exclusion principle prevents them from occupying the same position in space, this is not the case
when the electrons have opposite spins. Due to the Coulomb repulsion between the electrons,
which depends inversely on their distance, the energy for opposite spins is higher. A more detailed
explanation of the Heisenberg Hamiltonian can be found elsewhere [51, 55].

In a ferromagnet, where the magnetization can be treated in the continuum approximation,
the exchange interaction prevents the formation of strong gradients in the magnetization, since
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Figure 2.4: When two spins are aligned parallel to each other the exchange energy is minimized,
antiparallel alignment of the two spins has a high exchange energy penalty. The anisotropy
energy, on the other hand, is minimized when a spin is collinear with the easy axis, denoted by
n, an anisotropy energy penalty is incurred when a spin is perpendicular to the easy axis.

strong gradients require non-parallel alignment of spins. Hence, the exchange contribution to
equation (2.1) is given by [51],

EEx = A

∫ (
(∇mx)2 + (∇my)2 + (∇mz)

2
)

dV, (2.13)

where A is the exchange stiffness. In simple crystalline materials, A is related to the to the
exchange constant J through [51],

A ∝ J S SZc

a0
, (2.14)

where Zc is the number of atoms per unit cell, S the spin and a0 the inter atomic distance. A
typical value for the exchange stiffness in thin film ferromagnets is A = 10 pJ m−1 [26, 56].

Because the exchange term penalizes gradients in the magnetization, it is clear that this term
contributes to the energy cost of a domain wall, we will show this contribution in more detail in
Section 2.2.5.

2.2.4 The anisotropy energy

The anisotropy energy term εA accounts for the fact that in most ferromagnetic systems, the
magnetization tends to align along certain preferential directions, called easy axes. When the
magnetization is oriented along such an axis, as shown in Figure 2.4, the energy of the system
is lowered. There are different effects which are responsible for the creation of such axes and we
will discuss the ones relevant for the samples in this Thesis. The anisotropy energy term can be
written as [51, 57],

EA =

∫
K sin2(θ) dV, (2.15)

where K is the anisotropy constant and θ the angle between the magnetization M and the easy
axis n. This equation effectively measures how much energy is required to pull the magnetization
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away from the easy-axis by an angle θ. The anisotropy constant determines the strength of the
anisotropy and is measured in J m−3, a typical value is K = 1 MJ m−3.

The thin films studied in this Thesis have an out-of-plane anisotropy, which means that the easy
axis is oriented parallel to the surface normal. There are two effects which contribute to the net
anisotropy, the magneto-crystalline surface anisotropy and the shape anisotropy.

Surface anisotropy
The surface anisotropy is the result of the spin-orbit coupling [57]. Spin-orbit coupling is an effect
that couples the orbital angular momentum L to the electron spin S, as a result of this coupling
the spins are preferentially oriented parallel to the orbital angular momentum [51]. This can result
in an anisotropy for the magnetic moments of the localized electrons if the orbital momentum
itself is anisotropic. At the interfaces between different materials such an anisotropy for the
orbital angular moment can exist and therefore such interfaces can contribute to the magnetic
anisotropy [58]. A well known example is the interface between Pt and Co, where the interaction
between the d-orbitals of the Co and the Pt atoms results in an out-of-plane orbital moment at
the interface. This interface is known to generate a very strong out-of-plane anisotropy for the
Co magnetization [32].

This contribution to the magnetic anisotropy is largest when the interface between the Co and
the Pt is sharp [59, 60]. In this case all of the Pt atoms are on one side of the interface which
results in an anisotropic interaction with the orbitals of the Co atoms. When the intermixing of
the Pt and Co around this interface is increased, the influence of the Pt on the Co becomes less
anisotropic and the magnetic surface anisotropy starts to decrease.

Because the source of the magnetic interfacial anisotropy is located at the interface between the
two materials, when more than one monolayer of Co is present adjacent to a Pt layer, the effect
of this surface anisotropy gradually weakens as the layer becomes thicker. If the strength of the
surface anisotropy is given by Ks (measured in J m−2), then the uniaxial anisotropy felt in the
”bulk” of the Co layer is given by [57],

K = Ku =
Ks

t
. (2.16)

where t is the thickness of the magnetic layer.

Shape anisotropy
The second contribution to the anisotropy in the studied thin films is the shape anisotropy,
which is a consequence of the long range dipolar fields [57]. Looking back at Figure 2.3 a)
and b), the dipolar energy is maximized when the magnetization points out of the plane of the
sample. Hence, the dipolar interaction acts as an effective anisotropy, which tries to orient the
magnetization into the plane of the sample. In the case of a thin film, the demagnetizing field
can be written as [51],

Hd = −Mzz, (2.17)

inserting this into equation equation (2.4) gives,

Ed =

∫
1

2
µ0M

2
s cos2(θ), (2.18)
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where θ is now the angle between the magnetization and the film normal. This is called the
shape anisotropy, because the way in which Hd depends on /vecM is consequence of the shape
of the sample.

Combining this with the surface anisotropy contribution (equation (2.16)) gives the total effective
anisotropy energy,

EA =

∫ (
Ku −

1

2
µ0M

2
s

)
sin2(θ) dV =

∫
Keff sin2(θ) dV. (2.19)

where we have neglected a constant term from cos2(θ) = 1 − sin2(θ), that is irrelevant for the
behavior of M.

The anisotropy energy also contributes to the energy of a domain wall σDW. This is because
inside the domain wall, the magnetization rotates and is therefore not aligned with the out-of-
plane easy axis of the film. The exact contribution of the anisotropy and the exchange interaction
to σDW is derived in the following Section.

2.2.5 Bloch domain walls

If only the energy terms discussed up till now are considered, then all domain walls will be of
the Bloch type, as this minimizes the contribution from the dipolar energy (Figure 2.3 c)). The
magnetization profile and the domain wall energy can be found using equation (2.1), which is
given by,

E[ m(r) ] =

∫
A
(
(∇mx)2 + (∇my)2 + (∇mz)

2
)

+Keff

(
(mx)2 + (my)2

)
dV. (2.20)

The domain wall normal n is set parallel to the x-axis, which gives the boundary conditions,
M(x = ±∞) = ±Ms ẑ and the dipolar energy gives ϕ = π

2 ∨ −
π
2 . The magnetization profile

that minimizes this functional, given these boundary conditions is [51, 52],

mx(x) = 0,

my(x) = cosh−1(πx/∆), (2.21)

mz(x) = tanh(πx/∆),

where the domain wall width ∆ is given by,

∆ = π

√
A

Keff
. (2.22)

This profile is plotted in Figure 2.5, with the down domain on the left. The exchange interaction
tries to maximize the length of the domain wall, since this will reduce the gradient in the
magnetization and minimize the energy contribution of the exchange interaction. Contrarily,
the anisotropy energy tries to minimize the domain wall width, since this maximizes the size of
the domains, where the magnetization is aligned with the easy axis. In addition to the domain
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Figure 2.5: Plot of the domain wall profile of a Bloch wall. The z-component of the magnetiz-
ation is shown in a) and the y-component in b).

wall length, we can find the domain wall energy surface density by inserting equation (2.21) into
equation (2.20) and integrating,

σDW =
E

A
=

2πA

∆
+

2∆Keff

π
= 4

√
AKeff, (2.23)

where A is the area of the magnetic volume measured in the yz-plane. Both the exchange and
anisotropy raise the domain wall energy density, since both effects prefer a uniform magnetiza-
tion. σDW is the energy that balances the reduction in the dipolar energy that results from the
formation of domains. However, when only these effects are considered the Néel type domain
walls that are desired for application will never be observed. To stabilize these Néel walls one
more magnetic interaction is required, the Dzyaloshinskii-Moriya interaction, which is introduced
in the next section.

2.2.6 The Dzyaloshinskii-Moriya interaction

The Dzyaloshinskii-Moriya interaction (DMI) is also a type of exchange interaction, although
its effect on the magnetization is very different than that of the regular Heisenberg exchange,
discussed previously in Section 2.2.3. The Hamiltonian for the DMI between two spins, S1 and
S2, can be written as [28–30],

H = D12 ·
(
S1 × S2

)
, (2.24)

where D12 is the DMI vector, which governs both the strength and directionality of the DMI.
The cross product in equation (2.24) is important, because it is the origin of the DMI’s most
striking and useful properties. Firstly, instead of the parallel alignment promoted by regular
exchange, the DMI favours a perpendicular alignment of the two spins. This naturally promotes
the formation of rotating magnetization textures, such as domain walls and skyrmions [9, 61].
Secondly, changing the order of the two spins (S1 × S2) = −(S2 × S1) changes the sign of the
Hamiltonian. As a result, the DMI leads to the formation of chiral spin textures, where the
direction in which the magnetization rotates matters [62].

One of the proposed mechanisms for the DMI, originally introduced by Fert and Levy [30],
is shown schematically in Figure 2.6. In this model, the DMI is mediated by the conduction
electrons, scattering of an impurity, shown in dark grey. The DMI vector is then proportional to
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the cross product of the two vectors, r1 and r2, connecting the impurity with the two localized
spins,

D12 ∝ r1 × r2. (2.25)

The presence of this impurity breaks the inversion symmetry of the lattice, with respect to the
mid-point between the two spins, which is required for the DMI to exist. To see why, we consider
what happens when the system is inverted about this point. Now, the impurity is placed above
the two spins [Figure 2.6 b)] and the sign of D12 is reversed. Hence, the DMI cants the two spins
in the opposite direction. Furthermore, if inversion asymmetry is removed completely, by placing
an impurity above and below the two spins, as in Figure 2.6 c), the DMI disappears altogether.
This is because the two DMI vectors are now exactly opposite and add to zero, nullifying the
DMI.

Nevertheless, the presence of an inversion asymmetry in the lattice alone is not enough. A second
ingredient that is required is a strong spin-orbit coupling at the impurity [28, 30]. Spin-orbit
coupling couples the spin angular momentum to the orbital angular momentum, which allows
the asymmetry in the lattice to affect the spin system through spin-orbit scattering [62]. As a
result, materials like Pt result in a particularly large DMI, due to the strong spin-orbit coupling
in the heavy metallic element [27, 31].

In this Thesis, we are interested in a DMI that originates from the interfaces between two
different materials, the interfacial DMI. At clean interfaces between heavy metallic materials
and magnetic materials, such as a Pt/Co interface, the DMI can be particularly strong [31, 64].
This is because the interface naturally provides the breaking of the inversion symmetry, since all
the heavy metal atoms are on one side of the interface, as shown schematically in Figure 2.7 a).
Different heavy metals can have a DMI coefficients with opposite sign [65], combined with the
inversion asymmetry at the interfaces, this provides a way to boost the net DMI. In Figure 2.7
a), we show a system where a magnetic layer is sandwiched between two heavy metals with an
opposite sign for D12. Because one layer is placed on top and one on the bottom, both of the

a) b) c)

HM

HM

S1 S2

r1 r2

S1 S2

r1 r2

D12D12

Figure 2.6: a) Configuration for the DMI when the heavy-metal (HM) atom is placed below
the two spins. b) When the HM atom is placed above the two spins, the orientation of D12 is
reversed and the spins cant in the opposite direction. c) If two identical HM atoms are placed
symmetrically above and below the two spins, their DMI vectors cancel, and the net DMI is zero.
a) and b) are based on a figure in [63].
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a)

b)

CW Néel DW

HM 1

HM 2

Figure 2.7: a) When two heavy metals, with the opposite sign for D12 are used, the DMI vectors
add up, resulting in a large net DMI, this is known as additive DMI. b) Néel type domain wall,
the colors highlight how the DMI leads to the stabilization of a particular Néel wall chirality, in
this case CW. a) is based on a figure in [63].

DMI vectors point in the same direction, this is called additive DMI [15, 26, 27]. Two heavy
metal / ferromagnet interfaces that have this property are epitaxially grown Pt(111)/Co [64, 65]
and epitaxially grown Ir(111)/Co [66, 67], and an increased DMI in Ir(111)/Co/Pt is indeed
observed [66].

Furthermore, the geometry of a clean interface restricts the vector D12 to lie in the plane of the
interface [68]. This is also shown schematically in Figure 2.7 a). If the effect of the Heisenberg
exchange interaction and the anisotropy are ignored, the system shown in Figure 2.7 a) will form
a spiraling spin texture, where the direction of rotation is determined by the sign of the DMI.
If we compare this texture with a Néel domain wall, shown in Figure 2.7 b), it is clear that the
interfacial DMI promotes the formation of a CW Néel domain walls.

To include the interfacial DMI in the continuum model we have been constructing, we can define
an interfacial DMI constant Ds [31, 69, 70], measured in J m−1. Ds is the continuum version of
D12, this is equivalent to the way in which the exchange stiffness A is the continuum version of
the exchange constant J . The source of the DMI is located at the interface between the heavy
metal and the ferromagnetic layer, hence the strength of the DMI felt in the ”bulk” of this layer
D is given by,

D =
Ds

t
, (2.26)

equivalent to the relation between the uniaxial anisotropy and the surface anisotropy. The
contribution of the interfacial DMI to equation (2.1) is given by [31, 69, 71],

EDMI = −
∫

M(r) · µ0HDMI(r) dV, (2.27)
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where HDMI(r) is a local effective magnetic field acting on the magnetization, given by [69],

HDMI =
D

µ0Ms

[
∇mz − (∇ ·m)ẑ

]
. (2.28)

In a domain wall, the effective field of the interfacial DMI promotes the formation of a Néel
domain wall. Consider a domain wall with the down domain on the left side, as shown in
Figure 2.8 a) and b). The first term in equation equation (2.28) is oriented along the domain
wall normal and its direction depends on the sign of D. When D is positive, the DMI effective
field point towards the up domain, and the DMI promotes a CCW chirality, as shown in a).
When D is negative, the x-component of HDMI is reversed, and it now points to wards the down
domain, stabilizing a CW wall, this is illustrated in b). In the following Section, we derive the
exact profile for these chiral Néel walls.

2.2.7 Néel domain walls

At the end of the previous Section we showed that the DMI energy is lowest when a domain
wall is of the Néel type. However, as we showed in Figure 2.3 d), the dipolar energy is higher
for Néel domain walls, due to the formation of volume charges. Hence, there is a competition
between the DMI and the dipolar energy that determines the type of domain wall that forms in
a system. The situation for D = 0 was already treated in Section 2.2.5, in this case the dipolar
energy dominates and forces the wall to be of the Bloch type, this is illustrated in Figure 2.9 c).

When the magnitude of D is large, the DMI dominates and the domain walls will be of the Néel
type, the chirality of the wall will depend on the sign of D, this is shown in Figure 2.9 b) and d)
for the CW and CCW Néel wall, respectively. The DMI dominates the behavior as long as D is
larger than a threshold value DThr which depends on the strength of the dipolar interaction and
the domain wall length. This threshold value is given by [46],

DThr = 2µ0M
2
s

[ π2

d ln 2
+ π

√
Ku + µ0M2

s
2

A

]−1
, (2.29)

where d is the film thickness. This function scales with the dipolar energy density µ0M
2
s , the

stronger the dipolar interaction the more difficult it is to form Néel walls. The value of DThr for
the multilayer systems studied in this thesis is approximately 0.4 mJ m−2.

a) b) CW Néel Wall - D < 0CCW Néel Wall - D > 0

HDMI,x HDMI,x

Figure 2.8: CCW Néel type domain wall a), and CW Néel type domain wall b), below the wall
we show the x-component of the DMI effective field HDMI assuming a positive D a) and negative
D b).
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Figure 2.9: a) Domain wall angle ϕ plotted as a function of D/DThr, where DThr is the threshold
DMI. ϕ is calculated using the model for the domain wall angle in [46]. b-d) Schematic top-down
view of the orientation of the domain wall moment m.

When D is smaller than the threshold value but non-zero, the domain wall angle is between 0
and π/2. Its value is determined by the competition between the DMI and the dipolar energy,
the exact value depends on the value of D as follows [46],

cos(ϕ) = − D

DThr
. (2.30)

This behavior is plotted in Figure 2.9 a) for the full range of values for D.

The spatial profile of a domain wall for an arbitrary value of D can again be found by minimizing
the energy functional equation (2.20), including the term for the DMI equation (2.27). This is
given by,

E[ m(r) ] =

∫
A
(
(∇mx)2 + (∇my)2 + (∇mz)

2
)

+Keff

(
(mx)2 + (my)2

)
(2.31)

+D
[
mz∇ ·m− (m · ∇)mz

]
dV

Using the boundary condition M(x = ±∞) = ±Ms ẑ, the solution is found to be [46, 61],

mx(x) = − cos(ϕ) cosh−1(πx/∆),

my(x) = ± sin(ϕ) cosh−1(πx/∆), (2.32)

mz(x) = tanh(πx/∆).

Hence, the profile for the z-component of the magnetization is the same as that found for a Bloch
wall in Section 2.2.5. However, the in-plane component of M(r) now depends on the value of
ϕ. In the case of a thin film, and the multilayers studied in this thesis, the width of the domain
wall is not significantly altered by the DMI or the volume charges, and is still given by [46, 69],

∆ ≈ π
√

A

Keff
. (2.33)
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The domain wall surface energy density can now be found by plugging equation (2.32) into
equation (2.31) and integrating. The result is [46, 61, 69],

σDW =
E

A
=

2πA

∆
+

2∆Keff

π
+ πD cos(ϕ) = 4

√
AKeff + πD cos(ϕ). (2.34)

Which is equal to,
σDW = 4

√
AKeff − π|D| (2.35)

when D is larger than DThr and the domain wall is fully Néel. Hence, the DMI reduces the
domain wall energy and indeed stabilizes domain walls.

If the DMI is very strong, the domain wall energy can even be negative. In this case, the mag-
netization will form a continuously rotating spiral, similar to the magnetization profile sketched
in Figure 2.7 a) and b). This is true in the absence of a magnetic field, when a field is applied,
the spirals will transform into a regular array of skyrmions [61, 69].

We have now discussed all the micromagnetic effects that influence the magnetization in the
ferromagnetic systems studied in this Thesis. In the following sections, we will discuss several
models that show how these interactions lead to the magnetic textures that exist within these
systems. First we will discuss a model of the chiral stripe domain phase, developed by Lemesh
et al. [46].

2.3 Accurate model of the stripe domain phase

In the absence of an externally applied magnetic field, the ground state for the magnetization in
a system with perpendicular magnetic anisotropy is a stripe domain phase [72]. For this reason,
many models of this magnetization state have been developed [46, 48, 49, 53, 54, 72]. The core
idea of these models was already discussed in Section 2.1, it is the competition between the
reduction in dipolar energy, achieved through domain formation, with the cost of the formation
of new domain walls. This competition leads to an equilibrium domain size Weq, which we
already showed in Figure 2.1 b).

If the strength of all the magnetic interactions (dipolar Ms, exchange A, anisotropy Ku, and DMI
D) are known, then these models can be used to predict what the domain size W (Ms, A,Ku, D)
in a system will be. We will use such a model in reverse, by measuring the actual domain size W
and the strength of three of the four interactions it becomes possible to determine the strength of
the fourth magnetic interaction. In particular, we will use this technique to measure the strength
of the DMI D, which has increasingly common recently [15, 54, 56, 73–75]. The reason we will
use this method is because other techniques that can measure the strength of the DMI do not
work for magnetic multilayer systems [73].

