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Abstract

Spin dynamics in skyrmion hosting materials provide novel functionality in magnonics be-

cause of the formation of a novel magnon band structure and the nanoscale sizes of magnetic

skyrmions. In this thesis, we explore the spin dynamics in the chiral magnet Cu2OSeO3 locally

utilizing the scanning micro-focus Brillouin light scattering (BLS) technique at cryogenic tem-

perature. Taking advantage of the high sensitivity and spatial resolution of BLS, we resolved

the one-to-one correspondence between different non-collinear phases, such as helical, chiral

soliton, conical and skyrmion phases, in a chiral magnet and their collective spin excitations.

We show that the continuous-wave laser in BLS enables the stabilization of metastable phases

and creation of skyrmion tracks surrounded by the conical phase. The high sensitivity of BLS

allows us to deepen the understanding of coexisting phases in the chiral magnet. The results

pave the way for the design of further magnonic devices based on chiral magnets. Furthermore,

we explore dipolar skyrmions and domain walls in amorphous Fe/Gd multilayers employing

scanning transmission x-ray microscopy. We demonstrate the formation of stripe and square

lattices of domains by integrating one-dimensional and two-dimensional nanomagnet arrays,

respectively. Dynamics of domain walls, multi-domain boundaries and skyrmions were cap-

tured with pump-probe spectroscopy. In a skyrmion pair, a magnon wavelength down to 239

nm at 0.33 GHz was observed and compared to the electromagnetic wave whose wavelength

is 0.9 m at the same frequency. The extreme wavelength conversion underlines the potential

of skyrmion hosting materials concerning miniaturization of information technology and

microwave devices.
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Résumé

La dynamique du spin dans les matériaux accueillant des Skyrmions offre de nouvelles fonc-

tionnalités en magnonique en raison de la formation de nouvelles bandes d’énergies de

magnon et de leur taille nanométrique naturelle. Dans cette thèse, nous explorons la dyna-

mique locale du spin dans l’aimant chiral Cu2OSeO3 en utilisant la technique du scanning

micro-focus Brillouin light scattering (BLS) à température cryogénique. Profitant de la haute

sensibilité et de la résolution spatiale du BLS, nous avons résolu la correspondance d’un pour

un entre différentes phases non colinéaires, telles que les phases hélicoïdales, soliton chiral,

coniques et les phases de skyrmion, dans l’aimant chiral et leurs excitations de spin collectives.

Nous avons montré que le laser continue du BLS aide à stabiliser les phases métastables et

à créer des pistes de skyrmion entourées de phases coniques. La grande sensibilité du BLS

nous permet d’approfondir la compréhension des phases coexistantes dans l’aimant chiral.

Les résultats ouvrent la voie à une conception plus poussée des dispositifs magnoniques

basés sur les aimants chiraux. De plus, nous explorons les skyrmions dipolaires et les pa-

rois magnétiques dans les multicouches Fe/Gd amorphes en utilisant le STXM (scanning

transmission x-ray microscopy). Nous démontrons la formation de réseaux de domaines en

bandes et en carrés en intégrant des réseaux nanométriques magnétiques unidimension-

nels et bidimensionnels, respectivement. La dynamique des domaines magnétiques, des

frontières multi-domaines et des skyrmions a été capturée avec la technique pompe-sonde.

Les longueurs d’ondes des magnons observées dans une double paire de skyrmions allaient

jusqu’à 239 nm à 0,33 GHz, comparé à 0,9 m pour une onde électromagnétique à la même

fréquence. La conversion extrême des longueurs d’onde souligne le potentiel des matériaux

accueillant des Skyrmions concernant la miniaturisation des technologies de l’information et

des dispositifs à micro-ondes.
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Introduction

Motivation

Integrated micro- and nano-electronics are the key components for computational and com-

munication devices. With the greatly increasing demand of personal and mobile devices

as well as the development of modern nano-technologies, basic electronics such as transis-

tors and memories evolved toward miniaturization, faster transmission and higher storage

capacity [1–5]. As transistors scale down to below 20 nm, the leakage currents in the chan-

nel region between drain and source limit further miniaturization and power consumption

bursts [6]. Three dimensional designs of field transistor extended the limit but the limitation

still exists [7]. Recent developments in the field of magnonics and skyrmionics have led to

novel approaches of beyond-complementary metal– oxide–semiconductors (CMOS) for next

generation nano-electronics [8–10].

Magnonics received considerable attention as it promises low-power-consuming information

technologies thanks to the spin wave precession with only momentum transmission but no

moving charges [11, 12]. Besides, there is a fundamental advantage of magnonic devices

coming from the distinct dispersion relations compared with electromagnetic waves [13].

For electromagnetic waves at gigahertz, the wavelength is as long as centimeters and the

antennas for telecommunication are macroscopic [14]. Switching to spin waves, they own the

wavelength of about micrometers to nanometers at gigahertz (GHz). This property of spin

waves brings hope for GHz devices operating on the nanometer scale. Spin wave interference

from designed waveguides were proposed as the magnonic circuits [8, 15–18]. Recently an

advanced design of a magnon half-adder in 30 nm dimensions functionalized as 7 nm CMOS

half-adder was reported to consume power in attojoules [19]. It further highlighted the strength

of magnonic devices for low-power consumption. Magnetic textures such as domain walls

and stripe-shaped domains were reported as candidates for magnon waveguides for logic

devices [20–24]. Magnonic crystals provide novel magnon band structures with bandgaps

and minibands [25–27]. They have been constructed with periodic patterns of stripes in

a one-dimensional, anti-dots and discs in two-dimensional arrangement on ferromagnets

[28–33]. Multifunctional microwave and logic devices can be achieved by reprogramming the

magnetic states of magnonic crystals [27]. The observation of spin waves channels created by

inhomogeneous fields in the magnonic crystals offers more flexibility for further applications
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[30, 34, 35]. With the purpose of reducing the device size, nano-sized magnon waveguides and

magnonic crystals are essential, strongly demanding nano-patterning techniques.

Non-collinear spin textures, e.g. skyrmions and helices, have been discovered in noncen-

trosymmetric chiral magnets with bulk Dzyaloshinskii-Moriya interaction (DMI) [36–44],

multilayers with interfacial DMI [45–48], multilayers with perpendicular magnetic anisotropy

[49–52], and so on. Lateral size of skyrmions range from several nanometers to hundreds

of nanometers. They show the skyrmion Hall effects [53–55] and can be created and ma-

nipulated by spin and electric currents [56–59]. Due to these aspects, they draw special

attention for storage and logic devices [60–65]. They offers potential for magnonic devices as

well. Skyrmions and helices are formed as regular lattices in chiral magnets naturally. Novel

magnon band structures are predicted because their textures are identical to magnonic crys-

tals [66, 67]. Bottom-up creation of magnonic crystals can be achieved without challenging

nano-fabrication [27]. Variable lattice formats of helices and skyrmion lattices offer more

possibilities of band structure formation. Single skyrmions also play a role in spin wave

propagation. The scattering of spin waves on skyrmions have been reported to modify the

propagation directions and create magnonic frequency comb [68–71]. Currently most of

the reports are on theories and micromagnetic simulations, and much less is known about

experiments. Not only spin textures, but also the DMI is adjusting the spin waves proper-

ties. Both bulk and interfacial DMI introduce shifts in the magnon dispersion and induce

non-reciprocity [72–79]. Thus DMI is a tool for controlling spin waves propagation.

So far the spin dynamics in chiral magnets were mostly investigated by all-electrical spin-wave

spectroscopy using microwave excitation [80–87] and high-energy neutron scattering [88–90]

in bulk chiral magnets. However, complex spin dynamic spectra are always formed in bulk

chiral magnets [86] due to the formation of micrometer-size multi-domains and confinement

arising from sample boundaries [91, 92]. A scanning technique resolving locally the spin

excitations is highly demanded for magnonics research in order to sort out the relations

between magnons and magnetic textures. And the one-to-one correspondence between

non-collinear phases and their spin dynamics need to be clarified before designing magnonic

devices. Based on this need, we extended micro-focus Brillouin light scattering to cryogenic

temperatures with a scanning function. We take Cu2OSeO3 as a start point for spin dynamics

investigations thank to its low damping [93] and extremely rich magnetic phases [39, 94, 95].

We resolved spin dynamics of multiple non-collinear phases including four types of skyrmion

lattices.

Materials hosting skyrmions at room temperature with low Gilbert damping are particularly

interesting. Multilayers with perpendicular magnetic anisotropy host dipole skyrmions and

skyrmion lattices at room temperature, e.g. amorphous Fe/Gd multilayers [49, 51, 52]. The

Gilbert damping in this material is of the order of 0.01 [51] and promising. Therefore we choose

amorphous Fe/Gd multilayers for spin dynamics exploration on skyrmions and domain walls

at room temperature. Using the scanning transmission x-ray microscopy at Bessy II, Berlin,

we observed several spin waves modes in domain walls and skyrmion dynamics with a spatial
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resolution of about 20 nm. Spin waves are found to propagate in complex patterns along

micrometer long domain walls and in individual skyrmions.

Thesis Outline

This thesis is organized as follows: In chapter 1, we introduce theoretical aspects of ferromag-

netism, chiral magnetism, skyrmion hosting materials and magnetization dynamic of both

collinear and non-collinear states. In chapter 2, we describe the experimental methods and

setups used in this thesis, including the all-electrical spin-wave spectroscopy, Brillouin light

scattering, scanning transmission x-ray microscopy and the protocol of controlling magnetic

fields versus temperature histories. In chapter 3, we present the bulk sample preparation

and nano fabrication with detailed process flows. In chapter 4, we report the Brillouin light

scattering revealing spin dynamics and multi-phases in bulk shape Cu2OSeO3 at cryogenic

temperatures. In chapter 5, we investigate the spin waves excited in well-ordered stripe

domain lattices, boundaries of multi-domains and dipole skyrmions in Fe/Gd multilayers

utilizing scanning transmission x-ray microscopy and pump-probe technique. In chapter 6,

we conclude the thesis and give a outlook.
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1 Theory Background

In this chapter, we summarize the theoretical background of static and dynamic magnetism

in ferro- (ferri-) and chiral magnets. In section 1.1, we introduce the magnetism in solids,

energy terms in the magnetic systems and the static magnetic states in materials including

ferromagnets (collinear states) and chiral magnets (non-collinear states). In section 1.2, we

outline the skyrmion hosting materials with respect to different stabilization mechanisms. In

section 1.3.1, we introduce the spin dynamics including ferromagnetic resonances of uniform

spin procession and spin waves with finite wavevectors. In section 1.3.2, we discuss the

spin dynamics of non-collinear magnetic states. In section 1.3.3, we compare the dispersion

relations in materials with and without Dzyaloshinskii-Moriya interaction.

1.1 Magnetism

1.1.1 Ferromagnetism

The magnetization of a defined volume ∆V is defined as [96]

M =
∑
∆V M

∆V
(1.1)

∑
∆V M is vector sum of the magnetic moments in the volume ∆V .

The relation between the magnetization and the applied field is defined as susceptibility tensor

χ̂

M = χ̂H (1.2)

It is simplified to the scalar quantity χ in isotropic materials [97]. The value of χ can be used to

classify the magnetic materials. For instance, when χ >> 0, the material is a ferromagnet or a

ferrimagnet (e.g. iron Fe or magnetite Fe3O4); when χ ≈ 0, the material is an antiferromagnet

(e.g. hematite Fe2O3); when χ > 0, the material is a paramagnet (e.g. aluminum); when χ < 0,

the material is a diamagnet (e.g. carbon).
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The total magnetic flux density consists of both the magnetization and the applied field

B =µ0(M +H)

B =µ0(χ+1)H
(1.3)

where µ0 = 4π × 10−7 H/m is the vacuum permeability. µ = µ0(χ+1) is the magnetic perme-

ability of a material.

The ground magnetic states in a material are decided by the effective field, which is a sum of

all effective fields from different interactions:

Heff = Hex +HDM +HZ +Hani +Hdem + . . . (1.4)

including the Hex from symmetric exchange interaction, HDM from Dzyaloshinskii-Moriya

interaction (asymmetric exchange interactions), HZ from Zeeman interaction, Hani from

magnetocrystalline anisotropy, Hdem from shape anisotropy, and so on. This field is relevant

for magnetization dynamics discussed in section 1.3. It is defined as the minimization of total

energy in the system

Heff =− 1

µ0

∂Etot

∂M
(1.5)

The total energy Etot is taking into account all the energy terms in the system

Etot = Eex +EDM +EZ +Eani +Edem + . . . (1.6)

In the following, we discuss the energy terms in charge of the magnetic states investigated in

this thesis.

Exchange interaction

The exchange interaction energy between two spins Si and S j is decided by

Eex =−2Ji j Si S j (1.7)

where Ji j is the exchange integral. Si and S j are spin angular momenta. When Jex > 0, the

two spins prefer to be parallel. When Jex < 0, the two spins prefer to be anti-parallel. When

considering a lattice of spins, the total exchange energy is

Eex =−2
∑
i> j

Ji j ·Si S j (1.8)
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Dzyaloshinskii-Moriya interaction

Dzyaloshinskii-Moriya Interaction (DMI) is an asymmetric exchange interaction firstly pro-

posed in the Refs. [98, 99]. The Hamiltonian is describes as [61]

HDM = Di j · (Si ×S j ) (1.9)

Di j is the DMI vectors. The energy corresponding to DMI is [61]

EDM =
∫

dV DM(r) · (∇×M(r)) (1.10)

From the Hamiltonian and the energy term, the system favors the neighboring spins to be

perpendicular to each other. It obstructs the spins to be aligned (parallel or anti-parallel).

Combined with the symmetric exchange interactions, the spins are canted, and DMI assists

the formation of chiral spin textures.

Zeeman interaction

Zeeman energy prefers to align the magnetization along the applied field [100]:

EZ =−µ0

∫
M H (1.11)

Magnetocrystalline anisotropy

Magnetocrystalline anisotropy is intrinsic to the crystals and it mainly originates from the

spin-orbit coupling. When the applied field attempts to align the spins of the electrons, the

orbits need to arrange accordingly. At the same time, the orbits are fixed to the crystal lattice.

Thus the anisotropy energy is needed to align the sample’s spins away from the so-called easy

axis, which is named also as crystal anisotropy energy.

The relevant energy terms for a cubic crystal are expressed as [101]

E cubic
ani = K0 +K1(α2

1α
2
2 +α2

2α
2
3 +α2

3α
2
1)+K2(α2

1α
2
2α

2
3)+ . . . (1.12)

Here, α1, α2 and α3 are the cosines of the angles between M and the crystal axes. K0, K1 and

K2 are the anisotropy constants corresponding to the material. Those constants could not

be calculated from models and their values need to be measured experimentally. K0 is not

related to the angles and K2 is often small. So generally they are neglected. K1 is important

because its sign determines if the anisotropy energy will be added to or reduced from the total

energy. When K1 > 0, the easy axis is 〈100〉. When K1 < 0, the easy axis is 〈111〉.
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For an uniaxial or easy-plane anisotropy, the anisotropy energy is describe as [101]

E uniaxial
ani = K0 +K1 sin2θ+K2 sin4θ+ . . . (1.13)

Here, θ is the angle of the applied field with respect to the anisotropy axis, e.g. the c-axis.

When K1 > 0 and K2 > 0, this axis is an easy axis and the material owns uniaxial anisotropy.

When K1 < 0 and K2 < 0, c-axis is the hard axis and the plane perpendicular to the c-axis is

the easy plane. If K1 and K2 have different signs, then their values need to be compared to

determine the type of anisotropy.

Demagnetization effect

The demagnetization field is defined as

Hdem =←→
N M (1.14)

Here,
←→
N is the demagnetization tensor to describe the shape anisotropy [96]:

←→
N =

∣∣∣∣∣∣∣
N11 N12 N13

N12 N22 N23

N13 N23 N33

∣∣∣∣∣∣∣ . (1.15)

For ellipsoidal shape magnets (including infinitely thin plates and infinitely large thin cylin-

ders), the tensor
←→
N becomes diagonal and it traces amount to Nx + Ny + Nz = 1. The energy

term determined by the demagnetization effect is defined as [102]

Edem =−µ0

2

∫
V

M HdemdV. (1.16)

It reflects the long-range dipole-dipole interaction.

1.1.2 Chiral Magnetism

Chirality is one type of the asymmetric properties of materials, structures and spin textures.

Spin textures are chiral when they are not identical with their mirrored textures. In the

following, we outline the chiral spin textures in the chiral magnets with bulk DMI. They are

illustrated in Fig. 1.1. The left-handed (LH) and right-handed (RH) textures do not satisfy any

mirror symmetry. Thus they are chiral.

There are three types of one-dimensional non-collinear states reported in chiral magnets

[95, 103]: helical, chiral soliton (CSL) and conical phases. Spins rotate with respect to the pitch

vectors q in those states. In the helical phase at H = 0, there are three pitch vectors q following

the easy axes instead of the applied magnetic field. When the applied field is perpendicular

to q, the helical state can be modified into CSL where the region of the spins parallel to the

8
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applied field enlarges. As the applied field increases, the pitch vector q gets aligned with

the applied field direction and spins start to tilt to the field directions as well. This is the

conical phase. When temperature T is increased to right below TC, Bloch-type skyrmions are

stabilized in chiral magnets via thermal fluctuation [36]. Their textures change with chirality

as well and their planes are perpendicular to the magnetic field. In chiral magnets, the very

first experimentally discovered skyrmion lattices (SkL) was a hexagonal lattices [36] shown in

Fig. 1.1 (e). Under this circumstance, there are three pitch vectors q1, q2, and q3 in the SkL

plane.

Figure 1.1 – Illustration of the non-collinear states with different chiralities. (a) Helical
phase. (b) Chiral soliton phase. (c) Conical phase. (d) Single Bloch-type skyrmions. (e) Bloch-
type skyrmion lattice. LH represents the left-handed chirality. RH represents the right handed
one. q, q1, q2, and q3 represent pitch vectors. µ0H indicates the applied field.

There are parameters describing the topological properties of skyrmions, such as helicity and

skyrmion number. Helicity constant γsk is related to the chirality, e.g. γsk is ±π
2 for Bloch-type
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skyrmions with left-handed or right-handed chirality [104]. And the swirling structures are

characterized by the skyrmion number w = deg f . It indicates the number of times spins are

wrapped onto the topologically distinct mapping f . It is also called the winding number. The

spin textures with different w are topologically inequivalent and can not be transformed into

each other. The value w for spins on an one-dimensional chiral chain is expressed as soliton

winding number [105]:

w = 1

2π

∫ ∞

−∞
d x∂xΘ (1.17)

where Θ is the angle of the spins with respect to the chosen coordinates. For the spherical

spins with two dimensions, w is expressed as the two-dimensional skyrmion winding number

[105, 106]:

w = 1

4π

∫ ∫
d xd ymsk(∂x msk ×∂y msk) (1.18)

where msk = M
M0

is the unit vector of magnetization in a single skyrmion. w = 1 for a single

skyrmion structure and w = -1 for a single anti-skyrmion structure.

1.2 Skyrmion Hosting Materials

Since the first experimental observation of magnetic skyrmions [36], skyrmion hosting ma-

terials have received considerable critical attention especially the non-trivial non-collinear

phases [66]. It has been noted that skyrmions, particularly skyrmion lattices play a pivotal

role in miniaturized magnonic devices with low-power consumption thanks to their novel

magnonic properties [80, 107–110]. Simultaneously skyrmion-based storage logic devices

come into sight because the spin textures are in nano-dimension, and they can have high

stability energy barrier and mobility with low threshold current [45, 61, 65, 111–118]. Recently

researchers suggested that skyrmions have the potential for neuromorphic computing as

they can be well modulated by currents and fields [119, 120]. Thus it is essential to look for

the skyrmion hosting materials exhibiting novel magnonic and transport properties. In this

thesis we focus on the chiral magnet Cu2OSeO3 (CSO) to understand the magnonic properties

of multiple non-collinear phases. Here the phases are formed at T < TC = 57 K. We extend

the exploration to Fe/Gd multilayers with perpendicular magnetic anisotropy (PMA) hosting

dipole skyrmions at room temperature.

1.2.1 Bulk Magnets

In the non-centrosymmetric lattice of chiral magnets where the inversion symmetry is broken,

bulk DMI arise from spin-orbit coupling. Asymmetric exchange interaction DMI, coexisting

simultaneously with symmetric exchange interaction, dipole interaction and Zeeman interac-

tion, energetically stabilizes non-collinear spin textures in chiral magnets, e.g. skyrmions and

spin spirals at intermediate field values as illustrated in Fig. 1.1. We choose CSO to explore

spin dynamics because it has a low damping and rich non-collinear phases [39, 81, 94, 95, 121].

CSO is a insulating chiral magnet with cubic anisotropy hosting bulk DMI [39, 122]. Damping
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1.2. Skyrmion Hosting Materials

Figure 1.2 – Schematic phase diagrams of chiral magnet Cu2OSeO3 when field along differ-
ent crystallographic orientations. (a) Schematic phase diagrams when H ∥ 〈111〉 (H ∥ 〈110〉).
(b) Schematic phase diagrams when H ∥ 〈100〉. Both diagrams consider the situation when
magnetic field is scanned from 0 mT up after cooling down at 0 mT

parameter α was reported to be the lowest in the so far discovered skyrmion hosting materials

with α = 1×10−4 at T = 5 K [81]. Phases will be introduced in the following with respect to

different crystallographic orientations.

The magnetic phase diagrams of chiral magnet CSO are sketched in Fig. 1.2. When the

magnetic field was applied along crystallographic orientation 〈111〉 (Fig. 1.2 (a)), the helical

phase stabilizes near zero field and it transforms into a conical phase when the applied field

increases. The transition field is called first critical field labeled as HC1. Stronger fields bring

the system to the second critical field HC2 where the magnetic states transit from conical state

to field polarized (FP) state. In the FP state, CSO is equivalent to a ferrimagnet. Below TC, there

appears the so called ’A-phase’ which was proved to be the hexagonal SkL from the neutron

scattering in Ref. [36]. The formation of high temperature SkL (HT-SkL) near TC is dominated

by bulk DMI and it is thermally stabilized. This phase diagram is not only for CSO along 〈111〉,
but also typical in other chiral magnets such MnSi, FeGe, and so on [36, 38, 104].

Different from other crystallographic orientations, when the field was applied along 〈110〉, a

double-transition process from helical to conical phase was suggested by a theory model [121].

There are three pitch vectors in helical phase when field is applied along 〈110〉: q1 along 〈100〉,
q2 along 〈010〉 and q3 along 〈001〉. Before q1 and q2 reorient to the applied field direction,

they are firstly tilted towards direction of the applied field in 〈001〉-〈010〉 plane. The energy

minimum falls in between 0 and 45 degree instead of staying at 0 degree along the easy axes

〈100〉 and 〈010〉. With the increasing field, the energy minimum moves to a higher angles

before a sudden transition to conical phase arrives. But q3 is meta-stable along 〈001〉 and does

not tilt before abrupt transition to conical phase.
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Chapter 1. Theory Background

CSL structure was firstly discovered in monoaxial chiral magnet CrNb3S6 [123–127] as a result

of easy axis anisotropy, DMI and Zeeman interaction. In this material, when the applied field

was tilted from the monoaxial axis, tilted-CSL phases exist up to 90 degree of field tilt [128].

Lattice constant of CSL were reported to be modified by the field strength. When the magnetic

field was applied along crystallographic orientation 〈110〉 in strained CSO lamella, it was found

that tensile strain provoked the CSL with a modulation vector along the strain direction [95].

CSL coexisted with the helical phase (as shown in Fig. 1.2 (a)). At small field values, applied

field is unable to modify the lattice constant of CSL. Recent study also prove the existence

of CSL in FeGd lamella with tensile strain when an external field was applied perpendicular

to the tensile axis[103]. In FeGe it was reported that even a tiny magnetic field adjusted the

lattice constant of CSL.

Meanwhile new skyrmion phases and tilted conical phases were found when H ∥ 〈100〉 [94,

121, 129, 130]. 〈100〉 is one of the easy axes of cubic anisotropic CSO. These two new phases

were stabilized by cubic anisotropy at low temperature (e.g. around 5 K to 20 K depending on

the temperature versus field histories). A phase diagram with low-temperature SkL (LT-SkL)

phases and tilted conical phases is shown in Fig. 1.2 (b). The phase diagram demonstrate

the phase change when field is scanned from 0 mT up. It was reported that the LT-SkL phase

usually transits from the tilted conical phase instead of from conical phase directly. They

both exist near HC2. Because of the presence of those new phases, HC2 is first increasing with

temperature at low temperature, which is different with other crystallographic orientations.

When the temperature is above about 20 K, HC2 decreases with increasing temperature.

Cooling down the chiral magnets through the HT-SkL phase with fast cooling rate is known as

a method to quench the meta-stable skyrmion phase down to low temperature [131–134] and

extend the phase boundary of HT-SkL phases to relatively low temperature. The square lattice

of SkL was found to evolve from the meta-stable hexagonal lattice in MnSi and a thin slice of

Cu2OSeO3 fabricated by focus ion beam etching [132, 134]. The fast cooling method always

works in thin-plate or lamella shape CSO samples [95, 134, 135]. However it is not clear yet if it

has the same effect on bulk samples with different crystallographic orientations. The results

varied in different reports [94, 130, 131, 136].

Multiple techniques were reported for investigating the phase diagram of chiral magnets such

as ac-susceptibility [36, 39–41, 137], transverse field (TF) muon-spin rotation (µ+SR) [43],

magnetic diffraction techniques like small-angle neutron scattering (SANS) [36, 41, 44, 94, 121,

138], resonant elastic X-ray scattering (REXS) [91], real-space imaging by Lorentz transmission

electron microscopy (LTEM) [37–39, 41, 44, 124, 137, 139] and magnetic force microscopy

(MFM) [42, 91]. Microwave excited spin dynamics in chiral magnet were determined by

magnetic phases and vice verse. They can reveal the phase transitions consistent with the

techniques mentioned above [80–87, 140]. However, micrometer-sized multi-domains are

often formed in the bulk chiral magnets [91, 92] and they experience different local effective

fields. Together with the contributions from sample boundaries, complex spin dynamic

spectra are formed [86]. A scanning technique resolving locally the spin excitations is highly
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1.2. Skyrmion Hosting Materials

demanded for magnonics research in order to sort out the relations between magnons and

magnetic textures. Furthermore, this technique is helpful for exploring hidden phases in bulk

samples especially for those who contribute weakly to the magnetic diffraction techniques

and collective spin excitations.

1.2.2 Multilayers

Inversion symmetry is broken in magnetic multilayers when the magnetic layers are adjacent

to normal metals with different spin-orbit couplings. Interfacial DMI arises at the interfaces

[45–48]. It supports the formation of isolated Néel-type skyrmions as illustrated in Fig. 1.3.

