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Abstract

Domain walls are regions of spatially non-uniform magnetizations in magnetic ma-
terials. They form the boundaries between two or more uniformly magnetized re-
gions called domains. Skyrmions are circular magnetic domains with chiral domain
walls that are interesting due to their stability and potential for fast motion. These
spin structures can be used to encode Os and 1s in spintronic memory. Chiral do-
main walls and skyrmions have been seen in magnetic thin films sandwiched be-
tween non-identical non-magnetic materials which have high spin-orbit coupling and
Dzyaloshinskii-Moriya interaction. An optimization of the different physical inter-
actions involved in magnetic thin films can result in stripe and labyrinth domain
patterns which can then be transformed into skyrmion lattices.

In this thesis, we present a detailed understanding of single- and multi-layer mag-
netic thin films along with all the relevant physical interactions. We show that in-
plane magnetic fields stabilize domain walls in thin films with Dzyaloshinskii-Moriya
interaction. The application of in-plane magnetic fields is shown to create multi-
domain patterns in films where the ground state is uniform magnetization. Next,
we study the formation of stripe and labyrinth domain patterns in magnetic films.
The domain widths obtained are compared with the predictions of several theoreti-
cal models developed over the last 50 years. The appropriate model that works for
thin films with strong Dzyaloshinskii-Moriya interaction is identified with the help of
micromagnetic simulations. The appropriate model includes effects of finite domain
wall width and volume charges inside Néel domain walls. This model is then used
to measure the Dzyaloshinskii-Moriya interaction in experimentally grown magnetic
thin films. Thereafter, we highlight the role of other design variables such as the
thickness of magnetic and non-magnetic layers, the choice of materials, and the role
of geometrical confinement in controlling the length scale of the domain patterns.
This work generates the necessary knowledge and develops techniques to engineer
chiral spin textures in single- and multi-layer magnetic thin films.

Thesis Supervisor: Geoffrey S.D. Beach
Title: Associate Professor
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Chapter 1

Introduction

This chapter serves as an introduction to the field of spintronics and highlights the im-
portance of studying magnetic multi-layer films for applications in magnetic memory
and logic devices. The scope of this thesis along with the specific questions answered

are outlined.

1.1 Motivation

The physical realization of any computer memory device is based on the existence
of two distinct physical states that can be used to encode 0 and 1, and a determin-
istic way to switch between these two states. A magnet with its distinct north and
south pole represents an excellent system for use in memory devices. Traditionally,
magnetic tapes, floppy disks and hard disks have used magnetic materials to store
information. These devices are limited in their speeds of operation by the require-
ment to physically move the read/write head with respect to the bit-storing magnetic
medium. What if there was a device where one could move a series of bits inside
the magnetic medium without mechanically moving either the read/write head or
the medium itself? The speed of operation in such a device would be determined by
the speed of electron spins inside a magnetic material, which is orders of magnitude
higher than speeds achievable by mechanical motion of objects. This is the funda-

mental motivation behind the development of spintronic memory which is based on

23



the concept of manipulation of electron spins with a variety of physical interactions
such as exchange and Dzyaloshinskii-Moriya interaction within the magnetic mate-
rials as well as external stimuli such as currents, temperature, electric and magnetic
fields. Other than speed, spintronic memory technology offers several other advan-
tages [1]-[6] over conventional memory technologies. It is a non-volatile technology,
i.e., it does not require any external energy to maintain its state and preserves its
state even after the device is turned off. Spintronic memory also offers a high density

of storage Comparable to currently used solid-state memory.

In spintronic memory, chiral spin textures such as skyrmions and chiral domain
walls (Figure 2-8) are used to encode bits. Until a few years ago, the concept of such
a device was based on domain walls and the key bottle neck was the realization of
fast current-induced domain wall motion [7]-[10]. In the last few years, the focus has
shifted to creation and manipulation of skyrmions. Skyrmions are circular regions of
chiral spin textures in magnetic thin films that offer several advantages over magnetic
domain walls, such as a smaller size than magnetic domains, higher mobility, and
topological protection [11]-[17]. Figure 1-1 shows a schematic of skyrmion-based
racetrack memory device. The direction of spins (up or down) at the skyrmion core

represents Os or 1s.

The key requirement of realizing a spintronic memory device is to understand
the formation of chiral spin structures such as skyrmions and chiral domain walls in
magnetic materials, as well as to develop the ability to create and move these spin
structures in a reliable and efficient manner. Earlier work showed that skyrmions
could be found only in bulk single crystals [18] and single-crystalline thin films [19],
[20]. Recent work, however, has also observed chiral domain walls [21], [22] and
skyrmions [11]-[13] in poly-crystalline sputtered magnetic thin films with sizable per-
pendicular magnetic anisotropy (PMA, Section 2.1.2) and Dzyaloshinskii-Moriya in-
teraction (DMI, Section 2.1.6). Both of these interactions are particularly strong in
asymmetric thin films of ferromagnetic materials sandwiched between non-magnetic
materials with high spin orbit coupling (SOC, Section 2.1.5) such as heavy metals.

Since polycrystalline thin films are readily grown in lab and industry via physical va-
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Figure 1-1: Skyrmion-based racetrack memory storage device. The small circular
domains on the nanotrack are skyrmions. Opposite spin polarities represent 0 and 1.
Reproduced from [23].

por deposition techniques like sputtering, this finding makes the materials of interest
more accessible and scalable.

In this thesis, we look at magnetic thin films, both single- and multi-layered, which
are of interest for skyrmionic memory applications. We explain what makes these
materials exhibit chiral spin structures and how we can understand the interaction
of different physical energy terms to predict the length scales of chiral spin textures
observed in these materials. We then develop a framework to control the relative
strengths of these physical interactions in the system to engineer magnetic thin films

with desirable properties.

1.2 Scope of this thesis

We start with laying the groundwork to talk about the materials of interest, magnetic
thin films, in Chapter 2. The fundamental physical concepts involved in magnetic
thin films are introduced, starting with the origin of ferromagnetism in materials and
other interesting phenomena like perpendicular magnetic anisotropy, spin-orbit cou-
pling and Dzyaloshinskii-Moriya interaction. These interactions become important in
thin films with high surface area to volume ratio and give rise to chiral spin textures

which are required for realizing spintronic memory devices. This chapter ends with
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identifying magnetic thin films as the materials of interest and highlights the key at-
tributes in these films. Chapter 3 then presents an overview of the fabrication methods
that were used in growing magnetic thin films and creating sub-micrometer sized pat-
terns in them, characterization techniques used to investigate the magnetic properties
of thin films, and imaging technique to observe the magnetic domain patterns. This
chapter also explains the micromagnetic simulation methods used to understand the
basis of the experimental results obtained. In Chapter 4, we describe a technique to
create metastable multi-domain patterns in single and multi-layered magnetic films,
which we later use in Chapters 5 and 6. In Chapter 5, we look in detail at magnetic
thin films and go over the different theoretical models to explain domain patterns
in thin films. We then show how the Dzyaloshinskii-Moriya interaction parameter,
which represents the strength of chirality of spins in magnetic films, can be measured
in experimental magnetic multi-layer films using the models outlined earlier. Finally,
in Chapter 6, we map out the entire parameter space accessible to materials scientists
designing multi-layer magnetic films and highlight the role of each design variable in
controlling the size of magnetic domains. Chapter 7 summarizes the results of this

thesis and gives an outlook for future work.
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Chapter 2

Background

This chapter describes the fundamental physical concepts relevant in magnetic materi-
als for spintronic memory devices and introduces magnetic thin films as the materials
of interest. The key attributes of magnetic thin films that make them suitable for

spintronic memory are highlighted.

2.1 Relevant physical concepts

2.1.1 Ferromagnetism

What makes a material magnetic? Why are there only a few magnetic elements in the
periodic table? The answer lies in the behavior of electrons within a material. One
might recall from high school physics that electrons have spin and orbital angular
momenta that affect their arrangement within the various shells in an atom. The
spin angular momentum is quantized and can take only two values, parallel and anti-
parallel to an external magnetic field. It is the phenomenon of collective alignment of
spin angular momenta over several electrons in a material that gives rise to magnetism.
The presence of unpaired electrons in an atom gives rise to paramagnetic behavior
(alignment of spins parallel to external magnetic field) as opposed to diamagnetic
behavior (repulsion of external magnetic field) displayed by a majority of elements

with paired electrons. However, in some materials (ferromagnets, ferrimagnets and
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Figure 2-1: Illustration of alignment of magnetic moments in different kinds of mag-
netic materials.’

anti-ferromagnets), the electrons on neighboring atoms interact with each other to
produce a long-range ordering that gives rise to an intrinsic magnetic field. This
long-range ordering gives rise to spontaneous magnetization in these materials. The
difference between ferro-, ferri- and antiferromagnets lies in the arrangement of their
atoms. In ferromagnets, magnetic moments of all atoms in a region align in parallel to
produce a net magnetic field. In antiferromagnets, the atoms are arranged such that
the magnetic moments of neighboring atoms are aligned anti-parallel so there is no
net external magnetic field. In ferrimagnets, there is partial cancellation of magnetic
moments. There are usually two kinds of atoms with opposite but unequal magnetic
moments, as a result of which there exists an overall magnetic field but which is
weaker than that in ferromagnets. The intrinsic magnetic energy that comes from
the interaction between electrons in neighboring atoms in magnetic materials is called
exchange energy and is denoted by J. For ferromagnets, this energy is positive and
causes the neighboring magnetic moments to be aligned parallel to each other while for
antiferromagnets, the situation is reversed and anti-parallel alignment on neighboring
atoms is preferred. This energy is measured macroscopically in magnetic materials
through the exchange stiffness parameter A., which takes the value of 1—2x 10 J/m
in most ferromagnets [24]. For the purpose of this thesis, we will focus only on

ferromagnetic materials and refer to them only as magnetic materials.

'Source: https://chem.libretexts.org/Textbook Maps/Inorganic_Chemistry_Textbook_
Maps/MapJ3A_Inorganic_Chemistry_(Wikibook)/Chapter_06%3A_Metals_and_Alloys_-_
Structure}2C_Bonding}2C_Electronic_and_Magnetic_Properties/6.7%3A_Ferro-%2C_
ferri-_and_antiferromagnetism
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2.1.2 Magnetic anisotropy

Magnetic anisotropy is the property of magnetic materials to have a preferred direc-
tion of magnetization. The preferred direction of magnetization is known as the easy
axis while hard axes are any directions not along the easy axis. | Anisotropy in mag-
netic materials could come from the underlying crystal structure (magnetocrystalline),
strain (magnetoelastic), interfacial interactions (surface anisotropy), or sample shape
(magnetostatic). In this thesis, we will largely focus on magnetic thin films (thickness
of ~ 1 nm) with very large surface area to volume ratios. The dominant anisotropy
in these films is the interfacial anisotropy which makes the total magnetic moment
point perpendicular to the film plane. The total anisotropy energy density Ky in thin

films is strongly correlated with the thickness of the film?. The two are related as:

K
Ky =Ky + 275 (2.1)

where Ky is the volume anisotropy energy density which consists of magnetocrys-
talline, magnetoelastic and magnetostatic contributions. Ky is the surface anisotropy
energy per unit area which arises from spin-orbit interactions between the surface
atoms of magnetic material and the atoms of the adjacent materials. The factor
of 2 comes because of two interfaces (top and bottom) of the magnetic thin film.
For thicker films, the bulk contribution to total anisotropy energy is stronger, hence
the preferred direction of magnetization is in the plane of film. As the thickness of
magnetic film decreases, the contribution of surface anisotropy to total anisotropy
increases. Therefore a perpendicular magnetization is preferred below a threshold
thickness. Perpendicular magnetic anisotropy (PMA) is highly desirable in magnetic
recording media since it enables multiple bits to be packed in a small area on the
recording disk [25]. Figure 2-2 shows the variation of total anisotropy energy per unit
area with change in thickness of a cobalt film with threshold film thickness around 13

A.  As we will see later in this chapter as well as in Chapter 5 and Chapter 6, this

2Note that total anisotropy energy density is often represented in the literature as K, 7f and Ky
is reserved for magnetocrystaline anisotropy only. However we refrain from using this terminology
to avoid confusion with K.f; in stripe-domain models discussed in Chapter 5.
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Figure 2-2: Effective anisotropy energy density per unit area as a function of magnetic
film thickness. Adapted from [26].

anisotropy energy plays a very important role in determining several lengthscales in
the magnetic films such as magnetic domain width, domain wall width and skyrmion
diameter. Therefore, an accurate estimation of anisotropy energy is critical to deter-
mining the length scales in the system. Section 2.1.7 describes several methods of

measuring anisotropy energy and the errors associated with each of them.

2.1.3 Magnetostatics and domain formation

A bar magnet can be seen to be composed of several tiny magnets with the north
pole of one tiny magnet next to the south pole of the neighboring tiny magnet, such
that their magnetic field lines are aligned. At the surface of the bar magnet, however,
there are no neighboring tiny magnets, and we are left with free magnetic poles,
north and south, at either end of the bar magnet. Magnetostatic energy, also known
as demagnetizing energy or stray field energy, is the magnetic potential energy or the
amount of work required for the magnetic poles to exist in the internal magnetic field

[24]. The internal magnetic field is given by -uoM. The magnetostatic energy per
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Figure 2-3: The magnetization inside a bar of iron getting rearranged from a-c into
smaller domains to minimize stray fields (curvy lines outside the bar with arrows) at
the expense of introducing domain walls.?

unit volume then is

_ﬂoMSQ

U=-M-H= (2.2)

where Mg is the saturation magnetization per unit volume, which is the total magnetic
moment when all internal moments are aligned in parallel.

External stray field energy associated with a magnet can be minimized by lowering
the density of free poles. That is why, in a large piece of magnet, the surfaces with the
smallest area are chosen as the free poles. Further lowering of energy in the system
is achieved by the formation of magnetic domains within the bulk. A magnetic
domain is a region within a magnetic material within which all magnetic moments
are aligned parallel to each other. If all magnetic domains are aligned parallel to each
other, there is a strong external stray field energy (magnetostatic energy) associated
with the material. It is therefore energetically favorable for the system to arrange
the magnetic domains such that there is no net magnetization and hence no external
stray field as shown in Figure 2-3. Domain formation in a material comes at the cost

of introduction of domain walls in the system which are described in the next section.

