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Abstract

Racetrack memory is a possible new design for data storage. Dzyaloshinskii-Moriya
interaction plays a crucial role in the functioning of a racetrack memory by stabiliz-
ing the chiral Néel walls needed for moving domain walls using the spin Hall effect.
Measuring the strenght of the DMI, −→D would be useful for designing new applica-
tions in domain wall motion. There are already several techniques to measure −→D ,
however most require patterned samples or very specific equipment.

A new method of determining the DMI has been introduced in literature to mea-
sure the strength of the DMI on full sheet samples by means of asymmetries in
domain wall motion caused by an additional in-plane field next to the driving
out-of-plane field, so called asymmetric magnetic bubble expansion. The proposed
theory could, however, not properly describe all measurements made by others
attempting to use the technique.

First a procedure was developed to measure asymmetric magnetic bubble expan-
sion in a reproducible manner. Afterwards asymmetric bubble expansion measure-
ments were performed on samples of varying cobalt thickness between 0.4 and 0.9
nm.

It was found that the thickness of the magnetic layer does significantly impact
the influence of an in-plane field on domain wall motion. Only for samples of 0.4
and 0.5 nm Co the measurements could be described using the theory. Neverthe-
less for large fields there seems to be some deviation of the behavior as expected
from the theory. For samples of 0.6 nm Co or more the theory no longer fits the
measurements due to additional asymmetries occurring.

The strength of the DMI, −→D , increases linearly with the cobalt thickness up to 0.6
nm after which it seems to become constant. Provided ofcourse that the simplistic
view of determining the strength of the DMI, through considering for which in-
plane field the DW velocity is mininal, still applies even if the measurements
deviate from the theory at other points.
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1 | Introduction

The desire to store data has long existed. From early records of produced goods
and harvested products it has been seen as useful to record data to have informa-
tion available without the need of committing it all to one’s own memory. For a
long time data has been recorded analogically in pictures, numbers or the written
word. When it became necessary to interpret the data using a machine it became
necessary to store the data digitally. Punch cards were used to store data using the
presence of either a hole or no hole as a form of binary storage. The punch cards
were replaced using magnetic storage using the direction of the magnetization as
either a "0" or "1", first on magnetic tape, later on hard disk drives. In both cases
data is stored on a magnetic medium that is moved past a read- and write head,
a picture of a hard disk drive can be seen in Figure 1.1.

Figure 1.1: A close up image from a read- and write head above a hard disk
drive. The disk rotates to allow for reading out all data on a given track, the read-
and write head can move to go to other tracks on the hard disk drive. Image taken
from [1]

Research into methods to store ever more data on a given surface have been ongoing
since the introduction of the first hard disk drives in the 1950’s. The ever increasing
data storage capacity has lead ever more data to store in a virtuous cycle. Early
hard disks contained only a few megabytes of data. Recently commercial hard disks
are available with up to 10 terabytes of data storage, an increase of six orders of

1
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magnitude. Several new techniques were invented to achieve these improvements
over the years. Improvements in the ability to sense magnetization through the
discovery of the giant magneto resistance (GMR) effect in the 90’s and the later
discovery of the tunnel magneto resistance (TMR) led to more sensitive magnetic
read-and-write heads allowing for smaller bit sizes. There are limits to the storage
density of the current method of data storage. The data on hard disk drives is
stored in magnetic bits. The volume of these bits influences the thermal stability,
smaller volumes switch easier due to thermal fluctuations. The energy needed to
switch a single domain depends linearly on the volume of the element. The current
factor limiting the storage density is the materials the hard disk drive is made of.
For ever smaller bit sizes a higher anisotropy constant is needed to ensure the bit
remains thermally stable.

1.1 Racetrack memory

The racetrack memory was first introduced in 2008 by Stuart Parkin [2] as an
alternative option for future data storage needs. An impression of how the race-
track memory could look can be seen in Figure 1.2. The main idea of the racetrack
memory is that data is stored inside a thin strip of magnetic material using regions
with opposite magnetization. Now, unlike the magnetic hard disk drive, the data
will be moved through the magnetic material to the spot where it can be read or
written instead of moving the physical material towards the read/write head. This
would allow for a storage medium in three dimensions since not all parts of the
physical memory need to be reachable by the same read/write head.

1.1.1 Domains

A region with the same magnetization direction is called a magnetic domain. These
can be used for storage of information by fixing the magnetization along the so-
called easy axis, the direction of the lowest energy for the magnetization. A single
piece of material can have a multi-domain state allowing for the storage of the
data in a series of domains. In the already introduced hard disk, a disk containing
these different domains, i.e. the bits, is rotated past a read- and write head which
can measure and/or change the magnetization direction. The minimum size of
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Figure 1.2: A schematic overview of an racetrack memory. The data can be
stored in the third dimension to increase the data density, the data will be moved
through the magnetic medium and pass the read- and write head as needed. Image
taken from [2]

these bits is determined by the thermal stability, it is an essential feature of the
hard disk that the thermal energy can not flip the bit even after several decades.
The energy barrier that blocks this thermal process is the magnetic anisotropy
and is given by the product of the bit volume and the anisotropy. The anisotropy
depends on the materials used in the stack, leading to practical minimum bit sizes
dependent on the materials used.

1.1.2 Implementation

Four different methods to implement the racetrack memory have been proposed.
The different versions will be introduced as explained in Parkin et al [3], which can
be consulted for a more thorough explanation. The differences lie in using either
an in-plane or out-of-plane magnetized material to store the domains. The out-
of-plane magnetized materials were found to be an improvement over the in-plane
magnetized samples due to narrower domain walls leading to a higher domain
density. The domains would be moved by sending an electric current through the
magnetic material. The current would be spin polarized in the domains and at the
domain walls the electrons would exchange angular momentum with the differently
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aligned spins inside the domain wall, leading to a movement of the domain wall in
the direction of the electron flow.

A major improvement to the performance of the racetrack memory was made by
switching to a new method of moving the domain walls. Instead of using electric
currents through the magnetic layer the spin Hall effect is used to inject a spin
current into the layer from an adjacent layer as shown schematically in Figure 1.3
a). The spin Hall effect describes the relation between an electric current and the
transverse spin current it creates due to spin-orbit coupling. In a thin layer an
electric current leads to spin accumulation at the top and bottom layer, the spins
being orthogonal to both the direction of the electric current and the spin current.
The spin accumulation scales with the strenght of the spin orbit coupling, making
the effect largest in heavy metals. A commonly used material is platinum. Placing
the magnetic layer either on top or on the bottom of this heavy metal would lead
to an injection of spins into the magnetic material.

It was found that these spins, if the magnetic layer had out-of-plane magnetization,
would move Néel walls all in the same direction provided the walls all had the
same chirality. The different types of domain walls and domain wall chirality are
explained in detail in section 2.4.1. Generally the Bloch instead of the Néel type
domain wall is favoured and the chirality is not fixed. However, the Dzyaloshinskii-
Moriya interaction (DMI) can lead to having energetically favored chiral Néel walls
instead of Bloch walls. The DMI is an asymmetric exchange interaction between
two spins via spin-orbit coupling with another atom. In the racetrack memory the
DMI occurs through symmetry breaking at the interface between the magnetic
layer and the heavy metal. Two spins in the magnetic layer can couple via an
atom of the heavy metal leading to DMI. This is explained in more detail in
section 2.3.5. The latest improvement to the design of the racetrack memory is
using not one but two antiferromagnetically coupled thin layers, a schematic is
shown in Figure 1.3 b). This allows for the reduction of stray fields compared to
the single strip allowing for a higher domain wall density and higher domain wall
velocities.

A future advancement based on the domain wall racetrack memory is the skyrmion
racetrack memory. A skyrmion is shown schematically in Figure 1.4, representing
a self contained chiral spin structure. They can be stabilized by a sufficiently large
DMI, even larger than the DMI needed to stabilize Néel domain walls. The data



1.1 Racetrack memory 5

(a) (b)

Figure 1.3: (a) schematic drawing of the spin Hall effect in a thin layer. The
direction of the electric current, the electron flow and the spin accumulation are
shown.(b) schematic drawing of the image from the antiferromagnetically coupled
double layer racetrack memory. The domains in the upper and lower magnetic
layer are arranged to cancel each other’s stray fields to allow for denser storage
and higher domain wall velocities. Both images are adopted from [3].

would then be encoded as the presence or absence of a skyrmion. Both options to
move the domain wall in a domain wall racetrack memory are also applicable to
move skyrmions i.e. using a spin polarized current through the magnetic material
or spin injection via the spin Hall effect into the magnetic layer. Advantages are
theoretically predicted to be a lower current needed to move the skyrmions as
compared to the domain walls. The skyrmions would also be less susceptible to
pinning due to rough edges of the magnetic strip compared to the domain walls.
For a more complete overview and the theoretical advantages the reader is referred
to Tomasello et al [4].

Figure 1.4: A schematic drawing of the direction of the spins for both a Bloch
and a Néel skyrmion. Image taken from [5]
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1.2 Easy DMI meter

Considering the usefulness of DMI in possible new memory technologies, such as
the domain wall racetrack memory or the skyrmion racetrack memory, it is very
interesting to find ways to measure the strength of the DMI. There are already
several methods to determine the DMI, including but not limited to domain wall
depinning experiments [6], brillouin light scattering [7], measurements of −→D via
non-reciprocal spin waves [8] or the asymmetric hysteresis of microscopic triangles
of magnetic material [9]. However, all these methods require either the fabrication
of microscopic structures or the use of a very specific set up. It would be useful
if the strength of the DMI could be measured on simple full sheet samples with
basic techniques. Asymetric magnetic bubble expansion promises to be a simple
method to determine the strenght of the DMI on a full sheet sample using just a
Kerr-microscope. A Kerr-microscope allows for the imaging of magnetic domains
by forming a contrast between up and down domains due to the Kerr effect. For
asymmetric bubble expansion first a circular magnetic domain is nucleated, then
an in-plane magnetic field is applied. Using an in-plane magnetic field is a way
to influence whether a domain wall is a Bloch or a Néel wall. Thus this field can
be used to either aid or obstruct the DMI from forming Néel walls. Now applying
an additional out-of-plane magnetic field lets the circular domain expand. Je et
al. [10] proposed a model which fits the expansion of the circular domain, shown
in Fig 1.5. It is a superposition of several measurements, the color corresponds to
either the up or down magnetization. The black background is the down state,
while the white circle is the original domain nucleated in the up direction. The
grey areas respresent the up domain after subsequent pulses of the magnetic field.
At different points along the domain the in-plane field makes a different angle
with the domain wall, leading to an anisotropic expansion due to the domain walls
being influenced differently. Using the model, the in-plane field needed to exactly
counter the tendency of the DMI to favor Néel walls can be found, which allows
for the calculation of the strength of the DMI −→D . Other researchers have also
attempted to use this method to determine the strenght of the DMI and while
Hrabec et al. [11] could use the model to accurately describe their data, Lavrijsen
et al. [12] were unable to use the model to describe their data.
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M
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Figure 1.5: An example of asymmetric bubble expansion. The white area corre-
sponds to the original nucleated bubble in the up state, the black area corresponds
to the down state. The four grey areas are the asymmetric expansions of the bubble
after 1, 2, 3 and 4 pulses of the out of plane field while an in-plane field is applied.

1.3 Project goal

Je et al. [10] introduced a model and method to measure the DMI in a full sheet
sample without the need for any patterning. Lavrijsen et al. [12] attempted to use
this same model on similar Pt/Co/Pt samples, however the measurements can not
be explained using the proposed model as shown in Figure 1.6. The graph shows
the domain wall velocity of the left side of an asymmetrically expanding bubble.
The DMI acts like a pseudo in-plane field shifting the supposedly symmetric curve
horizontally from a minimum velocity at zero in-plane field for a sample without
the presence of DMI. The current model does not seem to fit the measurements
accurately, nor can it be used to estimate the DMI from the fit, since it seems to
overestimate the field for which the DW velocity is minimal. A major difference
between the two studies was the thickness of the cobalt layer, 0.3 nm and 0.6 nm
for Je and Lavrijsen, respectively. An attempt will be made to find the source of
the discrepancies between the different results. In order to study the deviations
from the model a study will be made of asymmetric bubble expansions on samples
with varying thicknesses between 0.4 and 0.9 nm. The thinnest samples at 0.4
nm are approximately two monolayers thick leading to all cobalt atoms neigbour-
ing to platinum atoms, while for the thicker samples there will be cobalt atoms
neighbouring just cobalt atoms. It will be investigated if the discrepancies with
the theory occur at a critical cobalt thickness or depend continously on the cobalt
thickness to attempt to find the origin of the different results.
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Figure 1.6: Measurement data from Lavrijsen with a fit according to the model of
Je et al [10]. The model does not accurately describe the data and it overestimates
the field needed to reach the Bloch domain wall, i.e. the point of minimum domain
wall velocity.