The specific model that we will use to do this is a model developed by Lemesh et al. [46], which we
will call the model of Lemesh from now on. This is the first model that takes the actual domain
wall profile (equation (2.32)) and the corresponding volume charge distribution into account. In
systems with a large DMI, such as multilayers in which skyrmions can be stabilized [15, 26, 27],
this is required to accurately predict the domain size [46]. The reason is that the strong DMI
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Figure 2.10: a-b) Idealized geometry of the stripe domain phase, the multilayer structure is
shown in a), in b) we illustrate the domain pattern in one of the layers. In c) we shown the
surface charge density generated by this domain pattern. When the domain walls are of the Néel
type, a volume charge density is also generated, as shown in d). The illustrations in this figure
are not drawn to scale: W ≈ 150nm > ∆ ≈ 15nm > T ≈ 1nm

forces the domain walls to be of the Néel type, leading to the formation of volume charges that
need to be taken into account to accurately model the dipolar energy.

In Figure 2.10 a), we show the system geometry that is considered by the model of Lemesh.
A multilayer stack consisting of N magnetic layers, each with a thickness T . The domains in
these magnetic layers are denoted in light (down) and dark grey (ip). The magnetic layers are
separated by non-magnetic spacer layers, the combined thickness of one magnetic layer and one
non-magnetic layer is called the period P . It is generally assumed that the magnetization has the
same profile in each of the magnetic layers. This profile is shown in more detail in Figure 2.10
b). It consists of uniform stripes of width W , oriented along the y-axis, with alternating up and
down magnetization M. The domain walls in between the domains are of the Néel type, due
to the strong DMI. Here the domain walls are drawn as CW Néel walls, since the DMI in our
system will be negative [73].

The distribution of surface charges generated by this magnetization distribution is shown schem-
atically in Figure 2.10 c), for the layer shown in Figure 2.10 b). The dipolar energy of this charge
distribution, assuming the domain size is much larger than the domain wall width, was already
calculated by Suna [72], as well as Draaisma et al. [49] in the 1980’s. When all the domain walls
are of the Bloch type (D is close to zero), this is the complete charge distribution and these
models are accurate.

However, if the domain walls are (partially) of the Néel character, volume charges will also
be generated, which complicates the computation of the dipolar energy. The volume charge
distribution for the magnetization distribution in Figure 2.10 b) is shown in Figure 2.10 d).
Notice that like charges form on the side of each domain, this is a consequence of the chiral
nature of the domain walls. Hence, when the domain size is comparable to the domain wall width
the domain walls will repel each other due to the dipolar interaction between their charges. It
was not until recently that this volume charge contribution to the dipolar energy was calculated
analytically using a realistic domain wall profile. This was done by Büttner and Lemesh et al.
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Figure 2.11: a) Energy density calculated using the model of Lemesh. The parameters used
are: A = 10 pJ m−1, Ku = 1.3 MJ m−3, Ms = 1.15 MA m−1, D = 1.4 mJ m−2, T = 0.8 nm, P =
2.8 nm, and N = 6. The equilibrium domain size is denoted Weq. b) The three contributions
to the total energy density in a), with the domain wall energy contribution in blue, the surface
charge contribution in red and the volume charge contribution in green.

[46, 50, 53].

In this section we will briefly discuss the physics captured in the model of Lemesh, discuss the
regimes in which this model is accurate and show how it will be used to measure the DMI.

2.3.1 The model of Lemesh

The model of Lemesh can be summarized in a single equation for the energy density of the stripe
domain phase,

εTotal(W,∆, ϕ) = εDW + εs,s + εv,v, (2.36)

where the three terms on the right hand side correspond to the energy density of the domain
walls, the surface charge distribution and the volume charge distribution, respectively. Together,
the surface charge contribution and volume charge contribution constitute the dipolar energy
density. In Figure 2.10 a), we plot this function versus the domain size W , the position of the
minimum in the energy density corresponds to the equilibrium domain width Weq, which we also
expect to measure in experiments. The three contributions to the energy density are plotted
separately in Figure 2.10 b), on the same x-axis. We will describe each term briefly.

The domain wall energy density
The domain wall profile considered by Lemesh et al is the same as the tanh-profile given in
equation (2.32). The energy density for these domain walls has already been explained in the
previous section, and is given by equation (2.34),

εDW =
1

W

[2πA

∆
+

2∆Ku

π
+ πD cos(ϕ)

]
. (2.37)
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b) c)

 εs,s εv,v 

M

a)

Figure 2.12: a) Overview of the magnetization distribution. b) Schematic drawing of the surface
charge distribution for the magnetization distribution in a), showing the attractive interactions
between the charges. Interaction between charges in the same magnetic domain are not shown.
c) Due to the chiral nature of all the domain walls, the interactions between the volume charges
in different walls are all repulsive.

The term 1/W captures the fact that there is one domain wall for every section of length W along
the x-axis and the term in the square brackets is the surface energy density for this wall. Unlike
in equation (2.32), the effective anisotropy has been replaced with the uniaxial anisotropy, this is
because the contribution of the surface charges to the energy density is not modeled as a shape
anisotropy, but is now included in the εs,s term. When the domain width W is increased, the
number of domain walls per unit length decreases and the domain wall energy density decreases,
this behavior is clearly seen in Figure 2.10 b).

The dipolar energy density
The dipolar energy density is calculated using equation (2.11), which is repeated here,

εd =
1

VM

µ0

8π

∫
dr

∫
dr′
[
ρm(r)

1

| r− r′ |
ρm(r′)

]
, (2.38)

where VM is the total volume of all the magnetic layers. The magnetic charge distribution
can be written as, ρm(r) = ρs(r) + ρv(r), which gives rise to three energy density terms which
can be treated independently: surface-surface interactions εs,s, volume-volume interactions εv,v,
and surface-volume interactions εs,v. We will not discuss these term mathematically, since the
equations are quite involved. They can be found in [46, 53]. Instead, we will discuss the effect
of these terms qualitatively.

The dipolar energy density: Surface charge interactions
In Figure 2.12 b) we schematically show a part of the surface charge density for two of the
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N layers, the corresponding magnetization distribution is illustrated in a). The effect of the
surface-surface charge interactions on the stripe domain pattern is threefold. Firstly, the stray
field generated by a domain lowers the dipolar energy of the neighboring domains. Hence, by
decreasing the domain size, the surface-surface contribution to the dipolar energy decreases. This
behavior is clearly seen when looking at the red line in Figure 2.11 b).

The second effect, is that the surface-surface charge interactions ensure that the domain pattern
in each layer is the same. If two oppositely magnetized domains are located above each other, like
charges are present on both sides of the non-magnetic spacer, leading to a large energy penalty.
This behavior is included in one of the fundamental assumptions of the model of Lemesh. That
is, the domain pattern is assumed to be independent of z. Finally, the surface charges are
responsible for the shape anisotropy. The effect of this is to increase the domain wall width ∆ in
thin films and films with few layers, compared to the domain wall width in thicker systems. This
effect is independent of the domain size W as long as the distance between the domain walls is
not too small, i.e. W > 3∆.

The dipolar energy density: Volume charge interactions
In Figure 2.12 b) we illustrate the interactions within the volume charge density, in the same
two layers as in a). The presence of these charges has two effects on the magnetization in the
multilayer. Firstly, as we discussed in the previous section, the volume charges compete with the
energy gain due to the DMI. This results in the threshold DMI, above which the domain walls
are fully Néel. Secondly, because of the chiral nature of the DMI, the charges on subsequent
domain walls alternate their position. Hence, positive charges always face positive charges and
negative charges always face negative charges and the interaction between domain walls are
therefore always repulsive. When the domain size decreases, the repulsion between these charges
increases, leading to an energy penalty for small domains, as is seen in Figure 2.11 b). This
effect significantly affects the equilibrium domain size when W < 16∆, which is the case in most
experimentally relevant multilayers. Furthermore, when the domain size W becomes comparable
to the domain wall width ∆, i.e. W ≈ 2∆, the volume charge distributions of two domain walls
start to overlap, which lowers the dipolar energy penalty, as seen in Figure 2.11 b).

The dipolar energy density: Surface - Volume charge interactions
The interaction between surface and volume charges is also possible. However, including this
term makes the computation of the equilibrium domain width much more involved. Lemesh
shows that for a multilayer with very similar magnetic constants as the ones studied in this
Thesis, the change in the domain size W due to this effect is less than 5%, if the DMI strength
D > 1 mJ m−2. This falls within the experimental uncertainty with which we can measure the
domain size, as we will show in Chapter 4, and hence we can exclude this term from the model.
A brief description of this term can be found in Chapter A.

The effective medium approach
Due to the exclusion of the εs,v term, the magnetization texture in the model is now completely
identical in each of the layers, Lemesh employs an effective medium approach to simplify the
equations. An effective medium model replaces the multilayer structure with one single magnetic
layer with thickness T = NP , and rescales all the magnetic constants with a parameter f = T/P ,

A′ = fA ; D′ = fD ; M ′s = fMs ; K ′eff = fKeff. (2.39)
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Table 2.1: Table of the different conditions that have to be satisfied for the model of Lemesh to
be accurate.

W < 16∆ If true, εv,v has to be included

D > 1.0 mJ m−2 εs,v can be excluded

W > 3∆ Isolated wall profile can be used

W � P Effective medium model is accurate

W � ∆/π ”

P � 2∆ ”

The idea is that the domain structure generated by such a layer has the same domain size as
the domain structure generated by the multilayer. Lemesh shows that such a model accurately
reproduces the domain size W , if several constraints on the geometry of the multilayer structure
and the stripe domain texture are met. These constraints and the constraints mentioned in
the previous paragraphs are summarized in Table 2.1. When these constraints are satisfied, the
model of Lemesh can be used to determine the strength of one of the magnetic constants: A, D,
Ms, or Keff, by measuring the domain width W of the stripe domain state and the three other
constants.

In this Thesis, we will use the model of Lemesh to determine the strength of the DMI D, because
the other magnetic constants can be measured more easily with other techniques that we will
discuss in Chapter 4. In the methods section of this chapter (section 4.4), we will also explain
in detail how D is determined using this model.

2.4 Skyrmions

The second, and final, magnetic texture that we will discuss in this Chapter is the skyrmion
[8–10, 76]. A skyrmion is a localized chiral whirl in the magnetization, which we show schemat-
ically in Figure 2.13 a) and b) [11]. A skyrmion can be understood as a domain wall, wrapped
around a small circular domain, which has the opposite orientation compared to the surrounding
magnetization. In Figure 2.13 this domain consists of only one spin. Looking at the radial cross
section of these two skyrmions, shown in Figure 2.13 c) and d) respectively, the skyrmion in a)
consists of a Bloch wall and the skyrmion in b) of a Néel wall. Hence, these skyrmions are called
a Bloch and Néel skyrmion, respectively.

Both of these skyrmions are chiral objects, because the direction in which the magnetization
rotates from up to down is the same for each radial line in the skyrmion. As a result, the
magnetization inside the skyrmion spans a sphere. To see this, consider that along a radial
line the magnetization rotates from θ = 0 to θ = π continuously, and by rotation of the radial
line from ϕ = 0 to ϕ = 2π every combination of (θ, ϕ) is realized. Hence, in spin space, the
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spins inside the skyrmion span the unit sphere, regardless of the Bloch or Néel type. This is
fundamentally different from the ferromagnetic state, which only occupies a single point in spin
space. The uniform ferromagnetic state and a skyrmion are said to have a different topology
[7, 77]. Mathematically, this is expressed using a topological quantity, the winding number w.
This quantity is given by [7],

w =
1

4π

∫∫
m ·

(∂m

∂x
× ∂m

∂y

)
dx dy. (2.40)

The winding number effectively counts how many times the magnetization can be wrapped
around the unit sphere. For a skyrmion, the winding number is equal to one and for the ferro-
magnetic state it is equal to zero. This means that these two states are topologically different,
and no continuous transformation exist that can transform one into the other. In a real system,
this transformation is not impossible, this is because on the smallest scale, the magnetization is
discrete [9]. Instead, an energy barrier prevent the transformation between the two states.

In Figure 2.13 we show skyrmions where the domain in the center consists of only one spin. This
does not necessarily have to be the case. As long as the domain wall surrounding the domain
is chiral, the domain in the center can, in theory, have any size and the structure will still be
considered a skyrmion (the winding number is still w = 1) [20]. The size of this skyrmion core is
determined by the complex interplay of the micromagnetic interactions that we discussed in the
beginning of this Chapter.

One of the interaction that plays a major role in the stabilzation of skyrmions is the DMI. In the
case of interfacial DMI, Néel type skyrmions are energetically favorable [9]. If the DMI is very
large compared to the other micromagnetic constants, small skyrmion with a radius of several
nanometer will are favored [20]. These are generally called compact skyrmions. If the dipolar
energy is comparable to the DMI energy, then the core of the skyrmion will generally be larger
which allows the stray field to reduce the skyrmion energy, these are called stray-field skyrmions
or bubble skyrmions and their radius is in the order of 100 nm [20]. It is these types of skyrmions
that are studied in this Thesis and we will simply refer to them as skyrmions from now on.

a) b)

c) d)

x

y
z
θ 

φ 

Figure 2.13: Three dimensional magnetization texture of a Bloch a) and Néel b) skyrmion. In
c) and d) we show the radial cross section for the Bloch and Néel skyrmion, respectively.
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In the following section, we provide a simple model that can be used to understand the origin of
the energy barriers that govern the bubble skyrmion stability.

2.4.1 The energy of a skyrmion bubble

We will now present a simple model of a skyrmion, called the wall energy model, which includes
only the simplest term needed to model a stable skyrmion. The wall energy model can be used
to calculate the approximate skyrmion size and to show how the domain wall energy cost leads
to the formation of energy barriers that hinder the annihilation and nucleation of a skyrmion.
We will not derive this model here, the derivation can be found elsewhere [47, 48].

The magnetization profile that is considered by the model is shown in Figure 2.14a) and b).
We consider a circularly shaped down domain (light grey) in a ferromagnetic background (dark
grey), the radius of this domain is denoted R. The thickness of the magnetic layer is given by d
and an external magnetic field Hex is applied, which is oriented parallel with the ferromagnetic
background. Unlike in the model of Lemesh, we choose to neglect the exact profile of the domain
wall and instead consider an infinitely sharp transition between the two domains that has an
energy cost of σDW per unit area of the domain wall. As a result, volume charges are not
considered in this model, we will discuss the validity of this assumption later. The energy of this
system, relative to a uniform ferromagnetic state, is given by [48],

ESkyrmion = 2πRd
[
σDW +Rµ0HexMs −

1

2
µ0M

2
s

2d

π
ln
( 8R

d
√
e

)]
, (2.41)

where e is Euler’s constant.

The first term in equation (2.41) is the energy cost of the domain wall surrounding the skyrmion
and it is proportional to the surface area of the wall. We assume that the DMI is strong enough
to force the domain walls to be of the Néel wall type, such that the domain wall energy density
σDW is given by equation (2.35) which is repeated here for convenience,

σDW = 4
√
AKeff − π|D|. (2.42)

The second term is proportional to the volume of the skyrmion, and represents the Zeeman energy
cost associated with the antiparallel alignment of the magnetization in the skyrmion core with
the applied magnetic field. The final term represents the energy gain due the dipolar coupling
between the skyrmion core and the rest of the magnetic film, this term increases in magnitude
as d, Ms, and R increase.

In its current form, equation (2.41) is valid for a single magnetic layer, of thickness d. In order to
apply it to the multilayer systems studied in this thesis we employ the effective medium approach
that was also used in the model of Lemesh. The thickness d is set to the total thickness of the
multilayer, d = NP , where N is the number of layers and P the period thickness. All the
magnetic constants are rescaled with the factor, f = T/P , the ratio between the ferromagnetic
layer thickness T and the period thickness.

In Figure 2.14 c), we plot equation (2.41) versus the skyrmion radius R using typical material
parameters and the effective medium approach. For small skyrmion radii, the dipolar energy
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Figure 2.14: a-b) Simplified magnetization profile of a skyrmion bubble, that is considered in the
model. Dark grey denotes up magnetization, light grey denotes down magnetization. c) Energy
calculated as a function of the skyrmion bubble radius, with equilibrium radius Rs. The energy
barriers En and Ea hinder the nucleation and annihilation of the skyrmion, respectively. The
magnetic constants used are typical for the multilayers studied in this Thesis: A = 10 pJ m−1,
Keff = 0.5 MJ m−3, Ms = 1.0 MA m−1, D = 1.6 mJ m−2, N = 6, T = 0.8 nm, and P = 2.8 nm.

is not strong enough to overcome the domain wall energy cost, which leads to the formation of
an energy barrier En. When R is increased further, the dipolar term becomes significant, this
term starts to reduce the energy of the skyrmion when the dipolar energy becomes larger than
the domain wall energy cost. For large radii, the Zeeman term is dominant, resulting in a large
energy cost for the inverted domain. As a result of this, a minimum exists at a radius Rs, the
equilibrium skyrmion radius. It is expected that the skyrmion size observed in experiments is
close to this value.

Again, similar to the model of Lemesh, the equilibrium domain size, Rs, is determined by a
balance between the energy gain from the dipolar energy and the energy cost of the domain wall
and the Zeeman effect. The curve in Figure 2.14 c) is drawn for magnetic constants that are
typical for the multilayers studied later in this Thesis, we find that skyrmion bubbles with a
radius of approximately Rs ≈ 85 nm should be stable for a magnetic field of Bex = 25 mT.

This model can also be used to calculate the energy barriers associated with the annihilation and
nucleation of a skyrmion. Imagine a skyrmion of radius Rs, one way to annihilate this skyrmion
is to shrink it uniformly by decreasing the radius. The energy barrier that has to be overcome
during this process is denoted by Ea in Figure 2.14 c). Nucleation of a skyrmion is equivalent to
performing this process in reverse, i.e. expanding an infinitesimally small domain. In this case,
the energy barrier that has to be overcome is equal to En. The value of Ea and En depends
on the value of the domain wall energy and the applied magnetic field, we will investigate this
dependence in more detail in the next Chapter.

To conclude this section, we will discuss the validity of the wall energy model. This model
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accurately describes a skyrmion as long as the skyrmion diameter is much larger than the domain
wall thickness, R� ∆ [20]. In this case the volume charges inside the domain walls are far apart,
and their interaction can be ignored. For the skyrmions in this Thesis, the skyrmion radius is
approximately 90 nm and the domain wall thickness ∆ ≈ 15 nm. Hence, this condition is only
just met.

More accurate models of the skyrmion, that do include a realistic profile for the domain walls
and the concomitant volume charges exist, such as the models by Büttner et al. [20] and Legrand
et al. [78]. Due to the uniform chirality of the domain wall, the charges on the inside of the
skyrmion all have the same sign and repel, just like in the model of Lemesh. This repulsion
between the charges leads to a small increase of the equilibrium skyrmion radius and larger
energy barrier Ea, than predicted by simple the wall energy model [20]. However, these models
are beyond the scope of this Thesis, as we are not interested in calculating or measuring the
exact radius and energy barrier height.

