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Kurzfassung

Gegenwartige Bestrebungen materialwissenschaftlicher Forschung beschaftigen sich unter
anderem mit der Uberfithrung zweidimensionaler Elemente elektronischer, optischer, plas-
monischer oder magnetischer Funktionalitét in den dreidimensionalen (3D) Raum. Dieser
Ansatz vermag mittels Krimmung und struktureller Topologie bereits vorhandene Ei-
genschaften abzudndern bezichungsweise neue Funktionalitdten bereitzustellen. Vor allem
Vektoreigenschaften wie die Magnetisierung kondensierter Materie lassen sich aufgrund
der Brechung der Inversionssymmetrie in gekrimmten Fléchen stark beeinflussen. Neben
der Entwicklung diverser Vorgange zur Herstellung 3D magnetischer Gegenstdnde sind
geeignete Untersuchungsmethoden wie beispielsweise tomografische Abbildungen der Mag-

netisierung von Noten, die mafigeblich die physikalischen Eigenschaften bestimmen.

Die vorliegende Dissertationsschrift befasst sich mit der Abbildung von magnetischen
Domaénen in 3D gekriimmten Diinnschichten beruhend auf dem Effekt des zirkularen mag-
netischen Réntgendichroismus (XMCD). Die in diesem Zusammenhang entwickelte mag-
netische Rontgentomografie (MXT) basierend auf weicher Rontgenmikroskopie stellt eine
zu Elektronenholografie und Neutronentomografie komplementare Methodik dar, welche
grofles Anwendungspotential in der elementspezifischen Untersuchung magnetischer gekriim-
mter Flachen mit 6rtlicher Auflésung im Nanometerbereich aufweist. Die Schwierigkeit der
Interpretation von Abbildungen magnetischer Strukturen in gekrtimmten Flichen rithrt
von der Dreidimensionalitdt und der Vektoreigenschaft der Magnetisierung her. Die hierzu
notwendigen Kenntnisse sind anhand von zwei topologisch verschiedenen Flachen in Form
hemisphérischer Kappen und hohler Zylinder erschlossen worden. Die praktische An-
wendung von MXT ist abschlieend anhand der Rekonstruktion magnetischer Doméanen

in aufgerollten Diinnschichten mit zylindrischer Form verdeutlicht.
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Abstract

One of the foci of modern materials sciences is set on expanding conventional two-dimensional
electronic, photonic, plasmonic and magnetic devices into the third dimension. This ap-
proach provides means to modify conventional or to launch novel functionalities by tailoring
curvature and three-dimensional (3D) shape. The degree of effect is particularly high for
vector properties like the magnetization due to an emergent inversion symmetry break-
ing. Aside from capabilities to design and synthesize 3D magnetic architectures, proper
characterization methods, such as magnetic tomographic imaging techniques, need to be
developed to obtain a thorough understanding of the system’s response under external

stimuli.

The main objective of this thesis is to develop a visualization technique that provides
nanometer spatial resolution to image the peculiarities of the magnetic domain patterns
on extended 3D curved surfaces. The proposed and realized concept of magnetic soft X-
ray tomography (MXT), based on the X-ray magnetic circular dichroism (XMCD) effect
with soft X-ray microscopies, has the potential to become a powerful tool to investigate
element specifically an entirely new class of 3D magnetic objects with virtually any shape
and magnetization. Imaging curved surfaces meets the challenge of three-dimensionality
and requires a profound understanding of the recorded XMCD contrast. These experiences
are gained by visualizing magnetic domain patterns on two distinct 3D curved surfaces,
namely magnetic cap structures and rolled-up magnetic nanomembranes with cylindrical
shape. The capability of MXT is demonstrated by reconstructing the magnetic domain

patterns on 3D curved surfaces resembling hollow cylindrical objects.
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1. Introduction

From Stones to Curved Surfaces

Ever since the discovery of inherent forces in magnetic stones (magnetite, Fe3Oy4; also %
£, loving stone) by ancient Greek and Chinese (600 b.c.), magnetism has fascinated hu-
manity. This intrigue ended up in the assignment of a living soul (Thales) or even god
(Plato). A proper scientific explanation of magnetism was given by quantum theory in the
early 20" century, describing atoms as nuclei that are surrounded by charged electrons
in orbitals with discrete energies. These elementary particles possess quantized magnetic
moments (spins) that usually arrange antiparallel with absent net magnetization. In cer-
tain materials, such as transition metals and rare-earth compounds, anisotropic d and f
valence orbitals prefer one electron spin over the other due to spin-orbital interaction. The
particular magnetization configuration is determined by the relative orientation of and the
distance between electron orbitals of adjacent atoms through spin exchange. Common
Heisenberg exchange favoring collinear alignment may be accompanied by an antisym-
metric vector exchange, known as Dzyaloshinskii-Moriya interaction (DMI) [T}, 2], which
stabilizes non-collinear spin textures in non-centrosymmetric media [3-8]. These magnetiz-
ation configurations are characterized by small feature sizes (< 100 nm) and high stability
against external perturbations [9, [10], which makes them attractive for applications as

magnetic storage (shift registers) [I1) 12] and logic devices [13].

Advances in nanotechnology and thin film deposition have enabled high-quality film fab-
rication, offering the possibility to investigate coupling phenomena in layer stacks through
spacers with large spin-orbital interaction, such as Ru, Pd or Pt, via RKKY [14HI6] or inter-
faces wvia e.g. surface DMI [I7HI9]. While RKKY-induced antiferromagnetically coupled
multilayer stacks are the basis of the prominent giant magnetoresistance (GMR) effect
[20, 21] exploited in conventional magnetic hard drives, DMI-driven chirality selection of

Néel walls [22H27] is an essential ingredient for coherent domain wall motion triggered by
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current pulses and future magnetic storage devices. The lack of an inversion symmetry
and the emergence of a corresponding DMI are also provided in bent and curved surfaces
[28, 29], which potentially offer various topologies, including spheres, hollow cylinders,
spirals and Mobius bands. These magnetic films possess striking properties originating
from curvature-driven magnetochiral effects [30H36] and topologically induced magnetiza-
tion patterns [34], 37], including unlimited domain wall velocities [38], chirality symmetry
breaking [32], B3], Cherenkov-like effects for magnons [31) [35] and magnetoelectricity by

toroidal magnetic moments [39].

The realization of those magnetic curved surfaces requires to advance current or to develop
new approaches for fabrication and characterization. Chemical approaches relying on iso-
tropic wetting in vapor or liquid phases imply the crystallization of many grains with a
substantial surface roughness [40H44], which is particularly disadvantageous for magnetic
materials due to strong pinning on defects. On the contrary, physical deposition provides
high-quality layers with minimal surface roughness. The limitation to planar and curved
objects with thickness gradients due to directed deposition can be overcome by engineering
strain gradients [45] [46] in the deposited layers that relax upon rolling [47, 48] or wrinkling

[49, B0] after selective release from the substrate.

Characterization

In contrast to planar architectures where each sample area can be observed using "top-view"
microscopy, 3D curved surfaces hide substantial parts of their structure. Structural and
magnetic properties may only be revealed with tomographic imaging using the information
drawn from precharacterization investigations as input. In this respect, integral measure-
ments exploiting electric current flowing through the object (magnetoresistance) or stray
fields of the structure (magnetometry) are well suited to determine characteristics of the
entire sample, e.g. preferential magnetization orientation and switching fields. State-of-
the-art magnetic tomographic imaging techniques, such as magnetic neutron tomography
[511, 52], electron holography [53H56] and vector field electron tomography (VFET) [57, 58],
rely on the detection of the phase shift originating from interaction with magnetic fields.
While magnetic neutron tomography is applied to determine the spatial distribution of
magnetic domain walls in macroscopic bulky materials, electron holography and VFET al-
low for reconstructing magnetization vectors in nanoscopic samples with nanometer spatial

resolution. As seizable curvature-driven effects demand a film thickness of few nanometers,



magnetic neutron tomography cannot be applied. At the same time, lateral dimensions
of mesoscopic sample and radii of curvature make it challenging to employ electron holo-
graphy or VFET.

On the other hand, utilizing X-ray magnetic circular dichroism (XMCD) as element-specific
contrast mechanism with full-field X-ray microscopies provides nanometer spatial resolu-
tion to image the peculiarities of the magnetic domain patterns on 3D curved surfaces
extended over tens of micrometer. X-ray tomography is an established technique to recon-
struct the 3D distributions of atomic densities in a vast of different 3D objects [51, 59-64].
Yet, magnetic X-ray tomography (MXT) [65] offering the possibility to reconstruct mag-

netization spin textures in 3D-shaped mesoscopic objects had been to be developed.

Aim and Structure of this Thesis

The scope of this thesis is to develop MXT by advancing current magnetic X-ray micro-
scopies utilizing XMCD and to retrieve the magnetization configurations on 3D curved
magnetic surfaces. Hemispherical caps and rolled-up nanomembranes resembling hollow
cylinders and spirals, are chosen as representative examples of curved objects with one, two
and multiple surfaces, respectively. Analyzing the XMCD contrast of these objects reveals
modifications to the magnetic contrast and allows to accumulate a profound understanding
of the XMCD contrast origin on 3D curved surfaces. To this end, the magnetic domain
patterns on cylindrical surfaces are reconstructed with MXT. The thesis is organized as

follows.

The work is put into context with state-of-the-art research activities on non-planar mag-

netic architectures and 3D imaging techniques (Chapter [2)).

After providing insight into the fabrication methods used throughout this thesis (Chapter 3)),
a brief introduction to the most relevant characterization techniques with focus on emer-

gent challenges when applied to curved magnetic surfaces is given in Chapter

A first experimental study of the impact of a 3D shape on the magnetic properties and
XMCD contrast is presented for hemispherical caps in Chapter [}l When illuminating
a curved surface at a shallow angle in transmission microscopy a shadow contrast at the

back side of the magnetic cap is observed providing means to image buried magnetic layers.
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The inner magnetization texture of tightly and loosely wound rolled-up nanomembranes is
imaged by recording the 2D projection of the XMCD contrast in the shadow (Chapter @
The accumulated knowledge on the XMCD contrast interpretation in the cylindrical objects

is basis of developing MXT.

In Chapter [7], the 3D spatial distribution of the magnetization in cylindrical architectures
is retrieved by analyzing the evolution of the magnetic contrast with varying projection
angle. Applying MXT with nanometer spatial resolution and magnetization sensitivity,
remanent states of circulating and radial magnetization textures with feature sizes down
to 75nm are reconstructed. The corresponding remanent states in the 3D curved surfaces
exhibit a strong dependence on both number of windings and surface angle with respect

to the initially applied magnetic field.

The thesis concludes with summarizing the most relevant aspects and outlining current

and future topics in view of potential applications (Chapter .



2. Scientific Background

This Chapter reviews the appealing fundamental properties of 3D surfaces originating from
the curvature, namely magnetochiral effects and curvature-induced topological patterning.
Modifications in spherical and tubular objects as well as their experimental realization are
discussed in detail. An overview on current state-of-the-art characterization techniques to

access the magnetization in 3D objects is given.

2.1. Magnetism and Magnetic Energies

Magnetism refers to physical phenomena associated with magnetic moments of element-
ary particles, such as electrons. In condensed matter, these magnetic moments (spins)
arrange in a certain manner originating from a hybridization of the electron orbitals of the
atoms and the Pauli exclusion principle for Fermions. The simplest hybridization of two
hydrogen atoms leads to singlet and triplet states with antiparallel and parallel electron
spin orientation, respectively [66]. While the helium atom does not possess a magnetic
moment in the ground state, it can be excited into magnetic triplet states. Similarly, most
materials do not exhibit a magnetic moment at remanence but show a paramagnetic or

diamagnetic behavior upon exposure to an external magnetic field.

The origin of an ordered electron spin lattice in condensed matter is the hybridization of
anisotropic d and f electron orbitals with an emergent spin-orbital interaction. The prefer-
ential magnetization textures with ferromagnetic (transition metals), ferrimagnetic (oxides,
rare-earth compounds), antiferromagnetic (oxides) or helimagnetic (non-centrosymmetric
compounds) arrangements [Fig. 2.1(a)] depend on the peculiar magnetic energies, includ-
ing exchange, anisotropy and magnetostatic contributions. The exchange coupling between

nearest electron spins S; at the j-th lattice point is described by the symmetric Heisenberg
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(a) Spin chain with distinct exchange (b) Flux-closure domain  (c) Domain size scaling
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Fig. 2.1.: (a) Magnetic spin arrangements in ferromagnets, antiferromagnets, ferrimagnets
and helimagnets with distinct exchange coupling. The latter configuration requires a vector
exchange. (b) Fluz-closure domains in soft-magnetic micropatterns with minimized stray field
contributions. (c) Scaling of volume domain to reduce exchange contributions from domain
walls in the bulk. Size of surface domains remain the same. (Taken from (c): [52])
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term — 3= ;5 Ji;8:8; [67] and the antisymmetric Dzyaloshinskii-Moriya interaction (DMI)
term Y- ;) Dy Si x S [1, 2], favoring collinear, such as ferromagnetic, ferrimagnetic and an-
tiferromagnetic, and non-collinear, including weak ferromagnetic, helimagnetic and chiral,
spin textures, respectively [Fig. [2.1(a)]. The macroscopic manifestation of the exchange

energy density &, reads in the framework of continuum theory [67, 68]:
gegc =A (sz)z + Dijkmjvkmi y (21)

with the normalized magnetization m, the exchange constant A and the antisymmetric
DMI tensor D;j,. The inversion symmetry breaking of the unit cell required to provide
DMI is absent in most magnetic materials. Evidence of an emergent DMI has been given
in single-phase materials with acentric crystal structures [3H8] or in magnetic films owing
to broken inversion symmetry [I7HI9] 69]. The great interest into such non-collinear spin
textures relies on their inertia against external stimuli and small feature sizes [9, [10] that

may potentially serve as magnetic shift registers [11], [12] and magnetic logic devices [13].

While exchange interaction determines the relative orientation of adjacent spins, magnetic
anisotropy determines the magnetic easy axes or planes, which refer to the preferential
magnetization orientation with respect to the arrangement of atoms. Anisotropy contri-
butions are prominent in crystals, magnetostrictive materials and out-of-plane magnetized
films due to an overlap or distortion of electron orbitals [67]. In this respect, the anisotropy

energy increases as the magnetization tilts away from the easy axis/ plane. Mathematic-
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ally this is treated as a perturbation of spherical harmonics up to the second order in the
magnetization [67, [70]:
ganiso = )‘j (mnj)Q 5 (22)

with the normalized anisotropy coeflicients A; (A; > 0: easy-plane perpendicular to n,

A; < 0: easy-axis along n).

In addition to those intrinsic properties, magnetic stray field contributions, originating
from i.e. demagnetization fields, strongly depend on shape and saturation magnetization
of the object. According to the Maxwell equation VB = uoV(Hy + M) = 0 for the
magnetic induction B, each source and sink of the magnetization M causes a stray field

H,; = —V¢ with a corresponding demagnetization energy Ey = —£2 [ HyM d°r [67]:

0= i (/ |rp<—r/7)«/| O+ g |:Y“2,| df/) |
By="1 (/pgbd?’r—l—j{a(bdf) .

The integrations are taken over the sample volume and surface, respectively. Thus, the

(2.3)

magnetic ground state with an energy minimum is characterized by minimized contribu-
tions of magnetostatic volume divergence p = —V M and surface charge 0 = Mn with

the surface normal n.

Minimizing exchange, anisotropy and demagnetization energy leads to size-dependent mag-
netic equilibrium states. Nanoscopic objects with dimensions smaller than ~ 200 nm re-
main in uniformly magnetized (singledomain) state [67] due to large surface-to-volume ratio
and a leading anisotropy contribution. The domain patterns in larger samples depend on
the interplay between the magnetic energy contributions. Soft-magnetic materials like
Permalloy (Py, NiggFeqg) with vanishing anisotropy exhibit in structurally confined pat-
terns flux-closure domains, such as vortex and Landau states [Fig. 2.1(b)] [TIH73], and
random almost uniformly magnetized patterns with in-plane magnetization otherwise. An
unfavored normal magnetization can be set in multilayer stacks with out-of-plane magnetic
anisotropy [(4H70] originating from RKKY-coupling [I4HI6]. While few repeats cause a
singledomain state at remanence, increasing number of layers leads to multidomain states
with out-of-plane magnetization. Generally, the size of volume domains in macroscopic ma-
terials increases with ascending dimensions according to a square root relation [Fig. (c)]
[52]. For a profound introduction to magnetic domain patterns and underlaying energy
contributions, I would like to refer to the book by Hubert and Schéfer [67].
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2.2. Magnetism on Curved Surfaces

Advances in microstructuring technology have opened new ways to fabricate low-dimensional
systems with arbitrary geometry, including high-mobility 2D electron gases in tubular
structures [45, 46], flexible electronic circuits [T7-81], spin-wave interference in ferromag-
netic tubes [82] and magnetic cap structures [83-85]. Various efforts have been dedicated
to elucidate curvature effects on charge and energy transport and localization [86-R9] as

well as on the behavior of vector and tensor fields [90, O1] on curved surfaces.

Analytical studies of magnetic states in shells with ellipsoidal [92, 93], cylindrical [94H96]
and spherical [34] shape have revealed intriguing curvature-driven magnetochiral effects
and topologically stabilized magnetization patterns, that were confirmed by micromagnetic
simulations [31H33] 35, [36]. A general theoretical framework for curvature effects in thin
magnetic surfaces has very recently been proposed by Gaididei et al. [28] that revealed
an emergent DMI [68] as physical origin of the modified magnetic properties due to the

non-trivial structural geometry.

2.2.1. Curvature-Driven Modifications

The magnetic energy E of a thin film with a thickness d comparable to or smaller than the
exchange length (I, = \/W with exchange constant A and saturation magnetization
M) is given by [28]:

E=d /S le A€ + A (mm)?] df (2.4)

with the exchange energy density &, the normalized anisotropy coefficient A (A > 0:
easy-surface, A\ < 0: easy-normal), the magnetization m and the local normal vector n.
The integral is taken over the surface S parameterized by f. Note that magnetic stray
field contributions are neglected in and that a uniform magnetization in the direction
of the surface normal is assumed resembling a 2D surface in 3D space. &, written in
Cartesian coordinates as &, = (ij)2 splits up into three contributions when presented

in the local curvilinear basis e, [28] 29]:

e = (Vo) 4 Kapmams + 2DagymsVmyg . (2.5)
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(a)

-02f
-0.4f
-0.6F ------

N
Wi

Fig. 2.2.: Curvature-induced Dzyaloshinskii-Moriya interaction in a magnetic cone. (a) Geo-
metry. Panels (b) and (c) depict the onion state in planar and conical geometry, respectively,
with in-plane and normal magnetization indicated by streamlines and color scheme, respect-
ively. (d) Variation of the normal magnetization component with varying curvature radius.
(e) Schematic distributions of magnetization and emergent fields F* (tangential) within the
cut plane 20y. (f), (g) Same for radial (easy-normal) and azxial states. For each configuration,
the fields, either Ft or F™, are orthogonally to the magnetization and induce a tilt. (Taken

from [28])

The tensor elements K3 = Ve, - Vyeg and Dyg, = €, - V,eg contain the derivative of
the local curvilinear basis e, describing the structural geometry [29]. While the first term
has the form of the Heisenberg exchange [first term in (2.1)], the bilinear term emulates an
anisotropy-like geometrical potential. The third term manifests a curvature-driven DMI
[compare with second term in (2.1)] originating from the non-trivial geometrical structure
that induces effective magnetic fields orthogonally to the preferential orientation of the

magnetic anisotropy [2§].

Figure illustrates the emergent fields F* (tangential) and F™ (normal) on the ex-
ample of a conical surface [Fig. [2.2(a)]. While in planar structures no DMI is observed
[Fig.[2.2b)], the magnetization in cones experiences large field components near areas with
large curvature gradient according to D,g, = €, - Ve, which induce a tilt of the magnet-
ization [purple-green colorspace in Fig. (c)] Both DMI and field strength decrease with
increasing radius [Fig. [2.2(d)]. Figures[2.2(e)—(g) sketches the emergent field components
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for onion, radial (easy-normal) and axial state in a cone. For each configuration, the fields,

either I'* or I, are orthogonally to the magnetization and induce its tilt.

The emergence of such a vector exchange interaction in curved magnetic surfaces has
several implications for both theoretical and experimental studies as well as potential ap-
plications in magnetic logic [I3] and storage [11), 12, 97] devices. For instance, it gives a
possible explanation of the experimentally observed polarity [98,[99] and chirality [100], 101]
breaking for soft-magnetic planar vortices due to an enhanced surface roughness, as well
as theoretically predicted magnetochiral effects in hemispherical, spherical and cylindrical
objects (Sections & . Furthermore, it offers a new perspective to fabricate
magnetic shift registers [I1) [12] with 3D non-planar shape and an enlarged domain wall
velocity. It may support the current approach of using an interfacial DMI in heterostruc-
tures [22H26] to delay the so-called Walker breakdown [102, [103] in in-plane [12), TO3HITT]

and out-of-plane [22] 23, 112} 1T3] magnetized nanowires.

2.2.2. Magnetic Hemispherical Caps and Spherical Shells

Predicted Properties

Applying the aforementioned theory to soft-magnetic spherical shells reveals vortex states
[7THT3] on each pole [Fig. [2.3(a)], whose polarity and circulation are strongly dependent
on each other [34]. The stabilization of vortices on each pole represents a topological
patterning of the magnetization, which is known for spheres as the Hairy ball theorem [114].
The lifted degeneracy of the chirality, describing polarity with respect to the circulation,
originates from the curvature-induced DMI and is unique to curved magnetic surfaces.
The two states shown in Figure 2.3(a) (as side and top view) represent the ground states
with the same polarity for both vortices. Considering the depicted magnetic spin texture
as a Bloch sphere of the magnetization orientation results in a full 360° rotation of the
magnetization. The very same requirement has been established for magnetic skyrmionic
states [4, [5, [I7] that nucleate in acentric crystal structures [3H8] or in magnetic films with
a broken inversion symmetry [I7H19, [69]. These magnetic skyrmions are stabilized at low
temperatures and in an external magnetic bias field to promote the DMI originating from
an inversion symmetry breaking spin-orbital coupling [3, 4, [69]. The similarity of both

physical origin and spin texture suggest to name the depicted states skyrmionic.
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(a) Sphere — static (b) Cap — dynamic
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Fig. 2.3.: Magnetochiral effects in (a) nanospheres and (b) nanocaps. (a) Side and top view
of the ground states in soft-magnetic spheres with two vortices at each pole possessing the same
polarity. The curvature-induced DMI favors spin textures that resemble magnetic skyrmionic
textures. (b) Circulation-dependent vortex core switching in magnetic cap structures. Vortex
core switches at larger fields if the sign of the projection of magnetic field b onto polarity p
coincides with that of circulation ¢ and is positive. (Taken from (a): [34); (b): [36])

Cutting the magnetic sphere along its equator results in two magnetic cap structures.
The corresponding geometry stabilizes domain patterns with radial magnetization, vortex
states and hybrid spin textures with tunable tilt angles of the magnetization depending
on the magnetic properties of the cap [Fig. 2.4]. The curvature of the magnetic film and
thus of the magnetic vortex state lifts the degeneracy of the in-plane circulation upon
field pulse excitation perpendicularly [Fig. 2.3|(b)] or along the cap normal [116] that
offers a controllable switching of the circulation in contrast to planar disks. The switching
happens at larger fields if the sign of the projection of magnetic field pulse onto polarity
coincides with that of the circulation and is positive [Fig. [2.3(b)]. A very similar effect
occurs in tubular nanowires with longitudinal magnetization that possess a preferred and
a non-preferred circulation of the domain wall with respect to their dynamic stability
[Fig. . The switching process initiated by normal magnetic field pulses is mediated by
nucleation and subsequent collapse of a circularly closed domain wall [I16]. The collapse of
the circular domain wall can be accompanied by creation of the chain of vortex-antivortex
pairs. The overall field amplitude needed to switch the circulation in hemispherical caps
is more than twice smaller than that for planar disks [116].
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Out-of-plane | Out-of-plane Il Vortex state

Donut state Il Donut state | Spiral state

Fig. 2.4.: Schematics of magnetic spin textures in ferromagnetic hemispherical caps investig-
ated in this thesis. Top row: Magnetization configuration in hard-magnetic and soft-magnetic
films. The thickness gradient of the cap leads to a radially varying saturation magnetization
(out-of-plane II) and to a minimized magnetostatic stray field during vortex core nucleation.
Bottom row: Vertically stacking hard- and soft-magnetic layer systems and tailoring the in-
terlayer exchange coupling provides means to imprint non-collinear spin textures into the
hard-magnetic subsystem. Out-of-plane magnetization is shaded in red-blue colorspace. (Ad-

apted from [115])

Realization

An elegant way to realize magnetic cap structures or shells is to directly deposit the layers
onto curvature templates consisting of non-magnetic spherical particles, cylinders or other
three-dimensional objects. Depending on deposition method (electro-chemical or phys-
ical deposition) and conditions, the magnetic film will either completely or partially cover
the surface of the template resembling cap structures or shells, respectively. Using direc-
ted physical deposition, such as magnetron sputtering or electron beam vapor deposition,
induces further local thickness variations in the cap structure due to effectively varying
deposition angles that modify saturation magnetization and preferential magnetic orient-
ations as well as magnetostatic and interlayer exchange coupling [83H85, I17HI22]. As an
example, Figure shows the effect on out-of-plane magnetized Co/Pd multilayers de-

posited via sputter deposition onto spherical nanoparticles. The multilayers are uniformly
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Fig. 2.5.: Magnetic cap structures with out-of-plane magnetization (Co/Pd multilayer stack)
obtained by directed deposition onto hemispherical curvature templates. (a) Out-of-plane mag-
netization component in caps (@ = 310 nm) visualized after ac demagnetization with magnetic
force microscopy. (b) Energy filtered cross-section image reveals preserved heterostructures re-
corded by transmission electron microscopy. (c) Comparison between experimentally obtained
and simulated angle dependence of switching fields suggest an out-of-plane (radial) magnetic
easy azis instead of a single magnetization direction (d). (Taken from (a): [117]; (b): [119];
(c).(d): (118))

saturated on top of each cap [Fig. [2.5(a)] but exhibit a reduced radial magnetization com-
ponent when approaching the equator [Fig. due to structural disorder induced by the
shallow angle deposition instead of stacking both materials [Fig. [2.5(b)]. The modifica-
tion of magnetic properties at the nanoscale influences both magnetic equilibrium domain
patterns and magnetization reversal processes [Figs. [2.5(c), 2.5(d)] in individual caps and
closely packed assemblies. The impact on magnetostatic and exchange interaction can be

adjusted by changing the size of curved template and thickness of the magnetic film.

