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Introduction 1
In 2009, Mühlbauer et al. reported the first experimental observation of magnetic
skyrmions in the material MnSi with small angle neutron scattering (SANS) [1].
Since then, skyrmion research developed to a large and active field in solid state
physics with a total of over 2500 publications up to June 2020.

Fig. 1.1.: Magnetization structure of a
skyrmion.

So what is a magnetic skyrmion? In a nut-
shell, it is a particular alignment of the magne-
tization vector field M(r) of a ferromagnetic
material. The spin structure of a skyrmion
is depicted in Fig. 1.1. As can be seen, the
magnetization in the center is aligned anti-
parallel to the magnetization at the edges of
the skyrmion. In between lies the skyrmion
wall, where the spin structure is reminiscent
of a vortex or whirl. The reason for the great interest in this peculiar structure lies
in its extraordinary properties. First of all, typical skyrmion sizes are in the order
of 10 to 100 nm, which makes them usable in nano-scaled devices. Considering
magnetic storage, the small size allows to use skyrmions as information carriers
with a large data density [2–4]. Along with that, the skyrmion has an inherent
topological protection, which means that its spin structure is protected from external
influences like thermal fluctuations by a finite energy barrier. This is beneficial as a
potential information carrier needs to possess a data retention at room temperature
of more than 10 years [5]. Further, skyrmions can be moved by electrical currents,
temperature gradients and magnons which provides a large set of interaction [6–8].
For the electrical case, the critical current density at which the skyrmions start to
move can be as low as 1× 106 A m−2, which represents an energy efficiency that
could meet the requirement of today’s electronics that focus more and more on
mobility and eco-friendliness [9].

A variety of applications that utilize the unique properties of the skyrmions have
been proposed. The most prominent one is the skyrmion racetrack [10–15]. Different
concepts exist - a common design is a strip of skyrmion-hosting material with a
width in the order of the skyrmion size. An electrical current is sent through the
strip which pushes a train of skyrmions through it. The individual skyrmions in
the train act as information carriers and effectively make the device a shift register.
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There are also different proposals like the use of a skyrmion as a nano-oscillator,
which uses the skyrmion eigenmodes to produce on-chip microwave signals [16–19].
Other ideas aim at the established semiconductor industry and propose to construct
skyrmion based logic devices or skyrmion transistors [18, 20].

Admittedly, the feasibility of these concepts is still to be proven, however, im-
portant steps have been made towards a real application. While the skyrmions
found first required a temperature below 30 K, today, materials are known that host
skyrmions even beyond room temperature [21–25]. In fact, a whole zoo of different
skyrmion types, with structures that deviate from the one shown in Fig. 1.1, has
been experimentally discovered [22, 26–29]. The lifetime of skyrmions was further
explored and entropy-related limitations of the topological energy barrier were
reported [30–34]. Additionally, multiple ways to create or delete skyrmions with
electrical current/heat pulses or with externally-applied magnetic field protocols
have been found [21, 31, 35–39]. The skyrmion motion induced by electrical and
magnon currents as well as magnetic field gradients has been studied [9, 40–43]
and the skyrmion eigenmodes were identified and measured [44–47].

Undoubtedly, Lorentz transmission electron microscopy (LTEM) played an im-
portant role in achieving these goals as it emerged as one of the most important
real-space skyrmion imaging techniques [48]. It is also a large part of this thesis. The
other experimental part shows resonant elastic X-ray scattering (REXS) off skyrmions
which was further combined with ferromagnetic resonance (FMR) measurements
[49–51].

This thesis consists of three parts. The first one introduces the fundamental
theoretical concepts of magnetism that is necessary to understand the energetic
origin of skyrmions and the subsequent parts. A selection of magnetic phases
that are observed in skyrmion hosting materials is presented. In the second part,
reciprocal space measurements in terms of REXS on the material Cu2OSeO3 are
presented. It starts with the theoretical basics of the technique. Then, static REXS
measurements of the magnetic phases of Cu2OSeO3 are shown. Finally, the REXS
technique is extended with FMR experiments which allows to study the system’s
magnetic resonances with an unambiguous assignment to the magnetic phase. This
novel technique is called REXS-FMR. The third part of the work covers real space
imaging of magnetic skyrmions in terms of LTEM. A theoretical introduction of the
used LTEM techniques is given. A model that describes the LTEM contrast formation
is applied to the skyrmion texture and ways to extract its structural parameters
from LTEM measurements are given. Finally, LTEM measurements on Cu2OSeO3

and room-temperature skyrmion hosting Pt/Co/W and Pt/Co/Tb multilayer stacks
are presented. Each chapter begins with its own introduction which gives a more
detailed overview of the respective contents.
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Theoretical concepts 2
This chapter introduces the fundamental theoretical concepts to understand the
essential magnetic concepts of chiral magnetic textures. It starts off by introducing
the micromagnetic energies that are responsible for the formation of the chiral
magnetic structures investigated experimentally. The different energy terms are
combined successively which will lead to different chiral magnetic ground states. The
individual properties of the structures are explained alongside. These elaborations
are then put in a thermodynamic context by the discussion of the magnetic phase
diagrams (by means of externally applied magnetic fields and finite temperatures)
of the chiral magnetic materials studied in this work.