In this Section we have shown that the energy barriers responsible for the stability of skyrmion
bubbles arise as a result of the domain wall energy density. In the following Chapter, we explore
how these energy barriers can be overcome in experiments to nucleate skyrmions in ferromagnetic
multilayers.

2.5 Skyrmion nucleation

In this section we will show how the nucleation of skyrmions into a ferromagnetic multilayer is
achieved in experiments. There are two methods that we will focus on, the first is nucleation
using only a magnetic field. The second method is nucleation of skyrmions using fast (∼ 10 ns)
electrical current pulses in combination with a magnetic field. This second method will also be
used in Chapter 6 to nucleate skyrmions.

2.5.1 Field assisted skyrmion nucleation

The simplest method to nucleate skyrmions in a ferromagnetic multilayer system is through the
cycling of an applied magnetic field. This is illustrated in Figure 2.15 a-d). First the film is
saturated using a strong magnetic field, as shown in Figure 2.15 a), in this case in the negative
z-direction. The strength of this field is then reduced to zero, which leads to the formation
of a labyrinth domain state, Figure 2.15 b). This happens because the system can reduce its
dipole energy by forming domains. An ordered stripe domain state usually does not form in
experimentally realized systems, because of random imperfections in the setup (e.g. defects
present in the magnetic layers, inhomogeneities in the magnetic field, edges of the layers, etc.),
even though this state would have a lower energy [22, 46].

If the field is now increased in the opposite direction, the domains parallel with the field will
grow. This causes the domains antiparallel with the field to shrink and it can also result in
the fracturing of these domains into smaller domains. This fracturing will eventually lead to a
skyrmion lattice at high magnetic field [21, 26, 79–81], which we show in Figure 2.15 c). If the field
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Figure 2.15: a-d) Schematic illustration of skyrmion nucleation using a magnetic field. Bsat is
the saturation field, for fields stronger than Bsat the magnetization is saturated, as in a) and
d). At zero field the magnetization is in a labyrinthine multidomain state b), when the field
is increased the domain antiparallel to the field shrink, which can lead to the formation of a
skyrmion lattice c). In e) and f) we shown a down domain before e) and during fracturing f), to
illustrate how the domain wall length needs to increase to form a skyrmion. a-d) are based on a
figure in [81]).

is increased further above the saturation field Bsat, the film will saturate with its magnetization
parallel to the field, Figure 2.15 d).

However, such a skyrmion lattice does not always form when the magnetic field is cycled as in
Figure 2.15 a-d). The labyrinth domain state and the skyrmion lattice have a different energy,
and an energy barrier has to be overcome to transform the system from one state to the other
[22]. Whether or not skyrmions form during such a field cycle is determined by two parameters:
the height of the energy barrier between the labyrinth domain state and the skyrmion lattice, as
well as the temperature of the system during the field cycle [22, 79, 81].

This energy barrier is not the same energy barrier as the one calculated in the previous section
for an isolated skyrmion. Rather, it is related to the energy needed to fracture the antiparallel
domains into smaller domains. To see why this costs energy, consider the down domain shown
in Figure 2.15 e) (again in light grey). In Figure 2.15 f), we show this domain again, as a small
domain is forming, notice that the domain wall length in f) is longer than in e). Hence, an energy
barrier is present, which is again, related to the domain wall energy density [48]. This was shown
experimentally by Soumyanarayanan et al. [79] and Yu et al. [82]. By comparing systems with
a different domain wall energy they show that the number of skyrmions that forms during field
cycling is changed drastically as a function of the domain wall energy density. A lower domain
wall energy density, results in the nucleation of more skyrmions.

The second system parameter that determines whether or not skyrmions form is the temperature
of the sample during the field cycling. If the temperature is higher, the thermal fluctuations are
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Figure 2.16: a) Schematic top-down view of a device in which skyrmions can be nucleated.
A ferromagnetic multilayer is patterned into a narrow bar, with a width on the order of 1 µm.
A magnetic field is applied, perpendicular to plane of the device which puts the magnetization
into a multidomain state (up domains in dark grey, down domains in light grey). b) Here we
illustrate the magnetization state of the same device after the application of several thousand
∼ 10 ns current pulses. Due to Joule heating, these pulses raise the temperature enough for
skyrmions to nucleate. An experimental realization of this effect can be found in [19] and in
Chapter 6 of this Thesis.

larger and, as a result, higher energy barriers can be overcome. Zhang et al. [81] showed that
higher sample temperatures indeed lead to a larger number of skyrmions nucleation during the
cycling of a magnetic field.

Hence, this method of nucleation requires a precise balance of the different magnetic constants.
If this balance not correct and results in a domain wall energy that is relatively large, then
skyrmions cannot form at room temperature as a results of field cycling [19]. Current assisted
skyrmion nucleation provides a solution to nucleate skyrmions in these systems.

2.5.2 Current assisted skyrmion nucleation

There are two ways in which electrical current pulses can be used to nucleate skyrmions into
ferromagnetic multilayers, i.e. by exerting a torque on the magnetization [20, 23, 83, 84] or by
thermal nucleation [19, 22, 80, 85]. In this Chapter, we will only discuss the latter option, as
this is the mechanism that we will use to nucleate skyrmions in Chapter 6.

The principle behind thermal nucleation is quite simple. When an electrical current is sent
through a material this material will heat up as a result of Joule heating. The power P of this
heating is proportional to,

P ∝ I2R, (2.43)

where I is the current and R the device resistance. As we explained in the previous section, a
higher temperature facilitates the nucleation of skyrmions.

In Figure 2.16 we show how this is realized in an experiment. A multilayer is patterned into a
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narrow bar with a width on the order of ∼ 1 µm, shown in a top-down view in Figure 2.16 a). A
magnetic field Bz is applied perpendicular to the device plane, to ensure that the magnetization
is in a multidomain state and one of the domains is energetically favorable (shown in dark grey).
The magnitude of this field is kept constant during the nucleation procedure. Then a series of
nanosecond electrical pulses with a very high current density (∼ 10× 1011 A m−2) are applied
[19, 22], these pulses typically heat the bar by approximately 100 K [22] during a pulse. This
increase in temperature allows skyrmion to nucleate, which are then stabilized by the magnetic
field after the pulses stop. This leaves the magnetization in the state shown in Figure 2.16 b). An
experimental realization of this procedure can be found in [19] and in Chapter 6 of this Thesis.

2.6 Conclusion

In this Chapter we have introduced the theoretical background needed to understand the experi-
mental results presented in Chapter 5 and Chapter 6. In the following Chapter we will introduce
an experimental technique, called ion irradiation, that can be used to manipulate the magnitude
of the several of the micromagnetic constants that were presented in Section 2.2. In Chapter 5,
we quantify how much these magnetic constants are modified as a result of this irradiation, by
studying the resulting changes in the width of the stripe domains that were modeled in Sec-
tion 2.3. We will find that they change in such a way that the domain wall energy density is
significantly reduced. In Section 2.5 we showed that the nucleation of skyrmions depends critic-
ally on this domain wall energy density and should become more efficient for lower domain wall
energy densities. In Chapter 6, we will develop and investigate devices in which the effect of this
irradiation on the nucleation of skyrmion can be studied.
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Ga+ ion irradiation

Ion irradiation is an experimental tool that can be used to tune the strength of magnetic interface
effects. In chapter 5 we will make extensive use of this tool to investigate its effect on magnetic
multilayers capable of hosting skyrmions. In this chapter, we will first provide a qualitative
picture of how ion irradiation modifies the magnetic interface effects and present the state of
the art of research into ion irradiation in section 3.1. Afterwards, we will present Monte-Carlo
simulations of the irradiation in a multilayer, to determine to what extend each layer is irradiated
in section 3.2.

3.1 Ion Irradiation: Introduction and state of the art

Ion irradiation is the process of bombarding a sample with high energy (tens of keV) ions. In this
section we will discuss the effect of this bombardment on our samples qualitatively [38, 39, 41].
Consider the trilayer system shown in Figure 3.1, which consists of three layers: Ir|Co|Pt. Before
applying ion irradiation (left side), the interfaces between the different materials are smooth
with a clear separation between the different species of atoms. On the right, we show the same
material system after the ions have passed through. If the energy of these ions is high enough,
then atoms in the layers can be knocked out of their original lattice sites by the impinging ions
and moved to a different position in the crystal [40].

The effect of the ions is particularly noticeable at the interfaces between different materials.
Here the movement of the dislocated atoms leads to intermixing of the different atomic species,
resulting in an increase of the interface roughness [38, 40]. Magnetic effects that originate from
these interfaces, such as the interface anisotropy [38–41, 86–88] and DMI [42–45] can be influenced
by this increase in intermixing. This enables the engineering of magnetic systems with specific
desired magnetic parameters.

Ion irradiation can be performed with a variety of different ions, the three most common types
are He+, Ar+, and Ga+ [89]. In our lab we only have access to to a Ga+ source of which we will
make extensive use to study the effect of ion irradiation on the magnetic properties of Ir|Co|Pt
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Ga+

Pt

Co

Ir

Figure 3.1: Illustration of the effect of ion irradiation on a material system comprising of
layers of different material. On the left, the structure is shown before irradiation where the
interfaces between the different layers are smooth. On the right, we show the same structure
after irradiation with Ga+ ions. The Ga+ ions collide with the atoms in the different layers and
around the interfaces this leads to a change in the coordination of the atoms. This figure is based
on a figure in Ref. [38].

multilayers in chapter 5 of this thesis. To place this study into perspective, we provide a short
overview of the existing research.

3.1.1 State of the art

In the following, we will present an overview of the current state of the art of research on how the
magnetic parameters are affected by the irradiation. In particular, we will look at research on
Pt|Co based systems as much as possible, since this system closely resembles the material systems
that will be studied later in this thesis. We will focus on the four magnetic properties that were
introduced in chapter 2: the exchange stiffness A, the saturation magnetization Ms, the effective
anisotropy Keff and the DMI D. Finally, we will only look at ion doses comparable to those
used in chapter 5 of this thesis. Very high doses—where the Co layers become paramagnetic
[39, 88]—will not be considered in this overview.

The saturation magnetization and the exchange stiffness
We will begin this overview of the state of the art with the two parameters typically associated
with the bulk of magnetic layers, Ms and A. Because these parameters do not originate from the
interfaces it is often assumed that both properties are not strongly affected by ion irradiation
[41].

The limited number of available measurements of the magnetization in irradiated Pt|Co|Pt tri-
layers seem to support this assumption [38, 40]. They show that Ms depends only weakly on the
ion dose and limit the maximum change to within 5% of the non-irradiated value for Ms. Both
an increase and decrease in Ms is possible, because a Pt atom introduced into the magnetic Co
layer can gain a magnetic moment and a Co atom scattered into the Pt layers loses its magnetic
moment [40].
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Figure 3.2: a) Measurement of the effective anisotropy Keff as a function of Ga+ dose, for
different Co layer thicknesses. From Ref. [41]. b) Visualization of the hypothesis that the
strength of the DMI D will also decrease with increasing Ga+ dose.

To the best of our knowledge, a study of possible changes in A upon ion irradiation has never
been reported and not much is known about its dependence on ion irradiation. Because A is a
bulk parameter we will assume that its value does not change upon irradiation in this thesis [41].

The anisotropy
The effect of ion irradiation on the out-of-plane anisotropy in thin films has been studied extens-
ively since the year 2000 [38–41, 86–88]. An example of a measurement of the effective anisotropy,
showing the typical behavior upon ion irradiation is shown in Figure 3.2 a). For increasing ion
dose, the effective anisotropy monotonously decreases. If the dose is increased beyond the range
shown in Figure 3.2 a), then Keff will eventually become negative and the easy-axis will lie in-
plane [39, 88]. The specific dose at which this transition to in-plane anisotropy occurs depends
on several factors—e.g. the type of ion [89], the energy of the ions [89], and the film thickness
[41]—but the decrease in Keff is always observed.

The cause for this reduction in the effective anisotropy is a decrease in the interface anisotropy
Ks [38, 40]. Ks depends on the quality of the interface and is strongest when the interface
between the different layers is sharp [59, 60]. To see why, we refer to the mechanism for the
surface anisotropy described in section 2.2.4. At a disordered interface, the non-magnetic atoms
are no longer all on the same side of the interface and their influence on the orbital moment of
the Co atoms becomes less anisotropic. Hence, the intermixing caused by the irradiation reduces
the strength of the interface anisotropy.

The DMI
In constrast to the anisotropy, the effect of ion irradiation on the DMI is still unclear. Recently,
there have been several computational [31, 70] and experimental [42–45] studies which investigate
the effect of ion irradiation on the DMI, but a clear picture has not yet emerged. Based on the
similar interfacial origin of the DMI and interface anisotropy, we hypothesize that the strength
of the DMI should also decrease as a function of increasing dose. This hypothesis is visualized
in Figure 3.2 b). We expect that the change in the DMI and the interfacial anisotropy follow
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a similar trend, because both effects depend critically on the asymmetry provided by a sharp
interface.

Computational ab-initio studies of the effect of intermixing at a Pt|Co interface provide conflict-
ing results [31, 70]. Although both studies report that the strength of the DMI does indeed de-
crease upon intermixing of the Pt and Co atoms at the interface, they disagree on the magnitude
of this decrease. One study reports that the DMI should be quite robust against intermixing [70],
whilst the other reports that its magnitude should depend strongly on the degree of intermixing
[31].

The experimental studies that have been performed so far do not elucidate how sensitively the
DMI depends on ion irradiation. Studies performed on systems where the DMI originates from
Pt|Co interfaces show that the magnitude of the DMI effective field decreases upon irradiation,
indicating a decrease in the strength of the DMI [42, 44] in line with the computational studies.
In other material systems however, both an increase [45] and a decrease [43] in the strength of
the DMI upon ion irradiation has been reported.

We conclude that the effect of ion irradiation on the strength of the DMI is not yet understood
and that much can still be learned from a comprehensive study of the dependence of the DMI
on ion irradiation. It would be particularly interesting to compare the relative scaling of the
interface anisotropy and the interfacial DMI. Such a comparison is interesting because it can
reveal information about how Ds and Ks depend on the interface quality [34, 35], which could help
to elucidate the physical origin of the DMI. Furthermore, it would elucidate whether independent
tuning of the DMI and anisotropy is possible.

In chapter 5 we will perform such a study on a magnetic multilayer, consisting of Ir|Co|Pt repeats.
This system was chosen for several reasons. Firstly, the DMI in this system is strong and can be
accurately determined by measuring the equilibrium domain size [73, 74]. Second, it has been
reported that skyrmions are stable in this system at room temperature [19, 26]. Hence, the effect
of ion irradiation on skyrmions and their nucleation or dynamics can also be investigated in the
same material system. To the best of our knowledge, this has not been experimentally realized
yet.

In all of the studies that were included in this short review the authors only look at the irradiation
of material systems containing a single magnetic layer. Not much is known about the irradiation
of magnetic multilayers. We expect that the increased thickness, compared to a single layer
system, will impact the irradiation process. In the following section we discuss Monte-Carlo
simulations of the ion irradiation process to determine how many layers we can use. Here we
face a trade-off between two criteria: i) all of the magnetic layers must be affected by the ion
irradiation, and ii) we want to maximize the number of magnetic layers, to maximize the stability
of skyrmions [26].
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Figure 3.3: a) Plot of the average number of vacancies created by each ion during the irradiation,
for a sample with N = 10 repeats. The repeats labeled R1-R10 are given by Ir(1)|Co(0.8)|Pt(1).
Simulations are performed using the TRIM software package, with a total number of ions of
50, 000, each with a kinetic energy of 30 keV. b) The simulation where the number of repeats is
set to N = 6.

3.2 Simulating ion irradiation in multilayers

Simulations of the ion irradiation process are performed using a software package called Transport
of Ions in Matter (TRIM) [90]. This software performs Monte-Carlo simulations to determine
the average 3-dimensional damage profile created by the impinging ions. The simulation assumes
an amorphous lattice of stationary atoms (i.e. no thermal motion). If the energy of the incoming
ion is great enough, then atoms in the target can be knocked out of their original position in
the amorphous lattice, creating a vacancy. If the ion has enough energy then it will collide with
multiple atoms as it passes through the target. Additionally, the dislocated atoms can create
further vacancies if their energy after the collision is great enough. This whole process is called
a collision cascade. After every cascade the lattice is reset, i.e. damage is not cumulative in the
simulation.

The magnetic multilayer that is set up in this simulation is similar to the multilayer that will be
irradiated in chapter 5 of this thesis. The full layer stack is given by ||Ta(4)|Pt(2)|[Ir(1)|Co(0.8)|
Pt(1)]×N |Pt(2), on top of a SiO2|| substrate. The repeat consist of Ir(1)|Co(0.8)|Pt(1), where the
numbers in the brackets indicate the thickness in nm. To start, we set the number of repeats to
N = 10. This corresponds to a material stack in which skyrmions have been previously observed
[19].

Because the number of layers in TRIM is restricted to 20, the trilayers Ir(1)|Co(0.8)|Pt(1) have
been modeled as an Ir : Co : Pt alloy, with a stochiometric ratio of 10 : 8 : 10. This stack is
irradiated with Ga+ ions with a kinetic energy of 30 keV, which corresponds to the energy that
is used in the experiments later in this Thesis.

In Figure 3.3 we plot the result of these simulation. The plot in Figure 3.3 a) shows the average
number of vacancies V created per ion at a specific depth in the material stack with N = 10
repeats. V is assumed to be a rough measure of the damage done to the structure by the ions
[75]. From this plot we observe that the Ir|Co|Pt trilayers closest to the top of the structure will
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experience a larger drop in interface quality than the trilayers in the middle and that the layers
in the bottom of the stack receive no irradiation at all.

Based on these simulations we set the number of repeats toN = 6. The simulations are performed
again, with the same ion energy and total number of ions. We plot the result of this simulation
in Figure 3.3 b). In this case, all of the layers receive some irradiation, although the layers
closer to the top of the structure will still be affected more. We therefore choose to use N = 6
repeats in our experiments, since this appears to be the maximum number of layers that receives
irradiation. We will conclude this section by discussing the depth dependence of the irradiation.

Based on these simulation alone we cannot say exactly how much irradiation or damage each of
the layers receives as the accuracy of the number of vacancies predicted by TRIM simulations
is not clear [89]. Furthermore, the relation between the number of vacancies created by each
ion and the degree of intermixing at the interfaces is also unclear. Vieu et al. [40] use a basic
interdiffusion model to hypothesize about this relation. They find that the interdiffusion length
(i.e. the lengthscale around the interfaces on which mixing occurs) depends on

√
V and is not

linearly proportional to V , as we have assumed here. This would mean that the layer dependence
shown in Figure 3.3 b) is less severe. Unfortunately, we cannot say whether this is the case, as
there is no experimental confirmation of this hypothesis.

Since we expect that the magnetic interface effects will vary as a function of interface quality,
it is expected that the value for Keff and D will depend slightly on the depth as a result of ion
irradiation. In chapter 5 we do not observe a decoupling of the top layers, which are irradiated
more, from the bottom layers, which receive a smaller dose. We therefore assume an averaging
effect on both Keff and D, where the behavior of the magnetization is determined by the average
Keff and D in the stack. This is discussed in more detail in chapter 5.