Current experimental studies on cap structures have been focused on fundamental aspects
relevant to applications as e.g. bit patterned out-of-plane magnetized media [117, [118§],
closely packed vortices [83H85] for vortex RAM [97, and as self-propelled particles
for fuel-free drug delivery in life sciences [128], [129]. Evidence of magnetochiral effects in
curved magnetic surfaces remains to be shown due to existing experimental challenges in

both sample preparation and visualization techniques.



14 2. SCIENTIFIC BACKGROUND

2.2.3. Magnetic Cylindrical Surfaces

Predicted Properties

Another peculiar 3D surface is a magnetic cylinders with a structural uniaxial symmetry
that is expected to reveal intriguing properties depending on the domain pattern. Through-
out this thesis, hollow and solid cylinders are referred to as tubes and rods, respectively.
The uniaxial symmetry of soft-magnetic nanorods with diameters @ < 50 nm ensures a
rotation of the entire transverse domain wall around the symmetry axis [Fig. [2.6(a)] pre-
venting the undesired transformation into a vortex wall [Fig. [2.6(b)] [38] while moving
upon current pulse excitation known as the Walker breakdown [102, [103]. This is particu-
larly attractive for magnetic shift registers [11} [12], and magnetic logic devices [13] as the
domain wall velocity in planar nanowires without interfacial DMI is typically limited to
~ 300 m/s because of its biaxial symmetry [12, T03HITT].

On the other hand, hollow cylindrical objects with longitudinal magnetization reveal mag-
netochiral effects on domain walls [Fig. [2.7(a)] that possess a curvature-induced radial
magnetization component in contrast to their planar counterparts [32,33]. The radial com-
ponent of the domain wall is either increased or decreased while moving [Fig.[2.7(b)]. Thus,

the degeneracy in energy of domain walls with left- and right-handed circulation known
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Fig. 2.6.: Domain wall motion up to 1000m/s in soft-magnetic cylindrical nanorods. (a)
Transverse domain wall rotates around the symmetry axis when moving under current pulse
excitation. A transition into a vortex domain wall due to emergent normal forces as occurring
in its planar counterpart does not happen. (b) No Walker breakdown (deviations from linear
relation) for @ < 50 nm is observed. (Taken from [38])
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Fig. 2.7.: Magnetochiral effects in soft-magnetic nanotubes. (a) Large curvature induces a
radial magnetization component of the domain wall that is absent in its planar counterpart.
(b) The radial magnetization lifts the degeneracy of left- and right-handed domain walls while
moving, leading to two distinct Walker breakdowns (c). (d) The non-preferred domain wall
transforms at sufficiently large velocities via vortex-antivorter pair nucleation into the favor-
able one. (e) The domain wall with unfavorable circulation emanates while moving [black
dashed line in (d)] magnons with different group velocity at front and back side. (Taken from

(a)=(d): [32]; (e): [31)])

from transverse domain walls in planar nanowires is lifted in magnetic tubes [Fig. 2.7(c)].
In particular, the domain wall with bad circulation (large radial moment) transforms into
the favorable one by nucleating vortex-antivortex pairs each moving in opposite direc-
tion perpendicularly to the tube axis [32]. The domain wall with unfavorable circulation
emanates while moving at a constant velocity (Walker breakdown) [black dashed line in
Fig. [2.7(d)] magnons with different group velocity at front and back side [Fig. 2.7|(e)] that
is referred to as Cherenkov-like effect for magnons [31), [35].

Realization

The experimental realization of such cylindrical magnetic objects is very demanding as
high-quality films with acceptable surface roughness and well-defined magnetization tex-
tures are required to avoid domain wall pinning on imperfections, such as grain boundaries

and edges, that may overshadow curvature effects.
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Fig. 2.8.: Magnetization configuration in soft-magnetic nanorods derived from phase shift
images with electron holography. Panels (a)—(c) show transmission electron micrograph of a
nanorod with @ =~ 50 nm and corresponding experimental and simulated phase shift images,

respectively, revealing a transverse domain wall. (d)—(f) Larger dimensions favor complicated
spin textures like vortices. (Taken from [55])
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Cylindrical structures may be fabricated by different synthesis approaches. Rods and tubes
with diameters in the nanometer range can be prepared via electro-chemical deposition into
porous alumina templates [40-H44]. These objects possess, due to small dimensions, rather
simple domain patterns, e.g. longitudinal or azimuthal magnetization, and may success-
fully be studied using electron holography [Fig. [2.8] [53, 56] or magnetometry [Fig. [2.9]
[43, 44]. While soft-magnetic nanocylinders with diameters @ < 50nm favor transverse
domain walls [Figs. 2.8(a)—(c)] as predicted by micromagnetic simulations [Fig. [2.6], rods
with larger dimensions reveal more complicated domain walls with vortices located near
structural defects [Figs. [2.8(d)—(f)], suggesting strong pinning and the disability to effi-
ciently displace domain walls. This assumption was confirmed with cantilever magneto-
metry by observing various metastable states in tubes with inner and outer diameters of
Din ~ 200nm and oy ~ 300 nm, respectively [43]. Figure shows the frequency shift
as a function of external magnetic fields applied along the three major orientations of the
tube. The magnetic states are identified by correlating the simulated frequency shift of the
most likely states with the experimental data, which provides means to study the mag-
netization reversal process. However, the indirect access to the magnetization offers only
a rough classification without particular insight into the spatial distribution and is thus

limited to simple magnetic states.
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Fig. 2.9.: Stable and metastable magnetic states in magnetic nanotubes (P, ~ 200 nm,
Dout ~ 300nm) revealed by cantilever magnetometry. The three curves plot the response
along three orthogonal azes as shown in the schematics. Red arrows indicate magnetic fields
corresponding to the specified state. (Taken from [45])

More complex, yet deterministic, domain patterns [Fig. appear in tubular structures
with diameters in the lower micrometer range fabricated by strain engineering rolled-up
nanotech [45] [46]. 2D magnetic nanomembranes with either in- or out-of-plane anisotropy
rolled up into tightly wound films with cylindrical shape offer well-defined magnetic domain
patterns including homogeneous [82], 130} [131] and multidomain states [132] [133] or radial
spin textures [134, [I35]. Tt has been shown by ferromagnetic resonance spectroscopy (FMR)
[82, 131, 136], magnetoresistance measurements (MR) [42, [133] and magnetic imaging
[137] that rolled-up nanomembranes with cylindrical shape resemble tubes with respect
to magnetic properties due to magnetostatic coupling between adjacent windings despite
of an absent structural uniaxial symmetry. Consequently, magnetic tubular architectures
with well-defined properties, e.g. azimuthal magnetization with high sensitivity relying on
the giant magnetoimpedance effect [I38] for magnetoencephalography [139, [140] or radial

magnetization for deflecting charged particles, may be prepared in this manner.

State-of-the-art investigations relying on integral measurement techniques, such as FMR

[82, [131], MR [42, 133, 141] and magnetometry [43], [44], as well as on the analysis of
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Fig. 2.10.: Schematics of magnetic domain patterns in ferromagnetic thin films resembling
hollow cylinders. Top row: Circulating (in-plane) magnetization textures with without (azi-
muthal) and with (helical) longitudinal components. Clirculation sense is indicated by red or
blue. Bottom row: Radial and longitudinal magnetization configuration. State radial II il-
lustrates multidomain states with radial magnetized domains. FEach configuration possessing
distinct magnetic and magnetoelectric properties can be fabricated by rolling up planar films.

2D projections of magnetization patterns recorded with Kerr [132] 133] and X-ray [137]
microscopy may serve as precharacterization but do not provide means to retrieve the 3D
magnetic domain pattern. A proper identification can only be accomplished by magnetic

tomographic imaging and reconstruction.

2.3. Tomographic Imaging

Conventional visualization techniques, such as microscopy, record a 2D projection of a

3D attenuation field associated with the spatial distribution of atomic mass densities or
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electromagnetic fields. Depending on the experimental setup working either in reflection
or transmission mode, information about outermost surfaces or thickness-integrated bulk
regions are obtained, respectively. In order to retrieve the 3D information from a set of 2D
projections, tomographic reconstruction algorithms have been developed [143] and applied

to various classes of materials.

The first work on the mathematical background of tomographic imaging traces back to
Radon [144], who derived the reconstruction formula for a localized 2D function u (z,vy)
whose integral values along certain directions are known. In particular, the integral value

can be considered as the transmitted intensity:

I =Iyexp {—/C,u(x,y) dr} , (2.6)

with the initial intensity Iy, the localized absorption coefficient  (z,y), the integration path

C parameterized by r = —xsina + ycosa with the projection angle a. The projection
(a) Original image (b) Radon transform R (s, «)
Ymin o e— Smin A
ENE X (SRR S 0-
| | ©
2
a
Ymazx - r — ) Smaz - r T )
Tmin 0 Tmax 0° 90° 180°
€z Projection angle «
(c) Direct (6 =0.1°) (d) Direct (§ = 10°) (e) FBP (6 = 10°)

Fig. 2.11.: Schematics of Radon transformation and back projection in 2D. (a) Original
image with indicated projection angle a and projection axis s. (b) Radon transform of (a).
Direct iterative reconstruction with rotation step sizes (¢) § = 0.1° and (d) § = 10°. (e)
Reconstruction with filtered back projection (FBP) and 6 = 10°.
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axis s = —x cos aw — ysin « is orthogonal to r [Fig. [2.11(a)]. The Radon transform R (s, «)
[Fig. [2.11{(b)] is obtained after rewriting ([2.6|) as:
I . .
R (s,a) =1In <[> = / p(—ssina —reosa, scosa —rsina) dr. (2.7)
0 C
Its invariance under translation and rotation allows to perform Fourier transformations and
to reconstruct p from a set of projections using the Fourier slice theorem. Accordingly,
calculating the 1D Fourier transform of R with respect to s FT} [R (s,a)] = R(S,a),
with the reciprocal space vector component S, and performing the 2D inverse Fourier
transformation (F'T 2)_1 leads to the spatial distribution of the absorption coefficient g

[144]:

p(w,y) = (FTo) " {FTi [R (s,0)]} = (FTy) ™ [R (S, )] .
~ /OTr dOé/R dS - R (S,a) H (S)exp [27iS (—xsina + ycosa)] . '

The filter H (S) = |9 {@ (S + Qis) -0 (S — ﬁ)}, with the Heaviside function ©, the
pixel size of the screen As and the Nyguist frequency 51 [145], ensures a defined integ-
ral. The filtered backprojection ({2.8]) is basis for almost all tomography reconstruction

algorithms.

Alternatively, the inverse Radon transform can be considered as a system of linear equa-
tions [143] similarly to the Radon transform itself, since each trajectory r passes
through a small fraction of space. Applying simultaneous algebraic reconstruction tech-
niques, such as the Kaczmarz’ method [146], allows to directly reconstruct u (x,y) without
applying the Fourier slice theorem [Fig. [2.11)(c)]. The avoidance of Fourier transformations
provides means to reconstruct u (z,y) from few projections [Figs. 2.11)(d), 2.11f(e)], to in-
crease the spatial resolution or to address each Radon transform individually. The latter

aspect is crucial to treat vector fields, such as the magnetization.

Meanwhile, tomographic imaging has become a powerful technique that reveals internal
structures in complex organic [53], [62H64], 147, [148] and inorganic [51, 52, 54HGI] objects
by exploiting high penetrability and short wavelengths (high spatial resolution) of vari-
ous kinds of radiation sources, including electron, neutron and X-rays. Among others,
conditions during formation of minerals [59] and ceramics [61] as well as functioning and
interplay of biological cells at subcellular level [62] [147] have been identified. Magnetic ob-

jects with macroscopic and nanoscopic expansions have been investigated using magnetic
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neutron tomography [51], 52] and electron-based techniques, including electron holography
[53-56], 148] and vector field electron tomography [57, 58], respectively.

2.3.1. Magnetic Neutron Tomography

The capability to characterize 3D spatial distributions of magnetic domains has been
demonstrated by magnetic neutron tomography [51, 52] with a spatial resolution of =
50 pm [Fig. [2.12]. Neutron tomography relies on the detection of the phase shift, namely
intensity difference, due to local variations in the refractive index originating from domain
walls aligned parallel to the neutron propagation direction [I49]. In particular, the re-
fractive index with the spin-dependent term ¢ = :I:%pan /E, (magnetic moment of the
neutron i, and neutron kinetic energy E,,) [52] causes a distinct momentum transfer for

parallel and anti-parallel neutron spin orientations with respect to the magnetic induction

(a) |

Fig. 2.12.: (a) Magnetic neutron tomography of a macroscopic FeSi wedge reveals the 3D spa-
tial distribution of magnetic domain walls (bright) with a spatial resolution of about 100 um.
(b) Reconstructed domain distribution. Each color refers to a different domain. Information
about surface domains and the magnetization itself cannot be retrieved with this approach.
The scale bar is 1 mm. (Taken from [52])
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B. Hence, neutrons penetrating the media close to a domain wall experience a phase shift
that is not compensated by subtracting intensities recorded for neutron beams with par-
allel and antiparallel spin orientation. The 3D spatial distribution of the domain walls is
obtained from a set of projections [Fig. via direct iterative reconstruction without
applying the Fourier slice theorem [I50] analogously to [146]. The treatment of individual
projections provides the basis for capturing the angle-dependent phase shift contributions.
Accordingly, an evaluation of the domain morphology can be given by identifying regions

with dark contrast as volume domains.

The weak interaction between neutrons and induction B requires an accumulation of the
phase shift over ~ 100 gm. Thus, domain walls smaller than 100 gum or tilted against
the neutron propagation direction cannot be resolved. On the other hand, an absorption
coefficient of p ~ 1073 /um for transition metals and hot neutrons (three orders smaller
than those of X-rays) allows to investigate bulky materials, e.g. single crystals, alloys and
their modifications due to encapsulation or degradation relevant for industry. Constant
phase shift and unaffected trajectory of neutrons when exposed to an homogeneous mag-
netic field provide further means to study magnetization reversal processes based on the
evolution of the volume domain walls as no information about the magnetization itself or

surface domains are accessible.

2.3.2. Electron-based 3D Imaging

First successful attempts to access magnetic properties in 3D space with nanometer resol-
ution have been accomplished in uniformly magnetized nanoparticles [54], 48], nanorods/
nanospirals [55, 56] and magnetotactic bacteria [53), [148] with spatial expansions < 100 nm
by phase shift reconstruction with electron holography [151} [152] or Lorentz electron micro-
scopy and employing the transport-of-intensity equation (TIE) [I53] [154]. More recently,
the capability of vector field electron tomography (VFET) [155], 156] was demonstrated by

reconstructing magnetic vortex cores in soft-magnetic disks [57, [58].

Phase Shift Reconstruction

These approaches are based on the knowledge of the electron’s phase shift traveling through

a 3D space with an electrostatic potential V' (r) and a magnetic vector potential A(r)
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[157):
@ (1) =@e(rL) +om(ryL)
- e@e (’rJ_) + Cm@m (TJ_) (29)

:Ce/cvmﬂw) dl—Cm/Cw~A(m+lw) dl.

Similarly to the original formula , the thickness-integrated information (2.9) consti-
tutes line integrals along the trajectory C, parameterized by [, in the direction of w. In
fact, @. (r,) is the representation of in 3D. The 2D position vector 7, lies in the
projection plane so that w - r; = 0. Further are C, = er/\E, and C,, = e/h, with the

electron wave length A and the electron kinetic energy F..

Accordingly, the phase shifts of coherent electron beams reflect the thickness-integrated
interaction with a magnetic induction B, = (V x A), perpendicular to the e-beam
propagation direction. In particular, isophase lines coincide with the magnetic field lines/
magnetization components lying in the projection plane. Thus, phase shift reconstructions
performed with projections taken at the same angle may only be applied by correlation with
simulations [Fig. to reveal simple magnetization textures as occurring in e.g.uniformly
magnetized nanoparticles [54) [148], nanorods [55], [66] or assemblies of those [53), [148]. An
example of chains of superparamagnetic nanoparticles in magnetotactic bacteria is given
in Figure recorded with electron holography [I51], 152] that visualizes the phase shift

100 nm

Fig. 2.13.: Electron holography of the magnetic induction of a chain of superparamagnetic
nanoparticles in magnetotactic bacteria. (a) Transmission micrograph to identify strongly ab-
sorbing metal regions. (b) Recorded phase shift due to interaction with magnetic induction. (c)
Reconstructed thickness-integrated field lines of the magnetic induction reveal magnetization
vectors aligned along the chain. (Taken from [53])
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between reference beam ¢); = ¢’*1” and probe beam 1, = & () e’*27+%(") by coherent inter-
ference on the CCD screen using an electron biprism [158]. Both amplitude £ (r) and phase
¢ (r) originating from interaction with electromagnetic fields of the sample are captured

in the recorded intensity pattern according to:

I(x)=|4¢n +¢2|2 } (2.10)

=1+ (r) +rE(r)cos[(ky — k)T — @ ()] .

The contrast is reduced by the coefficient x that takes into account temporal and spa-
tial coherence of the electron beam. In contrast, Lorentz microscopy with TIE omits the
use of a reference beam by accumulating a through-focus series of images that reveals the
thickness-integrated magnetic induction components perpendicular to the e-beam propaga-
tion direction according to Vi = C,,, B, d with the sample thickness d [154]. Varying focus
changes the size of the probing area and thus the amount of enclosed flux lines that is re-
flected by the gradient of the phase shift. Nevertheless, both approaches only provide a
thickness-integrated information of the magnetic induction of the nanoscopic sample along

on e-beam projection direction.

Vector Field Electron Tomography

The loss of local information about the phase shift can be avoided by acquiring projections
at different angles while rotating/ tilting the sample around at least two axes. Calculating
the 1D Fourier transform of ¢, (r,) and @, (r,) with respect to reciprocal space vector
S and applying the Fourier slice theorem ([2.8]) with the 1D Fourier transformation F'T}
and the inverse 2D Fourier transformation (F T2>_1, one obtains the mathematical basis of
VFET [156]:

<
S
]

(FT3) " {FT1 [ (r)]} = (FTo) ™ [2e (S, )] (2.11)
B, (r) = (FIo) ' {iS, - FT1 [pm (r1)]} = (FT2) ' [iS, - $m (Sy, )] (2.12)
By (r) = (FTo) ' {iSy - FT1 [@ (r1)]} = (FT2) " [iSy - &m (Si, )] - (2.13)

Equations (2.11)) and (2.12) describe the angular dependence for rotations around the z-
axis, while (2.13)) considers rotations around y. The phase shift is accumulated along the
trajectory C at the projection angle . Note that « is determined by 7, in real space.

Using the Maxwell equation VB = 0 allows to reconstruct the magnetic induction B from
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Fig. 2.14.: Vortex core interaction in vertically stacked soft-magnetic disks revealed by vector
field electron tomography with transmission electron microscopy. (a)—(c) Acquiring phase
shifts at various projection angles around at least two rotation axes allows to reconstruct the
3D spatial distribution of the magnetization at the nanoscale (d). (Taken from [58])

a set of projections around at least two rotation axes. Electrostatic contributions @, (7 )

can be compensated by subtracting projections along opposite trajectories.

An experimental demonstration of the capability of VFET was very recently given by
reconstructing the spin configuration in two vertically stacked planar soft-magnetic disks
with a spatial resolution of few nanometers using a 1 MV holography electron microscope
[58]. However, facilitating electrons as a probe is disadvantageous for in-field measurements
on mesoscopic samples due to their electric charge and strong absorption coefficients, nor
do they provide an element specificity. These highly demanded features can be offered by
X-ray magnetic circular dichroism-based 3D imaging techniques (Section .



26

2. SCIENTIFIC BACKGROUND



3. Fabrication Methods

This chapter provides a detailed overview of the preparation methods and sample archi-
tectures used within this thesis. Magnetic cap structures with one single curved surface
at the top are fabricated by deposition onto non-magnetic curvature templates.” Strained
nanomembranes with magnetic layers are rolled up into cylindrical objects with two or

more surfaces, referring to the number of magnetic layers in radial direction.

3.1. Deposition onto Curvature Template

Exploiting the shape of a non-magnetic 3D object that acts as a curvature template during
deposition is one of the most elegant ways to obtain curved magnetic films. Depending on
the directionality of the deposition, the magnetic film covers either completely or partially
the surface of the template. The resulting shell or cap structure may further possess
local thickness variations that modify magnetostatic and interlayer exchange coupling [83}-
85, 1 7HI21].