Due to the multilayers extremely thin thickness and strong spin-orbit couplings, the losses

for magnetization dynamics are expected to be high. So it is detrimental for investigations on

spin dynamic properties in multilayers with interfacial DMI. Recent reports on metal/thulium

iron garnet Tm3Fe5O12 structure and ultra-thin yttrium iron garnet Y3Fe5O12 (YIG) with

interfacial DMI created new attentions [141–144]. Especially in the 7-nm thick YIG, spin wave

propagation was addressed up to 2 um length [144]. However there is not yet a direct evidence

on skyrmion observations in those materials.

Figure 1.3 – Néel type skyrmion.

We searched for a room-temperature skyrmion hosting multilayered material with low Gilbert

damping. Amorphous Fe/Gd multilayers attracted our interest because of the lack of mag-

netocrystalline anisotropy and the low damping in the system [50]. At room temperature

stripe-shape domains, dipole skyrmions and dipole skyrmion lattices are formed thanks to

the perpendicular magnetic anisotropy (PMA) and the dipole-dipole interaction [49, 50, 52].

We simulate the magnetic phases with micromagnetic simulations using Mumax3 [145]. Pa-

rameters are referred to the pioneering publication [50]. The magnetization figures are plotted

in Fig. 1.4. Phase images are arranged in the order of out-of-plane magnetic field scanning

up from 0 mT. The ground state at zero field consists of stripe-shape domains as shown in

(a). They gradually evolve into the mixed states of stripe-shape domains, type I bubbles and

type-II bubbles. The texture marked by the dashed circle is a type-II bubble [146] which hosts

a skyrmion number of 0. It is topologically trivial. It was firstly recognized as a biskyrmion

(a bound state of two skyrmions) but was proved to be a type-II bubble later [49]. In the

following, we call this type of texture as bubble. The texture marked by the solid circle is a

type-I bubble and also called dipole skyrmion whose skyrmion number is +1. In the following
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Chapter 1. Theory Background

we call this texture as dipole skyrmion. When the field strength increases, the stripe domains

break into the skyrmions from the tail and into chains of bubbles from the body. The bubbles

will further transform into skyrmions when the field further increases. Hexagonal lattices of

dipole skyrmions are reached. The Fe/Gd multilayers get fully saturated at nearly 200 mT

to 400 mT depending on the thickness, repetition of the multilayers and the induced PMA

strength.

Skyrmion configurations in Fe/Gd multilayers are not identical to either Bloch- or Néel-type

skyrmions but more similar to a mixed states [50, 52]. We plot the spin configuration of the

top surface, middle layer and bottom surface of the skyrmions in Fig. 1.4 (b). Both the top and

bottom surfaces are comparable to Néel-type skyrmion and the middle is comparable to a

Bloch-type skyrmion.

Figure 1.4 – Phase evolution in Fe/Gd multilayers from micromagentic simulation. (a) The
phase evolution from stripe-domain to skyrmion states with increasing applied field. (b)
Illustration of dipole skyrmions in Fe/Gd multilayers with PMA. Black arrows represent spin
directions. For both (a) and (b), the hue, saturation and value color circle represents in-plane
magnetization. Black and white color bar represents out-of-plane magnetization.
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1.2.3 Other Materials

Besides CSO, Bloch-type skyrmions were reported to be hosted by non-centrosymmetric

bulk magnets such as MnSi [36, 40, 132, 138], FeGe [38, 147, 148], FeCoSi [37] and Co-Zn-Mn

alloys [44]. They are stabilized all by bulk DMI. At the same time, skyrmions and magnetic

bubbles in centrosymmetric bulk mangets where DMI was absent were observed. For instance,

Bloch-type SkL were found in centrosymmetric magnets such as Gd2PdSi3 and Gd3Ru4Al12

because of Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [149, 150]. Four-spin exchange

interactions can also dominate the Bloch-type SkL formation and it was found in the itinerant

magnet Y3Co8Sn4 [151]. Anti-skyrmions have the opposite skyrmion number -1 and have been

discovered in Heusler materials [152, 153], MnSc2S4 (fractional antiferromagnetic skyrmion

lattice) [154], and Ir-doped Fe/Gd multilayers [155].

1.3 Magnetization Dynamics

1.3.1 Equation of Motion

Figure 1.5 – Illustration of the magnetization precession.

The equation of motion describing magnetization dynamics was proposed by Landau and

Lifshitz [156]:
∂M

∂t
=−γM ×µ0H . (1.19)

γ is the gyromagnetic ratio. This expression for the precession of the magnetization vector M

does not involve magnetic losses. One important property of Eq. (1.19) is that the magnitude
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of M is conserved [96]:
∂M2

∂t
= 0. (1.20)

When dissipation is considered, the equation of motion is modified into the well-known

Landau-Lifshitz-Gilbert (LLG) equation [157]:

∂M

∂t
=−γM ×µ0H + α

M
M × ∂M

∂t
. (1.21)

Here α is the Gilbert damping coefficient. Considering the static and dynamic components,

the magnetization is rewritten as

M = M0 +m (1.22)

and the effective field as

H = H0 +h, (1.23)

where m and h are the dynamic components. The illustration of the precession is sketched in

Fig. 1.5. Equation (1.21) can be linearized as

iωm =−(γm×µ0H0 +γM0 ×h)+ iαω

M0
m×M0 (1.24)

when |m| << |M| and |h| << |H|. Three-dimensional vectors of dynamic components are

m = mx x+my y+mz z,

h = hx x+hy y+hz z,
(1.25)

and mz = 0, hz = 0. So Eq. (1.25) is equivalent to [96]:

iωmx + (ωH + i
M0

M
αω)my =γM0µ0hy ,

iωmy + (ωH + i
M0

M
αω)mx =γM0µ0hx ,

(1.26)

whereωH =γµ0H0. The high-frequency magnetic susceptibility describing the time-dependent

relations is written in a non-symmetric second-rank tensor firstly presented as Polder tensor
←→χ [158]

←→χ =

∣∣∣∣∣∣∣
χ iχa 0

−iχa χ 0

0 0 χ∥

∣∣∣∣∣∣∣ (1.27)

where χ∥ is either zero or a very small non-resonant value when the ferromagnets are saturated

[96]. In the case of the LLG equation, the solution of the linearized equations Eq. (1.26) is the
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Figure 1.6 – Real and imaginary parts of the magnetic susceptibility tensor.

tensor ←→χ projected onto coordinate axes as m = ←→χ h and

χ′ = γM0ωH [ω2
H − (1−α2)ω2]

[ω2
H − (1+α2)ω2]+4α2ω2ω2

H

,

χ′′ = αγM0ω[ω2
H + (1+α2)ω2]

[ω2
H − (1+α2)ω2]+4α2ω2ω2

H

,

χ′a = γM0ω[ω2
H − (1+α2)ω2]

[ω2
H − (1+α2)ω2]+4α2ω2ω2

H

, and

χ′′a = 2αγM0ω
2ωH ,

(1.28)

The real and imaginary parts are sketched in Fig. 1.6. The imaginary part can be normalized

into a Lorentzian peak shape. For the eigenmodes of oscillation we take the damping α = 0

[96]. For an isotropic ferromagnet, the resonance is at

ωr =
√
ωH (ωH +ωM ) (1.29)

with ωM = γµ0M0.

Width of the Lorentz resonance curve is defined as intervals between ω or H0 [96]

∆ω= 2αω,and,

µ0∆H = 2αω

γ

(1.30)

In the real experiments, extra broadening of the peak may influence the linewidth but their

dependence on ω are still related only to the effective damping parameter. It can be estimated
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using [159]:

δ f = γ

2π
µ0∆H +2αeff f . (1.31)

Here, f = 2πω.

1.3.2 Ferromagnetic Resonances

Ferromagnets are usually anisotropic due to e.g. shape and magnetocrystalline anisotropy.

The resonance frequency fro uniform precession, i.e. ferromagnetic resonance (FMR) is given

by the Kittel formula [160]

ωr =
√

[ωH + (Nx −Nz )ωM ][ωH + (Ny −Nz )ωM ] (1.32)

For example, in an infinitely large cylinder where the field is applied along z and the cylinder,

the magnetization is aligned along the cylinder as well. Here Nx = Ny = 1
2 and Nz = 0. The

ferromagnetic resonance formula is simplified to be ωr = ωH + ωM
2 .

The magnetocrystalline anisotropy will be accounted by an effective anisotropy field H a . In

the saturated state of a ferromagnet with cubic anisotropy when M is well aligned with H the

effective fields are [97]

|H〈100〉| = H0 + 2KC 1

M0
,

|H〈110〉| =
√

(H0 − 2KC 1

M0
)(H0 + KC 1

M0
+ KC 2

2M0
), and

|H〈111〉| = H0 − 4KC 1

3M0
− 4KC 2

9M0
,

(1.33)

where KC 1 and KC 2 are the first and second order of cubic anisotropy. M is aligned well with H

if H is parallel to easy or hard axes.

In the thin film with PMA, Kittel formula is in the format of [161]:

ω= γ(µ0H +µ0Meff). (1.34)

Hereµ0Meff =µ0MS−2KU/MS is the effective magnetization consisting of both shape anisotropy

and perpendicular magnetic anisotropy.

1.3.3 Spin Waves

Dispersion relations

For FMR, spins are oscillating with the same phase. For spin waves, spins are oscillating with

a regular phase difference as shown in Fig. 1.7 (b). Wavelength λ is defined as the 2π phase

difference, and the wavevector is k = 2π/λ. The quantum of a spin wave is called magnon.
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In an unbounded ferromagnet, where the wavevector of a spin wave k and the static magneti-

zation M0 are given as shown in Fig. 1.8, the dispersion relation of bulk spin waves [96, 162]

ω=
√

(ωH + AωM k2)(ωH + AωM k2 +ωM sin2θk ) (1.35)

where A is the exchange constant.

wavelength λ

k = 0

k = 2π/λ

(a)

(b)

Figure 1.7 – Schematic diagram of spin oscillation with/without phase difference. (a) FMR.
(b) Spin waves with finite wavevector k.

Figure 1.8 – Geometry of the spin wavevector in an unbounded ferromagnet.

Figure 1.9 – Geometry of a bounded thin film.
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When considering both the dipole and exchange interactions in the mixed exchange boundary

conditions (surface spin pinning conditions) of a thin film (Fig. 1.9), wavevector of the spin

waves are defined by k2 = k2
ξ

+ κ2
n . kξ is the out-of-plane component of the wavevectors and

κn is the in-plane component. The dispersion relations reads [13]

ωn =
√

(ωH + AωM k2)(ωH + AωM k2 +ωM Fnn), (1.36)

with

Fnn = Pnn + sin2θ(1−Pnn(1+cos2φ)+ωM
Pnn(1−Pnn sin2φ)

ωH + AωM k2
n

) (1.37)

and

Pnn = kξd

2
when n = 0

Pnn = (kξd)2

n2π2 when n > 0and n is an integer.

(1.38)

d is the thickness of the film.

Figure 1.10 – Dispersion relations of spin waves in thin films. They are calculated using the
parameters of yttrium ion garnet from Ref. [163]. Parameters are listed in Appendix 1.1.1.

There are three modes of spin waves in thin films depending on the relative direction between

the effective magnetic field and the spin wave wavevector (Fig. 1.10): the magnetostatic

surface spin wave (MSSW), backward volume magnetostatic spin wave (BVMSW) and forward

volume magnetostatic spin wave (FVMSW). When k is small, the anisotropic dipole-dipole

interaction dominates. When k is large, the isotropic exchange interaction dominates.

By integrating nanoscale magnetic arrays on ferromagnetic thin films, short-waved spin waves

can be excited via the magnonic grating coupler (GC) effect [164–167]. Microwave antennas
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placed or fabricated on top of ferromagnetic thin films are often used for spin wave excitation.

When the radio-frequency currents injected in the antenna induce a dynamic field hrf, there

is the torque applied on the magnetization τ = M × µ0hrf to excite spin precessions. If hrf is

inhomogeneous, its distribution contributes to define the excited spin-wave wavevector k1.

When a periodic magnetic array is embedded underneath the microwave antennas, the spin

wave excitation field is modified periodically according to the array structure because of the

stray fields. Hence it can modify the spin-wave wavevector by adding the reciprocal lattice

vectors on k1. So far, it has been reported that a spin wave of wavelength down to 50 nm was

excited by a one-dimensional GC on yttrium ion garnet thin films [166].

Spin waves in magnets with bulk Dzyaloshinskii-Moriya interaction

As a consequence of the asymmetric exchange interaction, DMI introduces non-reciprocity in

the spin wave dispersion relations. Interfacial DMI modifies the MSSW [74–77] and bulk DMI

modifies the BVMSW in both non-collinear and collinear states [72, 73, 78, 79, 90, 168, 169].

Therefore magnets with DMI can serve as non-reciprocal microwave devices [78]. Here we

focus on the BVMSW mode in chiral magnets with bulk DMI. The dispersion relation of

BVMSW mode reads (1.36) is

f = 1

2π

√
(ωH + AωM k2)[ωH + AωMk2 +ωM (1− kd

2
)] (1.39)

Here, k is the wavevector of spin waves. A is the exchange constant. d is the thickness of

the sample. BVMSW modes with and without DMI in FP states are sketched depicted in Fig.

1.11. When considering only the exchange interactions, the dispersion relation is shifted with

respect to k = 0. When considering both the exchange and dipole interactions, the dispersion

relation looks different as sketched in Fig. 1.11 (b). The frequency difference between the

conventional BVMSW and DMI modified BVMSW dispersion relations is expressed as [73]

∆ f = 4γMSkD

2π
(1.40)

where D is the DMI constant in the unit of length.

In the non-collinear states, two spin dynamics modes of helical and conical phase, and three

spin dynamics modes of SkL were prominent in many experiments [66, 82–87, 93, 140, 170].

These mainly observed branches are sketched in Fig. 1.12 stimulated by Refs. [66, 170]. It

is notable that there is an abrupt jump of the frequency when entering and leaving the SkL

phase. This jump is attributed to a reorientation of pitch vectors q (compare with Fig. 1.2)

and a modified effective field Heff. When the system transforms from conical phase to FP

phase, there is no frequency jump because the pitch vector q is already aligned with the

applied field and the spin orientation changes adiabatically. Still, the mode branches behave

non-monotonically at HC2. We will consider frequency jumps and non-monotonic variations

of resonance frequencies as relevant signatures to identify phase transitions via spin dynamics
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experiments.
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Figure 1.11 – Dispersion relations of BVMSW spin waves with bulk DMI. (a) With only ex-
change interaction considered. (b) With both exchange and dipole interactions considered.

Figure 1.12 – Sketch of the spin waves spectra of chiral magnets assuming uniform excita-
tion fields. Insets illustrate the spin precessional motion for +Q, -Q and skyrmion lattice
modes. Note that we do not depict any higher order modes in this sketch or modes excited by
non-uniform fields.

In the helical and conical states, the two modes +Q and -Q are often observed. In case of the
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+Q mode, the spins oscillate with a phase difference and form a spin wave winding along q

up. In the case of the -Q mode, the phase of the spin wave evolves in the opposite direction

as illustrated inset the Fig. 1.12. In the skyrmion phase, three prominent modes have been

identified as counter clockwise (CCW), clockwise (CW) and breathing (BR) modes [82]. They

have been excited with radio-frequency magnetic fields and special selection rules of the

excitation field hrf with respect to the static field H0 have been [82, 83]. When hrf ⊥ H0,

hrf is in-plane of the skyrmions and excites the CCW and CW modes. When hrf ∥ H0, hrf is

perpendicular to the plane of skyrmions and excites only the BR mode. When both parallel

and perpendicular components are present, all three modes are excited.

In chiral magnets, non-collinear states are formed usually as lattices below TC. The resonance

modes mentioned above were excited in the lattices and they are the fundamental modes

relevant for helical, conical and SkL states. Higher order modes were investigated in CSO [86].

Here, the 2nd and 3rd order of confined modes in helical and conical phase were reported and

occurred at high frequencies up to 20 GHz. The fundamental modes in CSO reside between

about 1 and 5 GHz [83].

Spin dynamics of CSL has been reported in monoaxial chiral magnet CrNb3S6 both theoreti-

cally and experimentally [171–173]. Two type of resonance mode were excited: a Pincus mode

and a Kittel mode [173]. The Pincus mode originates from the surface spins and the Kittel

mode lays on the interior spins inside CSL. By changing the angles between hrf and c-axis,

different modes are excited. In sample with pinning surface, e.g. thin lamella, Pincus mode

are always excited despite the hrf direction. hrf ⊥ c-axis is in charge of the Kittel mode. Their

simplified dispersion relations at zero applied field are expressed as [173]

ωKittel(CSL) =
√

k2[k2 −q2
s +2qs

D

A
], (1.41)

ωPincus =
√

k tan(
kd

2
)(1+ Dqs

A
)− k2

2
− HS cosφ0d

2

×
√

k tan(
kd

2
)− k2

2
+ q2

s

2
− Dqs

A
− HS cosφ0d

2
.

(1.42)

in which k is the spin wavevector, d is the sample thickness which is equivalent to the total

length of CSL structures, D and A are DMI and exchange constants, Hs is the pinning field

strength on the surfaces, φ0 is the angle between spin orientations on the surface and the

applied field direction. qs is vector determined by the lattice length of CSL LCSL as indicated

in Fig. 1.1 (b). It is defined as qs = 2π
LCSL

. When considering the applied magnetic fields, the

frequency versus field relation are in dome shape for Pincus mode. For Kittel mode, frequency

decrease with increasing field strength in almost linear manner [173]. There is not yet any

report on CSL dynamics in skyrmion hosting chiral magnets.
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Spin waves in multilayers with perpendicular magnetic anisotropy

In the following we outline collective spin excitations reported for Fe/Gd multilayers [50].

They were explored by means of micromagnetic simulations. Four modes have been observed

in the dipole skyrmion lattice phase. The spin-precessional motion of the skyrmions is

complex and varies from the top to the bottom surface of the multilayers. The four different

dynamic patterns are sketched in Fig. 1.13 which depend on frequencies and dynamic field

directions. The external field H z is applied out-of-plane. When the dynamic excitation field

hrf is perpendicular to H z , the three dynamic modes occur between about 1.3 GHz and 2.6

GHz near µ0Hz = 200 mT (they vary with magnetic field and material parameters such as PMA

strength). When hrf ⊥ H z , from low to high frequency three modes are described as follows

(i) at f = 1.3 GHz: BR mode from top surface to bottom surface, through the middle layers.

Their breathing axes are sketched by red arrows. In top surface, the BR axis follow the hrf

direction. In the middle layer and bottom surface, BR axes have a tilt angle of 135◦ compared

to the top surface motion. BR motion in top surface is in anti-phase with BR motions in middle

layer and bottom surface.

(ii) at f = 1.8 GHz: CW mode + BR mode. The top surface and the middle layer are in BR mode

following the axes along hrf direction. They are in phase. The bottom surface is in CW motion.

(iii) at f = 2.6 GHz CW mode + BR mode with tilt. The top surface is in BR mode a bit tilted

from hrf direction. The middle layer is in BR mode following hrf direction and in phase with

top surface motion. The bottom surface is in CW motion.

When the chirality of skyrmion changes, the top and bottom surface exchange their motions

and the middle layer keeps the same.

When hrf is parallel to H z , only one mode were found near 2.6 GHz. It is at the same frequency

with mode (iii) of hrf ⊥ H z . This time, there are BR modes with perpendicular axes on all

surfaces and layers. They are not perfectly in phase and same in BR direction. In order to

separate motions at different time, we use solid arrows for the motion in half π phase and

dashed arrows for motions in the other half π phase.
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Figure 1.13 – Sketch of the dynamic motions of dipole skyrmions in Fe/Gd multilayers. They
are the dynamic motions near µ0Hz = 200 mT. Red arrows indicate the motions of different po-
sition in the layer at different frequencies. The hue, saturation and value color circle represents
in-plane magnetization. Black and white color bar represents out-of-plane magnetization.
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2 Experimental Setup and Methods

In this chapter we introduce the working principles and parameters of the experimental

setups and methods. It is organized in 4 sections. In section 2.1, the all-electrical spin-wave

spectroscopy is introduced and it is used for the measurements in section 4.1, 5.1.2, 5.3

and 5.4. In section 2.2, the Brillouin light scattering technique and the integrated cryostat

are introduced, which are used for the measurements in section 4.2 and 4.3. In section 2.3,

scanning transmission X-ray microscopy ’MAXYMUS’ at Bessy II beamline is outlined for the

measurements presented in section 5.2, 5.3 and 5.4. In the last section of this chapter 2.4,

the magnetic field versus temperature histories are described which are used to control the

magnetic states in CSO reported in section 4.2 and 4.3.

2.1 All-Electrical Spin-Wave Spectroscopy

The setup for all-electrical spin-wave spectroscopy consists of a vector network analyzer (VNA),

microwave cables and connectors (or microwave probes), coplanar waveguides (CPW) (Fig.

2.1), magnetic field coils and computer-controlled power supply. The 4-port VNA is utilized as

both microwave signal generator and detector by using different ports. The magnetic field is

controlled by dc-currents in coils with yokes or by permanent magnets.

In Fig. 2.1, we sketch how a radio-frequency (rf) current coming from port1 of the VNA is

injected into a CPW in through-configuration. The microwave voltage signals in the CPW

are detected in the opposite side by port 2. The dynamic magnetic field hrf (purple arrows)

excite spins in the sample placed on top of the CPW. They absorb the rf energy when the

spin-precession motion is in resonance. So the transmitted microwave signal is reduced.

Corresponding spectra are collected at port2. At the same time, the spin resonance generates

a reflection signal back to the port1. The VNA can collect both the transmission and reflection

signals in the format of S-parameters S21 and S11 respectively. Port1 and port2 can be receiver

and generator or vice versa. In order to measure microwave signals with high precision,

impedance matching need to be taken into account. In the following, impedance matching,

S-parameters and the design of CPWs will be discussed.
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Chapter 2. Experimental Setup and Methods

From Port1To Port2

CPW

hrf
Sample

Figure 2.1 – Coplanar waveguide with sample for all-electrical spin-wave spectroscopy.

2.1.1 Impedance Matching

In all-electrical spin-wave spectroscopy, it is essential to avoid unintentional back-reflection

of microwave power. Firstly when considering the direct current circuit, a simplified model of

a power transfer circuit from a source (S) to the load (L) is shown in Fig. 2.2 (a). Here a source

providing the voltage VS has the resistance RS . There is a load resistor RL connected to the

source. Voltage on the load is

VL = RLVS

RL +RS
(2.1)

Figure 2.2 – Power transfer and impedance matching. (a) Direct current circuit diagram
modeling power transfer from the source to a load. (b) Normalized output power on the load
with respect to the ratio between RL and RS in direct current current. (c) Smith chart showing
the conjugate matching of complex impedance in alternative current circuit. It is a winding
format showing the real part and imaginary part of the impedance. Blue line represents zero
imaginary part. Red circle represents zero real part.
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2.1. All-Electrical Spin-Wave Spectroscopy

The output power, which is the power on the load can be calculated

Pout =
V 2

1

RL

Pout =
RLV 2

S

(RS +RL)2

(2.2)

The maximum output power need to satisfy

dPout

dRL
= 0 (2.3)

whose solution is

RL = RS (2.4)

The normalized Pout with respect to RL/RS is plotted in Fig. 2.2 (b). In the maximum when

RL/RS = 1, 50 % of the power is transferred to the load.

When we consider the alternative current circuit, capacitance and inductance need to be

considered via complex impedance Z̃ . The complex impedance of the source is Z̃S = R + j X .

In order to achieve the highest power transfer, impedance matching is required as a conjugate

matching (Fig. 2.2 (c)) so that

Z̃L = Z̃∗
S = R − j X (2.5)

For measurements conducted with VNA, calibrations are demanded to remove the system-

atic errors coming from the analyzer itself, cable and connector mismatch errors and the

differences in cable lengths. Standard electrical components are provided from company to

measure the error terms. Those terms are removed (to a large extent) from the data by specific

calibration routines.

2.1.2 S-Parameters

Spin waves were detected in the format of S-parameters by the VNA. When considering a

device under test (DUT) between port1 and port2, there are 4 S-parameters to be measured

(Fig. 2.3) including the forward S-parameters

S11 = Reflected

Incident
= b1

a1

S21 = Transmitted

Incident
= b2

a1

(2.6)

29



Chapter 2. Experimental Setup and Methods

Here, ai and bi represent the emitted and received wave, respectively, at post i . The reverse

S-parameters read

S22 = Reflected

Incident
= b2

a2

S12 = Transmitted

Incident
= b1

a2

(2.7)

In our all-electrical spin-wave spectroscopy setup, the magnetic sample together with the

CPW (like Fig. 2.1) is the DUT. Thus the S-parameters reflect the dynamic properties of the

magnetic sample. Depending on the design of the CPW, different collective spin excitations

are addressed (e.g. uniform precession versus spin waves with finite wavevector k).

Figure 2.3 – S parameters of VNA measurements.

2.1.3 Coplanar Waveguides

In this thesis, we use the CPW named as ’through (thru) configuration’. Its diagram is plotted in

Fig. 2.4. The CPW consists of one signal line in center and two ground lines aside. The signal

line is used for carrying the rf current and the ground lines are used for shielding currents.

The rf currents exist in the ground lines because of induction or the shortening between the

signal line and ground lines. On the top and bottom surfaces of the CPWs, the radio-frequency

magnetic field components hrf are parallel to the CPW surface plane. In the gaps of the CPW

leads, hrf components are perpendicular to the CPW plane.

In the thru-configuration, there is only one CPW with all continuous lines (Fig. 2.4). We use

this design for flip chip measurements. By changing the placement of the samples (on the

signal line or across the gaps), hrf applied on the sample is different. It can also be fabricated

directly on the magnetic materials. The reflected parameters S11 and S22 contain peaks at the

magnetic resonance frequency. The transmitted parameters S21 and S12 contain dips at the

same frequency where peaks appear in S11 and S22. When the size of the CPW is comparable

to or smaller than the magnetic samples, the excitation is non-uniform and inhomogeneous
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2.1. All-Electrical Spin-Wave Spectroscopy

Figure 2.4 – Design of CPWs. The sketch of the (a) through (Thru) configuration CPW and (b)
spin wave (SW) transmission configuration.

Table 2.1 – Table of parameters of CPWs design.