3.3 Conclusion

To conclude, in this chapter we have shown that Ga+ irradiation affects the magnetic properties
of thin films by changing the quality of the interfaces. By reviewing the state of the art on ion
irradiation research in section 3.1—we showed that: i) the changes in the bulk parameters Ms

and A are expected to be small; ii) changes in the interface anisotropy Ks are expected to be
significant and Ks should decrease for increasing ion dose; and finally, ii) that no clear picture
on the effect of ion irradiation on the strength of the DMI D currently exists. In chapter 5, we
will study the effect of ion irradiation on the magnetic interface effects in a magnetic multilayer
to try and elucidate this dependence of the DMI.

Furthermore, in section 3.2 we showed that TRIM simulations indicate that not all layers are
irradiated to the same extend and that a (small) layer dependence in the value of Ks and Ds

is expected. We cannot say exactly how large this dependence will be, as the accuracy of such
simulations is not clear.
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Experimental setup

In this chapter we will present all the experimental tools and methods that will be used in
this thesis. First, we will provide an overview of the samples that are studied in this thesis in
section 4.1. Here we also describe how these samples are fabricated and how we manipulate
their magnetic properties using ion-irradiation. Next, we describe how the magnetic properties
of these multilayer stacks, i.e. Ms, Keff, and D can be measured in section 4.2, section 4.3, and
section 4.4, respectively.

4.1 Magnetic multilayers: Description and fabrication

The complete material stack of the magnetic multilayers that are investigated in this thesis is
||Ta(4)|Pt(2)|[Ir(1)|Co(0.8)|Pt(1)]×6| Pt(2), grown on top of a thermally oxidized Si|SiO2(300)||
substrate, where the numbers in brackets indicate the films thickness in nm. All layers are grown
using D.C. magnetron sputtering. During sputtering, an Ar plasma is created above a very pure
piece of material (the target). The high energy ions in this plasma free clumps of atoms from
the surface of this target, which travel through an ultra high vacuum (P < 10−9 mbar) towards
the sample. These clumps of atoms adhere to the sample surface and form layers, by varying the
deposition time, Ar pressure, and voltage across the plasma the average thickness of these layers
can be controlled with an an accuracy of 1 Å [91].

The bottom two layers of the material stack, ||Ta(4)|Pt(2), are called the seed layers, they
provide good adhesion between the substrate and the rest of the structure and grow very flat,
which results in clean interfaces between the rest of the layers [92]. On top of the seed layers,
we grow the magnetic multilayer [Ir(1)|Co(0.8)|Pt(1)]×6. The Co layers are the ferromagnetic
layers where the magnetic domain structure resides. The heavy metallic layers surrounding the
Co have a large spin-orbit coupling and hence contribute to both the interface anisotropy and
the interfacial DMI. In the case of both effects, the contribution of the Co|Pt interface is larger
than that of the Ir|Co interface [65–67]. In chapter 2, we discussed the concept of additive DMI
and showed that epitaxially grown Ir|Co and Pt|Co have an opposite sign for the DMI, therefore
it might be expected that the Ir|Co|Pt multilayer has additive DMI. However, the sign of DMI

Facilitating skyrmion nucleation with Ga+ ion irradiation 41



Chapter 4

for a sputter deposited Ir|Co interface is currently not known [63, 67]. Nevertheless, because the
Pt|Co interface contribution is large, a large net DMI is often found for an Ir|Co|Pt multilayer
[26, 73]. The combination of this large DMI with the high dipolar energy due to the multiple Co
layers allows stray field skyrmions to be stabilized in Ir|Co|Pt multilayers [19, 26].

The choice for the number of repeats in the multilayer stack, N = 6, is made to maximize the
number of layers while ensuring that all interfaces in the magnetic multilayer are affected by the
Ga+ irradiation, as shown in the previous chapter. A large number of layers is desired to enhance
the stability of stray-field skyrmions in these stacks [15, 26, 27]. The choice for the Co thickness,
tCo = 0.8 nm, will be explained later in this chapter, in section 4.4.3. Finally, the top Pt(2) layer
prevents oxidation of the top Co(0.8) layer [73]. In the next chapter, the manipulation of the
magnetic properties of this material stack using ion-iradiation will be investigated in detail.

4.1.1 Focussed Ion Beam irradiation

In this thesis, we will make extensive use of a Focussed Ion Beam (FIB) to modify the micro-
magnetic properties of these magnetic multilayer samples, as we discussed in chapter 3. The
FIB that was used is part of a FEI Nova Nanolab 600 dualbeam system, which contains both
an electron microscope and FIB. We set up the FIB to generate an ion beam with an energy of
30 keV per ion, and a beam current of IB = 1.5 ± 0.2 pA. This beam is then scanned over the
sample surface, to irradiate the sample in the desired pattern. The alignment of this pattern
with the sample is done using the electron microscope present in the system. To control the Ga+

dose, we vary the dwell time of the beam, this is the time that the beam spends at a specific spot
on the sample. The Ga+ doses used in this structure are in the order of 10 × 1012 ions cm−2.
Because the irradiation of a sample requires scanning a very narrow beam across the surface,
we are limited in the area that can be irradiated. An area larger than a few tens of micrometer
squared cannot be irradiated in this setup. More information about the working principles of a
FIB can be found elsewhere [93].

We will make use of several experimental tools and methods to measure how the ion-irradiation
modifies the magnetic constants of the multilayers, these will be explained in the following
sections.

4.2 Measuring Ms and Keff using SQUID-VSM

Measurements of the magnitude of the magnetization of our multilayer samples are done us-
ing a Super Conducting Quantum Interference Device using Vibrating Sample Magnetometry
(SQUID-VSM). In this device, the sample is positioned between two superconducting coils and
vibrated at a frequency of several Hz. This leads to a time dependent magnetic flux through
the superconducting coils which is measured by the SQUID-VSM and converted into a magnetic
moment in A m2, dividing by the magnetic volume of the sample gives the magnetization M in
A m−1. The exact working principle of a SQUID-VSM can be found elsewhere [94].

During a SQUID-VSM measurement a magnetic field can be applied, up to µ0H = ±7 T. This
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magnetic field can be oriented either into or out of the plane of the sample, the SQUID will only
measure the component of M parallel to this field. This is used to measure hysteresis loops (M
measured as a function of H), which can be used to determine the saturation magnetization Ms,
as well as the effective anisotropy Keff. In Figure 4.1 we show an illustration of two hysteresis
loops measured using SQUID-VSM, for both an out-of-plane and in-plane magnetic field.

In the first measurement, shown in blue, the field is applied parallel to the out-of-plane easy
axis of the multilayer. For large negative field, the magnetization is fully aligned with the field
and equal to Ms. As the field amplitude is decreased, the orientation of the magnetization does
not change, because the magnetization is oriented along its easy axis. When the field strength
becomes positive, the field is oriented anti-parallel to the magnetization, leading to a Zeeman
energy penalty. Rotation of the magnetization, to lower the Zeeman energy, is resisted by the
anisotropy. At some positive field Hc, called the coercive field, the Zeeman energy becomes too
large and the magnetization flips, to orient itself parallel to the field.

The curve of the in-plane measurement is also shown in Figure 4.1 in red, in this case the field is
applied perpendicular to the easy axis. For a large negative field, the magnetization is again fully
aligned with the magnetic field, parallel to the hard-axis. When the field strength is decreased,
at some field, called the anisotropy field Ha, the Zeeman energy is no longer large enough to
keep the magnetization aligned along the hard-axis, and the magnetization rotates to decrease
the anisotropy energy. At zero field, the magnetization is aligned with the easy axis, and the
component measured by the SQUID is zero. When the field is increased to positive amplitudes,
the reverse process occurs.

Extracting Ms from these measurements is straightforward. It is equal to the measured magnet-
ization at high field, as shown in Figure 4.1. To improve the accuracy of the measurement, we
average the saturation magnetization measured during the in-plane and out-of-plane measure-
ment. The uncertainty in Ms is mainly determined by the uncertainty in the magnetic volume
and is approximately 5%.

H

M
Ms

2Keff

μ0Ms 

Hc

Ha

OOP
IP

Figure 4.1: Illustration of two hysteresis loops that can be measured using SQUID-VSM for
a sample with an out-of-plane easy-axis. For the blue curve, the field is applied out-of-plane,
parallel to the easy-axis. The red curve illustrates the measurements for an in-plane magnetic
field. These two curves can be used to determine Ms and eff from the saturation value and the
area between the curves, respectively.
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The effective anisotropy can also be determined using these two measurements, using the area
between the curves, indicated in gray in Figure 4.1. The energy per unit volume required to
change the magnetization in an applied field H, by an amount dM , is given by dE = µ0H dM .
Hence, the shaded triangular area in Figure 4.1 is equal to the difference in energy required to
orient the magnetization either out of or into the plane of the sample, i.e. the anisotropy energy.
The anisotropy field Ha is given by [57],

µ0Ha =
2Keff

Ms
. (4.1)

If Ha is much larger than Hc then the base of the shaded triangle can be approximated as Ha

and its area is equal to Keff. Therefore, if the area is experimentally determined, then Keff is
known. This method is called the area method and is commonly used to determine the effective
anisotropy [57].

4.3 Measuring Keff with Hall effect measurements

The SQUID-VSM can only be used to measure the magnetization of a sample with an area of
several mm2. As explained in section 4.1.1, the FIB in our lab cannot be used to irradiate samples
of this size uniformly. Hence, a second experimental method is required, which can measure the
effective anisotropy locally, in an irradiated area. We will use Hall effect measurements to do
this [41, 95].

Hall effects are a class of effects that describe the generation of a transverse voltage upon current
injection into a conductor. The ordinary Hall effect is a well known example. When a current
is sent through a conductor in the presence of a magnetic field Hext, the Lorentz force acting on
the conduction electrons leads to a voltage buildup in the direction perpendicular to both the
current flow and the magnetic field.

In our ferromagnetic samples, a second effect is present in addition to the ordinary Hall effect,
namely the anomalous Hall effect (AHE). The AHE is sketched in Figure 4.2 a). When a current
is sent through a ferromagnet, a transverse voltage (indicated by the positive (+) and negative
(-) charges) builds up that is proportional to the out-of-plane component of the magnetization
(VH ∝ Ms cos(θ), with θ the angle between M and the z-axis) rather than the magnetic field
strength Hext. This happens because the scattering of the conduction electrons depends on the
direction of their spin, as a result of spin-orbit coupling [96]. In a ferromagnet, the majority of
the conduction electrons have a spin that is aligned anti-parallel to the magnetization. Hence, the
majority of the electrons scatter in a particular direction, leading to the build up of a transverse
voltage. Note that the magnitude of this voltage is determined by the average magnetization
orientation in the structure. If half of the the magnetization is pointing in the negative z-
direction and the other half in the positive z-direction, then there is no net build up of charges
and VAHE = 0. A more detailed description of the AHE is beyond the scope of this thesis, but
can be found in a review by Nagaosa et al. [96].

Combining both effects, we can write the following formula for the transverse Hall resistance

44 Facilitating skyrmion nucleation with Ga+ ion irradiation



Chapter 4

H

Mz
Ms

α

θ 
z

H

M

α = 70o

High Keff

Low Keff

a) b)

I
+

Mz

+ + + + + + +

- - - - - - - -

+VH

VH

H

c)

5 μm 

Figure 4.2: a) In a ferromagnet, the anomalous Hall effect generates a transverse voltage VH

upon current injection. The sign of this voltage depends on the orientation of the out-of-plane
component of the magnetization, denoted Mz. b) Top down illustration of a Hall bar device, with
the electrical connections shown. VH is proportional to the average out-of-plane magnetization
in the blue shaded region. c) The out-of-plane component of the magnetization as a function
of the magnetic field, as predicted by the Stoner-Wohlfarth model. The angle between the field
and easy axis is α = 70◦. When the value Keff is low, the magnetization is more easily pulled
away from the easy axis and Mz decreases more quickly.

[96],

RH =
VH

I
= ROHEHext cos(α) +RAHEMs cos(θ), (4.2)

where α is the angle between the magnetic field and the z-axis. Using this equation, it is possible
to determine to orientation of the magnetization with respect to the z-axis by measuring RH.

In our lab, we enhance the basic measurement described above in two ways. This is illustrated in
Figure 4.2 b). Firstly, by patterning our samples into Hall bar structures, we are only sensitive to
the magnetization orientation in the region where the current line and Hall bar overlap (∼ 5× 5
µm2), this region is indicated in blue in Figure 4.2 b). Secondly, by using an AC current source
(Keithley 6221) and measuring the voltage using a lock-in amplifier (Stanford Research Systems
SR830), we can measure very small changes in the Hall voltage (in the order of µΩ) to accurately
determine the orientation of M. For all measurements in this thesis, we use an AC current with
an RMS current density of J = 1.0 MA cm−2. A uniform magnetic field (µ0HMax = ±2 T), with
any orientation, can be applied at the sample position and is continuously measured using a
calibrated Hall probe.

Determining Keff from AHE measurements
Consider a magnetic film with uniform magnetization M, i.e. no domains, and magnetization
Ms in a magnetic field H, as shown in the inset in Figure 4.2 c). The energy density of such a
film is given by the sum of the anisotropy and Zeeman energy density (The exchange and DMI
energy density are both zero because there are no gradients in the magnetization),

ε = Keff sin2(θ) + µ0H ·M, (4.3)

where θ is the angle between the magnetization and the easy-axis (which is set along the z-axis).
This equation is called the Stoner-Wohlfarth model [51].
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In Figure 4.2 c) we show the magnetization behavior predicted by this model. Plotted is the
component of the magnetization parallel to the easy-axis Mz = Ms cos(θ), as a function of the
magnetic field strength, for an angle α = 70◦ between the magnetic field and the magnetization.
The angle θ is found by minimizing the energy density given by equation (4.3). For larger field
strength, the magnetization aligns more with the applied magnetic field, leading to an increase
in the angle θ. When Keff is large (blue curve), it is more difficult to align the magnetization
with the applied field and a larger field is required to do so. The magnetization curves shown in
Figure 4.2 c) can be measured using the AHE. By fitting this data using a least squares fitting
routine that minimizes equation (4.3), the value for Keff is found. Furthermore, because the
AHE is only proportional to the magnetization of the blue area in Figure 4.2 b), the change in
Keff as a result of ion-irradiation can be determined using this method, by irradiating the Hall
cross.

4.4 Magnetic Force Microscopy and measuring the DMI

Magnetic Force Microscopy (MFM) is the measurement technique that will be used in this thesis
to visualize the domain structure in our multilayers. The main strength of this technique is its
resolution, which is ∼ 30 nm [97]. A measurement with this resolution can be obtained in air
(i.e. no vacuum equipment is needed) in tens of minutes, making MFM a versatile and fast
measurement technique. The disadvantage is that MFM is only sensitive to the out-of-plane
component of the magnetization. Nevertheless, this technique can be used to easily visualize
small domains and skyrmions present in our samples. In this section we will first provide an
overview of the basics of MFM and then we will describe the setup that is used in this thesis in
detail.

4.4.1 Basic principles of MFM

MFM is a scanning probe based technique that is based on atomic force microscopy. The basic
idea behind both techniques is that a very sharp tip (the probe), positioned on an oscillating
cantilever, is brought into close proximity to the surface of a material. The interaction between
the tip and the surface results in a force on the tip, which affects the oscillation of the cantilever.
By monitoring this oscillation using a laser focused on the cantilever and scanning the tip across
the surface these interactions can be mapped. In the case of atomic force microscopy, the force
is proportional to the distance between the tip and the surface and hence the map represents
the height variations of the surface. In the case of MFM, the interactions are magnetostatic,
and determined by the orientation of the magnetization. MFM can therefore map the magnetic
domain structure in a sample.

In Figure 4.3 a), we show an illustration of the cantilever and the tip. To create the interaction
between the tip and the magnetization, the tip is coated with a thin magnetic layer with magnet-
ization Mt, as illustrated in the zoom (the thickness of the magnetic layer has been exaggerated).
The magnetization of the tip is oriented along the tip, since the shape anisotropy creates an easy
axis parallel to the tip surface [99]. The interaction of the tip magnetization with the stray field
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Figure 4.3: a) MFM tip on a cantilever, the zoom shows the magnetic layer with magnetization
Mt. b) First pass of the two pass MFM scan, in this pass the tip is operated in tapping mode.
Whilst oscillating with frequency f the tip is scanned across the surface with speed v. The
amplitude of the oscillation is kept constant by varying the average height z of the tip. This
average height is measured as a function of distance, which corresponds to the surface topography,
shown in d). In the second pass, shown in c), the tip is lifted a distance L above the surface. Now
the magnetostatic force between the tip and sample magnetization M is dominant. The phase
φ of the tip oscillation is measured as a function of distance and correspond to the magnetic
domain state, this is shown in e). This figure is based on a figure in Ref. [98].

generated by the magnetic domains is what will be mapped during the MFM scan. In this thesis
we will use a procedure called two pass MFM to create this map [98]. Two pass MFM exploits the
fact that different forces dominate the surface-tip interactions at different length scales. When
the tip is in very close proximity to the surface, the Van der Waals forces between the surface
and tip are dominant [98]. But at larger distances (i.e. > 10 nm [99]) electromagnetic forces
dominate the tip surface interaction.

The first pass is illustrated in Figure 4.3 b). In this pass the device is operated in tapping mode.
In this mode, the tip is driven with a frequency f close to or at its resonance frequency f0, which
is f ≈ 75 kHz for the tips used in this thesis. At the bottom of each oscillation, the tip ’touches’
the surface. This is achieved by keeping the oscillation amplitude constant, and varying the
average z-position of the tip using a piezo electric crystal. The tip is scanned across the surface
with a speed v, the average height of the tip as a function of distance gives the topography of
the sample surface. This is shown in Figure 4.3 d).

When the tip reaches the end of the scan, the second pass begins, this is illustrated in Figure 4.3
c). First the tip is lifted up to height L above the surface, this average tip sample distance is
kept constant for the duration of the second pass. This is possible by using the data acquired
during the first pass. At this distance the electromagnetic force are dominant and by properly
grounding the tip and sample, only a magnetostatic force acts on the tip. If the tip magnetization
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Figure 4.4: a) Example of a topography scan. b) The corresponding phase scan, which shows
the magnetic domains in light and dark gray. The scanned region in both scans is the same.

is treated as a dipole with magnetic moment mt, this force is given by [97],

F = µ0 (mt · ∇)Hd, (4.4)

where Hd is the stray field emanating from the sample surface. Since the height of the tip above
the surface is kept constant, the magnitude of the stray field gradient is constant. Its direction
therefore determines the force on the tip, which is determined primarily by the orientation of the
magnetization in the sample. The effect of this force on the oscillation of the tip is to change
the phase of the cantilever oscillation φ by an amount ∆φ [98]. The phase of the oscillation is
recorded as a function of distance, as shown in Figure 4.3 e). When the second pass is complete,
the tip is moved to the next scan line and the two passes are performed again, until the desired
region of the surface has been completely scanned.