3.1.1. Hemispherical Cap Structures

Using monolayers of self-assembled closely packed spherical particles [I59-161] as curvature
template offers both high symmetry of the resulting cap structure and the possibility
to prepare highly ordered cap arrays (Sections & . Depending on the purpose
either silica or polystyrene (both Bangs Laboratories) spheres with a diameter & in the
range from 50nm to 5pum are used. The colloidal solution containing the particles is

drop-casted onto a slightly tilted naturally oxidized Si wafer that was exposed for 10s to

*All samples were prepared at the Institute for Integrative Nanosciences, IFW Dresden.
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Fig. 3.1.: Self-assembled particle monolayers serving as curvature templates and lithography
masks for non-planar architectures. (a) Scanning electron micrograph of silica monolayers
self-assembled into structural domains with approxzimately one thousand spheres. The lattice
orientation of each domain is slightly rotated against adjacent specimens. Inset shows FFT
of the assemblies. (b) Self-assembled silica monolayer capped with 40mnm-thick Permalloy.
The cross-section prepared by focused ion beam etching reveals a thickness gradient with a
minimum at the equator. (¢) Upon removal of the monolayer a non-planar honeycomb lattice
is observed by atomic force microscopy. The emergent height asymmetry of the vertices can
be tuned during deposition. (Taken from (b): [T ]; (¢): [163])

an oxygen plasma to enhance adhesion. While the droplet does not spread out without
plasma treatment, long surface activation leads to droplet breathing and self-assembling
of low structural quality. The drop-cast approach provides means to assemble spherical
particles into monolayers at the wafer scale [162]. In this thesis, cap arrays consisting of
approximately one thousand unit cells are used, which is in case of @ = 3 um equal to a
structural domain size of (90x90) ym?. Each structural domain possesses a slightly rotated
lattice orientation [Fig. [3.1[(a)], which makes the approach very attractive for orientation-
dependent microscopy investigations.

The metal stack is deposited onto the particle monolayers via magnetron sputtering (DCA
Instruments) at room temperature (base pressure: 7 x 1078 mbar; Ar pressure: 107 mbar;
deposition rate: ~ 0.3ML/s) through an aperture to ensure a directed deposition. The

resulting curvature-driven thickness gradient exhibits the nominal thickness at the very
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center of the cap and a persistently decreasing thickness towards the equator [Fig.[3.1|(b)].

3.1.2. Non-Planar Honeycomb Lattice

The propagation vector distribution within the sputter plasma assures deposition both
through the interstitials of mono-, bi- and trilayers and under the particles [164], [165].
Upon removal of the particle monolayers using ultrasonication, a non-planar honeycomb
lattice with periodically alternating thickness is obtained [Fig. [3.1)(c)] [164]. Lattice peri-
odicity, thickness and width of the interconnects can be adjusted by changing particle size,
thickness of deposited materials and plasma etching of PS particles before metal depos-
ition, respectively [I63HI65]. Engineering a height asymmetry into the honeycomb lattice

is achieved by positioning the sample under the aperture with a radial offset.

3.2. Rolled-up Nanotech

Rolled-up nanotechnology [45] 46] is a versatile approach to fabricate rolled-up nanomem-
branes with cylindrical shape out of any thin film by strain-engineering and selective release
of the sacrificial layer. Using conventional thin film deposition techniques, such as molecu-
lar beam epitaxy (MBE), electron beam vapor deposition (EBVD) or sputter deposition,
ensures both high quality of the deposited film and on-chip integrability [166-169]. In
particular, it provides means to prepare magnetic tubular architectures with tunable mag-
netization configuration, such as longitudinal, circulating or out-of-plane magnetization,
which is not feasible to achieve by any other state-of-the-art method such as electrochem-

ical deposition into porous alumina templates.

The physical origin of the rolling process is the strain release upon curving the nanomem-
brane. However, if the initial strain gradient is too small to initiate a bending and thus a
rolling of the nanomembrane, the film will instead wrinkle perpendicularly to the expected
rolling direction [Fig. [49, 50]. The equilibrium curvature due to strain relaxation can
be calculated in the framework of continuum mechanics [I70]. Assuming similar Young’s

moduli of both layers and complete strain relaxation at the free surfaces, the tube diameter
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(a) Flat (b) Wrinkling (c) Bending/ Rolling

Fig. 3.2.: Wrinkling and rolling of strained free-standing nanomembranes for strain relaxa-
tion. Depending on the strain gradient normal to the surface the selectively released layer will

(a) stay flat, (b) wrinkle along the free-standing edge or (c) bend and roll perpendicularly to
this edge. The latter case is preferred for large strain gradients. (Taken from [49])

& reads [47):
B i (dy + d2)3
3 didy

with the lateral strain € normal to the surface and the film thicknesses d; and ds of layer

(3.1)

1 and 2, respectively. The resulting tube dimension is linear in thickness and in reciprocal
of the strain. For a given strain, the smallest tube is obtained for bilayers with same

thickness.

3.2.1. Epitaxial Strained Films

The concept of rolled-up nanotech was originally proposed for epitaxially strained semicon-
ducting bilayer systems with potentially large strain gradients [45], 46] and tube diameters
down to @ < 50nm [Fig. [47]. The lattice constant of one layer may be altered
by varying doping concentration [45] or changing composition [47] of the bilayers, which

accordingly affects the lateral strain normal to the surface inside the bilayers.

The tubular semiconductor architectures used as curvature templates in Section and
as strained non-magnetic layers in Section are prepared (in collaboration with Dr.
D.J. Thurmer) by rolling up Ing3GagrAs/GaAs nanomembranes with various thicknesses
[Fig. 3.4[(a)]. The strained bilayer stack is epitaxially grown at 7' = 550 °C (base pressure:
7x 1078 mbar; deposition rate: ~ 0.3 ML/s) by solid-source molecular beam epitaxy (MBE,
Omicron) onto a 20 nm-thick AlAs sacrificial layer, which is on top of semi-insulating single-
crystal GaAs(001) wafers. The epitaxial growth is monitored by reflection high energy
electron diffraction (RHEED) analysis to ensure high-quality crystal growth and smooth
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Fig. 3.3.: Rolled-up epitaxially grown nanomembranes with submicrometer diameter. (a)
Down-scaling of the tube diameter formed with symmetric Inss Gagr As/GaAs bilayers. Panels
(b1) and (b2) depict the smallest rolled-up nanomembranes made of 1.4 ML IngsGagrAs/
1.4 ML GaAs and 1.4 ML InAs/ 1.4 ML GaAs, respectively. (Taken from [{7])
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Fig. 3.4.: Fabrication of rolled-up nanomembranes with cylindrical shape. (a) Magnetic layer
is deposited onto a strained nanomembrane that can be selectively released. (b) Structural geo-
metry (loosely or tightly wound) can be varied by adjusting process parameters. Scalar bars
indicate 1pum. (c) Relation between film thickness and tube diameter in epitaxial and poly-
crystalline films for the same deposition parameters. (d) Segmenting of cylindrical curvature
templates using focused ion beam etching. Inset shows thickness gradient of a nominal 100 nm

thick Py film. (Taken from (a), (b): [137]; (d): [84)]; adapted from (c): [133])
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Tab. 3.1.: Structural parameters of rolled-up nanomembranes consisting of strained epitazial
semiconductor bilayers (GaAs(ds)/InssGagrAs(dy), € = 2.4%). Experimental and calculated
tube diameter using show excellent agreement.

Thickness d, [nm] Thickness d, [nm] Diameter &, [um] Diameter &.,, [um]

2.0 2.6 0.26 0.25+0.01
5.0 5.6 0.59 0.60 = 0.04
14.0 14.6 1.59 1.7+0.1

layers. Deep trenches are mechanically scratched into the surface to determine the initial
edge of selective release from the substrate. Afterwards, the sample is exposed for 15s
to 5% wt. hydrofluoric acid (HF), which shows a large selectivity for etching AlAs over
GaAs [I7I]. Upon selective release, the free surface layer of Inz3GagrAs expands from
AGaps = 5.66 A to AlnasGagrAs = D.80 A, equal to a strain of ¢ = 2.4%, and induce a rolling
up of the entire bilayer system. The lattice constant of In33GagyAs is linearly interpolated
between aggas = 5.66 A and aj,4s = 6.06 A [172]. The rolled-up nanomembranes are
rinsed in isopropanol and dried using a nitrogen gun resulting in loosely wound (spirals)

or tightly wound (tubes) surfaces depending on process parameters [Fig. [3.4(b)].

The film thicknesses of GaAs and Ing3GagrAs are adjusted according to (3.1]) to obtain
the desired tube diameter [Fig. [3.4(c), also Tab. [3.1]. The excellent agreement between

experimental and analytical values illustrates reliability of the approach.

According to the purpose of acting as either curvature template or strained layer, the
magnetic film is sputter-deposited after or before the rolling up process. The segment-
ation of the cylindrical curvature template is accomplished by focused ion beam etching
(Section before metal deposition [Fig. [3.4(d)]. The load of the additional unstrained
15 nm-thick magnetic layer on top of the strained bilayer increases the resulting tube dia-
meter by a factor of 5 to approximately 3 um. Smaller thicknesses of the magnetic layer

could not be used due to the effect of HF on the magnetic properties.

3.2.2. Polycrystalline Strained Films

The crucial requirement to roll up nanomembranes, namely a lateral strain gradient normal
to the surface, is not limited to epitaxially grown systems, and can also be provided in

polycrystalline films deposited on sacrificial polymeric or inorganic layers [48]. Adjusting
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Tab. 3.2.: Structural parameters of rolled-up single-layer nickel nanomembranes prepared by
electron beam wvapor deposition with rapidly increasing deposition rate from 0.4 /i/s (dy) to
1.5A4/s (dy). The strain is calculated via assuming a homogeneous distributions.

Thickness d, [nm] Thickness d, [nm] Diameter & ., [j1m] Strain ¢
2+0.25 3+£0.25 13405 (0.53 + 0.48)%
5£0.5 5+0.5 3+0.6 (0.44 £0.31)%
10+ 1.0 10 £ 1.0 7408 (0.38 £ 0.23)%
10+ 1.0 20£2.0 12+1.0 (0.38 £0.22)%
10+1.0 30+ 3.0 17£1.0 (0.42 +0.23)%

deposition rates and angles allows for engineering differential strain in polycrystalline films
prepared by commonly used thermal evaporation, EBVD or sputter-deposition. In general,
tube diameters in the lower micrometer range are obtained. The stack may consist of a
single layer or a heterostructure with multiple functional layers, including e.g. magnetic,

insulating and organic functionality.

Strained Magnetic Layers

Using strained magnetostrictive layers, e.g. Ni, Fe or Py, offers the possibility to simul-
taneously set tube diameter and in-plane magnetic easy axis of the tube. The rolled-up
single-layer ferromagnetic nanomembranes investigated in Section are fabricated by
oblique EBVD (Plassys) onto a prepatterned rectangular sacrificial layer. The sacrificial
layer can be for instance polycrystalline Ge or photoresist that are selectively dissolv-
able by a chemical (3% wt. HyOs or NMP) not harmful to the magnetic properties of
the system. The essential requirement for rolling is a rapidly increasing deposition rate
to induce a strain gradient into the film with components both normal to the surface
and along the incidence direction. Strain and tube diameter depend on deposition rate
[(0.4 < 1.5) A/s], deposition angle (60° with respect to the surface normal) and thickness,
and allow therefore a material independent optimization. For these conditions, an effective
strain of ¢ = (0.40 £ 0.25)% is derived from the relation between tube diameter and film
thickness using [Fig. [3.4(c), also Tab. . The dashed curve plots the smallest pos-
sible tube diameter for equi-thick systems (d; = d3). The deviations of the experimental
data for large thicknesses is due to the fact that only the first 10nm (d7*** = 10nm) are
deposited at low rate. Using a piezoactor to adjust the deposition rate leads to an increase

of the uncertainty in thickness. The overall tendency reveals a strain (tube diameter) five
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times smaller (larger) than that in epitaxial Ing3GagrAs/GaAs.

Strained Non-Magnetic Layers

Multilayer stacks with out-of-plane magnetic easy axis, e.g. Co/Pd and Co/Pt, are required
to realize radially magnetized tubes (Section @ For this sake, multilayers deposited onto
strongly strained layers are rolled up into cylindrical objects. It has to be noted that even if
each of the two strained films roll up well, their combination does not have to as the strain
gradient can be compensated or even reversed. For instance, separately optimized Ni and
Ti layers roll along the deposition direction [Fig. (a)] due to existing strain gradients in
this direction. In contrast, a Ni/Ti bilayer rolls perpendicularly to the incidence direction
[Fig. [3.5(b)]. With respect to strain gradients, titanium is unique as it grows under a
compressive strain that transforms into tensile one after roughly 10nm [I73]. The strain
is almost independent of the deposition conditions. Thus, it can be deposited in one
run with Co/Pd or Co/Pt multilayer stacks via magnetron sputtering onto any kind of
sacrificial layer. In fact, the diameters of rolled-up nanomembranes with a strained Ti
layer are similar to those obtained by epitaxial strain and much smaller when rolling thick
unstrained layers on top. This is due to the release of epitaxial strain in thick films by

dislocation formation and the decreased efficiency for asymmetric thicknesses [see (3.1])].

To prevent collapsing of the tubes upon solvent evaporation, the rolled-up nanomembranes
are loaded into a critical point dryer (CPD) filled with acetone. Liquid COy is introduced
at 10°C into the chamber replacing the solvent and heated up to 42°C. The CO, is gassed

(a) Nickel

7
Deposition

Rolling

Fig. 3.5.: Altering rolling directions due to strain compensation in heterostructures. (a)
Single-layer strained films, such as nickel nanomembranes, deposited under an oblique angle
of 60° roll along the deposition direction. (b) Bilayers, e.g. nickel/ titanium, with separately
optimized strain may roll perpendicularly to the deposition direction due to strain compensa-
tion at their mutual interface.
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out leaving the dried tubular architectures behind. While the tube diameter is defined
by the film thickness, shape, length and number of windings of the tubular structure are
predetermined by lithographically patterning strained and sacrificial layers (see Appendix
. A lateral offset between sacrificial and strained layer provides further an anchor to
the rolled-up nanomembrane. On the other hand, perfectly matching layers ensure minimal
attachment to the substrate that is highly demanded for lifting tubes via a micromanipu-

lator as required for magnetic tomography (Section .
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4. Characterization Methods

In this chapter, a brief introduction to the most important characterization techniques
is provided. Peculiar attention is given to emergent challenges with applying conven-
tional methods to curved magnetic architectures. To this end, the chapter concludes with

presenting the conceptual approach of magnetic soft X-ray tomography.

4.1. Kerr Microscopy

Kerr microscopy is a magnetic imaging technique based on the magnetooptical Kerr ef-
fect (MOKE), which describes the phenomenon that the polarization of electromagnetic
waves is rotated by an angle 6 when deflected from a magnetic media [67]. Both sign and
amplitude of the rotation angle # depend for a given material on the orientation of the mag-
netization with respect to the polarization of the electric field. Consequently, it provides
means to sense transverse, longitudinal or out-of-plane magnetization components. A per-
fect disentanglement can in general not be given due to non-vanishing contributions from
other components [I74]. The rotation angle 6 can be converted into an intensity when
using two almost crossed polarizers before and after deflection from the magnetic sample,
respectively. Sweeping an external magnetic field allows for recording the magnetic hys-
teresis curve and determining the magnetization reversal process (MOKE magnetometry).
An additional objective provides means to visualize magnetic domains and their switching

behavior at the microscale (Kerr microscopy, evico magnetics) [67].

The use of visible light has several implication, such as a limited spatial resolution of about
400nm [67] and a penetration/ information depth of ~ 20nm for transition metals [175].
Two additional aspects have to be considered when dealing with curved magnetic architec-
tures: a limited depth of focus and a significant loss of intensity due to large diffuse scat-

tering from the curved surface [Fig. [£.1]. The experimental limitation of Kerr microscopy
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Fig. 4.1.: Imaging of non-planar architectures in reflection geometry, such as with Kerr
microscopy, meets the challenge of strongly curved surfaces and a significant amount of diffuse
scattered light that cannot entirely be collected by the objective (a).(b) The magnetization in

cylindrical objects with a diameter @ =~ 12um can only be visualized in an approximately
5 um-wide strip on the very top.

is demonstrated in Figure (b) using a magnetic cylindrical object with circulating mag-
netization [Fig. [2.10]. The magnetic contrast is confined to a narrow & 5 um-wide stripe at
the very top of the tube with @ ~ 12 um. Moreover, curved free-standing nanomembranes
exposed to an ac magnetic field as done with magnetometry are mechanically excited in-
ducing oscillatory fluctuations in the magnetic hysteresis curves due to varying intensity of
backscattered light. Although remaining an essential tool for precharacterization, MOKE
magnetometry and Kerr microscopy cannot be applied to determine magnetic domain pat-

terns in 3D objects due to the lack of information about the magnetization at the edge,
the bottom or of inner regions.

4.2. Magnetic Force Microscopy

Magnetic force microscopy (MEFM) [I76] is a special non-contact mode of atomic force mi-
croscopy (AFM) that is sensitive to the magnetization by probing the first and second
derivative of the local magnetic stray field when using magnetic monopole [177] and
conventional tips (HR-MFM ML3, Team Nanotec), respectively. Operating at constant
height (zp &~ 20nm) avoids interactions with magnetic domain patterns, such as lateral

displacement of domain walls and vortex cores, and local switching. In this thesis, a
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Fig. 4.2.: Magnetic force microscopy of vortex states in hemispherical caps. (a) Bright and
dark contrast in the center of the cap (indicated by white dashed circle) refers to the vortex
core polarity that is randomly distributed throughout the cap array. (b) Line profiles for
positive and negative polarity contain residual electrostatic contributions that are eliminated
by subtraction. (Taken from [T ])

frequency-modulated MFM (HR-MFM, NanoScan) operating at high vacuum (base pres-
sure: 107%mbar) is used. The cantilever is excited close to its normal resonance frequency
while the beam deflection from the cantilever onto a 4-quadrant photodiode is acquired.
The detected frequency w of the top-minus-bottom signal deviates from the driving fre-
quency wy and in turn induces a phase shift ¢ ~ —%@F (z0) [176] if a local force F'(z) is
acting on the cantilever (spring constant ¢ of the cantilever, the quality factor @ and the
vertical axis z). Thus, only stray field gradients in vertical direction originating from out-
of-plane magnetization and domain walls are detectable by conventional MFM. Attractive
forces cause a positive phase shift (bright contrast). However, an inversion of the contrast
may occur if attraction and repulsion are too strong. In order to minimize contributions
from electrostatic interaction between tip and sample, an electric bias (=~ 300 V') is applied
to the tip. This is particularly important when investigating curved magnetic architectures.
The topography cross-talk can be minimized but not completely eliminated as exemplarily

demonstrated in Figure for magnetic vortices in hemispherical caps [Fig. [2.4].

4.3. Magnetic Soft X-ray Microscopy

Development and use of different magnetic imaging techniques are driven by the demand
for measuring certain properties. In this respect, Kerr microscopy and scanning electron
microscopy with polarization analyzer (SEMPA) [72, [I78] visualize magnetic surface do-

mains at the micro- and nanoscale, respectively; Spin-polarized low-energy electron micro-
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scopy (SPLEEM) [179, [I80] and spin-polarized scanning tunneling microscopy (SP-STM)
[73, 18T, [182] provide means to resolve inner structures of domain walls [24] 25 27] and to
study antiferromagnets [183], [184] and skyrmions [I7H19] at an atomistic level, respectively.
The enhanced spatial resolution of the latter two microscopies comes with the limitation to
in situ characterization in ultra high vacuum and very clean (epitaxial) surfaces. Alternat-
ively, recent advances in generating vortex electron beams with orbital angular momenta
[185] pave the way towards magnetization-sensitive electron probes utilizing energy loss
magnetic chiral dichroism (EMCD) [I86] with electron holography (Section [2.3.2). These
vortex beams are obtained as higher-order diffraction patterns after penetrating dislocation
apertures [I87], magnetic monopoles [I88] or samples with magnetic fields aligned along
the trajectory via the Aharonov-Bohm effect [I89).

The analog of magnetooptical Kerr microscopy in the X-ray regime is magnetic X-ray
microscopy that exploits the X-ray magnetic circular dichroism (XMCD, Section
offering elemental and chemical state specificity at the nanoscale, variable probing depth
and means to follow processes at the picosecond timescale. The magnetization in antifer-
romagnetic media can be further monitored by utilizing X-ray magnetic linear dichroism
(XMLD) [190]. The family of magnetic soft X-ray imaging consists of four techniques, i.e.
scanning transmission X-ray microscopy (STXM) [191], full-field transmission X-ray mi-
croscopy (TXM) [I92HI96], X-ray photoemission electron microscopy (XPEEM) [197H200]
and of lensless imaging with X-ray holography [201} 202]. The latter technique relies on co-
herent scattering of X-rays on domain walls and does not provide the elemental specificity
known from XMCD-based approaches but offers the possibility to record ultrafast mag-
netization dynamics with a diffraction-limited spatial resolution (=~ 1nm). On the other
hand, TXM and XPEEM combine advantages of utilizing XMCD and recording magnetiz-
ation patterns at an instance. In fact, imaging field of views of about 20 pum with a spatial
resolution of ~ 20 nm as required for magnetic X-ray tomography (MXT) (Section is
accomplished within seconds, while taking two orders longer with STXM [203].

While high-order harmonic generation (HHG) [204] 205] of X-ray beams wia femtosecond
laser pulsing of ionized atoms is a rapidly evolving field with applications to magnetic sys-
tems [206], 207], commonly used synchrotron radiation sources [208] offer convenient access
to brilliant and tunable X-ray radiation with adjustable polarization. Data for this thesis
were collected at the Advanced Light Source (ALS), Lawrence Berkeley National Labor-
atory (LBNL), in collaboration with Dr. P. Fischer using XM-1 (beamline 6.1.2) and
at the Berliner Elektronenspeicherring-Gesellschaft fir Synchrotronstrahlung (BESSY) 11,
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Helmholtz-Zentrum Berlin (HZB), in collaboration with Dr. F. Kronast using SPEEM
(beamline UE49-PGM). These set-ups allow for imaging remanent states and magnetiza-
tion reversal processes as well as stroboscopic laser-, field- or current-driven magnetization
dynamics at the sub-nanosecond timescale. The latter one demands reversible dynamics
from the state and a few-bunch (single-bunch, two-bunch or hybrid) mode with an enlarged

photon intensity due to orbital quenching from the synchrotron.

4.3.1. X-ray Magnetic Circular Dichroism

Magnetic contrast in X-ray microscopies is provided by X-ray magnetic circular dichroism
(XMCD). It describes the magnetization-dependent absorption of a circularly polarized
X-ray beam penetrating a magnetic media [194, 209-212]. When tuning the photon en-
ergy to a prominent resonance, such as the L3 (2ps3; — 3d electric transition) and Lo
(2p1/2 — 3d electric transition) edges in transition metals (Ni, Fe or Co), the X-ray ab-
sorption (electron excitation) strongly depends on the relative alignment of magnetization
and X-ray propagation direction (photon angular momentum/ helicity) with a maximum
for collinearity [Fig. due to Stoner split valence bands; Magnetization components per-
pendicular to the X-ray propagation direction are not distinguishable. It is common use to
eliminate non-magnetic contributions by calculating the difference in the X-ray absorption
for left- and right-circularly polarized light. Normalized by the sum of both absorptions,
the XMCD signal becomes:

Ly—Inw I -1
Iy + Iy I+ 1

]XMCD = (41)
Here, I1++(1;) and 1 (1_) refer to absorption intensities with parallel and antiparallel align-
ment of magnetization and photon helicity, respectively. It is odd in magnetization and
photon helicity, and reverses its sign upon switching either of them. The corresponding
magnitude may reach 20% at the Ly 3 edges for transition metals due to large spin-orbit

coupling [190], which is ten times larger than that of the magnetooptical Kerr effect.

The large XMCD effect at the Ly3 edges originates from two fundamental properties
[210, 211], namely conservation of angular momentum during photoelectron excitation
and conservation of spin momentum during interband transition. In particular, the angular
momentum of the photon is transferred to the excited photoelectron that is spin-polarized

due to spin-orbit coupling. The opposite coupling for 2pss, (I + s) and 2pis (I — s)
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Fig. 4.3.: The number of free valence holes in the exchange-split 3d band determines the
transition probability and thus white line intensity upon resonant X-ray absorption. Using
circularly polarized light allows for selectively exciting electron with minority or majority spins
as reflected by the absorption spectra. Due to angular momentum transfer of the incidence
photon to the excited electron, merely magnetization components along the X-ray propagation
direction are distinguishable. (Taken from [190])

causes the opposite spin polarization. The transition probability and thus the white line
intensity is determined by the number of valence holes in the exchange-split 3d band.
Consequently, the electron excitation with a minority spin is pronounced due to spin
momentum conservation leading to an XMCD signal with opposite sign at the L3 and
Ly edges [Fig. 4.3]. Remarkably, the difference in absorption for left- and right-circularly
polarized light (or opposite magnetization directions) at the L3 and the Ly edge provides
further means to quantitatively determine element specifically spin and orbital momenta
at a local scale [210, 2T1] as experimentally confirmed in the pioneering work by Chen
et al. [213].