Labels wG (µm) wS (µm) wgap (µm) L (µm) Material

1.Thru 5000 1000 1000 16000 Cu
2.Thru 3000 1000 1000 5000 Ti (10 nm) / Au (150 nm)
3.Thru 295 20 12.38 7000 Ti (10 nm) / Au (150 nm)
4.Thru 2.1 1.7 1.6 120 Ti (10 nm) / Al (120 nm) /Cu (10 nm)

5.SW Trans. 2.1 1.7 1.6 80 Ti (10 nm) / Cu (120 nm) /Al (10 nm)

broadening can occur due to the accompanying wavevector distribution. When the size of

the CPW is much smaller than the magnetic samples, the transferred wavevector k can be

specified, by calculating the Fourier transform of the hrf spatial distribution.

In the transmission configuration, there is a pair of CPWs: CPW1 and CPW2. They are con-

nected to port1 and port2 respectively. They can be fabricated directly on the sample or on a

substrate where a lamella can be flipped on them. The working principle are different from

the through configuration. Here the reflected parameters S11 and S22 show the magnetic

resonance excited near the CPWs. But the transmitted parameters S21 and S12 are no longer

identical to reflected parameters. They represent the propagating spin waves from CPW1 to

CPW2 or vice versa. The propagation only happens in the region between the micro-structured

CPWs so they offer the dynamic properties of the magnetic materials between those two CPWs,

e.g. the dispersion relations, group velocities and decay lengths. In this scenario, magnetic

samples are often in larger dimension than CPWs so the spin wavevector k are defined from

CPW. For all the CPWs designed and used in this thesis, their parameters are listed in Table.

2.1, such as the width of the signal line, ground lines and the gaps, etc.
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2.2 Brillouin Light Scattering

2.2.1 Inelastic Brillouin Light Scattering

Brillouin light scattering (BLS) is an inelastic scattering when the incident photons and scat-

tered photons do not have the same energy and momentum [174–176]. Scattering happens

between the photon and quasi-particles in a media, such as phonons, polaritons and magnons.

As shown in Fig. 2.5 (a), the energy difference of the incident light ωL and the scattered light

ωS refer to the energy of the created quasi-particles ωQ or annihilated quasi-particles. These

energy differences are named as Stokes shift and anti-Stokes shift. At the same time, the

momentum difference between ħkL and ħkS refers to the created quasi-particles momentum

ħkQ (Fig. 2.5 (b)). During the scattering process, not only the creation of the quasi-particles

but also the annihilation happens. So the conservation laws are

ħωL =ħωS ±ħωQ (2.8)

ħkL =ħkS ±ħkQ (2.9)

The energy loss of the incident light donates to the Stoke peaks in the BLS spectrum and the

energy gain donates to the anti-Stoke peaks in Fig. 2.5 (c).

Figure 2.5 – Schematic diagram of inelastic scattering and Brillouin scattering. (a) and (b)
Energy and momentum conservation of inelastic scattering between the incident light and
quasi-particles. (c) The frequency spectrum of the Brillouin scattering.

This technique has been used to study both the thermal surface and bulk magnons [177, 178].

Here the BLS laser interacts with thermally excited spin fluctuations. When the medium

is magnetic and scattering happens between photons and magnons, we can extract the

frequency (energy) and the wavevector (momentum) of the magnons from BLS spectroscopy.

The polarization of the scattered photons is rotated by 90 degree compared with the incident

photon. The classical picture is that the magnons introduce a dynamic perturbation on the
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2.2. Brillouin Light Scattering

dielectric permittivity due to magneto-optical effect [179, 180]. The BLS signal intensity is

proportional to the magneto-optical constant and the square of the dynamic magnetization

amplitude locally at the scattering location.

The wavevector of magnons can be decomposed according to km = k∥ + k⊥ where k|| is

the magnon wavevector parallel to the sample surface and k⊥ is the one perpendicular to

the sample surface. In thin films or the bulk samples in which the incident laser could not

penetrate too much (penetration depth is much smaller than the laser wavelength), the

translational invariance is broken on the perpendicular axis and the momentum conservation

only holds for the in-plane component k∥ [179]. By changing the laser incident angle θ with

respect to the normal axis, on thin films k∥ varies as k∥ = 2kL sin(θ) = 2 2π
λL

sinθ. The wavevector

km-dependent BLS measurements are based on this angle dependence [181]. In bulk samples

where the light penetrates deep, both k∥ and k⊥ need to be considered [162]. Additional to the

surface magnon, the bulk magnon is relevant and the dispersion relation Eq. 1.35 has been

introduced in Section 1.3.3.

2.2.2 Cryogenic Micro-Focused Brillouin Light Scattering Setup

Figure 2.6 – Schematic diagram of Brillouin light scattering.

The micro-focused BLS setup is sketched in Fig. 2.6 [175, 180]. We use a monochromatic

continuous-wave solid-state laser with a wavelength of λL = 532 nm. It goes through a thermal
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filter to reduce side peaks. The following beam splitter allows to generate a reference light

beam for the operation and calibration of the interfere work. The straight path of the laser is

focused on the sample surface after going through an attenuator. By tuning the attenuator, we

control the laser power incident onto the surface. The cross-polarized configuration is used

to improve the signal-to-noise ratio and suppress the phonon peaks. Both the reference and

scattered light beams are collected and processed in a six-pass Fabry–Perot interferometer

TFP-2 (JRS Scientific Instruments). The pin holes work as the spatial filters. White light is also

projected onto the sample through an objective lens by where the laser is focused with a view

field of 50 µm × 50 µm. We use a Mitutoyo M Plan Apo SL 100x objective lens with NA = 0.55

(numerical aperture) and WD = 13 mm (working distance). The optical images are taken by a

CCD camera so we can locate laser positions during the measurements. Combined with the

piezoelectric stages underneath the sample, a scanning function is achieved to explore micro-

and nanostructures.

Figure 2.7 – Schematic diagram of the cryostat installed on the BLS setup in incorporating
a piezoelectric scanning stage.

A cryostat with a closed-loop helium circle was integrated with the BLS setup for exploring spin

dynamics at cryogenic temperatures (Fig. 2.7). The basement is cooled by the compressed

helium gas down to about 4.5 K. It further cools down the whole chamber as a cold finger. Both

the basement and the holder stage are made of Cu to guarantee good thermal conductivity.

The sample is placed on top of the holder stage consisting of a three-axis piezo-positioner and

the temperature controlling chip carrier. The controlling unit contains a thermal sensor and
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2.2. Brillouin Light Scattering

a heater. They are directly buried underneath the sample so the fast control of the sample

temperature can be achieved by varying a proportional–integral–derivative controller. In this

thesis we use the set nominal temperatures for all the discussions. Green laser is incident

normal to the top surface of the sample and focused through a window. One pair of coil

magnets were installed inside the cryostat chamber. They offer a bipolar magnetic field up to

±0.5 T in the plane of the chip carrier.

2.2.3 Short-Waved Thermal Magnon Excitation in Brillouin Light Scattering in
Cu2OSeO3

In the following, we illustrate the bulk magnon excitation in bulk shaped materials using

BLS. We compare the BLS excited bulk magnon in a bulk shape Cu2OSeO3 (CSO) sample with

the all-electrical spin-wave spectroscopy data in saturated states. This work was conducted

together with the master thesis student Bin Lu in our lab.

Concerning the thermal magnon excitation in thin films by BLS, magnons have only the in-

plane wavevectors following the momentum conservation law. In bulk samples, not only the

in-plane but also the out-of-plane wavevectors are considered [162]. Especially for CSO, the

green laser can penetrate through samples with millimeter thickness. Thus the out-of-plane

wavevectors play an important role. In our setup, we use the objective lens with NA = 0.55 so

the laser was focused within the range from -33◦ to 33◦ on the sample surface (Fig. 2.8).

BLS laser

µ0H

Cu2OSeO3
k//

k┴

surface

β

β’

(a) (b)

Figure 2.8 – Configuration of bulk magnon excitation in BLS. (a) Laser focusing on the CSO
sample surface leading to different incident angles. (b) Sketch of the light refraction and
scattering.

Bulk magnons excited in CSO sample have both in-plane wavevectors k∥ and out-of-plane

wavevectors k⊥: k2 = k2
∥ + k2

⊥ [182]. From Snell’s law we get

sinβ

sinβ′ =
nCSO

nair
(2.10)

Here, β is the angle of incidence and β′ is the angle of refraction. nair = 1 and nCSO are the

refractive indexes of the air and CSO material, respectively. Considering the conventional
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momentum conservation, the wavelength and wavevector of magnons in CSO are defined as

λ= λL

nCSO

k = 2πnCSO

λL

(2.11)

The objective lens mostly collect the back-scattered components, then k =
√

k∥+k⊥ = 2 2πnCSO
λL

along the refractive angle β′.

We conducted both all-electrical spin-wave spectroscopy and BLS spectroscopy on bulk CSO

sample to compare the spin waves excitation. CSO sample B2 (in Table. 3.1) was fixed on

the CPW (No.2 in Table. 2.1) in a way that the longer axis (500 µm) is perpendicular to the

CPW lines. It was placed in the center of a 1-mm-wide signal line. So the excitation field hrf is

mainly along the longer axis of CSO sample. The magnetic field H was applied along the CPW

lines so H ⊥ hrf. The CSO sample was cooled down with zero field and we swept the magnetic

field up. When the VNA measurements were conducted, the BLS laser was not focused on

the sample. When the BLS data was collected, the microwave current was turned off. The

extracted resonance frequencies at T = 20 K are shown in Fig. 2.9 as red squares (BLS) and

blue squares (VNA).
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Figure 2.9 – Resonance frequencies measured on bulk CSO at 20 K. Red circles are the fitted
resonance peaks from thermally excited BLS spectra using a Lorentz function. Blue squares are
the fitted resonance peaks from all-electrical spin-wave spectroscopy using a Lorentz function.
Error bars come from the fitting. The red line is fitted using the bulk magnon dispersion
relation. The blue line is fitted using the Kittel formula.

In VNA measurement, the ferromagnetic resonance (FMR) was excited. The resonance is

expected to follow the Kittel formula Eq. (1.32). The effective magnetization µ0Meff = 130 mT
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and exchange constant A = 3.25 × 10−17 T m2 were obtained from the fitting of FMR data.

Thermal magnons excited and collected by BLS are bulk magnons following the bulk magnon

dispersion relation Eq. (1.35). Using the parameters from FMR fitting for VNA data, the

wavevector k of thermal magnons is fitted to be k = 35.8 (± 0.4) × 107 rad/µm. It corresponds

to a wavelength of λ = 176 nm. There is only one resonance mode observed in the BLS spectra

so we mostly consider only the main mode k⊥ = 2 2πnCSO
λL

. Thus we obtained the refractive index

of CSO as nCSO = 1.52 ± 0.02.

2.3 Scanning Transmission X-ray Microscopy

2.3.1 X-ray Magnetic Circular Dichroism

Figure 2.10 – Diagram of X-ray magnetic circular dichroism.

X-ray magnetic circular dichroism (XMCD) uses circularly polarized X-rays to probe the

magnetization in ferromagnets and ferrimagnets [183, 184]. The diagram is illustrated in Fig.

2.10 [175, 185, 186] using the example of core-level excitation of electrons into the 3d states

of a ferromagnet such as iron or cobalt. When the photon is right (left) circularly polarized

it carries the angular momentum ħ (-ħ). And when it is left circularly polarized, it carries

the angular momentum -ħ. It is partly transferred to the spin of the photonelectron through

spin-orbit coupling. Spins are hence created by oppositely circularly polarized photons. In

the absorption process, spin flip is forbidden. Thus the electrons with spin-up and spin-

down in the p shell will be excited only to d holes of spin-up and spin-down, respectively.

The d shell states experience an imbalance due to the exchange splitting. The imbalanced

valence shell can detect the spin of the excited photoelectron. By this mean, XMCD detects
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the local magnetization. Here the spin-up and spin-down are defined by the photon angular

momentum so it will be parallel or antiparallel to the X-ray propagation direction. Depending

on the sign of the spin-orbit coupling of different p shells (e.g. 2p3/2 compared with 2p1/2), the

transition intensities have opposite signs. XMCD detects the component of magnetization M

projected on the x-ray propagation direction.

2.3.2 Configuration for Fe/Gd Experiments

Figure 2.11 – Simplified schematic diagram of scanning transmission X-ray microscopy.

We conducted dynamic XMCD measurements using the scanning transmission x-ray mi-

croscopy (STMX) at MAXYMUS station, Bessy II, Berlin [187] supported by the local beamline

scientists and our group member Andrea Mucchietto and Korbinian Baumgärtl. A simplified

schematic diagram of the beam station is plotted in Fig. 2.11. It uses soft X-rays. The undulator

covers the range from 130 eV to 2000 eV. A monochromatic beam get focused through the

Fresnel zone plate. The order sorting aperture ensures to select the wanted focusing order.

X-ray is focused on the sample to image the magnetization of a local region. By scanning the

sample position, we are able to obtain a magnetic contrast image of the scanned region. The

spatial resolution is about 25 nm. To image the dynamic motion of magnetic textures, we

use the pump-probe function of MAXYMUS thanks to the time structure of the synchrotron

radiation. Continuous microwave currents with fixed frequency are injected into the CPW

integrated on the sample for exciting the dynamic motion. Magnetization were measured by

X-ray beam pulse. Several magnetization images are taken by STMX in one periodicity of the

microwave excitation (13 or 23 times in our experiments). By this means the time-dependent

motions of the magnetic textures are constructed. The time resolution is about 100 ps in the

multi-bunch mode.

The simplified schematic diagram of the Fe/Gd sample installed in the STXM setup is shown

in Fig. 2.12. We tilted the sample to ψ = 30 degree with respect to the incident X-ray. So

we recorded the magnetization vectors projected onto the x-y plane. When counting the

dimensions of the domains in the projected images, there is no modification along the y

axis but a compression of
p

3
2 :1 along the x axis. An external magnetic field H⊥ was applied

perpendicular to the Fe/Gd multilayers by moving and rotating the two pairs of permanent
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magnets. Before the sample was placed into the X-ray chamber, we magnetized it along y

axis with a permanent magnet at about 200 mT. After being introduced into the chamber, we

demagnetize the sample with an oscillating H⊥ from ± 240 mT to 0 mT before conducting

measurements. All the measurements were conducted at the Gd M5 edge with 1187.6 eV. We

use linearly polarized x-rays so the transmission intensities exhibit spin directions: region

of less transmission is spin-up and region of more transmission is spin-down. In the region

with CPWs made of Ti/Al/Cu (No. 4 in Table 2.1), magnetic contrast were modified because

the Ti/Al/Cu layers of CPW reduced the X-ray transmission. In the data analysis sections in

Chapter 5, we plot the the static transmission signals normalized to the highest and lowest

values. Dynamic STXM images are normalized to the static transmission signals.

Figure 2.12 – Simplified top view of 30 degree configuration in STXM. The Fe/Gd sample was
tilted by an angle ψ = 30 degree.

2.4 Magnetic Field versus Temperature Histories

Figure 2.13 – Magnetic field versus temperature histories.

Three typical temperature versus magnetic field histories were exploited in the chiral magnet

experiments (Fig. 2.13): zero-field cooling (ZFC) and field scan-up (FSU); zero-field cooling

and high field scan down (HFSD); and field cooling (FC). Here the term ’zero field’ indicates

the magnetic field generated by the same current in the magnet coils as calibrated as zero field

at room temperature. Within the protocol of ZFC/FSU after zero-field cooling, the absolute

value of H was increased starting from 0 mT. It includes scanning to a negative field of reverse

direction. Within the protocol of ZFC/HFSD, after zero-field cooling, the magnetic field was

first increased to 140 mT and saturated the sample. Then we swept down the field to the
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opposite direction through 0 mT. Within the protocol of FC, the cooling down was performed

with a certain field applied, e.g. 16 mT, and the field was either (i) scanned up or (ii) scanned

down from the cool-down field as a starting point. In between each two scans (i) and (ii), the

sample was heated up to 100 K for 10 minutes and cooled down again. Spectra were collected

after the temperature had been stabilized for at least 10 minutes.
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3 Sample Preparation

In this chapter we describe the bulk sample preparation procedures and nanofabrication

techniques in two sections. In section 3.1, all the bulk samples explored in this thesis will be

listed and the treatment will be outlined. In section 3.2, thin-film techniques are going to be

specified. We will present a detailed process flow for the integration of coplanar waveguides

(CPW) and nanomagnet arrays.

3.1 Bulk Sample Preparation

Table 3.1 – Table of bulk CSO samples.

Sample Name Dimensions (µm3) Crystallographic orientations

B1 1000 × 290 × 290 〈100〉 × 〈010〉 × 〈001〉
B2 400-600 (irregular) × 290 × 290 〈100〉 × 〈010〉 × 〈001〉
B3 2000 × 1500 × 500 〈001〉 × 〈110〉 × 〈110〉

We investigated three bulk (B) Cu2OSeO3 (CSO) samples in all-electrical spin wave spec-

troscopy and temperature and field dependent Brillouin light scattering (BLS) experiments.

They are named as B1, B2 and B3 (Table 3.1). All of them are single crystals grown by chemical

vapor deposition in the Crystal Growth Facility at EPFL. For samples B1 and B2, the crys-

tallographic orientation characterization and upper surface polishing were performed at

Technische Universität München, Germany, by the group of Prof. Christian Pfleiderer. For

sample B3, the crystallographic orientations were characterized by X-ray diffraction on the

bulk sample and double-checked with transmission electron microscopy (TEM) diffraction

patterns on a thin lamella made out of the bulk sample. The upper surface was also polished

for BLS experiments.
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3.2 Nano-fabrication Techniques

For thin film and lamella processing, a variety of fabrication techniques was utilized in the

Center of MicroNanotechnology (CMI) and Interdisciplinary Centre for Electron Microscopy

(CIME). Photo-lithography was exploited for patterning structures with critical dimensions

larger than 2 µm. For smaller structures, electron-beam (ebeam) lithography was employed.

Two types of patterning were explored: the first type was based on positive resists and lift-off

processing; the second type was based on the negative resists and etching techniques. Thin

films were grown by thermal evaporation, ebeam evaporation and sputtering, depending on

the material, film quality and available targets in different growth chambers. Concerning

etching techniques, ion beam etching (IBE) was mostly applied. To etch lamella, we use the

focused ion beam (FIB) technique combined with scanning electron microscopy (SEM).

We used FIB in CIME especially for insulating samples. We made use of the carbon deposition

in the FIB chamber at CIME for conducting surfaces and protection, which had less influence

on spin wave experiments.

3.2.1 Fe/Gd Multilayers on Membranes with Nanomagnet Arrays

Table 3.2 – Table of periodicites and sizes of nano arrays on Fe/Gd samples.

Sample Type Dimension Width of the Co stripe w (nm) Periodicity p (nm)

or Diameter of the Co disc d (nm)

1D 150 300

1D 175 350

Type 1 1D 200 400

1D 225 450

1D 250 500

2D 175 350

Type 2 2D 200 400

2D 225 450

To explore the magnetic phases and spin dynamics of non-collinear states with high time and

spatial resolution, Fe/Gd multilayers on X-ray transparent membranes were needed. In order

to obtain well-ordered spin textures and excite short-waved spin waves, one-dimensional

(1D) and two-dimensional (2D) nanomagnet arrays were integrated on continuous Fe/Gd

multilayers. The SEM image of a 2 mm × 2 mm fabricated sample chip is shown in Fig. 3.1

(a). The yellow frame marks the edge of the integrated CPW. The CPW on top of the 1D

nanomagnet array is depicted in Fig. 3.1 (b). The widths of the ground lines, gaps and signal

line were designed to be 2.1 µm, 1.6 µm and 1.7 µm, respectively. Two types of sample chips

were designed: one with five 1D arrays and the other one with three 2D arrays. The arrays
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differed concerning periodicity and nanomagnet sizes, as listed in Table. 3.2. The thickness

of the Co is 20 nm for all structures. SEM images of the nanomagnet arrays right after lift-off

processing are shown in Fig. 3.1 (c) and (d).

Fe/Gd multilayers were grown on Si3N4 membranes in the group of Prof. Manfred Albrecht at

University of Augsburg, Germany. Photo-lithography, ebeam-lithography, thermal and ebeam

evaporation as well as lift-off techniques were utilized at CMi of EPFL for fabricating markers,

nanomagnet arrays and CPWs. The detailed process flow is described in the following (Fig.3.2).

200 nm 200 nm

100 µm 1 µm

(a) (b)

(c) (d)

175 nm
350 nm 200 nm

400 nm

2.1 µm
1.6 µm

1.7 µm

Figure 3.1 – SEM images of a Fe/Gd samples multilayer on a membrane with nanomagnet
arrays. (a) SEM image of the Fe/Gd sample. The yellow frame mark the edges of the CPWs.
(b) Detailed SEM image of CPW lines on top of 1D nanomagnet array being in the center of a
100-nm-thick Si3N4 membrane. Yellow frames mark the edges of the CPW lines. (c) and (d)
SEM images of 1D and 2D Co nanomagnet arrays.
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Figure 3.2 – Process flow for fabricating nanomagnet arrays on Fe/Gd multilayers grown on
a 100-nm-thick membrane.
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3.2. Nano-fabrication Techniques

I. Marker fabrication by photo lithography: The sample was firstly cleaned by IPA and deion-

ized (DI) water, pre-baked at 100◦C for 120 s. A 0.48-µm-thick layer of photo resist LOR 5A

was coated by 4000 rpm. It was then baked at 190◦C for 250 s. Then a 1.1-µm-thick layer

of photo resist AZ 1512 HS was coated by 6000 rpm and baked at 100◦C for 90 s. Then we

use the 405-nm-laser writing setup Heidelberg Instruments MLA150 with dose 48 mJ/cm2

and defocus 0. The resists were then developed in AZ® 726 MIF in the wet bench for about

45 s. 10-nm-thick Ti and 120-nm-thick Au were grown on top by ebeam-evaporation using

Alliance-Concept EVA 760 machine. The whole chip was placed into Remover 1165 for 2 days

for lift-off processing at room temperature. IPA and DI water were used for the final cleaning

of the sample.

II. Electron-beam-lithography of 1D and 2D nano-grating arrays: First, the sample was

cleaned by acetone and IPA, and then baked at 180◦C for 300 s. Then the double layer of

180-nm-thick ebeam resists EL6 and 100-nm-thick 495 A2 were spin coated with the spinning

speed of 2500 rpm and 1700 rpm respectively. After the coating of each layer, the sample was

baked at 180◦C for 300 s. It is noticed that a direct fix of the membrane sample on the vacuum

chuck brought no visible damage on the membrane windows. The EBPG5000ES system was

utilized for performing the ebeam exposure with 100 keV electron source. Manual alignment

was applied. A dose of 600 µC/cm2 was used for exposure of 1D arrays and 500 µC/cm2 for

2D arrays. The currents amounted to 200 pA in both exposures. The written pattern was

immediately developed by MiBK:IPA 1:3 solution for 60 s after moving out of the vacuum

environment of the ebeam chamber and cleaned by being placed in IPA for 1 min. After being

dried by nitrogen gas, a 20-nm-thick Co layer was evaporated using the Alliance-Concept EVA

760 machine. Remover 1165 was then used for lift-off processing after evaporation. IPA and DI

water were used for the final cleaning of the sample.

III. Protection HSQ layer: After cleaning, we coated a 90 nm-thick layer of HSQ 002 (negative

ebeam resist) with a spinning speed of 2000 rpm. No baking was needed in this step. HSQ was

exposed with an ebeam dose of 3000 µC/cm2 using a 100 nA ebeam current. To create the

mesa with a diameter of 140 µm, no proximity effect correction was applied (intentionally) so

the thickness of HSQ at the edges of the pattern changed adiabatically. There were no sharp

edges. After exposure, the sample was immediately placed into the CD26 solution with 1.5 %

NaCl for development for 1 minute and then washed by flowing DI water.

IV. Removal of metal layer and integration of insulating layer: The sample was fixed on a

wafer by Kapton tape and placed in the chamber of the Veeco Nexus IBE350 machine for

etching of the metal layer in the region not covered by HSQ pattern. The recipe "Medium-IBE"

was used and 3 etching steps of 60 s + 10 s + 10 s were performed. After each step, the sample

was taken out of the chamber for checking the resist and color change. After the etching, a

30-nm-thick SiO2 layer was grown on the whole sample by the Oxford plasmalab system 100
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PECVD.

V. Ebeam-lithography of CPWs: For the fabrication of CPWs, similar procedures were con-

ducted as in step II. This time, a double layer of ebeam resists consisting of 320-nm-thick EL9

and 100-nm-thick 495 A2, were spin coated with the spinning speed of 4000 rpm and 1700

rpm, respectively. After the coating of each layer, the sample was baked at 180◦C for 300 s. A

dose of 1200 µC/cm2 was used for writing CPWs with a 100 nA beam current. After being dried

by nitrogen gas, 10 nm of Ti, 120 nm of Al and 10 nm of Cu were thermally evaporated using

the Leybold Optics LAB 600H machine. Remover 1165 was then used for lift-off processing

after evaporation which lasted for 2-3 days. IPA and DI water were used for the final cleaning

of the sample.

Another process flow on the flipped CSO lamella on CPW with grating couplers is described in

the Appendix.
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4 Helimagnons and Spin Dynamics of
Skyrmion Lattices in the Bulk Chi-
ral Magnet Cu2OSeO3 at Cryogenic
Temperatures

In this chapter, we introduce the helimagnons and spin dynamics of skyrmion lattices in

bulk chiral magnet Cu2OSeO3 (CSO) utilizing both the all-electrical spin-wave microscopy

and cryogenic BLS. Here we report the properties of spin waves in different phases and the

discovery of a stabilization mechanism of new phases in CSO. In section 4.1, we discuss the

confined spin waves in field polarized states excited by microwave currents and studied by

micromagnetic simulation. In section 4.2, we report the chiral soliton phase observed in CSO

by BLS, its spin dynamic and anisotropic properties. In section 4.3, we focus on the spin

dynamics of high temperature skyrmion phases and new phases at low temperature including

the low temperature skyrmion phases and tilted conical phase. In the last section of this

chapter, section 4.4, we report the metastable phases in CSO and their dynamic properties.

We discover a new mechanism of stabilizing the metastable skyrmion phases and brushing

the skyrmions using a continuous-wave laser.

