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ABASTRACT OF THE DISSERTATION

Topological Properties of Magnetic Nanostructures
in Amorphous Fe/Gd Multilayers
by
Sergio A. Montoya
Doctor of Philosophy in Electrical Engineering (Nanoscale Devices and Systems)
University of California, San Diego, 2016

Professor Eric E Fullerton, Chair

The dissertation explores in detail the formation of dipole stabilized skyrmions and
skyrmion lattices that we discovered in amorphous Fe/Gd multilayers. The dipole skyrmion
phase exists in amorphous Fe/Gd films which is commonly associated as a classical
magnetic bubble material. However, as we discuss throughout the thesis, there are clear
distinctions between both magnetic textures in topology, magnetic energies required to
favor their formation and their response under external perturbations. Bubble domains
typically form in films where the uniaxial anisotropy K; exceeds the demagnetization
anisotropy K, = 2mMZ or have a Q = K;;/2nMZ > 1 whereas the dipole skyrmions and

skyrmion lattices we report exist in thin films with Q < 1.
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Over the course of the thesis, we present comprehensive studies as individual
chapters describing the magnetic, ferromagnetic resonance and transport properties
associated with the dipole skyrmions. For each of these studies, we first identified the
dipole skyrmion phase using real and reciprocal space imaging techniques and then
quantified the respective properties of these films. We then established a one-to-one
correlation between magnetic, ferromagnetic resonance and transport measurements and
the domain morphologies observed thus allowing us to assign unique attributes to the
dipole skyrmion phase. With aid of numerical simulations, we are able to further validate
our experimental observations and investigate additional magnetic information that is not
easily accessible in experiments.

Overall, dipole skyrmions possess interesting physics that are comparable and
complements the physics observed in skyrmions stabilized by the Dzyaloshinskii—Moriya
interaction. The sub-100nm features exists over a broad range of temperatures and
magnetic fields which can further tuned by modifying the film composition or thickness.
The dipole skyrmion phase exists in a material parameter space that had previously not
been investigated by neither bubble domain nor skyrmion scientific communities. Last, our
results show that a lot of the interesting physics resulting from these textures appears to be
a result of topology and not the physical mechanism that forms these chiral cylindrical-like

textures.
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Chapter 1

Introduction

1.1 Motivation

The rise of the internet of things and mobile technologies has prompted the
development of a new wave of research to produce non-volatile memory devices that offers
very high memory density, very fast data read and write abilities, exceedingly low power
consumption and is inexpensive. A promising technology, proposed in 2008, suggested
encoding information in magnetic domain walls along small magnetic wires. To access the
encoded information that lies in the magnetic wires, low-density electrical currents are used
to move the magnetic domain walls along the length of the magnetic wires. Given the
nature of how information is accessed, the memory was termed ‘racetrack memory’ [1].
This new technology was proposed as a solid-state potentially 3-D storage platform aimed
to replace most data storage devices, including RAM, FLASH and even hard drives, reduce

the manufacturing cost per gigabyte and be very energy efficient [2,3] .



A great deal of efforts have been invested to understand the mechanisms for fast
displacement of domain walls using electrical currents and in exploring these effects in
different materials [4-6]. This resulted in the observation of a skew exchange interaction,
commonly known as Dzyaloshinskii—-Moriya interaction (DMI), and as strong spin-orbit
coupling effects in thin films structures consisting of a heavy metal, ferromagnet and oxide
layers. One of the challenges observed when displacing domain walls with currents resulted
when these encountered defects in magnetic wires which pinned the domain wall [1,7,8].
In order to unpin the domain wall, relatively high current densities were required which
deteriorated the energy efficiency and controllability of the racetrack memory.

At the same time racetrack memory was being investigated, particle-like magnetic
domains textures termed ‘skyrmions’ were for the first time observed experimentally using
small-angle neutron scattering in MnSi at ~30K [9]. It was shown that these skyrmion
textures arranged in a close packed hexagonal lattice and formed in a narrow temperature
window under the application a perpendicular magnetic field. Since these magnetic
textures possess a domain wall that continuously wraps around the cylindrical-like domain,
they are termed topologically protected because the domain wall protects the skyrmion
feature from continuous deformation by external forces to the uniform state [10-12]. It was
then shown that these skyrmion features could be displaced with ultra-low current densities
and unlike domain walls these chiral textures did not pin easily to defects [12-14].

The prospects of developing a universal memory based on skyrmions, prompted
strong research efforts to investigate properties of these magnetic textures to facilitate their
exploitation in technologies as well as the exploration of new materials that stabilizes these

textures. Today, these textures exist in an array of materials from bulk magnets [9,15-17]



to thin films [18-25] and have been shown to be stable under several physical mechanisms
[25-29]. Most materials exhibit a skyrmion phase at cryogen temperatures, but there are a
few materials that form these textures at and above room temperature. Since the initial
observation of skyrmion, research efforts have solely been focused on investigating DMI
skyrmions because it was anticipated, early on, that these textures would exhibit sub-
100nm features, whereas dipole skyrmions were expected to possess magnetic features are

a few orders of magnitude larger.

1.2 Scope of the Thesis

This thesis is focused specifically on the study of dipole skyrmions and skyrmion
lattices that we discovered in amorphous Fe/Gd multilayers. The work presented
demonstrates that dipole skyrmions with sub-100nm features are spontaneously formed in
thin films. We show that dipole skyrmions and magnetic bubbles are distinct magnetic
features that form under the same physical mechanism: competition of dipole energy and
domain wall energy. Throughout this thesis, we detail comprehensive studies detailing the
magnetic, ferromagnetic resonance and transport properties of dipole skyrmions and
skyrmion lattices. Many of our observations are generalized to be inherent properties of
these chiral domains are valid in other ferromagnets and ferrimagnets. Overall, it is the first
in-depth study of a class of skyrmions that has not received considerable attention since
their initial discovery. The results, herein, demonstrate this class of skyrmions possess far

richer textures and novel properties than expected.



In Chapter 2, the basic magnetic concepts on the formation of magnetic domains in
thin films with perpendicular magnetic anisotropy are described, including information
about magnetic stripe domains and bubble domains. Emphasis is given to the subject of
skyrmions to provide sufficient background to grasp the significance of the results provided
in this thesis. Some properties of skyrmions are described more closely in the individual
Chapters were it is more relevant.

In Chapter 3, we briefly review many of the experimental techniques utilized to
carry out the growth, characterization and optimization of amorphous Fe/Gd multilayers.
In addition, we describe many real- and reciprocal-space imaging techniques used to profile
the magnetic domains that form in Fe/Gd multilayers under varying magnetic fields and
temperatures. Since some material property characterization requires the continuous films
be patterned to nanowires, we also detail the fabrication processed utilized.

In Chapter 4, the magnetic properties that result in the formation of dipole
skyrmions and skyrmion lattices in amorphous Fe/Gd multilayers are explored through
thickness, temperature and alloy composition studies. Real- and reciprocal-space imaging
techniques are used to image the field and temperature dependence of magnetic domains
in Fe/Gd multilayers. Then material properties that result in a skyrmion phase are
quantified and compared to numerical simulations. Excellent correlation in domain
morphology is found between the experimentally observed magnetic textures and their
numerical counterparts. Micromagnetic results allow us to predict that these class of
skyrmions possess a far richer textures than originally foreseen. Finally, we explore the

sensitivity to magnetic properties that result in formation of a closed packing lattice of



dipole skyrmions. The results presented in this chapter provide guidelines to engineer
materials which exhibit dipole skyrmions in ferromagnets and ferrimagnets.

In Chapter 5, the resonant properties of dipole skyrmions in amorphous Fe/Gd
multilayers are explored using ferromagnetic resonance. Temperature, thickness and field
history dependent studies are performed on numerous Fe/Gd specimens which are detailed
in resonant mode and magnetic field dispersions. Using magnetic phase maps, we further
correlate the resonant modes to specific magnetic domain textures. We then use numerical
simulations to interpret the resonant modes which allow us to predict the existence of new
localized spin-wave modes in dipole skyrmions. We also show that dipole skyrmions and
bubble domains exhibit different dynamics under microwave fields. Altogether, we predict
dipole skyrmions exhibit complex dynamics under microwave fields that are dependent on
the resonant frequency and the helicity of magnetic texture.

In Chapter 6, the anisotropic magnetoresistance properties of dipole skyrmions and
skyrmion lattices are explored by means of magnetic field and temperature dependent
studies on amorphous Fe/Gd multilayers patterned into wires with different width and fixed
length. The Fe/Gd film studied possess disordered stripe domains above 180K and a dipole
skyrmion phase below 180K. The anisotropic magnetoresistance is collected along three
field-current probing directions as a function of temperature. We find the field varying
polar resistivity response shows an artifact at temperatures where a skyrmion phase has
been experimentally observed. Numerical simulations were performed to compute the field
dependent domain states and then compute the anisotropic magnetoresistance. Very
accurate correlations are observed between experiments and simulations, which suggest

the observed artifact in the polar resistivity results from a Bloch-line rearrangement.



In Chapter 7, I summarize the experimental and numerical findings for the studies

detailed in this thesis and provide a future outlook of potential studies on dipole skyrmions.
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Chapter 2

Magnetic Domains

2.1 Introduction

In thin films with perpendicular magnetic anisotropy (PMA) the balance between
ferromagnetic exchange, anisotropy, and dipolar energies often results in stripe and bubble
domain patterns. Understanding the formation and properties of these periodic domain
structures has been an active research topic dating back to the 1950°s [1-4]. The
characteristic width of the periodic or quasi-periodic domains depends on the materials
properties such as magnetization, exchange and anisotropy and varies with film thickness.
Furthermore, the domain morphology and period depends sensitively on the application of
magnetic fields, the field history and the presence of disorder. Domains can arrange in a
variety of metastable configurations and hysteresis effects are connected with domain

generation, annihilation and transformation. Because of this variability, magnetic films
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with PMA have been an ongoing test-bed for the physics of stripe and bubble phases [4-
8].

The presence and control of magnetic bubbles has also gained interest for their potential
application to novel memory technologies. This was thoroughly investigated in the 1970’s [1-4, 9-
15], and has attracted renewed interest because of their potential to bring about highly scalable and
low power consumption non-volatile memory for mobile technologies [16-18]. Today, a magnetic
bubble with non-trivial topology is termed a skyrmion [19-21]. Apart from their technological
applications, these textures exhibit interesting new physics when these textures interact with
conduction electrons and result in novel dynamics when perturbed with external forces.

Over the course of this chapter, I introduce concepts of magnetic domains, magnetic
domain walls and the formation of magnetic stripe domains and magnetic bubble domain
in thin films with perpendicular magnetic anisotropy. I will then focus on describing
magnetic skyrmion domains, including the physical mechanisms that result in their
formation and distinctive properties. Additional information about skyrmions is detailed in

the individual chapters discussing the various studies presented in this thesis.

2.2 Magnetic Domains

Magnetic domains are microscopic configurations of interacting magnetic moments.
In ferromagnetic materials, the arrangement of magnetic domains can vary from single
domain states in ultra-thin films where all the magnetic moments are aligned in the same
direction to complex multi-domain configurations that form as the thickness of the

magnetic film is increased. The formation and arrangement of magnetic domains results
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from the interactions of magnetic moments over short and long distances. Each of these
interactions result in a total magnetic energy,

Er = Eexchange + Eanisotropy + Emagnetostatic + Ezeeman (2.1)
that accounts nearest neighbor interactions between magnetic moments (Eexchange ) @
preferable orientation of the magnetic moments due to the crystal lattice arrangement

(Eganisotropy )» the effect of internal fields (Epmqgnetostatic) Tesulting from magnetic

moments across the whole magnetic specimen, and the rearrangement of magnetic
moments under an applied magnetic field (Ezgeman)- Additional energetic contributions
can arise due to magnetostriction and magneto elastic effects which distort the latter
magnetic interactions and can be incorporated as an anisotropy contribution.

A magnetic specimen, thin film or bulk, exists in a state of equilibrium (either stable
or metastable) which results from minimizing the total magnetic energy E; which is
achieved by the creating of magnetic domains of varying shape and size. As a result, the

identification of magnetic domains presents a direct link to the physics of ferromagnetism.

2.2.1 Magnetic Energies of Ferromagnets

To further understand the formation of magnetic domains, let us consider
describing in more detail the magnetic energies of a homogenous single-crystal
ferromagnet with cubic symmetry. First, the origin of a magnetic moment arises both from
the spin of the electrons (spin moment) and the electrons orbiting around an atom (orbital

moment). Given the charge and angular momentum of these particles, the moving electrons
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act as current which induce an intrinsic magnetic dipole moment. It is through this magnetic

field from both the spin and orbits that are generated by a ferromagnet.

Exchange energy.

In ferromagnets, the exchange interaction is responsible for maintaining the
spontaneous macroscopic magnetic order under zero applied field. Its origin is electrostatic
but in order to explain it we require quantum mechanics. We know that electrons can be
described in terms of wavefunctions and that interacting waves of identical particles result
in a quantum mechanical interaction, known as the exchange interaction, which basically
describes the relative proximity of the electrons. The exchange interaction can be very
strong and keeps neighboring spins aligned parallel or antiparallel to each other.

The exchange energy is described in terms of the Heisenberg Hamiltonian,

1
Hee= =5 ) Jy8i°5; 22)
i#j

where §; and S; are the magnetic spins of neighboring magnetic moments and J;; is the
exchange coupling integral. From equation 2.3, we see the exchange interaction depends
on the orientation of the magnetic spins. When the nearest neighbor magnetic spins are
oriented parallel (ferromagnet) the exchange coupling is positive J;; > 0, whereas
antiparallel magnetic spins (antiferromagnet) result in a negative exchange J;; < 0.

To account variations of magnetic moments in films with multi-domains, one can
describe the exchange energy in terms of a continuum approximation [22-23] which Taylor

expands Eq. 2.2 into



13

n]SZ - Y - N N
Eexchange = - a (lmx|2 + |my| + |mz|2) = Aex(v m)z; m = M(r)/M; (2.3)

M@) = ) m@) @24

where A,, is the exchange stiffness constant, ] is the exchange coupling from Eq. 2.2, n is
the number of atoms per unit cell, a is the lattice constant, m is the unit magnetic vector,

M is the saturation magnetization and M (7) is the magnetization vector.

Anisotropy energy.

In magnetic materials, the magnetization typically lies along a preferential direction
or directions called the easy axis. This favorable orientation can be perpendicular or along
the plane of the magnetic film. In either case, the arrangement of the magnetic moments
results from the coupling between the spin moment to the orbital moment which is dictated
by the crystal lattice. Since each atom is discretely positioned in a lattice configuration the
ions produce a potential that causes the cloud of electrons to orbit along a particular
direction. Given the origin of this interaction it is called the magneto-crystalline anisotropy.
This magneto-crystalline anisotropy tends to orients of the magnetization along specific
easy axis and generally a small magnetic field is required to align all the magnetic moments
along this preferable direction. Conversely, ferromagnets possess a less favorable
orientation orthogonal to the easy axis termed the hard axis, which requires higher
magnetic fields to orient the magnetization along this direction. The mathematical
description for magneto-crystalline anisotropy energy reflects the symmetry of the crystal

structure. Often in thin films and for the samples described in this thesis the energy
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associated with the magnetic-crystalline anisotropy is uniaxial (as only has one preferred

axis in the material) and can be written as:
oo
Eanisotropy = Z Ky nsin®(0) = K, ,sin?0+K,,sin*0 + - = K, ; sin®6 (2.5)
n

where K, are anisotropy constant and 6 is the angle between the easy axis and the
magnetization [13, 24, 25]. From Eq. 2.5, we see the anisotropy energy is minimal when
the magnetic moment lies in the same direction as the easy axis. In the case of a ferromagnet
with cubic crystal structure the anisotropy can be expressed as:

Eanisotropy = Ku,1(“f“% +ajai + ajaf)+ Ky, (afaza3) + - (2.6)
where a; = cos (6;) and 6; is the angle between the magnetization and the easy axes [13,

25].

Magnetostatic energy.

Given each magnetic dipole moment m; induces its own magnetic field which
allows it to interacts locally and globally, it follows that the whole magnetic body generates
its own magnetic field which influences the arrangement of the magnetization M (7). For

a magnetic specimen with volume V, the magnetostatic energy is given by:
1
Emagnetostaic = =7 | M)+ Ha(r) av (27)
4

where H,(r) is the demagnetization field which can be described in terms of scalar
potential @, (1) such that:

Hy=-V- &,(r) (2.8)



15

V-M(") M(r')

n-
= — - - ! - - ! 29
Py () fv v +fs S 2.9)

where r' is the variable to be integrated over the volume V and surface S, and 7 is the
outward unit vector normal to the surface S [13,]. From Eqgs. 2.7, 2.8 and 2.9, it is clear that
the magnetostatic energy can be fairly complex to calculate for magnetic specimens with
complex geometries or non-uniform magnetization. However, in the case of simple
geometries where the magnetization is uniform throughout the magnetic body one can
more easily determine the demagnetization field rather easily because V- M = 0 which
makes the magnetostatic energy term solely dependent on the shape of the specimen.
In the case of a magnet with an ellipsoid shape, the demagnetization field H, has
the same direction as the magnetization and is uniform in the sample [13, 25],
H;= —4nD M (2.10)
where D is a tensor that is called the demagnetization tensor. The tensor D describes how

the magnetization lies along the axes and must satisfy the identity,

Dby =1 (211)

As a result, the demagnetization field for simple geometries can be described. In the case
of a sphere, the demagnetization lies along all three axes, thus D, = D,, = D, = 1/3. For
an infinitely long cylinder along the z-axis D, = 0 and D, = D,, = 1/2. Whereas an
infinite slab that lies along the xy-plane only exhibits a demagnetization for the

magnetization that lies perpendicular to the plane, such that D, = D,, = 0 and D, = 1. We

can thus express the demagnetization field H,4 for an infinite slab as,

H, = —4nM, (2.12)
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It follows, that the magnetostatic energy for a thin film can be written as,

Emagnetostatic = Zanz (2.13)

Zeeman Energy.
The interaction of magnetic moments m under an applied magnetic field H is
referred as the called a Zeeman interaction and is described by [13],
Ezeeman = —m (r) - H(r) (2.14)
Alternatively, one can describe the Zeeman energy in terms of the magnetization vector

M ((r) which then takes the form,
Ezeeman = — f M) -H(r) d’r (2.15)
14

that accounts for the Zeeman energy over the whole magnetic specimen.

2.2.2 Thickness Evolution of Magnetic Domains

For a magnetic film with no crystalline anisotropy the magnetization will lie in-
plane (M,=0) so the magnetostatic (Eq. 2.13) will be zero. However, if there strong
perpendicular magnetic anisotropy such that the magnetization lies along the z-direction
the internal field will be -47M, and magnetostatic energy for the sample with be 21nM,*V
where V is the volume of the sample. When the thickness of a magnetic film is increased,
the volume increases and there is a build-up of magnetostatic energy (Fig 2.1a). To reduce
the magnetostatic energy, the uniform magnetization can be broken into domains of
opposite magnetization (Fig. 2.1b, ¢). As more domains are introduced into the magnetic

specimen, the magnetostatic energy is continuously reduced and can be nearly eliminated
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Figure 2.1 — Stray field from perpendicular magnetic domain. (a) A single magnetized
domain will exhibit the highest stray field. (b, ¢) Introducing a multi-domain configuration
reduces the stray field outside the domain. (d) Néel caps, also called closure domains, can
eliminate the formation of magnetic flux outside the domains.

by introducing of closure domains at the top and bottom of the film (Fig. 2d) known as
Néel caps. However, the introduction of a magnetic domain results in an energetic penalty
because magnetic moments aligned antiparallel result in an increase of the exchange
energy. As a result, a final domain state is reached when the subdivision of domains does
not incur in a greater exchange energy than decreasing the magnetostatic energy.

Figure 2.2 details the domain morphology of [Co (0.4nm)/Pt(0.6nm)]xN multilayer
films with different number of bilayers N = 5, 10, 20, 40, 80 and 160 at zero-field. The
domain states are imaged using magnetic force microscopy where variations of intensity
reveal perpendicular domains with magnetization that is oriented “up” (yellow) and
“down” (brown). For N=5 repetitions, the film exhibits very large domains with irregular

shape across the field of view (Fig. 2.2a). As the bilayer repetitions are increased, N=10,
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Figure 2.2 — Thickness dependence of domain states. (a-f) Shows the domain
morphology of [Co (0.4nm)/ Pt (0.7nm)]xN for different N bilayer repetitions: (a) 5, (b)
10, (¢) 20, (d) 40, (e) 80 and (f) 160 under zero-field at room temperature. Figure
reproduced with permission from: a-f, ref. ##.

@) Neel Domain Wall (b) Bloch Domain Wall

Figure 2.3 — Bloch and Néel walls. Schematics detail the smoothly varying magnetization
of a (a) Néel and (b) Bloch domain wall separating two opposite magnetization
perpendicular domains.
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the opposite magnetization domains become more comparable in size and shape (Fig.
2.2b). Further increasing the bilayers, N=20, we observe the domains continue decreasing
in size and exhibit worm-like domain features (Fig. 2.2¢). Above a critical thickness, the
domains begin to increase in size and always exhibit opposite domains of equal width at

remanence (Fig. 2.2d-f)

2.2.3 Magnetic Domain Walls

Magnetic domains that are magnetized in opposite direction are separated by a
finite boundary which describes how the magnetization smoothly changes orientation from
one magnetization state to the other. This boundary is known as a magnetic domain wall.
In films with perpendicular magnetic anisotropy (PMA), 180° domain walls are some of
the simplest domain walls that can form. Here, there are two paths the magnetization can
take to reorient its direction by 180° from one domain state to another: if the magnetization
rotates in the plane of the magnetic domain, the wall is called a Néel domain wall (Fig.
2.3a); similarly, if the magnetization rotates out of the plane of the magnetic domain, the
wall is called Bloch domain wall (Fig. 2.3b).

Typically, Bloch walls are almost always favored in thin films with PMA. The
domain wall width is mainly given by competing magnetic anisotropy energy and exchange
energy. In the case of a one dimensional Bloch wall, the domain wall energy can be written

as,

2

< 700
o, = f A(&) + Ksin?(0)dx = 4nVAK (2.16)
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where the first term corresponds to the exchange energy and the second is the anisotropy

energy.

2.3 Stripe Domains

Stripe domains are particularly interesting because they represent the lowest
energetic magnetic domain state achievable in a film with perpendicular magnetic
anisotropy. Typically thin films exhibit this domain morphology if they possess a uniaxial
magnetic anisotropy K, that exceeds the magnetostatic energy 2mMZ and require the film
to exhibit a minimum critical film thickness [3,4,13].

Figure 2.4 details the magnetic hysteresis and domain morphology of an
[Fe(0.36nm) /Gd(0.4nm)]x80 film that exhibits labyrinth domains (i.e. stripe domains
where the domain wall do not have a preferred in-plane direction) measured at room
temperature. The magnetic domains states are captured using full-field transmission x-ray
microscopy along the Fe L3 edge (708 eV) where variations of intensity depict magnetic
domains pointing “up” (white) and “down” (dark). When a perpendicular magnetic field is
applied, the stripe with magnetization opposite to the field will shrink and the other will
grow (Fig. 2.4c-d). This process continues to occur until the extremities of the stripe
domain shrinking collapse into cylindrical magnetic domains, termed magnetic bubbles
(Fig. 2.4f-g). At this point, magnetic bubbles are randomly space throughout the specimen
and the bubbles tend not to interact given the repelling dipole field interactions (Fig. 2.4h).

When the magnetic field is increased further, the bubble domain’s diameter decreases until
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Figure 2.4 — Field dependence of perpendicular stripe domains. (a) A representative
magnetic hysteresis of a film exhibiting disordered stripe domains. The field direction is
colored differently for the magnetic field reduced from positive to negative magnetic
saturation, and vice-versa. (b-i) Shows the domain morphology as a magnetic field is
applied from zero-field to positive saturation where different magnetic phases are
observable: (b-e) stripe domains, (f-g) stripe domains collapsing to cylindrical domains,
(h) disordered cylindrical domains and (i) uniform magnetization.
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they collapse at a critical field, known as the collapse field, which occurs close to magnetic
saturation (Fig.2.4).

In the case the magnetic field is reduced from magnetic saturation, magnetic
bubbles will form at pinning (defect) sites and will continue to grow in diameter as the field
is reduced until reaching a nucleation field, another critical field, which is typically
depicted by a sharp kink in the magnetization (Fig. 2.4a). At this field the bubbles are
submitted to an elliptical instability [ 10] which results in the bubble domains branching out
to elongated stripe-like domains. By further decreasing the field, the thin film is filled with
maze-like domains by means domain wall motion [3,10,15]. At zero field, the domain
morphology consists of alternating perpendicular magnetic domains with magnetization
pointing along\opposite the direction of the magnetic field. Overall, most ferromagnet and
ferrimagnet films that exhibit perpendicular stripe domains exhibit the latter field history

dependence.