2.1.4 Domain walls

Domain walls are planar regions between two neighboring magnetic domains through
which the magnetization changes from one direction to another (Figure 2-4). The

width of the region is called the domain wall width and is denoted by A. The exchange

3Source: https://commons.wikimedia.org/wiki/File:Powstawanie_domen_by_Zureks.png
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Figure 2-4: 180° domain wall in a bar of iron. 4

energy (Section 2.1.1) prefers to minimize the angle between neighboring magnetic
moments inside a domain wall thereby preferring a larger domain wall width. The
anisotropy energy (Section 2.1.2), on the other hand, prefers to minimize the number
of magnetic moments that are not aligned with the easy axis, and therefore prefers a
narrow domain wall. The magnetic moments inside the domain wall must fight both

these energies. Thus, the energy of formation of a domain wall per unit area o is

g.= 4\/Ae:cKeff (23)

K.ss includes contributions from Ky as well as magnetostatic energy. The domain

given by

wall width A is given by
AEE

e e
Kegs

(2.4)

Typical domain wall energies are of the order of 0.1 mJ/m? [24]. The domain wall
width varies from a few nm in high anisotropy materials, such as permanent magnets
and ultrathin Co and CoFe films, to a few 100 nm in soft magnetic materials with
low anisotropy, such as permalloy [27].

Magnetic materials can have many different kinds of domain walls, some of which

are shown in Figure 2-5, depending on the film anisotropy, interface characteristics

4Source: https://goo.gl/images/K5rqSz
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Figure 2-5: Different kinds of domain walls in magnetic thin films. a) Bloch and Néel
domain walls in perpendicularly magnetized thin films. K, represents the domain
wall anisotropy associated with volume charges due to change in the domain wall
angle. Adapted from [28]. b) Vortex domain wall found in in-plane magnetized wide
nanowires. Adapted from [7].

and aspect ratio of film. We describe only Bloch and Néel walls which are found in

perpendicularly magnetized thin films and are the focus of this thesis.

The difference between Bloch and Néel walls lies in their axes of rotation as seen
in Figure 2-5. In a Bloch wall, the magnetic moments rotate around an axis in the
plane of the domain wall, while in a Néel wall the magnetic moments rotate around
an axis perpendicular to the plane of the domain wall. The magnetic poles in Néel
walls are much closer to each other (the distance between them is the domain wall
width, A) than those in Bloch walls (the distance in this case is the length of domain
wall which can be in ecm). Thus, the stray field associated with the separation of
magnetic charges by a domain wall is higher in the case of a Néel domain wall, as
seen in Figure 2-6. This extra stray field energy in the volume charges of a Néel wall
is represented as K| . Bloch walls are more common in perpendicular films since they
have lower energy than Néel domain walls. However, certain interactions like DMI

(Section 2.1.6) can lower the energy of Néel domain walls, stabilizing their formation.

The domain wall energy calculated in Equation (2.3) is that of a Bloch domain

wall. The energy of a Néel domain wall stabilized by interfacial DMI, D, is given by

0 = 4\/Aea(Keps + K1) + 7 Dsin(3) (2.5)

where K| represents the extra energy associated with volume charges in a Néel

domain wall compared to a Bloch domain wall, and 9 is the domain wall angle
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Figure 2-6: Volume charges associated with Bloch and Néel domain walls. Blue
and red regions represent oppositely magnetized domains. a) Bloch wall with its
effective magnetic moment in the plane of the domain wall. b) Néel wall with its
effective magnetic moment perpendicular to the plane of the domain wall. Curved
lines represent direction and strength of volume stray field associated with separation
of magnetic charges across the domain walls.

representing deviation from Bloch wall. v is 0° for a Bloch wall, -90° for a Néel wall,
and in between for walls showing partial Néel character.

Néel domain walls stabilized by interfacial DMI are chiral spin textures which
are necessary for spintronic memory applications. Materials that exhibit these Néel
domain walls are also well suited to exhibit skyrmions. Thus, looking for signatures of
chiral Néel domain walls in magnetic films, via domain wall dynamics or by estimating
the energy of domain walls, is a way of screening and identifying materials suitable

for spintronic memory. In this thesis, we use the latter method.

2.1.5 Spin-orbit coupling

Spin-orbit coupling (SOC) is the phenomenon of interaction of spin angular momen-
tum and orbital angular momentum of electrons which gives rise to a host of inter-
esting physical phenomena including magnetocrystalline anisotropy (Section 2.1.2),
anisotropic magnetoresistance, magnetooptic effects (Section 3.2.2), splitting of en-
ergy bands in the band diagram of electrons in solids, the Spin Hall Effect (SHE) and
the Dzyaloshinskii-Moriya interaction (Section 2.1.6). To understand SOC, we must
go into the rest frame of electron. In this frame, the positively charged nucleus seems
to go around the electron just like the sun seems to go around the earth to an ob-
server on earth. A moving positive charge (nucleus) appears to exert a magnetic field
that creates a preferred direction of orientation of spin magnetic moment of electron.

This preference of orientation of spin angular momentum with respect to the orbital
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Figure 2-7: Spin-orbit coupling and the resultant physical phenomena (inner ellipse),
Rashba interfaces, topological surface states and Dzyaloshinskii-Moriya interaction
with applications (outer ellipse) in the creation of skyrmions and chiral domain walls,
opto-spintronic effects and spin-charge conversion. Reproduced from [31].

angular momentum is SOC. The strength of SOC is around 10~* €V /atom. Another
way to express the strength of SOC is in terms of the magnetic field experienced by

the electron, which is ~ 1 Tesla [24].

The strength of spin-orbit coupling is proportional to Z* where Z is the nuclear
charge. As Z increases, there are two effects - increase of nuclear charge as well as
reduction in size of atom - both of which contribute favorably to spin-orbit coupling.
The strong Z dependence of spin-orbit coupling strength makes heavy metals excellent
candidates for high spin-orbit coupling. Indeed, heavy metals like Pt, Ta, Gd, Ir,
and W are used extensively in magnetic multi-layers [29]-[32] as the non-magnetic
layer that contributes with its high SOC and DMI. An extreme example of spin-
orbit coupling is seen in 2D topological insulators, like BisSes, where the spin and
angular momentum are locked at 90"¢ to each other allowing very efficient charge-
spin conversion at the interface of topological insulators and magnetic materials [33]—

35].
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2.1.6 Dzyaloshinskii-Moriya interaction

The Dzyaloshinskii-Moriya interaction (DMI) is an anti-symmetric exchange interac-
tion [36], [37] that favors canting of neighboring spins in magnetically ordered systems
(Section 2.1.1). It results in forming whirling spin structures such as chiral domain
walls and skyrmions (Figure 2-8). This interaction was originally observed in bulk
non-centrosymmetric crystals like MnSi [18] and later imaged via Lorentz transmis-
sion electron microscopy (TEM) in single-crystalline thin films of Fegs5Cog5Si [19]
and via spin-polarized scanning tunneling microscopy (STM) in a monolayer of Fe on
Ir(111) surface [20]. Around the same time, chiral spin structures were also observed
in polycrystalline sputtered thin films of Pt/Co [22], Ta/CoFe and Pt/CoFe [21]. This
finding opened up the potential of using skyrmions in magnetic memory devices since
sputtering is a widely used tool in magnetic tunnel junctions (MTJs) and allows for

industrial scaling of film growth.

In thin films, DMI has been found to originate from a lack of inversion symmetry
at the material interfaces and strong spin-orbit coupling (SOC). SOC comes from the
heavy metal (like Pt, Ta) under-layer (as explained in Section 2.1.5) which have been
traditionally used to promote PMA in magnetic thin films. The mechanism of DMI
as illustrated in Figure 2-8d is a 3-site indirect exchange mechanism [38] between
two atomic spins S; and S, with a neighboring atom having a large SOC. The DMI
vector Dy, is perpendicular to the plane of the triangle formed by these three atoms
and makes the spins deviate from their perpendicular orientation (determined by
anisotropy) and curl around the axis of Dy. Inversion symmetry is broken by having
two different materials on either side of the ferromagnetic film as a result of which

the DMI from the bottom layer is not compensated by the DMI from the top layer.

DMI is the key factor in determining the size and shape of skyrmions in a ferro-
magnet and therefore characterizing it accurately is important to reliably predict the
performance of the ferromagnetic material in memory devices. In Chapter 5, we will

outline a simple method to calculate DMI reliably in demagnetized thin films.
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Figure 2-8: Helical (a) and skyrmion (b) structures in Feq5Coq5Si [19], ¢) Different
skyrmion configurations in 2D ferromagnet with perpendicular magnetic anisotropy
[16], d) Schematic of interfacial DMI between a ferromagnet (grey) and a metal with
high spin-orbit coupling (blue). The DMI vector D, acting on spins S; and S, in
the ferromagnet makes them curl around its axis [16], ) Illustration of a chiral Néel
domain wall [21].

37



Figure 2-9: Key parameters in the Stoner-Wohlfarth model. Easy axis is shown as the
dashed line. The magnetic moment M is shown by the red arrow and the direction
of external magnetic field H is along the black arrows.®

2.1.7 Magnetic characterization via hysteresis loops

The most common method of characterizing magnetic materials is by studying their
response to external magnetic fields, which is plotted in the form of hysteresis loops.
This section describes what hysteresis loops are and the wealth of information that

can be extracted from these loops.

Stoner-Wohlfarth model

The behavior of a single-domain magnet placed in a magnetic field is explained by
the Stoner-Wohlfarth model [39]. Figure 2-9 illustrates the key variables involved in
the Stoner-Wohlfarth model.

The total energy per unit volume of a single-domain magnet with magnetization

M in the presence of a magnetic field H can be written as
E = Kysin(¢ — 6)* — oM Hcos(o) (2.6)

where ¢ — @ is the angle between M and the easy axis, ¢ is the angle between applied

magnetic field H and M and Jlo is vacuum permeability. The first term in Equa-

SSource: https://commons.wikimedia.org/w/index.php?curid=11545289
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tion (2.6) comes from deviation of M from the direction of magnetic anisotropy and
is proportional to the square of the angle of deviation. The second term is called the
Zeeman energy and comes from interaction with the external field. The equilibrium
angle of the magnetization vector can be derived from the partial derivative of total
energy of Equation (2.6) with respect to ¢.

This behavior can be pictorially seen in a hysteresis loop which is a plot of the
component of magnetization vector in the direction of applied field as a function of
applied field (Figure 2-10). When the field is applied parallel to the easy axis, i.e.,
6 = 0° (Figure 2-10a), the magnetization doesn’t change until the field reaches the
coercive field, or H¢, where it flips by 180°. The magnetization stays constant with
further increase in field. When reducing the field, the magnetization doesn’t retrace
its path but stays constant until Hc is reached in the reverse direction at which point
it switches again by 180°. The behavior is quite different when the field applied is
along the hard axis, i.e. 6 = 90° (Figure 2-10b). At zero external magnetic field,
there is no component of the magnetic moment along the hard axis. As the field is
increased, the component of magnetic moment along the field grows linearly in the
direction of the field until the anisotropy field, or H, is reached. Beyond this field,
the magnetic moment is completely saturated in the direction of the field. Ideally,
this path is traced back on reversing the direction of the field. The magnetic moment
starts tilting back towards the easy axis as the external magnetic field is reduced,
thereby reducing magnetization along the field. The tilting continues until Hy is
reached, this time in the reverse direction, when the magnetic moment completely

points in the direction of applied field.

In real materials, the switching of magnetic moment occurs via nucleation of
reverse domain and the growth of this domain with field rather than coherent switch-
ing of all the magnetic moments as predicted by Stoner-Wohlfarth model. This re-
sults in a switching field, Hp.,, (domain wall propagation field), which is typically
lower than the coercive field, Hs. Mg represents the remanence or remanent mag-
netization, which is the magnetization that remains in the sample when external

fields are removed. Experimentally measured easy- and hard- axis hysteresis loops of
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Figure 2-10: Expected easy-axis (a) and hard-axis(b) hysteresis loops from Stoner-
Wohlfarth model with key parameters - saturation magnetization Mg, remanent mag-
netization Mg, coercive field H¢, and anisotropy field Hx marked. Measured easy-
axis (c,d) and hard-axis(e) hysteresis loops for Pt/Co/GdOx films with easy-axis
perpendicular to the plane of the film and hard-axis in the film plane. Loop ¢ has
been measured using Magneto-optic Kerr Polarimetry (Section 3.2.2) and loops d and
e have been measured using Vibrating Sample Magnetometry (Section 3.2.1).

Pt/Co/GdOx films can be seen in Figure 2-10c-e. In this case, the film has an easy
axis in the film plane and hard axis perpendicular to the film plane. Figure 2-10c

shows Hppop ~ 200 Oe while Figure 2-10 e reveals Hy to be ~ 5000 Oe.

Determination of anisotropy

There are two methods of measuring effective anisotropy energy K.y from hysteresis
loops [26]. The first involves linear interpolation of the central part of the hard axis
loops, as seen in Figure 2-10e and measuring the field at the intersection of this
line with the saturation magnetization. This method comes from comparison of the
hysteresis loop (Section 2.1.7e) with the expectation from the Stoner-Wohlfarth model
(Figure 2-10b). The field Hy thus obtained is related to the effective anisotropy field
Keypr as
Keys

Hye = —-2—— 2.0
K JU'OMS ( )

40



This is only an approximate method of estimating anisotropy and does not work for
films which have a domain structure at equilibrium (thick films or multi-layer films).

The other method involves measuring the area between the easy- and hard- axis
loops. This area represents the energy difference between saturating the magnetic
film in the easy direction and the hard direction, which is the definition of the total
anisotropy in the film. Irrespective of the equilibrium domain structure and thickness

of the film, this relation is always true. The area between the loops is equal to Kgs5—

moM 23

5=. When using this relation to derive Ky for multilayer films, one must ensure

to use the unscaled quantities, i.e. energy (area) or magnetization per unit magnetic
volume (and not total volume of all the layers). Due to its universal applicability and
accuracy, this method is the one primarily used in this thesis for estimating anisotropy

energy from hysteresis loops.