4.1 Confined Spin Waves in Field Polarized States Revealed by Broad-

band Spin-Wave Spectroscopy

In ferromagnets without bulk DMI, the conventional confined spin waves exhibit symmetric

dispersion relations. In case of confinement, standing spin waves were formed with fixed

nodes and anti-nodes. Intensities of the spin wave resonance vary systematically with the

order of confinement [188–196]. In chiral magnets with bulk DMI, the dispersion relation

of the k ∥ M spin waves is asymmetric so that the spin waves propagating along opposite

directions at the same frequency own different k. The discrepancy in k does not allow for the

conventional standing spin waves. Numerical methods showed involved spin waves phase

profiles in nanoscale magnets with DMI [197–199]. In thin films of the chiral magnet FeGe,
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Figure 4.1 – Sketch of the dispersion relation of the k ∥ M mode with and without bulk DMI.

an oscillating factor exp(−iQz) explained a frequency shift of the ferromagnetic resonance

(FMR) at k = 0 and perpendicular standing spin waves (PSSW) with finite k, where Q is the

pitch vector in a chiral magnet [200] and z is the spatial direction. Standing spin waves were

assumed in bulk CSO [86, 87] but their characteristics remained unexplored.

Here we report on confined spin waves observed in the bulk chiral magnet CSO probed by

broadband microwave spectroscopy and micromagnetic simulation. We excited spin waves

by a dynamic field across the whole sample and numerous resonance peaks with systemati-

cally varying intensities appeared in the field polarized phase. We attributed those series of

peaks to confined k ∥ M modes and additional k ⊥ M modes. We performed micromagnetic

simulations on a micron-sized sample exhibiting the same form factor, i.e., the same shape

anisotropy (demagnetization effect). When considering a non-zero DMI, we observed both the

odd and even order numbers n of confined volume modes at low frequency consistent with the

experimental observation. Moreover, short-waved magnons down to a wavelength of about

40 nm appeared at frequencies at which the discretized volume modes existed. These modes

depended characteristically on the DMI strength. The origin of the short-waved magnons in

the exchange regime is attributed to the interplay of symmetric and asymmetric exchange

interactions. They appear for both uniform and non-uniform excitation scenarios. Our results

suggest DMI to be a strong tool to excite exchange-dominated spin waves without challenging

nanofabrication.

4.1.1 Dispersion Relation Modified by Bulk DMI

The effective field term generated by bulk DMI only enters the dispersion relation of the k

∥ M spin waves and has no influence on the k ⊥ M spin waves or surface spin wave mode.
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4.1. Confined Spin Waves in Field Polarized States Revealed by Broadband Spin-Wave
Spectroscopy

Dispersion relations of the k ∥ M spin waves with and without the bulk DMI are sketched in

Fig. 4.1 [13, 73]. With bulk DMI D > 0, the dispersion relation is asymmetric with respect to k =

0 rad/µm: the branch with positive k owns lower frequency than the system of no DMI and the

branch with negative k owns higher frequency. Here the asymmetry due to DMI is exaggerated

to make the difference in dispersion relations visible. When the bulk DMI is absent, the

wavevectors own the same modulus of different sign so a standing spin wave with vector |k0|
= (|k+| + |k−|)/2 can form with fixed nodes and antinodes. In a one-dimensional case, |k0| is

specified as |k0| = nπ/L where n is related to the number of nodes 0, 1, ... and L is the length

(or width) of the sample [188]. If no specific surface asymmetry plays a role, broadband spin

wave spectroscopy can barely detect the odd modes (odd n) because the antinodes with π

phase shift induce counter-acting voltage signals in the signal line of the coplanar waveguides

(CPW) which cancel each other. When bulk DMI is present, the dispersion relation is no

longer symmetric so at each frequency |k1| 6= |k ,
1| and |k2| 6= |k ,

2|. Traveling waves with fixed

nodes are expected to form [198] but the amplitudes of spin waves at π phase shift are no

longer symmetric. In this scenario, the voltage signals induced by the odd modes are no

longer canceled and induce a net voltage in the CPW. Considering our experimental data, we

estimate |k0| = (|k1| + |k ,
1|)/2 instead of |k1| and |k ,

1| separately, because the excitation took

place at each fixed frequency and multiple k (|k1| and |k ,
1|) were excited at the same time. In

the micromagnetic simulation, we evaluate the integrated Fourier transform of the spin wave

amplitudes so the working principle is consistent with CPW detection. With the help of the

phase profile, |k0| is accurately calculated from fitting.

4.1.2 Broadband Spin Wave Spectroscopy on Bulk Cu2OSeO3 in Field Polarized
State

The broadband microwave measurements were conducted on the bar-shape CSO sample

named B1 in Table. 3.1. It was placed on the commercial CPW No.1 in Table. 2.1. The CSO

sample was positioned at the center of the CPW in a way that the longer axis of the sample

was parallel to the signal line, as shown in Fig. 4.2. Because the width of the signal line was 1

mm and more than three times wider compared to the sample width 0.29 mm, the in-plane

component of hrf was assumed to be uniform with respect to x and y (it varied as a function

of z). Measurements were conducted at two cryogenic temperatures: 5 K and 20 K. Magnetic

fields were applied by superconducting magnets. A residual magnetic field of 36 mT along z

was present due to technical reasons when the sample was cooled down. The reported field

values µ0H do not consider this background field, but describe the additional field applied via

a current in the superconducting coil. A radio-frequency current Irf was injected into the CPW

by a VNA and induced a dynamic magnetic field hrf (purple circular arrows). At T = 5 K, µ0H =

150 mT was first applied along +y to saturate the CSO and then reduced in a step-wise manner.

The same saturation process was conducted when we changed the applied field direction

to µ0H ∥ x and µ0H ∥ z for different measurements. The sample was then heated to 20 K to

perform the same series of measurements with the different field directions.
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Figure 4.2 – Schematic diagram of bulk CSO sample placed on CPW.

Field dependent spectra taken at T = 5 K are shown in Fig. 4.3 (a) for µ0H ∥ x. A change

in slope d f /d H of resonance frequencies f was seen at µ0HC2 = 52 mT marked by a black

dashed line. For µ0H > µ0HC2, resonance frequencies f increased almost linearly with H

indicating the field polarized (FP) phase. For µ0H < µ0HC2, the slope d f /d H indicated an

unsaturated state, such as the conical phase in CSO [170]. In the following we focus on the

numerous resonances detected for µ0H > µ0HC2. Lineplots at fields µ0H = 100 mT and µ0H

= 96 mT are shown in Fig. 4.3 (b). 14 peaks was observed (marked by arrows). Color-coded

map of spin waves spectra at T = 20 K and the line plot at µ0H = 112 mT and µ0H = 108 mT

are shown in Fig. 4.3 (c) and (d). We find µ0HC2 = 56 mT at 20 K. This value is slightly higher

than at T = 5 K which is consistent with the phase diagram modification along the easy axis (as

introduced in Fig. 1.2 (b)). Above µ0HC2, 5 peaks (marked by arrows) was clearly visible. Fewer

resonance are seen which is an evidence of higher damping, consistent with earlier reports on

temperature-dependent damping [81, 169]. For the mode with highest intensity, it requires a

higher applied field of 112 mT at T = 20 K to achieve the same frequency compared with T = 5

K (100 mT), resulting from the temperature-dependent saturation magnetization [81].

We have categorized the resonances marked by blue arrows depending on their systematic

peak-to-peak intensity variation. Solid arrows mark k ∥ M modes owing the wavevector ky .

Dashed arrows mark the additional k ⊥ M modes on top of k ∥ M modes whose wavevectors

read k2 = ky
2 + k⊥2 with k⊥ perpendicular to y. Each sequence of peaks was ranked with order

numbers 1, 2, ..., with intensity I varying from high to low. The intensities I of resonances

marked by solid arrows are summarized in Fig. 4.4 (a) in a double-logarithmic manner. The

linear variation suggests that I is inversely proportional to the order number which is a sign

of discrete spin waves with different numbers of nodes [195]. k ∥ M spin waves are confined

along y. We attribute wavevectors to the discrete modes of Fig. 4.3 (b) and (d) according to ky

= (πny)/∆y where ny = 0, 1, ... and ∆y = 1 mm is the length of the bar-shape sample. Figure

4.4 (b) now shows the resonance frequencies identified in Fig. 4.3 (b) and (d) as a function of
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Figure 4.3 – Broadband spin wave spectra of bulk CSO sample. (a) Color-coded maps of
broadband spin wave spectra taken as a function of applied fieldµ0H along y at 5 K. Color scale
bar represents ∆S12/µ0∆H(×10−3 T−1). Black and gray arrows indicate where the lineplots in
(b) were taken. (b) Lineplots of spectra∆S12/µ0∆H at 5 K and µ0H = 100 mT (black) and 96 mT
(gray) indicated by arrows in (a). Solid blue arrows mark the frequencies which we attribute
to discrete k ∥ M modes and dashed blue arrows mark the frequencies that we categorize in
terms of discrete k ⊥ M modes. (c) Color-coded maps of broadband spin wave spectra taken
as a function of applied field µ0H along y at 20 K. (d) Lineplots of spectra ∆S12/µ0∆H at 20 K
and µ0H = 112 mT (black) and 108 mT (gray) indicated by arrows in (a). Solid red (and light
red) arrows mark the frequencies which we attribute to discrete k ∥ M modes.
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Figure 4.4 – Intensity, dispersion relation and group velocities extracted from confined k ∥
M modes experimentally. (a) Peak-to-peak intensity of resonances in a double-logarithmic
plot corresponding to the confined k ∥ M mode sequences. Error bars represent the noise
level in the spectra and the deviation in reading out the peaks. (b) Dispersion relation of spin
waves extracted experimentally. Error bars reflect the frequency resolution of the VNA and
the deviation in reading out the peaks. (c) Group velocities calculated as 2π∆ f /∆ky from (b).
Error bars originate from the frequency domain in (b). In (a) (b) and (c), blue squares and red
squares were extracted from solid arrows in Fig. 4.3 (b) and (d) with µ0H ∥ y at T = 5 K and T =
20 K, respectively. Yellow circles were extracted from data taken at µ0H = 150 mT at T = 5 K
when µ0H ∥ z (Fig. 4.5 (a)).
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Figure 4.5 – Broadband spin wave spectra of variable field directions. (a) and (b) Color-
coded maps of broadband spin waves spectra taken as a function of applied field µ0H ∥ z and
µ0H ∥ x at T = 5 K. Color scale bars represent ∆S12/µ0∆H ×10−3 T−1).

values ky (blue squares). The frequencies follow f (k) expected for k ∥ M modes. The group

velocity was calculated from (b) as vg = 2π∆ f /∆ky and shown in Fig. 4.4 (c). The sequence

of peaks marked by dashed arrows (Fig. 4.3 (b)) are attributed to conventional standing spin

waves because the bulk DMI does not modify k ⊥ M modes. The confined modes along z and

x are degenerate because the dimensions of the bulk CSO: ∆z = ∆x = 0.29 mm.

The colored-coded maps of the broadband spin wave spectra with other field directions are

plotted in Fig. 4.5. When the field was applied along z, only one order of confined k ∥ M mode

can be clearly resolved at low frequency. This is because the wave vector determined by the

dimension∆z = 0.29 mm is large and may approach the bottom of the k ∥ M spin-wave brunch.

The observed frequency of 4.3 GHz at 150 mT is consistent with the dispersion relation of Fig.

4.4 (b) as k = 0.01 rad/µm. In Fig. 4.5 (a), confined k ⊥ M modes are seen up to high frequency.

When the field was applied along x (Fig. 4.5 (b)), hrf is parallel with the magnetization and

the torque τ = hrf × M for excitation is nearly zero. There are still three modes seen in the FP

state beyond 120 mT. Considering the relatively strong signal strength they might originate

from the region in the CSO for which the magnetization is not fully aligned with H ∥ hrf. We

speculate that some of these resonances correspond to edge modes in region where due to the

demagnetization effect M deviates from H and τ is clearly non-zero. It can be also confirmed

from the intensities of these two lower-laying peaks in frequency as they are identical instead

of following the inverse scaling with order number as reported for confined spin waves. In

other configurations such as µ0H ∥ y and µ0H ∥ z, the excitation of edge modes also exists but

can not be identified clearly because the density of magnons is much smaller than the ones of

the confined modes. We note that the micromagnetic simulation presented in the following

also provide spectra which contain edge mode resonances.
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4.1.3 Micromagnetic Simulations on Confined Spin Waves in Chiral Magnets

In order to further understand the role of DMI for the confined spin waves, we conducted spin

dynamics simulations using the micromagnetic program Mumax3 [145]. A bar-shaped sample

with 0.128 × 2.048 × 0.128 µm3 with no periodic boundary condition (PBC) was considered.

The cell sizes were 4 nm along y and 8 nm along x and z to resolve quantized spin waves. Here

we used 1 ≤ ix ≤ 16, 1 ≤ iy ≤ 512 and 1 ≤ iz ≤ 16 to identify the cell number along x, y and z

directions respectively. Parameters such as exchange stiffness A = 7 × 10−13 J/m, DMI constant

D = 7.4 × 10−5 J/m2, saturation magnetization Msat = 1.03 × 105, 1st order cubic anisotropy

constant KC1 = 6 × 102 J/m3 and Gilbert damping constant α = 5 × 10−4 were taken from Refs.

[81, 122, 201]. The static magnetic field µ0H was varied from 160 mT to 80 mT along y with 0.5

degree tilting angle with respect to x to avoid numerical errors in simulation. The dynamic

magnetic field µ0h in the form of a sinc function for broadband excitation was applied along

x and 0.5 degree tilted away from z. The integrated Fourier transform (FFT) amplitude of

magnetization component mz among all the cells is plotted in Fig. 4.6. We find one mode of

largest intensity. On the low-frequency side of this most prominent peak, multiple resonances

peaks are seen. This is consistent with the observation in the experiment (Fig. 4.3 (a) and

(c)). It is noted that when the PBC was applied along y, there were no multiple peaks at lower

frequency in the simulation. Therefore, the resonance peaks at lower frequency show the

discrete spin waves confined by the sample boundaries. The peaks at 3.2 GHz and 4.0 GHz (at

µ0H = 160 mT) reflect two edge modes as discussed in the previous section.

The bulk DMI constant was varied from 0 to 10 (× 10−5 J m−2) in Fig. 4.7. Here the applied field

was fixed at 160 mT. Multiple peaks with decreasing amplitudes towards lower frequency are

present for all the different D constants, proving the formation of discrete spin wave modes

due to boundary conditions in all configurations. When D = 0, confined spin waves reside

between 4.4 GHz and 7.3 GHz and the highest intensity peak appears at 6.5 GHz. When D

increases up to 10 × 10−5 J m−2, the peak with the highest intensity moves to a higher frequency

of 6.8 GHz and more resonance peaks appear within a larger frequency range extending from

2.3 GHz to 7.7 GHz. As shown in Fig. 4.1 (a), when the bulk DMI is present, the dispersion

relation of k ∥ M spin waves is asymmetric and the asymmetry can be enhanced by increasing

D . The lowest frequency f2 possible to be excited is lower than for the symmetric dispersion

relation f1 (D = 0), which would explain the larger frequency regime in which discrete spin

wave modes occur for D 6= 0. On the other hand, the asymmetry results in the visibility of both

the even and odd modes in the integrated FFT amplitudes in our simulation. So compared

with the spectrum of D = 0 whose resonances correspond to the confined order 1, 3, 5, ..., the

spectrum of D = 10 × 10−5 J m−2 contains additionally the evenly numbered mode. Thus all

the confined orders of 1, 2, 3, ... modes appear and the number of resonance peaks increase.
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Figure 4.6 – Color-coded maps of spin waves spectra from micromagnetic simulation The
spectra were taken from layer iz = 6 in z direction. Color scale bar represents the amplitude of
Fourier transform of mz .
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Figure 4.7 – Spectra of quantized spin waves when DMI constant changes. The color bar rep-
resents the z axis which is the integrated Fourier transform (FFT) amplitude of magnetization
component mz.

To compare the confined spin waves in the sample with and without DMI, we plot the ampli-

tude A and phase Φ maps, as well as the line plots in Fig. 4.8 (a) and (c). Figure 4.8 (a) was

taken at the resonance peak marked by the red star in Fig. 4.6. For comparison, a simulation

with all the other parameters identical but DMI strength D = 0 was plotted in Fig. 4.8 (b)

and (d). The color maps display the wave distribution in the x-y plane with iz = 6. In the

system without DMI, the standing spin waves were formed by only odd-numbered modes

giving non-zero FFT intensities. At f = 6.2 GHz, the 5th confined order mode is seen. At D
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= 7.4 × 10−5 J m−2 the same order of confinement appears at 6 GHz. We marked the peaks

in Fig. 4.8 (c) and (d) by light red and blue arrows for eye-guiding. They are categorized as

different orders of confined k ∥ M modes. Grey arrows mark the edge modes originating from

the regions near the edges where the magnetization is not uniform.

In the spin wave amplitude A and phase Φ maps inside the chiral magnet (layer iz = 6) at

f = 6 GHz when D = 7.4 × 10−5 J m−2, a signal modulation with a wavelength of around 50

nm appears (Fig. 4.8). Especially in the Φ map, a confined long-waved spin wave (marked

by dashed red arrows) and a short-waved mode (marked by solid red arrows) are present.

Examples of the phase line plots of ix = 6 and iz = 6 at f = 6 GHz at 160 mT are plotted in Fig.

4.9. They display the coexistence of two waves with different wavelengths. We name them as

long-waved spin waves (LWSWs) and short-waved spin waves (SWSWs) , respectively.
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Figure 4.8 – Confined spin waves with and without DMI. Color coded maps of amplitude A
and phaseΦ in the x-y plane of z layer iz = 6, with (a) D = 7.4 × 10−5 J m−2 and (b) D = 0. The
color scale of amplitude maps are normalized so that blue represents 0 and yellow represents
1. In the phase maps, blue and yellow color represents -π and π, respectively. Lineplots of FFT
amplitude A at layer ix = 6 from micromagnetic simulation at µ0H = 160 mT of (c) D = 7.4 ×
10−5 J m−2 and (d) D = 0. The gray arrows highlight edge modes. The red ones are even and
odd numbers for confined modes. The light blue arrows refer to odd-numbered orders.

The resonance frequencies of both LWSWs and SWSWs are plotted in Fig. 4.10. An exchange-

dominated spin wave with λ down to 47.2 (± 0.05) nm is found (k = 133 rad/µm). When the

DMI constant increased up to D = 10 × 10−5 J m−2, the spin wave wavevectors of SWSWs
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Figure 4.9 – Lineplot of phase profile with opposite DMI. Line plots of phase at f = 6.004 GHz
with (a) D = 7.4 × 10−5 J m−2 and (b) D = -7.4 × 10−5 J m−2.

k (rad/μm)

0 40 80 160

4

5f (
G

H
z)

6

7

120

Figure 4.10 – Dispersion relation of resonance extracted from the micromagnetic simula-
tion. Red squares are taken from µ0H = 160 mT with D = 7.4 × 10−5 J m−2. Black triangles
are taken from µ0H = 160 mT with D = 10 × 10−5 J m−2. Hollow triangles are LWSW and
corresponds to the dashed red markers in (b). Filled triangles are SWSW and corresponds to
the solid red markers in (b).
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increase as indicated in Fig. 4.10. The shortest excited wave is extracted to be λ = 38.9 (± 0.04)

nm (k = 162 rad/µm). At the same time, the wavelengths of the LWSWs remain similar to the

small D case. The small deviation is because of the enhancement of the asymmetry of the k ∥
M mode dispersion relation. The sign of DMI does not play a role in the wavevector definition

but it changes the sign of phase velocity of both LWSWs and SWSWs (Fig. 4.9). We attribute the

coexistence of multiple wavevector excitations at each frequency to the exchange interactions.

The asymmetric DMI, together with the symmetric exchange interaction, create the periodic

modulation of exchange interactions for spins in chiral magnets and the period is controlled

by the strength of DMI constant D and exchange stiffness A.

4.1.4 Conclusion

In summary, we reported confined spin waves formed by the sample boundaries in a bar-

shaped bulk CSO sample explored by both broadband spin wave spectroscopy and micromag-

netic simulations. In the simulations extremely short-waved spin waves were predicted beyond

the experimentally observed dipole-dominated k ∥ M modes. They were attributed to the

DMI induced asymmetry of the dispersion relation and the periodic modulation of exchange

interaction in chiral magnets. It has been proved that the wavelength and phase velocity

strongly depend on the DMI strength. By increasing the DMI strength, a shorter wavelength

can be achieved. Shorter exchange-dominated spin waves maybe further reached by using

materials with smaller pitch vectors such as MnSi [66]. Our findings provide an alternative

route for exchange-dominated spin wave excitation without the need of nanofabrication.
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4.2 Helimagnons in the Chiral Soliton Phase of the Bulk Chiral Mag-

net Cu2OSeO3 Resolved by Brillouin Light Scattering

In this section, we focus on the spin dynamics of non-collinear chiral soliton (CSL), helical

and conical phases resolved by BLS. Thanks to the high sensitivity of the BLS technique,

we resolved the temperature- and field-dependent magnetic phase diagrams by virtue of

clearly distinguishable thermal magnon spectra of CSL, helical, conical and FP states. Two

modes were interpreted as CSL features. We further tuned the applied field directions and

temperature to explore the stabilization mechanism and anisotropic properties of CSL in bulk

CSO. It has been found that the CSL formation does not require the applied field µ0H to be

perpendicular to the easy anisotropy axis but a projected field component was sufficient. Our

results manifest that cryogenic BLS is an efficient tool to study locally spin excitations and to

search for new phases in chiral magnets.

4.2.1 Magnon Modes in the Chiral Soliton Phase When Field Applied Along 〈110〉
BLS measurements were conducted on the bulk sample B3 in Table. 3.1. The sample sketch

is shown in Fig. 4.11. It was placed in the crystat chamber of Fig. 2.7 on top of the sample

holder and we focused the incident laser on the top polished surface. The sample was fixed

by cryogenic glue directly on the Cu holder to guarantee thermal anchoring. The external

magnetic field µ0H was applied in the x-y plane. By rotating the sample, we varied the angle θ

of µ0H with respect to the crystallographic direction 〈110〉.

When the magnetic field µ0H was applied along 〈110〉 direction (θ = 0◦), we observed the

transition behaviors among the known helical, conical and FP states by means of the thermal

magnon spectra. The typical BLS spectra of ZFC/HFSD (refer to Chapter 2.4) at T = 18 K are

shown in a color-coded graph in Fig. 4.12. The CSO sample was firstly saturated at 140 mT.

H was then scanned to the negative field values. Selected lineplots of spectra for each phase

are plotted in Fig. 4.13. When the applied field is above µ0HC2 = 74 mT or below µ0HC2’ = -84

mT, CSO is in the FP state. At µ0H = 100 mT and µ0H = -100 mT, the lineplots show only one

peak in each spectrum which is consistent with the discussion in Fig. 2.9 and section 2.2.3. In

between µ0HC1 and µ0HC2 (in between µ0HC1’ and µ0HC2’), the resonance frequency of the

most prominent branch decreases when µ0|H | increases. This field regime corresponds to the

conical phase along 〈110〉 direction. We observe that at µ0H = 50 mT and µ0H = -50 mT, there

are two peaks with different intensity in the lineplots. They are the +Q and -Q modes of the

conical phase. Field dependencies of those two peaks are not fully identical because of the

dynamic demagnetization effect in slice-shaped CSO sample [66].
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Figure 4.11 – Schematic diagram of bulk-shape Cu2OSeO3 sample B3.

Figure 4.12 – Typical BLS spectra obtained when field applied along 〈110〉 at T = 18 K. The
color bars represent the BLS intensity.

The discontinuous resonance frequency variations at µ0HC1 = 12 mT and µ0HC1’ = -30 mT

indicate a reorientation of the pitch vectors from the applied field direction to an easy axis

direction and vice versa. The sample transits between conical and helical phases. At µ0H =

10 mT and µ0H = -10 mT, there are four resonances (see e.g. P1, P2, -Q and +Q in Fig. 4.13).

Near 7.5 GHz there are the +Q and -Q modes of the helical phase and the other two peaks

near 5.5 GHz are novel compared with the earlier reported spectra in Ref. [83, 85, 86, 93, 170]

(introduced in Fig. 1.12 and section 1.3.3). They are interpreted as the CSL domains coexisting

with the helical domains according to the magnetic field range and the crystallographic

orientation of the magnetic field [95]. For the convenience of following discussion, we label

these novel two peaks as P1 and P2 (P1’ and P2’). Near 0 mT field, the P1 and P2 (P1’ and P2’)

peaks merge into one peak labeled as P0. When the magnetic field µ0H was scanned in the

reversed direction from negative to positive fields after saturation at -140 mT, a hysteresis

behavior was seen in the CSL, conical and helical (Fig. 4.14). Note that the appearance of

mode P0 near µ0H = 0 mT is also hysteretic.
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Figure 4.13 – Lineplots of different phases when field applied along 〈110〉 at T = 18 K. Solid
lines are the fitted curves using Lorentz peak function. Red lines are the summed fitted curves.
Green lines represent the +Q and -Q modes of conical phase. Orange lines represent the +Q
and -Q modes of helical phase. Blue lines represent the modes of CSL phase.
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Figure 4.14 – Field hysteresis behavior of the chiral soliton phase. (a) Spectra of field scan-
ning from positive to negative values at T = 12 K. (b) Spectra of field scanning from negative
to positive values. White arrows indicate the field scan directions at T = 12 K. The color bars
represent the BLS intensity.

4.2.2 Temperature Dependence of Chiral Soliton Lattice Resonances

Figure 4.15 – Phase diagram of bulk Cu2OSeO3 and temperature-dependent CSL reso-
nances resolved by BLS when field applied along 〈110〉. (a) Phase diagram resolved from
the temperature- and field-dependent BLS spectra. Error bars indicate the field scan steps. (b)
Resonance peaks fitted of different temperatures using Lorentz peak function. The resonance
frequencies were extracted. Error bars come from the fits.

Temperature dependent spectra of ZFC/HFSD were taken from T = 12 K to T = 51 K in the

central region of the CSO sample. The extra two peaks P1 and P2 existed up to T = 51 K as

plotted in the phase diagram in Fig. 4.15. Above T = 51 K, the resonance peaks of non-collinear

phases are below 1.4 GHz and they are unable to be separated from the BLS reference peak.
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When the temperature exceeded 55 K, the peak intensity of the FP states was below the noise

level. We hence allocate 55 K to be the temperature at which the CSO sample entered the

paramagnetic phase. Compared with the reported Curie temperature TC ∼ 59 K [39, 104, 202],

we estimated the temperature at the laser focused location to be about 4 K above the nominal

temperature set by the PID system as introduced in section 2.2.2.
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Figure 4.16 – BLS spectra of field applied along 〈110〉 at T = 36 K and T = 50 K with
ZFC/HFSD. BLS spectra of ZFC/HFSD at (a) T = 36 K and (b) T = 50 K. White arrows in-
dicate the field scan directions. HT-SkL represents the high-temperature lattices phase. The
color bars represent the BLS intensity.