By modeling the cantilever as a driven damped harmonic oscillator using Newton’s second law
and assuming a small displacements compared to the average position of the tip, the change in
phase can be expressed in term of the material parameter of the cantilever, for the derivation
see Refs. [98, 100],

∆φ(f0) ≈ Q

k

dFts

dz
, (4.5)

where Q is the quality factor of the cantilever, k the spring constant, and Fts the force between
the tip and surface. The quality factor Q determines how quickly the cantilever loses energy.
To maximize the contrast, a tip with a high Q and low k is desired. In our experiments we use
Nanosensors PPP-FMR tips, which are coated with a Ta(4)|Co(tCo)|Ta(5) ferromagnetic trilayer
in our sputtering system to obtain the magnetic contrast. By varying tCo, we can change the
magnetic moment of the tip mt and increase the value of the force gradient in equation (4.5) to
improve the contrast. However, if mt is too large, then the stray field of the tip will influence the
domain state in the sample. A Co thickness of 6 nm was found to give good contrast, without
influencing the domain state in our samples.

An example of both a topography scan and a phase scan in shown in Figure 4.4 a) and b),
respectively. The sample topography, in a) is mostly flat, the white spot are believed to be
small dirt particles on the surface. The magnetic domains present in this sample are revealed by
the phase scan shown in b), where light and dark gray represent the different domains. In the
remainder of this thesis we will not show the topography scans, since we are primarily interested
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in the magnetic domain structure. Note that an MFM scan is not a direct measurement of
the magnetic domains, instead it measures the interactions between the stray field and the
tip magnetization at the lift height L. Determining the exact magnetic domain structure that
correspond to the measured phase scan requires complicate modeling of the tip magnetization
and its stray field [98], which is beyond the scope of this thesis. By keeping the lift height the
same for all scans we facilitate the comparison of domain sizes between scans. In the following
section, we will provide more detail about the specific MFM setup used in this thesis.

The MFM setup in this thesis
In this thesis we use a Bruker Dimension Edge to perform MFM. There are two setups which
only differ by the sample stage. The scan head, which holds the MFM tip and the piezo electric
crystals that control the tip oscillation are identical for both setups. The first setup has the
default sample stage that comes with the Bruker system and contains no other modifications,
this setup is used in chapter 5 to measure the domain size in the magnetic multilayers.

In the second setup, the sample stage has been replaced with a custom stage. This is done
to make room for a GMW model 5203 electromagnet, which is positioned directly below the
sample holder. This magnet is used to generate a uniform magnetic field up to µ0H = 0.5 T,
oriented along the z-direction, see Figure 4.3. This magnetic field enables the manipulation of
the magnetic domain state and the stabilization of skyrmion in the magnetic multilayers samples.
If the magnetic field is constant in the region where the tip is oscillating, the measurement is not
affected because no force is exerted on the tip, see equation (4.4).

Additionally, this setup can be used to send electrical pulses to the sample. The sample holder
is connected to a Picosecond Pulselab 10070A pulse generator with SMA cables. This pulse
generator can generate electrical pulses with a very short pulse length (τ < 10 ns) and a voltage
up to V = 7.5 V. The connection between the sample holder and the sample is made using gold
wire bonds. To monitor whether or not the pulses go through the sample, an Agilent 80604B
oscilloscope is also connected in series with the sample. The pulse generator, electromagnet and
the MFM are all connected to a computer and controller using a custom LabView program,
developed for this project. Using this program, sequences of MFM scan can be automatically
made, which allows for automatic measurements of the field and current dependence of the
magnetic domain state of the sample. This setup is used extensively in chapter 6 to observe the
nucleation of skyrmions in the magnetic multilayers.

4.4.2 Measuring D with the model of Lemesh

In this Thesis, we will use the model of Lemesh to determine the strength of the DMI D. In
Figure 4.5 a), we plot an example of the domain size calculated using the model of Lemesh for D
between zero and 2 mJ m−2. As D increases, the domain wall energy is reduced (equation (2.35)).
Hence, smaller domains are expected for larger values of D. By measuring the actual domain
size WMeas in our samples using MFM, and solving the equation W (D) = WMeas, the value of D
can be determined.

How accurately the DMI can be measured depends on the sensitivity of the model to the other
three magnetic constants and the experimental uncertainty of their measured values. In Fig-
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Figure 4.5: a) Equilibrium domain size plotted as a function of the DMI strength D. The
following parameters are used in the calculation of Weq: A = 10 pJ m−1, Ku = 1.3 MJ m−3,
Ms = 1.15 MA m−1, T = 0.8 nm, P = 2.8 nm, and N = 6. The line WMeas = 200 nm is an
example of a measured domain size, this corresponds to a DMI of DMeas = 1.4 mJ m−2. In b)
- d) we show how the experimental uncertainties for the different magnetic constants affect the
value of D and its uncertainty. These figures are based on a figure in Ref. [74].

ure 4.5 b), we show how the function W (D) is affected by realistic uncertainties in the exchange
stiffness A. In blue we show the same curve as in a), the two curves at the edges of the grey
region correspond to the two curves found when using A = 8 pJ m−1 and A = 12 pJ m−1. When
A is larger than 10 pJ m−1, the domain wall energy is higher and hence the domain size increases
compared to the blue line. The opposite is true when the value for A is lower. Values of A
in between these limits correspond to curves in the gray region, the curve W (D) should vary
smoothly with A.

The error in the determination of D, due to the uncertainty in A, is given by the horizontal width
of the grey region. When the DMI is weak compared to the other magnetic constants, i.e. when
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Figure 4.6: a) MFM scan of the domain state in a [Ir(1)|Co(0.8)|Pt(1)]×6 multilayer after out-
of-plane AC demagnetization. b) MFM of the same multilayer after IP AC demagnetization,
where the magnetic field was applied along the vertical direction. In both scans the scale bar is
5 µm. c) and d) Illustration of a stripe domain during the demagnetization process, the energy
relative to the same domain without the applied field is listed below the figures. The stripe
domain oriented parallel to the applied field, i.e. d), has a lower energy.

the value of D is low, the error in the extracted value of D is large. For higher values of D (D >
1 mJ m−2) the error in the extracted DMI is lower. In our multilayers this is the case and this
method for measuring the DMI can be used. In Figure 4.5 c) and d) we show the same curves,
this time changing the effective anisotropy and the saturation magnetization, respectively. To
total uncertainty in D is calculated by combining these uncertainties using the standard rules
for error propagation.

4.4.3 Demagnetization

In order to maximize the accuracy of the DMI strength calculated using the model of Lemesh, the
domain state of the multilayers has to be a stripe domain state, since this state corresponds to the
domain state that is described by the model. We will use a procedure called AC demagnetization
to force the magnetization of the multilayers into a stripe domain state [73].

In AC demagnetization, the magnetization of the multilayers is first saturated parallel to an
applied magnetic field of µ0H = 5 T. Next, the field strength is gradually reduced to zero after
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which the field is applied again in the opposite direction with a slightly lower magnitude, 99.5%
of the previous value. This cycle is repeated until the magnitude of the applied field reaches
µ0H = 0.5 mT. The idea is that the magnetization freezes parallel to the local magnetic field,
which is a combination of the applied field and the dipolar field generated by the rest of the
sample, this eventually leads to a multidomain state to maximize the alignment with the dipolar
field [101]. This field cycling can be done in two ways, either with the field out-of or into the
plane of the sample.

In Figure 4.6 a) and b), we show the result of out-of-plane and in-plane AC demagnetization on a
[Ir(1)|Co(0.8)|Pt(1)]×6 multilayer, respectively. When the field is oriented fully out-of-plane, the
magnetization forms a random labyrinth domain state, which agrees with previous observations
[73, 102]. If we apply the same field sequence with the field oriented almost fully in-plane (a 5◦ is
applied to ensure that the out-of-plane component of the magnetization also switches back and
forth), we achieve a periodic array of stripe domains.

Why this happens is currently not fully understood, but we offer the following hypothesis. Con-
sider a stripe domain oriented perpendicular to the in-plane component of the external magnetic
field Hex at some point during the demagnetization procedure, as shown in the top-down view in
Figure 4.6 c). The field at this point is not strong enough to re-orient the magnetization inside
the domain in-plane, but it is strong enough to re-orient the magnetization in the domain walls
parallel to the applied field, leading to an energy gain of 2EZeeman. Both domain walls are of the
Néel type, resulting in a dipolar energy cost due to the volume charges 2Ed. One of the domain
wall is oriented anti-parallel to the DMI effective field, which cost an additional energy 2EDMI.

In Figure 4.6 d), we show a stripe domain oriented parallel to the same in-plane field. In this
case both domains are of the Bloch type, with no dipolar energy cost. The Zeeman energy gain
is the same as for the perpendicular stripe domain. Because both domain walls are now oriented
perpendiuclar to the DMI effective field, each domain wall has an energy cost of EDMI. Hence,
the total energy of a stripe domain oriented perpendicular to the external magnetic field is higher
and domains parallel to the applied in-plane field are energetically favorable.

a) b) c)

tCo = 0.6 nm tCo = 0.8 nm tCo = 1.0 nm

5 μm 

Figure 4.7: a) - c) MFM scans of three [Ir(1)|Co(tCo)|Pt(1)]×6 multilayers, the only difference is
the Co thickness. The IP AC demagnetization procedure applied to all three cases is the same,
with a starting field of µ0H = 6 T and steps of 0.5%. The scale bar in each scan is 5 µm.
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In Figure 4.7, we show MFM scans of the final magnetization state in the multilayer for three
different Co thicknesses tCo, after applying the in-plane demagnetization procedure. Only the
samples with tCo = 0.8 nm and tCo = 1.0 nm have a stripe domain state. In the case of the
multilayer with tCo = 0.6 nm, a a state in between a labyrinth and stripe domain state forms.
This suggests that in this case, the energy difference between the vertical and horizontal domains
was not large enough. This is in line with the hypothesis posed above, since the dipolar energy
cost responsible for the energy difference is smaller for thinner Co layers [46]. For the remainder
of the thesis, we will use multilayers with tCo = 0.8 nm, since this is a the thinnest Co layer that
can be demagnetized, maximizing the strength of the interface effects.

4.5 Conclusion

To conclude we will briefly summarize this chapter. In section 4.1 we described the fabrication
of the material stack that will be investigated in the remainder of this thesis. In particular we
are interested in how Ga+ ion-irradiation affects the magnetic properties. Using SQUID-VSM
we can measure the saturation magnetization and effective anisotropy of the samples, before
ion-irradiation as described in section 4.2. In section 4.3 we described how the change in the
effective anisotropy due to ion-irradiation can be measured using Hall effect measurements of the
magnetization. Finally, MFM measurement, which were explained in section 4.4, will be used to
measure the magnetic domain state present in our samples, which can also be used to determine
the strength of the DMI as a function of Ga+ dose.
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Manipulating the magnetic
properties of Ir|Co|Pt multilayers
using Ga+ irradiation

In this chapter we will investigate the effect of Ga+ irradiation on the magnetic properties of
Ir|Co|Pt multilayers. As explained in chapter 3, the Ga+ ions increase the amount of intermixing
of the heavy metal and ferromagnetic atoms around their interfaces. As a result, magnetic
properties that originate from these interfaces will be modified. In particular we are interested
in the behavior of the iDMI, since this parameter is critical for the stabilization of skyrmions
and the influence of Ga+ irradiation on the DMI in Pt|Co or Ir|Co based systems is still unclear.
There are two questions we would like to answer in this chapter, one related to the fundamental
physics, the other to skyrmion and domain wall based applications:

1. Does the iDMI in Ir|Co|Pt based multilayers change upon irradiation with Ga+ ions? And
if so, is there a relation to the change in the interface anisotropy?

2. What is the effect of Ga+ irradiation on the domain wall energy and could this be used to
enhance skyrmionic applications?

First, we will give a brief description of the material stack that is investigated in this chapter.
Next, a combination of experimental techniques is used to probe the magnetic properties of this
stack, before irradiation. Afterwards, the effect of the Ga+ irradiation on the magnetic properties
is examined, here we focus on the changes in the effective anisotropy and the interfacial DMI.
Finally, we compare the observed changes in the anisotropy and interfacial DMI to answer the
two research questions above.
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5.1 Sample characterization before Ga+ irradiation

In Figure 5.1 a) we give a schematic overview of the magnetic multilayer that is investigated in
this chapter. The complete material stack is given by ||Ta(4)|Pt(2)|[Ir(1)|Co(0.8)|Pt(1)]×6|Pt(2),
grown on top of a thermally oxidized Si|SiO2(300)|| substrate, where the numbers in brackets
indicate the film thickness in nm. The fabrication and material choices for the Ir|Co|Pt multilayer
are discussed in detail in section 4.1. We will refer to this entire material stack as magnetic
multilayer in this chapter.

In this section we will fully characterize the magnetic properties of this magnetic multilayer,
before irradiating it with Ga+ ions. We will first use SQUID measurements to determine the
saturation magnetization Ms and the effective anisotropy Keff as these are required to calculate
the strength of the DMI D. A value for the exchange stiffness A is taken from literature, and
discussed briefly. Finally, we will use static domain state imaging and the model of Lemesh et
al. [46] to determine the strength the effective DMI D, as explained in section 2.3.1.

5.1.1 Saturation Magnetization

The saturation magnetization Ms is determined using SQUID-VSM, as described in section 4.2.
The magnetic moment m that is measured by the SQUID is converted to a magnetization M
using,

M =
m

V
, (5.1)

where V is the volume of magnetic material. In Figure 5.1 b), we plot the magnetization meas-
ured during an in-plane and out-of-plane field sweep at room temperature, for a 4 × 4 mm2

sample of the stack depicted in figure 5.1 a). A paramagnetic background, originating from the
paramagnetic materials in the sample and the sample holder, has been subtracted. The satura-
tion magnetization is found to be Ms = 1.0 ± 0.1 A m−1, this is comparable to values found in
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Figure 5.1: a) Schematic overview of the magnetic multilayer. b) Hysteresis loops measured
using SQUID-VSM, for and out-of-plane (OOP) and in-plane (IP) field sweep. The surface area
of the shaded region is equal to 2Keff. c) Hysteresis loop measured using the AHE for the same
material stack, for an OOP field sweep with a smaller maximum field amplitude.
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literature for similar stacks [26, 73]. Even though the SQUID is capable of measuring the mag-
netic moment m with less than 5% relative uncertainty, the uncertainty in the magnetization is
larger as a result of the uncertainty in the magnetic volume. This uncertainty is large because
the thickness of the magnetic layer is difficult to determine for three reasons.

Firstly, variations introduced during the sputtering process can cause up to ten percent differences
in the growth rate of samples, compared to the calibration growth rate. This means that the
thickness of the Co layer is tCo = 0.8 ± 0.08 nm. The second factor is that intermixing of the
Co with the non-magnetic layers surrounding it (in particular Ir) can create a layer where the
Co is not magnetic, called a magnetic dead layer (MDL), which effectively reduces the magnetic
volume. Reports on the thickness of a magnetic dead layer in Ir|Co|Pt multilayers range from
zero to 0.2 nm [75] The third effect is called a proximity induced magnetization, because Pt is
very close to the Stoner criterion, it is easily magnetized. Hence, the Pt layers close to the Co
can obtain a net magnetization, which contributes to the magnetic moment measured by the
SQUID, and effectively increases the magnetic volume. Combined, this results in an uncertainty
in Ms of approximately 10%.

5.1.2 Effective Anisotropy

In Figure 5.1 c) we plot an out-of-plane hysteresis loop measured for a smaller field range than
Figure 5.1 b), such that the opening in the loop is clearly visible. The out-of-plane hysteresis
loop is almost square, with a remanence of 100 %. This means that the sample is in a single
domain state at zero field. The onset of domain formation only occurs when a magnetic field
µ0H = ±23 mT is applied anti-parallel to the magnetization. Hence, the domain wall energy in
this system is too large compared to the dipolar energy for domains to form spontaneously at
zero field. This indicates that the anisotropy in this system is strong (see equation (2.35)).

To quantify the anisotropy we can use the hystersis loops measured using SQUID, shown in
Figure 5.1 b) [57]. The energy per unit volume required to change the magnetization in an
applied field H, by an amount dM , is given by dE = µ0HdM . Hence, the shaded area in
Figure 5.1 b) is equal to the difference in energy required to orient the magnetization either
out of or into the plane of the sample. As discussed in section 4.3, this area is equal to 2Keff.
By numerically calculating the area we find, Keff = (0.47 ± 0.05) × 106 J m−3. This value is
comparable to values found in literature for similar magnetic multilayers [56, 73].

5.1.3 Exchange Stiffness

Next, we will briefly discuss the values for the exchange stiffness A that are used through this
chapter. The bulk value for the exchange stiffness in Co is equal to A = 16 pJ m−1 [51]. As
explained in section 2.2.3, the value of A depends on the number of nearest neighbor Co atoms.
Eyrich et al. [103] showed that when the film thickness is reduced below approximately 10 nm,
the value for the exchange stiffness of Co will decrease. The most commonly used value for
A used in studies that investigate Ir|Co|Pt multilayers, where tCo ≈ 1 nm, is A = 10 pJ m−1

[26, 56, 73]. In the following sections in this chapter we will use the same value, to facilitate
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comparison with other work.

Nevertheless, a different value for the exchange stiffness is also possible. Since it it particularly
difficult to measure the exchange stiffness for ultrathin magnetic layers [103], we cannot measure
the exact value of A in our multilayer. Eyrich et al. [103] studied the exchange stiffness in a
similar heavy metal/Co multilayer stack and found a value of A = 7 ± 1 pJ m−1 for 2 nm thick
Co. In appendix C, we attempt to use the method of Nembach et al. [104] to measure the
exchange stiffness in our multilayers stacks. Although their model fits our data very well and the
value that we find for the exchange stiffness of A = 7.4± 0.5 pJ m−1 is in good agreement with
the results of Eyrich et al., the applicability of the model to our particular samples is unclear, as
explained in appendix C. Therefore we interpret A = 7 pJ m−1 as a lower bound for A and use
A = 13 pJ m−1 as a realistic upper bound. In section 5.5.1, we examine and discuss the effect of
changing A to these bounding values.

5.1.4 DMI

The final parameter that we are going to determine for the non-irradiated stack is the strength of
the DMI, D. We will determine D by using the model of Lemesh et al. [46], which was discussed
in detail in section 2.3.1. In order to determine D using this model, we will calculate the expected
domain size WExp(D) for a range of values for D, using the experimentally determined Keff and
Ms, and A = 10 pJ m−1. If we then measure the actual domain size WMFM using MFM, while
the sample is in the stripe domain state, we can solve the equation WExp(D) = WMFM for D to
find the strength of the DMI.

In Figure 5.2 a) we show an MFM measurement of the stripe domain structure in the non-
irradiated Ir|Co|Pt stack, where the light and dark grey regions correspond to the different
magnetic domains. The lift height during the MFM scan was 30 nm, which will be the case for
all MFM scans in this chapter. The stripe domain phase was realized by performing the in-plane
demagnetization routine described in section 4.4.3, with the IP field oriented along the y-axis.
We find that the stripe width is approximately uniform throughout the scan. The undulations
in the stripe edges are likely the result of random defects present in the multilayer. Using a 2D
Fast Fourier Transform (FFT) we can determine the average domain width.