1.4 This thesis

This thesis consists of a further four chapters. In chapter two first the basic
magnetic concepts will be introduced, e.g., magnetic anisotropy and saturation
magnetization, followed by a review of relevant magnetic energy terms. It ends
with discussing domain wall motion and the specific model used in literature to
account for the influence of in-plane magnetic fields in asymmetric bubble expan-
sion. Chapter three describes the sample fabrication procedure used. Next the
techniques used to measure the bubble expansion are explained. Furthermore the
procedure to analyse and interpret the data to determine the domain wall velocities
is described. Chapter four starts with modeling to describe how different effects,
such as domain wall energy density, domain wall width and chiral damping, affect
the domain wall velocity. Next the issues with measuring the domain wall velocity
in asymmetric bubble expansion and their solutions are described. This is followed
by a measurement of the basic magnetic properties of the samples, which are used
for determining the DMI in the samples and attempting to fit the data. Lastly, a
look is taken at a possible alternative model to explain the data. Chapter five is
a conclusion and an outlook on possible further topics of interest.



2 | Theory

In this chapter the current theory describing asymmetric bubble expansion is ex-
plained. To properly understand this, first the different energies related to mag-
netic materials and spins are introduced. These are followed by an introduction
to magnetic domains and domain walls, followed by a description of the magnetic
properties of thin layers. Finally, the process of moving domain walls by an applied
magnetic field is explained.

2.1 Magnetization

The magnetization of a material is the magnetic moment per volume of the mate-
rial. Ferro-magnetic materials have a net magnetization even without an externally
applied magnetic field. If all magnetic moments are aligned the magnetization be-
comes maximal, i.e. the saturation magnetization, which is the sum of all magnetic
moments divided by the volume. This would be the magnetization of a sample
if all magnetic moments are aligned in the same direction due to, for instance,
the application of an external field. For bulk materials this is a material depen-
dent property based on the exchange interactions between the atoms in a lattice.
In the case of a thin film the saturation magnetization will be influenced by the
thickness of the film, more specificially the ratio between surface and bulk atoms.
The magnetic moment of an atom is due to exchange interaction between different
spins. Having a significant percentage of the material also have other atoms as
nearest neighbours can lead to a reduced saturation magnetization. The satura-
tion magnetization is needed for fitting the data regarding domain wall velocities.
The values throughout this thesis will be either 1440 kA/m as the bulk value of
cobalt or the values from Metaxas et al. [13], who determined them for similar
thin films as used here.

9
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2.2 Anisotropy

The magnetic anisotropy is the tendency of magnetic materials to have a preferred
direction along which the magnetization is aligned. This direction is called the
easy axis. Possible causes for the anistropy are, among others, the crystal lattice
or the shape of the material. Depending on the origin of the anisotropy it is
possible to have one or multiple easy axes and one or multiple hard axes. The
samples discussed throughout this thesis are thin films with a single easy axis
perpendicular to the thin film. The energy associated with an uniaxial anisotropy
for a single axis can be written as:

U = KeffV sin
2(ϑ) (2.1)

with Keff as the effective anisotropy constant, V the volume and ϑ the angle
between the magnetization and the easy axis. It should be noted that the cases
for ϑ is 0 or π are exactly the same. In the case of thin film samples, as discussed
throughout this thesis, there are two cases depending on the sign of Keff, either
the sample has perpendicular magnetic anisotropy (PMA) or it favors an in-plane
magnetization. Which is the case depends on which effect contributing to the
anisotropy is largest. Distinguishing between interface and bulk contributions to
the anisotropy can be done by measuring the anisotropy for different thicknesses of
the magnetic material. The interface contributions will not vary with the thickness,
while the bulk contributions will, thus plotting eff times the thickness versus the
thickness gives the bulk contributions as the slope and the interface contributions
as the extrapolated anisotropy for a sample with zero thickness. The different
surface and bulk contributions to the anisotropy constant will be discussed in the
following section.

2.3 Energy considerations in magnetic materials

In a magnetic material several energies should be considered. These stem from
the interaction between the spins themselves, interactions between the spins and
an externally applied field, shape and geometric effects of the magnetic mate-
rial. The different effects will be explained in the following subsections. The
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exchange energy, the Zeeman energy, the magnetostatic energy, the magnetocrys-
talline anisotropy and the Dzyaloshinskii-Moriya interaction will all be introduced
and explained. All of these are necessary for properly understanding the domain
wall motion model described later.

2.3.1 Exchange energy

In a magnetic material neighboring spins are coupled via exchange coupling ac-
cording to:

U =
∑
i,j

JSiSj cosϕij (2.2)

with Si and Sj two neighboring spins with the angle ϕ between them. J is the
coupling constant between the two spins. In the case of a ferromagnet J will be
positive favoring parallel spins. The exchange energy is isotropic in space, it does
not favor any directions. In experiments usually the macroscopic property, the
exchange stiffness is considered, which is defined as:

Aex = nJS2

a
(2.3)

with n the number of nearest neighbours and a the distance between two nearest
neighbours. For calculations and fitting, the exchange stiffness for Pt/Co/Pt stacks
as measured by Metaxas [13] is used in this thesis.

2.3.2 Zeeman Energy

The Zeeman Energy results from the coupling between spins and an externally
applied field. It is energetically favorable for spins to align along the externally
applied field, −−→Hext according to:

U = −µ0 ~M ·
−−→
Hext (2.4)
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2.3.3 Magnetostatic Energy

Depending on the configuration of the magnetization in the magnetic material a
stray field is formed outside of the magnet. A material with a net non-zero mag-
netization has a magnetic field surrounding it, which costs energy. If an object is
uniformly magnetized the magnetostatic energy will be lowest if the magnetization
is aligned along the longest axis of the object. Quantatively, the magnetostatic
energy of an object is smallest when there is the largest distance between the
two poles. Further reductions of the magnetostatic energy can occur by forming
magnetic domains in the magnetic material,

The magnetostatic energy can be calculated by integrating over the entire magnetic
material using:

E = 1
2µ0

∫ −−→
Hdm · ~MdV (2.5)

with −−→Hdm the demagnetizing field. The demagnetizing field can be calculated from
the magnetization and a geometry dependent tensor

−→−→
N .

−−→
Hdm = −

−→−→
N · ~M (2.6)

For an arbitrary shape
−→−→
N can be difficult to calculate, however for certain sim-

ple shapes it can be calculated. Two limiting cases, used in this thesis, will be
described. The first case is an infinite plane which is used to approximate the
sample. If the magnetic object is in the xy-plane

−→−→
N . will be given by:

Nx = 0, Ny = 0, Nz = 1 (2.7)

This leads to a magnetostatic energy of

E = 1
2µ0 M

2
s V sin2θ (2.8)

where θ is the angle the magnetization makes with the normal of the plane. This
gives a contribution to the effective anisotropy constant of
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λ

t

Figure 2.1: A schematic drawing of the elliptic cylinder used to approximate the
domain wall. The thickness and domain wall width are shown.

Kdemag = 1
2µ0 M

2
s (2.9)

The second case is of an elliptic cylinder, which will be used to describe the mag-
netostatic energy of a domain wall as shown in Figure 2.1. The domain wall is
approximated as an elliptic cylinder where the domain wall length is much larger
than both the sample thickness t and the domain wall width λ. Osborn [14] gives
the analytical solution for an infinite elliptic cylinder, which will be used as an
approximation for the domain wall, as

Nx = t

λ+ t
, Ny = 0, Nz = λ

λ+ t
(2.10)

where the domain wall is in the xy-plane pointed in the y direction.

The energy difference between the Bloch and Néel wall is calculated by considering
the different domain wall widths by modifying the effective anisotropy using the
demagnetizing field of the domain wall according to Mougin [15]. KD is defined as
Ky−Kx, if the magnetization points along the domain wall length, it is along the
center of the domain and the demagnetizing field can be considered zero, along
the domain wall width it is confined by the domain wall width. This leads to
KD = (2πµ0M

2
s tCo)/(tCo + λ).
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2.3.4 Magneto-crystalline anisotropy

In magnetic materials there are directions in the crystalline lattice along which
the magnetization would prefer to align with, a so called easy axis. This is due
to spin-orbit interactions. In a simplified picture the spin-orbit interactions occur
due to the electron moving around the charged nucleus. In the reference frame of
the electron, the nucleus is moving around the electron, which as a moving electric
charge creates a magnetic field to which the spin of the electron couples. For a
single atom this does not lead to anisotropy due to the orbitals having no fixed
preferred direction. In a crystal the orbitals of the atoms are aligned along certain
directions depending on the crystal structure. The orbits hybridize with orbits
from neighbouring atoms leading to a preferred direction for the orbitals along
certain crystal directions.

In the case of thin layers there can be a significant contribution to the anisotropy
from the interface. At the interface between thin films there can be hybridization
of the orbitals of the ferro-magnetic layer and the adjacent metal, which leads
to a large contribution of the interface anisotropy to the total anisotropy of the
sample. For thin samples the interface anisotropy may even dominate the other
contributions leading to the possibility of materials with perpendicular magnetic
anisotropy.

2.3.5 Dzyaloshinskii-Moriya Interaction

The Dzyaloshinskii-Moriya interaction is the anti-symmetric part of the exchange
interaction between two spins. The symmetric exchange has been discussed in
section 2.3.1, it wants to either align spins parallel or anti-parallel depending on
the sign of the coupling constant. The naming originates from the case of the sym-
metric exchange energy switching the two spins in a two spin system will lead to
the exact same energy, while for the anti-symmetric exchange the energy could be
different for exchanging the two spins. Dzyaloshinskii [16] first introduced the pos-
sibility of an asymmetric exchange interaction, which could influence the energy of
an antiferromagnet, on the basis of symmetry arguments. It was introduced as a
phenomological term which could occur due to a lack of certain inversion symme-
tries. Moriya first applied it to explain weak magnetization in certain materials.
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ri rj

si sj

Figure 2.2: Two magnetic spins which cant due to the spin orbit coupling with
the heavy metal atom. Only considering the DMI two neighbouring spins would
prefer to be at an angle of 90 degrees.

The DMI was later found to also occur at interfaces between a magnetic and a
non-magnetic layer, where the symmetry is also broken. This asymmetry due to
the structure has been named structural inversion asymmetry (SIA).

In order to understand the DMI the principle will be illustrated based on three
atoms as illustrated in Figure 2.2. There is a symmetry breaking by a third atom
with regards to the two spins.

The energy associated with the DMI is given as:

EDMI = −−→D ij · (
−→
Si ×

−→
Sj) (2.11)

where −→D is the strength of the DMI. The strength of the DMI depends on the
distances between the atom and the spins and the spin-orbit coupling between the
different atoms. The direction of −→D is determined by

−→
D ∝ −→ri ×−→rj (2.12)

where −→ri and −→rj are vectors pointing from the third atom towards two spins i
and j. For an interface between a magnetic material and a non-magnetic material
this would lead to −→D laying in the plane of the interface and perpendicular to
the line between the two spins being considered. The direction and magnitude of
−→
D is dependent on which two spins are being compared and the location of the
nearest heavy atom. In Figure 2.3 the rotational direction of the spins is shown
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(a) (b)

Figure 2.3: In (a) and (b) the rotation of spins in a layer is shown for a −→D
pointing into and out of the plane, respectively. It should be noted that reversing
the sign of D reverses the rotation direction of the spins.

(a) (b)

Figure 2.4: In (a) and (b) the arrows connecting the heavy atoms to the mag-
netic atoms are shown for two interfaces, a perfectly flat interface and an interface
with some roughness. It can be clearly seen that −→ri ×−→rj will vary for the different
spin pairs in the interface with some roughness.

for a −→D pointing into and out of the plane, respectively. The dependence of −→D on
−→ri ×−→rj also helps explains how the interface roughness and degree of intermixing
can greatly influence the DMI. Having a rougher interface will lead to a greater
variance in angles and distances between spins and nearby heavy atoms as can be
seen in Figure 2.4.