The fitted resonance peaks of multiple temperatures T = 12 K, 18 K and 24 K are summarized

in Fig. 4.15 (b) for µ0H < -6 mT and µ0H > 2 mT. The absolute values of transition field µ0HC1

and µ0HC2 decreased when the temperature increased. The resonance frequency of both

helical and CSL phases decreased with temperature increasing. We interpret the reason to be

the decrease of the magnetic moment at higher temperature [203]. The frequency variation

with changing magnetic fields d f /µ0dH (if assume to be linear in this field range) of CSL
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resonances show two pair of similarity among themselves, e.g. at T = 12 K:

d fP1

µ0dH
= (0.039±0.008) GHz/mT,

d fP2

µ0dH
= (−0.022±0.004) GHz/mT,

d f ′
P1

µ0dH
= (0.034±0.002) GHz/mT,

d f ′
P2

µ0dH
= (−0.024±0.002) GHz/mT,

(4.1)

These variation are similar at different temperatures. The agreements between P1 and P2’

peaks and between P2 and P1’ peaks suggest that the CSL resonances consist of two crossing

branches. Those variation were hysteretic as discussed before for Fig. 4.14. The 4-peak

characteristic of CSL resonances started to vanish at T = 30 K and less peaks were seen at

temperature T ≥ 30 K. We display in Fig. 4.16 the BLS spectra on CSL phase at T = 36 K

and T = 50 K. At T = 36 K, resonance P2 was invisible and resonance P1 started to disappear.

When reaching T = 50 K, only resonance peak P2’ can be still resolved. High-temperature SkL

(HT-SkL) phase was seen in the spectra here.

4.2.3 Anisotropic Properties of Chiral Soliton Phases

BLS spectra at T = 12 K of both ZFC/FSU and ZFC/HFSD are plotted in Fig. 4.17 when the

field H was rotated from θ = 0 degree (along 〈110〉) to θ = 45 degree and θ = 90 degree (along

easy axis 〈001〉). CSL resonance peaks appeared both in the configuration of θ = 0 degree and

θ = 45 degree, but not in the configuration of θ = 90 degree. The intensities of CSL resonance

compared with helical and conical resonances change with field history. In order to compare

the frequency and intensity differences of CSL phase under different angle θ and field histories,

we show the lineplots at µ0H = 0 mT of both HFSD and FSU at two field angles in Fig. 4.18.

We define ξ = Magnons numbers from P0

Magnons numbers from ±Q to represent the volume ratio of CSL domain and helical

domain. The magnons numbers were calculated by reading out the area of fitting with Lorentz

peak function. Here we use phase volume to describe the number of volume of each phases

under the laser focus spot. The fact that ξ < 1 at θ = 45 degree HFSD suggest that helical phase

had a higher phase volume there (Fig. 4.17 (d)). CSO preferred to be transformed to helical
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Figure 4.17 – Anisotropic characteristics of chiral soliton lattices phase at T = 12 K. Thermal
magnon spectra mapped by Brillouin light scattering with three different magnetic field
directions (a), (b) θ = 0 degree, (c), (d) θ = 45 degree and (e), (f) θ = 90 degree. Two temperature
versus magnetic field histories of ZFC/HFSD and ZFC/FSU are shown here, respectively. Red
dashed lines mark the position we compare the resonances in Fig. 4.19. The color bars
represent the BLS intensity. In between the measurements, we have changed detector in the
BLS setup so there is difference in the intensity of the resonance peaks with the same data
collecting duration.
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phase than CSL phase. All the other three configurations own the ξ > 1 and are comparable

to each other (Fig. 4.18 (a), (b), and (c)). It suggest that the phase volume of CSL was higher

than helical phase in all these configurations. This offers us the possibility to control the CSL

domains formation by changing the field history.
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Figure 4.18 – Line plots of HFSD and FSU when θ = 0 degree and θ = 45 degree. ξ is defined as
the ratio between the magnon numbers from peak P0 of CSL phase and the magnon numbers
from peaks +Q and -Q of helical phase. We calculate it by counting the ratio of fitted areas for
the corresponding peaks.

We plot the spectra at 0 mT directly after ZFC in Fig. 4.19 (a) as indicated by the red dashed

lines in Fig. 4.17. If two spectra share the same resonance frequency, then the origin of this

resonance is identical. We have observed that the CSL resonance peak P0 was near 5.5 GHz

at θ = 0 degree and θ = 45 degree. It is notable that the +Q mode peak of helical phase at θ =

90 degree exhibits the same frequency. Thus we expect that the zero-field states of the CSL

phase at θ = 0 degree and θ = 45 degree agree with the zero-field state of the helical phase

at θ = 90 degree. When the field was applied along θ = 90 degree (along 〈001〉, Fig. 4.17 (e)),

there is no frequency discontinuity for the helimagnon modes +Q and -Q when the helical

phase transforms into the conical phase. This is a sign that the pitch vector does not undergo

a reorientation. So we can attribute the state at θ = 90 degree at µ0H = 0 mT to a helical state
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with q3 along easy axis 〈001〉. Therefore, we deduce that the CSL phase at θ = 0 degree and

θ = 45 degree share the state along the same axis of 〈001〉 and develop into a CSL when an

external field is applied. At the same time, there is still the helical phase resonance peak at

around 7.5 GHz. So the complete zero-field state at θ = 0 degree and θ = 45 degree consists

of multi-domains including CSL along q3 and helical states along q1 and q2. The schematic

diagram of the CSL is shown in Fig. 4.19 (b). We use LCSL as the lattice constant of CSL and LH

for helical lattice.
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Figure 4.19 – Resonances at µ0H = 0 mT indicating CSL axis. (a) BLS spectra at µ0H= 0 mT at
T = 12 K with three different angles θ between applied field and 〈110〉. (b) Schematic diagram
of CSL when θ = 90 degree. LCSL (LH) is the length of one unit of CSL (helical) states.

4.2.4 Discussion

In the following, we discuss the possible source of the CSL resonances and the stabilization

processes of CSL phase at different field angles θ in our sample.
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As stated in section 1.3.2, two type of modes were discovered in CSL phase in monoaxial chiral

magnet CrNb3S6: Pincus mode from the surface spins and Kittel mode from the interior spins.

In our experiment, bulk magnon was excited so we expect to see only Kittel mode from the

interior spins in CSO. We attribute P1 and P1’ to regions with local uniform magnetization. P2

and P2’ modes are related to the soliton region, for which a breathing mode was expected. The

local uniform region where spin precession contributed to P1 when H > 0 mT will be tuned

to soliton region contributing to P2’ when the magnetic field reversed to H <. Same process

happened for the other regions concerning P2 and P1’ in the reverse manner. Compared with

the theoretical model of CSL dynamics in CrNb3S6 [173], two additional resonances P1 and P1’

are only observed in our spectra on CSO sample. A possible explanation is the CSL structure

may be different in monoaxial chiral magnet and cubic anisotropic chiral magnet.

Considering both the frequency of CSL resonances and lattice structure were determined by

the local effective field, so we assume a dependence of LCSL versus magnetic field from our

observations on the field dependencies of the CSL modes. This does not agree well with the

CSL observation in 200-nm-thick CSO lamella [95]. The shape of CSO sample and strain in the

lamella are inferred to influence the lattice modification.

At θ = 0 degree, our observation agrees with the double-transition process as stated in section

1.2.1 referring to Ref. [121]: q3 stayed metastable under magnetic field and the lattice structure

was modified; q1 and q2 tilted toward the field direction and they hosted helical phase before

HC 1. In the angular-dependent spectra, CSL exists on q3 in both θ = 0 degree and θ = 45 degree

configurations, we conclude that CSL emerges not only when µ0H is perpendicular to one easy

axis, but also when there is a projection of the field perpendicular to the easy axes. Compared

with Fig. θ = 0 degree, spectra at θ = 45 degree shows a smaller frequency difference between

P1 and P2 (Fig. 4.17 (a) and (c)). The field dependence suggested that the projection of µ0H is

less efficient in modifying the lattice parameter LCSL. Unlike the monoaxial chiral magnet, in

CSO, there are three easy axes instead of only one c-axis. So the tilted magnetic field can not

tilt the CSL at θ = 90 degree in CSO.

In summary, we resolved the spin dynamics of CSL formed along the easy axis 〈001〉 in a bulk

CSO sample when the magnetic field was applied along 〈110〉 axis. It consists of the resonances

from both the uniform magnetized region and the soliton region. By tuning the field history,

CSL dynamics emerged when the magnetic field was 45 degree tilted away. It disappeared

when the magnetic field was applied along easy axes. The perpendicular projection of the

field on easy axis helped to stabilize the CSL phase. From the dynamic behaviors, we conclude

that the magnetic field modified the lattice constant of CSL. And the lattice modification was

less efficient when the field was tilted. Our observation prove the existence of CSL in cubic

anisotropic chiral magnet without tensile strain and provide the method to control the CSL

domains formation by changing the field angle and history.
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4.3 Skyrmion Lattices and Tilted Conical Phases in Bulk Cu2OSeO3

Revealed by Brillouin Light Scattering

In this section, we report the spin dynamics from multiple skyrmion phases observed in a

bulk CSO sample when the field applied along the easy axis 〈001〉 and 〈110〉. By comparing

the thermal magnon frequency and field dependence of different phases, we identify the

high temperature hexagonal skyrmion lattices (HT-h-SkL) and low temperature hexagonal

skyrmion lattices (LT-h-SkL) phases. We observed the nonreciprocal behavior of resonance

mode in conical phase which is consistent with the theoretical model on dispersion relations

of -Q mode and the unpublished macro-BLS result [182]. If not commented, the spectra were

collected from Anti-Stokes side of BLS.

4.3.1 Spin Dynamics of High-Temperature Skyrmion Lattices Phase

The spectra of CSO at two temperatures and two field histories are compared in Fig. 4.20.

According to Fig. 1.12 in introduction Chapter 1.3.3, we category them with different phases

as FP, conical, helical and HT-SkL phase. It can be clearly seen that at T = 50 K the sample

enters a specific phase between µ0H = 10 mT and 16 mT (Fig. 4.20 (b)) compared to T = 49 K

(Fig. 4.20 (a)) when the field was scanned up from 0 mT. The additional low frequency branch

near 2 GHz is a clear signature of a SkL phase, here the HT-h-SkL. Similar difference in the

spectra were noticed in (c) and (d) for HFSD after saturation. To further look into the details,

we plot the lineplots at different fields (phases) at T = 50 K in Fig. 4.21 and fit them with the

Lorentz peak function. Some modes are only fitted partially because the resonance frequency

is too close to the BLS limitation. There is only one resonance peak in the lineplot of the FP

phase and conical phase (+Q mode). The frequency variation between conical and FP phase is

continuous. The tilted conical phase does not appear. At 0 mT in Fig. 4.21 (a) for FSU and -4

mT in (b) for HFSD (an example from the low field range), we observe double peaks. They are

absent when we reach lower temperature. We ascribe those double peaks to helical resonance

originating from multiple pitch vectors along different easy axes with a small magnetic field.

In the spectra of HT-h-SkL phase, we observe two resonance modes. To see the clear frequency

variation, we plot the extracted frequencies from Fig. 4.21 (b) and (d) in Fig. 4.22) near the

transition field HC2 . In shaded regions between 10 mT to 16 mT in (a) and between 6 mT to

12 mT in (b), the mode at about 1.5 GHz follow the expected frequency tendency (∆ f /∆H >
0) of CCW mode and mode at about 2.2 GHz follow the slope ∆ f /∆H < 0 as BR mode of SkL

[82, 83, 170, 202]. We observed the characteristic HT-h-SkLs modes also when the field was

applied along 〈110〉 (extracted resonance frequencies in Fig. 4.22). In Fig. 4.22 (a) the shaded

region varies in FSU field history to 6 mT to 14 mT. CCW mode data was not collected due to

technical reason.
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Figure 4.20 – BLS spectra with a field applied along 〈001〉 at T = 49 K and T = 50 K with
ZFC/FSU and ZFC/HFSD. (a) and (b) BLS spectra of ZFC/FSU at T = 49 K and T = 50 K. (c)
and (d) BLS spectra of ZFC/HFSD at T = 49 K and T = 50 K.
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Figure 4.21 – Lineplots of BLS spectra with the field applied along 〈001〉 performing T = 50
K with ZFC/FSU and ZFC/HFSD. (a) Lineplots at T = 50 K for ZFC/FSU (hollow squares). (b)
Lineplots at T = 50 K for ZFC/HFSD (hollow squares). Solid lines are the fittings with Lorentz
peak function.

Figure 4.22 – Extracted resonance frequencies versus magnetic field near the HT-h-SkLs
pocket. The solid and hollow squares and circles are fitted resonance frequencies versus
magnetic fields with Lorentz peak function. Error bars come from the fitting. The light red
and green shaded regions indicate the field region covered by the HT-h-SkL phase.
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4.3.2 Spin Dynamics of Tilted Conical Phases at Low temperature

Figure 4.23 – BLS spectra obtained when field applied along 〈001〉 at T = 12 K with ZFC/FSU
and ZFC/HFSD. (a) BLS spectra of field scanned from 0 mT to negative fields after ZFC. (b) BLS
spectra of field scanned from 0 mT to positive fields after ZFC. (c) BLS spectra of ZFC/HFSD
from 70 mT to -70 mT after saturation at 140 mT. White arrows indicate the field scan directions.
Orange and red symbols indicate the -Q modes of conical phase. Yellow circles indicate the
AS1 mode.

In Fig. 4.23 we show spectra that we obtained after the CSO sample had been cooled down

with zero field applied. We increased the field values in positive (a) and negative direction

(b). The field H was collinear with 〈001〉. We compare these data with spectra that we took

after first saturating the CSO sample at 140 mT and then decreasing H as shown in Fig. 4.23

(c). Before each of these measurements, we heated up the sample to T = 100 K with zero field

for at least 10 minutes. The spectra were taken with the laser focused in the center of the

sample (at least 100 µm away from the sample edge). In all spectra, there is a frequency jump

between the modes detected in the conical and FP phase. This feature indicated the formation

of the tilted conical phase whose pitch vectors are not aligned with the external field but tilted

toward to crystallographic orientation 〈110〉. The frequency jump reflects the pitch vector

reorientation from the tilted direction to the applied field direction. Comparing the spectra

of Fig. 4.23 (a) and (b), there are two branches in each spectra in conical and tilted conical
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phase. According to Ref. [66], these branches reflect the +Q and -Q modes of the tilted conical

phase. The branches with the higher intensity agree with the features of +Q mode. The weaker

branches, categorized as -Q mode, clearly lack mirror symmetry with respect to H = 0 (marked

by orange and red open circles).

Asymmetries are also observed in Fig. 4.23 (c). The weaker mode is not continuous near 0

mT and is separated into two parts marked by orange and yellow circles, respectively. The

orange-circled mode agrees with the -Q mode in Fig. 4.23 (a) and a mode resolved by macro-

BLS in Ref. [182]. The yellow-circled mode has not been observed in Ref. [182] and we label

it as AS1 (’AS’ represents Anti-Stokes for BLS). When we reversed the field sweep direction

where we saturated the sample at -140 mT and increased the magnetic field to positive values

(data not shown), the -Q and AS1 modes were not hysteretic. The asymmetry was identical

to Fig. 4.23 (c) with respect to H = 0. We conclude that the -Q mode of (tilted) conical phase

has asymmetric dichroism for H ∥ 〈001〉 but no magnetic hysteresis. The -Q and AS1 modes

became symmetric with respect to H = 0 at a high temperature of 30 K when the tilted conical

phase disappeared and only the conical phase existed. So the asymmetry may be only related

to the tilted conical phase.

Figure 4.24 – Extracted frequencies of resonances in the tilted conical phase extracted from
Anti-Stokes and Stokes signals in BLS when field was applied along 〈001〉 at T = 12 K. We
followed the protocol of ZFC/HFSD. Blue solid squares are extracted frequencies from the
Anti-Stokes side. Red hollow squares are extracted from the Stokes side. The black arrow
indicates the field scan direction. The size of red and blue squares illustrates the intensities.

We compare the extracted resonance frequencies in tilted conical phase at the Anti-Stokes

(positive frequency) and Stokes (negative frequency) sides in Fig. 4.24. We conducted the

same measurements as in Fig. 4.23 (c) and collected both Anti-Stokes and Stokes signals. The

+Q modes have the same tendency but a slight frequency difference averaged to be 0.04 GHz
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which is on the order of our experimental frequency resolution (0.33 GHz). The -Q modes

(medium sized squares in Fig. 4.24) have mirrored characteristics. The data on the Anti-Stokes

and Stokes sides reflect -k and +k magnons, respectively, and suggest that the asymmetric

dichroism may be related to the polarization of the resonance modes. An additional mode

near 3 GHz was observed with weak intensity in the Stokes spectra. It is labeled as S1 (’S’

represents for Stokes). According to its low frequency, it may be a resonance related to the

LT-h-SkL phase [87] which will be reported in the next section.

4.3.3 Spin Dynamics of Low-Temperature Skyrmion Lattices
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Figure 4.25 – Extracted frequencies of resonances near transition field µ0HC2. (a) Extracted
frequencies of resonances from Fig. 4.23 (a) near HC2. (b) Extracted frequencies of resonances
from Fig. 4.23 (b) near HC2. (c) Extracted frequencies of resonances from Fig. 4.23 (c) near
HC2 on both field sides. Black arrows indicate the field sweep directions. Red dashed lines
mark the phase transitions.

Figure 4.25 shows the extracted resonance frequencies f near HC2 and in the FP state from Fig.

4.20. A detailed inspection of the branches (compare open symbols) suggests changes in slope
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∆ f /∆H at the field position H* marked in the figure by long red dashed line. For these fields,

CSO enters the FP state coming from the tilted conical state. Below H* we attribute the branch

to the CCW of the LT-h-SkL according to its field-dependent frequency variation and the field

range [87]. This discontinuity is not clear for ZFC/HFSD at positive field near 36 mT which

means LT-h-SkL does not appear in this case. The only difference with the other three cases is

that CSO enters the tilted conical phase from the FP state. It evidences that the LT-h-SkL phase

only can occur from the tilted conical phase, not directly from FP phase. This is consistent

with the reports on the low temperature phase [94, 121]. When the field was swept down from

FP to tilted conical phase (in the scenario of right panel in Fig. 4.25 (c)), LT-h-SkL was expected

below µ0H = 36 mT. The slope ∆ f /∆H < 0 of mode S1 discussed in last section (Fig. 4.24) and

their frequencies at about 3 GHz agrees with the signature of BR mode of LT-h-SkL phase [87].

4.3.4 Discussion

Comparing the BLS spectra with reported CPW-based spectroscopy results [82, 83, 170, 202],

we notice agreements on spectra in HT-h-SkL, LT-h-SkL phases and differences in excitation

configurations of those modes. Additional asymmetries in resonances of tilted conical phases

were observed by comparing the Stokes and Anti-Stokes spectra. In the following, we will

outline the comparison between the BLS spectra and CPW-based spectroscopy and discuss

the asymmetric feature.

In the HT-h-SkL phase, both BR mode and CCW mode were excited at the same time (Fig. 4.20)

different from previous CPW-based spectroscopy [81]. Due to the asymmetric dichroism of

CW and CCW modes, the CW mode of the SkL and the -Q mode of the conical phase were

predicted to obey a low intensity [85, 194]. This may be the reason that the CW mode and -Q

mode are not resolved in the BLS spectra near TC. The results on LT-h-SkL agree well with the

explored phase diagram [94, 121] and the dynamic behaviors except for mode S1.

Asymmetric dynamic behaviors were observed for the S1 mode (suspected BR mode) in the

LT-h-SkL phase, and the -Q and AS1 modes in the tilted conical phase. Lately the exploration

of the conical phases with H ∥ 〈001〉 using macro-BLS and the corresponding theoretical

model showed a similar asymmetric behavior of the -Q mode which was due to the combined

influence of Dzyaloshinskii-Moriya and dipolar interactions [182]. It explains the lack of both

mirror symmetry and hysteresis of the -Q mode in our study. AS1 and S1 modes were not

resolved in the reported macro-BLS experiments. A possible explanation can be that the

domain formation is different in each sample considering conical, tilted conical, LT-h-SkL and

their mixed states.
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4.4 Stabilizing and Extending Metastable Skyrmion Lattices in Bulk

Cu2OSeO3 Using Continuous-Wave Laser in Brillouin Light Scat-

tering

In this section, we discuss metastable states under fast field cooling (FC) operation. When fast

cooled down in a finite field HFC corresponding to the HT-SkL pocket with the green laser on,

the CSO enters metastable hexagonal skyrmion lattices (MT-h-SkL) locally. We find that the

MT-h-SkL transforms into the newly discovered phase which we attribute to square skyrmion

lattices (MT-s-SkL) or low temperature elongated hexagonal skyrmion lattices (LT-eh-SkL)

when the magnetic field is decreased. Most crucially, we discover that the focused continuous-

wave green laser of BLS extends the metastable SKL phase into the region of conical phase and

create a track of SkL in CSO when the laser is moved in micrometer wide step. Our findings

propose that the chiral magnets are promising for magnonic devices thanks to the rich magnon

spectra originating from the multiple phases. The discovery of the phase control and the SkL

track writing using a continues-wave laser pave the way for skyrmion-based memory devices

and switches.

4.4.1 Stabilization of Metastable Skyrmion Lattices

The metastable skyrmion phases were stabilized by three control parameters in our experi-

ment: cooling field µ0HFC, cooling rate and the presence of BLS green laser.

We cooled down the CSO sample in different cooling fields HFC applied along 〈001〉 direction

from 100 K to the target temperature of T = 12 K (Fig. 4.26) with the cooling rate 25 K/min. Each

spectrum was taken at the ground state (with the cooling field still on) after the temperature

stabilized for at least 10 minutes. When the sample was cooled with µ0HFC = 0 mT or 20 mT,

only the ±Q modes of conical phase were present. When cooled at µ0HFC = 10 mT, two further

broad peaks were noticed below 2 GHz and near 4 GHz. For µ0HFC = 13 mT and 16 mT, these

modes were more prominent and an additional mode at 4.8 GHz showed up. These peaks

are related to the metastable hexagonal SkL (MT-h-SkL) because they only appeared when

HFC resided in the HT-h-SkL pocket. In Fig. 4.20 (b), the HT-h-SkL pocket exists from 10 mT

to 16 mT (with ±2 mT error bar from the field scan step). This field range is consistent with

the cooling fields µ0HFC = 10 mT, 13 mT and 16 mT highlighting the additional peaks inferred

as MT-h-SkL resonance modes. We label these modes by CCW, BR and CW. At µ0HFC = 10

mT, the +Q mode is still very strong and MT-h-SkL’s modes are much weak. This result may

be explained by the multiple domains in the sample when cooled down. The multi-domains

scenario might also explain the remaining +Q peak for spectra with µ0HFC = 13 mT and 16 mT.
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Figure 4.26 – BLS lineplots of the ground states after field cooling down with different fields.
Hollow squares are the BLS data. The solid lines are the fitted peaks with Lorentz function.
Light green lines represent the ±Q mode of (tilted) conical phase. Blue lines represent the SkL
resonance modes. Red lines are the cumulative lines of all fitted curves in one spectrum.

Secondly, the cooling rate is decisive. We have conducted FC measurements with controlled

cooling rates (Fig. 4.27). We use the excitation of the CCW and BR mode as a probe of the

MT-h-SkL phase. Consistent with the literature [132], there is a cooling rate threshold of 6

K/min to generate an SkL at low temperature. Only when the system was cooled no slower than

6 K/min, the MT-h-SkL phase stabilized. We have noticed a new phase showing a dynamic

resonance at about 4 GHz appeared between 0 mT to -20 mT together with MT-h-SkL phase. It

is labeled as phase X. It will be discussed at the end of this section.
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Figure 4.27 – BLS spectra at T = 12 K with µ0HFC = 16 mT and variable cooling rates. The
cooling rates are (a) 4 K/min, (b) 6 K/min, (c) 9 K/min and (d) 17 K/min. White arrows indicate
the field scan directions.

For our experiment also laser illumination turned out to be essential. We conducted the AC

susceptibility measurements on a CSO sample that was cut from the same big single crystal.

The data are plotted in Fig. 4.28 (a) and (b). The skyrmion phase was observed at T = 57 K

between 11 mT and 20 mT with ZFC/FSU. We further cooled down the sample with µ0HFC =

15 mT with a cooling rate of 15 K/min to T = 15 K. When we scanned from the 15 mT to -80

mT, no evidence of the MT-h-SkL phase or phase X was seen. Near the phase transition at -52

mT, we see an enhanced susceptibility in conical phase when the spins were more and more

aligned with teh external field and entered to FP state. The lack of both MT-h-SkL and phase

X is consistent with our BLS data: µ0HFC and cooling rate were not enough to stabilize the

MT-h-SkL phase.

We fixed the laser power at 11 mW and cooled down the sample to T = 12 K with µ0HFC = 16

mT and cooling rate 25 K/min. During this process, we kept the laser always on the sample at

position A. There is clear CCW and BR mode and the peak X1 for phase X in the BLS spectra

in Fig. 4.28. However, when we moved the laser to position B 300 µm away from position A,

there was no evidence of resonances attributed to MT-h-SkL or phase X. Here the piezostage

took about 1 second to move from A to B. We collected also the signals after focusing the laser

for 10 minutes at B. No new signals were noticed. We further tested at other positions and

found out that signs of metastable phases were still clear in a circle with a diameter of 50 µm

centered around position A. The signals became weaker for larger separations and vanished

in the noise level after 200 µm distance. Based on these observation, we conclude that the
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continuous-wave green laser is essential for forming the MT-h-SkL phase. Once formed, the

phase was however hard to be erased. We tested demagnetizing the whole samples with

fast oscillating fields and raising the temperature up to 300 K. After all the operations, the

MT-h-SkL phase was found at position A even when cooled without laser. All those procedures

were conducted in the vacuum chamber without ventilation.

Figure 4.28 – Metastable phases with/without laser on. (a) AC susceptibility data collected at
57 K with ZFC/FSU. (b) AC susceptibility data collected at 15 K with FC with µ0HFC = 15 mT
and cooling rate 15 K/min. Black arrows indicate the field scan directions. (c) and (d) BLS
spectra taken at location A and location B at 12 K with FC with µ0HFC = 16 mT and cooling
rate 25 K/min. White arrows indicate the field scan directions.