2.4 Magnetic Bubbles

A magnetic bubble is a cylindrical-like magnetic domain that generally forms in films
with perpendicular magnetic anisotropy under the application of a magnetic field [9-15].
On a film, the cylindrical domain has magnetization down and the region outside the
domain boundary has magnetization up. Most commonly magnetic bubbles form as a result
of a collapsing stripe domain and these textures are uncorrelated [10,12], as described
before. However, films with specific ratio of magnetic properties and film thickness can

result in hexagonal lattice of close packed magnetic bubbles under a magnetic field [13,15].



23

These ordered magnetic bubbles where primarily observed and investigated in crystalline
magnets, such as: garnets, hexaferrites and orthoferrites [11,12-14,]. Although, they were
also observed in amorphous materials [13].

Favorable conditions to form bubble domains include a uniaxial magnetic anisotropy
energy Ky, that exceeds the demagnetization energy 2rMZ and a film thickness d which is
not less than d = \/m (Ky/2mMZ ) where A is the exchange length, or greater than 30
to 50 times the latter thickness [15]. By convention, the ratio of K;; /2mMZ is defined as the
material Q-factor. Fundamentally, bubble domains are anticipated to form in thin films
with high perpendicular magnetic anisotropy and low magnetization, i.e. Q > 1. Given the
magnetic energy and thickness requirements, a bubble domain is characterized by a Bloch

domain wall with negligible width [15].

2.5 Skyrmions

Until now, magnetic domains have solely been described in terms of competing
ferromagnetic exchange, anisotropy and magnetostatic energy. One can further categorize
magnetic domains in terms of their topology. The topology can be characterized by a

winding number S which is given by

ff 6_m X 6_1;1) dx dy (2.17)

where m is the unit vector in the direction of the magnetization [19-21]. A skyrmion is
defined as a cylindrical-like domain that has a domain wall with magnetization

continuously wrapping around the texture which results in a winding number S = 1. The
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Neel Skyrmion Bloch Skyrmion Magnetic Bubble

Figure 2.5 — Magnetic domains with different winding number. (a, b) Simple
schematics show skyrmions with either (a) Néel or (b) Bloch type with two possible
helicities. (¢) Bubble domain has Bloch wall with two possible helicities.

vorticity or helicity of the wrapping can be clockwise or counterclockwise (Fig. 2.5a, b).
Lastly, skyrmions domains can form with either Néel or Bloch domain walls (Fig. 2.5a, b).

Although magnetic bubbles and skyrmions are both cylindrical-like textures, there
is a distinction in the terms of the winding number. A magnetic bubble is typically defined
as a trivial texture since it has a winding number S = 0. Figure 2.5¢ shows that the domain
wall of a trivial magnetic bubble has two discontinuities where the magnetization changes
its vorticity at each discontinuity along the boundary of the cylindrical domain. These

discontinuities are called Bloch-points.
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2.5.1 Physical Mechanisms to Stabilize Skyrmions

The formation of skyrmion lattices and isolated skyrmion domains results from the
interplay of different magnetic energies. Most materials known to host skyrmions are
stabilized by competing ferromagnetic exchange and Dzyaloshinskii—-Moriya interaction
(DMI) or exchange [26-28]. The first describes the symmetric interaction of magnetic
spins, as detailed earlier, whereas the DMI interaction describes the antisymmetric
exchange of magnetic spins which are described by the DMI Hamiltonian,

Hpy = —Dj; - (S; X S}) D =laxt, (2.18)
where §; and §; are neighboring spins, D;; is an orientation vector perpendicular to the
canted spins, 7, is the unit distance vector connecting spins S; and §;, a is distance
mediating the super-exchange and A is the spin-orbit constant [26]. This exchange favors
the canting of magnetic spins and thus supports chiral arrangements of the magnetization.

In magnetic materials with non-centrosymmetric crystal structures (MnSi [29],
FeCoSi [30-31], FeGe [32], MnFeGe [33], CuO,SeOs [34]) the lack of inversion symmetry
in the crystal structure results in a DMI that causes the magnetic spins to skew thus
arranging in a helical structure. Under a magnetic field, the helical spins undergo a phase
change from a helical phase to conical phase before the spins are completely aligned in the
direction of the saturation field. Near the critical temperature T, a skyrmion phase become
stable due to thermal fluctuations in between the helical and conical phases [20]. Typically,
the skyrmion phase is restricted to a narrow window of temperatures close to T, in these
kind of magnets [20]. It has been shown that reducing the thickness from a bulk crystal to

a thin platelet with thickness below the helical period can result in a skyrmion phase that
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(a) i (b) Skyrmion Helical + Skyrmion Ferromagnet +
Helical Lattice Skyrmion Lattice Skyrmion

Skyrmion

Helical Lattice (S=1y=n/2) TK

Figure 2.6 —Real and reciprocal space imaging of skyrmion lattice. (a, b) Small angle
neutron scattering images detail the (a) helical phase at H, = 0 Oe and (b) skyrmion lattice
phase at H, = 1640 Oe that forms in MnSi at 27K. (¢, d) Magnetic induction color maps
obtained from analyzing under-focused, focused and over-focused Lorentz TEM images
with the transport of intensity equation show (c¢) helical stripes and (d) a hexagonal
skyrmion lattice. The white arrows in (¢, d) detail the in-plane magnetization. (e) The
center skyrmion in (d) is enlarged to show chiral texture in greater detail. (f-i)
Characteristic domain states of a centrosymmetric magnet showing DMI skyrmions are
detailed and used to construct a magnetic phase map consisting of temperature and

magnetic fields at which different magnetic states are favorable in MnSi. Figure reproduced
with permission from: a-b, ref. 29 © AAAS; c-i, ref. 31 © NPG.

exists over a broader range of magnetic fields and temperatures [32,35]. This was first
shown for FeGe platelets [32] and now has become a common practice to extend the
skyrmion phase in non-centrosymmetric magnets.

Thin films with broken mirror symmetry at the interface can result in antisymmetric
exchange interactions when the ferromagnetic layer is interfaced and is enhanced for large
spin-orbit coupling heavy metal. Given the asymmetric exchange results from the interface

it is called interfacial DMI interaction. Most of the reported skyrmions stabilized at room
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9]

(h)

Figure 2.7 — Dipole stabilized skyrmions. The field dependent domain morphology of a
thin BaFeScMgO, an Sc-doped barium ferrite, is shown as a perpendicular magnetic field
is applied at room temperature. Different magnetic phases are observed as a magnetic field
is applied from zero-field to magnetic saturation: (a) stripes, (b) mixture of stripes and
dipole skyrmions, (¢, €) dipole skyrmion lattice of two helicity chiral textures and (f)
disordered dipole skyrmions. (g, h) Shows the magnetic induction map from the dipole
skyrmion lattice with chiral textures of random helicities at H, = 1500 Oe. (h) Shows a
magnified image of a dipole skyrmion with clockwise helicity. Figure reproduced with
permission from: a-h, ref. 39, © 2011 National Academy of Science.

temperature are a result of this class of DMI [36-38]. An interesting characteristic about
DMI skyrmions, is that their helicity is set by the sign of the DMI. As a result, all the chiral
textures have the same vorticity.

Skyrmions can also form under the competition of dipolar energy and domain wall

energy [39-41], which is the mechanism by which magnetic stripes and bubbles form in
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thin films with perpendicular magnetic anisotropy. The latter type of skyrmions are
commonly refereed as ‘dipole skyrmions’ to differentiate them to those stabilized by DMI.
Dipole skyrmions had solely been identified experimentally in Sc-doped M-type barium
ferrite [39, 40] and amorphous Fe/Gd multilayers [41]. Similar to DMI skyrmions, these
chiral textures form under the application of a perpendicular field. However, a dipole
skyrmion phase is characterized by a mixture of two possible helicities (S = 1, y = +r/2)
[20]. That is, there is a coexistence of equal populations of left and right helicity dipole
skyrmions.

Lastly, the formation of a two-dimensional hexagonal lattice of skyrmions can
result from frustrated exchange interactions [42] and four spin interactions [43] in a two-
dimensional magnet. Experimentally, a two-dimensional Fe monolayer on Ir(111) exhibits
a skyrmion ground state by means of competing ferromagnetic exchange, four spin
exchange and DMI. Skyrmions stabilized by frustrated exchange have not been
experimentally verified, but they are theoretically anticipated. Both these mechanisms

result in skyrmion textures on the crystal lattice length scales (~1nm).

2.5.2 Skyrmion Properties

Usually, magnetic materials that host a skyrmion phase are accompanied by a
magnetic phase map which details the temperatures and magnetic fields where the chiral
textures are stable as well as other magnetic phases (Fig. 2.61). Typically, they are
constructed using reciprocal-space scattering (Fig. 2.6a, b) and/or real (Fig. 2.6c-¢) space

imaging techniques. Since most skyrmions in crystal magnets arrange in a close packed
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hexagonal lattice, this can easily be identified in reciprocal space by a six-fold scattering
pattern (Fig. 2.6b). The first skyrmion materials where identified using scattering
techniques, like small angle neutron scattering [29,30] and it was later demonstrated that
the same scatter pattern is also observable by means of coherent soft x-ray scattering [44].
One must note that reciprocal space images do not contain any information about the
chirality nor vorticity of the skyrmions. These solely provide information the existence of
cylindrical-like textures arranged in a hexagonal lattice.

Real space images of skyrmions are typically captured using electron microscopy [31-
33-35, 40-41] or scanning probe microcopy techniques [43]. One of the most common and
powerful real-space imaging techniques is Lorentz transmission electron microscopy
(LTEM) because one can access information about the chirality of the magnetic domains
with high spatial resolution (~1nm) which facilitates the imaging of nanomagnetic
domains. This technique and others are further explored in Chapter 3 where the
experimental techniques are detailed. Real-space images allow us to directly capture the
field evolution from magnetic stripe domains to skyrmion domains (Fig. 2.6¢-g), and also
capture the formation of isolated skyrmions (Fig. 2.61), a state that is not detectable in
reciprocal space.

The primary reason a magnetic phase map accompanies most materials is because the
skyrmion phase is normally stabilized at cryogen temperatures and for technological
applications it is desirable to know the temperature and magnetic fields at which these

textures form. Often, the first order magnetic transitions — helical, conical, skyrmion and
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Figure 2.8 — Topological hall response. (a) Schematic shows the interaction of a flowing
electron with a skyrmion texture. Electron current displaces the skyrmion by means of spin
transfer torque and the electron path is modified. (b-e) Show the longitudinal resistivity,
magnetization and transverse resistivity as a function of perpendicular magnetic field for a
50-nm thick MnSi patterned film at different temperatures ranging from 60K to 2K. (f)
Shows the topological hall resistivity calculated from results in (b-e) at 25K. (g) A
topological hall resistivity phase map is constructed from results like those in (f). Regions
of the phase map with high topological hall resistivity are correlated with the skyrmion
hexagonal lattice. (h-j) Details the topological hall response resulting from a bulk MnSi
patterned film. The transverse resistivity (h) shows clear evidence of an additional Hall
contribution at temperatures where the skyrmion phase is observed. The latter is further
resolved in (i). The topological Hall resistivity is overlaid on a magnetic phase map (j)
constructed from small angle neutron scattering data. Figure reproduced with permission
from: a, ref. 20, © 2013 NPS; b-g ref. 49, © 2013 PRL; h-j, ref. 47, © 2009 PRL.
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ferromagnet state — are usually identified in a magnetic phase map for DMI skyrmion
materials, or similarly the domain morphology — stripes, stripe-to-skyrmion, skyrmion
lattice, isolated skyrmions and uniform magnetization — are identified as a function of
applied magnetic field.

There is a notion in the literature that the size of skyrmion textures, based on initial
observations of these chiral domains, which suggests that each physical mechanism yields
skyrmions of a given dimension [20,39,45-46]. Skyrmions induced by DMI are predicted
to form textures with diameters ranging from 5nm to 100nm; whereas, dipole interactions
are anticipated to yield the largest skyrmion textures, 100nm to 1um or larger. However,
this is not an accurate assertion for either class of skyrmions given several recent
observations [35-38]. In the case of DMI skyrmions, textures with features larger than a
few micrometers have been recently reported as well as sub-100nm dipole skyrmions, the
subject of this thesis.

When conduction electrons interact with a non-trivial magnetic texture, the spin of
the electrons couple to the magnetization wrapping around the skyrmion accumulating a
quantum mechanical phase known as a Berry phase (Fig. 2.8a) [20]. This gives rise to an
effective field which leads to a topological Hall contribution [47-53] and the physical
displacement of the skyrmion by means of spin transfer torque [54-55]. This topological
Hall contribution is beyond the ordinary and anomalous Hall effects (Fig. 2.8d-e, h-1). It
has been experimentally reported for several DMI skyrmion materials such as: MnSi [47-
50], MnGe [51] and FeGe [52]. Often it is used to construct magnetic phase maps to detail

the magnetic fields and temperatures where the skyrmion phase forms (Fig. 2.8g, j) [49-
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Figure 2.9 — Magnetoresistance from non-centrosymmetric magnet hosting DMI
skyrmions. (a) The field dependence of the magnetoresistance (MR) and its derivative is
detailed for a MnSi nanowire of 410-nm width as a function of temperature. The
magnetoresistance (MR) is defined as MR = [R(H) — R(0)]/R(0) and the magnetic field is
applied along the length of the wire. At temperatures above 30K, the MR can be described
in terms of a parabolic response. Below 30K, the MR response begins to show artifacts as
distinct fields. The critical magnetic fields are labeled: H;, Hf, and H,. The derivative of
the MR as a function field clearly shows the existence of critical fields. (b) Magnetic phase
map constructed from results in (a) show the skyrmion phase is extended to lower
temperatures. Figure reproduced with permission from: a-b, ref. 55, © 2014 Nano. Lett.
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Figure 2.10 — Current induced motion of DMI skyrmions. (a-i) Shows the dc current
induced displacement of a skyrmion lattice that is identified with Lorentz TEM in a 100-
nm platelet of FeGe under H, = 1500 Oe at 250K. (a-c) Show the skyrmion lattice as the
applied current is increased from (a) [=0mA to (b) I = 0.41mA and (¢) I = 0.5mA. Then
panels (d-e) overlay masks, in red color, over the skyrmion features shown in (a-c) as a
guide to the eye. Also, regions enclosed in the red box of (a-c) are enlarged in panels (g-i).
(j, k) Details the displacement of skyrmions on a track under different current densities and
also illustrates that higher current densities are required to push a skyrmion feature pass an
artifact lying on the track. (k) Illustrates the required currents densities to move skyrmions
passed a notch of varied depth. Figure reproduced with permission from: a-i, ref. 57, ©
2012 NPS, j ref. 18, © 2013 NPS, and Kk, ref. 59, © 2013 NPS.
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53]. Bear in mind, the observation of a topological Hall effect is not a direct measure that
a skyrmion phase exists in a material [54].

In non-centrosymmetric magnets, it has also been observed that the anisotropic
magnetoresistance, i.e. the change in electrical resistance due to the orientation of the
magnetization with respect to the electrical current direction in the material, exhibits
artifacts at comparable magnetic fields where the specimen undergoes magnetic phase
changes from helical, skyrmion, conical and ferromagnetic states [55-56] (Fig. 2.9a). This
was first observed in patterned MnSi nanowires [56] and has now been adopted as a simple
technique to probe the formation of a skyrmion phase in non-centrosymmetric patterned
films [55-56]. Given the ability to detect the magnetic phases, magnetoresistance
measurements have been used to construct magnetic phase maps (Fig. 2.9b) like those
typically resulting from inspecting the domain morphology by means of real or reciprocal
space imaging techniques. In the case of MnSi nanowires [55-56], it was shown that the
skyrmion phase was extended to lower temperatures and matches the previous results

reported for similar non-centrosymmetric magnets.

2.5.3 Skyrmion Dynamics

The topology of skyrmions results in novel domain dynamics when these textures
are perturbed with currents [36,38,57-59], thermal gradients [60-62] or microwave fields
[63-65]. Until now, skyrmion dynamics have primarily been investigated in DMI
skyrmions. For the remainder of this chapter, we detail some of the recent experimental

observations and predicted behaviors for these chiral textures.
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Figure 2.11 — Thermal dynamics of DMI skyrmions. (a, d) The displacement of a
skyrmion under a thermal gradient is shown under two magnetic fields: (a, b) shows the
displacement of a single skyrmion at H = 0.3]J and (¢, d) shows the displacement of the
skyrmion lattice at H = 0.15J. (e, I) Shows the thermal activation of dipole stabilized
skyrmions as a function of time: (e, h) shows a mixture of two helicity skyrmions under
zero-field at T = 433K and (i, I) shows the same frames as (e, h) with markers identifying
clockwise (blue) and counter-clockwise (red) helicity. A marker arrow shows the
fluctuation of a single dipole skyrmion over t = 0-s, 250-ms, 750-ms and 1-s. (m, 0) Show
the rotation of skyrmions induced by a thermal gradient. (m) Details the rotation of the 6-
fold scatter pattern resulting from the hexagonal lattice of skyrmions in MnSi under H, =
1750 Oe at 8K. (n, 0) Simulations of the magnon current density shows (n) gyration of
skyrmions under different radial thermal gradients hot-to-cold and cold-to-hot. Similar
simulations of the magnon current density reveal the independence of field direction and
DMI sign in the clockwise and counter-clockwise rotation of DMI skyrmions. Figure
reproduced with permission from: a-d, ref. 60, © 2013 PRL; e-1 ref. 61, © 2016 PRB; m-
o, ref. 62, © 2014 NPS.
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Figure 2.12 — Localized spin wave modes of DMI skyrmions. (a-c) The magnetic spin
and spin chirality dynamics under sinusoidal microwave field pulse are detailed for a
skyrmion. On the left panel, the magnetic spins are represented by arrows whereas on the
right panel to local spins chirality are shown in a color map. The three skyrmion modes (a)
counter-clockwise, (b) clockwise and (¢) breathing are illustrated at four uniformly spaced
time intervals within a single r.f. field pulse, which is shown in the top potion of (a-c).
Figure reproduced with permission from: a-¢, ref. 63, © 2012 PRL.

Skyrmions domains can be displaced with current by means of spin transfer torque
that arises from the transfer of angular momentum of the electron to the local magnetization
using very low current densities compared to domain wall motion [20]. The typical current
density to move a domain wall is in the order of ~10'""'* A/ m* [16,20] whereas a skyrmion
domain is the order of 10°® A/m? [57-58]. However, to achieve skyrmion speeds comparable

to domain walls similar current densities are required. Current induced displacement of
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skyrmions has been observed in continuous films where the closed packed lattice has been
moved [57-58], as well as, isolated skyrmions in patterned wires [36,38]. The first
observation of flowing skyrmions under a dc current where reported by X. Z. Yu, et al [57]
in FeGe thin platelets at ultralow current densities (<100 A/cm?) (Fig. 10a-).

In potential racetrack memory devices, skyrmions have been suggested as the
building block memory bit for this non-volatile memory because it possesses technological
advantages compared to domain walls. For example, current induced motion of domain
walls in patterned thin film wires can encounter pinning effects at physical or energetic
artifacts that prevents the domain wall moving past the artifact; however, the topology from
skyrmions prevents pinning at artifacts and the chiral texture can move past an artifact
without deforming the magnetic domain (Fig. 3.10j, k) [59].

Skyrmions can also exhibit interesting dynamics due to thermal effects, which
include skyrmion displacement under a thermal gradient, rotation of the skyrmion textures
by means of thermal excitation and even thermal switching. First, DMI skyrmions are
predicted to move towards the high-temperature region when placed under a thermal
gradient which is opposite to typical diffusion of magnetic domains (Fig. 2.11a-d) [60].
Also the motion of skyrmions is expected to be transverse to the thermal gradient [60]
similar to the current induced displacement of skyrmions [20].

In the case of dipole skyrmions, heating the specimen close to its Curie temperature
can result in thermal activation of dipole skyrmion which causes the chiral texture to
reverse their helicity while keeping the skyrmion feature intact (Fig. 2.11e-l) [61].
Experimentally, the electron beam irradiation from Lorentz TEM can be used to induce a

local thermal gradient to drive DMI skyrmions to rotate unidirectionally [62]. This gyration
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of skyrmions is caused by thermal fluctuations and the rotation direction is dependent on
the direction of the applied perpendicular field used to stabilize the DMI skyrmion but not
the sign of the DMI [62].

Skyrmions are predicted to exhibit localized spin-wave modes under the application
of microwave magnetic fields. These were numerically predicted by Mochizuki [63] to
exhibit different skyrmion core dynamics: under in-plane fields the core can rotate either
in a clockwise or counterclockwise fashion which depends on one of the two possible
skyrmion resonance. Alternatively, if the skyrmions are perturbed with a perpendicular a.c.
fields then these will exhibit a core expansion and contraction. These dynamics are detailed
in Figure 2.12. Experimentally, the resonant modes branches have been verified in a variety
of materials in which DMI skyrmions are stabilized [64, 65] and it has been concluded that
resonant properties are independent on whether the DMI skyrmions form in a metallic,
semiconducting or insulating material [64]. This is further discussed in the Chapter

detailing the ferromagnetic resonance properties of dipole skyrmions.
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Chapter 3

Experimental Techniques

The various experimental techniques used to grow, optimize and characterize the
magnetic, ferromagnetic and transport properties of the Fe/Gd specimens investigated are
presented, including the various imaging techniques used to map the domain configurations
under different temperature and applied magnetic fields. Since some characterization and
experiments required films be patterned into thin film wires, photolithography fabrication

was employed to make the transport devices.

3.1 Thin Film Depositions

The thin film Fe/Gd multilayers detailed in this thesis are grown by means of d.c.
magnetron sputter deposition technique. This method consists of removing atoms from
ultra-pure elemental materials, commonly referred to as ‘targets’ and transferring them

onto a substrate of choice. To remove atoms from the solid target material, an inert gas is

44
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Figure 3.1 — Sputtering tool. Shows an image of the AJA ATC Orion magnetron sputter
deposition tool used to grow the Fe/Gd specimens detailed in this thesis. Several
components are identified in the image. The rack contains most power supplies and
controllers which are computer controlled to facilitate the precise depositions in the sputter
chamber.

introduced into the sputter chamber while the target is connected to a negatively charged
electrode (cathode) and the substrate is connected to a positively charged electrode (anode).
The most common inert gas used is Argon (Ar). A plasma is then created by ionizing the
inert gas which occurs when a stray electron e™ near the cathode is accelerated towards the
anode and collides with a neutral Ar atom converting it into a positively charged ion (Ar™).
As a whole, this process yields:

Ar+e” - Art + 2e” (3.1)
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Figure 3.2 — Main Sputter Chamber. Components inside the sputter chamber are detailed
with emphasis on the sputter guns and the location of the deposition puck where the sample
is mounted. The sputter tool has eight sputter guns where metal and insulating solid targets
can be placed. The cathode underneath the target is shown without magnets and with two
possible magnet configurations for different types of targets. The magnets arranged on the
outside all point in the same direction and the magnet in the center points opposite — this

configuration is used for non-ferromagnets targets. A soft metal core in the center of the
cathode when ferromagnets are used.

At this point the Ar* ions will accelerate towards the cathode where the material target
sits. Upon collision, neutral particles from the target will be ejected as well as additional
electrons e ™. Since the targets sit inside confined housings, termed ‘guns’, the target atom
are directed toward the substrate, but these can potentially coat any surface inside the
sputter tool. The extra electrons continue supplying the plasma that is confined above the

target by a magnetic field generated by magnets below the target (hence the term magnetron
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sputtering) and thus the continued formation of charged ions. As long there are enough
collisions, the plasma becomes self-sustaining.

Figure 3.1 shows the AJA ATC Orion magnetron sputter tool utilized to grow the
Fe/Gd films. The system is composed of (i) a main chamber which houses the targets and
is where depositions are carried out, (ii) a load-lock chamber houses multiple sample
holder, (iii) a transfer arm to move samples to-and-from the load-lock and main chamber
and (iv) the relevant power distribution modules. Inside the main chamber (Fig. 3.2), the
targets are housed inside one of the potential eight guns which have a shutter to control and
limit material coatings on the substrate. Figure 3.2 shows the inside housing of one of the
guns were the plasma is confined when the target is light. The substrate is held in a sample
holder suspended over the guns at the center of the main chamber (Fig. 3.2). Since most
guns are positioned around the wall of the chamber, the sample holder is continuously
rotated during the deposition to obtain uniform thin film coatings. Furthermore, the sputter
tool is pumped to UVH pressures (~1x10” Torr) before any films are deposited to obtain
high quality films. The chamber background pressure is monitored using an ion gauge,
whereas the deposition pressure is monitored using a convection gauge.