The sign of the DMI depends on the precise quality of the interface and the non-
magnetic material involved due to the dependence on spin-orbit coupling. The
case of a single magnetic layer with two identical top and bottom interfaces should
have zero DMI due to the contributions from the top and bottom interface exactly
compensating each other. In the case of sputter deposited films this is not the case
due to the differences in interface between growing the magnetic layer on top of
the non-magnetic layer and growing the non-magnetic layer on top of the magnetic
layer. Indeed, for epitaxially grown films the DMI does seem to vanish [11].
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The rotation sense can lead to chiral spin structures, either domain walls with a
fixed chirality or skyrmions. An example can be seen in Figure 2.3, where two sets
of spins are shown, one with a clockwise and a counterclockwise rotation. The
effect of DMI on domain walls will be discussed further in 2.4.3 after domain walls
have been fully introduced.

2.4 Domains and domain walls

In magnetic layer with PMA domains can form. Forming these domains lower
the magnetostatic energy due to a smaller demagnetizing field surrounding the
layer. However having neighbouring spins aligned anti-parallel will increase the
exchange energy. The forming of domains leads to a region between the domain
walls called a domain wall. In general when a magnetic material is split into
regions with a different magnetization the regions are separated by domain walls.
Domain walls form because it is energetically favorable to spread the rotation of the
magnetization over multiple spins. The exchange coupling between neighbouring
spins favors for neighbouring spins in a magnetic material to align parallel. There
will be an energy penalty for a rotation between two spins, hence spreading out
the rotation between two domains over as much spins as possible lowers the total
energy. The anisotropy favors having as thin a domain wall as possible since
spins inside the domain will be rotated away from the easy axis. The competition
between these two effects determines the domain wall width:

λ =
√
Aex

Keff
(2.13)

2.4.1 Bloch and Néel walls

There are two distinct types of magnetic domain walls, Bloch and Néel type do-
main walls, and it is also possible to have a mixed form between the two states.
The Bloch and Néel wall can be seen in Figure 2.5 a) and b), respectively. The
type of domain wall is dependent on the direction of the rotation of the magne-
tization inside the domain wall. If the magnetization rotates through the plane
perpendicular to the direction of the domain wall it is a Bloch wall, if the magne-
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(a) (b)

Figure 2.5: (a) a Bloch wall with the magnetization rotating through the plane
perpendicular to the domain wall width. (b) a Néel wall with the magnetization
rotating in the plane perpendicular to the domain wall length.

tization rotates through a plane perpendicular to the plane of the domain wall it
is a Néel wall.

The energy difference between Bloch and Néel walls, KD, can be calculated using
the energy difference related to the magnetostatic energy of having the magne-
tization pointed in a different direction. Using the approximations from section
2.3.3 for an infinite elliptic cylinder, the difference in domain wall energy density
between a Bloch and a Néel wall in a thin film can be given as:

KD = 1
2µ0

tw
λ+ tw

M2
s (2.14)

with tw the thickness of the magnetic layer.

2.4.2 Magnetic bubbles

In PMA materials magnetization reversal occurs through nucleation and domain
wall motion instead of coherent rotation of the magnetization. Domain nucleation
occurs at regions of decreased anistropy due to, for instance, defects, by which it
is possible to nucleate a domain centered around a fixed position. These domains
tend to become circular due to expansion with uniform domain wall velocity around
the defect. These domains are so-called magnetic bubbles and it will be these
domains which are used to measure the angular dependence of the domain wall
velocity by bubble expansion.

2.4.3 Domain wall chirality and DMI

The DMI was introduced in section 2.3.5 showing that DMI could stabilize chiral
spin textures. In this section, we will investigate the influence of DMI on domain
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(a)

(b)

Figure 2.6: Parts of Bloch and Néel walls are shown in (a) and (b), respectively.
Spins along the domain wall width, shown in the red boxes, coupling with an atom
from a lower layer will have −→D pointing in the direction of the red arrow. The
energy of the Bloch wall is not effected by this exhange, while the Néel wall energy
is reduced by the DMI between these spins. For spins along the domain wall length,
shown in the green boxes, the direction of −→D will point along the green arrow.
However these spins are parallel to each other in both cases and the DMI does not
affect the domain wall energy.

walls. Even if DMI is not strong enough to form a stable phase of chiral spin
structures it will already influence the domain wall texture. The DMI favors Néel
walls over Bloch walls. To make this intuitively clear, consider a straight domain
wall with either a Bloch or Néel texture as shown in Figure 2.6. Now two types
of nearest neighbours can be considered indicated in red and green. Those with
two adjacent spins along the domain wall width, shown in red, will have an −→D in
the direction of the domain wall length, thus would lower the energy of the Néel
wall rotating in the same direction. Two adjacent spins in the direction of the
domain wall length, shown in green, coupled with an atom in the bottom layer
would not have an contribution of the DMI since the spins are parallel. If the
energy contributions of the DMI are larger than the difference in magnetostatic
energy between Bloch and Néel walls chiral Néel walls will be more stable in the
material. Moreover, the Néel wall with the opposite chirality will be even less
favorable compared to the Bloch wall due to the presence of DMI.
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2.5 Domain wall motion

Expanding or moving the domains occurs by domain wall motion. In this thesis we
will only discuss magnetic domain wall movement caused by the application of an
external field. There are three regimes of domain wall motion, as shown in Figure
2.7. The three regions are defined by the ratio of the strenght of the pinning sites
and the strenght of the driving force supplied by the externally applied field. In
the flow regime the driving force is larger than the pinning strength of the pinning
points and the domain wall moves without regards for the pinning points. If the
externally applied field is small compared to the pinning strength, the domain
wall motion is in the creep regime. In this regime the domain wall can depin
from a pinning point due to thermal effects, thus requiring a finite temperature
to have any domain wall motion. In between these two regimes is the depinning
regime, where the field is large enough to depin the DW from pinning points though
thermal fluctuations can still provide a substantial contribution to the depinning.

Figure 2.7: The theoretical behaviour of the velocity versus the driving field is
shown for both zero temperature and finite temperature. Figure from Metaxas [13]

2.5.1 Creep law

A short introduction of the creep regime in magnetic domain wall motion is given
following Lemerle et al [17]. The creep regime is defined by a driving force smaller
than the depinning force of defects. A domain wall is pinned at defects and mo-
tion occurs by depinning a part of the domain wall from one pinning point and
moving until it gets stuck at a new pinning point. The depinning force is the
applied magnetic field. Mathematically it can be described as a series of indepen-
dently moving wall segments of a characteristic length, called the Larkin length,
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dependent on the distribution, pinning strength and a characteristic length scale
of pinning points and the domain wall energy density. The basic idea is that a
wall segment can depin and then move freely to the next pinning site regardless
if neighbouring wall segments are still pinned. The idea can be seen analogous to
an elastic string over a surface with protrusions which act as pinning sites. The
string, like the domain wall, can extend a certain amount based on either the
elastic constant or the domain wall energy density. Based on generalized scaling
relations describing the behaviour of an one dimensional object moving through a
disordered two dimensional space, a free energy describing the domain wall in a
quasistatic situation can be found. Now the energy barrier for moving the domain
wall can be found by comparing the energies of the domain wall and the domain
wall with a slight displacement. The minimum energy barrier can be found by
optimizing this energy difference between states with regard to the size of the dis-
placement. Using this minimum energy barrier as the energy barrier needed to be
overcome turns the issue of finding the domain wall velocity as a function of the
applied field into a known problem of moving of a one dimensional object through
two dimensional space. Solving this problem lies outside the scope of this work
and the theoretical solution is used. In the case of creep of magnetic domain walls
the velocity-magnetic field relationship can be described as:

v (H) ∝ exp
(
−βUc

(
Hdep

H

)µ)
(2.15)

where Hdep is the field needed to depin the magnetic domain wall from a pinning
point, while Uc is an scaling energy constant dependent on the Larkin length, the
domain wall roughness, the domain wall energy and the thickness of the thin film.
µ is an exponent dependent on the dimensionality of the system. In the case of a
one dimensional interface moving through a two dimensional disordered medium,
as is the case of a magnetic domain wall moving through a thin film, it is equal
to 1

4 . The creep law can be written as just a function of the applied out-of-plane
magnetic field Hz as

v (H) = V0 exp
(
−αH−µ

z

)
(2.16)

where V0 is a characteristic speed and α is a scaling factor, which depends, among
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others, on the Larkin length, the correlation length of the disorder potential, the
saturation magnetization, the film thickness, the previously introduced exponent
µ dependent on the dimensionality of the system, and the domain wall energy. A
precise overview of the dependence of α can be found in Je [10]. For understanding
the model by Je et al. [10] only the dependence of α on the domain wall energy is
important. This relation will be discussed in more detail in the next section when
the influence of adding an in-plane magnetic field in addition to an out-of-plane
magnetic field to drive domain walls is discussed.

2.5.2 Influence of in-plane fields

This section will explain the effect of applying an in-plane magnetic field while
moving a domain wall using an out-of-plane driving field. First the measured effects
will be described, afterwards the proposed theory will be explained and discussed
with regards to later publications. Je [10] measured the domain wall velocity at
a fixed out-of-plane field for different in-plane fields. They found that a circular
domain does not expand isotropically under the influence of an in-plane field like it
would without the additional in-plane field being applied. The asymmetry occurs
along the direction at which the magnetic field is applied. A reversal of the applied
in-plane field reverses the measured asymmetry.

Figure 2.8 a) shows an example measurement from Je et al. [10] illustrating the
asymmetric expansion of a domain under the influence of an in-plane field. It
should be noted that asymmetry occurs parallel and orthogonal to the applied
field and more importantly between the left and right side of the domain parallel
to the applied field. In Figure 2.8 b) the right side DW velocity is plotted as a
function of the applied in-plane field. The velocity has a minimum DW velocity at
a non-zero in-plane magnetic field, which is indicative of the asymmetric expansion.

Je et al. [10] proposed a theory to explain the effects the in-plane field has on
domain wall velocity. The domain wall energy density influences the speed at which
a domain wall moves. For lower domain wall energy densities the DW velocity will
increase. This can be intuitively understood by considering that having a lower
DW energy density makes it easier to fold around pinning points since it is less
costly to form an additional length of domain wall, thus making it easier to depin
from the pinning point.
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(a) (b)

Figure 2.8: (a)Images of the bubble expansion with and without an applied in-
plane magnetic field, the case with the magnetic field expands asymmetrically(b)the
right side domain wall velocity as a function of the applied in-plane magnetic field.
The asymmetry of the domain wall motion can be clearly seen due to the DW
velocity not being symmetric around zero in-plane field. Adapted from Je [10].

It is considered that due to the magnetization inside the domain wall being par-
tially in-plane the addition of an in-plane magnetic field will lower the DW energy
density due to the Zeeman energy. In order to properly explain the anisotropic
expansion of the domain the preferred direction of the magnetization inside the
domain wall will have to be considered. Previously, the preferred direction of the
magnetization inside the domain has been described in the section on Bloch and
Néel walls.

Regardless of whether the domain walls are preferably Néel walls or Bloch walls,
there would be a difference in the domain wall velocities along and orthogonal to
the field. Only one of the two would couple to the in-plane magnetic field. Even
when the magnetization in all domain walls lies along the applied field due to an
in-plane field large enough to overcome the energy difference between Bloch and
Néel walls, it would still lead to different domain wall energy densities and thus
domain wall velocities along and perpendicular to the in-plane field.

To explain asymmetry along the direction of the in-plane field the preferred chiral-
ity of the domain walls along the direction of the applied field needs to be consid-
ered. If these walls had a Néel configuration their magnetization could either be
parallel or anti-parallel to the applied field. Without additional symmetry break-



24 Chapter 2. Theory

ing both domain walls would align their magnetization along the applied field and
have similar domain wall energy densities and similar domain wall velocities. The
proposed symmetry breaker is the DMI that energetically favors these Néel walls
over the Bloch walls, which would be expected based on just the magnetostatic
energy. The DMI also fixes their chirality as explained in 2.4.3.

Using these phenomena the entire velocity asymmetry is explained. Applying an
increasingly stronger field along the direction of the magnetization of the domain
wall would keep reducing the domain wall energy leading to ever increasing domain
wall speeds. On the other hand if the field is increased, while the magnetization
direction of the Néel wall is antiparallel, the domain wall energy would keep in-
creasing leading to a lower domain wall velocity, until the field is large enough
to overcome the DMI enforcing the Néel wall and the domain wall reaches the
Bloch state. Increasing the field even further would force the domain wall into a
Néel state with the magnetization pointing along the applied field and the domain
wall energy density would start decreasing again resulting in a higher domain wall
velocity.