In relevant BLS spectra when MT-h-SkL is present we discovered peculiar dynamic behavior

near 0 mT when the field was scanned from µ0HFC to negative field values. We show relevant

lineplots for µ0HFC = 16 mT at T = 12 K. They are plotted in Fig. 4.29. We observe the three

SkL modes and the +Q mode of conical phase at 16 mT. When sweeping the field to smaller

value, a strong peak at 4 GHz appears which we label as Peak X1. Considering the branch

variation depicted in Fig. 4.29 a new phase seems to exist near H = 0 mT and we label the

resonances at 5.6 and 6 GHZ with X2 and X3, respectively. The peak near 3 GHz is from the

setup instead of the CSO sample so it is not counted. From the phase diagram there are

two possible sources of those resonances: the metastable square skyrmion lattice (MT-s-SkL)

[134] or the low temperature elongated hexagonal SkL (LT-eh-SkL) [87]. In particular peak X1

shows almost no field dependency. This is similar to the dynamic modes of the LT-eh-SkL

shown in the supplementary Fig. S4 of Ref. [87]. Phase X vanishes at µ0H = -22 mT when

the ±Q modes of conical phase reappear. When further decreasing the magnetic field, phase

transition appears. There is the narrow field range near HC2 where the resonances attributed
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to the LT-h-SkL phase are observed. Only BR and CCW modes can be identified. For µ0H <
-50 mT, the CSO sample enters FP state.

Figure 4.29 – BLS lineplots of the different applied fields with µ0HFC = 16 mT.

Discussion on continuous-wave laser effect

According to the previous reports [135], MT-h-SkL phase was quenched in bulk shape CSO

sample with big difference on crystallographic orientations. It is relatively hard for 〈001〉. Strain

in a lamella-shaped sample or electrical fields were reported to stabilize the metastable states

in CSO [95, 131, 135]. In our case, there are three possible mechanisms: strain, temperature

gradient or an additional effect from the continuous-wave laser.

Firstly strain might originate from magnetostriction effect [204]. During fast cooling down,

the temperature at the laser position is about 4 K higher than in the surrounding region. The

laser region enters the magnetic state earlier and differently orientated domains can form

with domain walls defined by the laser. Depending on the strength of the magnetostriction

effect, local strain might emerge in the cooling process and introduce structural modification
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which survives the demagnetizing or warm-up process.

Second possible reason to be considered is the temperature gradient. It can create a torque

described as thermal spin transfer (TST) torque [205]

τTST ∝| 1

MS

d Ms

dT
|~∇T (4.2)

This may be helpful for inducing the SkL phase at low temperature. But it is unclear how to

keep the metastable state at position A when increasing T to 300 K.

Thirdly, CSO is a insulator with bandgap of about 2.25 (2.45 eV) at 250 K (10 K) in CSO [206],

comparable to the energy of the green laser we use for BLS (2.3 eV). During cool down, the

laser can excite interband transitions. The excited electrons may be trapped in defects. So

local electrical fields can be created and kept in vacuum. However, in order to make use of the

magnetoelectric properties of CSO the electrical fields need to be applied on the polar axes

which are active when the magnetic field is applied along 〈110〉 or 〈111〉 [84, 207]. In our case,

the field was applied along symmetry axis 〈001〉 so there is no polar axis able to interact with

an electrical field in this configuration. There maybe other effects related to the electrical field

to be relevant here.

Further studies are needed, still as we show in the last section-the effect can be used to

extensively generate extended domains of the metastable X-phase.

4.4.2 "Brushing" the Novel Phase X Using a Continuous-Wave Laser

Figure 4.30 – BLS spectra of brushing the skyrmion phases. At y = 0, the sample was cooled
with µ0HFC = 16 mT and field was swept to µ0H = 0 mT. The field was fixed at 0 mT and the
laser spot was moved along y direction in steps of 1 µm.

The 11 mW continuous-wave green laser used in BLS is key for stabilizing the metastable

states. We now show how it is used to expand ("brush") the phase X into regions of the conical

81



Chapter 4. Helimagnons and Spin Dynamics of Skyrmion Lattices in the Bulk Chiral
Magnet Cu2OSeO3 at Cryogenic Temperatures

phase. First, the metastable phase was formed underneath the laser spot after cooling with

µ0HFC = 16 mT. And phase X was appeared after we swept the field to µ0H = 0 mT. Second, we

conducted BLS measurements with the laser moving away from position A in steps of 1 µm.

At each position we measured the BLS spectrum. BLS spectra are plotted in Fig. 4.30. The

resonances of phase X are at 4 GHz and 6 GHz. They existed up to y = 450 µm. When the laser

approached 460 µm, the -Q modes of conical phase gradually appeared at about 5 GHz.

Hear flow has been reported to drive and tailor the skyrmion trajectories acting like an elec-

trical current [208]. Very recent report on the observation of skyrmion lattice movement in

CSO lamella driven by heat flow amount to about 11 mK/mm [209] provide a possible expla-

nation on our founds. In the CSO sample with laser on, we estimate the in-plane temperature

gradient to be in the range of Kelvin per millimeter. Refer to the explored skyrmion lattice

movement velocities in Ref. [209], we expect the movement velocity higher than 0.15 mm/s.

However when we measured the phase at position B after cooling down at position A and

laser moving to position B (300 µm away from position A) for 10 minutes, there was no sign of

phase change from conical phase to phase X. With movement velocity of 0.15 mm/s, skyrmion

lattice should take only 2 second to reach position B from position A which is in contrast with

our observation. So we expect extra effects in the "brushing" process working together with

the heat flow.

From this observation, we conclude that the continuous-wave green laser helped us to brush

the phase X into the region of conical phase. The intentional "writing" of a metastable phase is

encouraging in designing devices based on non-collinear spin structures for both magnonics

and spintronics.

4.4.3 Dynamic Behaviors of Metastable Phases

We plot the spectra and resonance frequencies extracted from the field dependent data in Fig.

4.31. For this dataset, the sample had been cooled to T = 18 K in µ0HFC = 16 mT and then H

was either increased (white right arrow) or decreased (white left arrows) in separate cooling

cycles. We mark the regions from I to VI considering frequency jumps and non-monotonic

variations of resonance frequencies as relevant signatures for phase transitions. From the

reported BLS spectra in last section, the introduction on Fig. 1.12 in Chapter 1.3.3 and phase

diagram of FC reported in Ref. [94], we category region I and VI as FP state, II as LT-h-SkL

phase, III as conical phase (change to tilted conical phase near -44 mT), IV as the novel phase

X, and V as the MT-h-SkL phase. In this section, we will focus on the unconventional dynamic

features compared with reported VNA spectra [83, 87, 169, 170] and offer a new view from BLS

data.
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Figure 4.31 – BLS spectra with H along 〈001〉 at T = 18 K with µ0HFC = 16 mT. (a) BLS spectra.
(b) Extracted frequency from fitting. The size of orange squares illustrates the intensities.
The vertical blue dashed lines indicate transition fields extracted from frequency jumps and
non-monotonic variations of resonance frequencies. Gray dashed line illustrates the expected
behavior of +Q modes.

CCW mode of MT-h-SkL phase

From 6 mT to 48 mT (region V), there are four modes labeled as (1) to (4). For mode (3),

the frequency decreases with increasing field. This agrees with the characteristic of a BR

mode. Mode (4) between 1.5 GHz to 2.1 GHz is at extremely low frequency compared with

the other three modes. Such low frequency is usually attributed to the CCW mode of SkL. The

slope ∆ f /∆H agrees with the CCW mode [194]. Meanwhile BLS provides different excitation

mechanism of magnons so more SkL resonance modes maybe seen [66]. From microwave

excitation, only three CCW, CW and BR modes are known. However the frequency of mode

(3) is too low compared to the BR mode (directly agreed with previous report) and reported

frequency of CCW mode in MT-h-SkL phase [169]. We compare the frequency difference

between mode (3) (BR mode) and mode (4) (suspected CCW mode) and notice the big differ-
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ence with Ref. [169] which is the only report on complete spin dynamic mode in MT-h-SkL

phase using all-electrical spin-wave spectroscopy. There maybe two possibilities [182]: cubic

anisotropy lowers the CCW frequency at low temperature; or mode (3) is a phonon-like dy-

namic mode invisible for previously used microwave excitation and detection. Our data and

the estimated data from Ref. [169] could provide the understanding of MT-h-SkL dynamics

from complementary perspectives.

Figure 4.32 – Frequency difference of BR and CCW mode of MT-h-SkL phase. Red squares
are extracted from our BLS measurements for H ∥ 〈001〉. Blue circles are estimated from Fig. 3
in Ref. [169].

Interactional dynamics of CW modes of MT-h-SkL and +Q mode of conical phase

In Fig. 4.23, the crossing behavior is visible between mode (1) and mode (2). Mode (1) is very

strong and continuous following the behavior of +Q mode of conical phase (∆ f /∆H < 0) as

plotted in Fig. 1.12. Mode (2) is weak. The extracted frequencies seem to follow the CW mode

of SkL indicated by the gray dashed line (∆ f /∆H > 0).

We plot another FC measurements at T = 18 K with µ0HFC = 16 mT in Fig. 4.33. The only

difference is the laser spot positions on the sample during two cooling process. All the other

parameters are identical. In Fig. 4.33 mode (1) in region V evolves from +Q mode of conical

phase at 16 mT. However the mode stays at a high frequency and its slope is not ∆ f /∆H < 0 as

indicated by the dashed line. This curve with∆ f /∆H < 0 illustrates the behavior expected for a

+Q mode. Mode (2) starts at the CW mode of the SkL phase but it does not follow the expected

frequency tendency (∆ f /∆H > 0). For these branches we assume an avoided crossing [210–

214] occurs due to a strong coupling between the CW and +Q mode. The gap is (0.58 ± 0.08)

GHz. The anticrossing observed here is different to the one between the breathing mode

and a dark higher-order clockwise gyration mode reported in Ref. [87]. There the LT-h-SkL
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phase resulted from the hybridization with a dark octupole gyration mode mediated by the

magnetocrystalline anisotropies. The anticrossing in Fig. 4.33 is attributed to the modes of

two different neighboring domains.

Figure 4.33 – BLS spectra with Anticrossing feature with H along 〈001〉 at T = 18 K with
µ0HFC = 16 mT. Extracted frequency from fitting. The size of orange squares illustrates the
intensities. The vertical blue dashed lines indicate transition fields extracted from frequency
jumps and non-monotonic variations of resonance frequencies. Gray dashed curves illustrate
the expected behavior of +Q and CW modes.

Figure 4.34 – BLS spectra with H along 〈001〉 at T = 12 K with µ0HFC = 10 mT. Extracted
frequency from fitting. The size of green squares illustrates the intensities. The vertical blue
dashed lines indicate transition fields extracted from frequency jumps and non-monotonic
variations of resonance frequencies.

Anticrossing were observed up to T = 30 K. In all 9 sets of data we collected for FC with µ0HFC

= 13 mT or 16 mT, the anticrossing feature appeared 7 times and the crossing feature only

appeared 2 times. We deduce the appearance of the anticrossing is related to the laser probing
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locations with respect to the boundaries of multi-domains.

BLS spectra with µ0HFC = 10 mT show the a different interactional behavior between mode (1)

and mode (2). Mode (1) follows the +Q mode of conical phase clearly (refer to Fig. 1.12). The

slope of mode (2) is modified to ∆ f /∆H < 0 which is in contrary to the conventional behavior

of CW mode of MT-h-SkL (∆ f /∆H > 0). Multi-domains with conical phase as majority domain

is expected in this case highlighted by the strong +Q peak and weak SkL peaks in Fig. 4.26.

Instead of being related to the laser probing position, it is more likely to be induced by the

different domain compositions: conical domain as majority and MT-h-SkL domain as minority.

Non-reciprocity Resolved From Stokes and Anti-Stokes BLS Spectra

Figure 4.35 – Stokes and Anti-Stokes BLS spectra obtained when field applied along 〈001〉
at T = 12 K with µ0HFC = 16 mT. (a) Anti-Stokes and (b) Stokes BLS signals of FC with 16 mT
applied while cooling down.

We now investigate the non-reciprocity of the dynamic modes discussed above by comparing

the Stokes (negative frequency) and Anti-Stokes (positive frequency) peaks. Both frequency

sides of the FC measurements with µ0HFC = 16 mT at T = 12 K are plotted in Fig. 4.35. The

spectra can be subdivided into region I to VI. We note significant asymmetries in region III, IV

and V. In region III, the non-reciprocity of -Q mode in tilted conical phase has been discussed
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in section 4.2.2. Region IV and V show significant difference in frequencies of mode X3 and

mode (4) (CCW mode of MT-h-SkL).

Figure 4.36 – Frequency shifts between Anti-Stokes and Stokes signals of MT-h-SkL phase
and phase X. Frequency shifts between Anti-Stokes and Stokes signals of (a) MT-h-SkL phase
and (b) phase X calculated from δ f = fAnti−Stokes - fStokes. Error bars are calculated from
Lorentz peak fitting.

In order to compare the asymmetries quantitatively, we plot the frequency shifts between

Stokes and Anti-Stokes spectra in MT-h-SkL phase and phase X (Fig. 4.36) as δ f = fAnti−Stokes -

fStokes. In Fig. 4.36 (a), 4 modes in MT-h-SkL phase are compared. Anti-Stokes (-k) peaks of

mode (4) (CCW mode) are at higher frequency than Stoke peaks (+k) and the frequency shift

amount to about 0.2 GHz. δ f shows a rough tendency of increasing with magnetic field. The

frequency of other three modes are tiny but the increase tendencies of δ f with magnetic field

are also noticed. In phase X (Fig. 4.36 (b)), mode X3 exhibits a clear higher frequency in Stokes
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peaks (+k) and the frequency shift increased with higher magnetic field. Mode X2 shows tiny

but opposite frequency shifts that Anti-Stokes peaks (-k) have a slight higher frequency. No

clear frequency shift is found in mode X1 peaks.

Except for frequencies, asymmetries in peak intensities are seen in region I, IV, V and VI (Fig.

4.35). We show the typical lineplots of different phases in Fig. A.3 with peak fitting. Linewidths

(FWHM) and areas of the peak from fitted data are summarized in Table. A.1, A.2 and A.3. Both

Stokes peaks are stronger than Anti-Stokes ones in region I and VI reveals that the creation of

magnons is more efficient than annihilation of magnons at low temperature T = 12 K in the FP

state. The areas underneath the peaks show a ratio of about 2. Similar features are observed

also in region IV (phase X) and V (MT-h-SkL phase) but with different ratio: 1.3 for peak X1 at

µ0H = 0 mT; 1.4 for +Q mode, 1.3 for CW mode, and 1.6 for BR mode at µ0H = 16 mT. It should

be related to the different magneto-optic constants for Anti-Stokes and Stokes processes [182].

Our results on asymmetries on both frequency and intensity of MT-h-SkL phase and phase X

(suspected LT-eh-SkL) owns nonreciprocal dispersion relations In MT-h-SkL phase, frequency

shifts induced by bulk DMI on CCW mode (when k ∥ H) was reported to be 0.07 - 0.08 GHz.

From our BLS data, phase shift of about two to three times larger at 0.2 GHz were extracted

when k ⊥ H . The nonreciprocal dispersion relation in conical phase were found in a similar

configuration [182] which results from a combination of dipole and Dzyaloshinskii-Moriya

interactions. Hence we deduce that the same mechanism can induce nonreciprocity in SkL

modes as we observed. The large frequency shift of 0.2 GHz recommend the chiral magnet as

a candidate of magnon diode in MT-h-SkL phase.

Temperature dependency of spin dynamics in the metastable skyrmion lattice phase

The frequencies of MT-h-SkL resonances were extracted at multiple temperatures from T

= 12 K to T = 42 K (Fig. 4.37). The three modes varied differently with T . CCW modes

remained below 2.1 GHz and their frequencies decreased only slightly with the increasing

temperature. Between 2 GHz to 4.5 GHz, the resonances of BR modes were observed and

decreased significantly with increasing temperature. For instance, the frequency difference

between 42 K and 30 K amounted to about 0.7 GHz and about 0.3 GHz between 30 K to 18 K.

The CW modes were extracted near 40 mT from 12 K to 30 K showing a similar tendency as the

BR modes. Above 30 K, the CW mode was not resolved.

According to the literature [87, 203], there are two main parameters modifying the frequencies

when the temperature varies: saturation magnetization and cubic anisotropy. The variation of

saturation magnetization with respect to temperatures agree with the frequency variation we

observed on BR and CW modes [203]. Concern the cubic anisotropy, it has been theoretically

calculated that the frequency of SKL at low temperature in CSO is lower when the KU is higher

[87]. However the exploration on temperature dependent cubic anisotropy strength were not

yet reported in chiral magnet CSO. The different frequency variation with temperature among

CCW, BR and CW mode implies that their dispersion relations are influenced differently from
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saturation magnetization and cubic anisotropy.
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Figure 4.37 – Resonance frequencies of MT- and HT-h-SkL at different temperatures. Reso-
nance frequencies were extracted from the fitting using Lorentz functions. Colors represent
different temperatures. Triangles indicate the CW modes. Circles indicate the BR modes.
Squares indicate the CCW mode. The filled black circles and squares are extracted from the
HT-h-SkL phase representing the BR and CCW mode, respectively.

4.4.4 Discussion

In the following, we discuss the possible reasons for the interactional dynamics between CW

mode in MT-h-SkL phase and +Q mode in conical phase (crossing and anticrossing).

Domain formations revealed by dynamic behaviors of CW mode and +Q mode

Anticrossing and crossing behaviors between CW mode in MT-h-SKL phase (mode (2)) and +Q

mode in conical phase (mode (1)) in region V were both observed. Anticrossing which reflects

strong couplings between SkL domain and conical domain was more often seen with about

78% among our experiments. The important parameter here is the laser probing location

on the CSO sample. We propose a dD -multi-domain model as an explanation in which the

domains owning a dimension (diameter or length) dD comparable with our laser spot (Fig.

4.38). When we focus the laser spot at position 1, +Q mode of conical phase dominates and

owns a stronger intensity. Because there is scattering of the laser inside the CSO samples,

so we can still collect SkL modes but not hybridized with +Q mode of conical phase. When

we focus the laser spot at position 2, domain boundaries dominate the dynamic behavior

and couplings between two phase emerge at the boundaries. As anticrossing is statistically

preferred, we assume that the size of the domains dD should be comparable with the laser

spot size so boundaries are often spotted by the laser. In our experiment, the laser amount to

89



Chapter 4. Helimagnons and Spin Dynamics of Skyrmion Lattices in the Bulk Chiral
Magnet Cu2OSeO3 at Cryogenic Temperatures

about 5-8 µm depending on the temperature. Hence we conclude the domain size dD should

be in the same order. The SkL domain sizes of about 20 µm at T = 57 K was reported in CSO

using the technique of resonant magnetic x-ray diffraction [215]. Our result is not far from the

reported value and it holds until T = 30 K. The difference suggests that the domain size may

have temperature dependency.

SkL

Conical 
Position 1

Position 2

Figure 4.38 – Sketch of BLS laser probing positions with respected to the multi-domains.
Yellow circles represent skyrmion tubes. Green stripe represent conical lattice. Dark green
circles indicate the BLS laser spot at position 1 and position 2.
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5 Spin Dynamics in Fe/Gd Multilay-
ers with Perpendicular Magnetic
Anisotropy at Room Temperature

In this chapter, we report the spin dynamics of dipole skyrmions, domains and domain

walls in Fe/Gd multilayers with nano grating elements utilizing scanning transmission X-ray

microscopy (STXM). It will be organized in 4 sections. In section 5.1, the magnetic characteri-

zations with magnetic force microscopy (MFM) and all-electrical spin-wave spectroscopy are

presented. In section 5.2, we report magnetic states after integrating nanomagnet arrays utiliz-

ing STXM. In section 5.3 and 5.4, we investigate the spin dynamics of dipole skyrmions and

domains in Fe/Gd multilayers with nanomagnet arrays utilizing the time-resolved STXM. In

section 5.5, we report the magnonic grating coupler (GC) effect observed in Fe/Gd multilayers

with one-dimensional Co nanomagnet arrays.

5.1 Magnetic Characterization of Bare Fe/Gd Multilayers
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Figure 5.1 – Magnetic hysteresis of Fe/Gd multilayers with out-of-plane field. (a) View of
cross-section of the Fe/Gd sample. (b) Hysteresis loop with out-of-plane field H⊥.

The amorphous Fe/Gd multilayers (Fig. 5.1 (a)) were studied by magnetization measure-

ments (Fig. 5.1 (b)), magnetic force microscopy (MFM) and ferromagnetic resonance (FMR)
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using all-electrical spin-wave spectroscopy. We analyzed material parameters, such as the

perpendicular magnetic anisotropy (PMA), saturation magnetization, exchange constant, and

damping parameters.

5.1.1 Phase Diagram of bare Fe/Gd multilayers

The Fe/Gd multilayers were grown in a ultra high vacuum (UHV) environment under 3.5

µbar argon pressure at room temperature by DC-magnetron sputtering. The substrate is a

Si (100) chip coated with 100-nm-thick SiO2 layer. Ultra-thin Gd and Fe layers are grown

alternatively for multiple times, e.g. 0.5 nm-chick Gd and 0.35 nm-thick Fe for 80 times as

sketched in Fig. 5.1 (a). The hysteresis loop (Fig. 5.1 (b)) detected by a superconducting

quantum interference device (SQUID) provided the out-of-plane saturation magnetization.

µ0MS = 0.4 (± 0.001) T was extracted at µ0|H⊥| > 150 mT. Both the multilayers growth and the

SQUID characterization were conducted by Michael Heigl and Prof. Manfred Albrecht from

Institute of Physics, University of Augsburg, Germany.
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Figure 5.2 – Stripe domains at µ0H⊥ = 0 mT. (a) MFM image at µ0H⊥ = 0 mT. Color bar
represents the MFM phase shift. And it indicates the direction of the magnetization in the
sample. (b) Fourier transformation (FFT) of MFM image of (a). The inset graph show the FFT
intensity. A linescan (the red squares) was extracted at the position marked by the red dashed
line. The blue line is a fitting using Gaussian function. Positions of two peaks d1 and d2 reflect
the inverse of the periodicity of domain structures.

The magnetic configuration was characterized by MFM. The measurements were conducted

together with the master thesis student Edoardo Catapano in our lab. A low-moment tip was

utilized to reduce the stray-field effect on magnetic states. The state at µ0H⊥ = 0 mT is shown

in Fig. 5.2 (a) and stripe domains are clearly seen. Fourier transformation of the image is

shown in Fig. 5.2 (b). Two peaks were fitted and extracted by Gaussian function at d1 and

d2, which indicate the domain periodicity as p = 2
|d2|+d |1| = 185.8 (± 0.1) nm. The average

domain width is calculated to be half L = p
2 = 93 nm. The value results from the interplay of
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magnetostatic energy Em and domain wall energy Edw give by [216]:

Em = 16 MS
2L

π2 t

∞∑
n>0,odd

1−exp(−kn t )

n3

and kn = nπ

L

(5.1)

Edw =
p

A KU

L
(5.2)

The minimum energy corresponding to L = 93 nm requires AKU = 0.29 erg2/cm4.
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Figure 5.3 – MFM images of Fe/Gd multilayers. MFM images with out-of-plane fields of (a)
40 mT, (b) 75 mT, and (c) 85 mT. Color bar represents the MFM phase shift and reflects the
magnetization direction. (d) 2D FFT image of MFM image (c).

The stripe-domain configuration was tuned by applying magnetic field H⊥ perpendicular

to the sample surface. In our MFM setup, H⊥ was applied by permanent magnets. With

increasing H⊥, Zeeman energy needs to be taken into account. The periodicity of stripe

domains increased (Fig. 5.3 (a)). Then domains started to collapse into type-II bubbles and

dipole skyrmions (Fig. 5.3 (b)). At µ0H⊥ = 85 mT, stripe-domain vanished and hexagonal

lattices of dipole skyrmions started to form (Fig. 5.3 (c)). Figure 5.3 (d) is the two-dimensional

Fourier transformation of (c) revealing a diffraction pattern of a hexagonal lattice reflecting a

lattice constant of 226 nm ± 2 nm. When comparing the domain stripes at 40 mT with 0 mT,

the direction of the domain structures changed suggesting a tiny in-plane component of the

permanent magnets re-aligning the direction of the domain stripes.
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5.1.2 Ferromagnetic Resonance of Fe/Gd multilayers

To examine FMR in the multilayers system, we put a triangular shape sample (5.4 (a)) face

down on a coplanar waveguide (CPW) (No. 3 in Table. 2.1). The longer axis of the sample

was about 1 cm-long and larger than the width of the CPW such that both in-plane and

out-of-plane components of hrf played a role for excitation. External magnetic field H⊥ was

applied perpendicular to the sample surface. Considering the size of the sample is quite large

compared with the magnetic yokes. So the applied field near the edge may contain an in-plane

component. Magnetic resonance spectra of transmission signal ∆S21 with magnetic field

sweeping from -450 mT to 450 mT are plotted in Fig. 5.4 (b).

Below -131 mT and above 147 mT, resonance frequencies increased with magnetic field

strength, implying the saturated state of Fe/Gd multilayers. In this state, two main modes

A and B were observed with distinct frequency difference. Mode B vanished when µ0H⊥
approached -400 mT and 400 mT. The extension lines of mode B intersect with field axis at

about -100 and 130 mT. Hence mode B are likely to be related to the in-plane components

of the applied field. Resonance mode A following the field dependency suggested by the

Kittel formula for a PMA sample in out-of-plane field H⊥ [161]. They were analyzed for

the anisotropy strength, saturation magnetization and Gilbert damping parameters. The

resonance peaks were fitted by Lorentz peak function and the field dependent resonance

frequencies are plotted in Fig. 5.5 (a). Error bars of f came from the standard error of Lorentz

fitting. Experimental data was fitted using Kittel formula Eq. (1.34) introduced in Chapter

1. µ0Meff = µ0MS - 2KU/MS= (−14±10) mT was extracted from the fitting. Combined with

the hysteresis measurement and domain size characterization, the anisotropy strength and

exchange constant can be calculated KU = 66.2 kJ/m3 and A = 6.1 × 10−12 J/m. They are

comparable with reported values [51]. The full width of half maximum (FWHM) δ f of the

fitted peaks are shown in Fig.5.5 (b) with standard errors from Lorentz peak function fittings.

To extract the damping parameter α, frequency dependent δ f was fitted linearly by the

equation Eq. 1.31. The damping parameter was α = 0.009 ± 0.001. It is smaller compared

with interfacial DMI systems hosting skyrmions and consistent with the value reported from

similar multilayers [50].