To deposit the Fe/Gd multilayers, we use Fe (99.95%) and Gd (99.9%) pure
element targets and alternate the deposition of individual layers of each material of the
desired thickness. For most films presented in this work, the individual layers are a few
monolayers thick (< 0.5 nm). To appropriately grow each layer, a deposition calibration is
carried out prior to determine the rate of material transfer from target-to-substrate under
specific chamber conditions (Ar gas content, chamber pressure, gun power and gun

position) to be replicated when the Fe/Gd films are grown. All the films presented in this
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thesis are grown at room temperature under 3mTorr Ar pressure. The deposition rate is
determined via small angle x-ray reflectivity from a single material films where the
thickness is divide by the time of deposition. Further details are explained in Chapter 2.2.5.
To protect the films from corrosion a Snm Ta (99.9%) seed and capping layer was used.
Given the range of different studies performed, the samples were deposited on: native oxide
Silicon (3.9mm x 4.1mm), Silicon with a 300nm thermal oxide (10mm x 8mm), SiN TEM
grids (window: 20nm x 200um x 200pm, frame: 0.5mm x 0.5mm) and SiN membranes

(window:100nm x Imm x Imm, frame: Smm x Smm).

3.2 Thin Film Characterization

The thin films magnetic, resonant, transport and structural properties were
characterized using a suite of different techniques that allows us to quantify magnetization,
anisotropy, coercivity field, saturation field, ferromagnetic resonance frequencies resulting
from non-homogeneous and uniform magnetization states, magnetic damping, anisotropic

magneto-resistance, Hall resistance, structure of the multilayer and total film thickness.

3.2.1 Magnetometry

The magnetic loops of the thin film specimens were obtained using two different
techniques: (i) vibrating sample magnetometer (VSM) and (ii) magneto optical Kerr effect
(MOKE) magnetometer. The first is suited for profiling and quantifying the volume
magnetization of a film, whereas the latter is best for characterizing the surface

magnetization within the optical penetration depth.
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Vibrating sample magnetometry is based on Faraday’s law of electromagnetic
induction, which states that any change in the magnetic field of a coil will result in an
electromotive force to be induced in the coil. A vibrating sample magnetometer consists of
a linear motor that moves a magnetic specimen, at a specific frequency (f~ 40 Hz), through
a collection coil were the induced voltage is detected. The time-dependent voltage is given
by:

do B do dz

Veoir = Tt = 4 dt (3.2)

where @ is the magnetic flux in the coil, z is the vertical position of the sample with respect
to the coil and t is time [1]. For a sinusoidal oscillating sample position, the voltage is
given by:

Veoir = 2mfCmMA sin(2rft) (3.3)
where C is the coupling constant, m is the d.c. moment of the sample, A is the amplitude
of the oscillation and f is the oscillation frequency [1].

The sample is attached to the end of a carbon-fiber rod and its orientation in the
direction of the applied magnetic field, allows us one to characterize either the in-plane or
perpendicular magnetization field dependence. The sample is then positioned at the vertical
center of the detection coil, where the specimen is driven sinusoidally. This induces a
voltage that is amplified, locked-in and averaged. In overall, the technique yields magnetic

sensitivity (< 10 emu) with 1 sec averaging [1].
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Figure 3.3 — Quantum Design Physical Property Measurement System (PPMS) and
Versalab with Vibrating Sample Magnetometer (VSM). The (a) Versalab and (b)
PPMS cryogen chambers with superconducting magnets are shown with the vibrating
sample magnetometer on (a). The sample chamber is positioned at the lower portion of the
cryogen chamber.

Figure 3.3 shows the Quantum Design vibrating sample linear motor and the detection
coil that is used in combination with a Quantum Design cryogen chamber for varying
temperature and magnetic fields. We utilize a Physical Property Measurement System
(PPMS) cryostat which allows measurements from 1.9 K to 400 K with magnetic fields up
to 9T (Fig. 3.3a) and a Versalab cryostat with variable temperatures from 50 K to 400 K

with magnetic fields up to 3T (Fig. 3.3b).
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Figure 3.4 — MOKE configurations. (a) Magnetization is perpendicular to the reflection
surface. (b) Magnetization is parallel to the reflection surface and is in the same cross-
section as the incident beam. (¢) Magnetization is parallel to the reflection surface and is
transverse to the incident beam.

MOKE magnetometry is based on the magneto-optical Kerr effect, which dictates that
light reflected from the surface of a magnetic specimen will undergo changes in
polarization and intensity. The MOKE effect results from difference absorption in
magnetic circular dichroism. Depending on the orientation of the magnetization with
respect to the direction of the incident light, all three magnetization vector components can
be profiled [2,3]. These configurations are denoted: polar, longitudinal and transverse
MOKE (Fig. 3.4). Since the Kerr effect is a surface probe, it is restricted to the penetration
depth of light inside a material which is given by the skin depth (10-20 nm).

Figure 3.5 shows a photograph of the table-top polar-MOKE measurement set-up and
the corresponding schematic. The light emitted from a diode laser (SmW, A=650nm) travels
to a mirror which directs the light into a Glan-Thompson polarizer that is chopped at a
reference frequency for lock-in detection (Stanford Research Systems, SR830 DSP).

Afterwards, the light is reflected with a mirror into a beam-splitter and the beam aperture
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Figure 3.5 — Polar MOKE magnetometer.(a, b) Shows a tabletop polar MOKE
magnetometer and its schematic details the light ray path that travels from the laser source

to the sample and then the reflected light is directed onto a photo-diode detector.

is reduced with an iris before reaching the magnetic specimen. The magnetic specimen

lies perpendicular to magnetic field produced by the electromagnet (GMW Model 5403).

Once beam is reflected off the sample, it travels toward a second Glan-Thompson polarizer

after being reflected off from the beam-splitter. Next, the beam aperture is reduced again

using an iris before it is focused with a lens onto a photo-diode detector synched with the

lock-in amplifier. The electromagnet is powered by a bipolar power supply (Kepco Model

BOP 100-4M, L Load) and the magnetic field is monitored using a Hall sensor probe

(Lakeshore Model 455 DSP). The entire measurement set-up is computer controlled.
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3.2.2 Ferromagnetic Resonance

To study the resonant modes resulting from non-homogenous magnetization states and
the uniform magnetization state, ferromagnetic resonance (FMR) measurements were
performed using a coplanar waveguide technique in fixed frequency mode [4,5]. This
technique provides access to a materials effective magnetization, effective damping,
effective anisotropy, intrinsic anisotropy and resonant modes from magnetic domains.

When a magnetic specimen is exposed to a static magnetic field, the magnetization M
will precess in the direction of the field before a relaxation mechanism damps the
precession and the total magnetic moment aligns in the direction of the magnetic field. The
precessional motion of the magnetization under a magnetic field is described in terms of
the Landau-Lifshitz-Gilbert equation,

14 ya
ath _—MXHeff_—l-I—az

T3 a2 M x (M X Hgpp) (3.4)

where the first term of Eq. 3.4 describes the torque acting on the magnetization M due to

an effective field H,ss and the second term describes the dissipative process that causes
the magnetization M precession to damp out in the direction of the effective field Hgp.

The gyromagnetic ratio y and the damping a are material dependent constants. The

effective field Hsy describes the total magnetic field acting on the magnetization M,

Heff:V'f

VI

VMY, - He A
(lr_r,|>dr +He g (RXM)E+ 205 02M (35)

which describes the magnetostatic, Zeeman field along the z-axis, anisotropy and exchange

energy.
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Figure 3.6 — Ferromagnetic resonance. (a, b) Displays the schematic of the coplanar
waveguide and an image of the bottom portion of the ferromagnetic resonance probe. The
probe has a coplanar waveguide attached to the bottom where the sample is mounted
facedown using the sample holder.

Ferromagnetic resonance is based on pumping a magnetic specimen with an r.f.
field to match the precessional frequency and thus allows Hegr to be determined.

Figure 3.6 shows a schematic of the coplanar waveguide with is used to generate
the 7./ fields. In this geometry, the magnetic specimen is affixed to the top and center of
the waveguide and the r.f. field results from inputting the signal along the center line of the
waveguide. Here, the r.f. field lies along the plane of the waveguide and the two grounds
next to the center line acts as field flux concentrators. The absorption spectrum AS;, is
obtained from an Agilent Vector Network Analyzer E8363B which provides and collects
the incident, reflected and transmitted signals as standard S parameters as a function of
frequency. The coplanar waveguide is affixed to a custom probe designed to be used in
conjunction with a Quantum Design PPMS or Versalab cryostat for applying d.c. magnetic

fields and varying temperature (Fig. 3.3).
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3.2.3 Anisotropic Magnetoresistance

In ferromagnetic materials, the electrical resistance is dependent on the scatter angle
between the current and the magnetization (Fig. 3.7). This effect is called anisotropic
magnetoresistance. Lower scattering of conduction electrons is expected from magnetic
moments aligned perpendicular and orthogonal to the current flow, whereas, moments
parallel and anti-parallel to the current flow will result in higher scattering. This can be
expressed as,

Rl — Rt

= R, + AR cos?(8), AR =
R o + 4R cos*(0) (RT T 2RD)/3

(3.6)

where R, is the ordinary resistance, 4R is the anisotropy magnetoresistance and 6 is the
angle between the magnetization and the current. The physical origin of AMR lies in the
spin-orbit coupling which results in spin-dependent scattering of conduction electrons [6].

This type of transport measurement is useful for probing difficult to identify magnetic
dynamics as well as macroscopic quantum phenomena in ferromagnetic metals. Although
we have utilized an array of imaging techniques, see Chapter 2.3, these are not suited to
identify minute magnetic information even from high resolution images given some
information is usually lost due to the scattering or transmission nature of the imaging
technique. By varying the field-orientation relevant to the fixed current direct we can probe
the magnetic configurations of the Fe/Gd specimens along all three vector directions to
probe the magnetic domain ordering, volume fraction of magnetic domains and domains

walls and potential magnetic phase changes.
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Figure 3.7 — Anisotropic magnetoresistance. (a) Schematic illustrates expected
resistance from different configurations of magnetization and current. (b) Shows the
variation of the anisotropic magnetoresistance as the angle between the fixed current in (a)
and the varying magnetization from 0° to £90°.
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Figure 3.8 — Sample wiring and transport puck. (a) Shows the wiring schematic for
performing both resistivity and Hall resistance measurements on a patterned thin film with
eight contact pads. The specimen is mounted onto a chip carrier where the device is affixed
and wired. (b) Details a transport puck that was designed to have the sample lie on the
plane of the puck and perpendicular to the magnetic field. (¢) Shows a transport puck that
holds the chip carrier orthogonal to the puck and in-plane to the magnetic field.
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Resistance is measured using the standard 4-point probe technique (Fig. 3.8a) on
photo-lithographically defined wires of different widths (1, 5, 10, 20, 50 and 100pm) and
fixed lengths (3.5mm). Details on fabrication of the wires is detailed in Chapter 2.4. The
d.c. and a.c. current source is provided through ports inside the Quantum Design PPMS
cryostat using the Resistivity module. Currents ranging from 1pA to 100pA are used on
the wires, with higher currents being used for wider wires. The samples are placed over a
transport puck that is inserted into the cryostat (Fig. 3.8b, ¢). On the transport puck there
are four potential channels each consisting of a voltage and a current source (Fig. 3.8b, c).
To connect the channel outputs to the sample, Ag wires are soldered on the voltage and

current source and then these are connected to the sample using Ag paint.

3.2.4 Hall Resistance

In ferromagnetic materials, the hall resistance py also refered to as the transverse

resistance Py, , can exhibit several contributions which arise from different physical

mechanisms. In its most general form, the hall resistance is given by

Pu = Pxy = Po + Pa (3.7)
where p,, is the ordinary hall effect which is present in all conducting and semiconducting
metals and p, is the anomalous hall effect which arises from the magnetic order in the
materials. The ordinary hall effect is the result of flowing a current through a metal under
the presence of a perpendicular magnetic field. Based on the geometry of Figure 3.9a, the
current moving along x-direction can be described as

L, = nqu,t-w (3.8)
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Figure 3.9 — Hall effect. Displays the path the charge carriers will follow across a
conductive or semi-conductive material under (a) zero-field and a (b) field perpendicular
to the slab. The path of electrons and holes is shown in (b) when these are submitted to a
Lorentz force.

where q is the charge carrier, n is the charge carrier density number, v,, is the drift velocity
of the charge carriers along the x-direction, t - w is the area of the conduction slab through
which the current is pushed. As the charge carriers move along the length of the conducting
slab, these will exhibit a Lorenz force F;, = qvX B that will cause them to deflect toward
a side of the slab. Since charge carriers can be electrons or holes, the deflection can be
toward the top or bottom of the slab as shown in Fig 3.9b. As charge carriers accumulate

along a side of the slab, this produces a transverse electric field E,, which counteracts the

Lorentz force. At one point, an equilibrium is reached between both electric and magnetic
forces which results in no net flow of charge carries transverse to the direction of the
electrical current. This can be expressed as:

F=F,+F,=q(E+vxB)=0 (3.9)
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qE + q <vx 0 0 ) =qE 2+ q(E, —v,B,)9 + qE,2=0 (3.10)
0 0 B,

E, = v,B, (3.11)

The electrical field can be measured as a transverse potential difference V between both

sides of the slab and takes the form:
w
Vy =f E,d, = —E,w (3.12)
0

From equations (2.6), (2.9) and (2.10) it follows that the Hall voltage can be re-written as:

LB,
nqt

Vy =

(3.13)

Based on the slab geometry in Figure 3.9b, if the charge carriers were electrons
then the accumulation of negative charges would occur on the top of the slab and we would
expect a negative potential difference; conversely, holes would result in positive charge
accumulation on the bottom of the slab resulting in a positive voltage difference. In overall,
the ordinary Hall effect provides a direct measure of the type of charge carrier and the
charge carrier density number of a material.

In magnetic materials, there is an additional Hall voltage contribution that is
proportional to the z-component of the magnetization. We recall that the magnetic flux for
a magnetic material is given by B = H + 4nMg from which we can re-write the Hall

voltage as,
L
VH = — Tl._qt(HZ + 47'[MZ) (3.14)

where the first contribution is the ordinary hall effect and the second contribution is the

anomalous hall effect. The latter effect is observable in ferromagnetic materials even under
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zero-field. Since the magnetization changes with magnetic field the anomalous Hall
voltage response is proportional to the magnetic hysteresis for perpendicular magnetic
fields. Above magnetic saturation, the anomalous Hall voltage remains constant given the
magnetization is uniform nd any changes is a result of the ordinary Hall effect.

Hall resistance measurements are simultaneously collected with the resistance
measurements using the photo-lithographically defined 8-bar Hall cross detailed in Figure
3.8. This provides a direct one-to-one comparison between both transport measurements
and also reduces the measurement time. The details of measurement and wire connectivity

to the sample are the same as those detailed in Chapter 3.2.3.

3.2.5 X-ray Reflectometry

To characterize the physical properties of thin films, x-ray reflectivity is a powerful
and non-invasive technique that uses electromagnetic radiation with wavelength
comparable to the atomic spacing to study information embedded in reflection patterns.

X-ray light is emitted from a source (typically a Cu or Co anode) onto a specimen,
where two process can occur: (i) light is absorbed by an atom which results in the ejection
of electrons or (ii) light is reflected from the material into a detector. In a crystal material,
the light scatters off planes of atoms that are each separated by distance d (Fig. 3.10). To
obtain a constructive interference, the X-ray that penetrates the atom planes must travel a
whole wavelength inside the material to be in-phase with the wave being reflected off the
surface (Fig. 3.10a). This is known as Bragg’s law and is expressed as:

nd = 2d sin(0) (3.15)
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Figure 3.10 — X-ray diffraction. (a) Bragg’s law is illustrated with the scattering of two
in-phase x-rays incident and reflected off two planes of atoms separated by a distance d.
(b) The x-ray diffractometers used employed Bragg-Brentano reflection geometry

where n is an integer (n=1, 2, 3...), 4 is the wavelength of the x-ray, 6 is the angle between
the incident x-ray and the surface plane and d is the distance between the planes of atoms.
Figure 3.11 shows the small angle reflectivity pattern obtained from a CoZrNb film. At 20
angles below the critical angle 6, there is total reflection of the incident x-rays. Then as the
incident angle is increased above the critical angle, x-rays begin to penetrate the thin film
and we can obtain interference fringes between x-rays scattered from the surface and those

scattering off inside the thin film. The periodicity of the fringes is proportional to the thick-
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Figure 3.11 — Film thickness. The small angle x-ray scattering from a CoZrNb film is
shown over a range of 26 angles. The well-defined periodic fringes are characteristic of
this kind of low angle measurements. Fitting these maxima and minima peaks with Bragg’s
law allows one to determine the thickness of the film.

ness of the film and the fall of intensity and oscillation decay of the fringes at higher angles
provides a measure of the roughness of the film.

We performed x-ray reflectivity using a Bruker Discover D8 diffraction system and
a Rigaku x-ray diffraction system with a power rotating anode. X-ray reflectivity was used
to calibrate the sputter deposition rate of Ta, Fe and Gd targets prior to depositing the Fe/Gd

multilayers. Then, it was used to profile the overall thickness of the Fe/Gd multilayers and

determine the order of the layers.
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3.3 Imaging Techniques

The temperature and magnetic field dependence of the magnetic domain
morphology of the Fe/Gd specimens discussed in this thesis were studied using a variety
of real and reciprocal space imaging techniques. Collectively, they have allowed us to
identify the magnetic domain wall, observe details field variability of the magnetic domains
under different field history, determine field dependent magnetic phase transitions and

resolve current and microwave field dynamics of magnetic domains

3.3.1 Lorentz Transmission Electron Microscopy

Transmission electron microscopy (TEM) is an imaging technique employing a
beam of high energy electrons (100-1000 keV) as a light source to image features in the
order of a few angstroms [7]. The principles of operation are fairly similar to an optical
microscope; however, instead of employing the use of glass lenses to focus the light, a
TEM uses electromagnetic lenses, e.g. solenoid coils, to steer electrons into a thin beam
toward a specimen and onto an image plane. Figure 3.12 shows a simple schematic
illustrating the similar ray path between both microscope techniques. In an actual TEM,
there are usually several condenser lenses, objective lenses and projector lenses throughout
the microscope to optimize the electron beam and resulting image quality. Also, apertures
are used at several stages to select specific energy electrons, thus resulting in the ability to
control the image contrast. Finally, the image is captured using a CCD camera behind a
phosphorescent screen placed at the image plane which emits photons when irradiated with

electrons.



64

Optical Microscope TEM
Light T Electron
5 Source ‘\ Source
d (Filament)
Condensor
Lens
v Thin Film EM Lens
'K . .
A Specimen Selenoid
S Magnet
Glass Objective
Lens ~ Lens
o H-Field
= e =
R 7 Lens
AN Electron
Light Ray L /e« Path
Path N ¥
<«— Phosphorescent

‘@ e = Screen
Plane

Figure 3.12 — Optical and electron microscope comparison. The ray path of simplified
schematics showing both optical and electron microscopes.

A TEM image represents variations of darkness and brightness intensity that
directly correlate different thickness averaged densities of the thin film sample. Regions of
the sample where fewer electrons are transmitted result in darker areas in the image;
conversely, areas where more electrons are transmitted result in brighter areas in the image.
When electrons travel through a magnetic specimen, these will exhibit a Lorentz force that
will cause the electron to deflect from its original trajectory after being transmitted through
the specimen. The Lorentz force is given by

F, = quvXxB (3.16)
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Figure 3.13 — LTEM artifacts from specific domain morphologies. (a) Perpendicular
magnetic domains with Néel caps and a Bloch line at the center of the slab. (b) Magnetic
slab with in-plane magnetic domains.

where v is the velocity of the electron and B is the magnetic induction averaged over the
thickness of the magnetic specimen along the trajectory of the electron. From Eq. (2.11),
we can expect that only electrons normal to the magnetic induction B field will be subject
to a change in trajectory. Due to the nature of the Lorentz force perceived by the electron,
this imaging technique is referred to as Lorentz TEM.

In order to resolve the magnetic contrast, there are two main techniques commonly
used in Lorentz TEM: Fresnel mode consist of defocusing the image to observe variations
of intensity at the domain boundaries [7]. Alternatively, Foucault mode obtains magnetic
contrast by blocking light from the objective lens by shifting the aperture off-center while
the image is in focus [7]. Each of these techniques allows the retrieval of specific magnetic
information: Fresnel mode gives access to the domain wall of magnetic domains, whereas
Foucault mode allows mapping the direction of the magnetic domains.

Given the transmission nature of this imaging technique, we can expect a Lorentz

TEM image to reveal information from the averaged magnetization across the thickness.
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Figure 3.14 — Transport of intensity equation analysis. (a-c) Detail Lorentz TEM
images captured at different focus positions at the same physical region of an Fe/Gd
multilayer under the application of a perpendicular magnetic field at room temperature. (d)
The color-map shows the in-plane magnetic induction field obtained from analyzing
images (a-c) using TIE equation.

In some cases, the magnetic domains configurations are not easily identifiable. For
example, closure domains are not easily discernable in a thin film because their symmetry
at the top and bottom of the magnetic film cancel-out the Lorentz force exhibited by the
electron (Fig. 3.13a). Similarly, a thin film that exhibits in-plane magnetic domains will
likely not yield magnetic domain contrast given the stray field and magnetization will
cancel out some or most of the Lorentz force acting on the electron (Fig. 3.13b). For the
latter reasons, some magnetic information can be lost due to the transmission nature of the
technique.

Images detailing the field and temperature dependence of Fe/Gd magnetic domains
were recorded in Lorentz mode using an FEI Titan equipped with an image aberration
corrector at the Center for Advanced Materials Characterization, University of Oregon.
The magnetic contrast was obtained in Fresnel mode at three different image plane

positions: under-focused, in-focus and over-focused. To facilitate the imaging, the Fe/Gd
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specimens are deposited on Si3N4 TEM grids (window: 30nm x 0.5mm x 0.5 mm with a
200pm thick frame) at the same time as other substrate for different characterizations.
One can further quantify the local magnetic induction integrated over the thickness
of the specimen by means of analysis of under-focused, in-focused and over-focused
images using the transport of intensity equation (TIE) in Fresnel-mode Lorentz TEM. The

TIE relates the z-derivative of the image intensity I to the phase shift ¢ of the electron,

2w 01 e
V.av,¢p) = T a3 Ap = —% fdeS (3.17)

where A is the wavelength, h is the reduced Planck constant and B is the magnetic
induction along the xy-plane [8]. Figure 3.14 shows the images at different focus and the
resulting magnetic induction B color map obtained from TIE analysis. This technique
provides a one-to-one relationship with the domain wall information in thin films. The
under-focused or over-focused images in Fig. 3.14a, ¢ can only provide information about
the geometry of the magnetic domain but definite details about the vorticity cannot be
deduced. Whereas, the magnetic induction map (Fig. 3.14d) reveals that most textures
possess bound pairs of opposite helicity skyrmions where the domain walls wraps around
both cylindrical domains continuously without changing its vorticity and allows to
determine some cylindrical textures have a domain wall that continuously wraps around

the texture.

3.3.2 Full-Field Transmission X-ray Microscopy

X-ray microscopy is a real-space imaging technique based on a materials absorption

dependence of circularly polarized x-rays, e.g. x-ray magnetic circular dichroism (XMCD)
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[9,10]. Similar to an optical microscope, the light is focused onto a specimen using a
condenser lens while an objective lens focuses the light onto a detector. However, the light
source for this microscopy technique are synchrotron produced x-ray beams.

Synchrotron x-rays are based on the principle that when electrons change their
trajectory these emit energy [11]. If the electrons are accelerated near the speed of light,
then the radiation emitted can be ultraviolet or x-ray beams. In order to produce high
energy electrons, new synchrotron facilities utilize a linear accelerator to inject bunches of
electrons at a velocity comparable to the speed of light into a booster synchrotron ring
where these electrons are further accelerated using electric fields [12]. To maintain
electrons in the circular path, magnets are used to bend and contain the electrons within the
orbital trajectory. Afterwards, the high energy electrons are passed into a large storage ring
where these continue to move near the speed of light. Since electrons are moved in straight
trajectories, a series of bending magnets are used to deflect electrons from their path to
continue circulating in the storage ring. In between bending magnets, periodic
arrangements of dipole magnets are placed to generate an alternating static magnetic field
which causes the electron beam to move sinusoidally. The latter results in an increase
emission of synchrotron radiation as well as an increase of intensity. Depending on the
oscillation of the electron beam, these magnets are called wiggler or undulator. At each
bending magnet or the end of an undulator or wiggler magnet, a beamline is positioned to
capture the energy radiation resulting from changing the trajectory of the electrons. Each
beamline is designed to exploit the radiation using a unique experimental technique.