This can also be described quantitatively. In equation 2.16 the relation between
applied out-of-plane field Hz and the domain wall velocity has been described. As
has been qualitatively explained the scaling factor α is dependent on the domain
wall energy and other effects related to moving a 1 dimensional object through
a 2 dimensional space. Writing out all these terms completely leads to the exact
description of α which can be seen in the complete creep law in equation 2.17,
where µ has been set equal to 1

4 as appropriate for the situation of a domain wall
moving through a plane. The velocity then reads:

v = ξ f0 exp
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 (2.17)

Here ξ is correlation length of the disorder, γ is the pinning strenght of the disorder,
Ms is the saturation magnetization, uc is the roughness of DW over the Larkin
length. The proposed model now describes the influence of the in-plane magnetic
field on domain wall motion by considering that only the domain wall energy
density will be affected by the in-plane field and all other terms remain constant.
From this premise the exact dependence of the domain wall velocity on the in-plane
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field can be described as:

α(Hx) = α(0)[σDW (Hx)/σDW (0)]
1
4 (2.18)

where all terms which are not related to the domain wall energy density are con-
solidated into the factor α. The domain wall energy density dependence on the
applied in-plane field consists of three factors. First there is the domain wall en-
ergy density in the case of no additional field caused by having spins not aligned
along the easy axis of the material. A second contributon is the Zeeman energy
of the spins in the wall, and the final contribution is the energy difference due to
magnetostatic energy between a Bloch and Néel wall. This leads to:

σDW (Hx, ψ) = σ0 − πλMs(Hx +HDMI) cos(ψ) + 2KDλcos2(ψ) (2.19)

The angle the magnetization will take between a Néel and Bloch wall can be found
by finding the minimum energy for a given field Hx. Using this, the domain wall
energy is given by:

σDW (Hx) =

σ0 − π2λM2
s

8KD
(Hx +HDMI)2 for|Hx +HDMI| < 4KD

πMs

σ0 + 2KDλ− πλMs|Hx +HDMI| otherwise
(2.20)

The value of HDMI can be used to determine −→D , the strength of DMI, using:

−→
D = µ0HDMIMsλ (2.21)

In Figure 2.9 the domain wall energy is plotted as a function of the applied in-
plane field. The two cases refer to the case of the domain wall being either in a
Néel state aligned with the applied magnetic field or the case where the in-plane
magnetic field is not strong enough to fully tilt the domain wall magnetization as
indicated in the figure. These two regimes are also visible in the DW velocity. For
large positive and negative fields the DW velocity will increase exponentially while
for lower fields a transition region occurs between the two different Néel states.
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Figure 2.9: The domain wall energy as a function of the applied in-plane field
according to Equation 2.20. HDMI is indicated along with the boundary where a
Néel wall is formed.

In section 4.1 basic simulations are described to demonstrate the influence of dif-
ferent energy contributions to the domain wall energy density and velocity. In
section 2.5.4 further literature, which casts doubt that this proposed theory is a
complete description of the influence of the in-plane magnetic field on the domain
wall velocity, will be discussed.

2.5.3 Chiral damping

Jue et al. [18] propose an additional mechanism, which can also contribute to the
DW velocity asymmetry. Their proposal consists that there might not be just a
conservative effect related to the symmetry breaking at the interface, the DMI, but
also a dissipative effect, chiral damping. The difference between chiral damping
and DMI is schematically shown in Figure 2.10.

Chiral damping means that due to spin-orbit coupling at the interface, the damping
of a precessing spin depends on the direction of the magnetization. The Landau-



2.5 Domain wall motion 27

(a) (b)

Figure 2.10: The domain wall velocity versus the in-plane field is shown schemat-
ically for DMI (a)and chiral damping .(b)Adapted from [18].

Lifschitz-Gilbert equation describes the precessional motion of a spin including the
damping of the precessional motion. Depinning in the creep regime is caused by
thermal fluctuations, changing the damping parameter changes how long it takes
any given non-equilibrium state to damp out. They propose that this change
in dynamics of the spins changes the domain wall velocity due to the changed
damping parameter influencing the attempt frequency to depin from a pinning
point. Simulations show the time needed for a domain wall to depin from a single
pinning point depend on the damping parameters and it was found that for lower
damping the depinning occurs faster. Thus the in-plane field depence of the creep
law comes from the attempt frequency being dependent on the damping, which
they claim is dependent on the direction of the magnetization of the domain wall,
i.e. Néel, Bloch or a mixed form. The in-plane field changes the direction of the
magnetization of the domain wall. This can be written as:

v = ξ f0 (Hx) exp
(
−α (f0, σDW)H− 1

4z

)
(2.22)

with ξ the disorder correlation length and f0 the attempt frequency. This effect
becomes visible not by a shift of the domain wall velocity by a field coming from
DMI, but by a shift in α dependent on the orientation of the magnetization of the
domain wall. A method was proposed to distinguish between chiral damping and
DMI. If both effects are present the creep law can be written as:

v = ξ f0 (Hx) exp
(
−α∗ (f0)σ

1
4
DW (Hx)

1
4
H

− 1
4z

)
(2.23)
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with α∗ as α divided by σ
1
4
DW, α can be determined by comparing to equation 2.17.

Measuring the domain wall velocity for a fixed positive and negative in-plane field
for varying out of plane fields allows the investigation of the dependence of the
domain wall velocity on the out-of-plane field. The two effects do not have the
same symmetry around Hx = −HDMI, the DMI will be symmetric, while the chiral
damping is asymmetric. Using this different symmetry two parameters can be
defined which vary with either the strength of the DMI or the strength of the
chiral damping by considering the symmetric and antisymmetric part of the DW
velocity around Hx = −HDMI. This can be considered by either comparing the
left and right side velocity of a single bubble at a given in-plane field or the left-
side velocity of two bubbles at plus and minus the same in-plane field. The two
parameters are defined as:

Acreep = ln v (+Hx)− ln v (−Hx)

= ln
(
ξ f0 (+Hx)
ξ f0 (−Hx)

)
−H− 1

4z (α∗ (+Hx)σDW (+Hx)− α∗ (−Hx)σDW (−Hx))

(2.24)
Screep = ln v (0)− 1

2 (ln v (+Hx) + ln v (−Hx))

= ln
 ξ f0 (0)√

ξ f0 (+Hx)ξ f0 (−Hx)


−H− 1

4z

(
α∗ (0)σDW (0)− 1

2 (α∗ (+Hx)σDW (+Hx) + α∗ (−Hx)σDW (−Hx))
)

(2.25)

If the domain wall energy density difference due to DMI is large, then Acreep should
change linearly with H− 1

4z . It should remain constant if DMI does not impact the
domain wall energy density. The DMI is not expected to affect α∗ regardless of
which in-plane field is applied.

Screep represents non-chiral energy contributions due to the in-plane field. Provided
Acreep remains constant, but Screep does depend on the out-of-plane field, there
are can be two cases. One case is that a domain wall with the magnetization
aligned parallel and anti-parallel to the in-plane field should have the same DW
energy density, but different from a domain wall with the magnetization aligned
perpendicular to the in-plane field. This seems impossible. The second and only
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likely option is the dependence of one of the constants in α∗ on the in-plane field.
Their proposal is that the dependence on the in-plane field in α∗ is caused by a
different damping parameter depending on the Bloch, Néel or a mixed state of the
DW leading to a different attempt frequency. Thus if the Screep varies with the
field there is chiral damping.

2.5.4 Further literature

Hrabec et al [11] also measured asymmetric bubble expansion on Pt/Co/Pt stacks,
but reported a different sign for −→D . It is not clear whether this was due to the sam-
ple or the way HDMI is interpreted. In both cases the bubble expanded fastest in
the direction of the applied field, implying that both had the same sign for −→D . Be-
sides this, the theory provided decent fits to the measured results. Measurements
were also reported by Lavrijsen et al. [12] on similar layer stacks as measured
by Je [10]. However, in this case the point where the in-plane field and the DMI
are supposed to counteract each other is no point of symmetry as described by
this theory. An example is shown in Figure 2.11 a). This makes it impossible
to describe the data using only the dependence of the domain wall energy on the
in-plane field as the determining factor. No new theory was described which would
fit the data completely. It should be noted that the different studies used different
thicknesses for the cobalt layer, 0.3, 0,6 and 0.7 nanometer for the studies of Je,
Lavrijsen and Hrabec, respectively.

The study of Hrabec shows that the quality of the interfaces does affect the strength
of the DMI and the domain wall velocity by comparing a polycrystalline and an
epitaxially grown sample, shown in Figure 2.11 b). They show that the DMI
vanishes in the case of an epitaxially grown Pt/Co/Pt stack as is expected by two
identical surface contributions cancelling each other. The study of Lavrijsen shows
that a variation in the growth conditions of the polycrystalline stacks also largely
influences the domain wall velocity and possibly DMI.

Van̆atka [19] also measured asymmetric bubble expansion, but on a Pt/Co/GdOx

stack with varying degrees of Gd oxydation. The idea is to investigate the influence
of additional pinning sites due to the oxygen at the cobalt and gadolinium surface
by growing a Pt/Co/Gd stack with a wedged gadolinium thickness exposed to the
same dose of oxygen. Their conclusion is that in the case of additional pinning sites
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(a) (b)

Figure 2.11: (a) The domain wall velocity versus the in-plane field as reported by
Lavrijsen. The left and right side DW velocities are shown in black and red, while
the up and down DW velocities are shown in blue and green. For the left and right
side DW velocity the point of minimal DW velocity is not a point of symmetry.
Adapted from [12]. (b) The domain wall velocity versus the in-plane field for an
epitaxial and polycrystalline sample. Adapted from [11].

due to oxygen at the interface or possible formation of cobalt oxide the theory as
proposed by Je breaks down as can be seen in Figure 2.12. Here the left and right
side DW velocities are shown for samples with a decreasing amount of oxidation
at the cobalt, only the case without any oxygen at the cobalt, shown in Figure
2.12 d) shows the behavior as predicted by the theory of Je et al. They conclude
that the formation of additional pinning sites due to the CoO being magnetized by
the in-plane field might explain the velocity profile without specificially needing
the DMI to explain asymmetries. This would make it an unreliable method to
determine the strenght of the DMI in those cases. This would further suggest that
the theory by Je does not include all relevant contributions to the DW velocity,
but might only work in specific cases.
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Figure 2.12: The left and right side domain wall velocity as a function of the ap-
plied in-plane magnetic field for different degrees of oxygen at the cobalt/gadolinium
interface in decreasing order from (A) to (D). [19]

2.6 Summary

The different energies related to a magnetic object have been explained and it has
been described how they relate to the formation of domains and domain walls.
Domain wall motion has been described, specificially in the creep regime. The do-
main wall motion occurs due to depinning from pinning sites, applying an in-plane
magnetic field changes the domain wall energy density which influences how easily
the domain wall can deform for easier depinning. The chiral domain walls resulting
from the DMI respond asymmetrically to the applied in-plane field allowing for
the extraction of the strength of the DMI out of asymmetric bubble expansions,
though some caveats should be considered.
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3 | Methodology

This chapter describes the experimental techniques used during the project. First
the sample fabrication process is described, followed by the specifications of the
samples used. Next Kerr microscopy is explained complete with the used measure-
ment routine. Afterwards the process to interpret the images to find the domain
wall velocity is shown. The final part describes the anomalous Hall effect mea-
surements used to determine the PMA of the samples.

3.1 Sample fabrication

The samples are grown in the CARUSO machine using DC magnetron sputtering.
Sputtering takes place in a vacuum chamber to limit contamination during the
growth. The base pressure of the sputter chamber is in the order of 10−8 to 10−7

mbar. When sputtering starts argon is let into the chamber to form an argon
plasma between the target and the anode. Argon particles are ionized by electrons
traveling between cathode and anode. The ionized argon particles are accelerated
towards to the target, where target molecules are released upon collision. The
ejected molecules travel in all directions with some of them ending up on the
substrate. A schematic overview of the sputter chamber can be seen in Figure 3.1
(a).

The argon pressure in the sputter chamber affects the growth characteristics of the
material being deposited. At higher argon pressures there will be a lower mean
free path for the material leading to a lower velocity upon arrival at the substrate.
It has been shown that changing the argon pressure during deposition leads to
different interfaces influencing the interfacial quality. [12]
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Figure 3.1: (a) A schematic overview of the sputter chamber is shown. A sub-
strate is placed under a target of the material that is being deposited. Accelerated
argon ions hit the target material, ejecting atoms which start to travel through the
sputter chamber. A number of these atoms will hit the substrate and stick to it. (b)
A schematic of the samples used in the thesis is shown. The magnetic cobalt layer
is sandwiched between two platinum layers grown under different growth conditions
leading to a different DMI. The thickness of the cobalt layer varies between 0.3 and
1 nm, while the three other sputtered layers are all 4 nm thick. The tantalum is a
buffer layer to ensure the platina properly attaches to the substrate and to promote
a <111> texture in the Pt and create a smooth surface.