2.2 Materials of interest - magnetic thin films

The magnetic materials relevant for memory applications are magnetic thin films
which are 2D systems with thickness in nm and lateral dimensions in cm. These have
been used for decades in many types of magnetic memory devices such as hard disks
[40], magneto-resistive memory [41], magneto-optic memory [42], [43], ferroelectric
memory [44], [45], and magnetic tunnel junctions [46], [47].

Out of plane magnetized thin films which are sandwiched between a heavy metal
and an oxide, as seen in Figure 2-11, can exhibit chiral spin textures such as Néel
domain walls and skyrmions, which are required for spintronic memory applications.
The chiral spin textures arise due to a combination of the Dzyaloshinskii-Moriya
Interaction (DMI) that comes from broken inversion symmetry and a strong spin orbit
coupling in these systems [18], [21], [22], [48], [49]. In these sandwich structures, the
heavy metal under-layer contributes to the strong spin orbit coupling [20], [50], [51].
The inversion symmetry is broken because the magnetic layer has different layers at
its top and bottom giving rise to two different kinds of interfaces. The magnetic thin

films we study in this thesis are single or multiple layers of these sandwich structures.

41



Oxide/Different heavy metal
Ultrathin ferromagnet
Heavy Metal

Figure 2-11: A single ultra-thin layer of magnetic film sandwiched between a heavy
metal and an oxide or a different heavy metal is the basic material of study in memory
applications.

Figure 2-12: Magnetic force microscopy (MFM) images showing a) stripe and b)
labyrinth domains in perpendicularly magnetized thin films. The light and dark
regions represent magnetization pointing out and in to the plane of the film.

The shape anisotropy prefers magnetic thin films to have their magnetic moments
pointing in the plane of the film to keep the north and south poles as far apart as
possible. The surface anisotropy prefers perpendicular magnetization. Thick films see
a stronger contribution from shape anisotropy and are therefore in-plane magnetized.
When the thickness of a film is reduced to < 1 nm, the surface to volume ratio of the
film becomes high enough that the surface anisotropy coming from the top and bottom
interfaces dominates, giving rise to perpendicularly magnetized thin films. Nominal

hysteresis loops for perpendicularly magnetized films are shown in Figure 2-10.

For films of intermediate thickness (few nm to hundreds of pm) where @, the ratio
of perpendicular magnetic anisotropy Ky to the shape anisotropy %ﬁ, is greater
than 1, the magnetic films exhibit perpendicularly magnetized stripe or labyrinth
domain patterns (Figure 2-12). These domain patterns have been seen in several

single- and poly-crystalline films such as BaFe;2019 [52], MnBi [53] , Co [54], [55],
NiFe [56], multi-layer films of Co/Pd [57] and Fe/Ni [58]. Most of these films exhibited
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Figure 2-13: Easy axis hysteresis loops for [Pt/Co/GdOx] films of different thick-
nesses: a)[Pt(3 nm)/Co(0.9 nm)/GdOx(3 nm)s, b)[Pt(3 nm)/Co(0.9 nm)/GdOx(3
nm);s, ¢) [Pt(3 nm)/Co(1.2 nm)/GdOx(3 nm);5 |.

Bloch domain walls except for the last one which highlighted, for the first time, the
role of DMI in changing domain walls to Néel type, thereby changing the width of
magnetic domains obtained in the film.

Figure 2-13 shows characteristic easy axis hysteresis loops for films that exhibit
stripe or labyrinth domain pattern, in this case, multi-layer thin films of [Pt/Co/GdOx].
Remanence of less than 1 is an indication of formation of a multi-domain state in the
absence of external fields. As the thickness of the film increases (by increase of ei-
ther magnetic layer thickness or number of repeats), the saturation field increases
resulting in shearing of hysteresis loops. This is because thicker films have higher
demagnetizing energy giving rise to smaller domains and more domain walls in the
system. The external magnetic field must be strong enough to overcome pinning of
these domain walls to defects in the film. Thus higher fields are required to drive all

the domain walls out of the system.
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Chapter 3

Methods

This chapter describes how the materials studied in this thesis are made and charac-
terized for their magnetic properties. The fabrication of thin films has primarily been
carried out by magnetron sputtering (Section 3.1.1). The films have been patterned
into dots and nano-wires with a combination of masks, Electron beam Lithography
(EBL), and Ion Beam Etching (subsection 3.1.2). The last section of this chapter
describes micromagnetic simulation methods (Section 3.3) that allow us to explore
the magnetic behaviors of a wide variety of materials and to verify the phenomena

observed experimentally.

3.1 Fabrication

3.1.1 Thin film deposition

Thin films of magnetic metals (Fe, Co, Ni), magnetic alloys (CoFe, CoFeB), non-
magnetic metals (Ta, Pt) and metal oxides (MgO, GdOx) were deposited on sub-
strates of Si(100) wafers with 50 nm thermally-grown SiO,. The thickness of the
magnetic films grown varied between 0.6 - 1.5 nm while those of non-magnetic metals
and oxides varied from 1-8 nm. The films were grown via a physical vapor deposi-
tion (PVD) technique called magnetron sputtering wherein a plasma of ionized Ar

gas bombards the target made out of the material which is to be deposited. The
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Figure 3-1: Schematic illustration of DC magnetron sputtering. The black dots rep-
resent argon gas atoms that bombard on the target made of material Me which is
deposited on the susbstrate rotating at the top. Adapted from [59].

bombardment causes several atoms of the target to eject with high speeds (sputter)
and cover all the nearby surfaces, one of which is the substrate. Figure 3-1 shows
a schematic of the magnetron sputtering process with material Me being deposited
on the substrate. In this thesis, the metal layers were deposited via DC sputtering
and the oxide layers were deposited reactively under a partial pressure of high purity
oxygen gas (99.993%). A uniform thickness with sub-nm homogeneity was achieved
via rotation of the substrate table with a period of ~ 1.7 seconds. For the wedge
samples studied in Chapter 5, RF sputtering was used for the deposition of CoFeB
and MgO layers.

The single and multi-layer magnetic films in Chapters 4 and 6 are deposited in
the sputtering chamber in the Beach Lab. The chamber is first cleared of all gases
to achieve a vacuum of the order of 1077 Torr or less which is created with a combi-
nation of a mechanical pump, a turbomolecular pump and liquid nitrogen cold traps.
Thereafter, ultra-high purity Ar (99.999%) gas is flowed through the chamber at a
pressure of ~ 2-3 mTorr at constant Ar inflow of 30.0 sccm. The wedge samples

in Chapter 5 are grown in an AJA sputter system with 6 guns (3 RF and 3 DC)
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placed in a confocal arrangement. The operating base pressure is around 10~8 Torr
and the deposition is carried out ~ 4 mTorr Ar pressure. The layers with uniform
thickness across the wafer were deposited via rotational sputtering, while the wedge
layers were deposited via stationary sputtering where the thickness of the film was

inversely correlated with the distance from the target.

The thickness of the film deposited is determined by the deposition rate and
the deposition time. X-ray reflectivity (XRR) is used periodically to correlate the
thickness of film deposited with deposition conditions and deposition time to calculate

the deposition rate.

3.1.2 Creation of sub-micron patterns in thin films

The thin films deposited in Section 3.1.1 were patterned into pm and nm sized dots
via electron-beam lithography (EBL). To create patterned structures, a positive re-
sist is first spin-coated on the substrate. A positive resist is a polymer that gets
chemically modified when it comes in contact with an electron-beam. The wave-
length of accelerated electrons is very small which allows for making patterns of small
dimensions (~ 10 nm). The thickness of the resist spin-coated is chosen based on
the thickness of the film to be deposited. For our samples, we coated poly-methy
methacrylate (PMMA) of ~ 100 - 200 nm. Resist-coated substrates are then baked
on a hot plate at 180 - 185 °C for 90 seconds. A Raith 150 scanning electron beam
(10 keV) with aperture size of between 30-120 nm was used to pattern the resist into
arrays of dots. The exposed resist was then removed by developing in 3:1 (by.volume)
isopropanol:methyl isobutyl ketone (MIBK) solution and rinsed with isopropanol and
dried with nitrogen gas. Thin films were then sputter-deposited on the patterned
resist layer as described in Section 3.1.1. Excess PMMA resist was removed by im-
mersing the sputtered sample in n-methyl-2-pyrrolidone (NMP) and ultra-sonicated.
At the end, we are left with a magnetic film only in those regions where the resist
had been exposed to electron-beam. Figure 3-2 shows an illustration of all the steps

involved in the creation of patterned magnetic films.
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Figure 3-2: Step-by-step creation of patterned structures in magnetic thin films.
Reproduced from [60)].

3.2 Magnetic characterization

Magnetic characterization techniques described in this section are used to identify the
key magnetic properties of materials, namely saturation magnetization Mg, a measure
of the total magnetic moment per unit volume in the material; magnetic anisotropy,
Ky, a measure of the preference of the magnetization to point along the easy axis of
the material; coercivity, He, the field required to switch the magnetization by 180°
along the easy axis as well as an imaging technique to visualize the magnetic domain

pattern.

3.2.1 Vibrating sample magnetometry

Vibrating sample magnetometry (VSM) is a ubiquitous technique to measure mag-
netization as small as 107> emu [61] with high precision in magnetic films, particles
and bulk pieces. The instrument is based on the Faraday’s Law which states that
a change in magnetic flux across a closed circuit induces an electromotive force in
it, the direction of which opposes the change in flux and the magnitude of which is
proportional to the rate of change of flux [62], [63]. In a VSM, a magnetic sample
is oscillated at frequencies of ~ 60-80 Hz with amplitudes of < 1 mm between two
magnetic poles that create uniform magnetic field. There are two pickup coils, one
at each pole, that sense the change in flux passing through them and convert it to

voltage. The coils are sensitive to only the magnetization component along their area
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normal. A measurement of this component of magnetization as the magnetic field is
swept gives a hysteresis loop. The sample orientation can be changed to obtain an
easy or hard axis hysteresis loop.

In this thesis, we have looked at single and multiple layers of magnetic films of ~
1 nm thickness deposited on Si(100)wafers. The wafer was broken into several pieces,
each piece about 1 cm X 1 cm. 3-5 pieces were then stacked on top of each other,
stuck together with vacuum grease and mounted on a glass rod which was inserted
in the VSM assembly. The rod was manually aligned to ensure that the magnetic
sample was at the geometric center of the line connecting the center of the magnetic
poles. The instrument was calibrated with a Ni sample of known magnetization. The
normalized magnetization (emu/cc) was calculated by dividing the measured emu
with the magnetic volume, which is calculated by multiplying known thickness of
magnetic layer (from deposition parameters) with the area of the sample. The area
was calculated by measuring the weight of the wafers and dividing it by the density
of Si, which is the bulk constituent of the wafer, and the thickness of Si wafer. Since
the hard axis hysteresis loops were used to measure anisotropy (Section 2.1.7), it
was critical to ensure that the hard axis of samples was perfectly aligned with the
magnetic field to ensure accurate calculation of anisotropy. This was carried out
via a binary search for the closest alignment within 5 degrees on either side of the
supposed hard axis until the most straight line was obtained (similar to Figure 2-10b).

All measurements were carried out at room temperature.

3.2.2 Magneto-optic Kerr effect polarimetry

Magneto-optic Kerr effect (MOKE) polarimetry [64], [65] is a quick and versatile
technique for measurement of hysteresis loops (Section 2.1.7) in magnetic thin films.
While MOKE polarimetry cannot be used to measure the absolute magnetization in a
sample, it can measure the shape of hysteresis loops accurately. In a MOKE setup, a
linearly polarized laser beam is incident on the magnetic sample. The magnetization
of the sample rotates the plane of polarization of the reflected light which passes

through an analyzer and reaches the photo-detector. The analyzer is set up almost
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Figure 3-3: Schematic illustration of polar Magneto-optic Kerr effect polarimeter with
important parts labeled. The path of laser is highlighted in green. Adapted from [66].

scanning stage

cross-polarized to the incident polarization and is thus sensitive to only the shift in
polarization which is proportional to the magnetization of the sample. Measurement
of this polarization shift is carried out as the magnetic field is swept to generate

hysteresis loops.

MOKE polarimetry setups can have three configurations - transverse MOKE and
longitudinal MOKE to measure magnetization in the plane of the film, and polar
MOKE to measure magnetization perpendicular to the film. In particular, polar
MOKE is very sensitive to out-of-plane magnetization which enables it to scan mag-
netic films as thin as an atomic monolayers. In this thesis, we look at only perpen-
dicularly magnetized thin films for which we use polar MOKE to measure hsyteresis
loops. The polar MOKE polarimeter used in this thesis (Figure 3-3) used collimated
green laser with a spot size of ~ 3 ym as the incident beam. The magnetic field was
generated via iron-core electromagnets custom-fabricated for the MOKE setup. The
out-of-plane magnet could apply fields up to ~ 1000 Oe and the in-plane magnet up

to ~ 6000 Oe in pulsing mode. The setup was placed on a vibration isolated optical

50



table.

3.2.3 Magnetic force microscopy

Magnetic force microscopy (MFM) [67] is a magnetic-domain imaging technique that
is similar to Atomic Force Microscopy (AFM) but is only sensitive to magnetic stray
fields on the surface of the sample. Figure 3-4 shows a schematic of a magnetic
tip scanning a magnetic film with perpendicular domains. A cantilever carrying a
micrometer-sized tip with radius of 25 nm, coated with a magnetic CoCr alloy, scans
at a height of ~ 50 nm above the sample surface. As the tip moves across the
surface of the sample, it interacts with the magnetic stray fields and gets attracted
(or repelled) by it. The same tip can be used to measure surface topography (AFM
mode) as well as magnetic domains (MFM mode) thus allowing correlation of domain
pattern with geometrical structures. The tips can be, a) magnetized in-plane or out-
of-plane, b) have low or high moment, and c¢) have low or high coercivity. The choice
of the tip is governed by the magnetic characteristics of the sample to be imaged.
The interaction of the tip with the magnetic stray field gradient causes changes in
its resonant frequency (or phase) proportional to the strength of the magnetic field.
These frequency changes are captured via optical interferometry using a focused laser
beam and a photodiode to generate a real-time image.