The Lawrence Berkeley National Lab, Advanced Light Source is one of the world’s

brightest sources of ultraviolet and soft x-ray light [12]. It is a 3 generation synchrotron
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Figure 3.15 — LBNL ALS Synchrotron. (a) Shows the different magnets used at a
synchrotron. A bend magnet is used to change the path of the electron to circulate around
the storage ring. When the electron travels through a wiggler or oscillator magnet the
electron will oscillate sinusoidally (larger/smaller periodicity results in broader/faster
electron oscillations). (b) Details the layout of the Lawrence Berkeley National Lab,
Advanced Light Source with emphasis on the magnets and the beamline end stations. A
combination of bend, wiggler and undulator magnets are used to produce variations of
energy radiation at different segments of the storage ring. Magnet types are based on the
legend. The number next to the type of magnet refers to the period of the dipole magnets,
e.g. U10 is an undulator magnet with 10cm period dipole magnets.
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Figure 3.16 - XM1 microscope. (a) The schematic of ALS Beamline 6.1.2 is detailed from
the bend magnet to end-station with emphasis on the Fresnel zone plate optics used to focus
and collect the transmitted soft x-rays. (b) Shows an image of the end-station where the
specimen is mounted between the condenser and the micro-zone Fresnel plates. The sample
stage is enclosed by a red box. (¢) An enlarged view of the sample stage in (b) is displayed.
The sample is mounted between the two copper cones separating vacuum environments
where the Fresnel zone plates are placed.

facility with electrons bunches spaced at 500 MHz intervals and possesses a beam intensity
of ~1.9GeV. Figure 3.16b shows a schematic of the ALS synchrotron which details the
storage ring and the various experimental techniques available.

Soft x-ray full-field transmission microscopy was performed at the Lawrence

Berkeley National Lab, Advanced Light Source (ALS, Beamline 6.1.2 XM1) at room
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temperature. The XM1 microscope end-station offers a spatial resolution between 10 nm
and 25 nm, elemental specificity with core level absorption energy in the range of 500eV
to 1500eV, a field of view area of 10um” and the potential to apply up to 2kOe in-plane
magnetic field and 5kOe perpendicular magnetic field [9,10]. Figure 3.16a, b shows the
schematic and a picture of the XM1 microscope at the ALS.

An x-ray microscope employs the use of diffraction plates with concentric gratings to
focus light to and from a specimen, called zone plates, because glass lenses are not
transparent at x-ray wavelengths. The gratings consist of alternating transparent (SiN) and
opaque (Au) rings as shown in the insert of Figure 3.16b. When light is transmitted through
the zone plate, these form constructive interference at the x-ray focal point as optical lenses.

To image magnetic domains at XM1, Figure 3.16, the x-ray illumination provided
by the ALS bend magnet is projected onto the sample by means of condenser zone plate.
To adjust the energy of the x-rays to specific core level absorption edges a pinhole is placed
between the sample and the condenser plate, which acts as a linear monochromater.
Adjusting the distance between the condenser zone plate and the pinhole allow one the
ability to tune the illumination energy. Then the x-ray light transmitted through the sample

is projected onto an x-ray sensitive CCD detector by means of a micro-zone plate.

3.3.3 Resonant Soft X-ray Scattering

Soft x-ray scattering is a reciprocal space imaging technique that yields quantitative
information of the global properties of specimen. The information is encoded into scatter

patterns of varying pixel intensity. Different information can be retrieved from the scatter
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pattern depending on whether the x-rays are coherent or incoherent. To address this, let us
assume that each scattered x-ray has the form,

Y = f(r)e’” (3.18)
where f(r) is the scatter factor that contains charge and magnetic information, Q = k; —
k, is a phase factor describing the momentum transfer between incident and scattered x-
rays and r is the lattice site. If the illumination is incoherent, then the intensities of the
scattered x-rays are summed,
|z

I Z|fn(rn)ei0rn (3.19)

and as consequence the properties of the specimen are averaged over the illumination area.

However, if the x-rays are coherent then the amplitudes of the scatter factors are summed,

2

| (3.20)

D furetern

and the interference between the scattered x-rays results in a unique diffraction pattern,
commonly known as speckle pattern. From this we see that coherent soft x-rays provide
the means to map a specimen’s complexity onto a scatter image that contains atomic,
structural and magnetic information [13]. The technique is called resonant because one can
tune the photon energy to a specific absorption edge of the atomic core electrons. In the
case of magnetic materials, the contrast of the scatter image is enhanced as a consequence
of magnetic x-ray circular magnetic dichroism [14,15].

Since we are interested in the magnetic moment of magnetic specimens, the

intensity of the scatter pattern can be written as

1(@)  |fpul? o |[FT (M(@))|’ (3.21)



73

Real Space Reciprocal Space

Aligned Stripes

Disordered Stripes

Figure 3.17 — Real and reciprocal space images. The domain morphology at zero-field
of Fe/Gdx80 and Fe/Gdx 120 captured at room temperature using (a) full-field transmission
x-ray microscopy and (b) resonant soft x-ray scattering are illustrated. The inserted arrow

in (b) show the beam-stop.

where M(7) is the magnetization of specimen. From Eq. 3.19, it follows that the phase
information of the magnetization is lost for both coherent and incoherent scattered x-rays
and the intensity represents the Fourier transform squared of the magnetization.

Soft x-ray scattering can be performed in two geometries: (i) in transmission, the
magnetic scattering is proportional to the out-of-plane magnetization and is ideal for
studying films with perpendicular magnetic anisotropy. (ii)) Whereas in reflection mode,

the magnetic scattering mixes information from all three magnetization components and
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Figure 3.18 — Resonant soft x-ray scattering. (a) The schematic of ALS Beamline 12.0.2
is detailed from the 8cm period undulator magnet to the end-station where the
measurements are performed. The schematic emphasizes the different mirrors used to
maintain the coherence of the soft x-rays from the source to the sample. (b) Shows an
image of the end-station where different components are identified.

for this reason is suitable for studying thick films with in-plane anisotropy [14]. Figure
3.17 shows the real and reciprocal space images of disordered perpendicular stripe domains
and aligned stripe domains.

Resonant soft x-ray scattering (RSXS) was performed at Lawrence Berkeley

National Lab, Advanced Light Source (Beamline 12.0.2) from room temperature to
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cryogen temperatures (300K — 80K). The end station allows for scattering measurements
in reflection and transmission geometry. One can tune the core absorption energy between
the range of 200eV to 1000eV and has a minimum exposure time for each scatter pattern
of 1 second. The end-station is equipped with an octopolar magnet with a maximum field
of 7KOe in every direction. The scattered x-rays are collected with of CCD-camera that is
positioned in one of the multiple flanges to capture reflection or transmission x-rays [14].
Samples must be deposited on SiN membranes to enable x-rays to travel through the
specimen in transmission geometry.

Figure 3.18 shows the schematic and image of beamline 12.0.2 that is optimized
for coherent soft x-ray scattering experiments. The coherent x-ray radiation is a result of
an 8cm period undulator magnet. To obtain a fully coherent beam, a pinhole is introduced
in front of the sample that blocks most of the x-ray illumination with the exception of
narrow region around the center of the beam which is highly coherent. For our RSXS
measurements, we did not introduce a pinhole because we were solely interested in
studying the magnetic domain distributions as a function of magnetic field and temperature.
To protect the detector from direct beam exposure, a beam-stop is placed at the center of
the membrane window. The beam-stop also increases visibility of the lower intensity

scattered x-rays compared to the direct beam intensity.

3.3.4 Magnetic Force Microscopy

Magnetic force microscopy (MFM) is a scanning probe technique that displaces a

physical probe over the surface of a magnetic specimen to indirectly obtain information
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about the domain morphology. This technique exploits the stray field arising from a
magnetic specimen to detect the surface magnetization (Fig. 3.19). The physical probe
consists of a sharp tip (~50nm radius) that is coated with a magnetic material and is placed
at the end of a cantilever (Fig. 3.20). The tip is then positioned relatively close to the
magnetic surface to enable the tip to interact with the stray field which exerts a force onto
the tip. To quantify the force on the tip, the cantilever is driven at its resonant frequency

and its oscillation is described in terms of Hook’s law,

1 |k
F = —kZ, ﬁ- = % E (322)

where k is the spring constant and z is the displacement of the cantilever tip normal to the
surface, f, is the resonant frequency of the cantilever and m is the effective mass of the
cantilever. To drive the cantilever, light is shined onto the backside of the tip and then the
reflected light is collected by a detector. A feedback loop provides the ability to maintain
a fixed excitation on the cantilever, while keeping a constant oscillation in amplitude or
frequency. Phase-shifts in either of the latter provide information about the field gradients
acting on the tip.

Magnetic force microscopy can be performed in two modes of operations: In
constant height mode the tip is scanned at a fixed position above the surface. An image is
constructed by collecting the individual line profiles over a specific region of the sample.
Usually this mode is only appropriate for specimens with few debris or relatively low
surface roughness because the latter can introduce artifacts into the collected signal. In
dual-pass mode, the tip is scanned over the surface of the sample in contact-mode to first

obtain the topography along the path of the tip. Then the tip is raised to a specified height
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Figure 3.19 — Dipole fields from film surface. The stray field resulting from multi-
domain morphologies with (a) perpendicular magnetic domains and (b) in-plane magnetic
domains is shown.
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Figure 3.20 — Attocube MFM probe. Shows the experimental devices used to perform
magnetic force microscopy on a PPMS cryostat. To reduce vibrations, the PPMS is
suspended on springs inside the damping box. (b) The components of the MFM probe are
detailed. The sample is positioned over the coarse XY Z-stage controllers and the cantilever
stage lies over the sample.
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and the tip rescans the same path along the recorded surface tomography at a constant
elevation. The latter mode removes artifacts from the magnetic topography and provides a
closer representation of the surface magnetic domain morphology.

Although this technique is considered relatively non-invasive, for soft-magnetic
specimens the magnetic tip can interact with the domains and even displace the magnetic
domains within the scanning region. For this reason, probe tips are coated with different
kinds of magnetic materials which possess different field coercivity. This facilitates
variability in stray field sensitivity and impact on the domain states. Typically, several
scans need to be collected at different elevation positions to ensure the magnetic tip
influence on the domains is minimal.

Low temperature magnetic force microscopy was performed using an Attocube
attoMFM-I in combination with a Quantum Design Physical Property Measurement
System cryostat with a 9T superconducting magnet. The MFM is mounted on a probe (Fig.
3.20) that is inserted into the QD PPMS for temperature and field measurements. The MFM
is located on the bottom portion of the probe which possess an xyz-stage controller, a piezo-
crystal stage and a cantilever holder (Fig. 3.20). The xyz stage facilitates coarse and fine
adjustments to position the sample underneath the cantilever where the MFM tip is
positioned. An optical fiber transmits the laser light (650um, 3uW) onto the cantilever and

then also collect the reflected light from the cantilever into a detector.
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3.4 Fabrication Techniques

Most studies presented in this work were conducted on continuous thin films, but in

order to study transport properties and current induced dynamics we fabricated wires by

means photolithography. The technique uses a very bright light source to embed a specific

geometrical pattern defined on a glass mask onto a light sensitive material that is placed

over a substrate. It is a simple fabrication process which allows the development of

geometrical features with 1pm resolution. In this work, wires with eight-contact pads were

primarily fabricated on Si substrate with a thermal oxide layer and SiN membranes.

a.

The following steps detail the fabrication process:

Surface cleaning: Substrate that is not very clean undergoes several rinses to remove
debris from the surface of the substrate prior to photolitographic fabrication, which
consists in: soaking the substrate in acetone for 5 minutes with ultrasonic agitation and
then transferring the substrate into a bath of isopropyl alcohol for 5 minutes with
ultrasonic agitation. Afterwards, the substrate is rinsed with deionized water and the
excess water is blown off with N, gun.

Spin coating the photoresist: The substrate is placed inside a spin-coater and it is
secured to the spinner chuck under vacuum seal. The negative photoresist (Futurrex
NR9-1500) is applied over the substrate, avoiding trapping air bubbles, and it is then
spin-coated at 4500 rpm for 1 minute. This process results in a uniform coating with
thickness ~1pum.

Soft baking the photoresist: After the substrate has been spin coated with the

photoresist, it is baked at 150°C for 1 minute over a hot-plate to densify the photoresist.
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Photolitography: Lift-Off Process

(a) /ReSiStN (b)
Substrate Substrate
Substrate coated with resist is patterned Thin film material is coated on the substrate
with the inverse geometric feature which fills cavities and covers resist
Patterned Thin Film
© @ et
Substrate Substrate
Substrate is placed in solvent Solvent removes the any materian that is
(e.g. acetone) not in direct contact with the substrate

Figure 3.21 —Lift-off process. (a-d) Show the four steps to finalize the development of
photo-lithographically patterned films by means of lift off.

d. Mask alignment: The substrate is then transferred to a mask-aligner (Karl Suss MA6),
where a glass mask with the desired geometrical feature is positioned over the substrate.

e. Exposure: The photoresist is then exposed with UV light source for 10 seconds.

f. Post-baking: After exposure, the substrate is post-baked at 100°C for 1 minute to
hardened the developed photoresist.

g. Development: The substrate is then transferred into a beaker with resist developer
(Futurrex RD6) for 10 seconds to remove photoresist from the unexposed areas.

h. Post-process cleaning: To stop the developer from decomposing the photoresist, the
substrate is washed with deionized water and the excess water is blown off with an air

gun.
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Afterwards, a thin film specimen is sputter deposited onto the substrate with the
patterned devices which coats areas with and without photoresist (Fig. 3.21a, b). Then the
sputtered sample is placed inside an acetone bath which removes the material where the
photoresist was present (Fig. 3.21c, d). In the end, the inverse geometrical feature that was

originally embedded to the substrate remains.
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Chapter 4

Magnetic Properties of Dipole SKyrmions

4.1 Introduction

Skyrmions are topologically non-trivial cylindrical-like magnetic domains that
exhibit novel physics and potential applications to non-volatile memory [1-6]. As described
earlier, these textures exist in an array of materials from bulk magnets [7-10] to thin films
[11-18]and have been shown to be stable under several physical mechanisms [18-22]. The
most heavily studied mechanism to stabilize skyrmions is the Dzyaloshinskii-Moriya
interaction (DMI) arising in non-centrosymmetric magnetic materials or thin films with
asymmetric heavy metal interface [7-14]. However, topologically similar spin structures
can be stabilized by the competition of long-range dipolar energy in a thin film geometry
and domain wall energy [16-18], a mechanism by which magnetic stripes and bubbles form
[23-39]. Commonly a chiral magnetic bubble is termed a dipole stabilized skyrmion given

the resemblance to a Bloch-type DMI interaction skyrmion [2,17,18]. Given these chiral

83
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bubbles form under the application of a perpendicular magnetic field they are said to be
extrinsically stable [5]. Both these class of topologically protected magnetic features are
interesting and there are numerous examples of materials showing them, however, there is
a limited understanding of the basic magnetic energetics required to favor their formation.
These chiral bubbles or dipole-stabilized skyrmions present a test-bed to explore how the
balance of ferromagnetic exchange, anisotropy and dipolar energy results in cylindrical-
like domains that are topologically non-trivial.

In this work we explore the formation of dipole-stabilized skyrmions and skyrmion
lattices in amorphous Fe/Gd multilayers, with the focus on developing predictive properties
that can result in the stabilization of chiral textures. Through thickness, alloy composition
and temperature dependent studies of various Fe/Gd films, we find we can control the
skyrmion lattice, in temperature and applied magnetic fields, by tuning the material
properties of the multilayer structure. This tunability allows us to investigate the skyrmion
sensitivity to material properties to manifest ordered and disordered skyrmions. By
comparing experimental findings with micromagnetic modeling we show the skyrmion-
lattice phase appears for a parameter space with a combination of relatively low
perpendicular magnetic anisotropy (~2-4x10° ergs/cm’), low magnetic moment (~350-500
emu/cm’), low exchange interaction (~5x107 ergs/cm), and thick films (>40 nm). Our
results provide a guideline of magnetic properties required to stabilize these spin textures
in thin-film ferromagnets and ferrimagnets.

The Fe/Gd films we have studied consist of multilayer deposited structures of Fe
and Gd thin films (each layer <0.4nm) which are antiferromagnetic coupled forming a

ferrimagnet. By appropriately choosing the thickness of the layers and the deposition
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conditions the films develop PMA [38-39]. In general, favorable conditions for the
observation of perpendicular magnetic domains requires the uniaxial anisotropy Ky be
greater than the shape anisotropy 2mM# where the ratio of these parameters is defined as a
material’s Q-factor [24]. For our films, the Q-ratio are less than 1 but by increasing the
number of bilayer repetitions (i.e. the total film thickness) results in a transition from in-
plane magnetization to the formation of perpendicular magnetic domains [40-44]. We will
first show Lorentz transmission electron microscopy (TEM), resonant soft x-ray scattering
and full-field transmission X-ray microscopy to confirm the presence of skyrmions and
skyrmion lattices in our films and determine the sensitivity of the skyrmion formation to
the temperature, applied magnetic field range and film thickness. We will then quantify the
materials parameters of our films and compare the experimental results to micromagnetic

simulations.

4.2 Experimental details

The Fe/Gd specimens are sputter deposited at room temperature in a UHV
environment under a 3mTorr Argon environment. To grow the film structures, we
alternatively deposit Fe and Gd layers of a specific thickness, and continue process until
achieving multilayer with the desired number of layers. Films have a seed/capping layer of
Ta (5nm) to protect the films from corrosion. Samples are deposited on a range of different
substrate for magnetic and imaging characterization, including 50nm and 200nm SiN

membranes and Si substrate with a native oxide layer.
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The field and temperature dependence of the magnetic domain morphology is
imaged using a variety of techniques, which include: (/) LTEM, (ii) soft x-ray scattering
(SXS) at the Gd M5 (1198eV) absorption edge and Fe L3 (708eV) absorption edge at Beam-
line 12.0.2 Advanced Light Source, Berkeley National Lab and (iii) full-field transmission
X-ray microscopy along the Fe L3 (708eV) absorption edge performed at Beam-line 6.2

Advanced Light Source, Berkeley National Lab.

4.3 Skyrmion lattice formation at room temperature

Figure 4.1 shows the field dependence of the magnetic domain morphology of a
[Fe (0.34 nm)/Gd (0.4 nm)]x80 multilayer (total thickness 53.6nm, see Chapter 4.8) imaged
by means of Lorentz TEM at room temperature. The under-focused images are obtained as
a magnetic field perpendicular to the sample is swept from zero towards magnetic
saturation. Each field image is from the same region of the sample but not the same specific
area of the sample as the image position shift with applied magnetic field. At zero field
the film exhibits stripe domains that have a periodicity of ~124 nm (Fig. 4.1a) and random
in-plane order. The images reveal the in-plane magnetization orientation averaged over the
thickness of the magnetic domains through variations of darkness/brightness intensity, and
domain walls are evidenced by strong and sharp dark/bright contrast changes. Analysis of
over/under-focused Lorentz TEM images using the transport-of-intensity equation [45, 46]
allows us to determine the projected in-plane magnetic induction, shown as a color map in
Fig. 4.1b. Here, the color indicates the direction of the magnetic induction with respect to

the color-wheel insert; in a similar fashion, the color intensity details the magnitude of the
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magnetic induction. The images show that the stripe domains are separated by Bloch walls
(Fig. 4.1b) where the in-plane moment of the walls is parallel to the stripes. This
arrangement is more clearly observable in the enlarged image (Fig. 4.1c) detailing the
enclosed region of Figs. 4.1a and 4.1b, where both the color and vector maps detail the
direction of the Bloch wall. Since the films are relatively thick and no DMI is anticipated
a Bloch-like domain structure is expected. As will be discussed below there are likely
closure domains (e.g. Néel caps) at the top and bottom of the films [47]. Evidence of
closure domains will not be visible in these images since the orientation of these domains
at the top and bottom of the films are opposite in direction and will average to zero in
Lorentz TEM images.

As a magnetic field is applied, perpendicular to the film (Figs. 4.1d and 4.1¢), the
stripes with magnetization parallel to the field grow at the expense of domains opposite to
the field. We observe that the stripe domains whose magnetization is opposite to the field
begin to collapse into cylindrical domains (Figs. 4.1d and 4.1e). Since the Bloch-line
continuously wraps around the cylindrical domain it is defined as a skyrmion with winding
number S = 1 [2,3]. If the Bloch-line wraps continuously in a clockwise fashion then it has
helicity y =-n/2, whereas if the Bloch-line wraps counter-clockwise direction it has helicity
vy =+m/2 [2]. At H. = 1450 Oe, the skyrmions have a diameter of ~71nm and their size does
not vary significantly from initial formation to annihilation. The enclosed/enlarged region,
detailed by red boxes in Figs. 4.1d and 4.1e, shows the extremities of a stripe domain
collapsing into a skyrmion (Fig. 4.1f), as well as, as the color/vector map representation of
the magnetic textures enclosed. At this magnetic field strength, the domain morphology

consists of a combination of disordered stripe domains and skyrmions (Figs. 4.1c and 4.1d).
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Figure 4.1 — Real space imaging of the field-dependent magnetic domain morphology
of [Fe (0.34 nm)/Gd (0.4 nm)]x80. Under-focused Lorentz TEM images (first column)
measured at room temperature and their corresponding magnetic induction color maps
(second column) are detailed. The images are captured as a perpendicular magnetic field is
applied from zero-field to magnetic saturation. Four different magnetic states are observed
as the field is swept, including: disordered stripe domains (a, b), stripe-to-skyrmion
transition (d, e), skyrmion lattice (g, h) and disordered skyrmions (j, k). Enclosed regions
in the first two columns are enlarged to detail the in-plane magnetic domain configuration
using both color and vector magnetic induction maps in the third column (¢, f, i). The scale
bar in a corresponds to 1pum.
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As the magnetic field is further increased, the entire film fills with dipole skyrmions
with an equal population of the two possible helicities (Figs. 4.1g and 4.1h). The two
different helicities (S =1, y = +n/2) appear as dark and light cylindrical textures in Fig. 4.1g
and they arrange into a weakly-ordered hexagonal lattice (Figs. 4.1g and 4.1h). This
skyrmion lattice is stable for a wide range of magnetic fields spanning from 1700 to 2400
Oe. By increasing the magnetic field further, the skyrmion lattice dissociates into a
disordered isolated skyrmion state where these textures begin to collapse as the film

reaches magnetic saturation (Figs. 4.1j and 4.1k).

4.4 Temperature dependence of the skyrmion phase

Using a combination of real-space imaging and reciprocal-space scattering
techniques we explored the dependence on temperature and applied magnetic fields that
result in the formation of the skyrmion phase for two Fe-Gd compositions. From scattering
patterns obtained by means of resonant soft x-ray scattering, see Chapter 4.5, we identified
four regions emphasizing long-range ordered magnetic states including: (i) disordered
stripe domains, (if) a stripe-to-skyrmion transition, (iii) a skyrmion lattice and (iv) uniform
magnetization. Then using images obtained from LTEM and transmission soft x-ray
microscopy we supplemented our findings in the magnetic phase map. From real-space
images, we identified an additional region detailing (v) disordered skyrmions that occurs
after the skyrmion lattice dissociates. Since disordered skyrmions do not have any long-

range order, this region is not easily determined in scattering experiments.
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Figure 4.2 — Magnetic field and temperature dependence of the skyrmion phase. The
magnetic phase diagram for two Fe/Gd film structures are shown: (a) [Fe (0.34 nm)/Gd
(0.4 nm)]x80 exhibits a broad skyrmion phase around room temperature, and (b) [Fe (0.36
nm)/Gd (0.4 nm)]x80 shows a similar skyrmion phase that is shifted to lower temperatures.
These magnetic phase maps are constructed using data from four different imaging
techniques: resonant soft X-ray scattering, LTEM and transmission X-ray microscopy (at
room temperature only). The marker-lines detail the temperature and imaging technique
used to scan the domain morphology.
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Figure 4.2 summarizes the various magnetic domain configurations observed when an
applied field, perpendicular to the film applied from zero-field to magnetic saturation at
detailed temperatures from 300K to S0K. We find that the [Fe (0.34 nm) /Gd (0.4nm)]x80
multilayer exhibits a similar domain morphology, as previously described with LTEM,
with a skyrmion lattice that extends from room temperature to 220K for a wide range of
applied magnetic fields (Fig. 4.2a). At temperatures where no skyrmion phase exists, the
Fe/Gd film primarily exhibits disordered stripe domains. In the case we modify the Fe-
content of the Fe/Gd structure to [Fe (0.36nm) /Gd (0.4nm)]x80, we find a similar broad
skyrmion phase that is shifted to lower temperatures, spanning a temperature window from
180K to 100K (Fig. 4.2b). Here, it is evident that the formation of a skyrmion phase is

sensitive to the Fe/Gd composition and is tunable to a temperature range of interest.
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Figure 4.3 — Reciprocal space imaging of the field-dependent magnetic domain
morphology of [Fe (0.34 nm)/Gd (0.4 nm)|x80.The scatter images obtained at room
temperature detail the four magnetic phases observable using this technique: (a) disordered
stripe domains, (b) coexisting stripes and skyrmions, (¢) skyrmion lattice and (d) uniform
magnetization. (a) The diffraction image is obtained along the Fe L; (708eV) absorption
edge at zero-field at 85K. (b, ¢) These diffraction images are both obtained at room
temperature along the Gd Ms (1180eV) absorption edge at (b) H, = 1500 Oe and (¢) H, =
1900 Oe. (d) The saturated state is obtained along the Fe L3 (708eV) absorption edge at
H,= 5000 Oe at room temperature.