3.2 Samples

All samples used in the experiments are full sheet samples, i.e. without any pat-
terning. All samples are grown on SiB substrates and consist of 4 layers. A
schematic overview of the layers can be seen in Figure 3.1 b). The cobalt layer
is sandwiched between two platinum layers leading to PMA. These top and bot-
tom layers can be grown under different growth conditions. Cobalt growing on
platinum will have a different interface than platinum growing on cobalt. Varying
the growth conditions of the top and bottom platinum layer leads to a different
DMI [12]. Unless otherwise noted all samples used in the experiments described
are grown at an argon pressure of 0.29 Pa and 1.12 Pa for the bottom and top Pt
layers, respectively. The thickness of the cobalt layer is varied between 0.3 and 1
nm for different samples, while all other thicknesses are fixed at 4 nm.
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3.3 Kerr microscopy

In order to measure the asymmetric bubble expansion it is necessary to observe the
position dependent magnetization of a sample. The radii of the magnetic bubbles
used in the experiments range between 50 to 100 µm. These bubbles are viewed
through a microscope, which is sensitive to the direction of the magnetization of
the sample, a so called Kerr microscope. Magneto-Optical Kerr microscopy is an
imaging technique to observe magnetic domains. The Kerr and Faraday effect are
both effects that describe the influence of a magnetic layer on the polarization of
light, which is reflected or transmitted through the magnetic layer, respectively.
Only non-transparent samples are used, so only the Kerr effect will be considered.
The reflected light has traveled several nm into the material. In magnetic materials
the dielectric constant, which is dependent on the magnetization, is different for
left and right circularly polarized light. Making use of linearly polarized light, a
superposition of left and right circularly polarized light, a difference in the local
magnetization leads to a different rotation and ellipticity of the reflected light for
the differently magnetized regions of the sample.

3.3.1 Polar MOKE

All the samples are perpendicularly magnetized, so for the measurements described
in this report only polar MOKE was used. In the case of polar MOKE the light
hits the sample at a perpendicular angle. This leaves the measurements most
sensitive to the out-of-plane magnetization since all in-plane components cancel
out. A schematic overview of the main components can be seen in Figure 3.2 a).

The light comes from a xenon light source and is passed through a centered aper-
ture to ensure symmetric lightning of the sample to be most sensitive to the out-of-
plane component of the magnetization. The light is first linearly polarized before
reaching the sample. On the sample the polarization of the light is rotated and
gains an ellipticity due to an intrinsic material dependent phase shift [20]. This
light is sent through an quarter wave plate adjusted to remove most of the ellip-
ticity in order to only keep the rotation of the light. The second polarizer is used
to filter out the light rotated by either the up or down magnetization leading to
a larger contrast between up and down domains. After the light is detected the
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Figure 3.2: In (a) a schematic set up of the Kerr microscope for polar moke is
shown. The light from the xenon light source is sent through a centered aperture
to ensure the sample is uniformly lighted. In (b) a typical kerr image with a
subtracted background of a magnetic bubble is shown. In the center the defect
around which the domain is nucleated can be clearly seen.

signal is digitally enhanced by subtracting the background signal taken when the
entire sample is a single magnetic domain. A typical kerr image of a magnetic
bubble is shown in Figure 3.2 b).

3.4 Measurement routine

3.4.1 Aligning magnets

In order to perform the asymmetric bubble expansions both an in-plane and an out-
of-plane component of the magnetic field are needed. Two options are commonly
used to achieve these fields, either a single coil tilted at an angle compared to the
sample or two coils one in-plane and one out of-plane with respect to the sample.
The use of two independent coils allows for easy independent manipulation of the
magnetic field. A schematic overview of the microscope, the coils and the location
of the sample can be seen in Figure 3.3.

It is essential that the two coils are properly aligned at perpendicular angles. The
in-plane fields used in the experiments range up to 330 mT, while typical out-of-
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Figure 3.3: A schematic set up of the Kerr microscope with the in-plane (orange)
coils and the out-of-plane coil (green). The sample (red) is placed on the OOP coil,
which is centered under the lens of the microscope. The two outer screws can be
used to adjust the tilting of the in-plane coil to align it with the sample.

plane fields are around 5 mT. With half a degree offset in the in-plane field this
could lead to errors in the out-of-plane field of around thirty percent.

The out-of-plane coil only has an homogenous field in the center of the coil, hence
the need to align the center of the coil with the optical axis of the microscope. This
means the sample holder can not be moved, since the out-of-plane coil is attached
to it. Moving the sample holder would lead to measurements being performed
in a non-homogenous field, which should be avoided. This limits the options for
setting up the measurements. A detailed description of the aligning procedure,
which avoids these issues, can be found in Appendix B.

3.4.2 Image recognition

The images taken with the Kerr microcope are processed in order to extract the
velocities. In order to interpret the domain wall positions, it is necessary to find
the edges of the bubble. The edges of the bubble are determined using a Matlab
script. Figure 3.4 a) shows a typical Kerr microscope image. The image is loaded
as a grey scale image, each pixel has a decimal value between zero and one. The
script detects the edge of the bubble by determining the grey scale threshold that
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(a) (b)

(c) (d)

Figure 3.4: The four steps of identifying the bubble. (a) shows the original
microscope image recorded from the microscope. (b) shows a black and white
version of the image. (c) is the result of filling in all minor white domains below
a certain pixel size. (d) shows the bubble

determines the edge of the bubble. Every point with a lower grey scale is turned
black, everything above the threshold is turned white. The correct threshold is
determined as the threshold for which the edges of the white-black seperation have
the highest derivative of gray scale per pixel. This step in the light intensity is
made to coincide with the contrast of the magnetic up and down domains.

The black and white is inverted to ensure the bubble is shown in white. The colors
of the bubble and the rest of the sample depend on several factors whether it is
a up domain bubble in a down domain background or vice versa and the angle
between the two linear polarizers. In the following step all white areas below a
certain amount of pixels are filled in. This is done to fill up all smaller regions
that are not the main bubble, i.e. dirt on the sample, in order to ensure only the
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correct bubble remains visible. This makes it easier to identify the correct region.
In the case of Figure 3.4 c) there were no additional white areas due to a lack of
contamination or weaker nucleation spots in the field of view of the microscope.
The Figure 3.4 d) shows the bubble after filling in all black regions completely
surrounded by a white region. This is done to fill out the bubble. If the bubble
forms around damage or contamination the center of the bubble might not show
sufficient contrast to show as part of the bubble. After this step only a single
white domain should remain, the boundary of which is the exact boundary of the
bubble.

This process is repeated for several images taken after subsequent pulses of the
out-of-plane driving field. In Figure 3.5 a), b) and c) three of these pictures are
shown from the same set. The outer edge of the bubble is marked on the right
side in order to show how the domain wall velocity is determined.

Figure 3.5 d) shows all images off the bubble expansion superimposed over each
other. The domain wall velocity is determined by comparing the domain wall
movement with the length of the pulse for the driving field after compensating for
the rise time in the pulse. In Figure 3.6 a) the data is plotted for the expansion of
this bubble as extracted from the images. The pixel number forming the leftmost
and rightmost point of the bubble is plotted versus the image number. The amount
of change in pixels is converted to the distance traveled by the domain wall using
the pixel size of 0.24µm. The time the field is applied is determined by substracting
the rise time of the field from the pulse length provided by the function generator.
Figure 3.6 b) shows the rise time of the field as determined by measuring the voltage
across a resistor in series with the pulse coil, and is determined as 56± 5µs. The
pulse lengths used during the experiments vary between 200µs to 10 ms.



40 Chapter 3. Methodology

(a) (b)

(c) (d)

Figure 3.5: (a) shows the black and white image of a nucleated bubble. (b) and
(c) show the black and white image of the same bubble after respectively being
expanded twice and four times. (d) shows an overlay of the original bubble plus
all 4 expansions. The dashed lines are illustrative of how the position of the bubble
is determined in order to determine the domain wall velocity.
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Figure 3.6: In (a) the data from the bubble expansion depicted in Figure 3.5 is
shown for the left and right side of the bubble. The DW velocity does not depend
on the pulse number. In (b)the voltage across a resistor in series with the out-of-
plane pulse coil is shown in order to determine the rise time of the out-of-plane
field. The rise time is 56± 5µs
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3.5 Anomalous Hall effect

One method to determine the magnetic anisotropy of a sample is to use the anoma-
lous Hall effect (AHE). The original Hall effect occurs due to the Lorentz force when
a current runs through a conducting material in the presence of a magnetic field.
The AHE is present when a current runs through a magnetic material. Both these
effects can be combined into the hall resistivity as ρH = ROHEµ0Hz +RAHEµ0Mz,
with ROHE and RAHE the ordinary and anomalous Hall coefficients, respectively.
Hz is the externally applied perpendicular field and Mz is the perpendicular mag-
netization. The exact microscopic origin of the anomalous Hall effect in specific
materials is still under debate, contributions to the AHE are made by intrinsic
Berry phase effects, skew scattering and side jump [21]. However, all the contri-
butions scale linearly with the perpendicular magnetization, allowing for a deter-
mination of the perpendicular magnetization by performing a Hall measurement.
In order to measure the Hall voltage and apply the current, the roughly square
sample is wire bonded to a chip carrier with a gold wire near each edge. The chip
carrier is mounted inside a rotatable coil. For several angles the Hall voltage is
measured for different applied fields, the Hall voltage scales linearly with Mz. In
Figure 3.7 a schematic overview of the sample is given.

I

V

H
M

𝜑
𝜃

Mz

Figure 3.7: A schematic view of the sample. The external field H is applied
under an angle θ leading to tilting of the magnetization with angle ϕ. The Hall
voltage across the sample is measured and is directly proportional to the out of
plane magnetization Mz.
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The decrease in the Hall voltage representing the lower Mz indicates that the
magnetization is tilted away from the out of plane direction due to the externally
applied field. The amount of tilting is directly related to the anisotropy, for higher
anisotropies the tilting will be less. The anisotropy is determined by applying
Stoner-Wohlfarth theory to fit the tilting of the magnetization. The system is
considered as a macro spin with the energy per volume described by:

E

V
=
(
K − 1

2 µ0π Ms
2
)

sin2 (ϕ)− µ0MsH cos(ϕ− θ) (3.1)

The three terms are the anisotropy energy and the demagnetizing energy from the
thin film and the Zeeman energy due to the externally applied field H. The angles
ϕ and θ are the angle of the magnetization and the angle of the externally applied
field to the normal of the plane of the sample, respectively. The angle ϕ is deter-
mined from the normalized Hall voltage from the measurements. The normalized
Mz is extracted from the Hall voltage of the measurements. Determining the PMA
from the Hall measurements can be done by performing repeated sweeps of the
externally applied magnetic fields with the magnetic field under different angles
compared to the sample. An example of such fits of Mz vs the applied field for
different angles can be seen in Figure 3.8. The normalized Mz being equal to cosϕ
K can be fitted for using the minimization of equation 3.1.

The angles must not be chosen so large that the sample enters a multi domain state,
since the Stoner-Wohlfarth model treats the magnetization as a single macro-spin.
The PMA of the sample can be calculated using Stoner-Wohlfarth theory by fitting
the tilting of the magnetization for the anisotropy K for all different angles and
field at the same time. [22]
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Figure 3.8: The normalized magnetization in the out-of-plane direction for ex-
ternally applied fields under seven angles for a sample with 0.9 nm cobalt. The 45,
50, 55, 60, 70, 75 and 80 degrees are offset, for clarity, by 0.2, 0.15, 0.1, 0.05, 0,
-0.05 and -0.1, respectively. The dots represent the measurement data, the lines
are the fits according to the Stoner-Wohlfarth theory.
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First a few calculations are presented to show the effects of DMI, a variable do-
main wall width and chiral damping on the domain wall velocity. Next the results
obtained on the asymmetric bubble expansion in platinum/cobalt/platinum samples
are discussed. First the reproducibility of the results is investigated and the steps
needed to improve the reproducibility are discussed. Next the magnetic properties
of the samples as a function of the thickness of the magnetic cobalt layer are in-
vestigated to aid in interpretating the asymmetric bubble experiments. Finally, the
asymmetric bubble expansions are presented for the different cobalt thicknesses and
it is attempted to fit them using the model proposed by Je et al. [10] as discussed
in section 2.5.2.