Ultra-thin (~ 1 nm) magnetic films (with at least 5 repeats) were imaged in this
thesis using a Veeco Metrology Nanoscope IV Scanned Probe Microscope. For less
than 5 repeats, we found that the MFM signal to noise ratio was small giving poor
quality images. The magnetic tips used were low moment Bruker MESP-LM tips
with coercivity < 400 Oe and magnetic moment 0.3 x 10~!3 emu'. Low moment tips
were used since the magnetic stray fields generated by ultra-thin films imaged in this
thesis were weak and we wanted to avoid the writing of magnetic domains on our
films by strong magnetic stray fields from the MFM tip. In comparison with the
tip, the samples we studied had magnetic moments of the order of 107> emu, many

orders of magnitude higher than that of the tip. The image acquisition was carried

!Source: http://www.brukerafmprobes.com/p- 3315-mesp-1m.aspx
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Figure 3-4: Schematic illustration of magnetic force microscopy technique. The mag-
netic tip scans at a small height above the sample surface and is only sensitive to
perpendicular components of magnetization. Reproduced from [24].

out in the dual mode where the tip first acquired surface topography by scanning
across a line in the tapping mode. The same line was scanned again to capture
magnetic contrast. This time the tip was lifted up by ~ 50 nm and retraced the
surface profile maintaining constant tip-surface separation. Figure 6-2 shows some

typical perpendicular magnetic domains imaged using MFM.

3.3 Micromagnetic simulations

Micromagnetics [68] is a semi-classical approach to studying magnetic phenomena
in magnetic materials at sub micrometer levels where magnetic properties such as
exchange, anisotropy and magnetization can be treated as continuous. Micromagnet-
ics avoids the complications of quantum mechanical description of magnetism at the
level of individual atoms but allows enough resolution to observe the variations in
structures of domain walls. The stable configuration of magnetic domains can be cal-
culated by minimizing the total energy including exchange (Section 2.1.1), anisotropy
(Section 2.1.2), magnetostatic energy (Section 2.1.3), Dzyaloshinskii-Moriya interac-
tion (Section 2.1.6) and Zeeman energy (interaction of magnetization with external
field) as a function of several possible domain patterns. Magnetization dynamics can
also be modeled using the Landau-Lifshitz-Gilbert equation [69], [70].

In this thesis, we used a GPU-accelerated micromagnetic simulation program,



MUMAXS3 [71]. The simulations were run at Amazon web servers. The minimum
energy configuration for um sized regions with a lateral cell size of ~ 2 nm x 2 nm was
obtained in a few hours. The third dimension of the cell size was set at the thickness
of magnetic film (thickness of total film for multi-layers). The lateral dimensions
of the simulation cell were chosen to be a few times smaller than the domain wall
width, A, to ensure an accurate domain width could be calculated from simulated
images. Multi-layer magnetic films were simulated using effective medium approach
(Equation (5.4)). Figure 5-5a,b show typical micromagnetically simulated labyrinth

domains for magnetic films covered in this thesis.
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Chapter 4

Creation of multi-domain state

with in-plane fields

Ferromagnetic thin films sandwiched between two heavy metals or a heavy metal
and an oxide display chiral spin textures [15], [21], [22], [49], [73], as explained in
Section 2.2. These chiral spin textures can be used to store information in the form
of Os and 1s. They can also be manipulated by combinations of currents, electric
and magnetic fields to read/write information. The key parameter to characterize
these materials is the Dzyaloshisnkii-Moriya interaction (DMI) (Section 2.1.6), which
determines whether a material exhibits spin chirality. If DMI is strong, the system
spontaneously exhibits stable chiral spin structures [48]. The critical strength required

for spontaneous formation of chiral spin structures has been determined as:
(4.1)

where Hp is the DMI effective field and H is the anisotropy field (Section 2.1.7)

[74]. The DMI effective field is defined as Hp = =+ directed normal to the

D
HoMsA

Sections of this chapter including figures have been published before in - P. Agrawal, U. Bauer,
and G. S. D. Beach, “Spontaneous Domain Nucleation under In-Plane Fields in Ultrathin Films
with Dzyaloshinskii-Moriya Interaction”, Journal of Applied Physics, vol. 117, no. 17, p. 17C744,
May 2015, 1SsN: 0021-8979. DOI: 10.1063/1.4917057. [Online]. Available: http://dx.doi.org/
10.1063/1.4917057%20http://scitation.aip.org/content/aip/journal/jap/117/177ver=
pdfcov’20http://scitation.aip.org/content/aip/journal/jap/117/17/10.1063/1.4917057
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Figure 4-1: a) Schematic of current and field application in spin Hall switching ex-
periment.The current j. and field By are applied parallel to each other and in the
film-plane along #. Bg; denotes the effect field induced from the current-induced
Slonczewski-like torque. At strong current and in-plane magnetic fields, the net torque
produced switches magnetization from -2 to 2. Adapted from [21]. b) Switching
phase diagram for Pt/CoFe/MgO showing switching of magnetization in the upper
right region with a combination of strong current density(y-axis) and in-plane mg-
netic field (x-axis). The switching phase boundary is encircled showing intermediate
multi-domain states as simulated in ¢. Adapted from [75].

domain wall where D is the DMI constant, A is domain wall width and the +(-) sign

corresponds to up-down(down-up) domain walls.

While materials with high Hp, show spontaneous chirality, one can also potentially
generate metastable chiral states in magnetic thin films with weaker DMI by appro-
priate perturbation of the uniformly out-of-plane magnetized state. The existence
of these metastable multi-domain states has been confirmed experimentally by spin
Hall switching experiments in Pt/CoFe bilayer strips with a combination of magnetic
field and pulsed currents applied parallel to each other and the film plane [75]. Mi-
cromagnetic simulations revealed this intermediate state to be a multi-domain with
stripe domains as shown in Figure 4-1c. However, this intermediate multi-domain
state could only be created within a narrow range of current and field values along
the switching phase boundary (Figure 4-1b). Moreover, this process of creation of
intermediate states involved additional complexity due to the need for simultaneous
application of current pulses and an in-plane field. In this chapter, we describe a

process where only in-plane fields are applied to create the metastable multi-domain
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state in magnetic films where the ground state is uniform. The method requires no
lithographic patterning of magnetic films. All that is needed is a strong magnet which

can apply magnetic fields upto a few 1000 Oe parallel to the film plane.

4.1 Role of in-plane field

The energy required for domain formation in a magnetic film is lowered in the presence
of a hard-axis or in-plane magnetic field, Hx. This can be mathematically seen by

considering the domain wall energy as a function of in-plane field [76] as given by
Upw(Hx):00+2KJ_A—7TAMS’HX—I—HD| (42)

where oy is the Bloch-type domain wall energy density, K| is domain wall anisotropy
energy per unit volume associated with the conversion of domain walls from Bloch
to Néel, and A is the domain wall width. At high in-plane fields, the third term
on the right becomes larger and so the domain wall energy becomes negative. The
demagnetizing energy then dominates the system energetics and a multi-domain state

is preferred.

4.2 Experimental methods

Thin films of composition Ta(3 nm)/Pt(3 nm)/CogoFez (0.6 nm)/MgO(1.8 nm)/Ta(2
nm) were prepared by DC magnetron sputtering (Section 3.1.1) under 3 mTorr Ar
with a background pressure of ~ 1 x 1077 Torr, on thermally-oxidized Si(100) sub-
strates at room temperature. MgO was RF sputtered at 3 mTorr Ar. Vibrating
sample magnetometry (Section 3.2.1) measurements of these samples confirmed the
presencé of perpendicular anisotropy in these films with an in-plane anisotropy field
Hp ~ 5000 Oe [21]. The magnetization was probed with a polar magneto-optic Kerr
effect (MOKE) setup (Section 3.2.2) with a 532 nm diode laser focused on a 3 um
spot and attenuated to 1 mW. These films have a strong Dzyalonshinskii Moriya in-

teraction (DMI) with a DMI-effective field, Hp ~ 2200 Oe [74]. Thus, the ratio of the
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DMlI-effective field, Hp, to the in-plane anisotropy field, Hg, in these films is 0.44,
which is about 70% of the critical ratio required for spontaneous formation of chiral

spin textures.

4.3 Shearing of hysteresis loops

Figure 4-2 shows a series of hysteresis loops measured with MOKE polarimetry in the
presence of different in-plane (parallel to the film plane) fields, Hx. In the absence
of any in-plane field, the hysteresis loop is square with a coercivity, Hes, of 40 Oe,
which is characteristic of the single domain magnetic state pointing out of the film-
plane expected in these thin films. H¢, in this case, corresponds to nucleation field
of reverse domains, since the domain wall propagation field in these samples is <
20 Oe [21]. As the magnitude of the in-plane field is increased, we find that the
coercivity decreases with increasing in-plane field, showing that it becomes easier to
nucleate reverse domains when an external in-plane field is present. The hysteresis
loops start becoming more and more sheared and the remanent magnetization, Mg,
at zero out-of-plane field, H;, also starts decreasing after a critical threshold of in-
plane field is crossed (see Figure 4-2d, e, and f). Note that these in-plane fields are
lower than the anisotropy field for these films, which is around 5000 Oe [74]. An
Mg /Mg ratio of < 1 in the presence of in-plane fields lower than the anisotropy field
is indicative of a multi-domain state with a stripe domain pattern [75], [77]. This
stripe domain pattern is expected whenever the demagnetization field exceeds the

threshold for nucleation of reverse domains.

4.4 Deviation from Stoner-Wohlfarth model

To probe the formation of the stripe domain state in detail, we measure the out-
of-plane component of magnetization, Mz, as a function of applied in-plane field,
Hyx. Mz was measured with polar MOKE described in Section 3.2.2. Figure 4-3a

shows a schematic for this measurement. An in-plane field, Hx, serves to cant the
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Figure 4-2: Easy axis hysteresis loops of Pt/CoFe/MgO measured with polar MOKE
setup at in-plane field, Hyx, of a) 0 Oe ; b) 2000 Oe ; ¢) 2500 Oe ; d) 3000 Oe ; e)
4000 Oe and f) 5000 Oe. Remanent magnetization, Mg, and coercivity, H, decrease
progressively as in-plane field increases.
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magnetization, M , of the film such that the out-of-plane component of the magnetic
moment vector, M, is equal to Mgsin(¢) where ¢ is the canting angle. 'According to

the Stoner-Wohlfarth model, cos(¢) = Hx/Hg for Hx < Hg . Therefore

—Z — sin(arccos(

e Eﬁ—».

We measured My as a function of Hx using a lock-in technique to improve the
signal-to-noise ratio. In this measurement scheme, we applied pulses of out-of-plane
field, Hz, as shown in Figure 4-3b, to toggle the magnetic moment, M , above and
below the film plane. A lock-in amplifier, which was phase locked to the H field
pulses, was then used to extract My as shown in Figure 4-3b. For a uniaxial system,
M vs Hx should take the form of Equation (4.3). Figure 4-3c shows a plot (blue
dots) of the measured magnetization, Mz, as a function of in-plane field, Hx. The
red curve is the expected Mz vs Hx plot simulated by using Equation (4.3) and using
anisotropy field value Hy as 5000 Oe from [74]. The measured My is significantly
lower than the expected curve for in-plane field above 1500 Oe. This suggests sponta-
neous demagnetization and the formation of multi-domain state above the threshold
in-plane field. The hysteresis loops in Figure 4-2 were measured at various in-plane
field values higher than the threshold field but lower than the anisotropy field and

show a steady decrease in remanence with increase in strength of applied fields.

4.5 Stability of multi-domain state

We found that the multi-domain state thus created persisted even after the in-plane
field was removed. This was confirmed by performing another series of experiments
where we applied an in-plane field to induce the formation of the multi-domain state,
then turned it off and probed the out-of-plane magnetic moment, Mz, using the polar
MOKE. We then applied an out-of-plane field, H, to find the field required to drive

the multi-domain state to complete saturation. Figure 4-4a shows a schematic of
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Figure 4-3: a) Schematic representation of canting of total magnetic moment, M g
of the film by the application of in-plane field, Hx. My represents the out-of-plane
component of M. b) Out-of-plane field, Hz, waveform used to toggle the net magnetic
moment between up and down states. The blue and green curves show the toggling
of Mz with Hz at in-plane fields of 0 Oe (blue) and 2000 Oe (green). c¢) Plot of
out-of-plane magnetization, Mz, as a function of in-plane field, measured by lock-in
amplifier (blue curve) and theoretically predicted (red curve) by Stoner-Wohlfarth
model.

61



this measurement. We see that the Kerr signal (which is proportional to Mz) drops
significantly on the application of in-plane field, Hy, and the demagnetized multi-
domain state is retained until Hz is swept. Figure 4-4b shows a plot of Mz as a
function of H; measured in the region where Hy is turned off. As seen from the
plot, the initial magnetization (M; in the figure) is close to zero immediately after
the application of a high Hy, and gradually increases as out of plane field increases
until it reaches saturation magnetization Mg. Note that the initial magnetization
is not zero because of small misalignment of the in-plane field. The small out-of-
plane component of the in-plane field biases the magnetic moment either up or down
leading to some fractional remanence. Branch 1 of the loop corresponds to the initial
magnetization curve of the sample which occurs through domain expansion. The
saturation field starting from the demagnetized state is denoted by H* in the figure
and is a measure of the range of out-of-plane field required to drive domain walls. In
repeated measurements, we found H* to be systematically somewhat lower than H¢
which is the field required to nucleate a reverse domain (branch 3). We also noticed
that branch 1 is typically more spread out than branches 2 and 3. The spreading out
behavior (switching of magnetization over a wide range of field as opposed to a sharp
transition) is seen in hysteresis loops of films with multi-domain patterns (Figure 2-
13) and comes from the pinning of domain walls as one set of domains expand with
increasing magnetic field.