4.5 Resonant soft x-ray scattering

Figure 4.3 shows diffraction images exemplifying the different magnetic phases
that are observable in [Fe (0.34nm) / Gd (0.4nm)]x80 along the Gd M5 (1198eV) absorption
edge and Fe L3 (708eV) absorption edge. The disordered stripe domains are characterized
by a ring-like scatter pattern (Fig. 4.3a) which agrees with our observation of disordered

domains in LTEM and full-field transmission X-ray microscopy. Figure 4.3b shows the
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typical diffraction image obtained from the coexistence of stripes and skyrmions which
depicts evidence of 6 Bragg peaks where two peaks exhibit higher intensity than the other
four peaks. The skyrmion phase is depicted by a six-fold scatter pattern where the Bragg
peaks possess near equal intensity indicating the presence of a hexagonal lattice of
cylindrical-like magnetic features (Fig. 4.3c). Last, the uniform magnetization domain is
depicted by a flat diffraction image, where there is no evidence of magnetic contrast (Fig.

43d).

4.6 Thickness dependence of the skyrmion phase

To further explore the formation of a skyrmion lattice at room temperature, we
varied the number of Fe/Gd bilayer repetitions in the multilayer to investigate the role of
the thin film magnetostatic energy on the skyrmion phase. The multilayers studied
consisted of [Fe (0.34nm)/ Gd(0.41nm)],n where N = 40, 80 and 120 repetitions where
only the latter two film structures exhibited evidence of perpendicular magnetized stripe-
like domains in their magnetic hysteresis loops (Fig. 4.4); whereas [Fe (0.34nm)/
Gd(0.41nm)]x40 appears consistent with in-plane magnetic domains. This suggests that as
the number of bilayers is increased, we gain magnetostatic energy to form perpendicular
magnetic domains. Similar observations of a thickness driven spin reorientation of the
magnetization, from in-plane to perpendicular, with increasing thickness have has been
reported for numerous systems including hcp(0001) Co films [41-42].

When examining the field-dependence of the domain morphology by means of

transmission soft x-ray microscopy measured at the Fe L3 (708eV) absorption edge we
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verified that N = 40 film does not show any perpendicular magnetic domains while the N
=80 and N = 120 repeat films exhibited both stripe and skyrmion magnetic domain textures
consistent with Fig. 4.1. The [Fe (0.34nm)/ Gd(0.41nm)]xso film exhibits stripe domains at
zero applied field where the contrast is sensitive to the out-of-plane magnetization (unlike
LTEM which is sensitive to the in-plane magnetization) (Fig. 4.4a). Here domains with
magnetization parallel/anti-parallel to the perpendicular direction appear as dark/white
textures. The presence of a small remanent in-plane magnetic field in the measurement
causes the stripe domains to align in the direction of this field. With a modest out-of-plane
field (H.= 500, 625 Oe), we observe the stripes begin to pinch into cylindrical textures that
occupy the same physical space of the original stripe (Fig. 4.4b-c). At this field there is a
near equal population of stripes and aligned cylindrical domains. When the field is further
increased (H. = 750 Oe), we find all the stripes have pinched into aligned cylindrical
textures that do not arrange into a close packing lattice (Fig. 4.4d). As the field is further
increased, the cylindrical domains dissipate (Fig. 4.4d) and we are left with the cylindrical
textures that first formed (Fig. 4.4b-c). This suggests that we observe two different
magnetic domains as a consequence of the in-plane field. In one case, the Bloch-line of
most stripes aligns in the direction of the in-plane field which results in the formation of
magnetic bubbles (zero-chirality) when a perpendicular field is applied as described in Ref.
16; whereas, stripes with random Bloch-line arrangement result in skyrmions (chiral
textures) as we have previously shown. Specifically, we have shown a skyrmion molecule
[16] is made up of a bound pair of opposite helicity skyrmions which can also be stabilized
in Fe/Gd films as a result of applying a fixed in-plane field and then applying a

perpendicular magnetic field.
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Figure 4.4 — Film thickness dependence of [Fe (0.34 nm)/Gd (0.41nm)]xN. The domain
morphology, obtained by X-ray microscopy, for Fe/Gd multilayers with different bilayer
repetitions are detailed, as a perpendicular magnetic field is applied from zero-field to
magnetic saturation. (a-f) [Fe (0.34nm)/ Gd(0.41nm)]xgo exhibits stripe domains at zero-
field (a) that pinch off into skyrmions as the magnetic field is increased (b-c). Above H.=
7500e the cylindrical textures begin to collapse in aligned clusters (e-f) until no skyrmions
can be observed in the field of view. (g-1) [Fe (0.34nm)/ Gd(0.41nm)]xi20 exhibits
disordered stripe domains at zero field (g) that collapse begins to collapse into skyrmions
as the magnetic field is increased (h). These skyrmions arrange into closed-pack hexagonal
lattice from H.= 800 Oe to 2500 Oe (j-1). The scale bar in a corresponds to 1pum.

The thickest film studied, [Fe (0.34nm)/Gd(0.41nm)]xi20, showed disordered stripe
domains (white domains) and dumbbell domains (dark domains) at zero-field. Here the

remanent in-plane field is insufficient to cause the stripes to order, as observed previously.
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When a perpendicular field is applied, the dumbbell domains begin to merge to form
disordered stripes (Fig. 4.4h) and by H. =750 Oe the stripes with magnetization opposite
to the field begin to collapse into skyrmions (Fig. 4.41). By slightly increasing the field
again, all the stripes have collapsed into skyrmions and these have arranged into a weakly
coupled hexagonal lattice which spans from H.= 800 Oe to 2500 Oe (Fig. 4.4j-1). We find
the skyrmions have a diameter of ~70nm and that the size does not vary significantly from
their initial formation to annihilation. The variation of film thickness, clearly demonstrates
that skyrmions, like bubbles, require a specific ratio of magnetic properties ad film

thickness for these magnetic textures to become favorable [24,26].

4.7 Characterization of temperature dependent magnetic

hysteresis and ferromagnetic resonance frequency

Inspection of the magnetic hysteresis of [Fe (0.34 nm)/Gd (0.4 nm)]x80 and [Fe
(0.36 nm)/Gd (0.4 nm)]x80 reveal the loops are characteristic of a film exhibiting
perpendicular magnetized stripe-like magnetic domain structure at room temperature
[23,25,26,35] (Fig. 4.5a, b). This agrees with our experimental observation of disordered
stripe domains at zero-field. A text-book example of a stripe-domain hysteresis loop occurs
in [Fe (0.36 nm)/Gd (0.4 nm)]x80 at room temperature (Fig. 4.5a) which depicts a small
hysteresis around the saturation field. This hysteresis is associated with the mechanism in

which stripe domains form and collapse from cylindrical domains.
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Figure 4.5 — Magnetic properties of Fe/Gd films. (a, b, ¢) The magnetic hysteresis loops
and (d, e, f) the Kittel resonance are detailed for Fe/Gd films presented in this work. (a, b,
¢) Show the temperature dependent magnetic hysteresis loops for [Fe (0.36nm)/Gd
(0.4nm)]x80, [Fe (0.34nm) /Gd (0.4nm)]x80 and [Fe (0.34nm) /Gd (0.41nm)]xN where N
is 40, 80 and 120 repetitions. The films are saturated with a magnetic field of £10 kOe, but
for ease of viewing a smaller field range is illustrated. (d, e, f) Depict the field-dependent

resonance resulting from the precession of the homogenous magnetization for the Fe/Gd
films in (a, b, c).

As the temperature is reduced, in Figure 4.5a, the hysteresis around the nucleation
field becomes smaller and softer and the nucleation field is shifted to higher magnetic fields
until no identifiable nucleation field exists in [Fe (0.36 nm)/Gd (0.4 nm)]x80. This suggests
that the dipolar interaction strength is increasing as the temperature is reduced. Here, our
macroscopic magnetic profile agrees with our experimental observation of disordered
stripe domains from room temperature down to 200K in [Fe (0.36 nm)/Gd (0.4 nm)]x80.

When the temperature is reduced further, the magnetic hysteresis loop appears to suggest
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the film has undergone a spin-reorientation transition (SRT), yet a closer inspection reveals
the films potentially exhibit perpendicular magnetic domains. To verify the orientation of
the magnetization, we performed in-plane field magnetic hysteresis measurement and
found that the magnetization appears to begin undergoing a temperature driven spin-
reorientation transition of the magnetization as we decrease the temperature (Fig 4.6a);
however, the magnetization never fully goes in-plane. The in-plane magnetic hysteresis is
characteristic of thin films exhibiting stripe domains - they detail that the magnetization
lies on both the perpendicular and along the plane of the thin film. If the [Fe (0.36 nm)/Gd
(0.4 nm)]x80 had undergone an SRT of the magnetization, then we should expect the in-
plane loops to become square-like and have a negative switching field Hj in this
measurement geometry. As the temperature is reduced, the switching field H, decreases
rapidly (Fig. 4.6b), but does not become negative. Even at 20K, the [Fe (0.36 nm)/Gd (0.4
nm)]x80 shows evidence of perpendicular magnetic domains. This is also observable in the
temperature dependence of the intrinsic anisotropy (Fig. 4.8). Similar observations can be
made for [Fe (0.34 nm)/Gd (0.4 nm)]x80. At temperatures where [Fe (0.36 nm)/Gd (0.4
nm)]x80 and [Fe (0.34 nm)/Gd (0.4 nm)]x80 exhibit a skyrmion phase their perpendicular
magnetic hysteresis loops are comparable with the exception of different switching fields.

In the case of Fe/Gd bilayer repetitions are varied, we find evidence of
perpendicular magnetic domains as the number of bilayers are increased (Fig. 4.5¢). The
film studied is [Fe (0.34nm) /Gd (0.41nm)]xn where the number bilayer repetitions include
N = 40, 80 and 120. At 40 repetitions, there hysteresis clearly shows the magnetization
prefers lying along the plane of the film. Above 40 repetitions, the Fe/Gd appears to build

sufficient magnetostatic energy to force the system to break into perpendicular magnetic



99

[Fe (0.36nm) /Gd (0.4nm)]x80 [Fe (0.34nm) /Gd (0.4nm)]x80

)
i
1
a b i(c d
@, () 3 NSO @ '
: 9
2 os 1 1208
8 o) o| 18T o) .
= e 300K o =) e 300K O 7
£ 0.6 ’ o 260K =9 ' E 06 o 260K =
S ] o 220K = . R) i o 220K S °
Z i 4 o 180K i~ S ot | o 180K =5
7 0.4 J iy o 140K gy 12 0.4 : I ": e 140K — .
= Fl [1F o 100K & . =L o 100K =
02} ¢ || * 60K 5 . b0zt Bt * 60K 3 ¢
“1\ 20K : ‘\“ it 20K o ®
| ° I
L. IRy 3 |. " N : "‘ ? 1 L M .
20 2 4 6 8 10 12 14 16 50 150 250 | 2 0 2 4 6 8 10 12 14 16 50 150 250
Magnetic Field [x100] (Oe) Temperature (K); Magnetic Field [x100] (Oe) Temperature (K)
1

Figure 4.6 — In-plane magnetic properties of Fe/Gd films. (a, ¢) The temperature
dependent normalized in-plane magnetic hysteresis loops are detailed for [Fe (0.36nm) /Gd
(0.4nm)]x80 and [Fe (0.34nm) /Gd (0.4nm)]x80. From (a, ¢) the temperature dependent
switching field, Hy, is extracted and is illustrated in (b, d). As the temperature is reduced,
the switching field decreases swiftly but does not become negative as expected for a
perpendicular magnetized films that is characterized by a square hysteresis loop. The films
are saturated with a magnetic field of +10 kOe, but for ease of viewing a smaller field range
is illustrated.

domains. We note the magnetic hysteresis is similar to those observed in [Fe (0.36 nm)/Gd
(0.4 nm)]x80 and [Fe (0.34 nm)/Gd (0.4 nm)]x80 when a skyrmion phase is present. Then,
by further increasing bilayer repetitions, we find that [Fe (0.34nm) /Gd (0.41nm)]x120
shows a magnetic hysteresis loop that also suggests a domain morphology with
perpendicular magnetized stripe-like magnetic domains.

Cape and Lehman [26] have calculated the magnetization curves for both the
bubble-lattice array and the parallel-stripe array structures and show that both ground states
can exhibit near identical magnetic hysteresis profiles. Among the differences, is the slope
and shift of the nucleation and collapse critical fields. For instance, the nucleation field of
the stripe phase is given by a sharp kink of the magnetization, as detailed previously;

whereas, the bubble-lattice phase will show a softer slope change in magnetization around
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the same nucleation field like that observed in [Fe (0.34nm) /Gd (0.41nm)]x120 (Fig 4.4a,
b). All in all, the magnetization curves provide a good macroscopic depiction of the domain
morphologies present in the thin films detailed.

To determine required anisotropy at which skyrmions form, we performed
ferromagnetic resonance measurements in fixed frequency mode while a perpendicular
magnetic field is scanned. By looking at the resonance resulting from the homogenous
magnetization precession, known as the Kittel resonance, we can determine the effective
magnetization of the specimen. All Fe/Gd films exhibit a positive effective magnetization
4rM.which indicates they possess weak perpendicular magnetic anisotropy (Fig. 4.5d, e).
Both [Fe (0.34 nm)/Gd (0.4 nm)]x80 and [Fe (0.36 nm)/Gd (0.4 nm)]x80 show a linear
increase of the effective magnetization 47M.y as the temperature is reduced (Fig. 4.5d, e)
which suggests the film becomes more in-plane as the temperature is reduced. For the [Fe
(0.34nm) /Gd (0.41nm)] films, we only detail the Kittel resonance at room temperature for
all three different bilayer structures. We find that 4zM.; deviates between 40 repetitions
and higher number of bilayer repetitions (Fig. 4.5f). This suggests a microstructural change
occurred during the deposition of the 40 repetition stack which resulted in a slightly
different film; whereas, both 80 and 120 repetitions have very close effective magnetization

values.
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Figure 4.7 — X-ray Reflectivity. The small angle reflectivity for (a) [Fe (0.36 nm)/Gd (0.4
nm)]x80 and (b) [Fe (0.34 nm)/Gd (0.4 nm)]x80 are detailed from 20 angles 0° to 15°.

4.8 Small angle x-ray scattering

Small angle x-ray reflectivity (XRR) measurements were performed on the Fe/Gd
films to determine accurately the thickness of the Fe/Gd multilayers and to resolve
information regarding the bilayers (Fig. 4.7). From the XRR data, we find two oscillating
waves superimposed that correspond to the Fe/Gd multilayers (fast oscillations) and the Ta
capping layer (slow oscillations). By fitting the XRR data to the modified Bragg law, we
find both films are thinner than the expected deposited thickness — [Fe (0.36 nm)/Gd (0.4
nm)]x80 is 51.7 nm and [Fe (0.34 nm)/Gd (0.4 nm)]x80 is 53.6 nm — which suggests the
deposited ultra-thin Fe and Gd layers intermix. Both Fe/Gd films show no evidence of
super-lattice peaks at any 20 angles. This suggest the films do not have well defined

bilayers throughout the film thickness. Given the individual layers are each a few
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monolayers thick, strong intermixing between the layers can be expected. As a result, the

thin film likely consist of continuously varying alloy-like layers.

4.9 Magnetic and ferromagnetic resonance properties

From magnetic hysteresis loops (Fig. 4.5) measured both by magnetometry and
magneto optical Kerr effect measurements, we determine that the Fe/Gd ferrimagnetic
moment is Gd rich for these films at all measurement temperatures. This is consistent with
measurements of bulk alloys with similar compositions. Both Fe/Gd films show relatively
low magnetic moment that varies similarly with decreasing temperature (Fig. 4.8a). The
slightly stronger dependence of Mg vs. T for the [Fe(0.34nm)/Gd(0.4nm)]x80 is also
consistent with the lower Fe content that lead to a higher low-temperature moment and
lower T, compared to the higher Fe content films. At temperatures where the Fe/Gd films
exhibit a skyrmion phase, the magnetic moments are similar (Fig. 4.8a) thus does not
explain the shift of the skyrmion phase to a different temperature range (Fig. 4.2).

To characterize the anisotropy FMR measurements were performed with

perpendicular fields above magnetic saturation (Fig. 4.5). The resonance fields vary

linearly with applied magnetic field as expected from the Kittel formula [48], f = Z—;(Hdc —

4nMs + Hy) where v, is the e” gyromagnetic ratio, Hy. is the applied field, 4nMs is the
demagnetization field, My is the saturation magnetization and Hx = 2-Ky/Ms is the
perpendicular anisotropy field where Ky is the uniaxial perpendicular anisotropy that is
developed in the thin-film growth process. The intercept with the field axis when frequency

becomes zero is given when H,. = 4nMs - Hy=47wM,y. For all of our films the intercept is
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Figure 4.8 — Temperature dependent magnetic and ferromagnetic resonance
properties. The magnetization (a), effective magnetization (b), uniaxial anisotropy (¢) and

the MZ/K,}/? ratio (d) are shown for [Fe (0.34nm)/Gd (0.4nm)]x80 and [Fe (0.36nm)/Gd
(0.4nm)]x80. The region in temperature where each Fe/Gd film exhibits a skyrmion phase
has been shaded to serve a guide to the eye. By linearly fitting the uniaxial anisotropy with
temperature, we can conclude that Ky is positive at absolute-zero (¢). The enclosed region

with dashed lines in (d) represents a window of M2 /K. 3/ ?values were the both Fe/Gd films
exhibit a skyrmion phase.

positive (Fig. 4.5) indicating a relatively weak induced perpendicular anisotropy such that
Ky < Kp = 2nM? or Q = Ky/K4 < 1 so the effective anisotropy is in-plane. The extracted
values for Ms, 4nM.y and Ky are given in Figs. 4.8a-c, respectively, as a function of
temperature. As the temperature is reduced, both Mg and 47M. increase roughly linearly
with temperature which suggests the films become more in-plane (Fig. 4.8a, b) while a
modest decrease of the intrinsic perpendicular anisotropy is observed with decreasing
temperature (Fig. 4.8d). This atypical temperature dependence of the intrinsic anisotropy
has been previously reported for RE-rich Fe/Gd films with a small bilayer periodicity ¢, +

tca < 1.4nm (the Fe/Gd films detailed in this work have a period < 0.8nm) [49,50]. The
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increase in anisotropy with increasing Fe layer thickness is observed in a series of films
and appears to be a general feature of the Fe/Gd system. We have further indicated in Fig.
4.8 the regions in temperature where we observe the skyrmion lattice phase.
The fact that domains and skyrmion lattices are only observed for film thickness

above a critical thickness is consistent with earlier studies of films where Ky<K, [40-44].
There are theoretical estimates for the critical thickness for the onset of weak stripe
domains given by [Refs. 41, 43]:

t,~17.7VA M2/ K./* (4.2)
where A4 is the exchange parameter. The predicted value for the thickness at which the
magnetization rotates from in plane to out of plane with stripe domains is given by [Refs.
28, 41, 44]:

t,~27.2VAMZ/ K./ (4.2)
In both cases the critical thickness scales as MZ /KS/ > In Fig. 4d we plot this ratio as a
function of temperature. We see this ratio increases with decreasing temperature reflecting
the strong temperature dependence of the saturation magnetization. We also find that we
experimentally observe the skyrmion phase for the same range of this ratio from
0.735x107 to 1.359x10” as shown in Fig. 4.8d. While neither the values of Ms or Ky

appear predictive for determining the temperature range where we observe the skyrmion
the ratio as MZ /K, 3/ ? does provide a guideline to the formation of the skyrmion phase for
the Fe/Gd system.

The only material parameter in Egs. (4.1) and (4.2) we do not have a quantitative

measure of is the exchange stiffness constant 4, however, a qualitative measure can be
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deduced from noting that no super-lattice peaks are observable in small angle x-ray
reflectometry (Fig. 4.7). This suggest that there is strong intermixing between the Fe and
Gd layers; as a consequence, we can assume the Fe/Gd films are layered alloy-like
structures that resemble an Fe-Gd alloys of similar composition. For this reason, we assume
an exchange stiffness 4 between 2 - 5x107 erg/cm based on values reported for similar Fe-
Gd alloys [51-54]. Using these values of 4 we would predict a ¢, in the range 50.2 nm < ¢,
<79.4 nm in reasonable agreement for the transition from in-plane to stripe phase between

40 and 80 repeats as observe experimentally.

4.10 Micromagnetic modeling

To understand the mechanism stabilizing the skyrmion phase, we performed
numerical simulations of the Landau-Lifshitz-Gilbert (LLG) equation, utilizing the
FASTMag [55] solver for a magnetic slab that is 2000 nm x 2000 nm x 80 nm. The input
magnetic parameters were obtained from experiment (for further details see Figure captions
and Methods). Shown in Fig. 4.9 is the field evolution of equilibrium states that results for
Ms =400 emu/cm3, Ky=4x10° erg/cm3 and A= 5x107 erg/cm. These values are within the
range of magnetic properties of both [Fe (0.34nm) /Gd (0.4nm)]x80 and [Fe (0.36nm) /Gd
(0.4nm)]x80 (Fig. 4.8). Initially the slab is saturated along the z-axis and then the
perpendicular field is reduced to zero-field. At any field step the slab is allowed 30 ns to
relax into an equilibrium state. Figures 4.9a (top view) and 4.9b (side view) are the results
at zero-field that exhibit a configuration of disordered stripe domains similar to those

observed in Fig. 4.1. The typical domain periodicity is ~183 nm. The cross-section view of
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the magnetization across the film thickness along the line given in Fig. 4.9a reveals a
Bloch-like wall configuration at the center of the slab (Fig. 4.9b m, component) while near
the top and bottom of the film there are flux closure caps (Fig. 4.9b, m, component). This
domain arrangement is expected given the low O-factor (Q ~ 0.4) as previously determined
by resonant x-ray scattering from Fe/Gd films [47].

When a magnetic field is applied perpendicular to the slab, the stripe domain with
magnetization opposite to the field direction collapse into individual skyrmions (Fig. 4.9¢c-
e). As the magnetic field is increased further, the chiral textures arrange into a hexagonal
lattice that exists from Hy.= 1700 Oe to 2300 Oe (Figs. 4.91, g, n-r). The typical skyrmion
size is ~83 nm and the separation is given by ~128 nm at H;.= 1700 Oe. As the magnetic
field is increased, the skyrmion size decreases to 53 nm at H,.= 2700 Oe. The skyrmion
size, separation and field history are in good agreement with our experimental observation.
For Figs. 4.9a, c-g and n-r we plot the m. component for magnetization which can be
compared to the contrast in Fig. 4.4.