4.1 Modeling different contributions to the do-
main wall velocity

To aid the interpretation of measurement data a few simple models were used
to investigate the contributions of three effects to the domain wall velocity. The
different effects that will be considered are the DMI, a variable domain wall width
and chiral damping. The simulation finds the angle for which the domain wall
energy is minimal and uses this to calculate the domain wall velocity following the
model introduced by Je [10] as described in section 2.5.2. The exchange stiffness
used is 5 · 10−11 J/m, the saturation magnetization is 106 A/m and the effective
anisotropy constant is 0.7 J/cm3. The strenght of the DMI −→D is taken as 5 J/cm2.
In the different cases the domain wall velocity, the domain wall energy density,
the domain wall width and the angle of the magnetization of the domain wall
will be plotted to show the influence of the domain wall energy density on the
domain wall velocity and the influence of the domain wall width on the domain
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wall energy. The angle of the magnetization of the domain wall is considered to
see the transitions from Néel to Bloch wall and vice versa.

4.1.1 Effects of DMI

The DMI has been implemented as described in section 2.5.2. The DMI leads
to a shift of the domain wall velocity, angle of the domain wall and the domain
wall energy density due to the additional effective in plane field as can be seen in
Figure 4.1 a). The domain wall velocity grows logarithmically with the applied in
plane field in the case of large fields. The minimum in the domain wall velocity
occurs for a Bloch wall, which can be easily seen in 4.1 c). The two Néel walls
of opposite chirality have an angle of the domain wall magnetization of π and
2π, respectively. The Bloch wall has a domain wall angle of 3

2π. In the case
of the Bloch wall the effective DMI field and the external field compensate each
other leading to a maximum in the domain wall energy density as seen in 4.1 d),
which has an inverse relation to the domain wall velocity according to the creep
law. The domain wall energy decreases linearly for high fields due to the Zeeman
energy between the domain wall and the in-plane field. In this model the domain
wall width is assumed to be constant and is shown in 4.1 c) to allow comparison
with the other models.

4.1.2 Variable domain wall width

A new addition to the model is the influence of the in-plane magnetic field on the
width of the domain wall. This could be important for two reasons. HDMI depends
on the strengt of the DMI and the domain wall width. Also the domain wall
width might change to minimize the domain wall energy density, which directly
influences the domain wall velocity. The spins of the domain wall are partially
aligned with the in-plane magnetic field. In that case increasing the domain wall
width could lead to more spins aligned with the field leading to a lower energy
state. Instead of just the interplay between effective anisotropy and exchange
stiffness determining the domain wall width, there the interplay between effective
anisotropy and exchange stiffness plus Zeeman energy and DMI determine the
domain wall width. The domain wall width is taken as the width of a static
non-curved domain wall subjected to an in-plane field.
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Figure 4.1: The domain wall velocity (a), domain wall width (b), domain wall
angle (c) and the domain wall energy density (d) vs the applied external in plane
field as predicted by the model of Je et al. The minimum in the domain wall
velocity and the maximum in the domain wall energy density occur at the Bloch
wall configuration.

The domain wall width shows a minimum at the transition of the Néel wall of
opposite chirality as favored by the DMI to a mixed Bloch and Néel state, as
can be seen in Figure 4.2 b) compared to the domain wall angle shown in Figure
4.2 c). At this transition spins aligned antiparallel to the in-plane field actually
favor decreasing the domain wall width. For low fields the DMI still stabilizes
this domain wall texture even though the Zeeman energy is positive, leading to an
optimal domain wall width that is lowest due to favoring having the least amount
of spins in the domain wall aligned antiparallel with the field. The width of the
domain wall keeps increasing quadratically for higher fields for Néel walls, leading
to more and more spins being aligned with the in-plane magnetic field.

When comparing the domain wall velocity versus in plane field graphs between a
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Figure 4.2: The domain wall velocity (a) , domain wall width (b) domain wall
angle (c) and the domain wall energy density (d) vs the applied external in plane
field as predicted by the model of Je et al with the addition of having the domain
wall width be influenced by the in-plane field due to Zeeman energy. The minimum
in the domain wall velocity and the maximum in the domain wall energy density
occur at the Bloch wall configuration.

model with variable domain wall width, shown in Figure 4.2 a), and the model
of Je et al., a large difference is observed in the behavior for large fields. The
domain wall velocity scales logarithmically with the applied field in the model of
Je, it however scales more than logarithmically in the case of a variable domain
wall width. This can be explained from the domain wall energy density which
no longer scales linearly with an increase in in-plane magnetic field, as shown in
Figure 4.2 d). Now an increase in magnetic field also increases the domain wall
width leading to both more spins aligned and the spins aligning with a stronger
field.
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4.1.3 Chiral Damping

Jué [18] proposes chiral damping as another effect present in stacks with an asym-
metry at the interface. Basically, chiral damping means the attempt frequency to
depin depends on the angle of the magnetization. This leads to a dependence of
the domain wall velocity directly on the angle of the magnetization of the domain
wall. Chiral damping is discussed in more detail in section 2.5.3. The chiral damp-
ing has no influence on the domain wall length or the domain wall energy as can
be seen in Figure 4.3 b) and d), where the effect of chiral damping without the
presence of DMI is shown. The change in the damping parameter due to chiral
damping is taken as 50 percent, the largest ratio reported by Jué [18].
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Figure 4.3: The domain wall velocity (a), domain wall width (b)domain wall
angle (c) and the domain wall energy density (d) vs the applied external in plane
field as predicted by the model of Je et al. The minimum in the domain wall
velocity and the maximum in the domain wall energy density occur at the Bloch
wall configuration.
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The domain wall velocity is minimum for the Néel wall with the chirality that has
a higher damping constant as seen in Figure 4.3 d) when compared to the angle
of the domain wall magnetization in c). The transition through the Bloch state
from one Néel state to Néel state with opposite chirality greatly influences the
domain wall velocity. At these two transition points from a mixed state to the
Néel state a kink in the domain wall velocity occurs due to the chiral damping
no longer changing for the fixed magnetization angle of the Néel wall. Once the
DW is in the Néel state and the in-plane field is further increased the domain
wall velocity will increase similarly for both cases just due to a lower domain wall
energy density which is symmetric for both positive and negative in-plane fields
due to the absence of DMI.

4.1.4 Combined Model

Both additions to the model, the variable domain wall width and chiral damping,
can also be combined. The results are shown in Figure 4.4, showing the effects of
DMI, variable domain wall width and chiral damping combined. The minimum in
the domain wall velocity now occurs at the Néel wall with the higher damping just
as in the case of only chiral damping being considered. However, this transition
now occurs at a different in-plane compared to the case of no DMI. The in-plane
field for the case of the minimum DW velocity is equal to the field needed to
stabilize a Néel wall of opposite chirality. Unlike the case of just DMI where it was
the field needed to stabilize a Bloch wall. This would still allow for extracting the
DMI from measurements in which both were present. Using −→D = µ0HBlochMsλ,
where λ can be calculated by measuring the exchange stiffness and anisotropy in
seperate experiments. The behavior around the minimum domain wall velocity is
no longer symmetric due to the minimum now being at the Néel wall instead of
the Bloch wall. There are two kinks in the DW velocity versus in-plane field as
shown in Figure 4.4 similar to the case of only chiral damping.
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Figure 4.4: The domain wall velocity (a) , domain wall width (b) domain
wall angle (c) and the domain wall energy density (d) vs the applied in-plane
field when considering the effects of DMI, the influence of the in-plane field on the
domain wall width and chiral damping.

4.2 Reproducibility between samples

At the start of the project there were several issues with reproducing results of the
bubble expansion. All issues with the reproducability are solved or are understood
as is shown in Figure 4.5, where the left side DW velocity is shown for three
different samples grown under similar conditions. All plots contain the logarithm
of the velocity, this was done both because of the large variation of the DW velocity
and the expected logarithmic dependence of the DW velocity on the applied in-
plane field according to the modified creep law as discussed in section 2.5.2 .
Unless otherwise noted all measurements were performed by nucleating a bubble
and expanding four times. This is repeated for three different bubbles for each
value of the in-plane field. The error bars in the graphs are the standard deviations
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Figure 4.5: The left-side DW velocity for a magnetic bubble expanded on 3 differ-
ent samples grown with the same recipe. All three samples were grown as described
in section 3.1 with a cobalt thickness of 0.4 nm. The measurements from sample
C seem slightly asymmetric, which might be due to a misalignment of the mag-
netic coils. This can be easily seen when comparing to the two straight red lines,
where for positive in-plane fields the DW velocity increases less rapidly compared
to negative in-plane fields.

calculated from the three fits of the velocity, once for each bubble.

The samples all show a similar behaviour as a function of the in-plane magnetic
field, though the measurements for sample C seem slightly asymmetric, which
might be due to a small misalignment in the magnetic coils. The difference in the
velocities might be attributable to the different pulse lengths used to measure the
DW velocity, at zero in-plane field these pulse lengths are 0.5 ms, 15 ms and 1 ms
for sample A, B and C respectively. Sample A being measured with the shortest
pulse length supports this idea, due to an incomplete compensation of the rise
time of the field pulse in the calculation of the DW velocity the actual measured
velocity is dependent on the pulse length. The trend for shorter pulse lengths,
where the exact rise time becomes more important, is that the DW velocity is
underestimated for shorter pulse lengths, which corresponds to the trend seen in
the measurement. Sample B and C nearly overlap for low field measurements
where the pulse lengths were 1 ms and 15 ms, both of which are larger than 0.7
ms which is a threshold below which discontinuities occur when switching pulse
lengths during a measurement as is described in the next section.
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Figure 4.6: In (a) the original and corrected data is shown for sample C from
Figure 1, at ±200 mT a discontinuity occurs in the original data. For in-plane
fields below 200 mT the results overlap. In (b) and (c) these discontinuities are
shown in greater detail, a linear fit is performed before and after switching the time
constant, the average offset difference of these fits for positive and negative fields
is used to shift the measurements points with the shorter measurement time.

4.3 Discontinuities

The measurements contain discontinuities in the uncorrected data. The data for
sample C from Figure 4.5 is shown again in Figure 4.6 a) in original (black) and
corrected (red) form. The discontuinities are measurement artifacts created by
the switch to a shorter pulse length at higher in-plane fields, from 0.7 ms to 0.4
ms at 200 mT, in order to not expand the bubble outside the field of view of the
microscope. At µ0Hx = 100 mT the pulse length was switched from 1 ms to 0.7
ms, however no noticable discontuinity occurs meaning that both 1 ms and 0.7 ms
are sufficiently large compared to the rise time that the error in the compensation
is negligible in both cases. The rise time of the field becomes a larger portion
of the pulse length for shorter pulse lengths. This means that the error caused
by compensating for the rise time becomes proportionally larger compared to the
pulse length for smaller pulse lengths. The measurements at lower in-plane fields
are performed with longer pulse length and should be considered as more reliable.
In Figure 4.6 b) and c) the discontinuities are shown in greater detail combined
with the linear fits used to correct the discontinuity. The average offset difference
for positive and negative fields is used to correct the discontinuity by shifting the
points with the lower pulse lengths which are proportionally more effected by the
error in compensation.

Similar samples with the same velocity profile do not necessarily need to be mea-
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sured with the same pulse length or have a switch in pulse length at the same
fields. This can be due to the difference in the starting bubble being nucleated.
Each bubble is nucleated around an defect, which strongly influences the nucle-
ation behavior. The different defects require different field pulses with different
pulse lengths in order to consistently nucleate a circular bubble domain leading
to a large variation in original bubble diameter. This limits the length of the
pulses that can still be applied before the bubble leaves the field of view of the
microscope.

4.4 Symmetry in measurements

As has been described in section 2.5.2 certain symmetries are expected in the mea-
surements according to the modified creep law for domain wall velocities. The DW
velocity has been measured in the up/down and left/right directions for different
in plane fields. First the up and down DW velocities, the DW velocities perpen-
dicular to the in-plane field, are considered since these have the highest degree of
expected symmetry. For the up and down direction the DW velocities should be
the same for a positive and negative in plane fields, which are both perpendicular.
An example of up and down domain wall velocities can be seen in Figure 4.7 a),
the up and down DW velocity as a function of the in-plane are shown for a posi-
tive driving field. The up and down DW velocities are expected to be symmetric
around zero in-plane field, which is not completely the case. Figure 4.7 b) shows
the same results for a negative driving field. The inversion of the out-of-plane field
should have no influence on the DW velocities of the up and down part of the
bubble, however the earlier seen difference between positive and negative in-plane
fields also occurs for a negative out-of-plane field with the behavior for positive
and negative in-plane fields reversed. This systemic error is investigated more in
Appendix A.