Figure 4-4c plots the absolute value of the initial magnetization, M;, as a function
of in-plane field, Hx, applied to generate the multi-domain state. This mimics the
data shown in Figure 4-3c (which were measured by the lock-in technique), showing
a sharp drop in M; beyond an in-plane field of ~ 1500 Oe and thus indicating the

spontaneous formation of the multi-domain state beyond this threshold field.

4.6 Direct evidence of multi-domain state

A thin film of [Pt(3 nm)/Co(0.9 nm)/GdOx(3 nm)]; was investigated to see if a

multi-domain state can be formed by the application of in-plane field. This film
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Figure 4-4: a) Applied in-plane field, Hy, out-of-plane field, H,, and the measured
Kerr signal as a function of time. Kerr signal drops down significantly after the
application of in-plane field denoting the formation of multi-domain state. b) Plot of
Kerr signal against out-of-plane field, Hz, measured after the in-plane field has been
turned off to zero. Arrows denote the order of measurement starting from initial
magnetization M;. c) Initial magnetization after the application and removal of in-
plane field, as a function of the in-plane field, Hy, applied to create the multi-domain
state.
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Figure 4-5: Magnetic force microscopy (MFM) images showing the formation of a
multi-domain state with the application of an in-plane field. a) Hysteresis loop of
thin film of [Pt(3 nm)/Co(0.9 nm)/GdOx(3 nm)]5 showing remanence of 1, b) MFM
image of the film after growth showing no domain pattern, ¢) MFM image of the film
after the application of an in-plane field showing interconnected domain patterns.

is expected to have significant DMI due to the Pt/Co interface and its structural
inversion asymmetry. Figure 4-5a displays an easy-axis hysteresis loop, taken via
VSM, showing a remanence of 1. This indicates that the ground state of this film
is uniformly magnetized. Indeed, this is confirmed, via magnetic force microscopy
(MFM), in Figure 4-5b which shows a single-domain in a 10x10 pm area of the film.
MFM was repeated on the film after application of in-plane field of magnitude 4000

Oe. This time, a domain pattern was seen in the film (Figure 4-5c¢).

Note that the domains formed after the application of an in-plane field in Figure 4-
5c are not stripe or labyrinth (Figure 2-12) which is expected in perpendicularly
magnetized films where a multi-domain state is found, as discussed in Section 2.2.
The stripe or labyrinth patterns represent the lowest energy configuration of the
domain pattern. Thus, the method of application of in-plane fields to create multi-
domain states in thin films with DMI does not necessarily create the lowest energy
domain configuration. A standard method to randomize the domain pattern in a
magnetic film is known as AC demagnetization where a decaying sinusoidal magnetic
field is applied perpendicular to the film plane (along the easy axis). For our films,
we have found the process of AC demagnetization to be more reliable in creating a

stripe or labyrinth pattern. Figure 4-6a shows domain pattern in 10x10 pm area of
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Figure 4-6: Magnetic force microscopy (MFM) images showing the domain pattern
for [Pt(2.5 - 7.5 nm)/Co(0.8 nm)/Pt(1.5 nm)],3 film in a) as-grown state, b) after AC
demagnetization.

a [Pt(2.5 - 7.5 nm)/Co(0.8 nm)/Pt(1.5 nm)],3 film right after film growth. After AC
demagnetization, the domains reorient into a labyrinth pattern, as seen in Figure 4-6b,
with equally spaced up and down domains. Due to its consistency in creating lowest
energy stripe or labyrinth domain configurations, we use an AC demagnetization
process to create multi-domain patterns for the films studied in the remainder of this

thesis.

4.7 Conclusion

Chiral magnetic textures in thin films are of great interest for low-power data stor-
age in magnetic memory devices [15], [16]. Magnetic thin films with perpendicular
magnetic anisotropy, strong spin-orbit coupling and strong Dzyaloshinskii Moriya in-
teraction promise to be excellent candidates for the creation and stabilization of these
chiral textures. If the DMI effective field is strong enough, these chiral textures are
spontaneously stabilized. However, even in systems with weaker DMI, perturbations
can be introduced to create metastable non-uniform states and manipulate them [48].
We have shown that destabilization of the ferromagnetic state and formation of stripe
or labyrinth domain textures can be achieved by applying an in-plane field or using

AC demagnetization process. This approach could be used, for example, to generate
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skyrmions in confined structures such as magnetic dots as shown in Section 6.4, rather

than through current pulses as previously proposed [48], [75], [78].
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Chapter 5

Measurement of DMI

As discussed in Chapter 1, the key motivation to studying perpendicularly magne-
tized thin films is in their application in skyrmion-based non-volatile memory devices.
Skyrmions are chiral spin textures that have been found in materials with sizable PMA
(Section 2.1.2) and DMI (Section 2.1.6). A common way to achieve both affects is by
growing asymmetric thin films of ferromagnetic materials sandwiched between either
two different non-magnetic heavy metals or between a heavy metal and an oxide (as
described in Section 2.2). In multi-layers of these asymmetric stacks, the demag-
netizing energy increases and therefore the uniform magnetization state breaks into
multiple stripe or labyrinth domains. These stripe and labyrinth domains have been
found to be useful in creating skyrmion lattices [11]-[13]. Figure 5-1 shows the trans-
formation of stripe and labyrinth domains into skyrmion lattices in different magnetic
single and multi-layers with a sandwich structure. Quantifying the DMI in magnetic
single- and multi-layer films accurately and reliably is of critical importance for iden-
tifying potential materials for skyrmion-based devices. In this chapter, we describe
a simple method to measure DMI using energy models of stripe domains and static

magnetic characterization techniques.
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Figure 5-1: Labyrinth domains converted to skyrmion lattices in various single- and
multi-layer magnetic films. a) Scanning transmission X-ray microscopy images show-
ing transformation of labyrinth domains to hexagonal lattice of skyrmions after ap-
plication of current pulses in dots of 2 pm diameter of [Pt(3 nm)/Co(0.9 nm)/Ta(4
nm)};5. Adapted from reference [11]. b) Current flown through a nanowire in Ta(5
nm)/CogoFegoBop(1.1 nm)/TaOx(3 nm) generates elongated stripe domains on the
left and a skyrmion lattice on the right. Adapted from reference [12]. ¢) Isolated
skyrmions created from labyrinth domains by the application of out-of-plane mag-
netic fields in [Ir/Co/Pt];p multi-layers. Adapted from reference [13].

5.1 Limitations of existing methods

Existing methods of measuring DMI in magnetic thin films include first principle cal-
culations [79], [80] or a combination of micromagnetic simulations and magnetization
dynamics, i.e., motion of domain walls [21], [76], [81], [82], skyrmions or spin waves
[83], [84]. All of these methods are limited in their applicability. While the first prin-
ciples studies measure DMI for ideal systems with only a few magnetic monolayers
grown on a sharp interface, the magnetization dynamics studies often involve poorly
understood complications such as domain wall tilting [85] and pinning [28], [86] that
make it hard to interpret the results reliably. Moreover, they can be used to analyze
only those films which show square out-of-plane hysteresis loops (Section 2.1.7).

In this chapter, we propose a means to quantify DMI in single- and magnetic multi-
layer films using only static magnetic characterizations. Our method only requires
that the samples be prepared in a global energy minimum demagnetized state, i.e., a

state in which the domain width is determined by competing magnetic energies and
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not by nucleation or pinning. There are no restrictions on the shape of the hysteresis
loop as long as there is PMA. The domains should be large enough to be measured in
standard domain imaging tools such as MFM (Section 3.2.3), Scanning Transmission
X-ray Microscopy (STXM), X-ray Magnetic Circular Dichroism (XMCD) based imag-
ing, or Small Angle X-ray Scattering (SAXS). Specifically, we show that measurement
of remanent magnetic domain width, the perpendicular anisotropy constant, and the
saturation magnetization can be used to calculate domain wall energy, and from that,

the DMI strength.

5.2 Theory of stripe domains in magnetic thin films

Stripe and labyrinth domains have been seen in perpendicularly magnetized films
[62]-[58] for many decades as described in Section 2.2. In this section, we start with
describing well-established analytical models of stripe domain sizes as a function of
total thickness and show how DMI can be calculated using these models for single- and
multi-layer films. We then describe a revised model, developed recently by Lemesh,
Biittner and Beach [87], that accounts for the effects of finite domain wall width as well
as the stray field energies associated with volume charges in Néel domain walls. We
show that the revised analytical model predicts DMI to within 1% of the preset value
in micromagnetic simulations, and that the older models predict grossly inaccurate
values of DMI. The revised model provides a simple and robust tool to determine the
DMI strength of any material system that falls into its regime, as we demonstrate for
two sputtered multi-layer magnetic films in Section 5.3 of this chapter. The theories
discussed here have been developed for stripe domain patterns but also work well for

labyrinth patterns [87].

5.2.1 Early models

The early models [52], [53], [88] describing stripe domains in magnetic films showed
that there are two main energies that determine the equilibrium magnetic domain

pattern. One of them is the demagnetizing energy per unit volume which is given by
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where My is saturation magnetization, d is stripe domain width, and ¢ is the thickness
of the magnetic film. The demagnetizing energy represents the stray field energy that
the system saves in going from the single domain phase to the stripe domain phase
(Section 2.1.3). The second energy is the cost associated with the creation of domain
walls in the system. The energy required to create domain walls per unit volume is
given by

Epw

o
Vv =3 (5.2)
where ¢ is the domain wall energy per unit area described in Section 2.1.4. The
equilibrium domain width in the system can be calculated by taking the partial
derivative of the total energy in the system, i.e., Equation (5.1) + Equation (5.2)
with respect to the domain width, d. The resulting relation between equilibrium

domain width, d, and total thickness of film, ¢, takes the form:

dpod® M3 i [ (1_exp axt <1+”_;TE)>]_1=0 (5.3)
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For magnetic multilayers interspersed with non-magnetic layers, the characteristic
quantities and relations must be modified to accommodate the dilution of magnetic
energies in the system (since the total volume now has non-magnetic films which do
not contribute to the total magnetic energy of the system). To do this, we define the
scaling factor, f, as the ratio of thickness of magnetic layer, T, to the total thickness
per repeat, A, in the multilayer structure (Figure 5-2). The multi-layer film can be
described as an effective magnetic medium [11], [89] with thickness equal to the total
thickness of the multilayer film and magnetic characteristics, A.y, D, Kesy, and Mg
scaled linearly with f. The magnetostatic energy (which is proportional to M2) of
this effective medium would scale with f? while the domain wall energy, o, would be
D', Mg

scaled with f. The scaling laws are summarized in Equation (5.4) where A’

ex’

and Kj, represent the scaled effective medium parameters.
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Figure 5-2: Schematic of magnetic multilayer film with stripe domains of width, d.
The purple layers are magnetic films with thickness 7', while the cream layers are
non-magnetic. The thickness of each repeating set of layers is A\. A key structural
parameter is the scaling factor, f, defined as the ratio of thickness of each magnetic
layer to the thickness of a repeating set of layers, T'/\.

A;x = Aexf
(5.4)
Mg = Msf
y=kuf -2

The modified relation between equilibrium domain width, d, and total thickness

of film, ¢, for a multilayer film is given by [89]:

w20t

L R O [RETR

n=odd

Equations (5.3) and (5.5) predict domain size to vary with film thickness as seen
in Figure 5-3 with a characteristic minimum and an asymmetric increase of domain
size for smaller and larger thicknesses. The total thickness, ¢, could change either by
changing the number of repeats or by changing the thickness of any of the individual
layers in one repeat. A detailed discussion of variation of domain size with several
variables such as magnetic layer thickness, non-magnetic layer thickness, and scaling

factor is given in Chapter 6.
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Figure 5-3: Domain width as a function of film thickness for perpendicularly mag-
netized thin films showing stripe or labyrinth domain patterns. This specific curve

has been modeled for a film with T = 0.9 nm, A = 49 nm, Mg = 7 x 10° A/m,
Ay = 1071 J/m, Ky =5 x 10° J/m3, and D = 1 mJ/m?2.

Equations (5.3) and (5.5) can be used to measure domain wall energy, o, when
equilibrium domain width, d, the layer thicknesses, and saturation magnetization,
Mg, are known [11], [13], [57], [90]. The layer thicknesses can be obtained from
film deposition rates (as described in Section 3.1.1) or X-ray reflectometry, d can
be measured from domain pattern images, and Ms and Ky can be obtained from
SQUID or VSM measurements. The DMI strength, D, can then be calculated from

the domain wall energy, as outlined in the next section.

5.2.2 Role of domain wall energy

The models described in the previous section were derived for Bloch domain walls
(Equation (2.3)). For films with strong DMI, the domain walls have a Néel orientation
and their energy is given by Equation (2.5). The DMI, D, can be calculated if A.,,
Kesr, K1, and v are known. Attempts to simplify Equation (2.5) have either ignored
[11] K| in domain wall energy calculations, or approximated it to thick-film limit

1], K, = 5 or thin-film limit [49], [74], [82], K, = In(2)t"M2

5 A Biittner et

al. [92] have shown that these approximations are significantly different from the
transverse anisotropy, K | , seen in perpendicularly magnetized multi-layer films which
are studied for skyrmionic memory applications. For our films, we found K, to be of

the same order of magnitude as other terms in Equation (2.5), and therefore it was
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necessary to calculate an accurate expression for it in order to obtain an accurate

value of DMI. According to reference [92], K| is given by:

d*f + din(2)
K| ~ poM?2
L RS od2f 1+ dg + 1
with
f = (0.9t — 0.76)/N, (5.6)

g = T[1.8 = 0.05In(N + 12) + 0.05In(T)], and
d=TN

where A is the domain wall width (described in Section 2.1.4 and given by Equa-
tion (2.4)), N is the number of repeats in a multilayer structure, and the ratios

involved are defined as:

A
P 2 A’
T
T—m, (5.7)
X1
=77

Here T, f, X are as shown in Figure 5-2. For a single layer, N = 1, T' = t, the total
thickness of the film, and T = 1.