For the skyrmions that form in Fig. 4.9 the domain walls are Bloch-like in the center
of the film and we find a roughly 50% percent chance of the two helicities. This can be
seen in Fig. 4.9g where we plot the m, component of magnetization at the center of the slab
for H;.=1700 Oe. The skyrmions where m, component is red above the skyrmion and blue
below have one circulation of the domain wall and we characterize it by a winding number
S=1,y=-n/2. The skyrmions where m, component is blue above the skyrmion and red
below have the opposite circulation and we characterize it by a winding number S=1, y =
n/2. These results agree with the LTEM images of Fig. 4.1. By tracking the orientation of

the in-plane components of the domain walls in Fig. 4.9 with increasing applied field we
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Figure 4.9 — Micromagnetic modeling of domain morphology. (a-r) [Ms = 400
emu/cm’, Ky=4x10° erg/cm’ and 4=5x10" erg/cm] The equilibrium states illustrate the
field dependent domain morphology at several magnetic fields that capture the domain
evolution from a stripe to a skyrmion phase. These equilibrium state primarily depict the
top side view of the magnetization along the z-axis (m.) at the top surface of the slab
(z=40nm). The magnetization (m.) is represented by regions in red (+m.) and blue (-m;);
whereas the in-plane magnetization (m,, m,) is represented by white regions surrounding
the blue features. (b, h) Illustrates the lateral magnetization components (m,, m,, m.) across
the film thickness for the disordered stripe domains in (a) and the skyrmion phase in (f, g)
along the dashed line. Inspection along the lateral magnetization reveals a Bloch-like wall
configuration with closure domains in both states. The chirality of the skyrmions is
depicted in (g) along top side-view of m, across the center of the slab. (i-m) Detail the
magnetization distribution at different depths (z=40, 20, 0, -20, -40nm) for a skyrmion with
chirality S = +1, y= -n/2 that is enclosed in a box in (f, g). At each depth, the perpendicular
magnetization is represented by blue (-m.) and red (+m.) regions and the in-plane
magnetization distribution (m, and m,) is depicted by white arrows. The white arrows
illustrate how the magnetization of the closure domains and Bloch-line arrange at different
depths of the slab. (n-r) Detail the field evolution from an ordered skyrmions to disordered
skyrmions.
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find that the chirality of the skyrmions is determined by the chirality of the walls of the
original domain. There are also examples of bubbles that form where the m, component is
either red or blue above and below the bubble and we characterize this by a winding number
S$=0. Such bubbles are also observed in LTEM experiments.

Shown in Fig. 4.9h is the magnetic projection through the thickness of the film for
the dashed line shown in Figs. 4.9f and 4.9g. The m. projection shows that the core of the
skyrmion extends through the thickness of the film but narrows slightly near the top and
bottom of the film. The m, projection shows the circulating Bloch walls around each
skyrmion and the m, projection shows the existence of closure domains at the top and
bottom of the films (this is shown in more detail in Fig. 4.9i-m). These closure domains
will not be seen in the experimental images in Figs. 4.1 and 4.4 because both LTEM and
transmission x-ray microscopy average over of the thickness of the film. As seen in Fig.
4.9h the closure domains have the opposite sign at the top and bottom of the films and will
average out in a transmission experiment.

The details of the domain-wall structure for one S= 1, y =-n/2 skyrmion are shown
in Fig. 4.9i-m. Shown are slices for different depths within the slab where the color gives
m_ and the arrows give the direction of the in-plane magnetic component and length
corresponds to the magnitude of m, and m,. At the center of the slab (z = Onm), m, and m,
continuously wrap around the skyrmion forming a Bloch wall and the wall width is the
narrowest. As one progresses towards the top (z = 40 nm) or bottom (z = -40nm) surface
you see the domain wall broadens and becomes more Néel like. At the top surface the in-

plane magnetization points mostly radially in forming the Néel caps. At the bottom surface
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Figure 4.10 - Comparison between numerical and experimental observation of
skyrmions. (a, b) Under-focused LTEM image and its corresponding magnetic induction
map illustrate the Bloch-line arrangement of the skyrmions. (¢, d) The individual in-plane
components of the magnetic induction By and By are obtained from (b). (e, f) Detail a
numerical computed average magnetization across the slab for <m,> and <m,>. (g) A
transmission X-ray microscopy of the skyrmion phase solely shows the presence of
cylindrical domains which resembles the average magnetization across the slab for <m.>
in (h). A skyrmion with S = 1, y = n/2 is referenced to directly compare experimental and
numerical results in (b, d, f, h). The scale bar references the micromagnetic domain states.

the in-plane magnetization now points away from the skyrmion center. For a skyrmion
with opposite helicity, the wrapping of m, and m, toward the center of the skyrmion core

is inverted; while, the Néel cap configuration at the top and bottom of the slab is the same.
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For higher fields the skyrmions become disordered and begin to disappear, first at
the edges and then throughout the film as the field approaches magnetic saturation (Figs.
4.9n-r). Overall, the field dependent domain morphology is in good agreement with our
experimental observations. Here the micromagnetic model suggests the chiral bubble
domains form due to minimization of competing demagnetization energy and domain wall
energy, and that thermal fluctuations are not required for their formation since this is a
zero-temperature model. To compare our numerical results to our experimental
observations of chiral cylindrical textures we computed the magnetization projection
averaged over the film thickness. This is shown in Fig. 4.10 for <m.> and <m,> and are
compared to selected LTEM and x-ray images. There is no signature of the different
helicities of the <m.> as expected and consistent the x-ray images. The <m,> and <m,>
projection is only sensitive to the Bloch nature of the wall as seen in LTEM.

Next, we discuss the magnetic properties required to stabilize a dipolar field driven
skyrmion phase. As we have demonstrated the composition of the Fe/Gd specimen directly

correlates the temperature and applied magnetic field range in which skyrmions become

favorable particularly a window of MZ /K 3/ ? values. To understand the effect of exchange
A in the formation of a skyrmion phase we simulated magnetic domains similar to those in
Fig. 4.9 for a fixed applied field A. = 2000 Oe and Ms = 400 emu/cm’ and various Ky and
A values are shown in Fig. 4.11a. We find that modest changes in either of these parameters
leads to different equilibrium states. For instance, as Ky is increased, the skyrmion lattice
quickly becomes less correlated and the skyrmion size begins to vary. Increasing the

exchange 4, for any fixed Ky except Ky =2x10’ erg/cm’, results in a skyrmion arrangement
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Figure 4.11 — Skyrmion phase stability in magnetic phase maps. (a) The top side view
of equilibrium states that form at A, = 2000 Oe are investigated under different ratios of
Ky and 4 for a fixed Ms = 400 emu/cm’. These equilibrium states detail the magnetization
along the z-axis (m.) at the top surface of the slab (z=40nm). The magnetization (m.) is
represented by regions in red (+m.) and blue (-m.); whereas the in-plane magnetization (m,
my) is represented by white regions surrounding the blue features. (b) The formation of a
skyrmion lattice is explored in terms of varying My and Ky for a fixed 4 = 5x10” erg/cm
using a combination of experimental results ((J) and simulations (©). Contour lines detail
the corresponding Q-factor in this magnetic phase region, which denotes the balance
between anisotropy energy Ky and magneto-static energy 2mMZ.

that becomes more disordered. For a fixed Mg, a close packing lattice of skyrmions is only
achievable in a narrow region of both Ky and 4. Our modeling suggests a modest value of
the exchange parameter is a critical parameter that determines the long-range order of
skyrmions forming a lattice, and supports the existence of a weak exchange in these Gd-

rich Fe/Gd films.
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4.11 Discussion

Using a combination of numerical simulations and experimental data, we have
constructed a K-Ms phase map (for a fixed 4 = 5x107 erg/cm) that illustrates the measured
and calculated magnetic domains at zero-field and applied field values (Fig. 4.11b). In the
phase map, the Q-ratio is also plotted in the foreground with contour lines depicting
variations in Q = Ky /2mrMZ for domain states with O<1. The Q-ratio serves as a heuristic
to estimate volume fraction distributions of perpendicular domains and Néel caps in these
thick Fe/Gd films. We recall that when films exhibit a Q-ratio greater than 1, the domain
morphology favors perpendicular domains with negligible Néel caps; likewise, as Q
decreases below 1 the volume fraction of the Néel caps grows and the perpendicular
domains occupy a lower volume fraction.

Inspecting the domain states when the anisotropy is very low (Ky < 2x10° erg/ cm’)
such that the thickness is below #; (Eq. 1) we find the magnetization is in-plane and as a
result of the geometry of the slab, the system favors the formation of an in-plane vortex
configuration. For larger Ky (or lower Ms) the film transitions to out-of-plane magnetic
domains. The two predominant magnetic configurations consist of labyrinth domains at
zero-field that form skyrmions when a field is applied perpendicular to the slab. What
differentiates the regions are the mechanisms by which the skyrmions form, in one case:
(1) the stripes pinch-off into chiral bubbles as seen in Fig. 4.9, and in the other (ii) the
extremities of the stripe collapse to form single chiral bubbles that do not arrange in a lattice
as seen in Co/Pt multilayers [56] for instance. For only a small region of Ky and My values

do we observe the skyrmions arranging in a close packing lattice; in addition, this region
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exists at O-value ratios from 0.2 to 0.4 which suggests the overall domain structure of
perpendicular domains and Néel caps is fairly comparable. As we move away from the
skyrmion lattice region, the distance between the cylindrical textures increases until they

become disordered.

In the foreground of Fig. 4.11b we also detail the range of MZ /K, S/ ? values where
an ordered skyrmion phase is observable numerically and experimentally. Equilibrium
states within this region of varying Ms and Ky will share similar critical thickness ¢,, for a
fixed 4, at which weak perpendicular stripe domains will form, but only a small region of
low M5 and Ky results in a close packing lattice of skyrmions. Large My and Ky result in
stripe domains that form disordered chiral bubbles. This suggests that the critical thickness
is not a sole determinate of ordered skyrmions.

The LTEM images (Fig. 4.1) and numerical simulations (Fig. 4.9, 4.11) suggests
the stabilization of these skyrmions is purely driven by competing dipolar and exchange
energies and that no DMI is present in these films. The LTEM images show two helicity
textures with an equal population distribution in the skyrmion phase. If some DMI were
present, then the system would likely favor the formation of a chiral domain compared to
the other, as well as a Néel cap orientation over the other which is not the case here. The
fact that we numerically observe the stabilization of the same 2-helicity skyrmions on a
slab with no DMI supports this observation. Given the nature of these skyrmions, these
films could potentially also be designed to host anti-skyrmions as recently theoretically
predicted [57]. Unlike bubble domains which typically observed in materials with O > 1

and exhibit strong PMA, our chiral cylindrical domains appear in a material parameter
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space where O < 1 and the formation of perpendicular domains results from a thickness
driven domain morphology rearrangement [40-44].

In conclusion, we have demonstrated the existence of skyrmion lattice in Fe/Gd
films by means of real and reciprocal space imaging techniques. We have shown that by
tuning the magnetic properties and film thickness we can control the stabilization of a
skyrmion phase in temperature and applied magnetic fields. The simplicity of the magnetic
material and the easily tunable properties makes it of interest as a potential test bed for
studying physics of skyrmions, as well as, for potential memory technologies. Furthermore,
the universality of our numerical model presents a roadmap to design new classes of
materials that can exhibit dipolar field driven skyrmions.
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Chapter 5

Resonant Properties of Dipole Skyrmions

5.1 Introduction

Skyrmions have been suggested as a building block for next generation mobile
technologies [1-3]. In order to facilitate the detection, control and manipulation of these
magnetic textures, it is necessary to understand their dynamic response. Recently, it was
shown that skyrmions stabilized by DMI exhibit local spin wave interactions that are
independent of the class of material in which they form [4]. Insulating, semiconducting and
metallic systems all exhibit similar spin-wave excitations that are solely dependent on the
resonant mode and perturbation geometry [4, 5]. The skyrmion dynamics under an in-plane
microwave field is numerically predicted to result in the clockwise or counter-clockwise
rotation of the spins inside the skyrmion core [6]; whereas a perpendicular r.f. field
perturbation results in the skyrmion core expansion and contraction, termed a breathing

mode [6-8]. However, there is no current evidence that suggests that skyrmions stabilized
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by different mechanisms should exhibit similar spin wave modes.

Here we describe the rich spectrum of resonant modes that result from magnetic
domains ranging from stripes, magnetic bubbles and dipole-stabilized skyrmions in
amorphous Fe/Gd multilayers. The formation of skyrmions and skyrmion bound pairs in
this class of material was previously reported in Refs. 9 and 10. Utilizing a broad-band
coplanar waveguide technique, we have studied the resonant behavior of the magnetic
textures as a function of temperature and thickness. In addition, we have performed
numerical simulations of the Landau-Lifshitz-Gilbert (LLG) equation under time-
dependent 7.f- magnetic fields to determine the resonant modes and spin configurations of
these magnetic domains. Our modeling results in frequency-field dispersions that agree
with our experimental observations, and suggest the existence of new localized spin wave

modes.

5.2 Temperature dependence of the resonant modes

To clearly distinguish the resonant properties that arise from a dipole skyrmion
phase, we investigated the temperature dependence of an [Fe(0.36nm)/Gd(0.4nm)]x80
multilayer [9,10]. This sample exhibits disordered stripe domains above 180K for magnetic
fields below saturation and further shows a transition from disordered stripes to a dipole
skyrmion lattice from 180K to 100K when a magnetic field is applied perpendicular to the
film [9,10]. Unlike in DMI materials, the dipole skyrmion phase consists of an equal
population of domains with two possible helicities. As described in Chapter 4.4, these

magnetic domains are primarily identified with soft x-ray scattering and LTEM. When we
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Figure 5.1 — Magnetic morphology and absorption spectra. (a) Shows the schematic of
the experimental set-up. (b) The normalized absorption spectra, measured at 160K, is
obtained while sweeping a perpendicular magnetic field, from H.= -10 KOe to +10 KOe,

at a fixed frequency A, pump field. Resonances at/above the saturation field exhibit a
smaller line-width than resonances elicited by non-homogenous magnetic textures.

probe the system with a fixed pump field 4, parallel to the film while sweeping a
perpendicular H,;. we obtain absorption spectra 4|S;2| showcasing up to four resonance
peaks at each fixed frequency (Fig. 5.1b).

Figure 5.1b shows the field dependence of 4|S;2| for 14 different frequencies
measured at 160K while sweeping H, from negative to positive magnetic saturation (in
Fig. 5.1b we only show the absorption spectra from zero-field to magnetic saturation). At
each frequency, the absorption peak occurring at the highest resonate field is the Kittel

resonance peak [11, 12] arising from the precession of the homogeneous magnetization
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state of the film when the magnetic film is saturated. The absorption peaks observed at
lower resonant fields are associated with non-homogenous magnetic states, i.e. stripe
domains, bubbles and skyrmions. By fitting the Kittel peak with a Lorentzian profile we

obtain the field dependence of the precession frequency (Fig. 5.2a). As expected from the
Kittel formula [11,12], f = :—;(Hdc - 4nMey ), where 4nM. ;= 4nMs - Hy and My is the

saturation magnetization and Hj is the perpendicular magnetic anisotropy field. The
resonant field increases linearly with frequency and this linear behavior shifts to higher
resonant fields as the temperature is decreased (Fig. 5.2a). Extrapolating the Kittel peak to
/=0 GHz gives the effective magnetization 47M.; (Fig. 5.2b). From the fact that 47M.4is
positive we know the film possesses a weak perpendicular magnetic anisotropy which is
less than the thin-film shape anisotropy and 4zM.; becomes more positive as we decrease
T. From My (Fig. 4.8) and 4nM.; (Fig. 5.2b), we determine the effective perpendicular
magnetic anisotropy K. ss as plotted in Fig. 5.2¢ decreases as we reduce the temperature
(Fig. 5.2¢). Also shown in Fig. 5.2c is the intrinsic anisotropy Kywhich decreases with
temperature as we have reported in Ref. [10] and shown in Chapter 4.9.

The Kittel resonance peaks line-width is typically small (4H~100 Oe) which suggests

the effective Gilbert damping « is low. By fitting the line width, 4H, as a function of the

FMR frequency to 4H = infe

» + 4AH,, where 4H,, is the inhomogeneous broadening and
e

Ye 1s the e gyromagnetic ratio, we find that the effective Gilbert damping a decreases
monotonically from 0.0167 to 0.0078 with temperature (Fig. 5.2b). Compared to reported

values for Gd-rich Fe-Gd ferrimagnets [13, 14], the a values are in good agreement.
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Figure 5.2 — Resonance and magnetic properties of [Fe (0.36nm) / Gd (0.4nm)]x80. (a)
The field dependence of the resonance resulting from the precession of the homogenous
magnetization, e.g. Kittel mode, is shown from 240K to 80K. (b) Fitting results from (a)
and the line-width of the Kittel peaks, like those in Figure 1d, we determine the temperature
dependence of the effective magnetization and effective damping. (g) The effective and
uniaxial anisotropy are calculated from results in (b) and Figure 4.8.
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From data like that shown in Fig. 5.1b measured from 240K to 80K, we have
extracted all the resonant modes from the FMR spectra by fitting the peaks with Lorentzian
profiles and plotted their normalized peak value intensity in frequency-field f~H phase
diagrams in Fig. 5.3 and Fig 5.4. In Fig. 5.3 the field history was the same as that described
for Fig. 5.1d, sweeping the field from negative saturation to positive saturation. In Fig. 5.4
the sample is first magnetically saturated in a positive field, then the magnetic field is
reduced to zero-field before scanning the resonance spectra from zero-field to positive
magnetic saturation. In both cases we measure the resonant spectra from remanence to
positive saturation. For each resonance spectra, the intensity of each peak (normalized to
the highest intensity peak at each fixed frequency) is given by the size of the symbol. We
see that at each temperature there are two resonant mode regions. The first is above
magnetic saturation and is described by the Kittel formula (as discussed above). The second
region is below the saturation field where there are typically 2 or 3 mode branches that
increase in frequency with decreasing field. In most cases, above f'= 2.5 GHz the highest
absorption peak is given by the uniform mode. However, at lower frequencies we observe
very high-intensity modes resulting from the low-field magnetic textures.

Using magnetic phase maps from Fig. 4.2 we can overlay on the /~H diagrams the
specific magnetic textures at each field and temperature. We have identified up to five
different field regions: (I) disordered stripes, (1) coexisting stripes and skyrmions, (III)
skyrmion lattice, (IV) disordered isolated skyrmions and (V) magnetic saturation and these
magnetic states are shown on Fig. 5.3 and Fig. 5.4. At temperatures where no skyrmion
phase is present, 240 K to 200 K (Fig. 5.3a-c, 5.4a-c), we observe the low-field mode

branches decrease in frequency with increasing field and reach a minimum that correspond
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Figure 5.3 — Temperature dependence of the resonant modes of [Fe (0.36nm) / Gd
(0.4nm)]x80. The frequency-field /~H dispersions illustrate the resonant modes that exist
at temperatures ranging from 240K to 80K. These f-H dispersions were constructed from
measurements were the perpendicular magnetic field is swept from H,= -10 kOe to +10
kOe at each fixed frequency, and detail the resonances observed from zero-field to 8000
Oe. At each temperature, several regions are identified that correspond to specific domain
morphologies: (I) stripes, (II) coexisting stripes and skyrmions, (III) skyrmion lattice, (IV)
disordered skyrmions, and (V) Kittel region. The saturation field Hy, is obtained from
magnetic hysteresis measurements performed in the same geometry.
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Figure 5.4 - Temperature dependence of the resonant modes of [Fe (0.36nm) / Gd
(0.4nm)|x80 under a different field history. The frequency-field /~H dispersions from
240K to 80K were constructed from measurements were the perpendicular magnetic field
is swept from H.= 0 Oe to 10 kOe at each fixed frequency. At each temperature, several
regions are identified that correspond to different magnetization states: (I) stripes, (II)
coexisting stripes and skyrmions, (III) skyrmion lattice, (IV) disordered skyrmions, and
(V) Kittel region. The saturation field H,, is obtained from magnetic hysteresis
measurements performed in the same geometry.
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to the saturation field which can be estimated from extrapolating the linear Kittel peak in
the high-field region. As we decrease the temperature we see the extrapolation of the low-
field modes that branch to zero frequency occurs at lower magnetic fields than the
saturation field. As the temperature is further reduced this gap increases. Here, the
magnetic field at which the mode branches reach zero frequency does not change
considerably with temperature and instead the gap increase is associated with the Kittel
peak shifting to higher fields as the magnetization increases and the anisotropy decreases.
Also we observe that there is no splitting of the low-field mode-branches at magnetic fields
where the skyrmion phase is present in contrast to what is seen in materials where
skyrmions are stabilized by DMI [4, 5]. Since skyrmions in Fe/Gd films are not a result of
a field-driven phase transition from a helical to skyrmion phase, like in DMI materials, one
might expect a continuous variation of the modes.

The low-field modes resulting from sweeping the magnetic field from negative
saturation to positive saturation occurs in two branches, one branch below /'~ 2.5GHz and
a second branch occurring around f ~ 4.5GHz that becomes more pronounced at lower
temperatures. At higher temperatures the lower frequency branch shows two modes that
becomes a single mode-branch with reduced temperature. From 180 K to 80 K, there are
two mode branches resulting from the non-homogenous magnetic states that decline from
f~4.5GHz and 2.3GHz (Fig. 5.3d-i1). In this temperature range, 180 K to 80 K, these two
mode branches are fairly similar which suggests the domain morphology eliciting them is
similar as well.

At low temperatures, 120K to 80K, we also observe a secondary mode-branch that

appears above magnetic saturation (Fig. 5.3g-1). This mode occurs at lower resonant fields
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than the Kittel peaks and have much lower absorption intensity. The spacing in resonant
field between the secondary mode branch and the Kittel mode branch is nearly parallel with
the Kittel peak. Usually, a single resonance is expected above magnetic saturation, e.g. the
Kittel resonance, yet variations in surface anisotropy in the thin film can result in the
excitation of spin-wave resonances by either uniform or varying r.f. fields [15, 16].

In the case of the second field history, we find the resonant mode branches are similar
to those elicited when the Fe/Gd specimen is scanned from negative to positive magnetic
saturation, with the exception of an additional mode-branch appearing around '~ 2.5 GHz
at temperature spanning from 180 K to 120K (Fig. 5.4d-g). The presence of this additional
mode-branch indicates a variation in the domain morphology as a result of the different
field history. As the temperature is reduced from 180 K to 100 K we further observe that
the mode-branch appearing at '~ 2.3 GHz shifts upwards in frequency toward the mode-
branch at '~ 2.5 GHz until a single resonant branch is observable (Fig. 5.4d-h). Above
magnetic saturation, we observe the presence of two mode-branches in a larger temperature
range spanning from 160 K to 80 K (Fig. 5.4e-1). As before, the mode-branch occurring at
the highest field corresponds to the Kittel peak and the lower intensity mode branch is
potentially a spin-wave resonance [15, 16]. It is possible that the new field history results
in spins pinning more weakly along the defects of the thin film, which is the reason we

observe a second mode-branch appear above magnetic saturation at higher temperatures.
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Figure 5.5 — Film thickness dependence of the resonant modes at room temperature.
(a, b) Detail the domain morphology field evolution of [Fe (0.34nm) /Gd(0.41nm)]x80 and
[Fe (0.34nm) /Gd(0.41nm)]x120 under positive perpendicular magnetic fields. The images
are obtained with transmission X-ray microscopy along the Fe L3 (708 eV) absorption
edge, where white features depict magnetization (-m.) and gray regions exhibit
magnetization (+m;). (¢, d) The f~H dispersions for the latter Fe/Gd films show the field-
varying resonant modes observed at room temperature. From images like (a, b) we
correlate the modes to specific domain morphologies: (I) stripes, (II) coexisting stripes and
skyrmions, (IIT) skyrmion lattice, (IV) disordered skyrmions and (V) Kittel region.

5.3 Thickness dependence of the resonant modes

We further studied the thickness dependence of the resonant modes in Fe/Gd

multilayers that exhibits a close packing lattice of skyrmions at room temperature. Using
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full-field transmission soft X-ray microscopy, at the Fe L3 (706 eV) absorption edge, we
first investigated the field-dependent domain morphology of [Fe(0.34nm)/Gd(0.41nm)]xN
with different bilayer N = 40, 80 and 120 repetitions. The latter two structures are the only
ones that showcase perpendicular magnetic domains in this configuration, where
[Fe(0.34nm)/Gd(0.41nm)]x80 depicts stripe domains that pinch into cylindrical domains
(Fig. 5a) and [Fe(0.34nm)/Gd(0.41nm)]x120 shows disordered stripe domains that collapse
into skyrmions which arrange into a close packing lattice (Fig. 5.5b).

When these domains states are probed with an in-plane r.f. pump field 4,5 we find
the resulting /~-H dispersions are qualitatively similar even though the domain morphologies
are distinct (Fig. 5.5c, d). Above magnetic saturation, the comparable effective
magnetization 47M.; suggests the films have the same average magnetic properties (Fig.
5.5¢, d insert); hence, variations in domain morphology and resonant modes are a result of
magnetostatic energy differences arising from different total film thickness. Comparing the
f-H dispersions of [Fe(0.34nm)/Gd(0.4nm)]x80 and [Fe(0.34nm)/Gd(0.41nm)]x80, when
a skyrmion phase is present (Fig. 5.3d-h, 5.5¢c), we find that both display almost identical
resonant mode braches above and below magnetic saturation. The ordering of skyrmions,
whether in a close-packing lattice or aligned skyrmions, is not reflected in the f~H
dispersions. As the number of bilayer repetitions is increased, [Fe(0.34nm)
/Gd(0.41nm)]x120, we observe the resonant mode branches shift closer to magnetic
saturation and collapse near the saturation field (Fig. 5.5d). At and above magnetic
saturation (Fig. 5.5¢, d), the resonance frequency of [Fe(0.34nm)/Gd(0.41nm)]x80 and
[Fe(0.34nm)/Gd(0.41nm)]x120 linearly increase with field as expected for the uniform

magnetization.
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5.4 Micromagnetic modeling

To determine the micromagnetic nature of the modes observed, we performed
numerical simulations of the Landau-Lifshitz-Gilbert (LLG) equation under time-
dependent a.c. magnetic fields, utilizing the FASTMag solver [17]. We use the magnetic
parameters where a skyrmion lattice forms numerically (from Ref. [10]: Ms=400 emu/cm’,
Ky = 4x10° erg/em’® and A4 = 5x107 erg/cm) which are consistent with the magnetic

properties of [Fe(0.36nm)/Gd(0.4nm)]x80.