4.3.2. Transmission Soft X-ray Microscopy

In this thesis, the full-field transmission soft X-ray microscope XM-1 at beamline 6.1.2
(ALS) [196] is used to visualize magnetic domain patterns in transparent magnetic nanomem-
branes. For this sake, the X-ray beam is diffracted while passing through a Fresnel con-
denser zone plate (CZP) and collimated after interacting with the transparent sample by an
image-forming Fresnel micro zone plate (MZP) [Fig. 4.4((a)], usually consisting of circular
patterns with radially alternating refraction indices and decreasing separation towards the
edge [214H216]. Width of the outermost zone of the CZP, size and position of the pinhole
define the energy resolution (< 0.5¢V), while the lateral spatial resolution (< 20 nm) is de-
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(a) Transmission X-ray microscope (b) X-ray photoemission electron microscope
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Fig. 4.4.: Schematics of (a) TXM and (b) XPEEM. (a) The incidence X-ray beam is deflec-
ted at a condenser zone plate (CZP), consisting of circular patterns with radially alternating
diffraction indices and decreasing separation towards the edge. The X-ray energy is selected
by adjusting the separation between CZP and sample according to the energy-dependent dif-
fraction angle. After penetrating the transparent sample, the beam is collimated by the micro
zone plate (MZP) that projects the sample onto the CCD camera. Spatial and energy resol-
ution are determined by CZP and MZP. (b) A monochromatic X-ray beam excites secondary
photoelectrons at a shallow incidence angle that are focused and collected by a PEEM. While
the energy resolution is determined by the undulator, the spatial resolution is limited by the
electron optics of the PEEM, size of the aperture and operation voltage. (Taken from [190])

termined by the outermost zone width of the MZP [190, 191]. The photon energy is tuned
to a prominent resonance by varying the distance between CZP/ MZP and sample due to
a wavelength-dependent diffraction angle/ focal length. Thus, ordinary bending magnets
with high photon yield but broad energy spectra (with respect to undulators) can be used
when inserting a slit before the CZP to select the photon helicity (circular polarization)
[196]. The depth of focus is about 1pum. Hence, magnetic domains distributed < 1pm
along the X-ray beam propagation direction are in focus; Their contributions cannot be
disentangled. Contributions originating from areas separated by more than 1 pm while
one region is in focus can be discriminated due to varying sharpness of domain walls and
overall XMCD signal. However, this implies knowledge about the magnetic properties of

the local magnetization.

The sample is mounted onto a holder at ambient conditions. Out-of-plane and in-plane
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Fig. 4.5.: Stroboscopic relaxation dynamics in mon-collinear spin textures visualized with
MTXM. (a) Vertically stacked soft- and hard-magnetic disks prepared onto a coplanar wave-
guide are excited with current pulses. (b) XMCD contrast at the Fe Ls absorption edge for
various delay times after field pulse excitation. (c) Harmonic oscillation of in-plane magnetiz-
ation components for pure Py(40nm), and strongly and moderately coupled [Co/Pd]/Pd(d)/Py

systems. (Taken from [217)])

magnetization sensitivity is provided using sample holders with a surface normal tilted by
0° and 30° with respect to the X-ray beam propagation direction, respectively. Films are
prepared on 2.5 mmx2.5 mm Si3N,; nanomembranes (Silson) with a thickness d ~ 200 nm
and a transmission ~ 70% for X-ray energies in the range (700 + 900) eV. For tomographic
imaging, the complete angle range is investigated by mounting the sample with a glass
capillary onto a rotation stage. For demagnetization or hysteresis measurements, magnetic
fields up to H = +200kA/m can be applied normal to or in the surface. Field- and
current-driven magnetization dynamics can be stroboscopically studied via current pulse
excitation using pulse generator and impedance-matched coplanar wave guides [Fig. (a)].
Figure 4.5 shows exemplarily relaxation dynamics of imprinted non-collinear spin textures
[Fig. consisting of Pd(2)/[Co(0.4)/Pd(0.7)]5/Pd(d)/NigoFez(40)/Pd(2) with units in
nm recorded at the Fe Lz absorption edge. Altering the interlayer exchange coupling
through the Pd spacer provides means to tailor the magnetic state, including core size and
corresponding mass, and thus its gyro frequency [Fig.[4.5(c)] [217]. The transition geometry
implies an XMCD signal averaged over the magnetic sample along the X-ray propagation
direction with a minimum and maximum magnetic film thickness to be penetrated of 2nm

and 100 nm, respectively, considering the 1/e X-ray absorption length of (15 -+ 20) nm for
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transition metals at their L3 edge [212].

4.3.3. X-ray Photoemission Electron Microscopy

Magnetization textures in very thin films (d &~ 2nm) are visualized by the surface sensitive
XPEEM at beamline UE49-PGM (BESSY 1II) [200]. The set-up consists of a commer-
cial spin-polarized PEEM (PEEM III with analyzer, Elmitec) with a spatial resolution of
~ 30nm and a variable field of view in the range (3 + 50) um. As the incidence angle of
the X-rays is fixed to 74° with respect to surface normal, only one magnetization compon-
ent can be accessed. Photoelectrons are resonantly excited while exposing the sample to
a linearly or circularly polarized X-ray beam generated by an undulator with an energy
resolution < 0.2eV [Fig. [£.4b)]. The number of emanating photoelectrons, i.e. secondary
electrons, is directly proportional to the X-ray absorption at the L3 or Ly edge [218] and
may analogously serve to visualize the magnetization based on XMCD. The normalization
to the intensity of absorbed X-rays is particularly attractive for very thin films as much
larger signal-to-noise ratios compared to MTXM can be obtained. The penetration/ in-
formation depth is determined by screening effects due to Auger electrons created after
core excitation (secondary electron emanation) and is limited to (5 <+ 10) nm at resonance
in transmission metals [212]. Small variations in the secondary electron momentum nor-
mal to the surface, originating from local modifications of the work function, electrostatic
charging or topography, are accessible by tuning the start voltage. This means that con-
tributions from regions with different surface normal as occurring on curved surfaces can

be pronounced or compensated by adjusting the start voltage.

The sample, floating at (5 + 20)kV to accelerate the photoelectrons, is mounted onto
a rotation stage that is in contact with a thermal bath of variable temperature T =
(50 =+ 400) K. External magnetic fields up to H = +40kA/m may be applied parallel or
normal to the sample surface allowing for in-field measurements. Recording images while
applying a magnetic field requires to readjust alignments at each measurement point,
since the photoelectrons are deflected due to the Lorentz force. Studies of global and
local ground states by thermal demagnetization [I63], coupling between plasmons and
magnetization [219 220] as well as all-optical switching processes in transition metal-rare
earth compounds [221), 222] can be carried out by applying femtosecond laser pulses with

variable polarization.
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Fig. 4.6.: Magnetization configurations in core-shell wires consisting of Ni (core) and Fes Oy
(shell) recorded with XPEEM in transmission geometry. (a) PEEM contrasts taken at the
Ni and Fe L3 edge, respectively. No direct contrast is observed from the inner Ni core. (b)-
(d) Remanent states after applying an in-plane magnetic field along the X-ray propagation
direction. Red and blue arrows indicate the magnetization component along the wire. (Taken

from [223])

4.3.4. Transmission X-ray Photoemission Electron Microscopy

The shallow incidence angle of the X-ray beam provides further means to investigate
transparent 3D magnetic nanostructure in transmission geometry (T-XPEEM) with an
enhanced lateral resolution along the X-ray propagation direction [65] 85 137, 223, 224].
An early work using T-XPEEM to resolve the magnetization configuration in magnetic
core-shell nanowires consisting of Ni (core) and Fe3Oy (shell) is shown in Figure 1.6, While
neither elemental nor XMCD contrast is directly observed from the inner Ni structure,

information may be extracted from the shadow region.

The XMCD signal is retrieved from the projected pattern in the shadow region on top of
planar substrate, which serves as a detecting screen [Fig. . In this respect, magnet-
ization textures in on-chip magnetic devices for sensing or storage applications may be
visualized without the need to prepare them on or transfer them to SizN4, nanomembranes
as required for MTXM investigations. The vertical lift of the magnetic architecture is
achieved for planar patterns by underetching and pillow formation [Fig. [4.7(a)] or nat-
urally provided by 3D curved magnetic architectures, such as magnetic cap structures
[Fig.4.7((b)] or magnetic tubes [Fig. 4.7|(c)]. While penetrating the nanostructure, the cir-

cularly polarized X-ray beam is attenuated according to magnetization and XMCD effect.



4.3. MAGNETIC SOFT X-RAY MICROSCOPY 47

(a) Planar disk (b) Cap ) ((il) (c) Hollow tube )
et o
1) —J 19 I
et (3) & E —> 19
€x

7o el I

Fig. 4.7.: Illumination at a shallow incidence angle allows for imaging magnetic domain
patterns in transmission geometry with XPEEM. (a) Planar patterns have to be prepared on
top of a pillow. 3D magnetic architectures, such as (b) cap structures and (c) cylindrical
objects, possess intrinsically the required vertical shift. At the first penetration, left- and
right-circularly polarized X-ray beams are attenuated according to the XMCD effect leading to
the emanation of photoelectrons e(il). The intensity difference between the two X-ray beams
induce at the back side of the architectures a shadow contrast that with a modified XMCD
stgnal (es_g), egf)). The degree of modification depends on the thickness of the first penetration
event and may reduce, compensate or even invert the XMCD contrast. (Taken from [85])

Photoelectrons are excited and detected in a conventional way with XPEEM:

eg) x ]il) =1 {1 — exp (—ug)d(l)ﬂ . (4.2)

Here, ug‘f) and dV) are X-ray absorption coefficient and thickness of the assumed uniformly

magnetized film, respectively. Note that the detected photoelectron intensity e$ ) is propor-
tional, not equal, to the X-ray absorption intensity Iil). The intensity of the transmitting
X-ray beam is reduced by the X-ray absorption intensity. Consequently, a further resonant
excitation leads for the same magnetization to a different XMCD signal, which may be
reduced, compensated or even reversed according to the thickness d" of the magnetic

layer according to:
eg) x ]f) =10 exp (—ug)d(1)> . {1 — exp (—uf)d@)ﬂ : (4.3)

For instance, a magnetic film with a thickness d) ~ 20nm shows a reversed magnetic
contrast at the back side of the cap [83], [85], while a 2nm-thick magnetic film does not

reveal an obvious contrast change [115].

Following this approach, inner magnetization textures, including domain walls [223 224]
and domain patterns [65], [137] in magnetic rods and rolled-up magnetic nanomembranes
with cylindrical shape, respectively, were revealed. The expansion of the application field
of XPEEM provided by T-XPEEM from planar 2D surface magnetization patterns to 3D

objects and magnetic domains hidden to conventional XPEEM due to surface-sensitivity is
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not only attractive with respect to fundamental research, but also for application-relevant

performance checks of on-chip devices.

4.4. Magnetic Soft X-ray Tomography

The possibility to perform magnetization-sensitive transmission experiments with MTXM
and T-XPEEM paves the way towards the development of magnetic soft X-ray tomography
(MXT) [65]. Tomographic imaging is based on two steps: (i) recording the 2D projections
of beam attenuation while penetrating the sample at various rotation angles; and (ii) re-
constructing the 3D spatial distribution from the set of 2D projections [144]. Figure
illustrates by comparison with conventional scalar tomography [Fig. [4.§|(a)] challenges with
developing MXT [Fig. [4.§b)] originating from different contrast mechanisms. X-ray tomo-
graphy generates a map of the X-ray absorption in the 2D projection images due to the
interaction with charges, i.e. a scalar density distribution. A scalar density distribution at
a certain location contributes by the same amount for each projection angle [Fig. [4.8(c)].
Inhomogeneous density distributions may be considered as assemblies of homogeneous ele-

ments and reconstructed accordingly.

Applying conventional scalar tomography reconstruction algorithms to retrieve the three-
dimensional magnetization meets the fundamental challenge of canceling out the XMCD
signal. This is because the XMCD signal contains information about the projection of
the magnetization vector onto the X-ray beam propagation direction, which leads to an
angle-dependent signal contribution of the same magnetization vector [Fig. [£.8(d)]. Red
and blue contrast refer to magnetization vectors with the same amplitude but opposite
direction. The absence of a net XMCD contrast is indicated by white. In case of a nonuni-
form magnetization distribution, the vector property-induced non-additivity of the XMCD
signal causes a complex ambiguous projection of the 3D magnetization. Considering the
simplest case of two identical macrospins aligned antiparallel to each other e.g. at the
front and back side of a radially magnetized thin tube [I34], reflects the problem of non-
additivity of the XMCD contrast as follow [Figs. [1.§(e), [£.§f)]: The projections along
and perpendicular to the magnetization vector become zero due to net moment compens-
ation and zero projection onto the X-ray propagation direction, respectively. Merely an
illumination at e.g. ~ 45° results in a nonzero signal that constitutes of a reddish and

bluish contribution with an angle-dependent order. Accordingly, two macrospins point-
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Fig. 4.8.: Comparison of the conceptual difference between (a) conventional scalar tomo-
graphy and (b) magnetic X-ray tomography (MXT). (a) Light is attenuated when penetrating
an object, e.g. tubular magnetic nanomembrane, according to its atomic mass distribution
and angle-independently (c). The spatial distribution in 3D space is obtained from a set of 2D
projections ranging from 0° to 180°. (b) Utilizing XMCD, the magnetization component along
the beam propagation direction is visualized in (b1) radially and (b2) in-plane magnetized tu-
bular architectures. (d) The XMCD signal shows an angular dependence that even reverses
its sign for space-inverted X-ray propagation (red to blue, vice versa). White refers to a van-
ishing net XMCD signal. The corresponding underdetermined system of projections leads to
an ambiguity of possible reconstruction when considering arrangements of two or more mac-
rospins (e), (f) that may only be released by analyzing their evolution with varying projection
angle. Determining all magnetization vector components requires to record projections around
several rotation azes. Tubular surfaces with either radial or in-plane magnetization allow for
retrieving the magnetization textures from one set of projections taken around a rotation axis
that coincides with the symmetry azis. (Taken from [65])
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ing away from or towards each other can be disentangled. The same projections are also
obtained when considering the reversed by 90° rotated case [compare Figs. [1.8(f), [4.§[i)
and [4.8[g), [£.8(h)]. The angle dependence of these pairs in the range from e.g. 0° to
45° is different and could be used for discrimination. Analyzing the contrast evolution
with varying projection angle constitutes the idea of MXT. Note that a complete and con-
sistent identification of the magnetization texture requires to record the XMCD contrast
around several projection axes and to determine the contrast change, which refers to the
derivative of the magnetization vector with respect to the rotation. In contrast to vector
field electron tomography, it is generally not sufficient to consider only two projection axes
when dealing with nonuniform states due to a possible XMCD contrast compensation and

locally varying saturation magnetization.

In extended samples with a rotation axis not coinciding with the local direction of the
magnetization vector, the X-ray beam interacts at each projection angle with another pair
of macrospins. This ambiguity requires (i) to derive valid restriction conditions, such as
a spatial confinement of the magnetization vector field by locating the magnetic material
using conventional scalar X-ray tomography, (ii) to retrieve additional information on
the preferential magnetization orientation, which can be derived e.g. from the integral
magnetic character and (iii) to analyze the evolution of the XMCD signal as a function of
the projection angle. A profound understanding of the generated XMCD signal including
the identification of measurement artifacts and the support of XMCD contrast simulations

are essential ingredients to perform MXT.



5. Magnetic Cap Structures

Magnetic cap structures are 2D curved surfaces with rotation (hemispherical) or mirror
(cylindrical) symmetry and represent the simplest class of 3D objects discussed in this
thesis. The curvature-driven thickness gradient modifies magnetostatic contributions that
in turn improve the stabilization of magnetic vortices in soft-magnetic closely packed caps
providing means to imprint non-collinear spin textures. Both individual cap structures and
closely packed cap arrays are investigated for the sake of exploring vortices in curved sur-
faces, designing magnetic self-propelled Janus particles for drug delivery and investigating
coupling phenomena. Successful imaging and proper contrast interpretation of magnetic
domains in these curved systems are essential requirements for characterization and further
application to more complex systems. Results shown in this chapter are summarized in
References [83-185, (115, (128, (129, 2177 ].

5.1. Hemispherical Permalloy Caps

The soft-magnetic cap structures with hemispherical geometry are prepared by sputter-
depositing Permalloy (Py, NiggFeqq) sandwiched by Ta capping (2nm) and buffer (5nm)
layers onto assemblies of non-magnetic spherical particles. Following the procedure presen-
ted in Section [3.1] various arrangements of cap structures are obtained, including individual
caps, pairs and closely packed cap arrays with hexagonal symmetry. Py film thickness and
sphere diameter are varied in the range d = (10 + 40)nm and @ = (50 = 800) nm, re-
spectively. The notation used to address caps with a film thickness d and a diameter &
is Py(d/2) with units in nm. The film possesses a thickness gradient due to an effect-
ively varying deposition angle induced by the curvature [Fig. [3.1(b)]; The given parameter
refers to the thickness at the very center of the cap. Depending on sphere diameter and

film thickness, magnetic layers in closely packed cap arrays are either modulated in thick-
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ness or even separated, which in turn provides means to tailor magnetic exchange and

magnetostatic interactions.

5.1.1. Imaging Magnetic Remanent States

The magnetic domain patterns are visualized utilizing X-ray magnetic circular dichroism
(XMCD, Section with transmission X-ray photoemission electron microscopy (T-
XPEEM, Section . For this sake, left- and right-circularly polarized X-rays with
an energy equal to the nickel L3 absorption edge illuminate the sample at an angle of 74°
with respect to the surface normal. The shallow incidence angle causes for transparent thin
films with a vertical offset a shadow contrast at the back side of the structure [Fig. [.7].
This effect is firstly demonstrated on a 20 nm-thick planar Py disk with a diameter @ =
(300 £ 10) nm patterned by electron beam lithography (in collaboration with Dr. J.I.
Ménch). Using reactive ion etching (RIE), both surrounding films and parts of the Si
substrate were smoothly removed. The XMCD signal of the resulting disk on a pillow
(indicated by dashed circle) reveals the dipolar contrast of a magnetic vortex state in the
disk [225] and an inverted XMCD contrast in the shadow region [Fig.[5.1|(a)]. The contrast
inversion in the shadow region originates from the attenuation of the X-ray beams while
penetrating the disk according to the XMCD effect and different photoelectron excitation
intensities on the substrate (Section [4.3.4)). The lateral dimensions of direct and XMCD

shadow contrast are similar as the disk is parallel to the substrate.

Individual Caps

The XMCD contrast of 3D magnetic objects is more complex than that of planar architec-
tures due to multiple interactions with various magnetization orientations. In other words,
the detected XMCD signal represents a net value with an enhanced, reduced, compensated
or even inverted contrast (Section . For instance, the XMCD signal of magnetic caps
with a film thickness d = 20nm and a diameter down to 100nm (indicated by dashed
circles) exhibits a quadrupole-like pattern accompanied by an inverted shadow contrast
[Fig. [5.1(b)] [85]. The origin of the quadrupole XMCD contrast is of the same nature
as the shadow contrast, namely a photoelectron excitation with circularly polarized light
with distinct intensities. The XMCD contrast at the back side of the cap is weaker than
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Fig. 5.1.: Magnetic domain patterns in individual hemispherical Py caps visualized by T-
XPEEM. (a) Magnetic vortex in a planar disk on top of a pillow causes a dipolar XMCD
contrast in the disk and an inverted shadow contrast at the back side. (b) The curvature of
the cap leads to a quadrupole-like contrast due to interactions with front and back side and an
extended shadow contrast. The shadow contrast can be used (b) to identify magnetic states
below the spatial resolution limit or (c) to observe core displacements (Hy = 12kA/m) and
even dynamics. (d) Numerically determined phase diagram of magnetic equilibrium states
in caps (symbols) and disks (shaded areas) with inserted experimental data (double circle).
(Taken from [85])

that of the front side due to competing contributions. It is not compensated because of
a significantly larger X-ray absorption during the first penetration due to thickness gradi-
ent and incidence angle. A non-zero background contrast is apparent as the surrounding
planar substrate is also covered with the magnetic film. The peculiar fingerprint of mag-
netic vortices in cap structures is proven by applying an external magnetic field parallel
to the X-ray propagation direction and recording the displacement of the vortex core per-
pendicular to the field direction [Fig. [5.1jc)]. In this respect, the unlikely event of an
antivortex stabilization in cap structures possessing a similar quadrupole-like contrast in
planar geometry can be excluded. The shallow angle illumination in T-XPEEM enlarges
the XMCD signal of the cap structures along the X-ray propagation direction by a factor
of &~ 3.5 (= tan16°). Additionally, the shadow contrast suffers less from local field dis-
tortions caused by the cap itself and can be used to determine the vortex core location
or to identify magnetic states in caps below the resolution limit as exemplarily shown for
caps with a diameter @ = 50nm [Fig. [5.1[(b)]. Although no signal was detected from the
cap structure, the monochrome shadow contrast (pointing arrow) provided information
about the onion state [83]. Note that the contrast analysis of such simple spin textures,
i.e. vortex state, onion state, et cetera, is carried out without performing XMCD contrast
simulations as required for more complex magnetization textures (Sections & .



H4 5. MAGNETIC CAP STRUCTURES

The accordingly retrieved magnetic remanent states are checked against the phase diagram
calculated for an extruded hemisphere with an inner and outer radius R and a constant
thickness d using OOMMF [226] (in collaboration with Dr. V.P. Kravchuk) and typical
material parameters of Py (exchange constant A = 13pJ/m, saturation magnetization
Mg = 860 kA /m, damping constant n = 0.01) [85]. Simulating the remanent states with
initial onion, vortex and out-of-plane magnetization and calculating the corresponding
energy minima provided means to determined the ground state with the lowest energy
minimum [Fig. 5.1[d)]. The experimental data is indicated by double circles (red: vortex
state, green: onion state), which agree well with the theory. The importance of exploring
the XMCD shadow contrast is obvious, since otherwise no information could have been
found about the boundary region. Overlaying the obtained phase diagram of a cap with
that of planar disks (dashed boundary lines) [227] demonstrates a similar dependence for
individual specimen. However, magnetization texture and thus magnetostatic interaction

are distinct particularly for the onion state due to a modified geometry [85].