Figure 5-4 shows the influence of domain wall energy on the equilibrium domain
size d in magnetic thin films. We find that d depends strongly on the nature of the
domain wall. The presence of DMI in the system lowers the domain wall energy
thus enabling multiple smaller domains to be formed (blue curve — red curve).
The domain wall anisotropy energy, K, increases the domain wall energy thereby
increasing the equilibrium domain width (red curve — green curve). However, in
systems with DMI, the domain wall energy is still lower than Bloch walls. Hence,

Néel walls are more stable.
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Figure 5-4: Domain size dependence on total thickness for different types of domain
walls. The blue line represents a Bloch domain wall, the red line a Néel domain wall
with D = 1 mJ/m? ignoring the effect of volume charges within the Néel domain
wall, and the green line a Néel domain wall with D = 1 mJ/m? including the effect
of volume charges.
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5.2.3 Role of domain wall width

The models described in the previous section assume that A << d and A << ¢
and hence ignore the interaction between neighboring domain walls. This is true
for magnetic films with Bloch walls where domain sizes are in pm or cm, and are
at least 100 times the domain wall widths on the order of tens of nm. However,
these assumptions fail for several relevant films for skyrmion memory applications. A
more elaborate model accounting for interaction between neighboring domain walls
has been calculated in reference [87]. Specifically, this model shows that domain wall
width, A, and domain wall angle, ¥, are functions of film thickness. According to
this model, the total energy &, (in SI units) of a demagnetized magnetic multi-layer

film is given by

24,

1
Erot = i1 A

+2KyA + ﬂDsin(tp)] +&+ & + MOMS —2(f-f (5.8)

where & and &, are the surface and volume stray field energies per unit volume

respectively given by

0o 2 (nm ™
£ — o M2 f2A2? 81112 ( 3 ) 1 —exp(— dt) and
dt n=1 sinh (W;i ) n (5 9)
nt nt :
T MSfPA? sin?(%F) exp (~TH) + 7t 1
E = ——=2"—sin .
o7 (¥) Z cosh ( 2ZA ) n

The surface stray field energy, &, is the stray field that comes from stripe domains
(same as that of Equation (5.5)) but for a system with finite A. The volume stray field
energy, &, includes the stray field interactions between volume charges in the Néel
domain walls of the magnetic multi-layer film. This term is therefore proportional to
sin?(v)), where v is a measure of the Néel character of domain walls. Similar to the
previous section, the equilibrium domain width, d, can be found from taking a partial

derivative of &;,; with respect to d.
The thickness dependence of domain wall width, A, is given by Equations (5.10),
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(5.12) and (5.13), and that of domain wall angle, ¢ is given by Equation (5.15).

A
Ay = i (5.10)
Kefs
where
M2
Ko =Ky — “02 §, (5.11)
A
DNy = Hoﬂjﬁ = (5.12)
KU + TQSIII (¢)
Then domain wall width A is given by
1
A= Ay— G N (5.13)
i T Aehe
with quality factor, (), defined as
2Ky
=, 5.14
poM3 (514)

—D/ Dy, fOI‘ID| < Dy,
sin(p) = / Dive ' (5.15)
—sgn(D) for|D| > Dip,
where Dy, is the minimum DMI required in a given magnetic film (single or multi-

layer) for it to have Néel domain walls, i.e., for the domain wall angle 9 to be -90°.

It is given by
2 Mo M g-

Dipr = (516)

2 K +M522
finy T 7 - Ao
The thickness dependence equations (Equations (5.10) to (5.16)) have been written

for single-layer films. For magnetic multi-layer films, the scaled parameters (Equa-

tion (5.4)) should be used when calculating ¢ and A.
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5.2.4 Selection of the appropriate model

In this section, we verify the theories described in the previous section for a micromag-
netically simulated thin film with DMI. Specifically, we show the degree of inaccuracy

in measurement of DMI through the use of the following 3 models:

1. Model 1 is the original stripe-domain model [52], [53], [88], [89], [93] devel-
oped for single- and multi-layered films of intermediate thicnesses with PMA
and Bloch domain walls. It assumes the domain walls to be sharp or A = 0

(Egs. (2.3) and (5.5)).

2. Model 2 is a modification of model 1 for Néel domain walls and includes domain
wall transverse anisotropy, K, (Equation (5.6)). The stray field energy is the
same but the domain wall energy includes effects of DMI and volume charges

inside Néel walls (Equation (2.5)).

3. Model 3 is the model from reference [87] where the total energy includes effects
of finite domain wall width, A, and interactions of volume charges inside Néel

domain walls (Equation (5.8)).

We implement these three models on data obtained from micromagnetic simu-
lations using the MUMAX3 software package [71]. Similar to experimental films
[11]-[13] that have demonstrated skyrmions, the parameters used for simulations are:
Ms=7x10° A/m, A, = 1071 J/m, Ky = 5% 10° J/m3, T = 0.9 nm, N = 15, and
D =1 mJ/m?2 ) is systematically varied from 2.9 to 7.9 nm thereby varying f from
0.31 to 0.11. The initial magnetization state is chosen to be random. The magnetic
thin film is relaxed in the presence of no external fields and the equilibrium labyrinth
domain width in the relaxed magnetic contrast images is measured by taking a Fourier
Transform (FT). Figure 5-5 a,b show 5x5 pum simulated magnetic contrast images
at scaling factors, f = 0.31 and f = 0.11 respectively. The cell size chosen for the
simulations is 2 nm x 2 nm x thickness of the film. The lateral dimensions of the
simulation cell are chosen to be a few times smaller than the domain wall width for

the magnetic film simulated, which in this case is A ~ 6 nm.
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Figure 5-5: Measurement of DMI for micromagnetically simulated multi-layer film
with DML a, b) 5x5 pm images simulated with MUMAX3 showing labyrinth domains
for scaling factors 0.31 and 0.11 respectively. ¢) Domain size as a function of scaling
factor extracted from simulated images (black squares); fit to the stripe domain model
developed by Suna (blue curve), model accounting for volume charges in the domain

wall (green curve) and the multiple domain wall model (red curve).The error bars on
black squares correspond to errors in extraction of domain size from FT.
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The resulting variation of domain size with f and the least-squared fit of the data
with different stripe domain models is seen in Figure 5-5¢. While a good fit is obtained
with all models, the DMI value obtained from the three models are very different.
The blue curve shows a fit to the isolated domain wall approximation that does not
include the effect of volume charges in the domain wall via K, (model 1). It gives a
very small value of D = 0.28 mJ/m? The green curve shows the fit obtained from
using model 2 and gives a 6% error in estimation of DMI. This does not include the
effect of a finite domain wall width A but includes effects of volume charges within
domain walls via K; . The red curve is the most accurate fit (model 3) with only 1%
error. Note that this was a one parameter optimization with D as the only fitting
parameter. Thus we show that given all other parameters of the film are known
accurately, model 3 gives the DMI value to within 1% of the actual value. In the next
section, we apply model 3 to measure DMI in experimentally grown magnetic thin

films.

5.3 Application of model to experimental films

In this section, we apply model 3 to two films, one which has exhibited skyrmion lat-
tices in reference [11] and the second with similar layer thicknesses but also inversion
symmetry and hence an expected D = 0. We show that the measured DMI values
indeed agree with expected values from theory and values obtained by other authors
for similar films. We also find that the film growth mechanism imposes a variation in

PMA with the thickness of the film which is reflected in the DMI values measured.

5.3.1 Experimental methods

Multi-layer thin films were grown with the compositions: Ta(3 nm)/[Pt(2.5 - 7.5
nm)/CogoFezBg0 (0.8 nm)/MgO(1.5 nm)];3/Ta(2 nm) and Ta(3 nm)/[Pt(2.5 - 7.5
nm)/Co(0.8 nm)/Pt(1.5 nm)];3/Ta(2 nm) on 3” wafers each. Henceforth they are
referred to as the asymmetric and symmetric stacks respectively. The deposition

was done via sputtering in an AJA 6-target sputter deposition system at the Harvard
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Figure 5-6: Secondary Ion Mass Spectrometry of [Pt/CoFeB/MgO|,;3 wedge showing
13 fringes confirming 13 layers of repeats.

Center for Nanoscale Systems on Si(100) substrates with 50 nm thermally-grown SiO,,
at room temperature, with a base pressure of 2.9x107® Torr, and at Ar pressure of
4.7 mTorr. The CoFeB and MgO layers were deposited by rotational RF sputtering
while the Ta and Co layers were deposited by rotational DC magnetron sputtering.
Pt was deposited as a wedge where the thickness of the Pt layer was systematically
varied from 2.5 nm to 7.5 nm, via stationary DC magnetron sputtering. The distance

from the sputtering gun determined the thickness profile of the deposited Pt film.

Figure 5-6 shows Secondary Ion Mass Spectrometry (SIMS) data for the [Pt/CoFeB/MgO];3
film showing 13 fringes. The mass spectrometer analyzed the chemical composition
of ions as the film was milled down from the surface until the Si wafer was reached.

This confirmed that we had 13 layers of the [Pt/CoFeB/MgO] film.

Domains were imaged in the as-prepared and AC-demagnetized states using MFM
(Section 3.2.3) with the help of low moment CoCr magnetic tips (MESP-LM) from
Bruker. The AC-demagnetization process served to reorient the domains from labyrinth

to stripe-like (Figure 5-7 b-d) and ensured that the domain pattern thus obtained
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was the lowest energy configuration. Domain widths were quantified from the Fourier
Transforms (FT) of 10x10 pm MFM images (such as those shown in Figure 5-7 b-d
and Figure 5-9 b-d) taken at different Pt thicknesses along the wedge. Figure 5-8b
and Figure 5-10b show the domain size variation as a function of scaling factor for the
asymmetric and symmetric stack respectively. Domain sizes reduce with increasing

scaling factor for both the films as expected from theory and simulations.

5.3.2 Asymmetric film with DMI

Figure 5-7a shows a schematic of the asymmetric multilayer stack with the gradi-
ent of the wedge exaggerated for clarity. Each 3” wafer was broken down into 12
longitudinal pieces with each piece corresponding to a different Pt thickness along
the wedge. Easy- and hard-axis hysteresis loops were measured for every piece using
VSM (Section 3.2.1). The saturation magnetization, Mg, was averaged across differ-
ent Pt thicknesses and measured to be 690 + 60 emu/cc for the asymmetric stack.
Figure 5-7 e-g show the variation in the shape of hysteresis loops of the asymmetric
stack with changing Pt thickness. The multilayer film in the region of the thickest
Pt layer (Figure 5-7g) shows a butterfly easy-axis hysteresis loop (typical of multi-
layer magnetic films with stripe domains) and almost-straight line hard axis loop. As
Pt thickness is decreased, the easy axis hysteresis loops get more and more sheared
while the hard-axis hysteresis loops get more and more S-like (Figure 5-7 g-e). This
variation in hysteresis loops can be understood from the increase in density of mag-
netic layers with decreasing Pt thickness. As the magnetic layers come closer to each
other, the interaction between them increases resulting in a stronger magnetostatic
coupling which is manifested as more sheared hysteresis loops with higher saturation
fields [93]. One can also see that domain widths are monotonically increasing with

increasing Pt thickness.

For our symmetric Pt-wedge film we found that the anisotropy energy measured
from the area between easy- and hard- axes hysteresis loops, K}ys, was not a constant

and instead varied with the thickness of the Pt layer (Figure 5-8a). The experimen-
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Figure 5-7: a) Schematic of asymmetric multi-layer magnetic film with Pt layer
wedged across the wafer. b) - d) 10x10 pm MFM images showing stripe domains
for Pt thicknesses 3.6 nm, 5.4 nm and 7.5 nm per repeating layer respectively. Inset
of b) shows a 10 x magnified image of stripe domains. e)-g) Easy- and hard- axis
hysteresis loops for Pt thicknesses 3.6 nm, 5.4 nm and 7.5 nm per repeating layer
respectively.
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tally observed values were best fit by the polynomial function:
Khys = (94 1) x10° = (9+£2) x 10"f + (24 1) x 1082 (5.17)

where f is the scaling factor and Kjys is in erg/cc. This variation in anisotropy
energy might be a manifestation of the film growth mechanism (directional deposition
of Pt as opposed to rotational sputtering which gives a more uniform layer) which
could induce variations in grain size or roughness with changing thickness of the Pt
layer [94], [95]. We measured low-angle Reciprocal Space Maps (RSM) [96] to see if
there was any systematic variation in correlated roughness between the layers with
Pt thickness but could not obtain any conclusive results. In future, characterization
of interfaces via TEM can be carried out to study the interface characteristics as a

function of Pt thickness.

Figure 5-8b shows a plot of domain sizes obtained from MFM images with scaling
factor for the asymmetric stack. The error bars correspond to the variation in domain
sizes as measured from the uncertainty in frequency in Fourier Transform of the
MFM images. No fit to this measured domain width data could be obtained without
accounting for the anisotropy variation experimentally observed in Figure 5-8a. The
blue curve shows fit with model 3 (described in Section 5.2.4) with PMA variation of
Equation (5.17) and D as the only fitting parameter. An optimized value of D = 1.6
mJ/m? was obtained. Mg was varied within the experimental error range, however no
significant changes were seen in the optimized value of D with variation of Mg. The
value of D measured using our method is similar to the D = 1.2 mJ/m? measured
for [Pt(3 nm)/CoFe(0.6 nm)/MgO(1.8 nm)] film by domain wall motion experiments
[74], and D = 1.8 mJ/m? measured for [Pt(4 nm)/CoFeB(1 nm)/MgO(2 nm)] by spin

Hall switching experiments [97].