5.4.1 Domain states, susceptibility and resonant modes

First, we explored the field-dependent equilibrium states that form in a slab with
volume of 2um x 2um x 80nm that is discretized with 10-nm tetrahedra. The simulation is
first saturated with a perpendicular magnetic field and then the field is reduced to H.= 0
Oe and allowed to reach equilibrium in 30 ns. Then the perpendicular magnetic field is
increased from H.= 0 Oe to 4000 Oe in discrete steps and the slab is allowed to reach an
equilibrium state in 30 ns. The field history is similar to the experimental protocol used for
the results in Fig. 5.4. After reducing to zero field we find the remanent state consists of
stripe domains with random in-plane order (Fig. 5.6a) that is similar to experimental
observations (Fig. 4.1). Inspecting a cross-section of the slab, across the thickness, reveals
a domain morphology consisting of perpendicular domains with domain walls that are
Bloch-like in the center of film and become more Néel-like towards each surface forming

closure domains. Given the transmission geometry nature of the experimental imaging
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Figure 5.6 — Domain morphology and susceptibility. (a) The field dependent domain
morphology at H. =0 Oe, 1200 Oe, 1600 Oe, 2500 Oe and 2900 Oe showcase the evolution
of disordered stripe domains to ordered skyrmions to disordered skyrmions (m. at z =
40nm, top side view). The in-plane magnetization along the center of the slab reveals the
helicity of these textures (m, at z = Onm, top side view). The magnetization distribution
(my, m;) of these equilibrium states is based on the red/blue color-bar. (b) The numerically
computed susceptibility that results from whole slab at several fixed H. fields is detailed.
(c) Fitting the resonance spectra with n-Lorenztian peaks allows us to construct frequency-
field /~H dispersions. The marker size corresponds to the normalized intensity of the
susceptibility at each fixed H. field and the marker color distinguishes the resonance
spectra from either exciting the equilibrium states with an r.f. field 4, along the x-axis or
the z-axis. Using the equilibrium states, as those in (a), we correlate resonant modes to
specific domain textures: (I-II) stripes and coexisting stripes and skyrmions, (III) skyrmion
lattice, (IV) disordered skyrmions and (V) Kittel region.
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techniques used and the symmetry of the Néel caps, this will require a 3-dimensional
imaging of domain walls [18]. As a perpendicular field is applied, the stripe domains begin
to collapse into an equal population of skyrmions with two possible helicities S = 1, y =
+n/2 (Fig. 5.6). Increasing the field further, the skyrmions arrange into a close packing
lattice that spans from H.= 1600 to 2400 Oe (Fig. 5.6). After H.= 2400 Oe, the skyrmions
become disordered and begin to collapse as the field is increased to magnetic saturation.
Overall the field-dependent domain morphologies are in good agreement with our
experimental observations [10].

To determine the dynamic response, we perturbed the magnetization states with a
pulse field along the x-axis or z-axis, with an amplitude of /= 4.= 100 Oe, that results in
a susceptibility spectrum (Fig 5.6b). To obtain the susceptibility y(w), the dynamics of the
magnetization in time-domain are recorded when exposed to the pulse field. Afterwards,
both the excitation field and the magnetization response are Fourier transformed using fast
Fourier transform (FFT) approach. It follows that the susceptibility in frequency domain is
given by:

M
x(w) = % =x' (@) + iy"(w) (5.1

where w is the frequency, M(w) magnetization and H(w) field pulse in frequency
domain; furthermore, y'(w) is the real part of y(w) that reflects the sensitivity of the
magnetization under a field and y"'(w) is the imaginary part of y(w) that reflects the
dissipation of energy being absorbed. By fitting the various y'"'(w) resonant peaks with

Lorentzian profiles from both perturbation geometries, we obtain a f~H dispersion with up
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Figure 5.7 — Skyrmion spin-wave modes. (a) The skyrmion spin wave dynamics
observed from perturbing the skyrmion phase, at H.= 2000 Oe, along both x-axis and z-
axis geometries are detailed for both skyrmion helicities. Using contour plots, the motion
of the skyrmion is traced along three different depths positions (z = -40 nm, 0 nm, 40 nm)
for each resonant mode. Different contour lines depict position of the skyrmion with
reference of the sinusoidal pulse field (b) and arrows are used as guide for the eye to
describe the motion of the spin-wave. (¢) [llustrates a cartoon of the Néel cap configuration
of m, and m, around a skyrmion (S = 1) and bubble (S = 0) at the top and bottom of the
slab. Further details on this Néel cap configuration are detailed in the Chapter 5.4.5.

to three mode branches appearing in the non-homogeneous magnetization region that are
similar in frequency to the lower frequency mode branch observed experimentally and two
mode branches in the saturated state (Fig 5.6c). The non-Kittel modes appearing above
magnetic saturation are explored further in Chapter 5.4.7. In order to resolve what dynamic
magnetization configurations appear in the mode-branch, of the susceptibility spectra
detailed, we apply a sinusoidal a.c. magnetic field and record snapshots of the magnetic

domain evolution during a sinusoidal field cycle [6] (Fig. 5.7b). Our modeling suggests a
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variety of localized spin wave modes exist that give rise to the observed mode-branch and
depends on the helicity of the skyrmions (Fig. 5.7a).

Here we describe the spin wave configurations resulting from an in-plane sinusoidal
field 47, at resonant frequencies: f~ 1.3 GHz, 1.8 GHz, 2.6 GHz at H. = 2000 Oe (Figs.
5.6¢, 5.7a) which depicts the dynamics of a skyrmion lattice that forms at this field. At each
resonant frequency the entire magnetic feature resonates with the following properties: (1)
the localized spin-wave is asymmetrical on the top and bottom of the skyrmion domain and
(i1) a skyrmion with opposite helicity shows the inverse spin-wave mode. To show this
complex spin-wave behavior, we detail the displacement of the magnetic texture using
contour lines at different quadrant positions for a single sinusoidal pulse (Fig. 5.7b). Figure
5.7a shows the spin-wave motion of the out-of-plane magnetization at three different depth
positions of the slab (top surface, center and bottom surface) for both helicity skyrmions
(S=1,y==mn/2). Given the symmetry of the spin-wave mode response for skyrmions with
opposite helicity, we describe in detail only the behavior for an (S = 1, y = -n/2) skyrmion.
First, the localized spin-wave associated with the /'~ 1.3 GHz branch consists of a linear
displacement of the skyrmion top from right-to-left-to-right position during a sinusoidal
pulse cycle. Given the back and forth displacement during the pulse field cycle, we refer
to it as localized ‘linear’ spin-wave mode. The skyrmion bottom exhibits a linear
displacement from right-to-left-to-right that is rotated by ~135°. In the case of the f'~ 1.8
GHz spin-wave, a similar linear displacement, from right-to-left-to-right, is observed on
the top of the skyrmion, however, the bottom part of the skyrmion rotates in clock-wise
motion. Last, the f~ 2.6GHz spin-wave displacement is similar to that of the f~ 1.8 GHz

mode with the exception that the linear displacement occurs at a small tilted angle away
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from the perturbation field along the x-axis. From inspecting the spin-wave motion for all
three mode-branches, we find that greater displacement is towards the surface of the slab
which is the region where the Néel caps have a larger presence.

The spin-wave mode associated with a perturbation along the z-axis, consists of a
breathing-like displacement where the skyrmion expands and contracts under the
sinusoidal field. This spin-wave mode is similar to that reported by Mochizuki, et al. [Ref.
6] in DMI skyrmion materials. Here, the skyrmion domain expands/contracts non-
uniformly throughout the thickness of the slab: for an (S = 1, y = -n/2) skyrmion, the core
contracts and expands at the top of the slab; whereas at the bottom, the core expands and
then contracts. The inverse dynamics is also observed for a skyrmion with opposite helicity.
Altogether, the breathing displacement for a skyrmion is weaker than the motion resulting
from perturbing the same equilibrium state with a sinusoidal field 47, pulse. In the case of
the Néel caps, we also observe a breathing-like displacement that also twists from right-to-
left around the skyrmion.

A closer inspection of the Néel cap configuration throughout the film thickness,
reveals the in-plane magnetization components, m, and m,, have a twist of ~90° from
bottom to top for both helicity skyrmions (Fig. 5.7¢c, 5.11). In the case of an (S=1, y = -
n/2) skyrmion the twist from top to bottom is of ~ +90°, whereas, an (S = 1, y = n/2)
skyrmion has a twist of ~ -90°. Typically, a Bloch-like domain structure distribution
consists of Néel caps with mirror image planes from the bottom to top of the film (Fig.
5.7¢, 5.11). This twisted arrangement of the Néel caps is only observed in the skyrmion

domain states and does not occur in bubble domains, e.g. S = 0 (Fig. 5.7¢c, 5.11).
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Figure 5.8 — Localized susceptibility. The susceptibility contribution of specific regions
of the skyrmion phase stabilized at H.= 2000 Oe are compared to investigate the source of
the resonance spectra. The analyzed areas are shown on the top-side view of the domain
morphology with contributions along m. (a) and m, (b). The regions highlight a single
skyrmion, no skyrmion domain and the resonance spectra is compared to that of the whole
film. (c) The complex susceptibility (y;) reveals the three different areas resonate at the
same frequency with variations in absorption intensity.

5.4.2 Localized susceptibility

To further probe the spin-waves, we performed localized susceptibility modeling on
the skyrmion lattice phase when H. = 2000 Oe, by analyzing local volume regions that
either contains a single skyrmion or an area between skyrmions as shown in Fig. 5.8a and
then compared it to the susceptibility averaged over the whole slab (Fig. 5.8a). The regions

examined result in similar resonance spectra with some differences in normalized peak
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amplitude (Fig. 5.8b) — the skyrmion domain showcases stronger fluctuations at resonances
occurring at f~ 1.3 GHz and 2.6 GHz, in contrast, a region without a skyrmion resonates
strongest at f ~ 1.8 GHz. Overall the localized susceptibility indicates the whole slab
containing the non-homogenous magnetic textures resonates at the same frequencies and

no single magnetic features drives the skyrmion localized skin-wave modes.

5.4.3 Effects on susceptibility resulting from exchange length

variations

As we have detailed in Chapter 4.10 and 4.11, the exchange coupling 4 plays an
important role in the skyrmion long range order, as well as, the size of the skyrmion,
volume fraction of perpendicular domain and Néel caps, etc. To investigate how variations
of exchange length A4 affect the skyrmion resonant properties, we varied the A4 strength
from 4 to 6x107 erg/cm, fixing Mg = 400 emu/cm’ and Ky = 4x10° erg/cm’, and modeled
the susceptibility from resulting from the equilibrium states at H.= 2000 Oe (Fig. 5.9a). All
these exchange coupling values result in an ordered skyrmion phase (Fig. 5.9b-d) with
resonances appearing at f ~ 1.3GHz, 1.8G Hz and 2.6 GHz. As the exchange coupling is
increased the absorption intensity solely varies at resonances elicited at f~ 1.3 GHz and 2.6
GHz, which we know are related to the skyrmion domain (Fig. 5.8). Interestingly, these
resonate at different maximum/minima intensities depending on the exchange coupling
strength. In the case of 4 = 6x107 erg/cm, the two primary resonances appear at f~ 1.8

GHz and 2.6 GHz; whereas, for A = 4x10” erg/cm the primary resonances appear at f ~
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Figure 5.9 — Effects of different exchange length on susceptibility.(a) The susceptibility
for different exchange A strength is computed for a fixed field A, = 2000 Oe. The top-side
magnetization states detail m. at the top of the slab (z = 40 nm) under H. = 2000 Oe for
different exchange: (b) 4 = 6x107 erg/cm, (¢) 4 = 5x107 erg/cm and (d) 4 = 4x10” erg/cm.

1.3 GHz and 1.8 GHz. This evidence suggests that our inability to experimentally detect
the mode-branch appearing around /'~ 1.3 GHz in the Fe/Gd films is likely a result of
either: (i) the exchange coupling is higher than numerically assumed or (ii) the intensity

absorption at this resonance is weak enough that we are unable to discern it.

5.4.4 Susceptibility and resonant modes from domains states

under small bias in-plane magnetic field

The numerical modelling accurately replicates the lower frequency mode-branches
from the f~H dispersions detailed for [Fe(0.36nm)/Gd(0.4nm)]x80, where a skyrmion phase

is present. It does not reproduce the experimental mode branch occurring at '~ 4.4 GHz.
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For this reason, we also considered modeling the response of a domain morphology
consisting of a combination of bubbles and skyrmions because it is possible to
experimentally stabilize both textures in amorphous Fe/Gd multilayers [17,18]. We achieve
this by applying a constant small in-plane field along the x-direction with an amplitude of
H, =60 Oe while a perpendicular magnetic field is varied. We find that disordered stripe
domains become ordered and align transverse to the H, field at H. = 0 Oe (Fig. 5.10a).
Examining the in-plane magnetization at the top and the center of the slab reveals the Néel
caps align in the direction of the constant H, field, which results in the Bloch-line pointing
orthogonal to the fixed H, in-plane field (Fig. 5.10a, 5.12). The ordering of the Néel caps
and Bloch-line under an in-plane field is described further in Chapter 5.4.5 and 5.4.6.
Subsequently, as perpendicular field is applied while keeping the in-plane field
constant, the stripe domains begin to collapse into cylindrical-like domains (Fig. 5.10a).
Unlike in the results shown in Fig. 5.6 where a majority of the magnetic features are
skyrmions we observe that the application of an in-plane field results primarily in the
formation of bubble domains (S = 0) and some skyrmions which all arrange into a close-
packing lattice that exists from H. = 1600 Oe to H. = 2400 Oe. We observe the Bloch-line
for the bubbles aligns in the direction of the in-plane H, field as opposed to circling the
domain as seen in the skyrmion phase. As the perpendicular field is increased further, the
bubbles and skyrmions become disordered and these textures begin to dissipate toward
magnetic saturation with bubbles collapsing at lower fields than skyrmions (Fig. 5.10a).
Given the topological nature of skyrmions, a higher annihilation field is required compared
to bubbles. Experimentally we observed that with in-plane fields can also result in bound

skyrmion pairs of opposite chirality [9].
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Figure 5.10 - Resonance properties from mixture of bubbles and skyrmions. (a) The
perpendicular field-dependence of equilibrium states with a constant Hy field show the
evolution of aligned stripes to cylindrical domains (topside, z=40nm, m.). The cross-
section across the center of the slab (z=Onm) shows magnetic texture have a mixture of
Bloch-line ordering (top side, my). (b) The computed susceptibility spectra for
magnetization states like those in (a) result in four mode-branches below magnetic
saturation and two-mode branches above magnetic saturation. The magnetization states
observed include: (I) stripes, (II) coexisting stripes and cylindrical domains, (III) ordered
lattice of cylindrical domains, (IV) disordered cylindrical domains and (V) Kittel region.
(¢) The spin-wave dynamics associated with a bubble domain when probed under an in-
plane sinusoidal pulse field. (d) Localized susceptibility resulting from the various textures
observed at H. = 2000 Oe.

Applying the same a.c. field perturbations, as described before, results in a
comparable susceptibility spectrum like the one elicited from equilibrium states without a
constant in-plane field (Fig. 5.6¢c) together with an additional mode branch appearing at f
~ 4.4 GHz (Fig. 5.10b). In the /~H diagram, we overlay the different magnetic textures that
form under a magnetic field based on results like those in Fig. 5.10a. The magnetization

states include: (I) stripes, (II) coexisting stripes and cylindrical domains, (IIT) ordered



143

lattice of cylindrical domains, (IV) disordered cylindrical domains and a (V) Kittel region.
We find the mode-branch at /'~ 4.4 GHz is fairly constant with increasing field even as the
magnetic textures change from stripes to an ordered lattice of cylindrical domains and
decays sharply in resonant frequency and intensity when the slab exhibits disordered
cylindrical domains.

When exposing the magnetic configurations that form at A. = 2000 Oe to a sinusoidal
a.c. field along either 47, or /7, at one of the resonant frequencies (f~ 1.4 GHz, 1.9 GHz,
2.4 GHz and 4.4 GHz) we can determine the spin-wave configurations that appear for both
chirality cylindrical domains. The skyrmions (S = 1, y = £ n/2) exhibit the equivalent
localized spin-wave modes previously described at similar resonant frequency. In contrast
the bubble domains (S = 0) exhibit the same localized spin wave dynamics at all of the four
resonant frequencies. The bubble domains exhibit a linear displacement of the core in the
direction of the oscillating field 4”x pulse (Fig. 5.10c). The top of the bubble shifts from
left-to-right-to-left, whereas at the bottom, the motion is from right-to-left-to-right. Probing
the textures with a perpendicular sinusoidal a.c. field 7, results in a similar breathing-like
spin wave excitation for both bubbles and skyrmions, as detailed before. The difference in
dynamics between bubble domains and skyrmions is attributed to the ordering of the Néel
caps and Bloch-line around the perpendicular cylindrical domain. Bubbles, unlike
skyrmions, exhibit Néel caps with mirror symmetry planes at the top and bottom of the
cylindrical domain (Fig. 5.7¢c, 5.11). Furthermore, the alignment of the closure domains
and Bloch-line in the direction of the in-plane H, field is anticipated to result in a linear

displacement of the bubble domain core.
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Localized susceptibility measurements from each class of texture present at H. =
2000 Oe reveals the resonant mode-branch at f ~ 4.4 GHz primarily results from
fluctuations of domains with magnetization in the direction of the +H,, field and also bubble
domains (Fig. 5.10e). Since the susceptibility spectrum is the average response of all non-
homogenous magnetic textures, it follows that magnetic domains that occupy a larger
presence at any magnetic field will incur in a more prominent signal. The experimental
observation of the mode-branch at /'~ 4.4 GHz suggests the formation of bubble domains
in the Fe/Gd films which could be attributed to different mechanisms, such as: (i) the in-
plane field produced by the coplanar waveguide is sufficient to orient the Bloch-line of the
magnetic domains as the field is reduced from magnetic saturation, (i7) alternatively a tilt
of the sample with respect to the coplanar waveguide could similarly result in the
application of an additional in-plane field to the magnetic specimen. All of these scenarios
are possible given the Fe/Gd film has soft magnetic properties (Fig. 4.8). As a result, the f-
H dispersions detailed in Figs. 5.3, 5.4 and 5.5 are predicted to detail the resonance

behavior of a mixture of magnetic bubbles and dipole skyrmions.

5.4.5 Néel cap configuration for cylindrical domains with

different helicity

The domain morphology across the thickness of the slab for cylindrical domains with
different chirality is detailed (Fig. 5.11). Both dipole skyrmions (S = 1, y = = 7/2) and
bubbles (S = 0) show similar perpendicular magnetization (m.) distribution; however, the

lateral magnetization (m,, m,) varies throughout the thickness of the slab for all the textures.
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Figure 5.11 — Cylindrical domain in-plane magnetization. The domain morphology of
cylindrical domains with different winding number (S = 0, 1) are explored at different
depths of the slab and magnetization (m,, m,, m.) orientations. Each equilibrium state
depicts the top-side view of 180nm? area.

Differences are observed in the Bloch-line arrangement (center of the slab) and the Néel
cap configuration (away from the center of the slab). In the case of bubbles, we see the
Bloch-line aligns in the direction of the applied in-plane field. We recall, that the
observation of bubbles in these films results from perturbing the equilibrium states with a
constant in-plane field along the x-direction, with a magnitude H, = 60 Oe, while a
perpendicular field H. is applied. Effects of the in-plane field on the domain morphology
is detailed in Chapter 5.4.6. In contrast, skyrmions (S = 1, y = £ n/2) have random chiral
Bloch-line order which is set by the minimization of the energetics in the system.

The most distinct difference is observed in the Néel cap configuration surrounding

the cylindrical domain. For bubbles (S = 0), the Néel caps orientation along both m, and
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m,, are mirror images around the center of the slab. This is the common configuration
expected for film with a Bloch domain structure. For skyrmions (S = 1, y =+ 1/2), the Néel
cap arrangement depends on the chirality and the mirror images of both m, and m, are
winded by +90 degrees from the top to the bottom of the slab. This chiral Néel cap is what

gives dipolar field driven skyrmions their topological protection.

5.4.6 Bloch-line configuration under an in-plane field

To understand the arrangement of the Bloch-line under an external in-plane field, we
evaluated the domain morphology that results from different ratios of anisotropy Ky and
magneto-static energy 2rMZ, which is defined as the material O-factor. It follows that thin
films with QO-factor < 1 will prefer to have the magnetization lying on the plane of film;
whereas, magnetic specimens with O-factor > 1 will have the magnetization aligned
perpendicular to film. However, in the case of relatively thick films with material Q-factor
<1, the minimization of anisotropy and magneto-static energy can favor a domain structure
consisting of perpendicular magnetic domains and closure domains, e.g. Néel caps. As
detailed in Chapter 4, our observation of perpendicular domains in these Fe\Gd films is a
result of the latter circumstance.

Our sampling of magnetization states with varying Q-factor (~0.1 to 1) allows us to
capture domains structures with different ratios of perpendicular domains and Néel caps
(Fig. 5.12). At zero-field, we find that magnetization states with Ky < 3x10° erg/cm’ favor
a vortex domain state given the area restrictions of the slab, i.e. the magnetization would

be in-plane for a continuous thin film; whereas equilibrium states with Ky > 3x10° erg/cm’
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Figure 5.12 — Ordering of stripes domains under in-plane field.The rearrangement of
equilibrium states with different O-factor ratios under an external in-plane field, along the
x-axis, are detailed. (a-¢) The top side view ordering of m, and m, at the top (z = 40nm)
and center (z = Onm) of the slab reveals the rearrangement of the Néel caps and Bloch-line.
(e) The magnetization volume fraction <|m, ,, -|> for the equilibrium states in (d) show that
perpendicular magnetic domains with Néel caps become favorable when <|m_|> is greater
than <|m, ,|>. In this regime, as the O-factor increases the volume fraction of the in-plane
domains decreases, whereas, perpendicular domains become more prevalent in the domain
morphology.

favor perpendicular disordered stripe magnetic domains. When these magnetization states
are exposed to an in-plane field along the x-direction, with a magnitude of H, = 60 Oe, the
following broad observations can be made:
Ky = 4x10° erg/cm’ — The majority of Néel caps align in the direction of the in-plane
field H, (my, z =40 nm) and the Bloch-line of most stripe domains points orthogonal to
the H, field (m,, z =0 nm).
Ky = 6x10’ erg/cm’ — The Bloch-line of most stripe domains align in the direction of the
in-plane field (m,, z = Onm) and the Néel caps are orthogonal to the Hy field (m,, z =
40nm).

Ky > 8x10° erg/em’ — The in-plane field H, is insufficient to align a specific lateral
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magnetization component across the film. At the top of the slab, the Néel caps have
magnetization randomly distributed along both m, and m, (z = 40nm); similar
observations can be reached for the Bloch-line across the center of the slab (z = Onm).

In all the cases above, we observe a transverse alignment of the Bloch-line and Néel
caps because these structures have a helical arrangement across the thickness of the slab.
Depending on the volume fraction of the in-plane magnetic domains, we observe distinct
structures align differently with the in-plane field (Fig. 5.12¢). As the volume fraction of
the domain wall (Néel caps and Bloch-line) decreases, we find the in-plane field H, is
unable to reorder the domain state. Altogether, it appears that a specific ratio between
<|m,,|> and <|m_|> is required to favor the of the alignment of the Néel caps or the Bloch-
line with an external field.

From these simulations, we can infer that the presence of an in-plane can result in
helicity changes for domain states at the ground state. Effects on the chirality of the
domains at zero-field will affect the perpendicular magnetic domains that form under an
out-of-plane magnetic field. In our case, bubbles result from aligning the stripes at the

ground state (Fig. 5.10).