In Figure 4.8 a) and b) the same velocity dependence is plotted as a function of
the in-plane field for the left and right side of the bubble for a positive or negative
driving field, respectively. There seems to be a slight misalignment in the set up
during this measurement. There is no exact inversion symmetry between left and
right side DW velocities for the same driving field and the asymmetry reverses sign
of the sign of the driving field is changed. There are two things to consider if a sign
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Figure 4.7: The domain wall velocities in the up and down direction are shown as
a function of in-plane magnetic field. In (a) the DW velocity is shown for a 15.4
mT driving field, (b) shows the same DW velocity as a function of in-plane field
for a -15.4 mT driving field. The results are expected to be symmetric for positive
and negative in-plane Hx fields as well as for a positive and negative driving Hz
field. The sample was a Ta/Pt/Co/Pt stack as described in section 3.1 with a 0.6
nm Co layer.

reversal of the out-of-plane field shifts the asymmetry of the measurements. There
could be an in-plane component to the field generated by the out of plane coil. This
however seems unlikely, the samples are always placed flat on top of the sample
holder, meaning that this error should occur every time in every measurement,
which is not the case. The more likely option is a misalignment of the in-plane
coil. Reversing the polarity of the driving field switches how the domain wall
couples to the in-plane field. Having a misalignment in the in-plane field will lead
to a sign reversable error in the DW velocity. For positive driving fields, Figure 4.8
a), the left side with positive Hx has a higher velocity than the right side has with
the same negative Hx, for a negative driving field. In Figure 4.8 b) the reverse
occurs.

These slight differences can be compensated for by averaging the left side DW
velocity for a positive driving field with the right side DW velocity for a negative
driving field. Symmetry holds they should be the same for a perfectly aligned
setup. Errors due to slight misalignments can be compensated for by this method.
It is still important to align the magnets as best as possible since the errors caused
by misalignment grow exponentially making this method very suspect for large
misalignments.



56 Chapter 4. Results

- 4 0 0 - 3 0 0 - 2 0 0 - 1 0 0 0 1 0 0 2 0 0 3 0 0 4 0 01 E - 3

0 . 0 1

V (
m/

s)

µ0 H x  ( m T )

 V  l e f t
 V  r i g h t

(a)

- 4 0 0 - 3 0 0 - 2 0 0 - 1 0 0 0 1 0 0 2 0 0 3 0 0 4 0 01 E - 3

0 . 0 1

V (
m/

s)

µ0 H x  ( m T )

 V  l e f t
 V  r i g h t

(b)

Figure 4.8: The DW velocity as a function of the in-plane field (a) and (b) show
the results for an 15.4 mT and -15.4 mT driving field respectively. A misalignment
seems to be visible in the measurement due to the lack of inversion symmetry
between left and right side DW velocities for an equal driving field. Sign reversal
of the driving field seems to have reversed the sign of the asymmetry.

4.5 Inhomogeneity of the pulse coil

The sample is placed on top of the sample holder containing a fixed pulse coil for
the out-of-plane field. The sample holder is attached to a movable table to move
the sample and the sample holder through the field of view of the microscope. As
described in section 2.4.2 the magnetic bubbles are nucleated around a defect or
contamination of the sample. This makes it necessary to visually search on the
sample using the microscope for a region in which a single nucleation center is
present. This led to some of the measurements being performed at the edge of the
sample holder. In Figure 4.9 a) and b) the same right/left DW veloctiy measure-
ment as a function of the in-plane field is shown for two different measurments
on the same sample, respectively at the center of the sample holder and near the
edge.

The DW velocity decreases with an order of magnitude if measurements are per-
formed at the wrong position on the sample holder. This leads to unreproducible
results even when measuring the same sample twice.. These problems were solved
with the adaptation of the more extensive alignment procedure described in Ap-
pendix B.
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Figure 4.9: In (a) the left and right DW velocity is shown as a function of the in-
plane field as measured in the center of the sample holder with a 15.4 mT driving
field. In (b) the same measurements is repeated at the edge of the sample holder
to demonstrate the extreme importance of measuring in the correct position on the
sample holder.

4.6 Anisotropy of the samples

The anisotropy of the samples has been measured using the anomalous Hall effect.
In order to fit the data to obtain the magnetic anisotropy the saturation magne-
tization of the sample is needed. The data was fitted using values from literature
forMs, since it proved very inaccurate to determine the measurements ofMs using
the VSM-SQUID. In order to determine Ms from these measurements the volume
of the magnetic material on the sample is needed. The layer thickness of the
cobalt is well defined due to determining the growth speed on a calibration sample
by sputtering a thicker layer to measure with AFM. However, the surface area of
the sample was hard to determine due to not having used pre-cut substrates for
the samples, but rather larger hand-cut pieces of wafers. Values for the satura-
tion magnetization for a Pt/Co/Pt stack depending on cobalt thickness have been
measured by Metaxas [13]. The data is plotted in Figure 4.10 a) together with the
fit to extrapolate Ms for 0.4 and 0.9 nm cobalt.

Using these values from Metaxas for the saturation magnetization the PMA was
fitted for the samples with differing thicknesses. The anisotropy is shown in Figure
4.10 b) for cobalt thickness between 0.4 and 0.9 nm cobalt in both the cases of the
Ms obtained from Metaxas and bulk value Ms equal to 1440 kA/m. In order to
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Figure 4.10: In (a) the measurements of Metaxas [13] are shown together with
the linear fit used to obtain the saturation magnetization for samples with 0.4 nm
and 0.9 nm cobalt. In (b) the effective anisotropy is shown as a function of cobalt
thickness, calculated using either bulk values for the saturation magnetization or
the values from (a).

separate out surface and volume contributions to the PMA, as described in section
2.2 the results are also plotted as KefftCo as a function of the cobalt thickness in
4.11 together with measurements bij Lavrijsen on identical samples.

The expected trend for anKeff times the thickness versus the thickness is a negative
linear relation. The gradient is equal to the bulk component of the anisotropy,
while the extrapolated offset at zero thickness is equal to the surface contributions
to the anisotropy. For very thin layer thicknesses there may be an deviation of the
expected behaviour if the volume and surface are no longer clearly defined. The
volume contributions to the PMA are expected to be negative, for large thicknesses
the in-plane magnetization will always be favourable due to the demagnetizing
field. It should be noted immediately that the KefftCo shows a rising trend with
the cobalt thickness for our samples, which runs contrary to expectations of the
bulk contribution of the PMA.

Considering the results from measurements over a wider range of cobalt thick-
nesses, it seems all samples used in this thesis are in the non-linear regime. This
could explain the strange trend for KefftCo for the samples with cobalt thicknesses
between 0.4 and 0.9 nm. However, the data for the sample of 0.5 nm still shows a
difference. It is also possible that the saturation magnetization used for the sam-
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Figure 4.11: Measurements of the anisotropy times the layer thickness as a func-
tion of the layer thickness as measured by Lavrijsen [23]. A bulk value was used for
the saturation magnetization in order to calculate the anisotropy. For cobalt thick-
nesses above 1 nm the expected behaviour occurs with a positive bulk anisotropy.
The cause of the varying anisotropy times thickness for the to sets of samples is
unkown.

ples between 0.4 and 0.9 nm was inaccurate, the data from Metaxas came from
samples grown in a different machine and the growth parameters were not included
in the paper. This might explain the positive trend of KefftCo vs thickness. The
difference with the measurements by Lavrijsen [23] might be due to the age of the
samples.

4.7 HDMI as a function of cobalt thickness

The minimum in the domain wall velocity as a function of the applied in-plane
field has been explained as the point where the externally applied in-plane field
compensates the Dzyaloshinskii-Moriya interaction and the domain wall forms a
Bloch type domain wall. The field for which the velocity is minimal is called the
HDMI-field. Figure 4.12 shows the left side DW velocity for samples with cobalt
thicknesses between 0.4 and 0.9 nm. The dashed lines indicate the in-plane field
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Figure 4.12: The left-side velocity of an expanding bubble for cobalt thicknesses
of 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 nm. The used values for HDMI are indicated by
the dashed lines.

for which the DW velocity is minimum, HDMI. In Figure 4.13 the HDMI is plotted
as a function of the cobalt thickness.

HDMI increases linearly up to 0.6 nm cobalt, after which the HDMI becomes con-
stant. The HDMI is not only dependent on the strength of the DMI itself but also
on the saturation magnetisation and, through the domain wall thickness, on the
anisotropy and the exchange stiffness. Instead of considering the HDMI field, the
strength of the DMI, −→D , should be considered. In Figure 4.14 for both considera-
tions of the saturation magnetisation and anisotropy, the strength of the DMI, −→D ,
is shown using −→D = µ0HDMIMsλ with the DW width extracted from the anisotropy
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Figure 4.13: The HDMI field as a function of cobalt thickness. The HDMI field
first seems to increase linearly with the cobalt thickness. After 0.6 nm cobalt the
HDMI seems to level of at a value around 70 mT.

and the exchange stiffness as reported by Metaxas [13].

The strength of the DMI increases linearly up to 0.6 nm cobalt in both cases after
which it seems to become constant. −→D is dependent on the interface between
the ferromagnetic layer and the two metals with strong spin-orbit coupling. The
DMI strength becoming constant for larger cobalt thicknesses could indicate that
for cobalt layers thicker than 0.6 nm the interfaces no longer vary with thickness.
The resulting DMI is a combination of the DMI of the upper and lower interface,
the resulting −→D is an combination of the two −→D which only partially counteract
each other. For a perfect magnetic layer with two identical surfaces theory holds
that −→D should equal zero. The 0.6 nm cobalt corresponds to approximately 3
monolayers of cobalt. It is possible that from this layer thickness onwards there
are two distinct interfaces instead of cobalt atoms being close to platinum atoms
from both the upper and lower platinum layer, which might lead to a more complete
cancellation of the DMI of both interfaces. The anisotropy energy measured by
Lavrijsen, as shown in Figure 4.11, are also indicative of the idea that below 0.75
nm the bulk and/or surface anisotropy vary. Either there is no pure cobalt bulk
below that thickness or the interface varies in roughness leading to different spin-
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Figure 4.14: The strength of the DMI −→D as a function of the cobalt thickness.−→
D is calculated for both previous cases of either a fixed saturation magnetisation
or the thickness dependent saturation magnetisation obtained from Metaxas. [13]

orbit coupling which affects both the PMA and the DMI. For thicker cobalt layers
the interface contribution to the anisotropy becomes constant, considering that
both the DMI and the PMA depend on the quality of the interface it should be
considered that it is the roughness of the interface when changes for layers below
0.6 nm and above 0.6 nm cobalt.

4.8 Fitting the domain wall velocity

The influence of the in-plane field on the domain wall velocity have been described
by Je [10] by considering the influence of the in-plane field on the domain wall
energy density. The theory has been found to not be applicable in all cases with
a significant change between the two cases being the thickness of the cobalt layer,
either 0.3 nm or 0.6 nm. This theory, as described in detail in section 2.5.2, will
be used to fit the data from the experiments on the different cobalt thicknesses.
The input for these fits is the saturation magnetisation, the domain wall width,
the energy density of a Bloch wall, the energy difference between a Bloch and a
Néel wall and the applied out-of-plane field. The saturation magnetisation and
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the exchange stiffness are taken from the data by Metaxas [24], the anisotropy is
taken from the anomalous Hall effect measurements. The energy density of the
Bloch wall is calculated from the anisotropy and the exchange stiffness. Using
this the measurements for 0.4, 0.5, 0.6 and 0.9 nm cobalt are fitted using the
modified creep law as proposed by Je [10]. In Figure 4.15 the 0.4 (a) and 0.5
(b) nm cobalt samples are fitted using the modified creep law with the exchange
stiffness, saturation magnetisation as taken from Metaxas [13] and the anisotropy
as calculated using these data. The prefactors V0, α0 and the HDMI field are taken
as parameters to fit. V0 and α0 are sample dependent and depend on the number
and distribution of pinning sites and their pinning strength. HDMI is a measure
of the strength of the DMI in the sample, for a good fit this should be equal to
the minimum in the graph. For the 0.4 and 0.5 nm Co sample the HDMI is 5
and 43 mT, respectively. When comparing the fits with the results from Je, it
is noteworthy that the KD calculated is an order of magnitude larger for these
samples, which leads to the linear dependence starting at much higher field, which
contributes to the bad fits for high fields. The difference is partly due to a different
reported domain wall width 5 nm as reported by Je [10], versus 3 nm based on
the anisotropy and exchange stiffness, though this does not account for the whole
difference. The rest might be due to the approximation used to calculate the
demagnetizing factors or the exchange stiffness used in the calculations. It is not
known if the theory also had issues fitting the data for very large fields in their
case, since they only showed data with in-plane fields up to 60 mT.