A large variation in perpendicular magnetic anisotropy across the wedge (as seen
in Figure 5-8a) seems to indicate that the interface quality is varying in some sys-
tematic way across the wedge. This would indicate that DMI, which also comes from

interfaces, must vary systematically across the wedge. To test this hypothesis, DMI
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Figure 5-8: Measurement of DMI for [Pt/CoFeB/MgO];3 wedge. a) Anisotropy ob-
tained from hysteresis loops as a function of scaling factor, f, b) variation of domain
size with scaling factor, f, showing fit with model 3 with D as fitting parameter (blue),
c¢) D calculated separately for different positions along the wedge (black squares).

was calculated separately for different Pt thicknesses using model 3 and the corre-
sponding Kjys (from Figure 5-8a). As seen in Figure 5-8¢, the DMI values indeed
show a systematic trend following the same pattern as that of Kjys. Dy as de-
scribed in Section 5.2.3 for this sample was < 0.1 mJ/m? across the wedge which is
significantly smaller than the DMI values measured. This confirms our assumption
of Néel walls with 7 = -90°. In principle, and for low DMI samples, the walls might

be transient with 7 in between 0° and -90°.
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5.3.3 Symmetric film with no DMI

Similar analysis was carried out for the symmetric stack. The average saturation
magnetization across the wedge was measured to be 1420 £+ 75 emu/cc. The easy
axis hysteresis loops showed a higher coercivity, as compared to the asymmetric film,
with remanence of 1. The hard axis loops were observed to be more linear (Figure 5-9
e-g) than those of the asymmetric film. The variation in the shape of the hysteresis
loops across the symmetric wedge was seen to be much weaker in comparison with
the asymmetric stack, especially for the hard-axis loops.

Figure 5-10 shows the DMI calculation for the symmetric sample. Here again,
anisotropy variation was observed across the wedge (Figure 5-10b) in the changing

shapes of the hysteresis loops and quantified as:
Kpys = (8.1+0.7) x 10° — (1.5 +0.6) x 107f (5.18)

where f is the scaling factor and Kjys is in erg/cc. Figure 5-10b shows decreasing
domain size obtained from MFM images (black squares) with increasing scaling factor
for the asymmetric stack. Note that the domain sizes for the symmetric stack are
much larger than that of the asymmetric one (Figure 5-10b) showing a higher domain
wall energy in the symmetric film. The blue curve shows the fit of the domain size
vs scaling factor data to the model with D = 4 x 1078 mJ/m?2. The very small D
obtained is consistent with the cancellation of interfacial DMI in symmetric magnetic
multilayer films predicted in literature [98], [99]. In fact the domain walls show a
Bloch character since the D value obtained was close to zero and below Dy,.. The
domain wall angle was also found to be almost zero (of the order of 1078) across the

wedge.

5.4 Sources of errors

In this section, we plot domain size, d, as a function of DMI in Figure 5-11. The

general trend is for d to decrease with increasing DMI, D, due to the reduction in
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Figure 5-10: DMI calculation in [Pt/Co/Pt];3 wedge. a) Anisotropy obtained from
hysteresis loops as a function of scaling factor, f. b) Variation of domain size with
scaling factor, f, showing fit with model 3 (blue curve) for D = 4 x 10~® mJ/m? with
anisotropy variation of a included in the model.

domain wall energy. Further, we show the sensitivity of the extracted DMI values on
uncertainties in the input parameters. The grey regions denote the family of d — D
curves for 10% error in the given material parameter. Similar to existing experimental
films that have demonstrated skyrmions [11]-[13], the film parameters were chosen to
be Mg = 7x10° A/m, A., = 107" J/m, Ky =5 x 10° J/m?®, T = 0.9 nm, A = 4.9
nm, and N = 15. The saturation magnetization is one of the strongest influences on
estimated DMI as can be seen in Figure 5-11a since d depends on the square of Mg
from Equation (5.5). Increasing Mg serves to increase magnetostatic energy thereby
decreasing the domain size. A 10% change in Mg would result in ~ 50% error in
estimation of DMI for the same d. Figure 5-11b and ¢ show the effects of errors
in magnetic anisotropy, Ky, and exchange ellergy, Ae,, respectively. The errors in
DMI calculation are smaller for these parameters. Both K and A, serve to increase
domain wall energy and therefore increase the remnant domain sizes. However, a 10%

error in Ky and 20% error in A,, gives < 20% error in estimated D.

While this analysis reveals Mg to be a strong factor influencing DMI, the D
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calculated for experimental films analyzed in Section 5.3 didn’t change significantly
within the experimental limits of error in saturation magnetization, i.e., Mg & 10%
entered in the model. We believe that this might be due to the fact that multiple

data points were used in the measurement of DMI.

5.5 Conclusion

Measurement of DMI in experimentally grown single- and multi-layered magnetic thin
films is necessary for assessing their potential as materials for skyrmionic memory
applications. In this chapter, we have shown that DMI strength can be measured
using well-established static magnetic characterization techniques. Different models
of stripe and labyrinth domains in demagnetized single and multi-layer magnetic films
were introduced along with their limitations. The model that fits best to magnetic
thin films with DMI and Néel domain walls is identified with the help of micromagnetic
simulations. Thereafter, the best model is used to measure DMI in two experimentally
grown wedged magnetic multi-layer films. The first one shows a strong DMI with D
= 1.6 mJ/m? and the second one shows D = 0 mJ/m?. The DMI calculated for both
films is found to be consistent with values expected from theoretical predictions and
observed in literature.

Thus, we have developed a simple and reliable tool for experimental materials
scientists to determine DMI in experimentally grown multi-layer magnetic films. We
also analyzed the role of errors in measurement of three material paramaters - Mg,
A, and Ky on the estimated DMI. In the next chapter, the roles of different design
variables within a magnetic multi-layer film are discussed. It is shown that the ma-
nipulation of the relative strengths of these interactions is essential to obtaining a
desired stripe domain size which in effect determines the size of the skyrmions that

can be realized in magnetic thin films.
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Chapter 6

Design variables for tuning domain

size

In Chapter 5, we showed how models of stripe domains can be combined with static
magnetic characterization tools to measure difficult-to-access material parameters
such as DMI, D, for various micromagnetically simulated and experimentally grown
magnetic multi-layer films. In this chapter, we draw insights from the stripe domains
theory and explore the dependencies of d on various design variables accessible to
an experimental materials scientist. The sizes of skyrmions in the skyrmion lattices
formed in magnetic multi-layers so far [11]-[13] have been influenced by stripe domain
widths d in those films. Therefore, understanding how to control d by changing the

design variables will help engineer multi-layers with desirable skyrmion radii.

6.1 Magnetic layer

The magnetic layer is the most important design variable. The choice of the material
and its growth mechanism affects the saturation magnetization, Mg, and exchange
energy, Ae;, while the thickness of the magnetic layer affects the scaling factor, f,
and total thickness, ¢, of the multi-layer.

Figure 6-1 shows the variation of domain size with saturation magnetization,

Mg, and exchange stiffness, A.,. Increasing Mg increases the demagnetizing energy
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Figure 6-1: Domain size variation with saturation magnetization, Mg (a), and ex-
change stiffness, A, (b).
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Figure 6-2: Domain size variation with thickness of magnetic layer. a-c) 5x5 pm
MFM images showing decreasing domain size, d, with increasing thickness, T, of Co

layer in [Pt(3 nm)/Co(T")/GdOx(3nm)];5 films.

thereby increasing the preference for domain formation, and therefore, decreasing
domain size. The strong dependence of d on My is due to the fact that the demagne-
tizing energy is a function of M2. Increasing A., has the opposite effect. A stronger
exchange between neighboring magnetic moments increases the domain wall energy
thereby making it less energetically favorable to form domain walls, and therefore

increasing the domain size.

MFM images in Figure 6-2 show decreasing domain size with increasing magnetic
layer thickness , T', in [Pt(3 nm)/Co(7")/GdOx(3nm)];5 films. Thicker magnetic layers

lead to higher magnetostatic coupling and smaller domains.
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Figure 6-3: Domain size variation with interfacial anisotropy, Ky (a), and
Dzyaloshinskii-Moriya interaction, D (b).

6.2 Non-magnetic layer

The non-magnetic or spacer layer in a magnetic multi-layer film affects several key
parameters such as interfacial anisotropy, Ky, and DMI, D, both of which primarily
come from the spin-orbit coupling of non-magnetic atoms with magnetic atoms at
the interface (Section 2.1.5). Ideally, we would like to choose non-magnetic layers
with high spin-orbit coupling, such as heavy metals. The choice of whether the same
non-magnetic layer is used as both the top and bottom interface of the magnetic layer
or not also influences DMI. When the top and bottom layers are identical, the system
has inversion symmetry, therefore, the DMI from the top layer cancels out the DMI
from the bottom layer as in the symmetric multi-layer film studied in Section 5.3.3. A
multi-layer film with high DMI often involves inversion asymmetry, i.e., two different
materials on either side of the magnetic layer, preferably having D of opposite signs
[32], [81], [100], [101].

Figure 6-3 shows the variation of domain size with interfacial anisotropy, K,
and Dzyaloshinskii-Moriya interaction, D. Increasing K has a similar effect as that
of increasing A., (Figure 6-1b) since both these energies increase domain wall en-
ergy and reduce the tendency of domain formation. Domain size decreases with
Dzyaloshinskii-Moriya interaction, D, since it reduces domain wall energy and pro-
motes the formation of domain walls in the system. The effects of DMI on domain

sizes have also been seen in Chapters 4 and 5.
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6.3 Scaling factor

The thickness of the magnetic layer can be varied over a few monolayers from about
0.6 nm - 1.2 nm. The lattice constant of magnetic elements like Co and Fe is ~ 0.6
nm. The minimum thickness, therefore, corresponds to ~ one monolayer of magnetic
element or the minimum thickness required to have a continuous film as opposed to
isolated islands during sputter deposition. The upper limit is decided by the transition
from out-of-plane to in-plane magnetization (Figure 2-2). The maximum possible
magnetic layer thickness is the thickness at which the magnetization is still out-of-
plane. Figure 6-2 shows a qualitative decrease in domain size with increasing magnetic
thickness, T. Quantitatively, this decrease in domain width is seen in Figure 6-4b.
Increasing the thickness of the magnetic layer while keeping the thickness of the non-
magnetic layer, Mg, Ky, and A., unchanged increases f without changing magnetic

energies, thereby increasing energy densities and promoting smaller domains.

The range of variation allowed in the thickness of the non-magnetic layers is larger.
The minimum thickness is determined by anisotropy requirements. Ky depends on
the thickness of the non-magnetic layers up to a few monolayers, after which the
thickness of the non-magnetic layer should not affect the interface quality and thus
not affect Ky (however, in Chapter 5, we see a dependence of Ky on non-magnetic
layer thickness in experimental films). The maximum thickness is determined by the
requirement for the ‘magnetic layers to still be able to interact with each other such
that magnetostatics play a role in determining domain widths. In principle, if the
non-magnetic spacer layer is too thick, the individual magnetic layers in the stack
would behave independently. The scaling factor, f, which is the ratio of magnetic
layer thickness, T', to the total thickness of the repeating layer, A, in a multi-layer
film, provides an easy way to tune the level of dilution of magnetic energies in the
system without changing other key material parameters like Mg, D, A.;, and Ky.
Figure 6-4a shows the variation of domain size with thickness of non-magnetic layer.
Increasing the thickness of the non-magnetic layer increases the overall thickness and

volume of the film without changing the magnetic energies, thereby reducing the ratio
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Figure 6-4: Domain size variation with thickness of non-magnetic layer (a), thickness
of magnetic layer (b), and number of repeats (c).

of energy to volume. This can also be expressed as a reduction in the scaling factor,
f. The result is weaker magnetostatic interactions and larger domain sizes.

Another design variable accessible to us is the number of repeats in the multi-layer
magnetic film. This is the same as increasing the total thickness of the film or scaling
up the system without changing the interfacial interactions. The plot of domain size
as a function of number of repeats in the multi-layer film (Figure 6-4c) mimics the
d — t plots seen in Figure 5-3, confirming the role of N in determining the domain

size.

6.4 Geometry and size

The last variable we study is geometrical confinement or reduction in the lateral
dimensions of the magnetic thin film to impose restrictions on the allowed domain
shapes and sizes. Stripe or labyrinth domains are the lowest energy domain configu-
ration in infinite films, or films where the x and y dimensions are much larger than
domain size. However, when the lateral dimensions of the film become comparable to
domain width, the domain shapes and sizes are affected by the requirements of fitting
integer domains in the confined structure. The effects of geometrical confinement on
domain patterns have been extensively studied in perpendicularly magnetized films of
thicknesses of the order of ~ 100 nm [102]-[106] for perpendicular magnetic recording

media.
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Lateral confinement is of further interest because it brings additional stability
to skyrmions due to topological edge replusion and curling of magnetization at the
edges [73]. Several recent studies have shown the effects of geometrical confinement on
skyrmions in pm or nm sized patterned magnetic thin films with DMI [107], [108]. The

observations we made are qualitatively consistent with the observations in literature.

[Pt(3 nm)/Co(0.9 nm)/GdOx(3 nm)];5 films and [Pt(3 nm)/Co(1.2 nm)/GdOx(3
nm)};s films were deposited using DC magnetron sputtering at room temperature
and at 3mTorr Ar pressure. Thin films were patterned into arrays of dots which are
cylindrical structures with diameters ranging from a few pm to a few hundreds of nm
and thickness equal to film thickness ~ 100 nm. The patterning was carried out via

electron-beam lithography (EBL) and liftoff (process described in Section 3.1.2).

Figure 6-5 shows domain sizes as a function of dot diameter for [Pt(3 nm)/Co(0.9
nm)/GdOx(3 nm)];5 film. The top row shows the domain sizes right after film de-
position without the application of any external magnetic fields. Even though the
infinite thin film of [Pt(3 nm)/Co(0.9 nm)/GdOx(3 nm)];5 showed labyrinth domains,
the patterned dots show uniform magnetization in the as-grown state. The bottom
row shows the domain sizes after demagnetization by temporary application of an
in-plane magnetic field of ~ 4000 Oe. The method of creating multi-domain states
via the applicatioh of in-plane field is explained in Chapter 4. The demagnetization
process creates stripe domains (i-1) in the dots that were uniformly magnetized as
grown (a-d). When the dot diameter becomes comparable (< 1 pm) to equilibrium
domain widths (~ 500 nm) in the infinite film, only uniform magnetization is stable
(0,p)-

Figure 6-6 shows dots for a [Pt(3 nm)/Co(1.2 nm)/GdOx(3 nm)];s film with a
thicker magnetic (Co) layer than the previous film. In this case, the dots show
labyrinth domains even in the as-grown state (a-h) because of a higher stray field
energy. No change is lseen in the periodicity of the domain pattern after an in-plane

field induced demagnetization for most large diameter dots (i-1).