In figure 5.2 b) we show the 2D FFT of the MFM scan in a), which we can use to determine the
domain width WMFM. The two peaks in the FFT correspond to the periodicity of the domains,
2WMFM. By averaging the FFT along the y-axis and fitting the peaks with a parabola we find
WMFM = 265 ± 11 nm. The uncertainty is determined by performing the FFT on different
subregions of the scan and comparing the differences in the measured domain size. Comparison
with scans taken at different positions on the multilayer reveals that the domain size is uniform
throughout the multilayer sample (not shown).

In Figure 5.2 c) we have plotted the curve WExp(D), calculated using the model of Lemesh. The
horizontal line denotes the measured value of the domain size. The intersection of this line with
the curve (WExp(D)) gives the strength of the DMI, |D| = 1.6± 0.2 mJ m−2. Since the Pt layer
is on top of the Co, the sign of the DMI strength D is negative and the DMI promotes CW chiral
Néel walls in our samples [73]. The uncertainty in the DMI is a 1σ interval, determined using
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Figure 5.2: a) MFM measurement of the stripe domain phase in the Ir|Co|Pt multilayer before
Ga+ irradiation, taken with a lift height of 30 nm. Light and dark regions denote up and down
domains. b) Normalized Fast Fourier Transform of the MFM scan in a). Red pixels have a
value close to 1, blue pixels have a value close to zero. The peaks of the Fourier Transform are
indicated by the two white lines, at k̂x = 1.89 µm−1, which corresponds to W = 265 nm. c) WExp

is calculated as a function of D using the model of Lemesh et al. [46] using the experimentally
determined values for Ms, Keff, and A = 10 pJ m−1. The horizontal black line corresponds to the
domain size in a), which gives the values for D at the vertical black line.

the standard error propagation rules, assuming a Gaussian distribution of Ms, Keff, and W .

Legrand et al. [73] find a value of D = 2.0 mJ m−2 (no uncertainty given) for a similar multilayer
structure using the same model. Moreau et al. [26] report a value of D = 1.9 ± 0.2 mJ m−2,
for an Ir(1)|Co(0.6)|Pt(1) multilayer. Both groups used a thicker Pt buffer layer of 10 nm, which
might have resulted in smoother interfaces, with a higher DMI. Additionally, the thinner Co
layer used by Moreau et al. should also contribute to a higher DMI, due to the 1/t scaling of
D. In general, the values for D given by the model of Lemesh et al. for our samples are realistic
and in good agreement with literature values.

We have now determined the value of all the magnetic constants pertaining to the non-irradiated
Ir|Co|Pt multilayers. In the remainder of this chapter we will evaluate how these magnetic
parameters change upon irradiation with 30 keV Ga+ ions.

5.2 Measuring Keff as a function of Ga+ dose

In chapter 3 we have developed a qualitative picture of the effect of the Ga+ irradiation on the
interface in the Ir|Co|Pt multilayers. We showed that all interfaces in a multilayer with 6 repeats
will be affected by the irradiation and that the interfaces at the top of the stack should be affected
more. Changes in all four of the magnetic constants due to the irradiation are possible, although
it is expected that the anisotropy and the DMI are affected most, since these are both interface
effects [41].
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Figure 5.3: a) Schematic overview of the Hall bar structures. The blue regions indicate the
areas that have been irradiated with Ga+ ions, darker blue means a higher dose. The islands in
between the Hall bars will be used for MFM measurements. b) Anomalous Hall resistance RH

(blue) measured during a field sweep from µ0H = 2 T to µ0H = 0 T, fitted using the Stoner-
Wohlfarth model (black). The data points between 0 and 0.5 T are not shown to improve the
clarity of the plot. c) Hysteresis loop, measured using the AHE for α = 0◦, for no Ga+ irradiation
(blue) and a Ga+ dose of d = 32× 1012 ions cm−2 (red). d) Keff extracted using the fits to the
Stoner-Wohlfarth model, plotted as a function of the Ga+ dose. The black line is a guide to the
eye.

However, it is not possible to irradiate the complete 4× 4 mm2 samples, which are required for
SQUID measurements. This is because the focused ion beam in the FEI Nova DualBeam system
can only irradiate small areas on the sample, on the order of 100× 100 µm2. Hence, the SQUID
cannot be used to measure Keff, Ms, and A. Measuring the value of Ms and A for a sample with
a size of approximately 100 × 100 µm2 is difficult and requires very specialized tools that were
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not available for this project, such as a nano-SQUID [105]. Since we expect changes in these
values to be small [38, 40, 41], we will assume that they are constant and equal to the value of
the non-irradiated stack for the remainder of this chapter. In section 5.5, we will discuss the
effect of this assumption on the results in more detail.

In Figure 5.3 a) we show a schematic drawing of the samples used for the AHE measurements.
The material stack has been patterned into a Hall bar structure using a combination of electron
beam lithography and lift-off. The width of this structure is 5 µm. When an AC current I is
applied to this structure, as shown, the Hall voltage V is proportional to the z-component of the
magnetization in the region where the current line (horizontal) and Hall bar (vertical) overlap.
Using the FEI Nova dualbeam system, we can irradiate these areas, as indicated by the blue
regions in Figure 5.3 a). Every Hall cross in a device receives a different dose, represented by
the shade of blue. By measuring a specific Hall bar, we can measure Keff for the corresponding
dose.

In Figure 5.3 b), we show such an AHE measurement for a non-irradiated Hall cross. We plot
the anomalous Hall resistance RH = V/I as a function of field for different angles, α, between
the field and the easy axis (see inset). The resistance has been normalized with respect to the
measurement for α = 0◦. At zero field, the magnetization points out of plane, and Mz/Ms = 1,
resulting in the maximum Hall voltage Rα=0◦

H . For higher values of the field H, the magnetization
is pulled away from the easy axis by an angle θ, which depends on the strength of the field and
α. The larger the angle α, the more the magnetization is pulled away for a given field strength,
resulting in a lower value for Mz. This rotation of M away from the easy axis is resisted by
the anisotropy, with strength Keff. This behavior is described mathematically by the Stoner-
Wohlfarth model, which was discussed in section 4.3.

The black lines in Figure 5.3 b) are fits to the data obtained using a least squares fitting routine
that minimizes the energy of the Stoner-Wohlfarth model. The only fitting parameter is Keff,
which is found to be 0.51±0.04 MJ m−3 using Ms = 1.0±0.1 MA m−1 obtained from the SQUID
measurement in section 5.1. As can be seen in Figure 5.3 b), the agreement between the fit and
measured data is very good, for all angles and throughout the field range. Furthermore, the
value that we find for Keff is in good agreement with the value found using the more common
area method in section 5.1, Keff = 0.47± 0.05 MJ m−3, which validates the AHE method.

In Figure 5.3 c), we plot the hysteresis loops measured during a field sweep with α = 0◦, for two
doses, d = 0 ions cm−2 (blue) and d = 32× 1012 ions cm−2 (red). From the plot it is clear that
for the larger dose, the sample is no longer in a single domain state around zero field. This is the
result of a decrease in domain wall energy, which allows the system to reduce the dipolar energy
by forming domains. However, the Stoner-Wolhfarth model is only valid when the system can be
treated as a macrospin, which requires a uniform single domain state. To address this problem,
we only fit the Stoner-Wohlfarth model to the AHE data measured during the field sweep from
µ0H = 2 T to µ0H = 1 T, where the field is strong enough to force the magnetization into a
single domain state. If we apply this same procedure to the data measured for d = 0 ions cm−2,
we find no difference in the measured value for Keff compared to using the full field range.

We repeat the AHE measurements as a function of Ga+ dose, the resulting values for Keff are
plotted in Figure 5.3 d). For all studied Ga+ doses the qualitative agreement between the Stoner-
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Wohlfarth model and the data is very good, although for higher doses the fits deviate slightly
from the measured values, resulting in a larger uncertainty for Keff. For a Ga+ dose between 0
and 16× 1012 ions cm−2 we observe a strong decrease of the effective anisotropy, from 0.5± 0.05
to 0.3± 0.05 MJ m−3. For higher doses we observe that the decrease in the effective anisotropy
slows down, until it reaches 0.2 ± 0.1 MJ m−3 at a dose of 38 × 1012 ions cm−2. This behavior
is qualitatively similar to that observed when a single Pt | Co | Pt sample is subjected to ion
irradiation [40, 41].

In the previous discussion we implicitly assumed that the value of Keff is the same for each of the
magnetic layers. However, in chapter 3 we showed that the top layers of the stack are affected
more by the ion irradiation than the bottom layers and we could expect that this also leads to
a layer dependent Keff. We interpret the value for Keff that we presented in this section as an
average value. How much each layer contributes to this average is determined the current flowing
through this layer (because the AHE is proportional to the current). Because the interfaces of
the top Co layers are more rough, the this film resistance of these layers is likely slightly higher
than that of the bottom layers [106]. This would mean that the current through these layers is
lower, and that the bottom layers contribute more to the AHE. As a result, we overestimate the
value of the average Keff, because the bottom layer which are affected least by the irradiation
contribute more to the Hall voltage.

There are two reasons to assume that deviations from the average effective anisotropy are small
for each layer. The first reason is that the hysteresis loops measured at a higher dose [red data
in Figure 5.3 c)], show no sign of an in-plane anisotropy. If the top layer has a significantly lower
anisotropy than the value reported in Figure 5.3 d), it is expected that this would be visible in
the hysteresis loop. The second reason is that the Stoner-Wohlfarth model , which assumes a
uniform Keff for the entire stack still fits the data reasonably well, even at higher doses. We
conclude that any deviations from the average Keff should be small and that the measured value
is a good measure for the average anisotropy in the material stack.

5.3 Evaluating the strength of the DMI as a function of Ga+

dose

Now that the dependence of Keff on d is known we will focus on determining the change in the
strength of the DMI D. To measure D as a function of the Ga+ dose we have to measure the
stripe domain with for different Ga+ doses. In Figure 5.3 a) we show that in between the Hall
bars, we patterned square islands (20 × 20 µm2), where the multilayer stack is also deposited.
These islands have been irradiated with the same dose as the Hall cross to their bottom right.
By applying the in-plane demagnetization procedure (from section 4.4.3) to the Hall bar devices,
we can set the magnetization in these squares into the stripe domain phase. Using MFM we can
then determine the domain size, as was done in Figure 5.2.

In Figure 5.4 a-d), we show the resulting MFM scans for an increasing dose. For all doses we
find that the demagnetization procedure results in the stripe domain phase, with good contrast
between the two domains. By comparing Figure 5.4 a) to d) it is clear that the width of the stripe
domains decreases significantly upon Ga+ irradiation. To quantify this change we measure the
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Figure 5.4: a-d) MFM measurement of the stripe domain phase for a dose of d = 0 ions cm−2,
d = 10 × 1012 ions cm−2, d = 20 × 1012 ions cm−2, and d = 30 × 1012 ions cm−2, respectively.
The scale bar to the bottom right of d) applies to all four scans. e) Plot of the measured domain
size WMFM as a function of Ga+ dose, in blue. The red data point is the domain size measured
for a full sheet sample in section 5.1. f) Plot of the DMI strength D as a function of Ga+ dose,
determined using the model of Lemesh.

domain width WMFM, by calculating the 2D FFT of each image, the result is plotted in Figure 5.4
e), in blue. The red data point is the domain size measured in section 5.1, which shows that
measured domain size in the patterned area and the full-sheet sample are equivalent.

In general, the observed trend is qualitatively similar to that of Keff. For Ga+ doses below
d = 12 × 1012 ions cm−2 we find that the domain size decreases rapidly. For larger doses, we
observe that this decrease slows down and eventually even saturates above d = 16 × 1012 ions
cm−2. The correlation between WMFM and Keff can be understood by looking at equation for
the domain wall energy density [equation (2.35)], which is repeated here,

σDW = 4
√
AKeff − π|D|. (5.2)

The constant domain size observed for larger Ga+ doses suggests that σDW is also constant in
this regime. Looking back at Figure 5.3 d), we see that Keff continues to decrease, even for larger
Ga+ doses. This suggest that the magnitude of D also decreases as a function of Ga+ dose, to
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keep σDW constant.

To quantify this change we apply the model of Lemesh again. For each Ga+ dose, we calculate the
curve shown in Figure 5.2 c) using the measured value for Keff, Ms(d = 0), and A = 10 pJ m−1.
We then use the measured value of the domain size, shown in Figure 5.4 e), to determine the
value of D at each dose.

The result is plotted in Figure 5.4 f). We observe that the strength of the DMI gradually decreases
over the entire dose range, from |D| = 1.7 ± 0.3 mJ m−2 at d = 0 ions cm−2 to |D| = 1.3 ± 0.4
mJ m−2 at d = 38× 1012 ions cm−2. For all Ga+ doses, the strength of the DMI is greater than
the threshold DMI DThr ≈ 0.7 mJ m−2. This means that the domain walls remain chiral Néel
walls, despite the irradiation.

At a first glance, it appears that the decreasing trend in D falls completely within the uncertainty
interval. However, we believe that the observed trend is accurate for the following reason. A large
contribution to the uncertainty interval of D is the uncertainty in the saturation magnetization
Ms. The uncertainty in Ms represents the variation of Ms expected between different samples
with an identical material stack. However, Ms does not vary in this manner as a function of
Ga+ dose, the value of Ms for all measured doses should be close together. Hence, we conclude
that the decreasing trend is real, but the trend as a whole can shift with the uncertainty interval
shown in Figure 5.4 f).

We attribute this decrease in the DMI to an increase in the intermixing of the heavy-metal atoms
with the Co atoms at the interfaces. A similar decrease in the interfacial DMI at a Pt|Co interface
was observed by Kim et al. [35]. By annealing their sample, Kim et al. promote the intermixing
of Pt and Co at the interface and observe a decrease from D = 1.1 mJ m−2 to D = 0.7 mJ m−2,
which is very similar in magnitude to the decrease observed here. Wells et al. [33] affect the
DMI in symmetric Pt|Co|Pt samples in a similar manner. By varying the substrate temperature
during the deposition of the top Pt layer, they create a difference in the amount of intermixing
at the top and bottom interface. A higher degree of intermixing for the top Pt interface results
in an increase of the effective DMI by ∆D = 0.5 mJ m−2, consistent with a decrease in the
contribution from the top interface. The qualitative agreement between these studies and our
results indicate that the change in the amount of intermixing due to the irradiation is responsible
for the observed decrease in the effective DMI.

Other mechanisms that are known to influence the strength of the DMI, such as etching of the
top heavy metal layer due to ion irradiation [42] or the resulting oxidation at the heavy-metal|Co
interface [107] cannot explain our results. At most, only the top Co layer could be influenced
by such effects. The TRIM simulations in chapter 3 show that etching of the top Pt is minimal
at the Ga+ doses and energies used in this Thesis. Furthermore, we observed no change in the
sample roughness in the AFM measurements (not shown), which also indicates that etching of
the Pt capping layer is not significant. Since the capping layer is not etched away, we can also
conclude that oxidation of the Co layers has not occurred.

Finally, we will discuss the importance of the layer dependent degree of intermixing caused by
the Ga+ irradiation. The model of Lemesh, that was used to calculate D is not layer dependent
and in the model, all layers have the same magnetic constants. Hence, the value for D that is
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calculated using the model is an averaged value of D. The stripe domain state in a hypothetical
magnetic multilayer where Keff and D in each layer correspond to the values given in this chapter
will have the same domain width as the multilayers studied here. It was recently shown that
in a multilayer with magnetic parameters that are layer dependent, the domain size is indeed
expected to be within 10% of the domain size calculated with the average D of the stack [56].

In chapter 2 we discussed the physical origin of the interfacial DMI and the interface anisotropy,
which we have both manipulated using Ga+ irradiation in this chapter. Both effects depend
critically on the local inversion asymmetry provided by the interfaces from which these effects
originate. With Ga+ irradiation, we lower the degree of asymmetry, by intermixing the atoms
surrounding the interface. In the following section we calculate the strength of the interface
contributions to Keff and D and compare the observed manipulation of the interface anisotropy
and the interfacial DMI to study their dependence on the degree of asymmetry.

5.4 Interfacial anisotropy and DMI

Here we will compare how the interface contributions to the effecttive anisotropy Keff and the
DMI D vary as a function of Ga+ dose. The total effective anisotropy is given by equation (2.19),
which is repeated here,

Keff =
2Ks

tCo
− 1

2
µ0M

2
s . (5.3)

In Figure 5.5 a) we have plotted Ks versus the Ga+ dose, using the equation above, tCo = 0.8 nm
and Ms = 1.0 ± 0.1 MJ m−3. Here we do not distinguish between the contribution from the
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Figure 5.5: a) Plot of the interface anisotropy Ks as a function of Ga+ dose, calculated using
equation (5.3). b) Plot of the interface DMI strength Ds as a funtion of the interface anisotropy
Ks. The solid line is a linear fit to the data, the dashed line is the extrapolation of this fit.
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two interfaces, this could be done by substituting 2Ks = aKs,Pt + bKs,Ir into equation (5.3), but
would require knowledge about the relative contribution a, b from each interface. The value of
the interface anisotropy depends on the growth of all the layers underneath the interface, hence
it is difficult to disentangle the contribution of each interface. The value of Ks that we plot can
be regarded as the average interface anisotropy.

The surface contribution of the DMI can be calculated in the same manner, using equation (2.26),
which gives,

2Ds = DtCo, (5.4)

here we also do not distinguish between the different contributions from the Pt and Ir interfaces
and instead calculate the average interfacial DMI Ds. Hence,Ds is proportional to D and the
dependence on the Ga+ dose d is the same for both parameters and we do not plot Ds separately
as a function of d.

In Figure 5.5 b), we plot |Ds| as a function of Ks, calculated using equation (5.3) and equa-
tion (5.4). Increasing the Ga+ dose result in a decrease of both Ds and Ks. Fitting the data
with a straight line (solid black line), as shown in Figure 5.5 b) results in a Pearson’s correl-
ation coefficient of r = 0.89, which indicates a strong correlation between Ds and Ks in the
studied dose range. If we extrapolate this data to smaller values (dashed black line), we find
that the best fit straight line passes through the origin within the experimental uncertainty,
Ds(Ks = 0) = 0.06±0.5 pJ m−1. However, the uncertainty in the measured values for Ks and Ds

is too large to conclude whether or not this line actually goes through the origin. These observa-
tions combined indicate that, within the studied dose range, the DMI and the surface anisotropy
scale in the same way with the degree of intermixing. This corroborates the mechanisms for the
interface anisotropy and interfacial DMI that were presented in chapter 2, both effects depend
on the local asymmetry at the interface. Our results hint that this dependence is the same for
both effects.

This behavior is also observed by Kim and Gweon et al. [35], when they traverse the (Ks, Ds)
space using the annealing temperature. For a Pt|Co interface they observe that Ds and Ks are
strongly correlated. They conclude that the surface DMI and anisotropy share the same physical
origin, the SOC at the HM|FM interface. A similar correlation is observed by Kim and Samardak
et al. [34], in W|CoFeB|MgO trilayers. By varying the growth conditions they change the crystal
phase of the W layer, which affects the contribution of the W|CoFeB interface to the DMI and
anisotropy, since the inter atomic distance is different for each crystal phase. They observe a
similar correlation between Ks and Ds, with a correlation coefficient of r = 0.77. In summary,
three different methods of tuning the surface DMI and anisotropy (irradiation, annealing, and
crystal phase of the HM.) all show that these parameters scale in the same way, which shows
that they share the same physical origin.