Finally, the magnetostatic considerations are supplemented by dynamical aspects
with the introduction of the Landau-Lifshitz-Gilbert equation. It describes the
magnetization’s temporal evolution outside of its equilibrium state.

2.1 Magnetism of magnetic skyrmions

2.1.1 Micromagnetic energies
In this section, the micromagnetic energies are introduced that occur in the magnetic
systems that are investigated in this thesis. The interplay of those contributions are
responsible for the complex spin formations in chiral magnetic phases introduced in
section 2.1.2 and help to interpret the experimental results.

To theoretically describe a chiral magnet that hosts different magnetic phases, an
extended Hamiltonian within a classical 3D Heisenberg model is used. For this, a
three dimensional set of lattice sites i with an associated dimensionless unit spin
vector Ŝi is assumed. The interaction between two lattice sites i and j consists of
various energy terms expressed via some atomistic terms which will be introduced in
this section. In this work only magnetic structures that show smooth variations of Ŝ

or the magnetization M across many lattice sites are investigated. In chiral magnets,
the magnetic modulation length describes the distance at which the magnetization
M has performed a full rotation. As an example, the skyrmion hosting material
Cu2OSeO3, discussed in sections 3.2 or 4.3, possesses a magnetic modulation length
of ≈62 nm, which represents a line density of 278 magnetic moments per modulation
length, resulting in an angular variation of ≈23 mrad/lattice site [52–54]. In such
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cases, a continuum formulation of the individual atomistic energy terms is desirable
and will be given alongside. Continuum theory allows for micromagnetic simulations
on system sizes that greatly exceed the computational capabilities of atomistic
simulations.

Exchange interaction

The most famous spin interaction when considering ferromagnets is probably the
Heisenberg exchange energy [55]

H = −1
2
∑
i,j
i 6=j

JijŜi · Ŝj . (2.1)

As already mentioned Ŝi is the atomic spin operator associated to lattice site i and
Jij is the exchange integral that defines the type of exchange coupling between lattice
sites i and j. That leads to a parallel spin alignment (ferromagnetic, see Fig. 2.1A) for
positive and antiparallel alignment (antiferromagnetic) for negative Jij . This energy
is the outcome of an interplay between Coulomb interaction and the Pauli exclusion
principle. The latter dictates that the total wave function consisting of orbital and
spin wave functions for two electrons must be antisymmetric under exchange of
electrons (fermions) [56, 57]. For an antisymmetric orbital wave function, the
average distance of two electrons is larger compared to the symmetric case because
the antisymmetric wave function becomes zero for identical electron positions.
Because of this, the Coulomb energy is reduced and a symmetric spin-wave function
with parallel spins is preferred. This effect is countered by an increased kinetic
energy of the antisymmetric orbital wave function which is spatially more confined
due to the electron’s mutual avoidance. Therefore only systems where the gain in
Coulomb energy wins over the loss in kinetic energy will become ferromagnetic.
Above the critical Curie temperature Tc, the ferromagnetic order is destroyed by
thermal fluctuations and a paramagnet is obtained [5, 56–59].

The Heisenberg exchange interaction is insufficient for the description of a chiral
magnet and the general expression for a two-site exchange energy

Hex = −1
2
∑
i,j
i 6=j

Ŝ
†
iJijŜj , (2.2)

needs to be used [60]. Here Jij is the general exchange tensor which can be
decomposed into

Jij = JijI + J as
ij + J s

ij . (2.3)
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The first part is the isotropic exchange from Eq. (2.1) with the identity tensor I.
The discrete isotropic exchange constant Jij = 1

3 Tr(Jij) is the dominant term and
is usually in the order of 10 to 100 meV [60]. The second part is the anisotropic
antisymmetric exchange tensor that is given by

J as
ij = 1

2
(
Jij − J †ij

)
. (2.4)

Finally, the traceless anisotropic symmetric exchange tensor is defined by

J s
ij = 1

2
(
Jij + J †ij

)
. (2.5)

In the following, only isotropic and antisymmetric exchange will be considered,
as they sufficiently describe the investigated systems [60]. In fact, Eq. (2.3) can be
obtained from a tight binding model with spin-orbit coupling as small perturbation
with the three terms given in Eq. (2.3) being the zeroth to second order terms of
perturbation [5, 61].