Micromagnetic simulations confirmed the variation of domain patterns with dot

diameters as seen in sputtered films in Figures 6-5 and 6-6. The material parameters
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Figure 6-5: Domain patterns in pm sized dots of [Pt(3 nm)/Co(0.9 nm)/GdOx(3
nm)|;5 films. Dot diameter (bottom label) decreases from left to right. Top row (a-h)
shows dots in the as-grown state while bottom row (i-p) shows dots in demagnetized
state. While stripe domains are seen in larger discs, smaller dots exhibit domains
aligned with the circumference (k-m) and semi-circular domains (n). The smallest
dots (o,p) exhibit uniform magnetization even in the demagnetized state.

6.5 ym 45um 25pum 1.9 um 1.5um 1.0pym  0.67 pm 0.5um

Figure 6-6: Domain patterns in pm sized dots of [Pt(3 nm)/Co(1.2 nm)/GdOx(3
nm)|;5 films. Dot diameter (bottom label) decreases from left to right. Top row (a-h)
shows dots in the as-grown state while bottom row (i-p) shows dots in demagnetized
state. Labyrinth domains are seen in larger discs (columns 1-3 from left). h,p)
Uniform magnetization is seen in 0.5 pm discs, while some circular skyrmions are
seen in f,m,n.
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Figure 6-7: Variation of domain patterns with size in micromagnetically simulated
dots with parameters Mg = 8.655 x 10° A/m, A., = 107! J/m, Ky = 8.027 x 10°
J/m* T =11 nm, A =71nm, N =15, and D = -0.785 mJ/m? Dot diameter
decreases from left to right and is given by a) 6.5 pm, b) 1.9 nm, ¢) 1 pm, d) 0.67 pm,
e) 0.5 pm. Labyrinth domain patterns are seen in larger dots (a,b) whereas discrete
magnetization states are seen in smaller dots (c-e). Two skyrmions are also seen in b.

chosen for simulations were Mg = 8.655 x 10° A/m, A., = 10711 J/m, Ky = 8.027 x
10° J/m3, T = 1.1 nm, A = 7.1 nm, N = 15, and D = -0.785 mJ/m?, similar to the
experimental films with patterned dots studied above. (The symbols are described in
Chapter 5). The magnetization was chosen to be random at the start of the relaxation
process. Figure 6-7 shows the variation of domain pattern with dot diameter for the
micromagnetically simulated multi-layer thin film. The number of magnetic domains
observed in a patterned dot is given by the ratio of dot diameter to stripe domain
width in an infinite film of the same composition [102]. The stripe domain width for
a demagnetized infinite thin film, with material parameters used for simulations, is
335 nm. Using this domain width, we calculated the number of magnetic domains
predicted for each dot in Figure 6-7, and found this ratio to be a) 19.4 for the 6.5
pm dot, b) 5.67 for the 1.9 pm dot, ¢) 2.98 for the 1 pm dot, d) 2 for the 0.67 pm
dot, and e) 1.49 for the 0.5 ym dot. Indeed, the number of magnetic domains seen in

these dots is approximately consistent with these ratios.

For micromagnetic simulations, the magnetization state at the start of the relax-
ation process seemed to affect the final domain pattern, as seen in Figure 6-8 for dots
of diameter 0.5 pm. We suspect that this is because the relaxation process doesn’t find
the lowest energy domain configuration but rather one of several local energy minima.
Initializing the magnetization as random was found to generate the labyrinth domains

similar to the demagnetized state in experiments. The simulation parameters used
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Figure 6-8: Variation of final domain patterns with initial state of magnetization
in micromagnetically simulated 0.5 pm discs. The initial magnetic states were: a)
uniform in the plane of the film along 7 4+ j, b) two in-plane magnetized domains, c)

random magnetization, d) stripe domains, e) uniform magnetization perpendicular
to the film plane (k).
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for Figure 6-8 are the same as those for Figure 6-7. For sputtered films, the equivalent
of changing the initial magnetization is an alteration of the magnetic domain pattern
via field application. For instance, in-plane (out-of-plane) fields could be used to

generate magnetic domain patterns similar to Figure 6-8a (Figure 6-8e).

Circular domains seen in Figure 6-6 f,m.n and Figure 6-7 a,b are skyrmions since
they have Néel domain walls. Figure 6-9a shows domain patterns in a dot of diameter
1 pm with film parameters: Mg = 8.655 x 10° A/m, A, = 107 J/m, Ky =
1.9488 x 10° J/m?*, T'= 1.1 nm, A = 7.1 nm, N = 15, and D = 0 mJ/m?. Figure 6-9b
shows a 5x zoomed-in inset of Figure 6-9a. The grey triangles seen at the domain
boundary indicate the direction of magnetization along the domain wall, indicating
Bloch domain walls, as is expected from a system with no DMI. Figure 6-9c shows
domain patterns in a dot of diameter 1 pm with film parameters held constant as
Figure 6-9a but with D = -0.785 mJ/m?. The domain sizes are smaller in Figure 6-
9¢ as compared to Figure 6-9a since DMI lowers domain wall energy and promotes
the formation of domains in the system. Figure 6-9d shows a 5x zoomed-in inset of
Figure 6-9c. The grey triangles in this case are pointing perpendicular to the domain
wall as expected for a Néel wall. These Néel walls were seen in all micromagnetically

simulated dots with DMI.
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Figure 6-9: Micromagnetic simulations show that the presence of DMI in magnetic
thin film changes the preferred orientation of domain walls from Bloch to Néel.

6.5 Conclusion

In summary, we investigated the role of several design variables: Mg, Aezs Ku, D,
the number of repeats, and the thicknesses of magnetic and non-magnetic layers in
controlling the equilibrium domain size in magnetic multi-layer films. While not all
these variables are independent of each other, many of them have competing effects on
the domain size allowing for very specific tailoring of domain sizes in magnetic multi-
layer films. Several studies have tried to capture the role of each of these variables
by continuous varying any one of them while keeping the others unchanged.
Another variable that is often used to create and stabilize skyrmions and that
we didn’t discuss here, is an applied external out-of-plane magnetic field. Many
interesting skyrmion phases (cycloids, skyrmion lattices) can be created by external
magnetic field stabilization [11], [13], [107]-[109]. However, eventually for a memory
device based on skyrmions in magnetic thin films, the stabilization of skyrmions with

the help of external magnetic fields would be difficult to implement.
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Chapter 7

Conclusion and outlook

7.1 Summary of this thesis

In this thesis, we have presented magnetic thin films as a system of interest for spin-
tronic memory applications. We started by laying out the framework of various mag-
netic interactions in magnetic thin films. We highlighted the competing tendencies
of exchange energy that prefers parallel neighboring spins and the Dzyaloshinskii-
Moriya interaction that prefers perpendicularly aligned neighboring spins, the result
of which are several interesting chiral spin textures. We also highlight the role of
various other physical properties, namely spin-orbit coupling, inversion asymmetry
and perpendicular magnetic anisotropy in magnetic thin films which help realize chi-
ral spin textures. For magnetic memory applications, the most relevant of these spin
structures is the skyrmion due to its small size, topological stability and potential to
move at high speeds.

The experimental and simulation methods used in this thesis are outlined in Chap-
ter 3. We then outline a way of creating chiral multi-domain phases in single- and
multi-layer films by the application of a magnetic field in the plane of the film in
Chapter 4. Through this chapter, the role of in-plane fields in lowering the domain
wall energy of the system and thus enabling the creation of multi-domain phases is
highlightéd.

In Chapter 5, we develop a sense of the scale of the different competing interactions
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in perpendicularly magnetized thin films and show that the net macroscopic result of
minimization of energy is the formation of stripe or labyrinth domains in magnetic
single- and multi-layered films. Moreover, the chiral stripe and labyrinth domains have
the potential to be transformed into skyrmion lattices as has been shown by several
recent works. We develop a method to accurately predict the domain size of the multi-
domain stripe or labyrinth domain configuration in magnetic thin films. We take this
framework further to measure the strength of the Dzyaloshinskii-Moriya interaction
for micromagnetically simulated films to within 1% of the theoretically predicted
value. After verifying the model with simulations, we apply it to experimentally
grown films - one with inversion asymmetry and the other without. Accounting for
the variations in perpendicular magnetic anisotropy due to film growth conditions,
we are able to predict the DMI strength in these films reliably. The symmetric film
shows no DMI while the asymmetric film shows D = 1.6 mJ/m?, similar to the DMI
measured via domain wall dynamics experiments for similar film structures. We also
observe a small trend in anisotropy variation with thickness of non-magnetic spacer
layer in both asymmetric and symmetric multi-layer films. In the symmetric film,
this trend was found to correlate with the trend in DMI strength, indicating some

systematic variation in interface quality with non-magnetic layer thickness.

Finally, in Chapter 6, we introduce several design variables in magnetic multi-layer
films that influence the domain size. These variables are magnetic layer thickness,
non-magnetic layer thickness, exchange energy, saturation magnetization, Dzyaloshinskii-
Moriya interaction, perpendicular magnetic anisotropy and number of repeats. While
many of these are interrelated, they still span a huge parameter space and allow for
many different combinations of multi-layer magnetic films giving similar domain sizes.
This gives materials engineers large flexibility in designing materials with specific

combinations of material properties.

This thesis, thus, serves the purpose of providing detailed characterization of mag-
netic multi-layer films along with the underlying physics. By applying the theoretical
models to experimentally grown films, we demonstrate the applicability of the the-

ory and provide essential tools for further design and engineering of these films for
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magnetic memory applications.

7.2 Future work

Moore’s law has been the driving force for advancements in the semiconductor in-
dustry for the last few decades giving rise to smaller and faster processors every few
years [110]. However, the limits of the law are being reached now as Joule heating
becomes a critical limiting factor for performance and reliability of transistors [111].
In this context, the field of spintronics holds great promise to not only solve several
key challenges faced by the Si-based transistor designs, but also enable faster, cheaper

and cooler memory technologies [112].

7.2.1 Skyrmion based memory

The primary application of the magnetic films studied in this thesis is in domain
wall-based and skyrmion-based logic and memory devices. Various designs have been
envisaged for such devices including shift registers, 2D skyrmion racetrack memory
(Sky-RM) [23], [113], [114], 3D domain-wall racetrack memory (DW-RM) [5], and
isolated skyrmion based cells [115]. The idea of these devices would be to create
skyrmions deterministically at well-defined locations in magnetic materials with ex-
ternal stimuli such as electric current, temperature control, geometrical confinement,
magnetic field and electric field. These skyrmions would store information in the form
of magnetization pointing up or down.

The goal of maximizing storage density would require the minimization of skyrmion
diameter. Since skyrmions have been primarily created by length-wise shrinking of
stripe domains, optimizing the magnetic multi-layer film via methods outlined in this
thesis would be a way to generate thg narrowest possible stripes, which would then
pave the way to create the smallest skyrmions stable only by magnetostatics. Some
other challenges lie in identifying reliable ways of switching skyrmions, from up to
down or vice versa, without affecting the skyrmions nearby. Finally, to enable fast

readout of information stored in the device, it should be possible to move a train of
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skyrmions in a fast, efficient and reliable fashion.

Some of these challenges have been adressed as in the creation of skyrmions with
applied fields [13], currents [11] and current-induced skyrmion motion [11], [114],
[116]. However, many challenges remain. One big challenge is the problem of pinning
of domain walls [28], [86], [117] in magnetic films, due to inevitable defects such as
grain boundaries, which significantly inhibits fast skyrmion motion predicted by mi-
cromagnetic simulations. The other challenge is the limits of topological protection of
skyrmions. Recent studies [118], [119] have shown that skyrmions are readily annihi-
lated with certain magnetic fields and current pulses. Further in-depth understanding
of the creation process of skyrmions and their response to external stimuli is needed

before they can be used for memory applications.

7.2.2 Other materials of interest

While the focus of this thesis has been primarily on heavy metal/ferromagnetic
metal/oxide or another heavy metal sandwich structures, there are several other in-
teresting materials of interest for skyrmion memory applications. The choice of the
magnetic medium could encompass ferrimagnets [120], bulk ferromagnets, antiferro-
magnets [121] and perpendicularly magnetized ferromagnetic insulators (FMI). Bulk
ferromagnets like TbCo are attractive since they can provide thermal stability while
achieving magnetization switching at current densities comparable to perpendicularly
magnetized thin films [122]. The use of perpendicularly magnetized ferromagnetic in-
sulators (FMI) such as thulium iron garnet in place of ferromagnetic metals has been
shown [123] to have a higher efficiency of spin-orbit torques. This is because in a heavy
metal/FMI layer structure, charge current flows primarily through the non-magnetic
SOC material giving rise to higher spin current insertion in to the neighboring FMI
layer. Thus magnetization switching occurs at lower charge current densities enabling
low power spintronics devices.

The primary role of the non-magnetic layer in multi-layer magnetic films for
skyrmion memory applications is to provide strong spin-orbit coupling (SOC). The

spin Hall effect (SHE) is the conversion of charge current to spin current mediated
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via high SOC atoms in non-magnetic layer. A non-magnetic metal with strong SOC
placed next to the ferromagnetic metal can act as a source of spin current effectively
producing magnetization reversal of the ferromagnetic metal at very low charge cur-
rents. Other than heavy metals, strong SOC is found in topological insulators (TI),
such that in these materials, the relative orientation between an itinerant electron’s
spin and direction of flow is fixed [33]. This means that TIs show very strong spin Hall
effects, sometimes orders of magnitude stronger than those shown by heavy metals
[34]. If they could be incorporated in skyrmion devices, even smaller currents would
be required to switch magnetization.

Another interesting class of materials are metallic antiferromagnets like IrMn.
When placed next to a ferromagnet, they can bias the ferromagnet giving rise to an
effective field that could cant the ferromagnetic magnetization. This would eliminate
the need for canting by external fields to achieve deterministic spin orbit torque
switching, which is a major obstacle for realizing device applications. Additionally,
if the antiferromagnetic metal has a strong SHE, it could also act as a source of
spin current [124]. Moreover, antiferromagnets have zero net magnetization and are
therefore less susceptible to external magnetic fields. This makes them attractive

candidates for application in magnetic devices.
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