Closely Packed Cap Arrays

Keeping the peculiar XMCD contrast of magnetic vortices in mind, magnetic domain pat-
terns in closely packed cap arrays with hexagonal symmetry are visualized and analyzed
in a similar manner. In this case, the shadow contrast depends on both magnetic state
and lattice orientation (orientation of the structural domain) with respect to the X-ray
propagation direction. Figures|5.2{(a) and (b) depict the remanent states of closely packed
Py(40/330) cap arrays initially saturated by an in-plane magnetic field oriented 4° and
—20° with respect to the lattice orientation, respectively. Each cap exhibiting a quad-
rupole XMCD contrast is indicated by red and green circles referring to clockwise and
counterclockwise circulation, respectively. The vortex circulation assemble to character-
istic patterns, such as straights and steps, depending only on the lattice orientation as
the magnetic properties of individual caps are isotropic. Analyzing its distribution for
the two given lattice orientations, reveals a majority of straights and steps for alignments
close to 0° and 30°, respectively [Figs. p.2(a), p.2[(b)]. As the occurrence of such cir-
culation patterns relies on the tailored magnetostatic interaction between adjacent caps,
a periodic alternation at the local scale is observed. Both arrangements represent the
ground state with four nearest neighbors having opposite circulation for the corresponding
array orientation [Fig. (C)] Contrary to honeycomb lattices, three-fold arrangement

are less favored in closely packed hexagonal arrays, though sometimes observed, because
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Fig. 5.2.: Vortex circulation patterns in closely packed Py(40/330) cap arrays. Remanent
states after initially saturating with an in-plane magnetic field along (a) 4° and (b) —20°
with respect to the lattice orientation. The vortex circulation s indicated by red and green
circles. Analyzing the occurrence of straights and steps reveals an angle dependence and a
non-vanishing vortex circulation coupling. (c) Possible periodic arrangement of circulation-
coupled vortices in hexagonal arrays. The original saturation direction is indicated by arrows.
Straights and steps represent the lowest ground state with 4 of 6 nearest neighbors matching
alternating circulation. Hexagons observed in honeycomb lattices are less preferable. (Taken

from [?])

merely half of nearest neighbors match the circulation. Note that such an investigation
of circulation frustration is not possible using planar disks since the vortex state is not a
remanent state in closely packed planar disks due to an emergent anisotropy originating
from magnetostatic interactions between adjacent disks along the lattice vectors during
the magnetization reversal of onion states [228) [229].
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However, these considerations only apply to collective transitions since the system is not
frustrated at remanence due to negligible stray fields. An applied magnetic field induces
a preferential magnetization orientation parallel to the field direction even if the field
value approaches zero. Vortices nucleate pairwise with opposite circulation at the edge of
caps perpendicular to the external magnetic field. In this respect, the density of periodic
patterns (relative coverage) can be used to estimate the correlation length in units of
caps during vortex nucleation. For an array orientation of 4°, the correlation length at
room temperature is four caps [Fig. [5.2(a)]. 57% of all caps are embedded by four caps
with a matching circulation; 25% have three nearest neighbors with opposite circulation,
independently of the crystal orientation. This indicates that roughly 40% of all caps are
located at the grain boundaries. The coupling strength is too small to ensure a long-range
arrangement of circulation at room temperature. A similar trend is observed for crystal
orientations close to 30° and steps that appear to be more stable (longer) due to a more
efficient coupling during nucleation. This causes locally chains of more than 10 entities at

room temperature [Fig. [5.2(b)].

In order to resolve the vortex polarity and to address a possible topologically driven
circulation-polarity coupling in hemispherical caps as predicted for curved magnetic sur-
faces resembling spherical shells [34], frequency-modulated magnetic force microscopy
(MFM) is applied (Section £.2). A typical MFM contrast of closely packed vortices
(t = 40nm, @ = 330nm) with bright and dark regions corresponding to the vortex core
in the center of the cap (indicated by dashed circle) is depicted in Figure 4.2|(a). Positive
or negative charged core surfaces are distributed evenly in a random manner in spite of
well-defined circulation patterns suggesting an absent circulation-polarity coupling. The
profiles of positive (bright) and negative (dark) polarity are shown in Figure [1.2(b). All
positive and negative profiles reveal the same shape with a FWHM of (46 £+ 2) nm. Note
that this value includes the convolution of the magnetic tip, which cannot unambiguously
be deconvoluted due to the complexity of the magnetic structure of the vortex core and

the interaction of the tip with the vortex itself.
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Fig. 5.3.: (a) Magnetization reversal of closely packed Py(20/330) caps (indicated by dashed
circles) visualized by XPEEM. The images a1, ag and ag illustrate remanent, transition and
The XMCD

saturation state, respectively. Caps that exhibit vortex states are indicated by -—.

hysteresis curves are averaged over the front side of these vortices.
loop is plotted as reference (solid). (b) Schematics of onion and vortex states exposed to in-
plane magnetic fields. Panels (c) and (d) show the phase diagrams derived form the SQUID
hysteresis loops at T' = 300 K and T' = 3 K, respectively. Boundary lines are shown as a guide

to the eye. (Taken from (a), (b): [83]; (c): [T ])

5.1.2. Magnetization Reversal

Magnetic Hysteresis and Phase Diagram

The SQUID hysteresis

To verify the statement of intercap interactions during the vortex nucleation process se-

lecting the circulation, the magnetic states are imaged while ramping an in-plane magnetic

field. Using Py(20/330) cap arrays, the magnetostatic stray field contributions are signific-

antly reduced compared to the aforementioned system [Py(40/330)] due to smaller volume
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divergences , apparent by a large number of onion states and local vortex nucleation
[Fig. [5.3(a)]. In the given example, the magnetostatic interaction is sufficiently large to
nucleate vortices along two straights with opposite circulation but too weak to influence
them at the opposite edge of the cap. The virgin curve extracted from the front side of the
cap undergoing a vortex nucleation is shown in Figure (a) as blue symbols and reveals a
transition at H,, = (11.5+1.5) kA /m. This value matches very well the vortex annihilation
field derived from the local maximum of the susceptibility H,, = (12.0 £ 0.8) kA/m that
were obtained by superconducting quantum interference device (SQUID) measurements.
Because SQUID averages the hysteresis loops over hundreds of structural domains with
varying lattice orientations, this also implies a magnetization reversal process independ-
ent of the lattice orientation. After saturation the magnetic field is swept to monitor the

magnetization reversal process [Fig. [5.3(a), red symbols].

The image sequence (ag, ag, az) shows the evolution of the magnetic pattern from a dipolar
XMCD contrast in a single cap (onion state) into a coexistence of dipolar and quadrupole-
like XMCD contrast distributed throughout the cap array. The corresponding magnetiz-
ation configurations of onion and vortex states are shown as schematics in Figure [5.3|(b).
Both hysteresis curve and XPEEM patterns can be understood by means of micromagnetic
simulations [83]. Accordingly, the slow decrease of the XMCD signal at positive field cor-
responds to the relaxation of the magnetization into the surface plane forming the onion
state. The irreversible magnetic transition is initiated by the transformation of the onion
into the metastable C-state, apparent in the hysteresis curve by a constant permeability
[slope in Fig. [5.3(a)]. In cap arrays, the opening of the C-state is set by lattice orientation
and neighboring caps predetermining vortex circulation patterns. With decreasing field
the vortex core nucleates at the edge of the cap in order to minimize the stray field. As
the external magnetic field becomes more negative, the core is shifted to the center. For
even more negative fields, the core is displaced to the opposite edge with respect to the

nucleation site and eventually expelled from the cap.

The phase diagrams for T'= 300 K and T' = 3 K are assembled by analyzing magnetic hys-
teresis loops acquired by SQUID magnetometry [Figs. [5.3|(c), [5.3(d)]. The same magnetic
hysteresis loops were also obtained at 7' = 300 K by alternating gradient magnetometry
(AGM) and magneto-optical Kerr effect (MOKE) magnetometry. The solid lines separat-
ing the two phases, vortex and onion state, are given as a guide to the eye. The dashed line
within the vortex phase illustrates the boundary above which the remanent vortex state oc-

curs. Due to the limited number of possible magnetic domain patterns, the transition states
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during magnetization reversal coincide with the equilibrium magnetization configuration
that may differ from the remanent states, and can therefore be derived from the hysteresis
loops [83]. Decreasing the diameter from 800 to 330 nm increases the vortex annihilation
field, which can be referred to as an enhancement of the vortex stability. However, further
decrease results in suppression of vortex nucleation in cap arrays. Instead, a rotation of
the magnetization in the onion state takes place during reversal [83]. On the other hand,
the vortex becomes less stable (smaller annihilation and nucleation fields) with decreasing
Py thickness while keeping the diameter unchanged and is finally suppressed completely.
Both trends can be understood by the decrease of the aspect ratio, the quotient of film
thickness and particle diameter. For small aspect ratios, particularly the magnetic volume
charges become small. As those contributions are the main driving force for stabilizing the
vortex state, samples with small aspect ratio exhibit the onion state, as experimentally
observed. Note that this simple argument cannot be applied to samples with small dia-
meters, since the interaction between adjacent caps increases significantly as known from
planar disk arrays [228]. Comparing the experimental phase diagram for closely packed
cap arrays with the numerically determined one for single caps [Fig. [5.1d)] reveals an ex-
panded onion phase due to magnetostatic intercap interaction during the vortex nucleation
process. The third phase with out-of-plane magnetization for large aspect ratios is absent
in closely packed cap arrays due to the formation of a thickness modulated extended film

instead of individual caps favoring the onion state.

Temperature Dependence of Annihilation and Nucleation Fields

The thermal activation of the vortex core nucleation at the edge decreases with decreasing
temperature, which leads to an expansion of the onion state towards large thicknesses
and diameters [Figs. |5.3(b), [5.3(c)]. To address this trend in more detail, the temperature
dependence of vortex annihilation and nucleation fields for Py(40/330) cap arrays is shown
in Figures p.4[a) and (b), respectively. For high temperatures (I' > 100K), the slope
originates from the temperature dependence of the saturation magnetization due to spin

wave excitation (Bloch’s law) that can be fitted by:
Han/n(T> = Han/n(o) (1 + Ckan/nT3/2) . (51)

The fitting parameters «,,/q, shown in Table are one order of magnitude larger than

those of individual planar disks [230]. The saturation magnetization measured at 24 kA /m
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Fig. 5.4.: Temperature dependence of (a) vortex annihilation and (b) nucleation fields of
closely packed Py(40/330) caps recorded by SQUID magnetometry. High (T > 100 K) and
low (T < 50 K) temperature ranges are fitted via and accounting for spin wave
excitations and thermal activation, respectively. (Taken from [83])

as a function of the temperature is fitted by Mg(T) = Mg(0) (1 —T%? — CQTQ) with
c1 = 3.65 x 107K=%/2 and ¢, = 1.41 x 107-"K~2. Such an additional quadratic term was
reported for nanoparticles [231], whose size reduces the k-space of spin waves significantly.
In case of magnetic caps, the thickness gradient causes a similar confinement. However,

the small quadratic contribution was neglected for fitting Hy,, /y,.

The thermal activation of the magnetic transitions between onion and vortex state be-
comes the leading mechanism for temperatures below 50 K. Assuming a weak pinning and

constant saturation magnetization, both vortex nucleation and annihilation field are fitted

Tab. 5.1.: Fitting parameters for temperature-dependent vortex nucleation (Hy) and an-
nihilation fields (Han) defined by Hop/n(T) = Hap/n(0) (1 —aan/nT3/2) (T > 100K) and

Hepyn(T) = Hgpyn(0) (1 + B,m/nT) (T < 50 K). For comparison, the fitting parameters for
planar disks of similar diameter and thickness are also presented. (Taken from [83])

dfnm]/@[nm]  a, [10~4/K?2]  aun [10-2/K32] B, [10-2/K] Ban [10-3/K]

closely packed Py caps on SiOs particles

20 / 330 14.0£1.0 8.8 +0.2 1.2+0.1 16.0+1.2

40 / 330 90.0 £ 2.0 6.9+04 1.7£0.2 5.0+ 04

40 / 800 1.3£0.1 7.0+£0.2 20+£0.3 4.5+0.7
individual planar Py disks [230]

50 / 526 0.08 + 0.02 1.0£0.2 0.8+0.1 1.3+0.2

50 / 865 0.1+0.03 0.3£0.05 1.1+£0.4 5.9+19
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linearly by:
Hapnfn(T) = Hanju(0) (14 BansuT) (5.2)

with Banm = kp/AEan/m 1nfi‘1’—; [232]. Hanyn(0) is the field where the transition occurs
without thermal activation; AEg, , fo and 7 are the energy barrier for vortex annihilation /
nucleation, the attempt frequency of relaxation and the measurement time, respectively.
Since fy is of the order 10 GHz + 1 THz [233, 234], the logarithm term contributes by
a constant factor of ~ 25. The corresponding coefficients 3,,/, are shown in Table ,
with values justifying the assumption of weak pinning. The value of f,, for Py(20/330)
cap arrays is much smaller due to the partial onion transition discussed above. In this

approach, the energy barriers for vortex annihilation and nucleation in closely packed
Py(40/330) caps are (431 & 34) meV and (127 + 10) meV, respectively.

The complementary approach of calculating the energy barriers from relaxation/ suscept-
ibility measurements [233] 234] as shown for out-of-plane magnetized caps [119] could
not have been successfully applied without taking into account the curved geometry and

modified stray fields of the cap structure.

5.2. Imprinted Non-Collinear Spin Textures in

Hemispherical Caps

Vertically stacking two well-studied systems, namely out-of-plane magnetized caps [117-
120] and soft-magnetic Py caps (Section , and providing an interlayer exchange coup-
ling through a variable Pd spacer allows for imprinting non-collinear spin textures into
the out-of-plane magnetized layers that resemble vortices, spiral domains and skyrmionic
core textures [Fig. [T15]. These highly symmetric spin textures with distinct topo-
logy and tunable normal magnetization component/ opening angle are perfectly suited to
deterministically increase the complexity of XMCD contrast analysis on curved surfaces,

simultaneously offering interesting physical properties.
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Fig. 5.5.: Imprint of non-collinear magnetic spin textures into out-of-plane magnetized films
via interlayer exchange coupling to a vortex state (a). Figures (b)—(e) show four topologic-
ally distinct states in Co/Pd films with decreasing interlayer coupling J; (left to right) after
applying an out-of-plane magnetic field revealed by micromagnetic simulations. Colors cor-
respond to the normalized out-of-plane magnetization component. The skyrmion number S of
each state is estimated based on the sketched magnetization configuration in the cross-section.

(Taken from [115])

5.2.1. Theoretical Predictions

Prior experimental realization the imprint mechanism is theoretically explored using mi-
cromagnetic simulations. The leading parameter determining the spin configuration in the
out-of-plane magnetized layers is the ratio k = J;/(2Kh) with thickness h and anisotropy
K of the same [235]. In this work, the spacer thickness d and thus the interlayer exchange
J; are varied while keeping K and h constant. Simulations were conducted at " = 0K
with Nmag v0.2 in combination with the HLib library [237, 238]. Note that the high
Curie temperature of the layer stack (7. > 400 K) justifies the correlation with experi-
mental data taken at room temperature. The modeled disk-like heterostructure consists
of out-of-plane magnetized Co/Pd multilayer stack (M, = 500kA/m, A = 107''J/m,
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K = 200kJ/m?3) and soft-magnetic Permalloy film (M, = 860kA/m, A = 1.3 x107" J/m)
[Fig. [5.5[(a)]. The disk has a diameter @ = 400nm with a mesh size of 2.5nm and 6 nm
for Co/Pd (5nm thick) and Py (40nm thick), respectively. The large asymmetry between
Co/Pd and Py thickness preserves the topology of the Py vortex. The effect of the Pd
spacer thickness on the coupling between the layers is mimicked by varying the interlayer
exchange coupling strength in the range J; = (0.1 = 2) mJ/m?, as expected for RKKY-like
coupling [14HI6] through Pd [239, 240]. The magnetic coupling through thick Pd spacers
(d Z 3nm) is mediated by spin diffusion mechanisms involving unfilled 4d and 5s — p Pd
bands [239], which can numerically described in the same way. Magnetostatic coupling
alone does not stabilize the reported configurations [I15]. The topologically non-trivial

states are characterized by the skyrmion number [17]:
1
S = Z/m (O,m x O,m) dzdy, (5.3)
m

with the magnetization m = M /Mg of the out-of-plane magnetized layer. Owing to the
confinement within the nanostructure, the net integral charge is fractional [Figs.[5.5(b)—(e)]

in contrast to DMI-driven skyrmionic systems with integer values [3-8), [17-19, [69].

In strongly coupled systems (J; = 1mJ/m?), the equilibrium spin configuration, 4.e. vortex
structure, exhibits the same circulation in Py and Co/Pd layers [115]. Decreasing the in-
terlayer exchange coupling (J; &~ 0.4mJ/m?) and running major or minor hysteresis loops
stabilize the remanent donut state type II [Fig.[5.5(c)] and type I [Fig. [5.5(d)] with two and
one domain walls, respectively, and radially varying opening angle/ normal magnetization
component. In particular, donut type I exhibits a spin configuration similar to those in a
disk with DMI [241] and a skyrmion number S =~ 1, justifying the reference as a skyrmionic
core configuration. The circular symmetry is caused by the imprint of the central vortex
core and the cylindrical geometry of the disk. The vortex core diameter in donut configur-
ations is about 80 nm compared to 6 nm in Py [I15], illustrating the possibility to tailor the
vortex core profile via imprint, which might be beneficial for studying the inner structure
0.3mJ/m?) show

a singledomain remanent state. The remanent donut state type II cannot be obtained in

of the vortex core. Systems with even smaller interlayer coupling (J; <

these systems, because all Co/Pd spins except the vortex core switch simultaneously.

The spiral state depicted in Figure (e) forms after relaxation from the out-of-plane
saturated state or as remanent state after applying in-plane magnetic fields to the donut
state type IT [I15]. The imprinted vortex core acts as a driving force that twists the domain

wall to a spiral while approaching the center. As k increases, the spiraling distortion of
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the domain wall by the imprinted vortex is stronger leading to a more extended spiral. In
this respect, its experimental observation would represent a strong hint for an interlayer

exchange coupling with an in-plane circulation.

5.2.2. Experimental Observation

Layer stacks consisting of Pd(2)/[Co(0.4)/Pd(0.7)]5/Pd(d)/Py(40)/Pd(2) with thicknesses
in nm and variable Pd spacer thickness d ranging from 1 to 30 nm were prepared onto as-
semblies of non-magnetic SiOy spherical particles with a diameter of 500 nm (Section .
Changing the spacer thickness at small values (d < 5nm) alters the magnetic properties of
the Co/Pd spins, i.e. transforming the originally out-of-plane preferential orientation into
an in-plane preference [I15]. Comparing the experimental hysteresis loops, recorded with
the ALICE chamber at BESSY II in collaboration with Dr. F. Radu and Dr. R. Abrudan,
with the numerical ones suggests that a spacer thickness d = (3 +5) nm corresponds to an
interlayer coupling strength J; = (0.4+-0.5) mJ/m?  which is expected to stabilize magnetic

spiral and donut textures in Co/Pd.

Utilizing XMCD with MTXM and XPEEM, the magnetic states are imaged at remanence
after applying magnetic fields H = £30kA/m perpendicularly to the sample surface. In
samples with d = 1nm, a dipolar XMCD contrast is observed at the Fe Ls and Co Lj
edges indicating a perfectly imprinted vortex state in the Co/Pd subsystem [Fig. (a)]
[115]. For XPEEM studies, samples with inverted stack order are used. The 9 nm-thick top
layers (Co/Pd and Pd) covering the Py system still allow for detecting secondary electrons
excited in both Co/Pd and buried Py, and verifying the same sense of circulation [115].
The vortex state in the thin Co/Pd caps generates a dipolar XMCD contrast contrary to
the quadrupolar one occurring in thick Py caps [Figs. , . The small Co thickness and
related resonant absorption of left and right circularly polarized X-rays while penetrating
the magnetic cap are insufficient to compensate the XMCD contrast at the back side of
the cap, usually inducing an inverted XMCD shadow contrast for thick films [83] 85, [137].
The lack of a significant contrast modification makes the interpretation in this respect
easier. The XMCD contrast in-between neighboring caps is caused by two mechanisms:
Curvature and electrostatic charging generate a halo and a detectable magnetic signal
even outside the cap; The aforementioned asymmetry in transmitted intensity of left and
right circularly polarized light at resonance results in an artificial XMCD contrast of non-

magnetic regions (XMCD shadow contrast). While the first one sets the same contrast as
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Fig. 5.6.: Experimental observation of imprinted non-collinear spin textures in hemispherical
[Co/Pd]/Pd/Py caps using XPEEM and MTXM. Schematics illustrate corresponding state.
Varying Pd spacer thickness leads to distinct states: (a) d = 1nm: wvortex; (b)-(d) d =
(4 +5) nm: donut and spiral; (e) d = 30 nm: saturated. Circles indicate cap position with a
diameter of 500nm. XPEEM data is recorded at a constant X-ray beam incidence angle of
74° with respect to the surface normal. Out-of-plane and in-plane sensitivity of the MTXM
data is provided by normal incidence and by tilting the sample 30° with respect to the X-ray
beam, respectively. (Taken from [115])

in the embedding cap, the second one may also partially compensate the XMCD contrast.
The very same mechanisms and their explanation apply also to soft-magnetic caps in the
vortex state (Section. However, the high symmetry of their XMCD patterns due to the
restriction to an in-plane circulation of the magnetization allowed a proper identification

without paying particular attention to these artifacts.

A proper XMCD contrast interpretation becomes even more crucial when analyzing more
complex spin textures, 7.e. donut and spiral state, as occurring in samples with a Pd spacer
d = (4+5) nm [Figs.[5.6(b)-(d)]. The vortex state within the Py subsystem remains stable
independently of the interlayer exchange coupling/ spacer thickness, in contrast to Co/Pd
spins that show a transition towards out-of-plane orientation with increasing spacer thick-
ness [I15]. The residual coherent in-plane magnetization component due to the imprint
mechanism is not detectable by MTXM. However, its impact can be seen by comparing the
XMCD contrast of samples with moderate [d = (4+5) nm, Figs. 5.6[b)—(d)] and negligible
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interlayer coupling [d = 30 nm, Fig. m(e)], revealing inhomogeneous and "uniform" mag-
netization, respectively. The word "uniform" refers to the fact that the XMCD contrast
of a saturated cap fades out when approaching the edge. Donut state type I [Fig. [5.6(b)]
exhibits a white central region surrounded by a red area. The absence of a prominent
blue core is due to the limited spatial resolution of the microscope, which leads to an
XMCD signal that refers to a net magnetization in a certain volume. For the same reason,
Py vortex cores could not be resolved, typically requiring Py film thicknesses larger than
70 nm [I0T], 242]. The usual implication of white contrast associated with no or very small
parallel magnetization components with respect to the X-ray beam propagation direction,
as applying to large homogeneous domains with respect to the spatial resolution, is not
valid. The XMCD contrast of smaller spin textures, such as vortex cores, is blurred and
may thus appear white, bluish, blue or even slightly reddish depending on the core size,
when surrounded by magnetization vectors with opposite direction [Fig. . The smallest
observable core sizes range from 60 to 110 nm, which agrees well with 80 nm derived from
micromagnetic simulations [115]. The donut state shown in Figure [5.7(c) possesses a core
larger than the vortex core imprinted in Co/Pd by the Py vortex. In other words, not only
the local, but also its spatial distribution as known from shadow contrast analysis is crucial
for a proper interpretation. Alternatively, the appearance of states with different central
contrast at same field history reflects a distribution of slightly varying magnetic properties
throughout the cap array. This ends up in the observation of radially varying XMCD con-
trast patterns belonging to donut states with multiple circular domain walls [Fig. [5.7(e)].
The small asymmetry in the XPEEM data apparent in each cap and perpendicularly to the
beam propagation direction [Fig. hints for a small in-plane magnetization component
of the donut state due to imprinting. The experimental observation of magnetic spirals
[Fig. |5.6(d)] is another proof for interlayer exchange coupling with certain circulation as

the vortex core dynamics act as a driven force for the domain wall twisting.

Manipulation of Skyrmion Number

The experimental observation of these stabilized non-collinear spin textures at room tem-
perature and remanence is intriguing as it provides means to reliably switch between donut
state type I and type II by applying out-of-plane magnetic fields below the switching field
of the vortex core. Figure (a) plots minor and major hysteresis loops obtained by mi-
cromagnetic simulations with a moderate interlayer exchange coupling (J; < 0.4mJ/m?).