In the unsaturated state, five resonance modes are present. Three modes are highlighted by

red circles. At positive H⊥ they connect to mode A. Two modes are connected to mode B

(highlighted by green circles). We focus on the modes marked by red circles between about

µ0H⊥ = 88 mT and the saturation field of 147 mT. In this regime skyrmion lattice should exist

combining the MFM measurements. The behavior of these modes is consistent with the

dynamic simulations of dipole skyrmion lattices in Ref. [50] and description is in Chapter

1.3.3 and Fig. 1.13. The mode with the highest frequency near 5 GHz may be excited by both

contributions of hrf ⊥ H⊥ and hrf ∥ H⊥.
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Figure 5.4 – Spectra of flip chip measurements on Fe/Gd multilayers.(a) Schematic diagram
of flip-chip measurement of the Fe/Gd chip. Red arrays indicate the directions of the mi-
crowave current flows. (b) Magnetic resonance spectra of transmission signal S21 with mag-
netic field sweeping from -450 mT to 450 mT.
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Figure 5.5 – Dynamic parameters of FMR in Fe/Gd chip. (a) Field dependent resonance
frequencies (red circles). Red line is the fitted curve of Kittel formula Eq. (1.34). Error bars
in both (a) and (b) indicate the standard error in fitting resonance peaks with Lorentz peak
function.
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5.2 Phase Modification in Fe/Gd Multilayers by Nano Arrays Resolved

by Scanning Transmission X-ray Microscopy

In this section, we report the magnetic phases in Fe/Gd multilayers grown on the Si3N4

membranes with integrated nanomagnet arrays utilizing the STXM. Cobalt nano-structures

fabricated on Fe/Gd multilayers are described in Section 3.2.1. We compare the magnetic

states in different regions underneath and next to the Co nanomagnets. We show that the

arrays force the stabilization of domain and skyrmion lattices. In order to understand the

states, we conducted micromagnetic simulations to specify the effects of exchange and dipolar

interactions. Our observation offers a methodology to control the distribution of domains and

skyrmions for designing storage and magnonic devices.

5.2.1 Phase of Bare Fe/Gd Multilayers

Figure 5.6 – Static STXM image and line cut of domains in bare Fe/Gd multilayers. (a) Static
STXM image. Color bar represents normalized X-ray transmission intensity. The boxes high-
light the position of the integrated CPW. Here, the absorption of X-ray is larger compared to
neighboring regions. (b) Line cut was taken at y = 0.3 µm in (a) at the position marked by
green dashed line.
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The schematic diagram of the setup and experiment configuration are introduced in Fig. 2.11

and Fig. 2.12. The X-ray resolved magnetization map of Fe/Gd without nanomagnets is shown

in Fig. 5.6 (a) in where stripe domains are observed. Dashed black frames mark the position

of CPW lines. Unlike Fig. 5.2 (a), stripe domains are not well aligned with periodicity of p =

185 nm. Their widths vary. We look into a line profile (5.6 (b)) of the magnetization map at

the dashed green line in 5.6 (a). From x = 2 µm to 3 µm and from x = 5 µm to 6 µm, the width

of the domains are extracted by counting the widths at the half maximum of transmission

signals locally. Considering the projection of 30 degree, width of spin down domains amounts

to wdown = (231 ± 58) nm. Width of spin up domains varies from position to position. We

extracted the width from two of them to be wup1 = (528 ± 58) nm and wup2 = (318 ± 58) nm.

We noticed that the skyrmion lattice was not stabilized spontaneously and domains collapsed

into individual skyrmions. Instead of get saturated at µ0H⊥ = 132 mT, region without nano

arrays get fully saturated at µ0H⊥ = 22 mT. The discrepancies of domain structure, effec-

tive saturation field and skyrmion formation process before and after nanofabrication are

attributed to a modification of material parameters due to e.g. baking processes when coating

photoresists. Considering Ref. [51], a lower PMA value KU agrees with our observation (when

we assume the exchange parameter A to stay constant).

5.2.2 Modified Magnetic Phases by One- and Two-Dimensional Nanomagnet Ar-
rays

Different domain structures were observed in the region with 1D nanomagnet arrays (Fig.

5.7). Three periodicities p = 300 nm, p = 350 nm and p = 450 nm are compared (from top to

bottom). 1D arrays of p = 350 nm formed the most regular domain lattices (Fig. 5.7 (b)). Out

of the yellow frames (no nanomagnet), the domains resemble Fig. 5.6. Line cut of domain

lattice marked by green dashed line in Fig. 5.7 (b) is plotted (Fig. 5.8). In the region with

Co nanomagnet arrays, the periodicity of the domains (D) are perfectly formed as (300 ± 50)

nm. After the correction of projection, pD = (346.5 ± 57.8) nm, which is consistent with the

design of Co arrays. Magnetization points to downwards underneath the grating elements.

It is notable that the transmission signals out of the yellow frame have higher intensity than

inside. In side the yellow region, transmission signal intensity is higher in the area uncovered

by CPWs.

1D arrays with p = 300 nm formed complex domain structures (Fig. 5.7 (a)). Spin-up domains

and spin-down domains are similar in this case. Two typical width of domains are extracted as

wwide = (303 ± 29) nm and wnarrow = (144 ± 29) nm. They are related to the periodicity of the

Co nanomagnet array (300 nm) and the widths of the 1D Co stripe and gaps (150 nm). From

another perspective, we categorized the magnetization map as multi-domains consisting

of domain stripes as wide as wwide = (303 ± 29) nm with specific domain boundaries. The

boundaries will be discussed in details in section 5.4.
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Figure 5.7 – Static STXM images of domains modified by 1D nanomagnet arrays at µ0H⊥ =
0 mT. Domains underneath 1D nanomagnet arrays of periodicity (a) p = 300 nm, (b) p = 350
nm, and (c) p = 450 nm. The olor bar represents normalized X-ray transmission intensity.
Dashed black frames indicate the regions of the CPW lines. Yellow frames indicate the region
of nanomagnet arrays.
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1D arrays with p = 450 nm induced regular domain lattices partially (Fig. 5.7 (c)), similar

to other arrays with p = 400 nm and p = 500 nm (data not shown). Lattices were formed

only in the regions without CPW lines and the domain periodicities agreed with nanomagnet

arrays. In the regions underneath CPWs, domain stripes merged. During the wire bonding

or microwave circuit test, the regions underneath CPW lines may be heated up and material

properties varied a bit.

Figure 5.8 – Line cut of transmission intensity modified by 1D nano arrays with p = 350 nm.
Line cut was taken at y = 2.5 µm in Fig. 5.7 (b) at the position marked by green dashed line.
Gray boxes mark the region of CPW lines.

Not only the 1D Co stripe arrays but also the 2D Co nanodisc arrays modified the magnetic

phase in Fe/Gd multilayers, particularly the square lattice array with periodicity p = 400 nm.

Field dependent magnetization maps in the region with 2D nano arrays are plotted in Fig.

5.9. At µ0H⊥ = 0 mT, stripe domains were observed. Outside the 2D array region, domains

were identical to the bare film of Fig. 5.6. In the 2D array region, domains followed mostly

a horizontal or vertical direction in the Fig. 5.9 (a) and (b). As the magnetic field increased,

upwoard magnetization was recorded at the position of Co discs. At µ0H⊥ = 20 mT, square

lattices of upward Fe/Gd magnetization were created locally following the designed lattice

constant pD = 400 nm.
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Figure 5.9 – Static STXM image of domains modified by two-dimensional Co nanomagnet
arrays. Domains modified by two-dimensional nanomagnet arrays with periodicity p = 400
nm at (a) µ0H⊥ = 0 mT, (b) µ0H⊥ = 10 mT, and (c) µ0H⊥ = 20 mT. The color bar represents the
normalized X-ray transmission intensity. Dashed black frames indicate the regions of CPW
lines. Yellow frames indicate the regions of nanomagnet arrays.
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5.2.3 Micromagnetic Simulation on Fe/Gd Multilayers with Co Stripes and Discs

Figure 5.10 – Simulated magnetic states in bare Fe/Gd multilayers and with Co stripe at
µ0H⊥ = 10 mT. (a) Bare Fe/Gd multilayers. (b) Fe/Gd multilayers with Co stripe with interfacial
exchange interaction. (c) Fe/Gd multilayers with Co stripe without exchange interaction. The
color bar represents normalized magnetization mz along z.

To investigate the competing between Co nanomagnets and the Fe/Gd multilayers, three sets

of micromagnetic simulations were carried out using Mumax3 code [145]. Fe/Gd multilayers

with an area of 358.4 nm × 358.4 × 80 nm with periodic boundary condition (PBC) = (20,20,0)

were simulated. Cell sizes were 1.4 nm along x and y, 2 nm along z. All of them are smaller

than half of the exchange lengths of Fe/Gd and Co. The model contains ix × iy × iz = 256 × 256
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× 40 cells. We utilized the parameters extracted from the sample characterization in section

5.1 such as exchange constant A = 6 × 10−12 J/m, saturation magnetization Msat = 320 kA/m,

PMA value KU = 6.6 × 104 J/m3 and Gilbert damping constant α = 0.01. The magnetization

component mz shows the stripe-shape domains in bare Fe/Gd multilayers in the simulation

for µ0H⊥ = 10 mT (Fig. 5.10 (a)). This image was taken at the top surface iz = 1 of the sample.

In simulation set 1, we constructed a 20-nm-thick, 120-nm-wide Co stripe on top of the Fe/Gd

sample through y direction. The same cell size and (PBC) were used. Parameters of Co were

set as exchange constant A = 1.4 × 10−11 J/m, saturation magnetization Msat = 1400 kA/m and

Gilbert damping constant α = 0.5 according to Refs. [217, 218]. The initial state of the Co stripe

was defined as magnetization along y. We made use of the ’ex_scaleExchange’ function to

control the exchange interaction between Co and Fe/Gd [145]. mz are compared in Fig. 5.10

(b) to (c). They are taken from the top layer and bottom layer of Co stripe, and top layer of

Fe/Gd material.

In the case of normal exchange interactions (scale 1 defined by function ex_scaleExchange),

Co stripe did not vary the state of Fe/Gd significantly (Fig. 5.10 (b)). Domains are smaller in

the region adjacent to the Co stripe. Tiny deviations of domain walls in Fe/Gd sample were

noticed at the location of the edges of Co stripes. On contrary, the magnetic configuration in

the Co stripe was modified through all layers. Co stripe did not keep a uniform magnetization

along y as initially set. Stripe domains generated in the Co stripe. Without interfacial exchange

interaction, a similar magnetic configuration was found in bottom layer of Co stripe with

smaller intensity (Fig. 5.10 (c)). Still the domain structures are through all layers. In Fe/Gd,

stripe-shape domains are almost identical with or without exchange interaction. The tiny

modification of the domain wall at the Co stripe edge disappeared in the case without exchange

interactions. We conclude that exchange interaction do not play a decisive role for the phases

observed in our STXM experiments. Meanwhile, domains were printed in Co stripe even

without exchange interaction. On the other hand, stripe domains are smaller in the region

covered by the Co stripe which may be caused by domains printing back from Co to Fe/Gd.

This indicates the dipole interaction was dominating this process. However when without

exchange interactions, the print of domains in Co stripe was weaker. It suggests that even

though exchange interaction is not deciding the phase modification but it enhances the

process.

In simulation set 2, we looked into a larger region with complete Co stripe on Fe/Gd multilayers

at µ0H⊥ = 10 mT (Fig. 5.11). We increased the size of the area to 224 nm × 1433.6 × 80 nm with

periodic boundary condition (PBC) = (20,0,0) using ix × iy × iz = 160 × 1024 × 40 cells. Co stripe

was defined as 112 nm wide, 980 nm long and 20 nm thick. All the other parameters remain the

same as the previous simulation. When considering normal exchange interaction, in Fe/Gd,

stripe domains in Fe/Gd started to follow the Co stripes (Fig.5.11 (a)). At about y = 460 nm

domain walls deviated towards the direction of Co +x edge. In the other region underneath

Co stripe, domains were mostly parallel to the Co stripe. Near the +y edge of Co stripe spins

pointed downwards, and near the −y edge spins pointed upwards. Inside the domain wall
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underneath Co stripe, the spins are pointing along −y. They followed the stray field direction

generated by the Co stripe. In Co stripe, the phases change from M ∥ +y to partially tilted to

in-plane following the domain structures in Fe/Gd. In the case without interfacial exchange

interaction (Fig.5.11 (b)), similar domains were observed as in (a). The domains were nicely

aligned following Co stripe. No deviation appeared. Unlike the simulation containing only a

short part of the Co stripe (simulation set 1 in Fig. 5.10 (b) and (c)), domains followed the Co

stripes this time. The difference is mainly the presence of the stripe edges. Thus we propose

that the stray fields generated by a Co stripe are the key for the formation of well-aligned

domains.

Figure 5.11 – Simulated magnetic states in Fe/Gd multilayers with complete Co stripe at
µ0H⊥ = 10 mT. (a) Fe/Gd multilayers with complete Co stripe with interfacial exchange inter-
action. (c) Fe/Gd multilayers with complete Co stripe without exchange interaction. The color
bar represents normalized magnetization mz along z.
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Figure 5.12 – Simulated magnetic states in bare Fe/Gd multilayers and with Co stripe. (a)
Fe/Gd multilayers with Co disc with interfacial exchange interaction. (b) Fe/Gd multilayers
with Co disc without exchange interaction. Color bar represents normalized magnetization
mz along z.

Simulation set 3 switched from Co stripe to Co disc with a diameter of 150 nm and thickness

of 20 nm. All the other parameters are the same as set 1. The magnetic phases in both Co disc

and Fe/Gd multilayers are plotted in Fig. 5.12. Compared with the bare Fe/Gd multilayers

(Fig. 5.10 (a)), phases were modified from stripe domains to 2D domain lattices when Co disc

were present in Fe/Gd. In Co disc, the ground state should be vortex counting the shape and

external field (µ0H⊥ = 10 mT). Here the spins configuration were modified. Spins started to
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tilt to out-of-plane direction following the stray field from Fe/Gd. And the vortex core in Co

disc were weaken on the bottom surface near Fe/Gd. When interfacial exchange interaction

were shut down, spins in Co disc still tilted but the core had less change. Phases in Fe/Gd (Fig.

5.12 (b)) remained very much similar to Fig. 5.12 (a). Based on these observations, we deduce

that the dipolar interaction has a strong influence on the phases in both Fe/Gd multilayers

and Co disc. Exchange interaction between two materials help enhance the spin tilting in Co

disc and weaken the magnetization of vortex core.

5.2.4 Discussion

In the following we discuss aspects of dipolar interaction in our samples. In our STXM data,

the Co stripes aligned induced preferred direction of stripe domains in Fe/Gd multilayers. We

sketch the Co stripes on top of the STXM picture in Fig. 5.13. Black arrows indicate the assumed

magnetization directions in the Co stripes after pre-alignment described in section 2.3.2. We

infer that they should generate stray field lines going into the Fe/Gd multilayers at their edges.

Indeed near these edges the Fe/Gd multilayers shown downward magnetization, consistent

with the stray field directions of Co stripes. This agrees with the micromagnetic simulation

of Fig. 5.11. Those edge regions may work as the starting points of domain nucleation. We

checked the other side of the stripes and their region showed upward magnetization following

the complementary stray field. We hence suggest that the stray field of Co nanostructures

allowed us to modify the domain configuration in Fe/Gd multilayers. There is still a difference

on domain wall positions between our STXM data (Fig. 5.13) and simulation (Fig.5.11). It

should be related to the dimension of Co stripes in our simulation limited by the computing

ability. This also agrees with our observation of domain structures with different periodicity p

of 1D nanomagnets arrays (Fig. 5.7).

Figure 5.13 – Dipole field at the edge of 1D Co stripes. Static STXM map at the edge of 1D
nano arrays of p = 350 nm and the sketch of the dipole fields.
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In case of the Co nanodiscs, we speculate that a vortex state was formed in discs and the

vortex core provided relevant stray fields. It was noticed that at µ0H⊥ = 0 mT in Fig. 5.9,

magnetization were mostly pointing upwards underneath Co disc arrays. If following the

ground states of vortex in Co disc, only half of region were expected to own magnetization

upward. This fact suggest that vortex core were strongly modified by the stray field from Fe/Gd.

Based on our findings, the design of variable skyrmion or domain lattices becomes possible

by tailored shapes of grating elements with different stray-field patterns.
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5.3 Spin Dynamics of Domain Walls in Fe/Gd Multilayers

We investigated the spin dynamics below 1 GHz in domain walls and multi-domain phases

modified by 1D nanomagnet arrays as shown in Fig. 5.7 (b) and (a). Continuous-wave radio-

frequency current Irf was injected into the signal line of the integrated CPW to excite spin

waves. It generated the dynamic magnetic field hrf around the signal line. X-ray beam pulses

were utilized to collect the dynamic transmission signals in 13 channels in the time domain.

We averaged 13 signals and subtracted the average value from the transmission signals to

extract the dynamic signals. They were further normalized by the average value.

5.3.1 Spin Dynamics of Well-Aligned Domain Walls

The normalized static and dynamic transmission signals at f = 0.31 GHz are plotted in Fig.

5.14 (a) and (b). The Co stripe grating an Fe/Gd had a period of p = 350 nm. Dynamic signals

were pronounced underneath the signal line indicating that the in-plane component of hrf

dominated the excitation. Spin waves with finite wavevector were excited, e.g. in the region

Figure 5.14 – STXM images of domain walls excited locally at f = 0.31 GHz. (a) Static STXM
image of domains formed by the 1D Co nanomagnet array with p = 350 nm. The color bar
represents the normalized transmission intensity. (b) Snapshot of dynamic STXM image of
domains excited at f = 0.31 GHz underneath the signal line of CPW. The color bar represents
the normalized dynamic components. (c) Normalized dynamic magnetization intensities at t
= 2 ns averaged for 5 cells along x in the region marked by the green box. (d) Time-dependent
average dynamic magnetization intensities in the region marked by green box.
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marked by green box in Fig. 5.14 (b). The line cut at t = 1.24 ns (Fig. 5.14 (c)) are fitted with a

sine wave form. We extracted wavelength of λ = 814 nm. In Fig. 5.14 (d), we show the signal

evolution from t = 0 s to t = 2.7 ns. Considering the wave propagation along y as highlighted

by the gray line, we calculate the phase velocity to be vg = 0.24 km/s.

Figure 5.15 – Dynamic STXM images at three different excitation frequencies. Dynamic
STXM images of domain walls excited at (a) f = 0.31 GHz, (b) f = 0.58 GHz and (c) f =
0.85 GHz. Gray stripes indicate the positions of domains with downward magnetization
(downward domains). Dashed black boxes indicate CPW lines.The color bars represent the
dynamic transmission signals normalized to the static signal.

The snapshots of spin waves and their schematic propagation direction are plotted in Fig.

5.15. At f = 0.31 GHz, spin waves were observed only in the domain walls on the left side of

downward domains. At f = 0.46 GHz, spin waves at the right edge of downwards domains

were visible (data not shown). At f = 0.58 GHz, spin waves were clearly visible at both edges.

They propagated along both directions in the regions without defects. Spin waves propagated

in both domain walls on the left and right of the downward domains. At f = 0.85 GHz, spin
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waves were excited in the gap between the CPW signal and ground lines (Fig. 5.15 (c)). Spin

waves of λ = 409 nm were excited at both edges of downward domains. It evidenced that at

f = 0.31 GHz, there is selection rules of spin waves propagation that may be decided by the

chirality of the domain walls.

5.3.2 Spin Dynamics of Domain Walls Located at Multi-Domain Boundaries

Multi-domains of quasi-periodic stripe domains were formed by 1D Co arrays with p = 300

nm as highlighted by black lines in the static transmission map Fig. 5.16. In the following

we call these region separated by the black line super-domains. Note that the black lines

follow domain walls. They separate five regions where domains are specifically arranged, as

indicated in Fig. 5.16 (b). From the line cuts taken at positions A to E in Fig. 5.16 (c) and (d).

We calculate domain wall width in the boundaries to be wb
DW = 182 nm considering the 30

degree STXM configuration. We read the size from the positions with abrupt change in dI /dx

and dI /dy . Domain walls inside the domains have wDW = 177 nm. The width do not differ

significantly from each other.

Figure 5.16 – Domain walls inside and in between super-domains. (a) Static STXM image
of domains formed by 1D Co nanomagnet arrays with p = 300 nm. Black lines mark the
boundaries between regularly arranged group of stripe domains. (b) Sketch of a super-domain
boundary. (c) and (d) Transmission intensities of domain walls marked by green lines in (a).
Gray frames mark the size of domain walls inside the multi-domains. Yellow frames mark
the size of the domain walls between stripe domains. Those regions are located according to
abrupt changes in dI /dx and dI /dy .
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At f = 0.38 GHz, a special resonance mode was observed (Fig. 5.17 (a)) following the long black

line of Fig. 5.16 (a), i.e. the boundary between our provisionally defined super-domains. When

frequency increased, resonances were excited in domain walls both at the boundaries and

inside the super-domains, e.g. at f = 0.58 GHz in Fig. 5.17 (b). For the boundary modes, there

are two type of resonances: standing waves and propagating waves. In the boundaries along x

direction, standing spin waves were preferably seen. In the boundaries along y direction, spin

waves propagated as indicated by gray arrows in Fig. 5.17 (a). Their propagation followed the

same scenario as sketched in well-aligned domain walls in Fig. 5.15 (b). Spin waves propagated

also along curved segments of the boundaries between the super-domains.

Figure 5.17 – Dynamic STXM images of domain walls inside and between super-domains.
(a) Domain wall resonance along the boundaries (gray solid lines) of super-domains at f =
0.38 GHz. Black dashed lines mark the positions of regular domain walls. Arrow heads indicate
propagation direction of excited spin waves. (b) Domain walls resonance at f = 0.58 GHz.

5.3.3 Discussion

Comparing the spin wave excitation at different frequencies by in-plane hrf in well-aligned

domain walls, wavelengths varied from λ = 814 nm at f = 0.31 GHz to λ = 388 nm at f = 0.65

GHz. We extracted the dispersion relation from the STXM measurements (Fig. 5.18) and plot

together with the data points from out-of-plane hrf and super-domain boundaries. Dispersion
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relations of spin waves in a Bloch-type domain wall read [219]

f = γ
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Here γ is the gyromagnetic ratio, A is the exchange interaction, MS is the saturation magneti-

zation, k is the wavelength of spin waves. In the ultra-thin film,
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(5.4)

d is the thickness of the film and KU is the PMA strength. Comparing our experimental

observation and the calculated dispersion relation, the tendency is consistent but there is a

discrepancy in the slope. It may originate from the nature of the domain walls or the integrated

Co stripes. In Fe/Gd, domain walls are mainly Bloch-type but at the top and bottom surface,

domain walls are tuned to Néel-type. So the spin wave resonance frequencies are expected to

be modified.

Figure 5.18 – Dispersion relation and phase velocities of spin waves in domain walls. Red
squares are extracted from STXM measurements in domain walls where the dynamic com-
ponent hrf ⊥ H⊥. Blue squares are extracted from where the dynamic component hrf ∥ H⊥.
Hollow squares is extracted from the super-domain boundaries from the region 0.5 µm < x
< 2 µm and y around 2.2 µm. Gray line is the calculated spin waves dispersion relation in
Bloch-type domain wall using Eq. 5.3.

The spin waves phase velocities we obtained form SXTM data are in the same order with the

reported value in domain walls in Ni81Fe19/Ru/Co40Fe40B20 which is 0.317 km/s at 1.1 GHz

and 0.307 km/s at 1.46 GHz [22] considering the doamin wall structure are also mixed from

Bloch-type and Néel-type. Higher phase velocities would be expected in Fe/Gd multilayers

when the resonance will be excited above f = 1 GHz. Our experimental observations of the

spin waves excited along extended and curved domain walls further prove the concept of
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reconfigurable spin wave guides in extended films with reasonable spin wave phase velocities.
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5.4 Spin Dynamics of Skyrmions in Fe/Gd Multilayers

In the region of bare Fe/Gd multilayers with CPW integrated, single skyrmion and skyrmion

pairs (Fig. 5.19) were observed. They were formed and remained stable close to the satu-

ration field. According to the phase diagram reported in Ref. [155], they are skyrmions or

antiskyrmions instead of type-II bubbles (as indicated in Fig. 1.4). The single skyrmion-A was

stabilized in the gap between signal line and ground line in Fig. 5.19 (a) at µ0H⊥ = -5.5 mT.

The width of skyrmion-A was w A = 430 nm and its height was hA = 460 nm. The normalized

magnetization mz is shown in Fig. 5.19 (b). Underneath the signal line a single skyrmion-B

was found (Fig. 5.19 (c)) at µ0H⊥ = 5 mT. Sizes of this skyrmion were wB = 430 nm and hB

= 410 nm. In the region of the 1D nanomagnet array underneath the signal line, a double

skyrmion (skyrion in pair) was spotted as shown in Fig .5.19 (e) at µ0H⊥ = 19 mT. According to

the transmission signals, they behaved as a merged skyrmion. The component mz only had a

change of 2π. Thus it had the skyrmion number of 1 which is identical to a single skyrmion.

We label it as skyrmion-C. The width of this pair is wC = 600 nm. The height at the center of the

pair is hcenter
C = 400 nm (at x = 320 nm). In the following calculation of spin waves wavelength

excited in skyrmions, we approximate skyrmion-A and skyrmion-B to a circle structure with

diameter averaging the width and height.

Skyrmion-A, B and pair C were stable at their position during the measurements when the

transmitted microwave signals amounted to about -8 dbm. We were able to reproduce them

after demagnetizing. Further individual skyrmions were erased with microwave current

switched on or selectively moved by the X-ray irradiation. The following data were obtained

on skyrmion A to C.

5.4.1 Spin Dynamics of Single Skyrmion

Skyrmion-A appeared in the gap at about 0.5 µm to the signal line edge. Here, the majority

dynamic component hrf ∥ H⊥. Four dynamic modes were observed below 1 GHz. Snapshots

of normalized dynamic signals of each mode are plotted in Fig. 5.20. Their detail motions

are plotted in Appendix Fig. A.4 and A.5. They consist of different phase evolution such as

breathing (BR), clockwise (CW) and counter clockwise (CCW) modes. Surprisingly, not only

BR motion but also CW and CCW motions are excited which is in contrast with the report

[51, 82].

Excitation at f = 0.38 GHz (Fig. 5.20 (a)): The dynamic mode can be separated into two parts:

local BR and local CW motions. BR motion existed at the position of a tiny defect. This motion

emitted a spin wave in CCW motion of wavelength λ = 363 nm. Its phase velocity is estimated

to be vg = 0.17 km/s.

Excitation at f = 0.46 GHz (Fig. 5.20 (b)): Here, the second order CW motion was observed.