Referring back to the first research question that we posed in the beginning of this chapter, the
interfacial DMI can indeed be manipulated using Ga+ irradiation. The strength of the DMI
decreases with increasing dose. For the multilayers studied in this chapter, and the Ga+ doses
used, D always remains large enough to stabilize fully Néel type domain walls. We find that the
dependence of the interfacial DMI is the same as the interface anisotropy, in the studied dose
range. Before we continue with the second research question, we will discuss the assumptions
that were made regarding the exchange stiffness A and the saturation magnetization Ms.
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5.5 Discussion

In this chapter we have made two important assumptions. We have taken the value of the
exchange stiffness from literature, using the common value of A = 10 pJ m−1. However, other
values for the exchange stiffness might also be possible which could influence the results presented
in this chapter. The second assumption we made was that the saturation magnetization stays
constant as a function of Ga+ dose. In this section, we will investigate the influence of these
assumptions on the final result presented in Figure 5.5 b) and show that they do not influence
the result significantly.

5.5.1 Changing the exchange stiffness A

Here we will investigate what happens to the relation between the interfacial DMI and interface
anisotropy when we use a different value for the exchange stiffness in the calculations.

In Figure 5.6 a) we plot |Ds| as a function of Ks for three different values of A. The red data set
is identical to the results presented in Figure 5.5. The blue and green data sets correspond to
the results for the realistic lower and upper bounds for A. In order for the model of Lemesh to
reproduce the observed domain width for all three values of A, the domain wall energy should be
the same in each of the three cases. When the exchange stiffness is increased to A = 13 pJ m−1

the contribution of the exchange stiffness to the domain wall energy increases. To compensate
for this, the DMI strength D must also increase, this is clearly seen in Figure 5.5 a). However,

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0
A = 7 pJ m-1

A = 10 pJ m-1

A = 13 pJ m-1

|D
s|

 (
m

J 
m

-1
)

Ks (J m-2)

a) b)

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2 A = 7 pJ m-1

A = 10 pJ m-1

A = 13 pJ m-1

D
s

/D
s,

0

Ks (mJ m-2)

Figure 5.6: a) Plot of the interfacial DMI |Ds| as a function of Ga+ dose, for three different
values of the exchange stiffness A. The uncertainty for the red points is not shown, these data
are the same as Figure 5.5 b) b) When |Ds| is normalized to the value for zero Ga+ dose |Ds,0|,
the behavior is found to be independent of the value of A. Error bars correspond to the A =
10 pJ m−1 data set.
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despite the difference in the strength of the interfacial DMI, the relative change in Ds and Ks is
the same for all three data sets, as we show in the following.

In Figure 5.5 a), we have normalized the three data sets from a) by the value of the Ds,0 at zero
dose. When this is done, all three data sets fall on top of each other. We conclude that the
manipulation of the DMI that we demonstrated in this chapter is independent of the exact value
of the exchange stiffness and that the answer to the first research question does not depend on
this assumption. The value of the exchange stiffness used in the analysis does determine the
magnitude of the measured DMI value.

5.5.2 Dependence of Ms on the Ga+ irradiation

So far we have assumed that the saturation magnetization stays constant when the multilayer
is irradiated with Ga+ ions. Reports on the dependence of Ms differ. Devolder [38] found
no change in the saturation magnetization in Pt|Co(1.3)|Pt samples as a results of He+ ion
irradiation. However, Vieu et al. argue that small changes in Ms are possible [40]. Such changes
have also been observed in W|CoFeB|MgO based systems [43].

When the concentration of heavy-metal atoms (Pt, Ir) that are implanted in the Co layer in-
creases, the magnetization of the Co layer will eventually decrease and even disappear at high
concentrations [40]. This can lead to a decrease of the saturation magnetization. Additionally,
when this concentration is low and the film is still primarily Co, it is possible for the saturation
magnetization to increase, because the dislocated Pt and Ir atoms inside the Co film become
magnetized in the proximity of a ferromagnet [108]. Taken together, we conclude that small
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changes (both an increase and decrease) of Ms in our samples could be possible as a result of
irradiation.

Because we cannot irradiate the full 4 × 4 mm2 required for SQUID measurements, it is not
possible to measure if there is such a change in the saturation magnetization in our samples.
Vieu et al. [40] estimate the change in Ms for a system consisting only of Pt|Co interfaces using
an inter-diffusion model. They find that Ms can change by approximately 5% for the maximum
Ga+ dose studied in this chapter. In the following we examine the effect of a gradual 5% increase
or decrease of Ms as a function of Ga+ dose on the final result presented in Figure 5.5 b).

In Figure 5.7 a) we show, how such a gradual change in Ms will affect the measurement of
the surface anisotropy. If the magnetization gradually decreases as a function of the Ga+ dose
(green) then the decrease in Ks we find is stronger than the case where Ms stays constant. The
opposite happens when Ms increases. These changes occur for two reasons. The first reason
is that the Zeeman term in the Stoner-Wohlfarth model changes its magnitude, this affects the
value of Keff found by the fitting procedure. Secondly, the value of the shape anisotropy term
in equation (5.3) changes. These changes combined result in the plots in Figure 5.7 a). The
effect of the change in the saturation magnetization on Ks is small and falls with the original
uncertainty for Ks.

Using these values for the anisotropy in the model of Lemesh, we calculate the strength of the
interfacial DMI for the two scenarios above. In Figure 5.7 b) we plot this strength versus the
interface anisotropy in red and green and also show the data set for constant Ms again, in blue.
In the case of a gradually decreasing Ms, the decrease in the strength of the DMI due to the
irradiation is found to be less strong, but also falls completely within the error bars of the case
for constant Ms.

The conclusion that the the interfacial DMI and the interface anisotropy are correlated is not
affected by these changes in Ms. The slope of the dependence does change slightly. When
Ms gradually decreases as a function of Ga+ dose, Ks appears to decrease faster than Ds, and
the opposite happens when Ms gradually increases. However, the experimental uncertainty in
both quantities is not good enough to conclude if this change is real. In order to determine
this, another way of measuring the saturation magnetization is required, which is capable of
accurately measuring the magnetization as a function of Ga+ dose. We conclude, that the effect
of the constant Ms assumption on the final result presented in Figure 5.5 b) is small and does
not significantly affect the answer to the first research question.

5.6 Tuning the domain wall energy with Ga+ irradiation.

The final result presented in Figure 5.5 b) is interesting from a fundamental physics viewpoint
and provides an answer to the first research question set in this chapter. However, from a device
engineering and application point of view it would have been more interesting if the DMI was not
sensitive to Ga+ irradiation, in the dose range where Ks is varied most. Since this would allow
for independent tuning of the anisotropy and DMI, which could be used to lower the domain wall
energy in the most efficient manner. Nevertheless, the relative change in the effective anisotropy
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Figure 5.8: Domain wall energy plotted as a function of Ga+ dose. The large uncertainty for
d > 16× 1012 ions cm−2 is the result of the uncertainty in Ms and Keff

.

Keff is greater than that in D, as can be seen by comparing Figure 5.3 c) to Figure 5.5 a).
Furthermore, the significant decrease in the domain size observed in Figure 5.4 e), suggests a
considerable decrease in the domain wall energy.

In Figure 5.8, we plot the domain wall energy as a function of Ga+ dose, calculated using
equation (5.2) and the measured values for Keff and D, assuming A = 10 pJ m−1. We indeed
observe that the domain wall energy decreases upon irradiation, up to a factor 2. Additionally,
we can use the model of Lemesh et al. to calculate the threshold DMI, above which the domain
walls are of the Néel type. For all Ga+ doses, the measured DMI is above this threshold. This
suggests that the nucleation of chiral domain walls, as well as skyrmions, should become easier
in irradiated devices as the energy barriers preventing nucleation are reduced (chapter 3).

In the next chapter we will develop devices in which the effect of this reduction of the domain
wall energy on the current induced nucleation of skyrmions can be investigated.

5.7 Conclusion

In conclusion, we have shown in this chapter that Ga+ irradiation is an effetive tool to manipulate
the micromagnetic properties of a Ir|Co|Pt multilayer system. Using a combination of electrical
and static domain imaging techniques we show both the interface anisotropy and the interface
DMI decrease in strength. The decrease in these two parameters is shown to be correlated,
which indicates that these effect share the same physical origin. Furthermore, we show that the
reduction of these two paramters results in a decrease of the domain wall energy, by a factor two.
In the following chapter, we investigate the current driven nucleation of skyrmions in similar
multilayer stacks, by irradiation of these devices we can test the implacations of the results
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presented in this chapter on the nucleation of skyrmions.
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Current driven skyrmion nucleation
in Ir|Co|Pt multilayers

In this chapter we will investigate the current driven nucleation of skyrmions in the Ir|Co|Pt
multilayers. Current driven skyrmion nucleation was explained in chapter 2. The main goal
of this chapter is to investigate the current driven nucleation of skyrmions into our magnetic
multilayers. We will do this by varying two experimental parameters, the applied magnetic field
and the current density of the electrical pulses. All of the samples in this chapter have not been
irradiated, the influence of ion irradiation on the nucleation of skyrmions will be discussed in the
outlook of this thesis.

First, we will show that purely field driven nucleation is not possible in our samples in section 6.1.
Following this, in section 6.2, we will present the material stack and experimental setup in
which the current driven nucleation will be investigated. Afterwards, we will demonstrate that
skyrmions can be nucleated in our material stack and we will investigate the dependence of this
nucleation of the current and the applied magnetic field in section 6.3. Finally, we will briefly
discuss some possible follow up experiments in section 6.4.

6.1 Field driven skyrmion nucleation

In Figure 6.1 a), we show an MFM scan of the stripe domain phase in the magnetic multilayer that
was also investigated in the previous chapter. First we apply the demagnetization procedure to
create a stripe domain phase. Then we apply a magnetic field µ0Hz parallel to the magnetization
in the dark grey domains. As a result of this field, the width of the light grey domains, with
the magnetization anti-parallel to µ0Hz, decreases, as is seen in Figure 6.1 b). When the field
strength is increased further the domains gradually disappear, as shown in Figure 6.1 c) and d).

As we showed in chapter 2, applying a magnetic field in this manner can lead to the nucleation of
skyrmions in multilayer systems. In our samples, this is not the case, however. This observation
was also made by Legrand et al. [19], for similar Ir|Co|Pt multilayers. We conclude that field
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a) b) c) d)

μ0Hz = 0 mT  μ0Hz = 19.3 mT  μ0Hz = 39.3 mT  μ0Hz = 43.3 mT  

2.5 μm
μ0Hz

Figure 6.1: a) MFM scan of the stripe domain phase at zero field. In b) - d) we show the
evolution of this domain state when a magnetic field is applied. First, the width of the domains
decreases as is seen in b). c) As the field increases, antiparallel domains start to disappear, until
the magnetization is completely aligned with the magnetic field in d).

cycling is not a reliable way to nucleate skyrmions into our multilayer samples. As we discussed
in chapter 2, the transition from a multi-domain state to a skyrmion state requires an energy
barrier to be overcome. We speculate that this energy barrier is too large in our multilayers. For
the remainder of this chapter, we will look at current assisted sktrmion nucleation. The extra
energy provides by the current pulses will turn out to be enough to overcome the energy barriers
preventing skyrmion nucleation.

6.2 Nucleation devices and setup

In this section we will present the devices in which the current driven skyrmion nucleation will
be investigated. Nucleating skyrmions with current pulses requires current densities on the
order 1011 A m−2, as we explained in chapter 2. These current densities are typically reached by
patterning the material stack into micrometer sized devices, such as Hall bars, with a narrow cross
sectional area. However, the hall bar devices that were used in the previous chapter cannot be
used to reach this current density with nanosecond current pulses. This is because the resistance
of the current line in these devices is R = 1850 Ω. In appendix B we show that this results in a
high reflectivity (r ≈ 95%) when sending nanosecond pulses, due to a large impedance mismatch
with the pulse generator.

To better match the the impedance of the nucleation devices and the pulse generator, two changes
are made in the new devices with respect to the Hall bars from the previous chapter. The first
change is an increase in the thickness of the Pt seed layer, from 2 nm to 15 nm. This new material
is shown in Figure 6.2 a). Increasing the thickness of the Pt seed layer lowers the resistivity of
the material stack by decreasing the contribution of interface scattering to the total resistivity
[109]. In appendix B, we show that this change to the seed layer reduces the resistivity ρ of the
material stack by almost a factor 2.

The second change is a change to the Hall bar design, which is shown schematically in Figure 6.2
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Figure 6.2: a) The material stack investigated in the remainder of this chapter. b) Schematic
top view of the nucleation device, the connections to the pulse generator and oscilloscope are also
shown. The area denoted by the red rectangle will be shown in subsequent MFM measurements.

b). The connections between the Hall bar, the pulse generator and the oscilloscope are shown
schematically in this figure. By decreasing the length of the Hall bar from 200 µmto 15 µm, we
reduce the resistance of the device even further. Combined, these changes result in a resistance
of R = 131 Ω and a reflectivity of r ≈ 60%. In appendix B, we show that this enables the
generation of a maximum current density of J = 5.0× 1011 A m−2, which should be high enough
to nucleate skyrmions [19].

The change to the seed layer will affect the growth of the layers on top of it and we therefore
repeated the magnetic characterization measurements from section 5.1 on the new material stack.
The results are listed in table 6.1. The saturation magnetization is higher in the stack with the
thicker seed layer. However, the values of the interface anisotropy and interfacial DMI are both
found to be lower. The change in the value of the interfacial DMI is surprisingly large, compared
to the change in the interface anisotropy. It is currently not understood why the change in Ds is
so large and why Ds changes more than Ks. However, the exact reason behind the difference in
the micromagnetic parameters is beyond the scope of this thesis.

The improved design allows us to conduct the current driven skyrmion nucleation measurements
presented in the coming sections.

Table 6.1: Table of the different micromagnetic constants and stripe domain width for both
material stacks. In the calculation of Ds we assumed that A = 10 pJ m−1 for both stacks.

Pt(2) seed layer Pt(15) seed layer

Ms = 1.02± 0.04 MA m−1 Ms = 1.10± 0.04 MA m−1

Ks = 0.46± 0.03 mJ m−2 Ks = 0.41± 0.02 mJ m−2

W = 287± 11 nm W = 176± 8 nm

|Ds| = 0.60± 0.08 pJ m−1 |Ds| = 0.44± 0.04 pJ m−1
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6.3 Current driven skyrmion nucleation

In Figure 6.3 a), we show an MFM measurement of a multidomain state in the device region
indicated in Figure 6.2 b). This domain state has been achieved by first saturating the magnet-
ization using a large negative out-of-plane magnetic field of µ0Hz = −100 mT. Next, a positive
out-of-plane magnetic field is applied, µ0Hz = 35 mT, which breaks the magnetization into do-
mains. The dark gray domains in Figure 6.3 a) are aligned parallel to the positive magnetic field,
we will call these up domains and the light gray domains down domains in the remainder of this
chapter.

We now manipulate this domain state using electrical current pulses, whilst keeping the pos-
itive out-of-plane magnetic field applied. We apply pulses with a current density of J =
3.2× 1011 A m−2 and a length of τ = 10 ns. The time between pulses is set to ∆t = 5 ms,
to prevent cumulative heating of the multilayer [19]. Half of the applied current pulses have a
positive current density and the other half a negative current density, this is done to minimize
the displacement of skyrmions as a result of current induced motion [22]. The pulse length, time
between pulses and the use of two polarities is kept the same for the remainder of this chapter.

The domain state in the multilayer after the application of 100 current pulses is shown in Fig-
ure 6.3 b). By comparing the domain state in Figure 6.3 a) and b), we observe that the current
manipulates the domain state in two ways. Existing down domains either shrink, becoming smal-
ler and/or narrower, or small regions of these down domains break of from the larger domains

No pulses

a)

100 pulses

b)

200 pulses

c)

2000 pulses 2 μm 

d)

Figure 6.3: Current driven nucleation of skyrmions while a magnetic field of µ0Hz = 35 mT is
applied, parallel to the dark grey domains. a) MFM scan of the multilayer before the application
of electrical pulses. The red arrow indicates a domain that will be broken up into a smaller
domain and a skyrmion. b) - d) MFM scans of the same region after the application of 100, 200,
and 2000 current pulses, respectively. The length of the pulses is τ = 10 ns, the current density
is J = 3.2× 1011 A m−2, and the time between pulses ∆t = 5 ms. The white arrows indicate the
position of skyrmions.
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and form skyrmions that remain in the center of the track (red arrow). In Figure 6.3 c), we show
the domain state after doubling the total number of current pulses. From this MFM scan we
conclude that the domain state continues to evolve when more electrical pulses are sent. The
domain state no longer evolved after approximately 2000 current pulses, which is the domain
state we show in Figure 6.3 d). This measurement was repeated several times and always resulted
in several skyrmions. We conclude that the combination of a magnetic field and current pulses
is an effective way to nucleate skyrmions into the magnetic multilayers, in line with previous
experimental work [19].

6.3.1 Proliferation of skyrmions

Next, we study the influence of the initial domain state on the number of skyrmions present in
the track after nucleation. We prepare the magnetization in the multilayer by first saturating it
with a strong negative field again, µ0Hz = −100 mT, and then apply a weaker positive out-of-
plane field compared to the field applied in Figure 6.3, µ0Hz = 11.3 mT. An MFM scan of the
resulting magnetization state is shown in Figure 6.4 a). The applied field is less than the coercive
field Hc of the multilayer and the magnetization is in a single domain state, anti-parallel to the
applied magnetic field.

In Figure 6.4 b), we show the magnetization state after applying 2000 current pulses with a
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Figure 6.4: Current driven nucleation of skyrmions, compared to Figure 6.3 the magnetic field
is less strong and the current density is increased. a) MFM scan of the magnetization before
the current pulses, due to the lower field (µ0Hz = 11.3 mT) the system is in a single domains
state. b) MFM scan of the multilayer after applying 2000 J = 5.0× 1011 A m−2 current pulses.
Due to the larger domain present before the pulses, more skyrmions are present in the track
compared to Figure 6.3 d). c) After resetting the magnetization and applying the same sequence
of pulses, a qualitatively similar domain state is obtained. No preferential nucleation centers can
be identified. d) Horizontal and vertical line scans across the skyrmion in the white box in c),
the horizontal profile is fitted with a Gaussian. The skyrmion radius, taken as the FWHM, is
found to be Rs = 85± 5 nm.
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current density of J = 5.0× 1011 A m−2. Interestingly, we observe a far greater number of
skyrmions in the track, compared to Figure 6.3 d). We hypothesize that this is related to the
size of the initial down domain. If the effect of the current pulses is to break these down domains
into smaller domains, then a large domain should result in more skyrmions then small domain.
However, it is also possible that the different magnetic field and current density combination
allows for the formation of new down domains during the application of the pulse [22]. The time
resolution of the MFM is not good enough to distinguish between these two hypotheses.

In Figure 6.4 c), we show the domain state of the multilayer after resetting the magnetization
to the intitial state shown in a) and applying 2000 current pulses with the same current density
as in b). Qualitatively the domain state is the same, but the skyrmions do not form at the
same positions in the multilayer. This hints that there are no preferential nucleation sites in the
multilayer, and that the nucleation of skyrmions is stochastic. However, we do not have enough
experimental data to say if this is indeed the case.