The larger switching field of the vortex core H,, ~ 140kA/m compared to the switching
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Fig. 5.7.: XMCD contrast patterns of donut states with various core sizes elucidating the
importance of proper contrast analysis. (a)-(c) Donut state I with different core size. Cores
with lateral expansions below the spatial resolution limit exhibit a shift towards the opposite
color (white, bluish). (d) Donut state II with a faint contrast in the very center representing
the core. (e) Donut state with four circular domain walls. (Taken from [115])

field of Co/Pd (H & 20kA/m) is the basis for setting donut state type I by driving a minor
hysteresis loop. The experimental realization is shown in Figure (b) after applying an
out-of-plane magnetic field of H = £30kA/m and observing a distinct contrast change
from blue-red to red-blue. In particular, the two XMCD contrast patterns refer to donut
state type I and II, as the core polarity cannot be switched in the applied field. Also, both
states were accordingly identified in Figure [5.7] based on the local change of the XMCD
contrast. The successful manipulation of donut states implies a switching of the skyrmion
number S, i.e. between S =~ 1 and S = 0, which might be appealing for prospective

magnetic storage devices based on digital switching of topological charges.

Moreover, modifying topology of the imprinted states, interlayer coupling and core sizes
significantly alters the magnetization dynamics including gyro frequency [Fig. and
damping coefficients due to varying core masses [217] that can be described by the Thiele
equation [243| 244]. The physical limitation to immobile skyrmionic core textures due to
spatial confinement to cap or disk may be overcome by stabilizing non-collinear spin tex-
tures with controllable topological properties in extended non-planar honeycomb lattices
[163], which are also appealing for magnonic and spintronic applications. A demonstration
of field- or current-driven displacement will require further optimization of structural and

magnetic properties.
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Fig. 5.8.: (a) Theoretically predicted switching of the skyrmion number S via out-of-plane
magnetic fields (J; = 0.4mJ/m?). Initially out-of-plane saturated samples (positive field)
exhibit donut state type II at remanence with S ~ 0. At negative fields, all Co/Pd spins
except the vortex core reverse leading to S =~ 1 until the core switches as well. If the core has
not been switched, the skyrmion number is preserved at remanence. Insets depict the normal
magnetization component. (b) Ezperimentally observed switching between donut state I and
IT with same core polarity, and vice versa. (Taken from [115])

5.3. Cylindrical Permalloy Caps

The impact of the curvature-induced modifications on the magnetic properties is further
studied by switching from an isotropic thickness gradient existing in hemispherical caps
to uniaxial cylindrical caps that may serve eventually as magnetic shift registers. For this
sake, non-magnetic cylindrical curvature templates are prepared by rolling up epitaxial
strained bilayers and segmented using FIB etching as described in Section [3.2l While
sticking to a constant Py film thickness (d = 20nm), the tube diameter is varied from
250nm to 1.7 um. The Py film is sandwiched by a Ta capping (2nm) and buffer (5nm)

layer.



5.3. CYLINDRICAL PERMALLOY CAPS 69

5.3.1. Magnetization Reversal Process

The magnetic hysteresis loops of an elongated cylindrical Py cap with a diameter @ =
600nm and a length of 30 um are recorded by magneto-optical Kerr effect (MOKE) mag-
netometry and exemplarily shown in Figure [5.9(a) for two different in-plane field angles
. Even though the spot size of the probe laser is approximately 10 gm, contributions
from surrounding planar Py films can be subtracted due to significantly smaller switching
fields. In fact, the angle between two adjacent caps located in the probe area could be
derived from the hysteresis loops by considering two angle-dependent coercive fields. To
compensate for the small signal-to-noise ratio due to strong deflection on the cap, each
magnetic hysteresis loop is averaged over thousands of individual sweeps. Figure [5.9(b)
plots the coercive field H, as a function of the in-plane angle ¢ for two different cap diamet-
ers. Its angle dependence is described by the modified Kondorsky model [245-247], which
is valid for magnetization reversal processes governed by nucleation and motion of domain
walls in uniaxial media taking pinning processes into account. Although the Kondorsky
model was originally derived for hard-magnetic media, it can also be applied to describe
soft-magnetic planar films with a shape anisotropy [248], 249]. The normalized coercive
field reads [84]:

he() = He(p)/He(p = 0) = h+ (1 — h)/ cos(yp) , (5.4)

with the longitudinal coercive field H.(p = 0) = Hj and the ratio h between the anisotropy
constant and the longitudinal coercive field. The coefficients become Hy = 4.0kA/m, h =
0.92 and Hy = 1.2kA/m, h = 0.72 for caps with diameters @ = 600 nm and @ = 1.7 um,
respectively. Note that the curvature of the magnetic film leads to an increased effective
shape anisotropy described by h that is not considered by the original Kondorsky function
he(p) =1/ cos(p) (dashed curve) [245].

5.3.2. Magnetic Remanent States

The longitudinal magnetic domains existing in elongated caps transform at a certain seg-
ment length into Landau states and eventually for very short caps into transverse domains.
This transition is monitored by XPEEM using a photon energy equal to the nickel L3 ab-
sorption edge for three different cap diameters, namely 250 nm, 600 nm and 1.7 ym, and
segment lengths close to the numerically determined phase boundaries [84]. Figure m(a)
depicts PEEM and corresponding XMCD image of magnetic cap structures with a dia-
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Fig. 5.9.: Angle-dependent magnetization reversal of an elongated soft-magnetic cylindrical
cap. (a) Magnetic hysteresis loops of elongated Py caps with a diameter of 600nm and a
length of 30um for two different in-plane angles. 0° corresponds to a parallel alignment of
the magnetic field with respect to the symmetry azis. (b) Normalized coercive fields fitted by
he(¢) = He(p)/He(p = 0) = h+ (1 — h)/ cos(p) with the longitudinal coercive field constant
H.(p =0) = Hy and h being the ratio between anisotropy constant and longitudinal coercive
field. The unmodified Kondorsky function is plotted for comparison (dashed line). (Taken

from [87))

meter @ = 250 nm (indicated by dashed rectangle) that reveal a transition from a uniform
into X-shape contrast with increasing segment length. The latter pattern corresponds to
a curling of the in-plane magnetization and represents a vortex state. Considering the
spatial resolution of the used setup, the observed magnetic domains with feature sizes of
about 40 nm are already at the limit. Increasing the diameter to 1.7 um reveals the same
transition but with a different scaling [Fig. 5.10(b)]. The accordingly determined mag-
netic remanent states are inserted as large symbols into the phase diagram, numerically
assembled in collaboration with Dr. V.P. Kravchuk, shown in Figure |5.10[c). The hollow
triangles represent Landau states with a vortex core (structured vortex states that consist
of both 180° and 90° domain walls). Details on the numerical calculations are given in Ref-
erence [84]. With decreasing ratio between segment length and cap diameter, a transition
from longitudinal via vortex to transverse states [Fig.|5.10[(d)] occurs showing an excellent

agreement, between theory and experiment.

Analyzing vortex circulation patterns in double-tube configurations with a diameter of
1.7 um provides further means to assess the stray field modification driven by the cap
curvature [Fig. [5.10(b)]. No coupling between the two narrow cap rows is observed as

expected for diameters larger than 800nm due to the thickness gradient [83]. On the



5.3. CYLINDRICAL PERMALLOY CAPS

(a) @ =250nm

(b) @ =1.7pm

=i

o - | N Y R " N WAVAY S i
103 ;transverse e B B e

. - AN}
T | B |
c | A N | A =
P ‘
[0} o
=
£ ) o
& 10 g - longitudinal E
a B . |

Il | [

103

baaa |

v LU

;'-U‘ﬁ‘-----
\ \ \‘
\

o M . R B (G

_______

Segment length [nm] 01t

XMCD

Transverse

Vortex

Longitudinal

71

Fig. 5.10.: Magnetic remanent states in cylindrical Py cap structures with a thickness
d = 20 nm, visualized by XPEEM. Panels (a) an (b) depict PEEM and XMCD images of
caps (indicated by dashed rectangles) with a diameter of 250nm and 1.7pum, respectively.
Coming from long to short cap segments, the contrast transforms from uniform over multido-
main (X-shape) to uniform (white). From the arrangement of the vortex circulation in (b),
an anisotropic magnetostatic interaction between neighboring Py caps is observed due to the
curvature-driven thickness gradient. (c) Numerically determined phase diagram of magnetic
equilibrium states in cylindrical cap structures overlaid by experimental data. The hollow tri-
angles represent Landau states with a vortex core (structured vortex states that consist of both
180° and 90° domain walls). (d) Schematics of the magnetic states. (Taken from [8])])

contrary, the magnetostatic interaction between adjacent caps of the same row is not

suppressed due to the absence of a thickness gradient along the symmetry axis leading to

the same vortex circulation. The corresponding anisotropy of magnetostatic interaction

indicates the substantial impact of a thickness gradient, which can even be scaled down to

a few tens of nanometers. Thus, a much larger areal density of decoupled wires compared
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to planar stripes can be achieved, which is beneficial to increase storage density of magnetic

shift registers.

5.4. Magnetic Cap Structures in Life Sciences

Magnetic cap structures discussed in this Chapter are not only fundamentally interesting,
but also appealing for life science applications when functioning as self-propelled Janus
micromotors due to feasible fabrication, tunable functionality and directionality of mo-
tion. Deterministic motion of autonomous self-propelled micromotors has emerged to a
rapidly growing field because of its application relevance in medicine for targeted drug
delivery [250], 251], hyperthermia for cancer treatment [252-254], microsurgery [255], et
cetera. Catalytic propulsion of micromotors is one of the leading approaches in the field of
intelligent synthetic micromachines [48], 254, 256H259]. Using a combination of magnetic
and catalytic layers ensures a directed and autonomous motion in, for instance, H5Os.
Redirecting the micromotor by means of magnetic fields requires a stable magnetic easy

axis of the system usually given by its shape [259, 260].

We offer an alternative route to sputter deposit Co/Pt multilayer stacks with an out-of-
plane magnetization directly onto monolayers of silica microbeads that resemble magnetic
Janus particles (Section [128]. An out-of-plane anisotropy provides magnetic field
control, while the Pt (Pd) capping layer maintain the catalytic chemical reaction in HyO,
[Fig.[p.11)(a)]. Targeted drug delivery, including pick up, transport and drop off, is achieved
by reorienting the magnetic field and thus the Janus particle [Fig. [5.11|(b)].

In spite of numerous demonstrations, the catalytic concept suffers from the incompatibility
of HyOs-based reactions with biological systems. Alternatives in liquid environment rely
on various phoretic effects, such as electrophoresis [261} 262], diffusiophoresis [263], 264] and
magnetophoresis [265]. Using Janus particles with thick soft-magnetic caps in combina-
tion with an ac magnetic field adds another phoretic effect, namely magnetically induced
thermophoresis [129]. The heat generated by hysteretic losses (similar to those used for in-
duction cooking) accumulates at the cap and induces a motion [Fig. [5.11](c)]. The directed

motion is ensured by the vortex polarity and a dc magnetic field.

In this case, amplitude of the ac field is limited by the vortex annihilation field to guarantee

control over the trajectory. This restriction can be overcome by adding an out-of-plane
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Fig. 5.11.: Magnetic cap structures applied as self-propelled micromotors for targeted drug
delivery in life sciences. (a) Motion control via dc magnetic field of Janus particles with
out-of-plane magnetization capped with Pt layer to maintain catalytic reaction in HyOsz. (b)
Velocity during all three steps of cargo transport: approach, pick up and transport, and release.
(c) Self-propulsion of Janus particles with a thick soft-magnetic cap driven by magnetically

induced thermophoresis in water. (Taken from (a), (b): [128]; (c): [129])

magnetized film to the thick soft-magnetic layer. Avoiding any interlayer exchange coupling
by choosing a thick spacer, keeps both subsystems independent of each other (Section
[115]. Distinct resonant frequencies for both subsystems would ensure a selected excitation

of the soft-magnetic subsystem with potentially larger velocities.

5.5. Conclusion

In this Chapter, magnetic cap structures, resembling 2D curved surfaces with rotation
(hemispherical) and mirror (cylindrical) symmetry were studied using magnetometry and
XMCD with XPEEM and MTXM. Magnetic hysteresis loops had been acquire at various
temperatures with MOKE and SQUID magnetometry to determine the magnetization
reversal process including equilibrium and transition states as well as switching fields. On
this basis, phase diagrams of magnetic ground states were assembled for closely packed
cap arrays and compared with those obtained by micromagnetic simulations of individual

ones.

The validity of those assigned states was proven by visualizing the magnetization in 3D cap
structures utilizing XMCD with XPEEM and MTXM. An oblique illumination of the 3D
objects in XPEEM led to a partially transmitted X-ray beam that causes at the back side
the so-called XMCD shadow contrast. The net XMCD signal in the shadow takes values

smaller or larger than that of a single interaction depending on film thicknesses and relative
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orientation of magnetization with respect to the X-ray propagation direction. As shown in
this Chapter, a proper XMCD contrast interpretation requires a profound understanding
of the contrast origin and a precharacterization based on micromagnetic simulations or in-
tegral measurements like magnetometry. Exploiting the enlarged spatial resolution of the
shadow contrast along the X-ray propagation direction due to non-orthogonal projections,
magnetic states below the resolution limit of the XPEEM could be identified. Changing
film thickness and cap diameter allowed further to tailor magnetostatic intercap interac-
tions and provided means to nucleate closely packed vortices in cap arrays with distinct
circulation patterns that might be interesting to applications for both vortex RAM and

magnonics.

These closely packed vortices were used to imprint non-collinear spin textures, such as vor-
tices, spirals and donut states representing skyrmionic core configurations, via interlayer
exchange into out-of-plane magnetized caps. High symmetry and tunable normal magnet-
ization component were exploited to deterministically increase the complexity of XMCD
contrast analysis on curved surfaces. Potential applications of magnetic cap structures in
life sciences were briefly discussed by demonstrating autonomous directed motion and drug

delivery when employed as Janus micromotors.

The present cap geometries — curved surfaces with a major orientation normal to the
substrate — were mainly studied with conventional "top view" microscopy. By these means
the magnetic domain patterns could be visualized. More complex magnetic objects with
multiple surfaces, e.g. cylindrical objects, cannot be addressed in this manner due to the
lack of information about areas hidden from direct illumination of the beam and demand

new approaches to be explored.
The present results are summarized in the following publications:

o Soft-magnetic caps on closely packed spherical particles: magnetization reversal,

phase diagram and circulation patterns [837 |,

)

Single hemispherical caps: phase diagram, demonstration of T-XPEEM [85],

)

Imprinted non-collinear spin textures in hemispherical caps [115],

o

Caps on cylindrical objects [84],

o Cap structures functioning as Janus micromotors in life sciences [128, [129].



6. Cylindrical Magnetic Architectures

Cylindrical magnetic architectures prepared by rolled-up nanotech are tubular objects with
well-defined magnetization orientation and tunable geometry. While on-chip integratability
makes them very attractive for magnetic sensor application, their uniaxial cylindrical shape
is well suited to develop magnetic 3D imaging and tomography techniques based on the
knowledge accumulated in previous chapters. For either case, magnetic properties have
to be set and investigated. Longitudinal and different kinds of circulating magnetization
patterns are provided using magnetostrictive strained transition metals. Tube diameter
and film thickness are varied in the lower micrometer and nanometer range, respectively,
to ensure X-ray transparency and dimensions smaller than the field of view of the X-ray
microscope both crucial for X-ray tomography studies. As the tube dimensions are much
larger than the magnetic exchange length (I, ~ 10nm), qualitative statements found for
such microscopic tubes apply also to larger mesoscopic ones. Results shown in this chapter

are summarized in References [132, 133, [157].

6.1. Tailoring Magnetic Domain Patterns

Tubular architectures with in-plane magnetization are prepared by rolling up magneto-
strictive strained nanomembranes evaporated onto a sacrificial layer as described in Sec-
tion 3.2l The tube diameter is varied in the lower micrometer range @ = (1 <+ 20) pm
[Fig. [3.4]. Varying the composition of NiFe alloy films allows further to tailor both mag-
nitude and orientation of the strain-induced magnetic anisotropy by adjusting the effective

magnetostriction constant [266].
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6.1.1. Magnetic Hysteresis Loops

Magnetic properties of evaporated 20 nm-thick Py and Ni rolled-up nanomembranes, in-
cluding switching fields and strain-induced anisotropies, are determined from magnetic
hysteresis loops recorded with MOKE magnetometry [Fig. . This way, the magnetiza-
tion reversal of individual planar films before rolling (dashed curves) and of the top part of
individual rolled-up tubes with diameters @ ~ 12 um (solid curves) are investigated. The
MOKE measurements are performed by applying an external magnetic field parallel (0°)
and perpendicular (90°, in-plane) to the symmetry axis. The magnetic strain-induced easy
axes along the longitudinal and transverse direction for Py and Ni, respectively, cause a
rectangular shape of the hysteresis curves measured along those directions [Fig. . The
coercive field of the evaporated Py samples of H, f 7 = (10.0 £ 0.2) kA /m is substantially
larger than those typically obtained by magnetron-sputter deposition [84] 132]. Because
of a larger evaporation pressure of nickel compared to iron, e-beam vapor deposition of Py
(NiggFeq) results in an NiFe alloy with an approximately 4% larger iron concentration [267],
which is in the following referred to as Fe-rich Py. The corresponding positive magneto-
striction constant [266] imparts a strain-induced uniaxial anisotropy along the symmetry
axis. Using a non-optimal general-purpose e-beam chamber further implants impurities
that alter the magnetic properties. The latter statement was verified by depositing nickel
at the same conditions in the very same and a brand-new dedicated chamber leading to
coercive fields Hp = (4 +12)kA/m and H]}, = 3kA/m, respectively. Both coercive and

C

switching fields decrease upon rolling due to partial strain relaxation (Section [3.2)).

The magnitude the strain-induced anisotropy is derived from the area enclosed by hard and
easy axis hysteresis loops resulting for planar and rolled-up Fe-rich Py nanomembranes in
KpY = (1014 0.5)kJ/m® and K1Y = (7.5 4 0.5) kJ/m?, respectively. The corresponding
compressive strains along the deposition incidence plane (90°) become ep? = (1.3 £ 0.4)%
and €$y = (1.0+0.3)%, respectively, using the relation for the magnetostrictive anisotropy
[67]:

K = ;)/\sY, (6.1)
with the magnetostriction constant A = 0.5 x 107 and the Young’s modulus Y = (100 +
20) GPa for electroplated Py [266], 268, 269]. Note that the Young’s modulus strongly
depends on the morphology and may vary from the actual value of the present film. Com-
paring the strain relaxation of 0.3% to the analytically calculated strain required to roll
up into tubes with such dimensions of 0.4% [Tab. suggests that the remaining strain
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Fig. 6.1.: Magnetic hysteresis loops of planar and rolled-up nanomembranes consisting of (a)
iron-rich Permalloy and (b) nickel. A clear difference in the magnetic easy axis is observed
due to distinct magnetostriction constants. The strain is partially released upon rolling up,
which reduces the magnetic anisotropy. The planar nickel film is saturated at remanence.
After forming a cylindrical geometry the nickel magnetization arranges in multidomain states.
(Taken from [133])

does not originate from a strain gradient but is due to a poor film quality also apparent

by the large coercive fields.

In case of Ni, the strain-induced anisotropies for planar and rolled-up nanomembranes
become KB = (1.2 £ 0.3) kJ/m? and K¥* = (0.5 4+ 0.2) kJ/m3, respectively. Using mag-
netostriction constant A = —3.5 x 107° and the Young’s modulus Y = (150 4 50) GPa
[266], 270], the corresponding strains along the rolling direction are eN’ = (0.02 4 0.01)%
and e5? = (0.01 £0.01)%, respectively. Thus, the remaining strain is substantially smaller
using a dedicated e-beam chamber than those determined for Py films. In any case, using
magnetotstrictive materials for rolling up always induces a strain-induced magnetic easy
axis due to remaining strain contributions that may be employed for magnetic sensing

applications.
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6.1.2. Magnetic Domains

The magnetic domain patterns in these hollow cylindrical objects are visualized with Kerr
microscopy in collaboration with Dr. R. Schéfer (Section . In particular, the magnetic
contrast is acquired from a narrow 5 um-wide stripe on top of the tube that could be fo-
cused onto during imaging [Fig. [6.2(a)]. The beam deflected from this region with surfaces
angles in the range (—25 <+ 25)° can still be collected by the objective. Figures [6.2(b)-
(d) depicts the magnetic domain patterns revealing longitudinal, azimuthal and helical
configurations at remanence after ac demagnetization [I33]. These magnetic states are
illustrated in Figure 2.10] The dash-dotted lines indicate the region with a detectable
magnetic contrast that is smaller than the actual tube [Fig. [6.2(a)]. Note that the clas-
sification of an azimuthal magnetization configuration is given as rough classification. It
is not possible to discriminate azimuthal states from helical ones with small pitch (offset
along symmetry axis per winding) based on Kerr microscopy and magnetometry. Chan-
ging the geometry of the nanomembrane from 100 gm x 100 gm to 50 pm x 100 ym (with
a shorter tube length) alters the magnetic shape anisotropy of the sample and allows for
tilting the effective magnetic easy axis from longitudinal to helical orientation [Fig.[6.2(d)].
Alternatively, the same result is obtained when depositing at a tilt angle with respect to
the edge of the rectangular nanomembrane. Generally, this leads to a rolling up along the

same tilt angle forming a rolled-up nanomembrane with structural helical geometry.

The physical origin of small domains with circulating magnetization forming at remanence
in tubular objects is its topology [Fig.[6.2(a)]. The domain formation while applying a mag-
netic field along the symmetry axis, representing the hard axis, is similar to that of planar
micro stripes with a transverse magnetic easy axis [271]. In contrast, remanent domains
after applying a magnetic field along the easy axis are significantly larger in planar stripes
than in a tube. The initially homogeneous magnetization in the planar stripe splits up into
domains to minimize magnetic stray field contributions. The maximum domain wall dens-
ity is determined by the strength of the magnetic anisotropy and the stripe width [272].
On the contrary, tubular architectures start with homogeneously magnetized domains at
the surfaces perpendicular to the applied magnetic field. The domain walls nucleate at
the surfaces parallel to the field direction as no preferential magnetic orientation is in-
duced and propagate through the entire tube in circulating/ azimuthal direction, leading
to a non-saturated remanence state [Fig. [6.2(b)]. Thus, smaller magnetic anisotropies are
needed allowing for larger domain wall densities. Co-evaporation of nickel and carbon

provides further means to alter strain, saturation magnetization and exchange, favoring
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Fig. 6.2.: Magnetic domain patterns in iron-rich Permalloy and nickel nanomembranes rolled
up into cylindrical objects imaged with Kerr microscopy after ac demagnetization. (a) Optical
image of the top side of a tube (& = 12 um, indicated by dashed lines). Only a narrow ~ 5 pm-
wide stripe on top of the tube (indicated by dash-dotted lines and cyan marker) is in focus
due to the curvature and limited depth of focus. (b) Longitudinal magnetization pattern in
Fe-rich Py tubes with @ = 12 um and a length of 100 um. (c) Azimuthal magnetization in Ni
tubes with the same geometry. (d) Helical magnetization with both azimuthal and longitudinal
components in Fe-rich Py tubes with @ = 20 um and a length of 50 um. Magnetization is
indicated by arrows. The states are illustrated in Fig. . (Taken from [133])
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Fig. 6.3.: Magnetic domains in rolled-up Ni film alloyed with carbon visualized with MTXM.
Panels (a) and (b) show states with a magnetic easy azis perpendicular and parallel to the
symmetry axis, respectively. Red line in (a) schematically shows the winding of the rolled-up
nanomembrane. The magnetic pattern in panel (b) is color coded. (Taken from [133])
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azimuthally magnetized domains with feature sizes down to 100 nm [Fig. and poten-
tially low magnetic anisotropy perfectly suited for giant magnetoimpedance-based sensors
for magnetoencephalography. The continuity of the magnetic film even favors a transition

from longitudinal into helical magnetization patterns upon rolling [132].

6.1.3. Magnetoresistance Measurements

The magnetoresistive response can be used as a fingerprint of well-defined magnetic domain
patterns, such as longitudinal and azimuthal magnetization textures, and applied to obtain
information on the magnetization reversal behavior of the entire cylindrical object. Vice
versa, the magnetic domain patterns have to be tuned to adjust sensor characteristics of
magnetoresistive devices. For this sake, the tubes are transferred onto electric gold contact
pads using a micromanipulator in a cross-beam workstation and contacted in two-point
geometry by focused ion beam-assisted Pt deposition [Fig. [6.4(a), also Section [A.1]. A
direct current of 10mA, equal to a current density of about 10° A/cm?; is applied to the

sample during measurement (in collaboration with M. Melzer).