Isotropic symmetric exchange interaction

As already mentioned, the first part of the expansion (2.3) resembles isotropic
exchange interaction given in Eq. (2.1). Assuming ferromagnetic ordering and a
smooth variation of the spins, a continuum version of (2.1) can be formulated. For
this, only nearest neighbor interaction is considered and homogeneous exchange,
i.e. Jij = J , is assumed. The resulting continuum exchange energy is then [56, 57]

Eex = Aex

∫
V

[
(∇mx)2 + (∇my)2 + (∇mz)2

]
dV . (2.6)

Here, the spins were replaced by the unit magnetization vector m = M/Ms

with saturation magnetization Ms. The isotropic exchange constant is given by
Aex = JS2Znn/2ann with nearest neighbor count Znn and distance ann which is
valid for simple cubic (sc), body centered cubic (bcc) and face centered cubic
(fcc) lattices [56]. Naturally, this energy is minimized by a uniform magnetization
configuration.

Dzyaloshinskii-Moriya interaction

In Eq. (2.3), the anisotropic antisymmetric exchange interaction appears as a first
order perturbation term which was shown by Moriya in 1960 but was already em-
pirically found by Dzyaloshinskii in 1957 [5, 61, 62]. This is why the antisymmetric
exchange interaction is also called Dzyaloshinskii-Moriya interaction (DMI). Mag-

2.1 Magnetism of magnetic skyrmions 5
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Fig. 2.1.: Preferred spin orientation for (A) isotropic direct exchange interaction with
Jij > 0 (ferromagnetic) and (B) DMI for orientations of Dij along the connection
vector of the lattice sites (bulk DMI) and perpendicular to it (interface-DMI).

netic systems with DMI therefore must show spin-orbit coupling. The affiliated
tensor introduced in Eq. (2.4) can be rewritten as

J as
ij =


0 −Dz

ij Dy
ij

Dz
ij 0 −Dx

ij

−Dy
ij Dx

ij 0

 , (2.7)

with the definition of the DMI-vector Dij =
(
Dx
ij , D

y
ij , D

z
ij

)T
. The corresponding

DMI-energy EDMI can then be expressed as a scalar product of Dij with the cross
product of interacting spin pairs i and j which gives the commonly known term that
was also found by Dzyaloshinskii

EDMI = −1
2
∑
i,j
i 6=j

Dij

(
Ŝi × Ŝj

)
. (2.8)

In general, this interaction favors perpendicular alignment of Ŝi and Ŝj and
changes sign upon spin exchange. The latter is a very important feature as it leads
to a preferred spin winding direction or preferred chirality, which is eponymous for
the chiral magnets investigated in this thesis.

The key ingredient that defines the resulting spin texture is the magnitude and
orientation of the DMI-Vector Dij . In order to obtain Dij 6= 0, the central point of
the lattice sites i and j cannot be a center of inversion. Such magnetic systems are
said to have a broken inversion symmetry. The orientation of Dij can essentially be
derived from symmetry arguments. Precise rules for this can be found in the work of
Moriya [61] or more detailed work [5]. Note that unlike the usually homogeneous
exchange interaction with the scalar J , Dij strongly depends on the lattice sites i
and j. There is not just a single DMI vector for a whole sample. Fortunately, the
complex rules can be condensed into two major classes of DMI that already cover
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the description of an essential part of known skyrmion hosting materials and the
materials investigated in this thesis.

The first type of DMI can be found in materials that belong to the non-cen-
trosymmetric space group P213 of the B20-compounds. Here, the inversion symme-
try is broken by the crystal lattice geometry itself. The most prominent examples
for materials in this class are the metal MnSi [1], the semiconductor FexCo1−xSi
[48, 63], the metal FeGe [64] or the multiferroic insulator Cu2OSeO3

1 [52, 54,
66]. For these systems, Dij is parallel to the connection vector of interacting lattice
sites, which is usually referred to as bulk DMI. The preferred orientations for two
spins that only interact via bulk DMI is shown on the left side of Fig. 2.1B. As can
be seen, the sign of Dij determines the rotational sense (chirality) of the system.
As before, a continuum approximation of the bulk DMI can be obtained by only
considering nearest neighbor interaction and a uniform DMI vector length Dij = D.
The resulting energy reads

Ebulk
DMI = Dbulk

∫
V

[m · (∇×m)] dV . (2.9)

The bulk DMI constant is given byDbulk = −DS2/a2
nn for a continuum formulation

on a simple cubic lattice.
The second type of DMI is found in thin multi-layers of magnetic materials. Here,

the inversion symmetry of the lattice is broken at the interface of the magnetic
material, due to the change in type or structure of neighboring atoms. Therefore, it
is called interface-DMI. Examples that show interface-DMI are polycrystalline thin-
film stacks of Pt/Co/(Ir,Tb,W,Ta) [25, 38, 67–69] or ultrathin films of Ni/Fe/Cu(001)
[5]. From these examples, an important requirement is seen which is that the top
and bottom adjacent materials of the magnetic layer must differ, as otherwise the
mirrored geometry creates the exact same DMI with opposite sign as the other
surface. This leads then to a DMI compensation. The DMI vectors of a system
with interface-DMI is perpendicular to the connecting vectors of the lattice sites of
two interacting spins. Furthermore, they lie inside the surface plane [5, 60]. The
preferred spin alignment for the two possible directions of Dij is shown on the right
side of Fig. 2.1B. The continuum approximation for the interface-DMI energy of a
cubic lattice interface is given by

Eint
DMI = Dint

∫
A

[mz · ∇m− (m · ∇)mz] dA . (2.10)

1Cu2OSeO3 does not belong to the P 213 space group, however the arrangement of the effective
magnetic moments is the same as in the other B20 materials which allows an identical description
[65].