5.4.7 Spin wave resonance above magnetic saturation

Using micromagnetic simulations, we explored the magnetization dynamics that
result in the second mode branch appearing above magnetic saturation in the numerically
computed susceptibility (Fig. 5.6c). We apply a sinusoidal field pulse along the x-direction

to a magnetization state that is uniformly magnetized in the direction of the perpendicular
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Figure 5.13 — Spin wave arising from slab edge. (a, b) The top-side magnetic distribution
of My and M, are detailed as a function of slab thickness and evolution in time when
perturbed with a small oscillating 4, in-plane field. (¢) The 4, field is applied along the x-
direction, where several snapshots at different time intervals are collected. Here we detail
four snapshots (ti, t2, t3, t4) that show a spin wave moving through the thickness of the slab.
The cross at the center of the ES is an artifact from the visualization software. (d) Enlarged
regions from time distributions along m, show a moving spin wave.

field (+H.) and exhibits a secondary resonant mode at H. = 3500 Oe with resonance at f ~
2.89 GHz (Fig. 5.6¢). Inspecting the dynamics across the slab reveals a spin wave
originates from the edge of the slab and moves across the thickness of the slab in the
direction of the field perturbation (Fig. 5.13a). The magnetization state at time interval t;
shows m; at different depths of the slab (z = 40 nm, 20 nm, 0 nm, -20 nm, -40 nm). Here,

contour lines depict the regions of the magnetization that are not completely aligned in the
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direction of the perpendicular magnetic field (Fig 5.13a). The highest deviations are
observed along the top and bottom edges of the slab and appear negligible around the center
of the slab. One can further observe the deviations from the top and bottom of the slab
along m_ are at opposite sides. We further explore the spin-wave moving through the slab
by plotting variations of m, at the same depth positions as m. for several time intervals (t,
ty, t3, t4) detailing the sinusoidal pulse (Fig. 5.13b). This representation allows us to further
visualize the spin wave originating from the edge of the slab, which ultimately results in

the additional weak mode above magnetic saturation.

5.5 Discussion

We have experimentally measured the resonance properties of dipole skyrmions and
bubble domains that form in Fe/Gd films through temperature and thickness dependent
studies. Our results suggest there is no contribution in the resonant spectra from skyrmions
ordering in a close packing lattice. Furthermore, unlike DMI skyrmions, we do not observe
a splitting of the resonant spectra at magnetic fields where a dipole skyrmion phase is
present.

Through simulations, we predict that dipole skyrmions showcase localized spin-wave
modes that are analogous to those formed by Dzyaloshinskii-Moriya interaction. We show
dipole skyrmions possess elaborate dynamics given these textures possess a Bloch-line in
the middle of the film and Néel caps that wraps around the cylindrical-like texture. At any
resonant frequency, the dynamics of any helicity skyrmion throughout the thickness of the

slab is inversed for the skyrmion with the opposite helicity. In future technologies, this
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difference in dynamics could be exploited as an additional degree of readability to
distinguish between both helicity skyrmions, thus enabling each helicity skyrmion a binary
bit.

In summary, we show that dipole skyrmions and bubbles are in fact distinct magnetic
textures which possess very different dynamics under 7.f. fields. The resonant properties of
skyrmions appear to be different with the physical mechanism that results in their
stabilization.
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Chapter 6
Anisotropic Magnetoresistance Properties

of Dipole Skyrmions

6.1 Introduction

Skyrmions exhibit novel transport properties given their topology carry quantized
topological charge [1-2]. Numerous studies have shown that when conduction electrons
interact with these non-trivial spin textures, the electrons couple to the magnetic texture of
the skyrmion accumulating a Berry phase that gives rise to topological hall effect [3-9].
Furthermore, magnetoresistance (MR) measurements reveal that a lattice of skyrmions
exhibit a unique signature in the MR-response that is correlated to field-driven magnetic
phase transitions that drives the system from a helical to a skyrmion phase [10-11].
However, most of these properties have solely been identified in skyrmions stabilized by

Dzyaloshinskii—-Moriya interaction (DMI) in helimagnets with non-centrosymmetric
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structure and there is no evidence that suggests that other class of skyrmions exhibit these
kind of phenomena.

Here we present an anisotropic magnetoresistance study in amorphous Fe/Gd
multilayers that exhibits magnetic domains ranging from disordered perpendicular stripe
domains to ordered dipole skyrmions [12,13]. The chiral textures are stabilized under the
application of a perpendicular magnetic field and possess a population of two different
helicity skyrmions. Our experimental findings and numerical modeling suggests a dipole
skyrmion lattice results in an AMR response that is different DMI skyrmions. In this work,
we provide a physical interpretation of the AMR resulting from disordered stripe domains
and ordered dipole skyrmions. Using numerical simulations, we validate our experimental
observations and show that the reorientation of the Bloch-line results in a distinctive field-
dependent AMR response. Our results propose a simple methodology to identify potential

ferromagnet and ferrimagnet materials that could host two helicity skyrmions.

6.2 Experimental details

We measure the AMR in three different magnetic field configurations: (i) in-plane
and parallel to the length of the wire (longitudinal, p)), (ii) in-plane and perpendicular to
the length of the wire (transverse, p | ), and (iii) perpendicular to the film (polar, ps) . In all
AMR measurements performed, the magnetic field is swept from H =+10 kOe to H =-10
kOe and conversely. This magnetic field is higher than the field required to saturate the

film at any temperature measured based on magnetometry and Hall measurements.
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Figure 6.1 —Hall hysteresis and temperature dependence of polar resistivity. (a, b) The
field-dependence of the polar Hall resistance obtained at room temperature is shown for
two Fe/Gd wires with 10um and 50um wide wires. Insert in (a) shows the magnetic field
and current configurations used to measure the response of the Fe/Gd wires. (¢, d) The
temperature dependence of the polar resistance for both Fe/Gd wires is detailed under a
zero-field-cooling (ZFC) protocol.

6.3 Temperature dependence of patterned Fe/Gd wires

Figure 6.1a-b depicts the field-dependent polar Hall resistivity obtained from both
Fe/Gd wires at room. Since the Hall response is analogous to the magnetic hysteresis, we
are able to conclude that all films possess disordered perpendicular stripe domains at room

temperature [13]. The 50um width Fe/Gd wire exhibits a response closer to the continuous
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film and the 10pum width Fe/Gd wire exhibits some deviations. Since the wires on deposited
onto photo-lithographed devices and the individual layers are ultrathin (<0.4nm), it appears
there are some overshadowing effects result in Fe/Gd wires with some minute variations
in composition.

Figure 6.1c-d illustrates the temperature dependence of the polar resistivity for both
Fe/Gd wires under a zero-field-cooling protocol. At room temperature, the average
resistivity is relatively high (> 200uQ-cm) for either Fe/Gd wire in comparison to other
amorphous ferromagnetic alloys [14]. As the temperature is reduced, we observe the
resistivity increases in both Fe/Gd wires which suggests the specimens are semi-metallic.
The residual resistivity ratio p(80K)/p(300K) is nearly the same for both wires, i.e. the
10pum wire p(80K)/p(300K) ~1.049 and for the 50pum wire is p(80K)/p(300K) ~1.044.

Figure 6.2 shows the field dependent longitudinal, transverse and polar AMR at
discrete temperatures from 300K to 80K for the 10um Fe/Gd wire. For a magnetic
specimen, we know the AMR response depends on the scatter angle between the current
and the magnetization. Lower scattering of electrons is expected from magnetic moments
aligned perpendicular and orthogonal to the current flow, whereas, moments parallel and
anti-parallel to the current flow will result in higher scattering. Because the current is fixed
along the length of the wire, we know that different field orientations will allow us to probe
the behavior of different textures in the film more favorably. Considering we know the
Fe/Gd film possesses disordered perpendicular stripe domains with closure domains, e.g.

Néel caps at zero-field [13], we can deduce that: (i) ps, will be most sensitive to scattering
from the Bloch wall and Néel caps and (ii) p; and p,; will be most susceptible to the

scattering from perpendicular stripe domains.
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Figure 6.2 — The field-dependent AMR for the 10pm wide Fe/Gd wire. (a-1) Show the
field varying longitudinal, polar and transverse resistivity from 300K to 80K in 20K
intervals. At each temperature, a region of the field varying polar resistivity is enlarged to
show specific features. The field sweeping direction is shown under different color.
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It is important to understand that the AMR is a collective scattering response of the
magnetic textures being probed.

We first focus on the temperature dependence of the ground state, i.e. domain
morphology at zero-field, which provides information about the preferential magnetic
order of the system. Under different field history, we find the magnetic domain
arrangement is different from in-plane and perpendicular field geometries (Fig. 6.2). This
can be deduced from the different values of p(H=0) observed along the longitudinal,
transverse, and polar AMR response. At room temperature, both longitudinal and

transverse AMR exhibit the same ground state, p;(H=0) = p , (/4=0), which is lower than
the polar response pg(H=0). Since we know the Fe/Gd film exhibits perpendicular stripe

domains with Néel caps, we can infer that the stripe domains are disordered because the

scattering at zero-field is the same along p; and p, . Aligned stripes should result in different
scattering along either in-plane field geometries. A higher polar response pq(H=0),

suggests the Néel caps occupy a sizable portion of the volume fraction. We recall these in-
plane textures can result in higher scattering [ 15-17] which contributes to the scattering off
perpendicular stripe domains already probed along the longitudinal and transverse
directions. As the temperature is reduced, the ground state along the in-plane fields both

increase at different rates relative to each other, such that p|(H4=0) > p , (H=0) below 300K,

which indicates a preferential ordering of the stripes along the length of wire occurs. This
rearrangement is achievable when the field completely erases the domain walls in the
Fe/Gd wire and the Bloch-line becomes reoriented along the direction of the current when

the field is reduced from magnetic saturation.
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Increasing the magnetic field, along either of the three orientations, results in a AMR
curve that is dependent on the domain structure. Starting from zero-field, the longitudinal
and transverse AMR curves linearly change with increasing field. The observation of a
symmetric AMR response, around zero-field, indicates the field evolution is very similar
in both field directions; in addition, a linear AMR response suggests the domains smoothly
tilt in the direction of the applied field. From 300K to 100K, both in-plane field probing
schemes exhibit a linear AMR response that narrows around zero-field with decreasing
temperature. Above the saturation field H,,, the AMR becomes constant because the
magnetization is uniformly aligned in the direction of the applied field; hence, the
scattering of conduction electrons should not change above magnetic saturation. The fact

that we observe a reduction in the saturation field along p; and p, implies tilting the

magnetization of the perpendicular domains in the direction of the applied field becomes
easier as the temperature is lowered. This indirectly implies the anisotropy becomes softer
with decreasing temperature. Below 100K, the longitudinal AMR becomes almost field
independent and the transverse AMR swiftly changes under a weak in-plane field.

Next, we solely focus on the polar AMR evolution as a function of field which shows
the Fe/Gd film undergoes a magnetic phase transition at temperatures where a skyrmion
phase has been observed (Fig. 6.2). At room temperature, the polar AMR response exhibits

a parabolic field dependence where ps smoothly decays around zero-field toward magnetic

saturation. This behavior is consistent from 300K to 260K were only changes in the
saturation field are observed (Fig. 6.2a-c). When the temperature is reduced, from 240K to
220K, the polar AMR begins to exhibit a non-uniform field reversal around zero-field (Fig.

6.2d, e). Here, as the field is reduced from positive to negative magnetic saturation, we find
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Figure 6.3 — The field-dependent AMR for the SOpm wide Fe/Gd wire. (a-1) Show the
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show specific features. The field sweeping direction is shown under different color.
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the polar AMR sharply changes for a narrow field window, below zero-field, and then
continues to decay in a parabolic fashion (Fig. 6.2). Similar AMR response is observed
when the field is reversed from negative to positive magnetic saturation. An enlarged view
of this AMR variation is detailed in the inserts at each temperature of Figure 6.2. By further
reducing the temperature, from 200K to 100K, we find the swift decay in polar AMR
becomes a well-defined artifact in the parabolic field dependence (Fig. 6.2f-k). The field
window where the artifact appears exhibits an increase in polar resistivity which suggests
a magnetic reconfiguration occurs that results in higher scattering. In this same temperature
region, we find the polar AMR artifact slowly shifts to lower magnetic field windows as
the temperature is reduced. Below 100K, the artifact nearly vanishes which indicates the
domain state that gives rise to this AMR signature is no longer favorable at lower
temperature (Fig. 6.21).

Figure 6.3 shows the field dependent AMR response along the three different field
configurations for the 50pm width Fe/Gd wire. The ground state obtained along the
longitudinal, transverse and polar configurations follows a similar temperature dependence
as the 10um Fe/Gd wire (Fig. 6.2, 6.3). As before, the ground state along the polar AMR
response is lower than the longitudinal AMR and higher than the transverse AMR response.
Below 200K, the ground state always appears along the transverse AMR response and the
highest scattering is observed along the longitudinal AMR response. The field dependence
of the longitudinal and transverse response as a function of temperature is almost linear
which suggests similar variability of volume fraction of Néel caps and perpendicular stripe
domains is expected. Most notable changes are observed along the polar AMR response.

The polar AMR field variation of the 50um wide Fe/Gd wire shows a more
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pronounced artifact appear at low temperatures that suggests multiple magnetic transitions
exist in this specimen. At room temperature, there is a smooth parabolic decay in polar
scattering as we move away from zero-field toward magnetic saturation. This behavior is
consistent from 300K to 220K, were only changes in magnetic saturation are observed (Fig.

6.3a-e). At 200K, there begins to appear evidence of an abrupt change in resistivity pg, that

is dependent on the field history (Fig. 6.3f-g). Like before, the artifact in the polar AMR
response appears below zero-field as the magnetic field is reduced from positive saturation
to negative, and vice-versa. As the temperature is decreased, the scattering increases in the
field region were the artifact is present such that the highest scattering is no longer observed
at zero-field (Fig. 6.3h-1). The peak of the higher scattering does not correspond to a
switching field, such as a critical field or nucleation field. Moreover, there is evidence that
a second magnetic phase transition appears at higher magnetic fields in the same AMR
artifact. The field region where the second phase transition appears is enlarged and detailed
in the insert at each temperature (Fig. 6.3h-1). Unlike the 10pm width Fe/Gd wire, the
artifact in the polar AMR persists below 80K which suggests the magnetic domain
configuration that results in it also continues existing below 80K (Fig. 6.3h-1).

Figure 6.4 details the temperature dependence of the AMR ratio for both Fe/Gd wires

previously detailed. The parallel and polar AMR ratio are defined as:

AMR(%) = %-(100%) and AMR (%) = ””;i-(mO%)
Il

where the pj, p, and pg resistivity values obtained above magnetic saturation. For

consistency we chose the resistivity values at H;. = 8000 Oe. We find both Fe/Gd wires

exhibit an AMR ratio that is relatively low (~0.3%) which is typically expected for amor-
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Figure 6.4 —Temperature dependence of AMR ratio for both Fe/Gd wires. The lateral
(V) and perpendicular (/A) AMR ratios are calculated from results in Figure 2 and 3. The
inserts detail the magnetic field and current geometry for both the lateral (V) and
perpendicular (A\) configurations.

phous materials [14]. We find the AMR ratio for the 10um wire is larger than the 50um
wire. As the temperature is reduced, the AMR ratio for both geometries increases linearly

at different rates and there are modest changes as a function of temperature.

6.4 Micromagnetic simulations

To understand the mechanism that results in the artifact in the field dependent polar
resistivity (Fig. 6.2f-1, 6.3f-1), we performed numerical simulations of the Landau-Lifshitz-
Gilbert (LLG) equation utilizing the FASTMag solver [18]. We utilize material parameters
and geometry of the slab as detailed in Chapter 4.10. The magnetic states are obtained as

the magnetic field is swept from negative to positive magnetic saturation. The magnetic
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Figure 6.5 — Anisotropic magnetoresistance (AMR) from field dependent domain
states. (a) Shows the anisotropic magnetoresistance resulting from domain states as the
magnetic field is swept from H, = -3200 Oe to H, = 3200 Oe. The artifact appearing at
positive fields is enlarged in the insert of (a). The region showing a closed packed skyrmion
phase is shaded over the AMR loop. (b) Shows the topside-view of the domain states at
different positions of the slab: the magnetization along the z-axis is shown at z=40nm and
the magnetization along the x-axis is shown at the center of the slab. The field dependent
domain states illustrate the collapse of stripe domains.

field is incremented in field steps of H, = 50 Oe with 10-ns rise and 20-ns relaxation time.
Since the AMR ratio is relatively low for these films (Fig. 6.4), we assume the scattering

is uniform across the slab when computing the anisotropic magnetoresistance. The AMR

Pl|I—PL

is calculated based on p(¢) = 1+ Ap cos? ¢ where 4p = and ¢ is the angle

between the magnetization and the current. For the simulations we set 4p = 200u2 — cm
based on results in Fig. 6.2 and 6.3, and we assume the current direction runs along the two
sides of the slab. The overall resistivity resulting from each domain state is calculated as a

network of resistors: elements lying in the direction of the current are added in series and
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Figure 6.6 — Bloch-line reconfiguration. (a, b) Field-dependent polar AMR response of
the 10pm and 50pm Fe/Gd wire at 160K under two different field protocols. The field
history is detailed in the inserts of (a, b).

elements transverse to the current direction are added in parallel.

Figure 6.5a shows the calculated anisotropic magnetoresistance that results from
magnetic states obtained when sweeping the magnetic field from negative to positive
magnetic saturation. For negative magnetic fields, the domain states result in a smooth
parabolic resistivity response from negative saturation to zero-field. Then as the magnetic
field is increased to positive saturation, a small artifact appears at fields where disordered
stripe domains begin to collapse into dumbbell domains that eventually form a dipole
skyrmion (Fig. 6.5b). The artifact occurs before the closed packed lattice forms which is

color shaded in Fig 6.5b.

6.5 Domain structure rearrangement

To validate the Bloch-line rearrangement leads to the formation of an artifact in the

polar anisotropic magnetoresistance response, we measured the AMR under two field
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histories: (i) First, the magnetic field is set to positive magnetic saturation and it is then
reduced to negative magnetic saturation; afterwards, the field is scanned from negative
saturation to positive saturation. The latter is the field history which has been detailed for
measurements shown in Figure 2 and 3. (i1) The second field history consists of reducing
the magnetic field from positive saturation to zero-field and then increasing the field once
again to positive saturation and finally reducing it to zero-field.

Figure 6a, b shows the polar AMR response of both Fe/Gd wires at 160K under the
latter magnetic field protocols. As the magnetic field is increased from zero-field to
magnetic saturation, the AMR response exhibits an artifact as previously detailed (Fig.
6.2h, 6.3h). Then when the magnetic field is reduced from saturation to zero-field, the
resistivity exhibits a parabolic field dependence with an AMR response that is lower than
the latter, as observed in Fig 6.2h and 6.3h. Subsequently, when then magnetic field is
increased again from zero-field to positive saturation, the AMR smoothly decays in a
parabolic fashion and there is no presence of an artifact in the polar resistivity. Reducing
the field from positive saturation to zero field, yields a higher resistivity than under the first

field protocol.

6.6 Discussion

We have experimentally measured the field varying anisotropic magnetoresistance
resulting from disordered stripe domains that arrange into isolated dipole skyrmions and a
closed packed lattice of dipole skyrmions in amorphous Fe/Gd multilayers. The AMR was

collected along three field-current probing schemes that allowed us to characterize the
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domain states encountered in the film from perpendicular domains, Bloch-line and Néel
caps. Along the polar AMR response, it was found that an asymmetric artifact formed as
the magnetic field is swept from positive to negative saturation and vice-versa. This artifact
only appeared at temperatures where a closed packed skyrmion phase was previously
image using resonant soft x-ray scattering and Lorentz transmission electron microscopy
in continuous films as reported in Ref. 13. Furthermore, the AMR artifact appears to exhibit
a geometrical size dependence given the 10pum wide Fe/Gd wire shows a smaller artifact
compared to a 50pm wide Fe/Gd wire.

Utilizing numerical simulations, we reproduced our experimental observation of an
artifact in the polar AMR loop from domain states exhibiting similar domain morphology.
From inspecting the domain states, it was found that the artifact results primarily from
disordered stripe domains that being to collapse into chiral domains that will form dipole
skyrmions. The artifact occurred at magnetic fields prior to the formation of a closed
packed lattice of dipole skyrmions. Given the slab lateral dimensions, we expected the
artifact in the polar AMR to be small given experimental observations in larger geometries.

Our observations in the field varying AMR response could be utilized as a simple
mechanism to probe ferromagnets and ferrimagnets for the existence of closed packed
lattice of cylindrical features which is simpler than performing any imaging measurements.
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Chapter 7

Conclusions

7.1 Thesis results

In this thesis, we have detailed the observation and study of nanomagnetic
cylindrical-like features with chiral topology termed dipole skyrmions in amorphous Fe/Gd
multilayers. In Chapter 4, we have shown through the study of numerous Fe/Gd films of
varied alloy composition and overall film thickness that these class domains are achievable
in a material parameter space with Q < 1. The overall required properties that favor the
formation of these domain consists of thick films with low uniaxial anisotropy K, low
magnetization Mg and low exchange 4,,. We have demonstrated tunability of the broad
dipole skyrmion phase in temperatures and applied magnetic fields is achievable by
modifying the layer structure and film thickness. Unlike DM skyrmions, the dipole
skyrmions investigated possess a chiral Bloch-line at the center of the film and Néel caps
that extend from the center to the surface of the film. Furthermore, we have experimentally

demonstrated that dipole skyrmions with sub-100nm features are achievable by means of
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competing dipole and domain wall energy, which contradicts a common conception of
dipole skyrmions.

These rich textures result in novel electromagnetic properties, as we have detailed
in Chapter 5 and 6, which suggests many of the interesting properties observed in
skyrmions result from topology of the magnetic domain and not the physical mechanism
that stabilizes these chiral textures. Under the microwave field perturbations, we have
verified that dipole skyrmions exhibit localized spin wave modes that are independent on
whether these arrange in closed packed lattice or they are uncorrelated. We observe no
splitting of the resonant mode branches where the dipole skyrmion phase forms, which
suggests this splitting in the resonant mode branches in DMI skyrmions could potentially
be related to a magnetic phase change from a helical to a skyrmion phase in non-
centrosymmetric magnets. We also observe a clear distinction in the resonant modes
resulting at temperatures where either disordered stripe domain phase or a skyrmion phase
is preferable. The localized spin wave modes numerically predicted for the dipole
skyrmions are far more complex than those expected in DMI skyrmions, given the domain
structure of the dipole skyrmion. We predict the existence of four localized spin wave
modes in dipole skyrmions. Also opposite helicity dipole skyrmions show the inverse spin
wave dynamics as a function of thickness. We also show the excitation of magnetic bubbles
and dipole skyrmions are distinct. This further shows that although bubbles and dipole
skyrmions form due to the same physical mechanism, the topology of the magnetic features
results in very different properties.

Transport studies on patterned Fe/Gd wires show that a closed packed lattice of

dipole skyrmions exhibits an artifact in the anisotropic magnetoresistance response at
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comparable magnetic fields where the skyrmion phase forms. Using numerical simulations,
we showed that the artifact in the polar resistivity results from a domain reconfiguration
that occurs as the domain morphology transitions from disordered stripes to an ordered
skyrmion phase under a magnetic field. We also demonstrated that the artifact in the AMR
response exhibits a geometrical size dependence: wide wires show a more pronounced
artifact compared to narrow wires. The artifact in the polar resistivity is sensitive to field
history and does not arise if the magnetic domain states transition from stripes to isolated
dipole skyrmions under a magnetic field.

In overall, many of the conclusion reached in our studies can be extended to other
ferromagnets and ferrimagnets exhibiting dipole skyrmions that form in films with Q < 1
where the moment and exchange can be tuned. Our results are indicative that dipole

skyrmions are very interesting magnetic textures and possess rich physics.

7.2 Future outlook

There are still many interesting open questions that need to be explored on the
subject of dipole skyrmions. Here, we specifically studied the formation of topologically
chiral magnetic features in amorphous Fe/Gd multilayers that form in relatively thick films
(~50 to 80-nm). The next venue would be to stabilize comparable dipole skyrmions in
different magnetic systems as well as determine the feasibility of reducing the size of the
magnetic features even further.

Since most studies have solely focused on investigating properties and dynamics in

DMI skyrmions, it is of interest to investigate whether how dipole skyrmions behave when
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perturbed with d.c. current and a.c current pulses, and similarly how these textures behave
under thermal gradients. The observation and quantification of current induced
displacement of dipole skyrmions has fundamental and technological implications. Future
studies should address whether these texture can be moved with comparable current
densities as DMI skyrmions as well as determining the mechanism by which these textures
move. Experimental evidence of current displacement should further promote these class

of skyrmions as memory bits for potential memory technologies.