Magnetoresistance (MR) curves of Fe-rich Py and nickel rolled-up nanomembranes are
shown for various field directions in Figures [6.4(b) and [6.4[c), respectively. The uni-
axial longitudinal magnetic anisotropy of Fe-rich Py is reflected by a prominent angle-
independent magnetoelectric response perpendicular to the symmetry axis, the decrease
in resistance for increasing angles between current and magnetization [273] and a flat
curve recorded along the symmetry axis with two minima occurring at the coercive field
[Fig. |6.4{(b)]. The azimuthal Ni magnetization reveals essentially different characteristics
with a large drop in resistance at the coercive field along and small hysteresis curves perpen-
dicular to the symmetry axis [Fig.|6.4/(c)]. Small deviations of the remanence resistance for
perpendicular alignment are assigned to edge effects of the rolled-up nanomembrane, such
as domain walls and longitudinal magnetization components leading to a larger anisotropic
magnetoresistance (AMR). Nonetheless, the AMR curves exhibit a uniaxial magnetic sym-
metry of rolled-up nanomembranes in spite of their spiral-like cross-sections. This uniaxial
symmetry was independently verified for soft-magnetic tubes by ferromagnetic resonance
spectroscopy (FMR) [82), 131] and magnetic X-ray imaging (Section [137].
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Fig. 6.4.: Magnetoresistance curves of magnetic tubes with longitudinal and azimuthal mag-
netic domain patterns. (a) After transferring and contacting the tube to gold pads using micro-
manipulator and FIB assisted Pt deposition in a cross-beam workstation, measurements were
carried out in two-point configuration. (b) Whereas Fe-rich Permalloy shows a hysteresis-free
response perpendicularly to the symmetry axis, (c) nickel exhibits the typical anisotropic mag-
netoresistance characteristics due to azimuthal anisotropy. Dips in the longitudinal curves

(0°) correspond to the switching fields. (Taken from [133])

6.2. Imaging Inner Magnetization Textures

The demand for a 3D reconstruction of the magnetization field to fully characterize the
tubular architecture requires the development of magnetization-sensitive tomographic ima-
ging. The crucial aspect of identifying domain patterns in buried magnetic films is ex-
emplarily demonstrated for tightly and loosely wound rolled-up nanomembranes with
a winding separation of about 200nm [Fig. 3.4(b)]. The curved thin films consist of
In33GagrAs(5)/GaAs(5.6) /Py(15) layer stacks with units in nanometer and diameters & <
3 pm (Section . The 12 nm-thick non-magnetic capping layer prevents Ni and Fe pho-
toelectrons from leaving the surface due to inelastic scattering while lowering the X-ray
beam intensity by merely 2% [133]. Thus, information about the magnetization can only

be obtained in transmission by analyzing the shadow XMCD contrast at the back side



82 6. CYLINDRICAL MAGNETIC ARCHITECTURES

of the 3D object (Section [4.3.4]). This possibility further enables an on-chip characteriza-
tion of optionally encapsulated magnetic devices without the need to transfer them onto

transparent nanomembranes as required for TXM.

6.2.1. Tightly Wound Rolled-up Nanomembranes

The projected images of the magnetization in tightly wound rolled-up nanomembranes
reveal large domains with a magnetization pointing either along or perpendicularly to the
symmetry axis [Fig. . The dash-dotted lines enclose the shadow region of the tube
located at the top. The magnetization components along the X-ray propagation direction,
namely 45°, are color-coded in blue/ red. Note that white refers to a vanishing net XMCD
signal originating from either a perpendicularly aligned magnetization or contrast com-
pensation due to the penetration of X-ray beams through multiple windings with opposed
magnetization orientations (Section .

In order to identify the corresponding magnetization patterns, XMCD contrast simulations
are performed (in collaboration with Dr. L. Han) taking into account a magnetization-
dependent absorption of the circularly polarized X-ray beam penetrating a magnetic tube.
The magnetization field is analytically defined on the tube assuming uniform distributions,
such as longitudinal and azimuthal magnetization alignments. The absorption coefficient

for (anti-)parallel alignment is approximated in first order as [133]:

AFei - (ANi i

_ FeYFeinPy NiY%Niin Py

i = e 2R Py NIy (6.2)
QFe aN;j

with the atomic density a. The individual absorption coefficients are estimated based on
the work of Stohr [212] (i.e. pf® ~ 1pum™, pf* ~ 5pm™, pd* ~ 3um™" at the Fe Lg
absorption edge). Contributions from the non-magnetic layers of 2% are neglected. The
effective absorption coefficient is obtained by linear interpolation between p_ and g, with

the scalar product of magnetization M and X-ray propagation direction k:

. 1
i = pe + (g — pe) 5 (M +1) (6.3)

The accordingly defined intensity at each point j of the tube is multiplied along the X-ray

propagation direction and projected onto a plane representing the substrate.

Correlating experimental and simulated data allows for identifying states with azimuthal
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Fig. 6.5.: Comparison between experimental and simulated shadow XMCD contrast of (a)
an azimuthally and (b) a longitudinally magnetized state within a magnetic tightly wound
rolled-up nanomembrane with cylindrical shape. The orientation of the magnetic moments
is indicated by arrows. X-ray beam hits the tube at a shallow angle of 16° and at 45 degrees
with respect to the symmetry axis. Dash-dotted lines enclose the shadow region of the tube
with one winding. Panel (c) shows an azimuthal state with a 180° domain wall domain wall
perpendicular to the symmetry axis (double line). (Taken from [137])

[Fig. [6.5(a)] and longitudinal [Fig. [6.5(b)] magnetization. As the X-ray beam hits the
sample at 45° with respect to the symmetry axis, 180° domain walls perpendicular to
the symmetry axis are projected under 45° in the shadow contrast. Consequently, 180°
domain walls perpendicular to the symmetry axis (azimuthal orientation) generate an
elliptical region with zero net XMCD contrast aligned along the beam propagation direction
[Fig. [6.5)(c)]. The good correspondence between experiment and simulation suggests that
indeed tightly wound rolled-up nanomembranes with multiple windings can be treated as

a tube [131] with a magnetostatically driven commensurable domain pattern throughout
all windings [133].

6.2.2. Loosely Wound Rolled-up Nanomembranes

The capability to resolve layer specifically magnetic domain patterns is demonstrated on
the example of rolled-up nanomembranes with loosely wound layers separated by approx-
imately 200nm [Fig. [3.4(b), right image]. The corresponding XMCD signal of the object
consists of narrow stripes aligned along the symmetry axis which refer to the magnetic
contrast originating from each winding [Fig. . Upon illumination with linear polarized
light, the edges of those windings appear as dark lines due to an effectively varying thick-
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Fig. 6.6.: Layer-specific imaging of buried 3D magnetic rolled-up nanomembranes with mul-
tiple windings using T-XPEEM. The distinction between signals of different windings is ac-
complished as the absorption at the edges of the windings is pronounced (indicated by dash-
dotted lines). (a)—(c) Snap shots of the magnetization reversal process while applying an
in-plane magnetic field at 45° with respect to the symmetry axis after initially saturating at
2.4 kA/m. The planar magnetic film switches already at < 0.2 kA/m. The magnetization at
each winding can be reconstructed from the shadow contrast as shown for different line profiles
(A, B, C) and reassembled along the symmetry axis. (d) Line profiles along the tube, i.e. of
winding 8, provide insight into the magnetic field-driven evolution, including the distinction
between domain wall displacement along or perpendicular to the symmetry axis (indicated by
black arrow). (Taken from [137])

ness. The sample was initially saturated by applying an in-plane magnetic field larger than
the switching field and sequentially exposed to increasing negative fields. As the shadow
contrast is analyzed on top of a uniformly magnetized planar Py film, an additional but
non-disturbing offset has to be considered. The central shadow region refers to layers that
experience mainly perpendicular magnetic field components. Hence, contrast changes ap-
pear at larger fields. Contrary, the contrast at the edge of a winding fades and reverses
at field values H. = (—1.3 + —1.0) kA/m similar to those obtained by magnetooptical
Kerr effect magnetometry [I137]. The larger XMCD signal originating from the edge of
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each winding allows for reconstructing more complex magnetization configurations within
the 3D magnetic architectures. The dependence of the magnetization reversal on the local
magnetization orientation (domains) emphasizes the importance of a non-destructive layer-
specific imaging of individual windings. The magnetization orientation at each winding
along the profile sections A, B and C are shown in the corresponding schematic 3D images
[Fig. . Stacking multiple line profiles along the symmetry axis provides means to assess
the magnetization configuration within the 3D magnetic architecture. The observation
hints for a continuous domain pattern in the nanomembrane with oblique domain walls,

thus appearing at different locations along the symmetry axis in each winding.

A more quantitative analysis of the magnetization including domain wall displacement
during magnetization reversal is done by extracting the line profile of each winding along
the symmetry axis, exemplarily shown for winding 3 in Figure[6.6|(d). The transition region
marked by brown and green arrows for external magnetic fields of —1.0 and —1.1kA /m, re-
spectively, refer to the magnetic domain walls indicated by solid double lines. The dashed
double lines represent for illustration the domain wall position at —1.0kA /m [Fig. [6.6|(b)].
Analyzing the XMCD signal of the top and bottom part of winding 3 reveals a displace-
ment perpendicular to and along the symmetry axis, respectively. Assuming a continuous
pattern, such a change may be assigned to a combination of domain wall translation and
rotation, which is likely to occur in soft-magnetic materials. Moreover, the similarity of
the magnetic pattern in Figures and (c) suggests an azimuthal or slightly tilted
magnetization in the inner winding, whose energetically unfavored domain decreases in

size by magnetization rotation and domain wall displacement.

6.3. Conclusion

Magnetic thin films with cylindrical shape in the lower micrometer range were investigated
utilizing XMCD with T-XPEEM and MTXM, and applying Kerr microcopy and MOKE
magnetometry. Properly choosing strained magnetic nanomembranes allowed to fabricate
hollow cylindrical architectures with tailored magnetic properties due to residual strain
distributions in the relaxed rolled-up film. Varying both magnetostriction constants of the
NiFe alloy and shape of the magnetic film provided means to set longitudinal, helical or
azimuthal magnetization configurations. Particularly, domains with circulating magnet-

ization and small magnetic anisotropy stabilized by the cylindrical geometry of the tube
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could be of interest for giant magnetoimpedance (GMI) applications [138]. The tunability
was suggested by MOKE magnetometry and magnetoresistance measurements, and con-
firmed by direct visualization of the in-plane magnetization component on top of the tube
using Kerr microscopy. Strong beam deflection on curved surfaces and defocusing problems
restrict the use of reflection microscopy like Kerr microscopy to a narrow stripe (= %@)
along the very top of the tube. This issue could in principle be solved by recording images
while rotating the sample around the symmetry axis. However, spatial resolution limits

and the lack of information about buried magnetic domain patterns cannot be overcome.

Magnetic domain patterns of buried magnetic surfaces were visualized on-chip and as a
function of external magnetic fields by analyzing the XMCD shadow contrast of rolled-up
nanomembranes with T-XPEEM. Whereas the magnetization in loosely wound surfaces
behaves independently in each winding, tightly wound nanomembranes reveal a uniaxial
magnetic anisotropy due to magnetostatic coupling between adjacent windings. The capab-
ility of on-chip characterization is highly demanded to confirm the performance of already

integrated devices before and after encapsulation.

Acquiring 2D projections of the magnetization along a single projection angle provides first
insight into the 3D magnetization configurations. However, this information is in general
insufficient to retrieve the spatial distribution of the magnetization in 3D objects. For this

sake, a complete set of projections is required as will be presented in the next Chapter.
The present results are summarized in the following publications:

o Magnetic rolled-up nanomembranes with cylindrical shape: fabrication, "top view"

visualization with Kerr microcopy, magnetic hysteresis, magnetoresistance [132), 133],

o Buried magnetic domain patterns: layer-specific identification with T-XPEEM [137],



7. 3D Imaging of Tubular Magnetic
Architectures

With a solid background of understanding the origin of XMCD contrast patterns in 3D
magnetic thin films, proper methods to prepare hollow cylindrical objects with well-defined
magnetic properties and shape, and approaches to visualize element- and layer-specifically
inner magnetization textures, all requirements to develop 3D imaging — magnetic soft X-
ray tomography (MXT) — are fulfilled. To demonstrate the capability of MXT, we retrieve
the magnetic domain patterns in tubes with well defined magnetization orientations. For
these systems, the magnetization distribution can be determined from one data set recorded
around one single projection axis that coincides with the symmetry axis. Using reconstruc-
tion algorithms to analyze the angular evolution of 2D projections provides quantitative
information about domain patterns and magnetic coupling phenomena between windings
of azimuthally and radially magnetized tubular objects. While simple spin textures like cir-
culating magnetization textures can be derived from the experimental data by correlation
with XMCD contrast simulations in the projected patterns, more complex domain patterns
require proper tomographic reconstruction algorithms. Results shown in this chapter are

summarized in Reference [63].

7.1. Circulating Magnetization Patterns

Strained Ni nanomembranes rolled up into cylindrical objects are lifted with a microma-
nipulator and vertically fixed using focused ion beam (FIB) assisted Pt deposition on a
Pt coated Si wafer (Section [A.). After manipulation, the Ni tube exhibits an elliptical
cross-section with a major and minor axis of x = (8.4 £ 0.2) um and y = (5.5 + 0.2) pm,
respectively, and is tilted by 8 = (31 £ 1)° with respect to the surface normal [Fig. [7.1].
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5pum

Fig. 7.1.: FElectron micrograph of a vertically fixed Ni tube with circulating magnetization
overlaid with XMCD shadow contrast patterns recored with T-XPEEM at various projection
angles. The projected patterns from the top 10 um of the tube are imaged on the substrate
150 um away from the tube location (indicated by wiggly lines). Each projection pattern reveals
distinct features due to tilt B =~ 31°, eccentricity and oblique illumination that require a
correlation with XMCD contrast simulations. The lengths of major and minor axis are x =
(8.4 +£0.2) um and y = (5.5 £ 0.2) um, respectively. (Taken from [65]])

The spatial orientation of the tube with respect to the X-ray beam propagation direction
inside the XPEEM is determined by analyzing the angle-dependent projection of the el-
liptical cross-section of the tube onto the planar substrate [Fig. [7.2|a)]. Tube orientations
with a tilt towards and away from the X-ray beam incidence direction are referred to as
a = 0° and a = 180°, respectively. The long focal length of the X-ray beam of 32cm
provides equal foci for front and back side of the tube and ensures a parallel projection
of the magnetization texture. Although the magnetic domains do not change during illu-
mination, their projections at various angles reveal distinct features in both domain shape

and contrast level [Fig.[7.1].

The experimental data is correlated with XMCD contrast simulations carried out using the
POV-Ray (Persistence of Vision Raytracer) framework [274]. The rolled-up nanomembrane
is approximated as a closed hollow cylinder with one winding because of tightly rolling
up along the edge and magnetostatic interwinding coupling (Section [131), 137]. A
parallel light source resembling the propagating X-ray beam projects the magnetic spin
texture onto the planar substrate. To each magnetization inside the tubular object an
effective absorption coefficient is assigned according to . The spatial orientation of

tube and magnetization is considered by applying various rotation matrices. Projections
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Fig. 7.2.: Modeling the 2D projections of magnetic patterns to discriminate magnetization
textures. (a) Angle dependence of the projected ellipse axis along the beam when illuminating
at T74° with respect to the surface normal in XPEEM to precisely determine the tube orienta-
tion. For 0° and 180°, the tube is tilted towards and away from the beam, respectively. The
double lines indicate the analytically calculated values. (b) Possible magnetization textures
within the rolled-up nickel nanomembrane approrimated as hollow cylinder. In addition to
the 3D perspective view, the side views are shown as insets. Tube geometry is taken from ex-
periment; Domain width is 1um. Panels (¢), (d) and (e) depict the simulated 2D projections
of vortex, azimuthal and helical magnetization for various projection angles, respectively. The
2D projection of the vortex texture is angle-independent. Whereas magnetic patterns in (d)
and (e) appear similar for projection angles close to 0°, a distinct difference between both
textures occurs for angles larger than 90°. (Taken from [65])

at different angles are taken into account by altering the X-ray propagation direction k.
Although the present approach performs only one iteration by assuming a homogeneous
thickness of the tube to ensure time efficiency, architectures with local thickness variations

may be simulated by conducting multiple iterations with smaller discretization.

According to the experimental tube geometry, two different periodic magnetic domain
patterns with an easy axis curling around the symmetry axis, namely azimuthal and helical

magnetization [Fig. [7.2b)], and various pitch sizes are modeled [65]. Domains with red
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Fig. 7.3.: Correlation of experimental with simulated XMCD contrast of azimuthal magnet-
ization textures with alternating domain widths [0.9pum € 1.2um (11% & 15%)] at different
projection angles. The projections reveal distinct and complex patterns that can only be as-
signed by simulation correlation to the corresponding magnetization textures. Solid lines serve

as guide to the eye. (Taken from [65])

and blue shading refer to a clockwise and counterclockwise circulating magnetization,
respectively. The uniform vortex state (azimuthal magnetization without a domain wall)
causes a dipolar XMCD contrast [Fig. [7.2|c)] not observed in experiment. An azimuthal
magnetization generates a reversed contrast on opposite sides of the tube [Fig. [7.2)(d)]
similar to that observed in experiment [Fig. , while for helices with smallest pitch,
the same contrast is expected [Fig. [7.2(e)]. On this basis, a helical magnetization can
certainly be excluded. The simulated contrast of an azimuthal periodically alternating
domain configuration is shown in Figure [7.3| and agrees well with experiment. For better
visualization, solid and dashed lines serve as a guide to the eye. The magnetic domain
configuration matching best with experiment is considered to be the true configuration.
Distinct features for different projection angles are visible: At a = 0°, the overlap is the
largest leading to many small separated domains with the weakest signal due to the smallest
scalar product between M and k. With increasing angles both contrast and domain size
ascend. At o = 110°, the X-ray propagation direction is almost perpendicular to the axis
of the tilted tube resulting in stripe domains. The apparently bent blue domain in the
experimental data can be explained as the blue contrast on each side of the tube originates
from two adjacent domains that are connected by a bluish elliptical overlap. These stripes
transform into domains located at the edge of the tube when reaching projection angles
close to 150°. At o = 180°, the contrast in the center of the tube returns while preserving

the edge domains. Based on the appearance of these features and their evolution as a
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Fig. 7.4.: Angle dependence of domain widths in XMCD contrast patterns. (a) Angle de-
pendence of the projected domain width taken at the edge and the central region of the shadow
contrast. The oscillatory behavior increases with decreasing domain width or approaching the
center. (b) Linear dependence of the projected width on the magnetic domain width. Ezxperi-
mental data (indicated shaded areas) suggests a periodically alternating domain width. (Taken

from [63])

function of the projection angle, the presence of the 3D azimuthal magnetization pattern

within the tube is confirmed.

The sensitivity of the 2D projection on domain size and projection angle is shown for
w = 1.7 um and a = 110°, respectively, in Figure.[7.4] The pitch of the projected domains
at the edge of the XMCD contrast is equal to that of the magnetization texture multiplied
by a factor of 2.76. Because of tilt and eccentricity of the object, regions of the projected
images with vanishing and existing XMCD contrast exhibit an oscillatory behavior that in-
creases with decreasing width of the magnetic domains or approaching the central region of
the projected pattern [Fig. [7.4(a)]. This angle dependence demonstrates the fundamental
importance of acquiring and correlating projections at various angles to determine the
spatial orientation of structure and magnetic domains. The experimental data of clock-
wise and counterclockwise circulating domains at 110° is inserted into Figure [7.4[b) to
determine the widths of the magnetic domains. The corresponding domain configuration
is an alternation of (0.9 £ 0.2) yum and (1.2 £+ 0.2) um wide azimuthal domains. These
values represent 11% and 15% the major symmetry axis, respectively [inset in Fig. |7.1].
The corresponding remanent magnetization of the top side of the tube of 0.4 M, coincides
reasonably well with that measured by MOKE magnetometry [Fig. [6.1{(b)]. Note that for
those simple magnetic domain patterns with straight domain walls, a correlation based
analysis of a set of 2D projections is sufficient to retrieve 3D information even if the object

is tilted with respect to the rotation axis.
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7.2. Radially Magnetized Tubular Architectures

The aforementioned complexity of the XMCD contrast evolution due to oblique illumin-
ation in T-XPEEM can be avoided by orthogonally projecting the magnetization onto a
CCD screen using TXM (Section[£.3.2). The lack of a preferential domain wall orientation
in out-of-plane magnetized Co/Pd films prohibits a clear identification of the magnetiza-
tion based on correlation as done in Section for circulating magnetization textures and
demands a new algorithm to be developed. Using 20 nm-thick strained Ti layers, tubular
objects with a diameter @ ~ 2 um and a low X-ray absorption of ~ 20% per winding at
the Co L3 edge are prepared (Section . Rolling up non-rectangular nanomembranes
with an out-of-plane magnetization into tightly wound thin films allows to simultaneously
investigate homogeneously magnetized (one winding) and multi domain (multiple wind-
ings) states at remanence due to magnetostatic interaction between adjacent windings
[Fig. [7.5[(a)]. Analyzing the magnetic field-driven reversal process confirmed the imprint
of magnetic domains in every adjacent winding by observing a collective switching. This

way, the complexity of projected patterns could be stepwise increased to develop and verify

MXT (Section [4.4).

Selected remanent states after initial saturation (H ~ 200kA/m) along 180° are shown
in Figure (b) Two sets of drift-corrected 2D projections taken at angles from 0° to
180° with step size § = 4° are assembled into a 3D pattern of the tube and presented as
movies in Reference [65]. The projected patterns reveal strong contrast in the center with
three different contrast levels referring to domains on front and back side of the tube with
magnetization vectors pointing in- or outside the tube [Fig. [7.5(b)]. The corresponding
ambiguity of states prohibits the use of conventional microscopy of a single 2D projection as
described in Section 4.4 [Fig.[4.8]. An identification of the local magnetization on front and
back side of the tube can exclusively be given by a proper analysis of the magnetic contrast
evolution with varying projection angle [Fig. (b)] For this sake, structural geometry
and orientation of the magnetic film need to be determined applying conventional scalar
tomography as done in Figure in collaboration with Dr. D. Parkinson. Note that
reconstructing the magnetic domain patterns fails due to neglecting the vector property of

the magnetization.
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Fig. 7.5.: Fabrication and characterization of radially magnetized tubes. (a) Preparation of
radially magnetized tubes via rolling up out-of-plane magnetized Co/Pd multilayer stacks. The
initial single domain (SD) state transforms into a multi domain (MD) state upon tightly rolling
up. Normal magnetization component is indicated by red and blue. (b) Remanent state of an
out-of-plane magnetized rolled-up nanomembrane with 2pum diameter (field initially applied
along 180° ) visualized in MTXM. Dark and bright contrast refer to strong and weak absorption,
and a magnetization pointing outside and inside the tube, respectively. The magnetization is
reconstructed by analyzing the evolution of magnetic contrast with varying projection angle
a, e.g. between o and o + 4°. Regions with one and two windings are indicated by 1W and
2W, respectively. (c) Schematic illustration of the magnetic domain patterns in tightly wound
rolled-up nanomembranes. Large and small domains form along and perpendicularly to the
field direction, respectively. A multi domain state wrapping around the whole tube exhibits

azimuthally aligned domains. (Taken from [65])
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Fig. 7.6.: 3D spatial distribution of the rolled-up nanomembrane obtained by performing
conventional scalar tomography. Snapshots at various angles reveal areas with one, two and
multiple windings. Despite of these variations, the objects possess a uniaxial cylindrical sym-
metry. Reconstructing the magnetization patterns fails with scalar tomography. (Taken from

[65])

7.2.1. Reconstruction Algorithm

The reason for using several tilt axes in magnetic tomography in contrast to scalar tomo-
graphy is the vector property of the magnetization leading to three generally independent
components. While the approach described by Lade et al. [I55] requires three sets of pro-
jections taken at three orthogonal tilt axes, Phatak et al. [I56] proposed a reconstruction
algorithm of the magnetic induction B from two sets exploiting the Maxwell equation
VB = 0. However, these procedures cannot straightforwardly be applied to XMCD based

tomography because no phase shift due to interaction with magnetic fluxes is recorded.