2.1 Magnetism of magnetic skyrmions 7



Here, Dint = −DS2/ann is the interface-DMI constant and ẑ is parallel to the
interface normal. Note that in this case, the integration is over the interface A, i.e.
the integrand is a 2D energy density.

Zeeman energy

The Zeeman energy describes the fundamental interaction of a magnetic moment
with an externally-applied magnetic field Hext that has its minimum for parallel
alignment. The Zeeman energy in continuum approximation reads

EZee = −µ0Ms

∫
V

Hext ·m dV . (2.11)

Magnetic anisotropy

The energy of a uniformly magnetized system typically depends on its orientation
with respect to the crystal structure. This phenomenon is called crystalline anisotropy
and is the result of spin-orbit coupling, i.e. the coupling of the spin moment with
the orbital moment. The latter has fixed directions relative to the crystal structure
which may be caused by the crystal structure (magnetocrystalline anisotropy), inter-
faces/surfaces (interface/surface anisotropy) or crystalline strain (magnetoelastic
anisotropy) [57].

The essential results from these different types of anisotropy are uniaxial and
cubic anisotropy. Uniaxial anisotropy energy in continuum approximation is given
by

Ea,u = Ku

∫
V

[
1− (m · û)2

]
dV , (2.12)

and describes the preferred orientation of m along the unit vector û with uniaxial
anisotropy constant Ku [57].

The cubic anisotropy energy reads

Ea,c = Kc

∫
V

(
1−m4

x −m4
y −m4

z

)
dV , (2.13)

which expresses favored orientation of m along one of the cubic lattice vectors
parallel to mx, my or mz. Note that these expressions need to be adjusted depending
on the system’s easy axes. An axis where Ea,u or Ea,c is minimal, is also referred to
as an easy axis and the axis along maximal energy is referred to as a hard axis.

8 Chapter 2 Theoretical concepts



0

A

Hd

B C

Hd (arb. u.)

m

Magnetized particle Néel skyrmionBloch skyrmion
0 m 1

+
+

+
+
+
+

+

-
-
-
-
-

-
-

+ + + + + + + + + +- - - - -

+ + + + +- - - - - - - - - - + + + + +- - - - - - - - - -

+ + + + + + + + + +- - - - -

+
+

+

-
-

-

+
+

+

-
-

-

∇m

Fig. 2.2.: Three examples for spin magnetization structures producing magnetostatic fields.
The top row is the spin structure for (A) a uniformly magnetized circular particle
and the cross sections of (B) a Bloch and (C) a Néel Skyrmion. The red signs
indicate the magnetic charges resulting of a local divergence of m. The bottom
row features the respective demagnetizing/stray fields.

Magnetostatic energy and fields

The magnetic moments inside a medium have associated dipolar fields which interact
with each other via Zeeman energy. Compared to nearest neighbor interactions, this
interaction is a long range effect. The treatment of these fields is done by considering
Maxwell’s equation ∇ ·B = 0 including B = µ0(H + M), which gives

∇H = −∇M . (2.14)

Without external magnetic fields, H is called the magnetostatic field Hd of a
given M . From Eq. (2.14), it becomes apparent that the divergence of M acts as
magnetic charges or the sinks and sources of Hd. In analogy to the Gaussian law
of electrostatics and the associated electric potential, a magnetic scalar potential
ϕm with Hd = −∇ϕm is defined. This potential can be computed from Poisson’s
equation

∆ϕm = −∇M , (2.15)

2.1 Magnetism of magnetic skyrmions 9



using the Laplace operator ∆. As an example, Eq. (2.15) is numerically solved for a
2D circular particle with uniform magnetization which is shown in Fig. 2.2A. The top
part shows the magnetization structure. The color coding corresponds to the length
of the magnetization inside the visible plane. The magnetization has a non-vanishing
divergence at the particle’s edges whose normal have a component along m. These
magnetic surface charges ∇m are indicated with the red ± signs. The bottom part
of the figure shows Hd for the particle. Color represents the component of Hd in
the displayed plane. Inside the sample, Hd is uniform and aligned anti-parallel
to m, which is why it is called demagnetizing field. Outside of the sample, Hd is
called magnetic stray field. It can be shown that the demagnetization field inside
a uniformly magnetized ellipsoid is always anti-parallel to m and its magnitude
can be analytically computed [56, 57]. Note that the plotted field lines do not
necessarily reflect increased magnitude of Hd with the density of field lines and are
sometimes not continuously drawn throughout the sample edges, which might be
slightly confusing in particular in Figs. 2.2B,C.