Finally, we will examine the skyrmion size. To this end we perform line traces of the MFM
data across a skyrmion. This is shown in Figure 6.4 d), for the skyrmion in the white box in
Figure 6.4 c). The skyrmion appears circular in the scan and the horizontal and vertical line scan
are found to be identical. In literature, the full width at half maximum (FWHM) of a Gaussian
fit to the skyrmion profile is often used to as an indication for the skyrmion size [110]. In the
figure we show such a Gaussian fit to the horizontal profile and we find Rs = 85± 5 nm. We fit
both the vertical and horizontal line trace of 5 skyrmions to find the average skyrmion radius,
Rs = 110 ± 10 nm. This is in good agreement with the skyrmion size predicted by the simple
model in chapter 2. Note that, due to the diverging stray fields of the tip and sample, this is a
slight overestimation of the skyrmion radius [79].

6.3.2 The phase diagram for skyrmion nucleation

In the previous two sections we showed that the final state in the multilayer depends on both
the applied magnetic field and the current density. In this section we would like to system-
atically investigate this dependence. The current density and field combinations used in Fig-
ure 6.3 and Figure 6.4 are (µ0Hz, J) = (35 mT, 3.2× 1011 A m−2) and (µ0Hz, J) = (11.3 mT,
5.0× 1011 A m−2), respectively. Comparing these numbers, we find that a higher current density
is required to nucleate skyrmions when the magnetic field is weaker. To study this in more
detail we utilize the automatic sequence scanning ability of the MFM setup to measure the final
domain state for many combinations of the applied field and current density. In each case, the
magnetization is first saturated in the negative z-direction, after which the field µ0Hz is applied.
Next, 2000 bipolar current pulses are sent with a current density JPulse. In total 5 qualitatively
different domain patterns can be reached by varying both the field and the current density. These
are shown in Figure 6.5.

In the single domain state, the current pulses did not affect the magnetization and there is
still one uniform domain in the multilayer, oriented anti-parallel to the applied field. When
the magnetization is broken into domains, but no skyrmions are formed, we call the state a
multidomain state. If some skyrmions are present in the multilayer, but the majority of the
domains are larger worm-like domains, the state is called a mixed state. In the skyrmion state,
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Figure 6.5: In total we observe 5 different domain states within the multilayer after the applic-
ation of the current pulses. Single domain: No change compared to the domain state before the
pulses. Multi domain: The pulses break the magnetization into domains, no skyrmions are nuc-
leated. Mixed: The mixed state contains a mix of worm-like domains and skyrmions. Skyrmions:
The majority of the domains are skyrmions, sometimes 1 or 2 worm like domains are present.
Switched: The magnetization is fully aligned with the magnetic field after the pulses.
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Figure 6.6: Phase diagram showing how the domain state in the multilayer depends on the
applied field µ0Hz and current density J . The crosses indicate the (µ0Hz, J) pairs where a
measurement was taken. The dashed line indicate the critical current Jc.

the majority or all of the down domains are skyrmions. The final state that is observed is also a
single domain state, but with the magnetization oriented parallel to the applied magnetic field,
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we call this state the switched field, since all of the magnetization is reversed compared to the
initial state.

In Figure 6.6, we map these 5 states as a function of the applied magnetic field µ0Hz and the
current density JPulse. The states were identified manually. When no current pulses are applied,
we are essentially measuring a hysteresis loop. Below the coercive field the magnetization in
the track remains anti-parallel to the applied magnetic field. Above the coercive field (µ0Hc ≈
25 mT), the magnetization breaks into domains and gradually more and more of the magnetiz-
ation is aligned with the external magnetic field. The coercive field corresponds well with the
coercive field measured using the AHE in Figure 5.3 c).

Next, we consider the case where only the current pulses are applied and the magnetic field
strength is zero. Here the same behavior is observed, below a certain current density the mag-
netization remains anti-parallel to the applied field. Above J = 3.4× 1011 A m−2, the current
pulses break the magnetization into randomly oriented domains.

When the applied current density is low, i.e. below J = 3.0× 1011 A m−2, the final state of the
multilayer is independent of the current pulses and purely determined by the applied magnetic
field strength. For strong magnetic fields, i.e. µ0Hz > 35 mT, the critical current density
(indicated the dashed border between the light green and yellow/red area) is found to be J =
3.2× 1011 A m−2. The critical current is defined as the minimum current density required for
skyrmion nucleation. When the field strength is decreased, the critical current density increases.
The maximum value, J = 4.5× 1011 A m−2, is found at a field strength of µ0Hz = 6.2 mT. The
trend that is observed is that the critical current density decreases when the applied magnetic
field strength increases. The same behavior for the critical current was observed in similar
multilayers systems by other groups [22, 85].

Interestingly, we also find a maximum current density, above which no skyrmions are nucleated
and the magnetization is fully aligned with the applied magnetic field. As a function of field, the
maximum current density is observed to decrease with increasing field. This maximum current
density is not reported in the limited number of similar phase diagrams that have been measured
in literature, where any current above the critical current results in a state with skyrmions as
long as the skyrmions are stable in the applied magnetic field [22, 85]. This could be because
they measure a smaller range of the phase diagram or because of the different samples that were
used.

6.4 Discussion: Are these circular domains skyrmions?

In this chapter we have called the small circular domains that we observe after applying the
current pulses skyrmions, but we have provided no proof that they are actually skyrmions. In
order to prove this we would have to determine if the chirality of the domain wall surrounding
the circular domain is uniform. If this is true, then the domain is topologically non-trivial and
can be called a skyrmion, as well explained in chapter 2.

In the beginning of this chapter we measured the DMI and found that |D| = 1.1± 0.1 mJ m−2.
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Using the model of Lemesh we can calculate the threshold DMI, i.e. the minimum DMI strength
required to stabilize purely homo-chiral Néel walls, this is given by equation (2.29). We find that
the threshold DMI for this system is, |DThr| = 0.5 mJ m−2. Hence, the DMI is more than twice
larger than the calculated threshold value and any domain wall should be fully Néel type. Based
on this calcualtion we conclude that it is very likely that the small circular domains we have
nucleated in this chapter are indeed skyrmions. Nevertheless, we will discuss a measurement
that could be performed to show that this is actually true.

It is possible to test if the circular domains are skyrmions by observing their current driven
motion using MFM [21]. When a high current density is sent through a multilayer containing
a skyrmion, the skyrmion will move through the multilayer because the current exerts torques
on the magnetization. If the chirality of the domain wall surrounding the skyrmion is uniform
then the skyrmion will gain a velocity component both parallel and perpendicular to the current
direction, this does not occur for topologically trivial domains, which would only move parallel
to the applied current.

However, in our samples we were not able to achieve motion of the circular domains, for any
current density that can be reached by the pulse generator that was used. This pinning of the
skyrmions is strong in Ir|Co|Pt multilayers because of the crystal grains present in the material
[19]. The grains result in energy barriers that have to be overcome to induce motion. Because
of this, we cannot perform the current induced motion experiment to test if the small circular
domains are skyrmions.

6.5 Conclusion

In this chapter we have investigated the current driven nucleation of skyrmions in our multilayers
stacks. We showed that by choosing the right combination for the applied magnetic field and
current density of the nanosecond pulses it is possible to nucleate skyrmions with current pulses.
The size of these skyrmions agrees well with the predictions made in chapter 2, using a simple
model for the skyrmion radius. Furthermore, we found a clear trend for the critical current
required for the nucleation of skyrmions as a function of field—Jc reduces if the field is increased.

We hypothesize that the critical current density can eventually be used to determine the effect
that ion-irradiation will have on the current driven skyrmion nucleation. If the energy barriers
that hinder skyrmion nucleation are reduced by Ga+ ion-irradiation, then it is expected that the
critical current will decrease when a sample is irradiated. In terms of Figure 6.6, this means that
the dashed border between the light green and yellow/red region will move towards lower current
densities. If ion-irradiation has no effect or increases the energy barriers preventing skyrmion
nucleation, then this border will occur at the same or higher current densities, respectively. In
the following chapter, we will present this experiment in more detail.

Facilitating skyrmion nucleation with Ga+ ion irradiation 81





Chapter 7

Conclusion and outlook

In this thesis we investigated magnetic multilayer structures, made up out of several repeats
of an Ir|Co|Pt trilayer. In such structures the chiral Dzyaloshinskii-Moriya interaction is large,
which allows chiral spin structures such as Néel walls and skyrmions to be stabilized. This
makes these magnetic multilayers very interesting for future memory applications. In chapter 5,
we investigated how the magnetic properties and in particular the DMI, can be locally tuned
using Ga+ ion irradiation. Furthermore, in chapter 6, we showed that skyrmions can indeed be
nucleated in our magnetic multilayer structures with the help of magnetic fields and electrical
currents. In section 7.1, we will first provide an overview of the most important conclusions
from both parts. Next, in section 7.2, we provide an outlook on how the results from these parts
could be combined and make a prediction on the effect of ion irradiation on the nucleation of
skyrmions.

7.1 Conclusions

Tuning the properties of magnetic multilayers
In chapter 3 we showed that the effect of ion irradiation on the DMI is currently not understood.
We proposed that magnetic multilayers could be utilized as part of a novel approach to investigate
this dependence, because the magnetic domain structure in these multilayers is very sensitive to
the balance of the different magnetic effects that were introduced in chapter 2. Using a model of
the domain structure and a combination of experimental tools we were able to elucidate how the
different magnetic effects depend on the amount of irradiation. Our finding can be summarized
as follows:

• Using electrical Hall effect measurements we determined the dependence of Ks on the
Ga+ dose. In the studied dose range we observed a large decrease in the value of Ks of
approxmately 20%. This is in line with numerous previous reports on ion irradiation.

• Subsequently, MFM measurements of the stripe domain width in the magnetic multilayer
samples showed that the width varies strongly with the Ga+ dose, decreasing by a factor
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2 in the studied dose range.

• With the model of Lemesh [46], we were able to combine the previous observations and
calculate the dependence of the DMI on the Ga+ dose. We found that the DMI decreases
monotonously with increasing dose. In the dose range studied in this thesis, the strength
of the DMI also decreases by approximately 20%.

• Both interface effects, Ds and Ks, were found to decrease by approximately 20% in the
studied dose range. Furthermore, we observed that the decrease in the magnitude of these
two parameters is strongly correlated. Unfortunately, this finding means that independent
tuning of the interfacial DMI and interface anisotropy is not possible. It does, however,
indicate that the DMI and the surface anisotropy depend in the same manner on the
interface quality, providing further insight into the mechanism behind the DMI.

• Finally, we showed that the difference in the relative decrease in Keff and D results in a
reduction of the domain wall energy by a factor 2 upon irradiation. A the same time, the
value of D remains larger than the threshold DMI calculated using the model of Lemesh.
This indicates that the nucleation of skyrmions should become easier upon irradiation.

Nucleating skyrmions
In chapter 6, we focused on nucleating skyrmions into our magnetic multilayers. Although
skyrmion nucleation has been observed in magnetic multilayers before, the number of magnetic
layers in our stack is low compared to other Ir|Co|Pt multilayers in which skyrmions have been
previously reported [19, 26]. The stability of skyrmions depends on the magnetic volume of the
core and hence it was not certain that they could also be stabilized in our magnetic multilayers.
Using an MFM setup that was modifed as a part of this project, we were able to apply magnetic
fields and nanosecond current pulses to the magnetic multilayers and study the nucleation of
skyrmions. First, we focused on purely field driven nucleation.

• We found that a magnetic field alone cannot be used to reliably nucleate skyrmions in our
samples, in line with previous reports on similar samples [19].

Next, we found that if both a nanosecond current pulse train and a magnetic field are used in
combination, it is possible to nucleate skyrmions. By performing a set of MFM measurements,
we were able to map the field and current dependence of the nucleation and draw the following
conclusions:

• If no magnetic field was applied, sending a nanosecond current pulse train through the
multilayer did not result in the nucleation of skyrmions for any current density. For high
enough current densities, a demagnetized state formed.

• In all cases where a magnetic field was applied antiparallel to the direction in which the
magnetization is saturated, it was possible to nucleate skyrmions by applying a high enough
current density. If the applied field was weaker, a higher current density was required to
nucleate skyrmions compared to when the field was stronger.
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• Finally, if the current density was too high, skyrmions did not form. Instead, all of the
magnetization appears to be aligned with the applied magnetic field.

To conclude this thesis, we will present a short outlook on the exciting experiments and devices
that are possible when the tuning of the magnetic parameters and the nucleation of skyrmions
are combined in one device.

7.2 Outlook: Combining irradiation and skyrmion nucleation

To nucleate skyrmions into our mutlilayers we required current pulses with a large current density
in the order of 1× 1011 A m−2. Such a high current density to achieve nucleation is in line with
other reports in literature [19–23]. For future memory devices, it would be beneficial if the
current density required for nucleation could be reduced, to lower the energy cost of such devices
and prevent wear over time. Here we present how the combination of our experimental results
could lead to such a reduction.

In chapter 5, we showed that the domain wall energy reduces significantly upon irradiation with
Ga+ ions. We will now use the simple wall energy model of the skyrmion energy [48]—which
was introduced in section 2.4.1—to make a prediction about what this means for the nucleation
of skyrmions. In Figure 7.1, we plot the energy of a skyrmion as a function of the radius R
for two different domain wall energies. We used the magnetic constants that were measured in
chapter 5 and σ0 corresponds to the domain wall energy in the non-irradiated multilayer (blue
curve). When the domain wall energy is reduced to 75% of its original value (red curve), several
changes occurs: i) the energy barrier preventing nucleation En decreases, which indicates that
nucleation should become easier, ii) the equilibrium energy of the skyrmion Es decreases, which
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Figure 7.1: An experiment that combines tuning of the magnetic parameters (from chapter 5)
with skyrmion nucleation (from chapter 6). a) Prediction of the effect of lowering the domain
wall energy on the energy of a skyrmion. When the domain wall energy is lower, the energy
barrier preventing nucleation decreases and skyrmion nucleation should be easier. b) Schematic
showing how this can be verified experimentally. By simply irradiating the Hall bar structures
from chapter 6 it should be possible to verify if nucleation occurs at lower current densities.
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increases the energy barrier that prevents annihiliation and indicates that the skyrmions become
more stable, iii) the equilibrium skymion radius Rs increases.

Based on these changes we suggest the following hypothesis: The nucleation of skyrmions is facil-
itated by ion irradiation and in an irradiated device the minimum current required for skyrmion
nucleation should be lower. To verify this experimentally, we propose the experiment shown
schematically in Figure 7.1 b). Here we show the Hall bar devices that were used in chapter 6
to measure the skyrmion phase diagram. The shaded red area indicates the area that would be
irradiated with Ga+ ions. Using this irradiated device, the phase diagram in Figure 6.6 should
be measured again. If the barriers preventing nucleation are decreased, then we would expect
that the minimum current required to nucleate skyrmions is lower in the irradiated Hall bar. A
comparison of the two phase diagram should reveal if the hypothesis stated above is true.

This observation would show that ion irradiation can be used to facilitate the nucleation of
skyrmions in future memory devices, such as a skyrmion based racetrack memory. This is an
exciting possibility that would bring the realization of such devices one step closer.
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M. Weigand, J. Raabe, V. Cros, and A. Fert. Additive interfacial chiral interaction in
multilayers for stabilization of small individual skyrmions at room temperature. Nat. Na-
notechnol., 11(May):444–448, 2016.

[27] Olivier Boulle, Jan Vogel, Hongxin Yang, Stefania Pizzini, Dayane De Souza Chaves, An-
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Appendix A

Surface - Volume charge interactions

The interaction between surface and volume charges is illustrated in Figure A.1(a), we will
consider this interaction from the point of view of the domain wall energy. When the interaction
with the surface charges below the domain wall is considered, the interaction lowers the dipolar
energy of a CW Néel wall, as is seen in the figure on the left. If we now consider the surface
charges above the same domain wall, the interaction is repulsive and the dipolar energy of the
wall is increased. In a multilayer, this leads to a layer dependent contribution to the dipolar
energy of the domain walls. Domain walls in the top half of the film have more surface charges
below them, and have a lower dipolar energy if they have a CW chirality. The opposite is true for
domain walls in the bottom half of the film, these walls have more surface charges above them and
have the lowest dipolar energy when their chirality is CCW, this is illustrated in Figure A.1(b).

Because of this, the inclusion of this effect in the model of Lemesh model requires the equations
to be solved individually for each layer. This increases the complexity of the calculation a lot.
Hence, we choose not to include this term in the model we use. Not including this term results
in an overestimation of the domain wall energy and hence a slightly larger domain size. Lemesh
shows that for a multilayer with very similar magnetic constants as the ones studied in this
Thesis, the change in the domain size W due to this effect is less than 5%, if the DMI strength
D > 1 mJ m−2. This falls within the experimental uncertainty with which we can measure the
domain size, as we will show in Chapter 4, and hence we can exclude this term from the model.
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a)

εs,v 

b)

Figure A.1: (a) An interaction between surface and volume charges is also possible, surface
charges above a Néel wall favor walls with an opposite chirality compared to surface charges
below the domain wall. This term is not included in the model of Lemesh. (c) Domain wall
twisting as a result of the surface-volume charge interactions.
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Characterization of the MFM setup
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Figure B.1: a) Calibration of the magnet in the MFM setup. b) Resistivity of the Ir|Co|Pt
multilayer samples as a function of the Pt seed layer thickness. c) Measurement of the pulse
voltage after passing through a device with a Pt seed layer thickness of 2 nm (blue) and 15 nm
(red) as a function of the pulse generator output voltage VPulser. Reflectivity r is equal to the
slope of the linear fits passing through the origin. d) Calculation of the current density during
10 ns current pulses as a function of the pulse generator output voltage VPulser, calculated using
the measured voltages in c) and Ohm’s law.
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Measurement of the exchange
stiffness

In this appendix we try to measure the exchange stiffness. In Figure C.1 we plot the magnetic
moment m of our multilayer sample versus the temperature T . The thickness of the Pt seed
layer of this sample is 2 nm. The data is fitted using a model presented in the supplementary
information of Ref. [104], the fit corresponds to equation S3 in this supplementary. From this fit
we can extract the spin-wave stiffness Dspin, which can be converted into a value for the exchange
stiffness using equation S4 and S5 from this supplementary.

However, extracting Dspin from this fit requires the value of a second parameter, the dimensionless
constant η. Nembach et al. calculate this η for their permalloy samples, but is is unclear whether
or not this value is also accurate for our Co samples. Measuring this constant requires extensive
ferromagnetic resonance measurements, which are beyond the scope of this thesis. To determine
an approximate value of A we assume that the value of this constant is the same in our samples
and we find A = 7.4 ± 0.5 pJ m−1. This is in good agreement with the results of Eyrich et al.
[103]. Because we cannot be certain that the value for the constant η is correct, we use this value
as a realistic lower bound for A.
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Figure C.1: Measurement of the magnetic moment m as a function of temperature T for a
Ta(4)Pt(2)[Ir(1)Co(0.8)Pt(1)]x6Pt(2) sample. The data is fitted using equation S3 from the
supplementary information of Ref. [104].
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