For the thicker samples 0.6 nm and 0.9 nm cobalt shown in Figure 4.16 a) and b),
respectively, the fits do not describe the data at all. The theory allows for a single
minimum around which symmetrical behaviour is expected. The theory also does
not predict discontinuities in the gradient as both samples show around -50 mT.

It seems that the theory as introduced by Je seems to work only the very thin
samples on which the data was originally obtained to test the theory. Thicker
samples, even the difference between 0.5 and 0.6 nm, show new effects not described
in the theory. It is noteworthy that the 0.6 nm of cobalt returns in both the size
of HDMI,

−→
D which both switch from linearly increasing with thickness to nearly

constant and the ability for the theory to correctly describe the data.
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Figure 4.15: The velocity of the left side of a bubble as a function of in-plane
magnetic field for a sample with a 0.4 nm cobalt layer (a) and a sample with a
0.5 nm cobalt layer (b) The red lines are fits using the model proposed by Je [10].
For both thicknesses a decent fit for low fields is achieved, while for high fields the
fit is not good. The bad fit seems to be caused by the large Kd calculated for the
sample.
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Figure 4.16: The velocity of the left side of a bubble as a function of in-plane
magnetic field for a sample with a 0.6 nm cobalt layer (a) and a sample with a
0.9 nm cobalt layer (b) The red lines are fits using the model proposed by Je [10].
In neither case it is possible to form a good fit. The missing data in b) is due
to a combination of pulse length needed to ensure the bubble remains in the field
of view of the microscope on the fast moving side and the pixel size, if the bubble
needed to be contained in the field of view, the pulse length had to be set on such
a short interval, that the slower side did not pass enough pixels to give a precise
measurements of the velocity
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4.9 Chiral damping

On one of the 0.6 nm samples asymmetric bubble expansions were performed for
various Hz for fixed Hx to detect the possible presence of chiral damping on the
sample. The logarithm of the DW velocity is plotted versus (µ0Hz)

1
4 for several

in-plane fields in Figure 4.17 a). The measurements show the expected linear trend
for domain wall motion in the creep regime.

In Figure 4.17 b) and c) the symmetric and antisymmetric chiral effects are plot-
ted following the method described in section 2.5.3. It is clearly visible that in
both cases the symmetric chiral effect, Screep in Figure 4.17 b) and c), has a much
stronger dependence on the applied out-of-plane field, which Jué [18] claims is ev-
idence of the presence of chiral damping. Reviewing the DW velocity vs in-plane
field graph in the previous section shows that the DW velocity does not react sym-
metrically around the point of minimum DW velocity, hence it is no surprise that
the symmetric chiral effect has a stronger dependence on the applied out-of-plane
magnetic field. Lavrijsen [12] measured identical samples made in the same sput-
tering chamber and found no chiral damping. The asymmetric chiral effect being
nearly independent of the applied out-of-plane magnetic field would imply that the
domain wall energy density is not very important for the domain wall velocity in
the case of a cobalt layer of 0.6 nm. This is supported by the impossibility to de-
scribe the measurements using the model of Je. No chiral damping measurements
were performed on samples with thin cobalt layers, where the model of Je does fit
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Figure 4.17: (a) The logarithm of the left side DW velocity vs (µ0Hz)
1
4 for 0 and

±100 and ±200 mT, it shows the typical linear behavior expected from domain wall
motion in the creep regime. (b) and (c) show the symmetric and antisymmetric
chiral effects for the in-plane field of 100 mT and 200 mT respectively.
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the data.
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4.10 Summary

The influence of several effects on the domain wall velocity was investigated. The
magnetic properties of the different samples have been measured. The issues with
measuring asymmetric bubble expansion have been shown and a method for deal-
ing with the problems was shown. Asymmetric bubble expansion measurements
have been performed on samples with different cobalt thicknesses. The strength of
the DMI, −→D , has been extracted from the measurements by considering the field
for which the domain wall velocity has a minimum. Nevertheless, there is some
doubt about the validity of the values for higher cobalt thicknesses since the model
no longer fits the data. Finally, a possible alternative explanation for the data has
been considered.
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5 | Conclusions

There are conflicting results in literature regarding the applicability of the current
theory describing asymmetric bubble expansion. Measurements were performed
on a wider range of samples with varying thickness of the magnetic layer. The
hypothesis was that the thickness of the magnetic layer, cobalt, might be respon-
sible for at least some of these differences seen in various articles. The DW motion
might be different for magnetic layers of only 1 or 2 monolayers versus layers of 3
or more monolayers of cobalt.

First a measurement procedure was investigated in order to test and improve
the reproducibility of the measurements. The remaining concern regarding repro-
ducibility seems to be correcting for the rise time as part of the pulse length. For
future experiments this issue can be avoided by performing new experiments at
lower out-of-plane fields which allows for longer pulses without the domain leaving
the field of view of the magnet.

Measurements were performed on Pt/Co/Pt samples with varying cobalt thick-
nesses to determine if the thickness of the magnetic layer has an influence on
whether the current theory for magnetic bubble expansion can describe the re-
sults. The thickness of the cobalt layer does seem to be the cause of the behavior
that can not be explained by the current theory. For cobalt thicknesses of 0.4 and
0.5 nm the fits are decent for small in-plane fields, while for 0.6 to 0.9 nm become
progressively worse with asymmetries around the point of minimum velocity not
predicted in the model from Je [10].

For high in-plane fields the data can not be fully explained with the model even
for the 0.4 and 0.5 nm. The model, when introduced, was not used to describe
in-plane fields up to 330 mT, but only up to 65 mT. However, it is not mentioned
that the theory would only apply over a limited range of in-plane fields, provided
of course that the in-plane field is not large enough to overcome the PMA. It
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is expected that even before the sample is in-plane magnetized additional effects
should be considered, for instance tilting of the domains. All measurements show
a less than exponential dependence of the DW velocity on the in-plane field for
high fields. There is no speculation on which effects cause this, though based on
the modeling it is not expected to be the variable domain wall length. This is
expected to lead to superlinear growth of ln v instead of leveling of.

The DMI field, defined as the in-plane field for which the DW velocity is minimum,
measured for the different samples, is steadily increasing up to 70 mT at 0.6 nm
after which it seems to have largely saturated. It is also possible that for thicker
samples not solely the DMI determines the minimum of the domain wall velocity.
The strenght of the DMI defined by −→D follows a similar trend so it is not merely
a change of anisotropy for the thicker samples which leads to this effect. If the
minimum in DW velocity is to be assumed as solely defined by the DMI, then
the DMI seems to increase more with cobalt layer thickness up to 0.6 nm. The
measured DMI is a combination of the contribution of the upper and bottom
interface. Thus this might be explained by having a closer correlation between the
upper and bottom interface if the cobalt layer is thin leading to a more complete
cancellation of the DMI contributions of both interfaces. For cobalt layers thicker
than 0.6 nm, about 3 monolayers, the correlation might have completely vanished
leading to a fixed DMI only based on the difference in interface quality of growing
cobalt on platinum and growing platinum on cobalt.

5.1 Outlook

There still seems to be debate on how to correctly model asymmetric bubble
expansion, though the thickness of the magnetic layer certainly leads to different
DW velocity behavior as a function of an in-plane field.

For both a chiral domain wall energy and chiral damping measurements have
been presented in literature on similar Pt/Co/Pt stacks. It might be useful to
investigate how the thickness of the cobalt layer influences the behavior for the
symmetric and antisymmetric chiral effects following the proposed method by Jué.
The cobalt thickness might determine which of the two effects is more dominant
in a given stack.
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A possible follow-up experiment is repeating all measurements at much lower out-
of-plane fields to greatly reduce the error introduced by the rise time. This might
also aid in describing the DW velocity for higher in-plane fields, which were the
measurements most affected by the issue.

Growing pre-cut samples at the same time as the samples used for asymmetric
bubble expansion would allow for accurately measuring the saturation magnetisa-
tion to get less error in determining −→D to allow comparing with a second method to
determine the strenght of the DMI. This would be particularly useful to determine
if the minimum in DW velocity is still solely determined by the DMI.
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A | Systemic errors in measure-
ments

When comparing opposite domain wall velocities for a positive and negative driving
field the results do not exactly overlap after mirroring one of the measurements
around the Hx = 0. These differences can for instance be seen in Figure 4.8. ∆V ,
defined as the difference between the domain wall velocity to the left minus the
domain wall velocity to the right for the opposite in plane field, is shown in Figure
A.1 a) for both the positive and negative driving field.

It is clear that the difference from perfect symmetry reverses with a change in sign
of the out-of-plane field. This already rules out local defects on the sample and
strongly suggest that there is an issue with the applied magnetic fields. The ∆V
is larger for higher domain wall velocities.

In Figure A.1 b) the relative difference in ∆V is shown to investigate if the differ-
ence in ∆V for a sign reversal of in-plane field was only due to the switch between
the fast and slow moving side of the bubble. For the slow moving side ∆V seems to
be randomly varied and is most likely caused by the resolution of the microscope,
or at least any systemic errors are overshadowed by the effects of discretization for
the small DW velocities. For the fast moving side the ∆V shows a non-random de-
viation. The origin can not be explained, possible origins might be an out-of-plane
component to the in-plane field due to a slight misalignment or possibly crosstalk
between the coils for the in-plane and out-of-plane fields.
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Figure A.1: (a) The difference in velocity between the left and right side of the
bubble for opposite in-plane field for both a positive and a negative driving field Hz.
The deviations from perfect symmetry as predicted by theory depend on the sign of
the out-of-plane field (b) the relative difference in ∆V is shown.



B | Alignment of setup

To properly align the setup before performing asymmetric bubble expansion mea-
surements several steps are needed. First the in-plane coil is to be placed on the
additional fine-tuning plate. Next the out-of-plane pulse coil is to be placed under
the Kerr microscope and it’s center, indicated by the concentric circles, has to be
aligned with the middle of the field of view of the Kerr microscope. After which
the sample can be placed on top of the out-of-plane coil and brought into the
focus of the microscope. It is essential to not move the pulse coil horizontally, for
instance to use the edge of the sample to focus, since all measurements need to be
done in the center of the pulse coil due to inhomogenities in the field further away
from the center of the coil.

Next the height of the in-plane coil needs to be adjusted such that the sample
is in between the two poles of the magnet. A leveler can be used to ensure the
magnet is roughly horizontal. After ensuring the contrast between up and down
magnetization is large enough the sample can be manually moved using tweezers to
search for a nucleation site. An estimate for the field needed to nucleate magnetic
domains in the material can be found by repeating several OOP pulses for a given
field. If the entire sample switches during the first pulse, the field is too high,
while if a domain passes the field of view during a later pulse it is known that at
least some sites nucleate at this field.

Finding a nucleation site can then be done by first saturating the sample in one
direction and giving a single pulse in the opposite direction, now the sample can be
moved around with tweezers and nucleation sites can be identified by the domain
formed around it. For a good nucleation site several things are important. The
defect around which the magnetic domain forms is roughly round/point like so that
a circular domain forms around it. The domain nucleation is a statistical process,
but for this defect it is possible to choose a nucleation field and nucleation time
such that a domain consistently forms in the same spot with roughly the same
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size to ensure that further asymmetric expansions do not leave the field of view of
the microscope, nor does no domain form which leads to a loss of measurements
and which needs to be filtered from the data. The nucleation site also needs to
be isolated from other nucleation sites to prevent having the two domains connect
into one domain.

If a suitable nucleation site has been found the in-plane coil can be aligned. First
nucleate a magnetic bubble, then slowly increase the in-plane field until the bubble
starts to expand or contract, if this occurs there is an out-of-plane component to
the in-plane field so the tilt angle of the in-plane coil needs to be changed. Repeat
this until the maximal in-plane field is applied, the bubbles should stay stationary
for any in-plane field. Now the bubble can be expanded for maximal positive and
negative in-plane fields and the velocities can be compared, if the velocities are off
slightly adjust the angle of the in-plane coil. Once both velocities are equal repeat
the experiment for a smaller positive and negative in-plane field to check your
alignment, if both velocities are again equal measurements can be performed.
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