The energy Ed related to the magnetostatic field is [56, 57]

Ed = −1
2µ0Ms

∫
V

(m ·Hd) dV . (2.16)

It can be interpreted as the Zeeman energy of the magnetization with its de-
magnetizing field, as m will be zero outside of the sample. However, it should be
emphasized that this energy already includes the energy contribution of the stray
field [5, 56, 57].

Two more examples of magnetostatic fields shall be given here as they will be
helpful for arguments in the experimental part of this work. The first, shown in
Fig. 2.2B, is a cross-section of the spin configuration of a magnetic Bloch skyrmion in
a thin sample, which will be further discussed in section 2.1.2. It basically consists of
three areas with uniform magnetization that will produce magnetic surface charges
at the sample surface. The domain or skyrmion wall is of Bloch type, i.e. m rotates
perpendicular to the image plane, in which direction the sample is assumed to
be infinite for the calculation2. As can be seen, the stray field that emerges from
the surface charges connect above the domain walls. The demagnetizing field
is essentially vertical inside the sample and vanishes at the skyrmion wall. For
transmission electron microscopy (TEM) investigations, an important feature is that
Hd above and below the horizontal line in the center of the sample is antisymmetric,
which leads to the fact that the integrated magnetostatic field along the vertical axis
is zero. Note that the magnetostatic energy (2.16) is generally decreased by avoiding

2Clearly, this does not represent a skyrmion anymore but will qualitatively produce equivalent stray
fields.
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the creation of magnetic charges. This is also called pole-avoidance principle. In
the thin film, Ed is minimized when M is uniform and lies within the sample plane.
The dependence of Ed with the direction of M with respect to the sample geometry
is called shape-anisotropy.

The last example, displayed in Fig. 2.2C, shows the cross-section of a magnetic
Néel Skyrmion which is equivalent to the Bloch skyrmion with the difference that
the spins in the skyrmion wall rotate inside the image plane which is called a Néel
wall. Due to this, magnetic volume charges are created within the sample, which
will lead to a horizontal demagnetizing field antiparallel to m inside the wall. As
can be seen, the stray fields above and below the sample are not symmetric as in
Fig. 2.2B. Due to this, the integrated magnetic induction along the vertical direction
in Fig. 2.2C is reduced by Hd at the wall positions, which is again important for
TEM investigations.

2.1.2 Magnetic textures in chiral magnets
Chiral magnets possess a rich variety of modulated magnetic textures that are the
result of the energetic interplay between the five interactions that were introduced in
the last chapter. In this section, the most important spin textures that can be found in
chiral magnetic systems are introduced. The presence of a particular phase depends
on the individual strengths of the magnetic parameters (like Aex, Dbulk/Dint, Ms or
Ku/Kc), externally-applied magnetic fields Hext and sample geometry.

Helical and Cycloidal phase

At first, a chiral magnetic material without anisotropies, magnetostatic interactions
and external magnetic fields is considered. In this situation, the relevant energies are
direct exchange and DMI E = Eex +EDMI. As direct exchange favors parallel and
DMI perpendicular alignment of adjacent spins, the combination of both interactions
results in a slight spin canting at an angle γ as displayed on the left side of Fig. 2.3A
for bulk, and Fig. 2.3B for interface-DMI. A simple energy minimization gives

γij = Dij

Jij
. (2.17)

Extending this argumentation to a line of spins, a spin helix with a pitch or
propagation vector qh is obtained for bulk DMI as shown on the right side of Fig. 2.3A.
For interface-DMI a spin cycloid, shown in Fig. 2.3B, is obtained. Respectively, the
cases for both signs of DMI are presented. The chirality or handedness describes
the winding direction of the spins when following qh. It can directly be seen how
the sign of the DMI-vector changes chirality of the spin helix/cycloid. In a 3D

2.1 Magnetism of magnetic skyrmions 11
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material, the sample planes normal to qh show a uniform magnetization, which is
also indicated on the left side of the helices/cycloids in Fig. 2.3. This spin structure
is referred to as helical/cycloidal phase. From continuum theory, it is possible to
derive the energetically optimal qh and the helix length λh using the ansatz

m(r) = cos(qh z) x̂ + sin(qh z) ŷ , (2.18)

for a spin helix propagating along the z-axis (qh ‖ ẑ). Minimizing exchange
energy (2.6) plus DMI energy (2.9) for the spin helix (2.18) gives the magnitude of
qh

qh = 2π
λh

= D

2A . (2.19)

This holds for spin helices and D = Dbulk as well as cycloids and D = Dint.
Therefore, measuring the helix length e.g. by LTEM or scattering experiments, the
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Compound λh (nm) Tc (K) Ref.