The present approach relies on solving systems of linear equations similar to those used by
Manke et al. [52], which represents a complementary way to reconstruct the data without
using the Fourier slice theorem (Section . The contrast change with varying tilt angle
mathematically describes the derivative of the magnetization with respect to the rotation
angle. Keeping in mind that XMCD is sensitive to the magnetization component pointing
along the X-ray trajectory, the contribution of the magnetization component depending on
the rotation axes can be determined. Using tubular architectures with well-defined mag-
netization orientations, e.g. radial or in-plane, provides means to consider 1D or 2D vector
fields defined on the surface of the cylinder. In this respect, the determined magnetization
component refers directly to the magnetization vector. Thus, data acquisition around one

tilt axis coinciding with the symmetry axis of the tube is sufficient.
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For contributions from front and back side described by f(x) and b(z) (< Mk), respect-
ively, the overall XMCD contrast at projection angle «,, and image position = perpendic-
ularly to the rotation/ symmetry axis reads I°"(z) = f(x,) + b(z_,) with a,, = ag + nd,
Th =2 +g (né%) and the rotation step size §. The matrix transformation due to the
curvature is taken into account by g (n(5 %) with a lateral displacement at the very center
of 0% perpendicularly to the symmetry axis. Thus, the XMCD contrast can be disentangled

by integrating the difference between projections taken at o and oy [65]:

215 10 (29) — I (z1)] = 215 b(zo) — blzo — 2] ~ 06O+ D(g) . (7.1)
In this notation, [*(z_;) is the XMCD contrast at « + ¢ shifted by g (—5%) perpendic-
ularly to the symmetry axis to eliminate contributions from the front side. In case of a
radially magnetized tube, the accordingly identified magnetization texture is unambigu-
ously defined assuming a constant saturation magnetization. Spin textures with unknown
magnetization orientation, such as soft-magnetic materials, require to take projections
around another rotation axis. In order to capture the magnetic domains in a correct way
the lateral shift (5% between two subsequent projections must not exceed the domain fea-
ture size. For instance, data recorded with rotation step sizes § &~ 4° allows to reconstruct
features as small as 40nm at the surface with curvature radii of 1 um (1 pum away from
the rotation axis). The step size has to be adjusted for each object accordingly to its
dimensions and the required resolution. In the present case, the smallest domain size is

75nm (see below), which can fairly be captured with ¢ = 4°.

In contrast to manual tracking based on the analysis of multiple projections, the numerical
approach requires only two projections when dealing with two surfaces. Drift corrections
and pseudo-pattern recognition are included that already offer an assessment of the sys-
tematic error due to domain wall creeping during data acquisition and the capability to be
applied to more complex samples. Considering multiple projections and solving the corres-
ponding system of linear equations further provides means to discriminate contributions
from more than two surfaces (Section [8.2).

7.2.2. Reconstruction of Radial Magnetization Patterns

The accordingly reconstructed magnetization textures of the radially magnetized tubular

architecture in the area with one to two windings and more than two windings are shown
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Fig. 7.7.: 8D reconstruction of the magnetization. (a) Unrolled magnetic domain patterns
for better visualization. The transition from large isotropic to small azimuthal domains is
obvious when approaching surfaces perpendicular to the direction of the initially applied mag-
netic field (180°). Dark contrast refers to strong absorption and a magnetization pointing
outside the tube. (b) 3D view of the magnetization in the thin films with cylindrical shape. In
addition to the raw data (gray), the processed binary data with red and blue referring to radial
magnetization vectors pointing outside and inside the tube, respectively, are shown. (Taken

from [65])

in Figure as unrolled magnetic domain patterns and 3D view. Comparing the recon-
structed 3D structural information to the corresponding MXT signals allows to correlate
the 3D magnetization pattern to the peculiar structure of the object [Fig. [7.7|(b)]. The
magnetization in areas with non-overlapping windings is in a magnetic single domain state
[Fig. (a), top row], while the area with two windings is split into multiple domains
[Fig. [7.7(a)]. Although expected, this information cannot be obtained without performing
MXT. Moreover, multi domain states extended into the area with only one winding at the
transition region between one and two windings are identified [Fig. [7.7|(a), top row|. These
domains are stable during the complete measurement indicating that the domain walls are
pinned on structural inhomogeneities as known from Co/Pd multilayer stacks. This justi-
fies a pinning dominated displacement of magnetic domain walls when applying external
magnetic fields, which can be described using the Kondorsky model of the magnetization

reversal [245]. The appearance of the single domain state in the areas with one winding is
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perfectly in line with the magnetic hysteresis loop acquired on planar films before rolling
up [65]. The number of Co/Pd bilayers is optimized to ensure full remanence of the sample
after magnetic saturation. The appearance of the multi domain state in the areas with
two windings can be explained by an increased magnetostatic energy of the sample, which
favors the multi domain state when doubling the number of Co/Pd repetitions [275]. Note
that the uniaxial magnetic anisotropy of the sample is not expected to change due to the
Ti spacer between each Co/Pd multilayer stack (winding). Therefore, the reconstructed
multi domain pattern in the areas with two windings shed light on the relevance of the
magnetostatic coupling between the neighboring windings of the 3D curved magnetic thin

films determining its magnetic state.

The magnetic states in Figure [7.7] are obtained after the sample has been exposed to a
magnetic field applied perpendicularly to the symmetry axis along o = 180° (perpendicular
to the area with single winding). The morphology of the multi domain pattern is clearly
changing with the angle featuring large isotropic domains with a size of more than 120 nm
on the opposite side of the tube along the field direction and small domains with sizes down
to 75nm in surfaces perpendicular to the magnetic field [Figs. [7.5]c), [7.7]. This difference
in morphology of the domain pattern is even more prominent in areas with two or more
windings [Fig. , bottom row]|. Regions, which are perpendicular to the direction of the
applied magnetic field, reveal narrow magnetic domains with lateral dimensions down to
75nm along the symmetry axis and an elongation along the circumference of the tube
[referred to as azimuthal domains in Fig. [7.5(c)]. The appearance of this peculiar domain
pattern can be understood by considering the angular dependence of the switching field of
the curved film: The switching field for the Co/Pd multilayers is about 60 kA /m when the
field is applied along the easy axis (a = 0°). The maximum field of 200 kA /m available at
the setup is sufficient to saturate the sample in the angle range o = (—73 + 73)°, taking
into account the Kondorsky magnetization reversal process [65]. The excluded regions
cannot be saturated since the required field diverges at o = 90°. In these areas, the
multi domain pattern will be preserved. The observation of narrow azimuthal domains
suggests that the applied magnetic field causes a shift of the domain walls in the areas
perpendicular to the field direction, which is possible if the domain walls are of Bloch
type. Hence, by reconstructing the magnetic domain pattern in the tubular object, we
can gain information about the structure of the magnetic domain walls in the sample.
Simultaneously, such an arrangement minimizes stray field contributions independently
of the lateral expansion. These narrow azimuthal domains propagate around the tube

circumference and merge into larger isotropic domains observed at a ~ 0° or a ~ 180°
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Fig. 7.8.: Angle dependence of the magnetic domain pattern. (a) Domain width in longitud-
inal direction reveals smallest values at o = 90°. Data is extracted from line profiles of real
space images and from peak positions of FFT images, respectively. (b) Continuous transition
from an isotropic/ random domain configuration into an azimuthal ordering obtained from
FFT. Solid lines serve as a guide to the eye. Scale bars are 10/nm. (Taken from [65])

[Fig. . A similar mechanism is known for in-plane magnetized thin films with spatially
varying anisotropy that favors small narrow domains in regions with large switching fields

evolving into larger domains in areas with smaller switching fields [271].

Performing 2D fast Fourier transformation (2D FFT) to a selected area (1 x 1 um?) of the
magnetic domain patterns recorded at different projection angles allows to address both
domain morphology and their periodicity [Fig. [7.8]. The largest domain size of 130 nm
is observed at a =~ 0° and a =~ 180°, which decreases down to (75 4+ 9)nm at a ~ 90°
[Fig.|7.8(a)]. The 2D FFT data is in good agreement with the domain size extracted from
the line profiles along the tube axis. The uncertainty of real space and reciprocal space
data is determined by the standard deviation and the resolution in the reciprocal space,
57 with
I, and I, extracted from a 1.4 x 1.4/nm? area at the location of maximum peak intensity

respectively. Analyzing the normalized intensity differences of the 2D FFT data

[brown rectangles in the FFT of Fig. [7.8(b)], provides access to the spatial asymmetry of
the domain pattern and allows to quantify its morphology [Fig. [7.8(b)]. Surface angles
close to a = 0° and o = 180° do not reveal an asymmetry between the FFT intensity I,
and I,, which agrees with the observed isotropic domain pattern. Approaching projection
angles a ~ 90° results in an increase of the asymmetry to positive values indicating a

transition to narrow azimuthal domains as visualized in Figure [7.7(b).
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7.3. Generalization of the Reconstruction Algorithm

The present approach is a first milestone of 3D imaging magnetic curved surfaces at the
mesoscale utilizing XMCD. The major contribution to future developments of MXT is the
generalization of the current algorithm (Section to multiple surfaces and eventually
arbitrarily shaped 3D objects. One possible route is to set up and solve a system of linear
equations 77 for XMCD contributions f; and by, on front and back side of the magnetic

objects, respectively, that add up to the measured intensity as:
N . .
o (@) =Y [ (23) + b5 (22,)] - (7.2)
j=1

Each surface is located at r; causing a j-dependent lateral shift upon rotation a?, = x +
gj (ndr;). The shape of the surface is considered, as before, by g; that needs to be defined
analytically or as a rotation matrix based on the 3D reconstruction of the magnetic objects
using conventional scalar tomography. Assuming a linear relation of g; for small J, the

linear system 7}¥ becomes:
T(f = J% (xlg) — ] (:L‘lil>
= [bk (Q?g) - bk (.’L’lil - 5Tk)}

N | | |
> i (20) = £ (s = 0ri) + b5 (220 = by (2l = 0)] -

‘]'7
J7#k

(7.3)

For one surface on front and back side (N = 1) as studied in Section [7.2.1] becomes
(7.1). Disentangling contributions from multiple surfaces can be accomplished by recording
> N + 1 projections along similar angles. The smallest step size d revealing new data is
however limited by spatial resolution and depth of focus of the used X-ray microscopy. The
solution of leads to the magnetization component that depends on the rotation around
a certain axis. The implementation of this algorithm and its verification by simulations
and experiment is another milestone to be reached. Similarly, other components can be

determined by comparing projection at various tilt/ rotation angles.
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7.4. Conclusion

The projected XMCD signals of tubular magnetic thin films were recorded with T-XPEEM
and MTXM, and analyzed for various projection angles around one rotation axis coinciding
with the symmetry axis. Using tubular curved thin films with well-defined magnetization
orientation provided the minimized experimental effort while offering means to reconstruct
the magnetic domain pattern from a single data set. This simplification is in general
not possible due to an underdetermination of the parameter space of the magnetization
vector in contrast to scalar densities. While the reconstruction with conventional scalar
tomography algorithm fails due to the neglect of the vector property of the magnetization,

MXT revealed properly the 3D magnetization texture.

Circulating magnetization patterns were identified by correlation with XMCD contrast
simulations of azimuthal and helical magnetization configurations. A periodic commensur-
able domain pattern throughout the windings was observed that is attributed to circulation
sense of the magnetization around the symmetry axis, straight domain wall orientation and
magnetostatic interwinding interaction. The absence of a preferential domain wall orient-
ation and the corresponding ambiguity of states in more complex systems like radially
magnetized Co/Pd tubes required to retrieve the magnetization directly from the XMCD
contrast. Analyzing the evolution of magnetic domains as a function of the projection
angle provided means to disentangle contributions from either surface and to reconstruct
the magnetization from its derivative perpendicular to the rotation axis. This way, the
remanent states in radially magnetized tubular architectures were visualized providing
means to quantify magnetic domain patterns. Depending on the magnetic field direction
with respect to the surface angle and the effective out-of-plane magnetic anisotropy, dif-
ferent kinds of magnetic domain patterns with distinct morphology and feature sizes down

to 75 nm were observed.

The present approach represents a platform to visualize magnetization textures in 3D
curved magnetic thin films that can be extended to multiple surfaces with virtually any
shape by implementing further algorithms. Setting up and solving a system of linear
equations based on multiple projections may be applied to reconstruct magnetic domains

at various surfaces. The realization will be the scope of future works.

The present results are summarized in [65].



8. Conclusion & Outlook

8.1. Conclusion

Within the last years, 3D curved magnetic surfaces have attracted much attention in
both theoretical and experimental research due to striking properties [31H33], [35, 38, [39]
originating from curvature-induced contributions to the magnetic exchange energy [28] 29].
In addition to well-established magnetometry [43),44], FMR [82, 1311 [136] and MR [42, 133]
measurements, visualization of magnetic domain patterns is of great importance since
they determine the system’s response to external stimuli. Magnetic neutron tomography
[51),52] and electron-based 3D imaging, such as electron holography [53H56] and vector field
electron tomography [57, 58], are well-established techniques to investigate macroscopic
and nanoscopic samples, respectively. However, visualization of nanoscopic domains in

mesoscopic samples is not provided by these techniques.

The goal of this thesis was to develop magnetic X-ray tomography (MXT), a visualization
technique with nanometer spatial resolution based on XMCD as element-specific contrast
mechanism with full-field microscopy, 7.e. MTXM and XPEEM. While the XMCD contrast
of planar films can usually be interpreted as the magnetization component, 3D objects like
curved surfaces with local magnetization textures of possibly different orientation generate
net XMCD signals that do not represent the magnetization component. Owing to the
vector property of the magnetization, the XMCD contrast is a non-additive value that de-

mands knowledge about structure and magnetization of the system under investigation.

Without loosing generality, two distinct structural geometries were investigated in the
scope of this thesis, namely magnetic cap structures with one curved surface and magnetic
tubes with two or more surfaces, referring to the number of magnetic layers in radial direc-

tion. Depositing onto curvature templates or rolling up strained thin films into cylindrical
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objects provided tunable diameter and number of windings as well as various kinds of ma-
terials including NiFe alloys and out-of-plane magnetized Co/Pd. Permalloy cap structures
stabilized highly deterministic magnetic spin textures, such as magnetic vortex and onion
states [8317 -85] as well as donut and spiral states when exchange coupled to out-of-plane
magnetized Co/Pd multilayers [I15], with distinct XMCD contrast patterns, which could
be understood by analyzing "top view" images. An oblique illumination of the 3D objects
in T-XPEEM further led to the so-called XMCD shadow contrast at the back side of the
object [89] [137]. Its enlarged spatial resolution along the X-ray propagation direction due
to a non-orthogonal projection was exploited to identify magnetic states below the resolu-
tion limit of the used microscope. Phase diagrams for both hemispherical and cylindrical
cap structures were assembled based on the analysis of the XMCD contrast that agree well
with those derived from micromagnetic simulations and magnetometry measurements [8477
,185].

The impact of multiple surfaces with different magnetization patterns along the X-ray
beam propagation direction on the resulting XMCD patterns is significant as it may be
altered by partial or entire compensation depending on magnetization configuration, incid-
ence angle and film thicknesses [83], 85, [IT5], 137]. The increased complexity in 3D curved
surfaces due to contributions from either side was approached by fabricating rolled-up
magnetic NiFe nanomembranes resembling spirals (loosely wound) or hollow tubes (tightly
wound) with well-defined magnetization orientations (easy axes) [132, 133, [137]. The full
set of measurement techniques, including magnetooptical Kerr microscopy, magnetometry,
magnetoresistance measurements, and SEM for structural characterization, was applied
to assess the magnetic properties. Magnetic domain patterns, magnetic anisotropy and
magnetoresistive response were tailored by adjusting shape of the thin film and magneto-
striction constants of the NiFe alloy [132] 133]. The magnetostatic interwinding coupling
was modified by changing the spatial separation between adjacent soft-magnetic surfaces
and investigated on-chip and as a function of external magnetic fields using T-XPEEM
[137], mimicking a performance check of already on-chip integrated devices with magnetic

functionality before and after encapsulation.

For specific magnetization textures, the entire 3D domain pattern and even the magnetiz-
ation reversal could be retrieved from 2D projections taken at the same projection angle
[137,223]. Generally, this approach is insufficient to derive the spatial distribution of arbit-
rary magnetization configurations. For this purpose, tomographic imaging is required with

a complete set of projections. The capability of MXT was exemplarily demonstrated by
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reconstructing the magnetization configurations in circulating and radially magnetized 3D
surfaces with cylindrical shape and various number of windings. This way, characteristics
of two distinct magnetic domain patterns have been obtained. The peculiarity of using
systems with uniaxial structural symmetry and defined magnetic easy axes allowed for re-
constructing the magnetization textures from one set of projections around the symmetry
axis [65]. Analyzing the contrast change as a function of the projection angle, remanent
states with feature sizes down to 75 nm were retrieved, that had not been possible with
conventional scalar tomography reconstruction due to the neglect of the vector property of
the magnetization. By these means, the dependence of the domain morphology on surface
angle with respect to the initially applied magnetic field and number of windings could be
studied and addressed for the first time.

8.2. Outlook

Magnetic X-ray Tomography

Providing means to study samples with thicknesses up to 200 nm, MXT closes the gap
between investigating 3D magnetic nanostructures and bulky crystals using electron-based
3D imaging and neutron tomography, respectively. Composite materials with even larger
thickness may be investigated element specifically due to an effectively reduced absorp-
tion cross-section at resonance. A successful establishment of MXT relies on three major
aspects, namely generalization of the present algorithm, application to various sample
architectures and realization of a 3D rotation stage in the microscope. The latter re-
quirement is technically challenging due to a fixed rotation axis in T-XPEEM [200] and a
spatial separation of merely 2 mm between both zone plates in TXM [196]. The realization
may still be possible since tilts around two additional preferentially orthogonal rotation
axes would be sufficient for most cases. I envision that the future development of MXT
will strongly contribute to the understanding of fundamental mechanisms in magnetic 3D
curved surfaces, including performance optimization of cylindrical structures for magneto-
encephalography [138], curvature- and topology-driven effects in spirals [39], M6bius bands
and tubes, and to the characterization of 3D-shaped mesoscopic objects, such as core-shell

particles, buried interfaces and 3D heterostructures, with nanometer spatial resolution.

Nevertheless, MXT may right away be applied to visualize domain patterns in multicom-
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ponent tubular surfaces with interacting or non-interacting magnetic subsystems. An im-
portant aspect to verify the developed (to be developed) algorithm is to provide a sample
that possesses multiple magnetization orientations on the surface. Using heterostructures
consisting of the same materials, e.g. Ni (in-plane) and Ni/Co multilayers (out-of-plane)

[74H76], offers this possibility as well as a verification by imaging at the Co L3 edge.

Sample Architectures

The fabrication of curved heterostructures by tightly rolling up provides means to as-
semble magnetic field-tunable metamaterials based on magnonic excitations that function
as hyperlenses with cylindrical shape [276-279]. On the other hand, rolling up magnetic
honeycomb lattices [163] into cylindrical objects with well-defined orientation could res-
ult in a 3D magnonic crystal, which offers a magnetic field control over the energy band
gaps. Aside from these fundamental aspects, tubular objects may serve as highly sensit-
ive giant magnetoimpedance-based sensors with low magnetic anisotropy and azimuthal
magnetization [I38], or as transport channels for magnetic particles (containing cells) with
alternating longitudinal magnetization of exchange bias layers by moving inhomogeneous

stray fields originating from the domain walls along the tube axis [280)].

Cap structures may provide a very first experimental proof by static imaging of curvature-
driven modifications to magnetization reversal dynamics of soft-magnetic vortex states
originating from a circulation-dependent switching [36, 116]. The present approach of
imprinting non-collinear spin textures is currently limited to immobile skyrmionic core
textures due to spatial confinement to cap or disk. However, this restriction may be
overcome by stabilizing these magnetization configurations in extended non-planar honey-
comb lattices [163], which is also appealing for magnonic and spintronic applications. A
demonstration of field- or current-driven displacement will require further optimization of

structural and magnetic properties.

Self-propulsion of soft-magnetic Janus micromotors by means of magnetically induced ther-
mophoresis limits the amplitude of the ac magnetic field to the vortex annihilation field.
This restriction can be overcome by adding an out-of-plane magnetized film to the thick
soft-magnetic layer. Avoiding any interlayer exchange coupling by choosing a thick spacer,
keeps both subsystems independent of each other [IT5]. Distinct resonant frequencies for

both subsystems would ensure a selected excitation of the soft-magnetic layer and larger
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velocities.
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A. Appendix

A.1. Versatility of Cross-Beam Workstation

The cross-beam workstation (NVision40, Zeiss), consisting of two individual e-beam and
focused ion beam (FIB) columns and two in-lens detectors, offers aside from high-resolution
scanning electron microscopy (SEM) [281] special features, such as lithography, deposition,
slicing, mechanical manipulation and electrical measurements. A variable field emission
electron source allows for probing all kinds of materials. Detecting secondary electrons

(SE) and back-scattered electrons (BSE) enables the mapping of morphology and of chem-

(a) Transfer onto coplanar waveguides and contacts

Fig. A.1.: Manipulating and transferring cylindrical objects with a micromanipulator inside
a cross-beam workstation. (a) Transfer of magnetic nanorods (@ = 100 nm) and rolled-up
nanomembranes onto coplanar wave guides. (b) Vertical alignment of 100 um-long tubes with
a diameter of about 8 um.
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ical constitution at the nanoscale, respectively. Slicing to prepare cross-sections or to define
lateral dimensions is done by utilizing FIB etching at high current (2 1nA). Electric con-
tacts and mechanical anchors to tubular objects can be realized by FIB assisted metal
deposition of Pt when operating at a low current [(1 = 10) pA]. Mechanical manipulation
of spherical and tubular architectures, including rotation, positioning onto electric contacts
or coplanar waveguides [Fig. [A.I](a)], and vertically aligning tubes [Fig. [A.I|(b)], is accom-
plished using a tungsten tip mounted onto a micromanipulator (MM3A-EM, Kleindiek
Nanotechnik).

A.2. Lithographical Patterning

Lithography on photo resistive polymer films is the most commonly used technique in
industry and research to define lateral dimensions of nano- and microstructures. In this
thesis, all relevant patterning presented in this thesis is achieved by optical lithography, in-
cluding sacrificial and strained layers for rolling up, electric contacts for magnetoresistance
measurements, coplanar waveguides for stroboscopic investigations and opening windows
for particle self-assembly. Most of the work is done via lift-off, which removes already de-
posited layers from the substrate by resolving the underlaying photoresist. For this sake,
a negative photoresist (AZ-5214E, MicroChemicals) is used that provides for optimized
exposure and development conditions an undercut of 2 2pum. The undercut is crucial
for a complete removal even without ultrasonication when handling nanomembranes. The

following procedure is used:
1. Spin coating of AZ-5214E at 6000 rpm (d ~ 1.1 ym)

2. Prebaking at 90°C for 4 min

3. First exposure with mask for 2s (MJB4, Siiss MicroTec) or 4.5 ms (PG 501, Heidel-

berg Instruments)
4. Reversal bake at 120°C for 2min
5. Flood exposure for 30s (MJB4)
6. Film deposition

7. Lift-off using acetone or N-Methyl-2-pyrrolidone
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Different top layers, such as Si, Cu, Cr, Si3N, nanomembranes, require fine tuning of the

first exposure time due to a modified reflexion and thus cross linking of the polymer.
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