There are two anti-nodes along the skyrmion circumference. Wavelength and phase velocity

are estimated to be λ = 363 nm and vg = 0.18 km/s, respectively.
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Figure 5.19 – Static STXM image of skyrmions. (a) and (b) µ0H⊥ = -5.5 mT. (c) and (d) µ0H⊥ =
5 mT. (e) and (f) µ0H⊥ = 19 mT. Color bar represents normalized X-ray transmission intensity.
The line profiles in (b) (d) and (f) are corrected for the 30 degree sample tilting angle with
respect to X-ray.
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Excitation at f = 0.65 GHz (Fig. 5.20 (c)): A complex mode profile is observed. BR motion

along two axes marked by dark straight arrows is mixed with CW rotation.

Excitation at f = 0.73 GHz (Fig. 5.20 (d)): The motion is similar to the complex one at f = 0.65

GHz. Further spin dynamic signals were noticed near the skyrmion following the indication of

the gray arrows.

Figure 5.20 – Spin-precessional motions of single skyrmion-A when hrf ∥ H⊥. Dynamic
images with µ0H⊥ = -5.5 mT at (a) f = 0.38 GHz, (b) f = 0.46 GHz, (c) f = 0.65 GHz and (d) f
= 0.73 GHz. Color bars represent the dynamic transmission signals normalized to the static
signal. The black arrows indicate the phase evolution extracted form time-dependent data.

Skyrmion-B was located underneath the signal line at about 0.5 µm from the edge. The

skyrmion core is opposite to skyrmion-A because the magnetic field was switched to the other

direction µ0H⊥ = 5 mT. The main dynamic component for excitation was hrf ⊥ H⊥. Four

modes were observed (Fig. 5.21). Their detailed time-dependent motion can be found in

Appendix Fig. A.6, A.7 and A.8. The four modes are categorized as follow.
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Figure 5.21 – Spin-precessional motions of single skyrmion-B when hrf ⊥ H⊥. Snapshots of
skyrmion-B at µ0H⊥ = 5 mT excited at (a) f = 0.38 GHz, (b) f = 0.46 GHz, (c) f = 0.58 GHz and
(d) f = 0.85 GHz. Color bars represent the dynamic transmission signals normalized to the
static signal.

Excitation at f = 0.38 GHz (Fig. 5.21 (a): A combined local BR and local CCW motion are

visible which is similar to skyrmion-A at the same frequency. But the sense of rotation of the

spin waves is opposite to the skyrmion-A. We explain this by the opposite core magnetization

direction (spin orientation π to -π to π instead of -π to π to -π). Spin waves are estimated to

have wavelength λ = 273 nm and phase velocity vg = 0.4 km/s.

Excitation at f = 0.46 GHz (Fig. 5.21 (b): BR motion is seen in two parts. One part is the BR

motion along the axis around 15◦ tilted from the vertical axis. The other part is the local BR

motion.

Excitation at f = 0.58 GHz (Fig. 5.21 (c): The excitation induced BR motions along two fixed

axes. Those two axes are perpendicular to each other.

Excitation at f = 0.85 GHz (Fig. 5.21 (d): The motion is complex. There are two possible ex-

planations: emission or scattering. If considering the emission model, skyrmion-B resonated

in BR mode along all the circular directions and spin waves were emitted along the gray arrow.

If considering the scattering mode, spin waves were excited near CPW but not limited to the
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skyrmion region. They excited the skyrmion BR motions and scattered from the skyrmion

to the other directions along the gray arrows. Similar scattering processes were predicted on

Bloch and Néel-type skyrmions [220, 221].

5.4.2 Spin Dynamics of the Skyrmion Pair

Two modes of skyrmion-C were observed below 1 GHz. Their snapshots are shown in Fig. 5.22

and Appendix Fig. A.9. Here hrf ⊥ H⊥.

Excitation at f = 0.33 GHz (Fig. 5.22 (a): A local CW motion was emitted from the left bottom

corner. Only half of the skyrmion was in resonance. The wavelength λ = 239 nm and the phase

velocity was vg = 0.11 km/s.

Excitation at f = 0.59 GHz (Fig. 5.22 (b): The motion can be described as butterfly flapping

wings. It is constructed of BR motions with four fixed axes as indicated in Fig. 5.22 (b). BR

motions along longer axes are in anti-phase with the motions in shorter axes.

Figure 5.22 – Spin-precessional motions of double skyrmion-C when hrf ⊥ H⊥. Snapshots
of double skyrmion-C dynamic image with µ0H⊥ = 19 mT at (a) f = 0.33 GHz and (b) f = 0.59
GHz. Color bars represent the dynamic transmission signals normalized to the static signal.

5.4.3 Discussion

In the following, we will compare the dynamic behaviors between dipolar skyrmion lattices

(Fig. 1.13) and individual skyrmions. Despite the different frequencies of dynamics modes

which should be related to the modification of material parameters due to hearing, both

dipolar skyrmion lattice and individual dipolar skyrmion are experiencing rather complex

motions combining breathing and rotation at the same time (Fig. 5.20). This is due to the

complex skyrmion configurations which vary from Bloch-type skyrmion in middle layer to

Néel-type skyrmion on the surfaces. When hrf ⊥ H z , unlike the chiral magnets hosting Bloch-

type skyrmions who can only resonance in CCW and CW modes[82], dipolar skyrmions can

resonance in breathing motion. However when hrf ∥ H z , there is only the breathing like
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motion obtained in dipolar skyrmion lattice. At the same time, rotational motion are noticed

in individual dipolar skyrmions (Fig. 5.21). Higher order rotational motions (e.g. 2nd order)

were seen only in individual skyrmions. Interestingly similar motions were predicted for

Bloch-type skyrmion lattice in chiral magnet but those modes are not visible for CPW-based

experiments [66].
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5.5 Magnonic Grating Coupler Effect Generated by One-dimensional

Co Nanostripe Arrays

The magnonic GC effect was observed in Fe/Gd multilayers integrated with 1D Co nanostripes

whose periodicity amounted to p = 450 nm using all-electrical spin-wave spectroscopy. In Fig.

5.23, we display the spin wave spectroscopy of reflection signal S22 when an out-of-plane field

H⊥ was swept from 0 mT to 450 mT. Here we use the thru-configuration CPW design labeled

as No. 5 in Table. 2.1.

Figure 5.23 – Spin wave spectroscopy on Fe/Gd multilayers with 1D Co nanomagnet array.
Reflection spectra of spin waves with 1D Co nanomagnet array with p = 450 nm. Here the
color bar represents ∆S22/µ0∆H . Dashed blue lines are field dependent spin wave branches
with wavelength from 1 rad/µm to 34 rad/µm using the formalism of Kalinikos and Slavin for
forward volume mode configuration [13]. Dashed blue circle highlights a resonance near 2.6
GHz.

In the S22 spectra, a strong mode is seen for µ0H⊥ ≥ 120 mT indicating the Fe/Gd multilayers

entering the saturated state. There are three other weak modes at higher frequency. We plot the

field dependent resonance branches of forward volume magnetostatic spin waves (FVMSWs)

the formalism of Kalinikos and Slavin with wavevetors of k = 1 rad/µm, 14 rad/µm, 24 rad/µm

and 34 rad/µm using the parameters from section 5.1.1. We find they are at the frequencies

corresponding to the higher frequency modes. Those are the features of short-waved spin

waves emitted from the GC made of Co nanostripes [166, 167]. The reciprocal lattice vector

of the Co array is G = 14 rad/µm which agrees with the first GC mode. The other two modes

reside at frequencies which correspond to slightly smaller wavevectors than the expected

second order and third order of GC mode. Please note that this sample was fabricated on a

Si3N4/Si substrate instead of the membrane windows. So the material parameters of Fe/Gd
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may differ from the characterized values in section 5.1.1. There are three modes below 2 GHz

and they are assumed to be related to the domains. The number of resonance modes agrees

with our reported observation using STXM (Fig. 5.17). The wide peak at about 10 GHz at 50

mT is the resonance mode from Co.

In the saturated state, the lowest wavelength we observed is 0.185 nm (k = 2π
λ = 34 rad/µm)

which is comparable to the dipolar skyrmion lattice size (Fig. 5.3) and smaller than the

individual skyrmion size (Fig. 5.19). Thus it is very intriguing to explore this mode in the

unsaturated state when the non-collinear structures are present. There is a mode at 2.6 GHz

with very weak intensity (dashed circle in Fig. 5.23) and its appearance attracts our attention

because it may originate from the GC mode in the unsaturated state. However the signal-to-

noise ratio and sensitivity of the spin-wave spectroscopy is not enough for further exploration.

Thus the STXM will be of special importance to resolve the GC mode in unsaturated states,

and at the same time, to understand the role of domain lattices stabilized by Co nanomagnet

arrays in exciting short-waved spin waves via a "built-in" grating coupler in Fe/Gd multilayers.
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In this thesis we have investigated the spin dynamics of non-collinear states in the chiral mag-

net Cu2OSeO3 (CSO) and amorphous Fe/Gd multilayers samples using broadband spin-wave

spectroscopy, scanning micro-focus Brillouin light scattering (BLS), scanning transmission

x-ray microscopy, magnetic force microscopy and micromagnetic simulation. In this chapter,

we summarize the key results in the framework of this thesis in section 6.1. In section 6.2, we

share the outlooks on our work and the future research topics based on our results.

6.1 Conclusions

In chapter 4, we discuss the helimagnons and spin dynamics of skyrmion lattices in the

bulk chiral magnet CSO at cryogenic temperature. In the field polarized (FP) states induced

with magnetic fields of different orientations, confined backward volume mode spin waves

were observed in all-electrical spin-wave microscopy. Combined with the micromagnetic

simulations, we find that confined backward volume spin wave modes consist not only of

the dipolar spin wave mode with k defined by the sample boundaries, but also the exchange

spin waves mode with k determined by the bulk DMI strength. We explored the role of DMI

for confined mode and further focused on spin dynamics in non-collinear spin structures,

namely helical, conical and skyrmion phases.

In the non-collinear states, in order to sort out the spin dynamics from different phases, we

employed the micro-focus BLS with its scanning function in a cryostat which we integrated in

the course of this thesis. Taking advantage of the scanning function and high sensitivity of BLS,

we detected spin dynamics of conventional helical, conical and high temperature skyrmion

phases found in CSO and other chiral magnets, as well as the special phases only found in CSO

including the tilted conical phase and low temperature skyrmion phases when field H was

applied along easy axis 〈001〉. Besides, we resolved the spin dynamics in the phase we interpret

as the chiral soliton phase (H along 〈110〉) and elongated skyrmion lattice (H along 〈001〉). In

the configuration of H along 〈001〉, we extended the temperature regime of the metastable

skyrmion phases to low temperature via fast field cooling and laser illumination. We found out
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that in our experiments the green laser of BLS is essential for stabilizing the metastable phases.

By comparing the Stokes and anti-Stokes signals, non-reciprocal characteristics were noticed

for the -Q mode of tilted conical phase and breathing mode of the metastable skyrmion phases.

The frequency difference of about 200 MHz was extracted from the non-reciprocal breathing

modes between oppositely propagating magnons with +k and -k in the configuration of H ∥ k

instead of backward volume spin wave. Furthermore, using the continuous-wave laser, we

achieved the "brushing" of a 450 um-long track of a metastable phase that we interpreted as the

elongated skyrmion lattice surrounded by conical and tilted conical phases. Our observations

prove scanning BLS to be a efficient tool for exploring the one-to-one correspondence between

non-collinear phases and their magnonic behaviors. The discovery of continuous-wave laser

brushing skyrmion tracks offers a brand new approach for fabricating skyrmion devices and it

is much easier to achieve compared with nano-fabrication or utilizing an ultra-fast laser.

In chapter 5, we reported the phase modification and spin dynamics in amorphous Fe/Gd

multilayers with perpendicular magnetic anisotropy. The measurements were conducted by

all-electrical spin-wave spectroscopy, magnetic force microscopy at room temperature and

scanning x-ray transmission microscopy. By integrating the one-dimensional stripe arrays and

two-dimensional disc arrays made of Cobalt, we modified the phase of the multilayers. Well-

aligned stripe domains and square skyrmion lattices were formed. Assisted by micromagnetic

simulations, we inferred the dipolar interaction to dominate the phase modification. In the

dynamic measurements, using coplanar waveguides and microwave currents, we excited five

spin waves modes in domain walls below 1 GHz. Four spin wave modes were excited with

dynamic radio-frequency field hrf ⊥ H . Their wavevector increased with the frequency, which

followed a consistent tendency of spin wave dispersion relations in Bloch-type domain wall.

But the frequencies did not agree with the Block-type domain wall assumption and it may be

related to the surface tilting of the spins from a Bloch-type to Néel-type configuration. The

shortest wavelength reached was 388 nm at f = 0.65 GHz. One more spin wave modes was

excited with hrf ∥ H at f = 0.85 GHz whose wavelength is λ = 409 nm. These modes propagated

differently in the domain walls at different frequency. At f = 0.38 GHz, a magnon mode only

existed only in the boundaries of multi-domains In single and double skyrmions, variable

resonance modes including breathing and rotational motions were detected. The mode of

shortest wavelength of λ = 239 nm was captured at 0.33 GHz in a double-skyrmion pair. At f =

0.85 GHz, we resolved the sign of spin wave scattering on skyrmions or spin wave emission.

Our observations prove the nanomagnet arrays can be used to form skyrmion and domain

lattices. The visualized dynamic resonances suggest domain walls and skyrmions as candidate

for shrinking the wavelength of electromagnetic wave of meter and centimeters wavelength to

spin waves of nanoscale wavelength. They can assist the design of miniaturized magnonic

devices.
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6.2 Outlook

In the following, we provide an outlook on the reported topics.

For the investigation of spin dynamics of bulk chiral magnet CSO at cryogenic temperature,

theoretical models on spin dynamics in chiral soliton phase in CSO, and metastable skyrmion

phases and phase X at low temperature considering cubic anisotropy are needed for a quanti-

tative understanding of eigen-frequencies, dispersion relations, degree of polarization and

non-reciprocity. Combining BLS with integrated CPWs and microwave irradiation, one could

experimentally study the polarization of mode. Additional experiments on laser brushing

of skyrmion tracks are needed to estimate the threshold of laser power for stabilizing and

brushing the skyrmion phases, its laser wavelength dependence, possible anisotropy for brush-

ing directions with respect to the field and crystallographic orientations, and whether there

is a method to erase previously written tracks. Making use of the laser brushing, skyrmion

tracks can be designed as intentionally seated mangon waveguide at specific frequencies

(fulfilling the magnon dispersion relation in skyrmion phases). Furthermore, there are other

skyrmion hosting materials such as the centrosymmetric magnets and Heusler alloys. The

skyrmion lattices in the centrosymmetric magnets are extremely small down to the size of

several nanometers [149, 150]. Considering that the spin dynamics are related to the size of

the skyrmion lattices, they are of special interest for exploring the magnon band structures

as magnonic crystals with smaller modulation period. Anti-skyrmions [152–155] also trigger

further interest in resonant modes and magnon band structures because of their special

non-trivial spin textures.

For the spin dynamics exploration on skyrmions and domain walls in amorphous Fe/Gd

multilayers, we propose three directions. Firstly the spin dynamics of the two-dimensional

skyrmion lattice induced by Co disc arrays would be interesting. It can reveal the difference

between skyrmion lattices modes and single skyrmion dynamics experimentally. Secondly

for the dynamic modes involving possible spin wave emission and scattering, a larger STXM

imaging area would be important as a skyrmion further away from the CPW would be needed

to avoid direct excitation of modes in the near field of a CPW. Thereby the scattering of

propagating spin waves would be realized. Thirdly the CPW design need to be optimized for

injecting higher power radio-frequency currents above f = 1 GHz. So that we can explore the

magnonic grating coupler effects and resolve short-waved exchange spin waves modes in

skyrmion phase. The domain lattices induced by Co structures can be also explored for the

function of "built-in" grating couplers for generating exchange magnons.
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Figure 6.1 – Sketch of a possible magnonic transistor based on skyrmion lattices.

Thirdly, we suggest a possible magnon transistor design sketched in Fig. 6.1 functionalized

as a mangnon switch. It consists of two parts of the same skyrmion hosting material with

different shapes and thicknesses. Thereby demagnetization factors vary across the sample

and thus might allow one to stabilize skyrmion phases in part1 and conical or tilted conical

phases in part2 when a magnetic field H0 is applied at the whole sample. CPW1 and CPW2

will be used for emission and detection of spin waves. They will take the function of "source"

and "drain". A focused green laser is used for modifying the magnetic states in part2. It is the

gate in this device.

The operation process of this transistor can be described as: (i) Reset the device with field

HR so part1 hosts skyrmion phases and part2 hosts conical or tilted conical phases. (ii) Inject

radio-frequency signals in CPW1, only those frequencies satisfying the dispersion relation

of magnons in conical phase will by transferred to CPW2. We label them as fC . (iii) Switch

on the laser, brushing the skyrmion phases into the region between source and drain and

underneath CPWs. Now the dispersion relation were modified according to the skyrmion

phases. Frequencies fC are no longer allowed to pass. Only fSkL are allowed to pass. (iv) Reset

the device by applying field HR to recover the function of fC passing. fSkL are no longer able to

pass.
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A.1 Flipped Lamella on Coplanar Waveguides with Grating Couplers

In order to explore the spin wave excitation and propagation in the low damping chiral magnet

CSO, CPWs and nanomagnet arrays were integrated. We followed two strategies: flipping a

thin lamella of CSO and placing it on top of the CPWs with grating arrays; fabricating the

grating arrays and CPWs directly on top of the CSO bulk material. Both types of samples were

achieved. Here we describe the process of the first strategy. The experiments are ongoing and

results are not discussed in this thesis. We outline the developed recipe here.

SEM images are shown in Fig. A.1. CPWs made of Ti/Au were firstly fabricated on top of

a SiO2/Si substrate and then 1D Py nanostripe arrays were made on top of the CPW leads.

Widths of the ground lines, gaps and signal lines were 2.1 µm, 1.6 µm and 1.7 µm, respectively.

The center-to-center distance between two pairs of CPWs amounted to 10 µm. Widths of the

nano-stripes were 120 nm and the periodicity was 270 nm. Both of those two procedures were

conducted using ebeam-lithography (Fig. A.1 (a)). A CSO lamella was etched by FIB from a

bulk CSO sample and flipped on top of the CPWs in the region with 1D grating arrays. The

step-by-step process flow with recipe and details are stated below, followed by a schematic

diagram in Fig. A.2.

I. CPW and marker fabrication by ebeam-lithography: The Si substrate was firstly cleaned

by acetone and Isopropanol (IPA) and dried by blowing nitrogen gas. The Si substrate was

pre-heated to 180◦C for 300 s. Then a layer of 320-nm-thick EL9 was coated by 4000 rpm

followed by a baking step performed at 180◦C for 300 s. The second layer of ebeam resist

495 A2 was coated by 1700 rpm to make it 100 nm thick. It required another 300 s bake at

180◦C. The structure was written by the EBPG5000ES system with 100 keV source, 100 nA

beam current and 1200 µC/cm2 dose. The patterns were written with in the substrate center

without alignment procedure. The written pattern was immediately developed by MiBK:IPA

1:3 solution for 60 s after moving out of the vacuum environment of the ebeam chamber and

cleaned by being placed in IPA for 1 min. 10-nm-thick Ti and 120-nm-thick Au were grown
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using the Leybold Optics LAB 600H machine. The sample was then placed in Remover 1165

solution for 2-3 days for lift-off processing. The cleaning procedure was conducted using IPA

and DI water.

200 µm
2 µm

(c)(b)

(a)

Region of 1D 
nano arrays

2.1 µm
1.6 µm

1.7 µm

10 µm2 µm

Figure A.1 – SEM images of CSO samples flipped on CPW with grating arrays. (a) SEM image
of the region of 1D Py grating arrays on Au CPW. (b) SEM image of whole chip with flipped
CSO lamella, 1D GC and CPW. The bright parts are the CPWs and the dark part is the SiO2/Si
substrate. (c) Zoomed-in SEM image of the flipped CSO lamella.

II. Grating coupler (GC) fabrication by ebeam-lithography: A similar procedure as the last

step was performed but with different resists and a different ebeam writing setting. Here,

after cleaning and pre-baking, we coated 180-nm-thick EL6 and 100-nm-thick 495 A2 with the

spinning speed of 2500 rpm and 1700 rpm, respectively. 300 s of bake at 180 ◦C was needed

after each coating. To write the 1D nanostructures, a dose of 600 µC/cm2 was used with a

200 pA beam current. The same development procedure was applied as in the last step. Then
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50-nm-thick Py was thermally evaporated using the Leybold Optics LAB 600H machine. One

day long lift-off processing in Remover 1165 and cleaning with IPA and DI water followed.

III. Cutting the CSO lamella by focused ion beam technique: We cut the CSO lamella from a

polished bulk sample with clearly identified crystallographic orientations. 50-nm-thick Pt layer

was firstly sputtered by Pfeiffer SPIDER 600 in CMi as a conducting layer. FIB was performed

with the FEI Nova 600 NanoLab machine at CMi and the Zeiss NVision 40 CrossBeam machine

at CIME. A layer of 1-µm-thick Pt was firstly grown for surface protection. A standing lamella

was etched using 30 kV ion source and variable ion current, from 27 nA to 700 pA. The final

surface cleaning was conducted with 150 nA. Top, bottom and right edges were cut into 45

degree to avoid reflection of spin waves in the experiment. All the Pt material was removed

from the top surface when the lamella was shaped to 45 degree. The dimensions of the lamella

were about 25 µm × 15 µm × 2.5 µm.

IV. Flipping the CSO lamella on the CPWs with GCs: The CSO bulk sample was rotated 90

degree so the lamella was laying parallel to the SiO2/Si substrate surface. The lamella was

then picked by the micro-manipulator in the Zeiss NVision 40 CrossBeam chamber at CIME

and placed on top of the region of the 1D GC but with a tiny tilting angle so that the 1D GCs

were not damaged by the lamella. A carbon bar was used to fix the sample at the edge with 45

degree, as shown in Fig. A.1 (c).
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CSO lamella

SiO2 /Si

CPWs

Nano arrays

Figure A.2 – Process flow of fabricating flipped CSO lamella on CPWs with GCs.
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A.2 Mumax3 Simulation Parameters

A.2.1 Confined Spin Waves in Bulk Chiral Magnets

Materials CSO bulk

Simulation cells: N = 16×512×16

Simulation cell size: ∆ = 8×4×8 nm3

No PBC Saturation magnetization: Msat = 103 kA/m

Exchange constant: Aex = 7×10−13 J/m

Damping parameter: α = 0.0005

Anisotropy strength: KC1 = 0.6 kJ/m3

DMI constant: Dbulk = 7.4×10−5 J/m2

Dynamic simulation duration: T = 6 ns

Simulation time step: δt = 50 ps

A.2.2 Interactions between Fe/Gd Multilayers and Co Arrays:

Material Fe/Gd multilayers

Simulation cells: N = 256×256×40

Simulations cells (for complete stripe): N = 160×1024×40

Simulation cell size: ∆ = 1.4×1.4×2 nm3

PBC: (20,20,0) PBC (for complete stripe): (20,0,0) Saturation magnetization: Msat = 320 kA/m

Exchange constant: Aex = 6×10−12 J/m

Damping parameter: α = 0.01

Anisotropy strength: KC1 = 66 kJ/m3

Material Co

Simulation cells: N = 256×256×10

Simulations cells (for complete stripe): N = 160×1024×10

PBC: (20,20,0) PBC (for complete stripe): (20,0,0) Simulation cell size: ∆ = 1.4×1.4×2 nm3

Saturation magnetization: Msat = 1400 kA/m

Exchange constant: Aex = 1.4×10−11 J/m

Damping parameter: α = 0.5
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A.3 Nonreciprocity in Dynamic Modes of Metastable Skyrmion Lat-

tices
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µ0H = 70 mT µ0H = 16 mT µ0H = 0 mT

µ0H = -40 mT µ0H = -60 mT

Figure A.3 – Line plots of Stokes and Anti-Stokes BLS spectra with µ0HFC = 16 mT. Spectra
are collected from (a) FP, (b) MT-h-SkL, (c) phase X, (d) conical and (e) FP states.
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Table A.1 – Table of linewidth and area size of Anti-Stokes and Stokes peaks: FP and conical
phases.

Phase FP FP Conical

70 mT -60 mT -40 mT

Mode +Q -Q

Linewidth (GHz) Anti-Stokes 0.29±0.05 0.30±0.05 0.32±0.03 0.18±0.12

Stokes 0.37±0.02 0.36±0.02 0.31±0.03 -

Area (arb. units) Anti-Stokes 35.7±4.5 37.5±4.8 42.1±3.2 4.8±2.3

Stokes 73.1±3.3 74.2±3.3 42.2±3.1 -

Table A.2 – Table of linewidth and area size of Anti-Stokes and Stokes peaks: MT-h-SkL phase.

Phase MT-h-SkL

16 mT

Mode Mode (1) Mode (2) Mode (3) Mode (4)

+Q CW BR CCW

Linewidth (GHz) Anti-Stokes 0.13±0.06 0.21±0.26 0.28±0.07 0.62±0.13

Stokes 0.24±0.10 0.10±0.06 0.34±0.05 0.36±0.09

Area (arb. units) Anti-Stokes 4.1±1.5 2.1±2.0 12.5±2.2 28.2±4.7

Stokes 5.9±1.8 2.7±1.3 20.4±2.3 18.4±4.0

Table A.3 – Table of linewidth and area size of Anti-Stokes and Stokes peaks: phase X.

Phase Phase X

0 mT

Mode X1 X2 X3

Linewidth (GHz) Anti-Stokes 0.45±0.07 0.15±0.07 0.18±0.11

Stokes 0.49±0.06 0.18±0.09 0.30±0.16

Area (arb. units) Anti-Stokes 19.4±2.2 5.2±2.5 4.3±2.7

Stokes 24.3±2.3 4.5±2.0 5.8±2.6
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A.4 Snapshot of Skyrmion Dynamics in Fe/Gd Multilayers Resolved

by STXM

Figure A.4 – Snapshot of Skyrmion-A Dynamics in Fe/Gd Multilayers Resolved by STXM.
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Figure A.5 – Snapshot of Skyrmion-A Dynamics in Fe/Gd Multilayers Resolved by STXM.
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Figure A.6 – Snapshot of Skyrmion-B Dynamics in Fe/Gd Multilayers Resolved by STXM.

134



A.4. Snapshot of Skyrmion Dynamics in Fe/Gd Multilayers Resolved by STXM

Figure A.7 – Snapshot of Skyrmion-B Dynamics in Fe/Gd Multilayers Resolved by STXM.
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Figure A.8 – Snapshot of Skyrmion-B Dynamics in Fe/Gd Multilayers Resolved by STXM.
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Figure A.9 – Snapshot of Double Skyrmion-C Dynamics in Fe/Gd Multilayers Resolved by
STXM.
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