Fe0.5Co0.5Si 90 (bulk, ≈50 nm) 43.5 [48, 70–72]
MnSi 19 (bulk) 29.5 [1]
Cu2OSeO3 62 (bulk), 70 (150 nm), 50 (≈100 nm) 58.8 [52, 54, 73]
FeGe 70 (<50 nm) ≈280 [64]
GaV4S8 18 (bulk, 200 to 700 nm) 13 [74]
Co10Zn10 185 (bulk) 462 [24]
Mn1.4Pt0.9Pd0.1 135 (50 to 100 nm) ≈400 [22]

Tab. 2.1.: Magnetic modulation lengths and critical temperatures for prominent chiral
magnetic materials. The number in brackets after the helix length indicates
sample thickness.

ratio of DMI to direct exchange interaction strength is directly given. Values for λh

are typically in the range of 10 to 100 nm. A selection of prominent chiral magnetic
materials and their modulation length as well as Tc is given in Tab. 2.1.

In materials with cubic magnetic anisotropy, the propagation vector qh tends to
align such that qh is along an easy axis. This is not completely obvious, but can
easily be understood, e.g. by looking at a cubic anisotropy energy Ea,c given in
Eq. (2.13). Fig. 2.3C shows Ea,c(m) plotted radially, with respect to the direction of
the unit magnetization m. Here, the easy axes go through the valleys in the side
of the cube-like structure, as indicated by the dashed lines. Now a spin helix with
bulk DMI is considered. As an example, two qh-vectors q1 and q2 are drawn in the
schematic. As m ⊥ qh in the case of a spin helix, the magnetization winds around
the energy surface as indicated by the blue and orange path. The enclosed area
of this path is then proportional to the cubic anisotropy energy of the spin helix.
Comparing the two examples given, it becomes clear that the blue area associated
with q1 is smaller and is indeed one of the six ground states for the shown cubic
anisotropy. Further, λh is independent from the anisotropy as it will only affect the
frequency of the trajectory around the energy landscape.

Conical and Field Polarized Phase

In the last section, direct exchange, DMI and anisotropy energies are considered
and a helical phase is obtained. Now, an externally-applied magnetic field Hext is
included in terms of Zeeman energy. First, the spin helix from before that is created
by bulk DMI and isotropic exchange is considered. Under Hext > 0, qh aligns parallel
to Hext while maintaining its magnitude. This configuration would increase the
Zeeman energy which, however, is compensated by a slight spin tilt towards Hext.
Then, the winding of m is not on a circle, but on a cone, as it is shown in Fig. 2.4A.
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This phase is therefore called conical phase. Note that the description of the conical
phase here is limited to bulk DMI, as present scientific work essentially only covers
this case. Interface DMI is a 2D effect limited to thin film materials, where such a
conical phase is hardly observable.

The conical tilt angle ξ can be determined by minimizing E(mcone) = EZee +
EDMI + Eex using an ansatz for a tilted spin helix

m(r) =
√

1−m2
cone cos (qhz) · x̂ +

√
1−m2

cone sin (qhz) · ŷ +mcone · ẑ (2.20)

with mcone = qh ·m = cos(ξ) and qh ‖ ẑ. The equilibrium value for mcone is then
given by [60, 75]

mcone =

cos(ξ) = Hext
Hc2

for Hext < Hc2

1 for Hext ≥ Hc2
, (2.21)

with the second critical field

µ0Hc2 = Dbulk
2AexMs

. (2.22)

The component of m along Hext increases linearly up to Hc2 above which the
magnetization is saturated and all spins are parallel to the applied magnetic field.
This state is called uniform, saturated or field-polarized phase. Eq. (2.21) is plotted
in Fig. 2.4B.

Naturally, there must be also a first critical field Hc1 which appears when con-
sidering anisotropies at weak external fields. Upon application of weak magnetic
fields along an arbitrary direction, the spin helices that may originally appear in
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domains of different qh-orientation for a 3D material at Hext = 0, must reorient
and travel along the anisotropic energy landscape (e.g. shown in Fig. 2.3C) that is
further deformed by the upcoming Zeeman energy [1, 76, 77]. The trajectory of
qh(Hext) can be rather complex, depending on the applied field direction [76]. The
conical phase with qh ‖Hext, upon which the above mathematical description and
(2.21) is applicable, is reached at the first critical field Hc1.

Magnetic skyrmions

The most prominent spin texture and major topic of this work is the magnetic
skyrmion. Before discussing the energetic requirements, the skyrmion structure
is introduced. Analogous to helices and cycloids that arise for different DMIs and
chiralities, there are also different spin arrangements for skyrmions. The ones for
the most common skyrmion types are displayed in Fig. 2.5. The shown isolated
skyrmions have a cylindrical symmetry with mz(r) = mz(r). At r → ∞, the
magnetization points along the external magnetic field3 assumed to be parallel to
ẑ. Approaching r → 0, the spins start to rotate in a circular domain wall until
the magnetization is anti-parallel to m(r → ∞) at the skyrmion core at r = 0. A
skyrmion radius R, at which m(R) · ẑ = 0, can be defined. The skyrmion wall
is the area that connects the uniform magnetization parallel to m(r → ∞) and
the skyrmion core. The different types of skyrmion walls are the result of the
different types and signs of DMI. The interface-DMI leads to a skyrmion wall that is
comparable to a Néel wall of common magnetic domains. For this reason, these types
of skyrmions (Fig. 2.5A) are called Néel skyrmions. Bulk DMI results in Bloch-like
skyrmion walls and the name Bloch skyrmions (Fig. 2.5B). The skyrmion polarity is
defined by the sign of m(0) · ẑ. Mathematically, the skyrmion can be described using
a vorticity, which is 1 for the shown skyrmion types, and a helicity ψ which is 0 or π
for Néel and π/2 or 3π/2 for Bloch skyrmions [78]. The helicity is the angle of the
skyrmion wall magnetization with respect to the radial direction, which can also be
seen in Fig. 2.5. The two possible values of ψ for Bloch or Néel skyrmions are often
called the two skyrmion chiralities. This mathematical description is introduced in
more detail in section 4.2.2. For different values of the vorticity, additional new
classes of skyrmions can be introduced, e.g. with a vorticity of −1, anti-skyrmions
can be described that were also discovered experimentally [22]. However, this is
not further discussed in this thesis. Also note that the spin structure of the Bloch
skyrmions for r < R is equivalent to a magnetic vortex [79, 80], which is why the
name vortex often appears in the skyrmion context.

3Magnetic anisotropies are ignored here.
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Fig. 2.5.: Spin structures of isolated magnetic (A) Néel skyrmions with interface-DMI and
(B) Bloch skyrmions with bulk DMI. Each type corresponds to a different skyrmion
helicity ψ. The inset shows the spins mapped to a unit sphere.

An important feature of the skyrmion spin structure is the so-called topological
protection. In an infinite system, this means the absence of a continuous transforma-
tion on m from the skyrmion spin structure to the uniform state. Any continuous
transition eventually results in a discontinuity of m(r) which due to the exchange
interaction represents an energy barrier that is infinite in continuum theory but of
course finite for a real system as the lattice constant of the real spin lattice does not
approach zero [30, 32, 81]. The topological protection is often used as a selling point
for skyrmion research, as it renders the picture of a stable magnetic quasi-particle
that is protected against external influences which makes it a viable candidate for
future data storage applications [11, 12, 14, 16, 20].

In the same context, the topological winding number or topological charge Nsk

is often introduced. For any given direction v̂, a location r⊥ = (x, y)T within the
skyrmion structure can be found where m(r⊥) is parallel to v̂. Therefore, m can be
mapped to the unit sphere S2. These mappings are shown in the insets of Fig. 2.5.
They can be obtained by virtually grabbing the skyrmion at its edges with both hands
and wrapping it around a sphere. The grabbed edges are combined at the bottom
of the sphere. The topological winding number Nsk counts how many times a spin
structure can be wrapped around the sphere. In the given examples, each skyrmion
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has an absolute winding number of one, as seen from the insets in Fig. 2.5. The
winding number Nsk can be calculated by the following integration [78, 82, 83]

Nsk = 1
4π

∫
A

m ·
(
∂m

∂x
× ∂m

∂y

)
dx dy . (2.23)

In systems that contain many skyrmions which are neither created nor annihilated,
Nsk is a conserved quantity. Note that the mapping shown in the inset of Fig. 2.5A
for ψ = 0 is sometimes referred to as “hedgehog” or “hairy sphere”. Further note
that as the presented skyrmion structures in Fig. 2.5 all have an absolute topological
winding number of one, they are topologically equivalent, and can be continuously
transformed into each other [78, 83].

Another interesting property of the skyrmion can be found when studying the
skyrmion-electron interaction. When an electron traverses laterally through the
skyrmion structure, its spin direction adapts to the magnetization profile. This
continuous tilting of an angular momentum leads to a counteracting force that
acts on the skyrmion and the electron itself. In the theoretical description, the
skyrmion is associated with a quantized magnetic flux. When the skyrmion moves
due to the current, it therefore creates an emergent electric field, in analogy to
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Faraday’s law of induction. This field is transverse to the electron direction. The
electron or skyrmion deflection can be detected in tailored topological or skyrmion
Hall-effect measurements [6, 84–86] or from the skyrmion motion in real space [87,
88]. This is also called the emergent electrodynamics of the skyrmion spin structure
[6]. The manipulation of skyrmions with electric currents at low current densities
(1× 106 A m−1) is an incentive to use skyrmions in spintronics applications for data
storage, like the frequently proposed skyrmion racetrack devices [9, 11–13]. Such
a racetrack can not only be operated at current densities that are two orders of
magnitude lower than previously proposed domain wall racetracks, but are also not
known to suffer from domain wall deformation and slowdown for large currents
[42, 89, 90].

In a real system with bulk DMI, the skyrmions do not appear isolated but in a
hexagonal lattice state. A sketch of this is shown in Fig. 2.6A. As can be seen, the 3D
skyrmion spin structure is independent of the z-component, resulting in skyrmion
tubes inside the bulk, which is comparable to the flux tubes inside a superconductor.
The lattice can be imaged in real space using e.g. Fresnel LTEM, which is discussed
later in chapter 4. A micrograph of the skyrmion lattice of Fe0.5Co0.5Si is shown
in Fig. 2.6B. The energetic interplay of DMI and Exchange that is seen so directly
for the case of the spin helix seems to be a bit concealed for the skyrmion lattice
at first glance. However, the energetic signature of the spin helix is still present in
the skyrmion lattice. To see this, three spin helices can be assumed, with their qh in
the same plane and at an angle of 60° with respect to each other. The superposition
of these three helices essentially describes the skyrmion lattice, which is indicated
for mz at the bottom of Fig. 2.6C. This is also the reason why magnetic scattering
experiments conducted on a skyrmion lattice show the famous six-fold pattern,
which is displayed in the top part of Fig. 2.6C. The image is taken from the initial
small angle neutron scattering (SANS) experiment that led to the discovery of
magnetic skyrmions in MnSi [1]. The helix length of the three helices is identical to
the previously calculated λh. Therefore, the skyrmion lattice constant ask is given by

ask = 2√
3
· λh ≈ 1.15 · λh . (2.24)

2.1.3 Magnetic phase diagrams of chiral magnets
In this section, the magnetic phase diagrams of chiral magnets are introduced by
putting the spin structures from the last section in a thermodynamic context. The
description begins with the most prominent phase diagram for bulk chiral magnets
of the space-group P213 of the B20-compounds and discusses their modifications for
thin films. Subsequently, another family of chiral magnetic textures is introduced.
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state extends and the conical state vanishes. (C) In a 2D film, the conical is not
present and mixed phases are found.

These are, besides direct exchange and DMI, also stabilized by magnetic anisotropy
and magnetostatic energy.

Phase diagram of the B20 compounds with the P213 space-group

A magnetic phase diagram shows the presence of a magnetic phase with respect
to temperature T and externally-applied magnetic field Hext. The general phase
diagram for B20 materials with the P213 space-group is qualitatively shown in
Fig. 2.7A. These materials are referred to as B20 chiral magnets. The shown phase
diagram is obtained when cooling the sample below the Curie temperature Tc at zero
externally-applied magnetic field and a subsequent adiabatic increase to different
fields. Afterwards, the sample is heated. During this, the present phases or phase
boundaries are recorded. This phase diagram is labeled zero-field-cooled (ZFC). In
general, the phase diagram shows a strong hysteresis which means that the locations
where the phases are observed will change in dependence on the magnetic history
or the trajectory through phase space [31, 71, 81, 91].

Below Tc, the system becomes ferromagnetic and at zero magnetic field, the
helical phase is present, which is expected from the energetic discussion of the last
section. The formation of helical domains with differently oriented qh is possible.
For example in Cu2OSeO3, differently aligned helical domains are observed with
qh ‖ 〈001〉. These directions are the easy axes of the cubic anisotropy which explains
the alignment from the discussion in 2.1.2 [51, 54, 76].

When an external magnetic field is applied, the qh-vectors of the helical domains
travel according to the energy landscape until qh ‖Hext [76]. This is completed for
Hext = Hc1 and the magnetic system transforms to the conical phase. This can only
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be a second order phase transition if Hext is applied in one of the high symmetry
directions [77]. Upon further increase of the magnetic field, the net moment of the
conical phase increases until the saturated or field-polarized state is reached at Hc2.

A last small phase space pocket is found at intermediate magnetic fields and
temperatures just below Tc. It hosts the hexagonal Bloch skyrmion lattice state. In
fact, this phase was already known prior to its identification as the skyrmion spin
state and was labeled A-phase, which is also a common name [92]. The phase
transition from the skyrmion to the conical phase is of second order [1, 84]. Helical,
conical and skyrmion phase are also called the magnetically modulated phases.

The magnetic phase diagram can be reconstructed from a classical 3D Monte Carlo
simulation. Surprisingly, it is sufficient to include only three energy contributions,
namely direct exchange, DM and Zeeman interaction [93]. Nevertheless, the simu-
lated phase diagram, based on such a modest energy functional, already shows quite
a large universality within the bulk chiral magnets [1, 54, 63, 91, 94]. As this is a
Monte Carlo simulation, it is also possible to conclude that the skyrmion lattice state
is actually not a thermodynamic ground state of the system at zero temperature, but
is only a thermally activated state.

For real-space observation of skyrmions in TEM, the B20 samples must be mechan-
ically thinned down to around 100 nm. It turns out that this procedure significantly
alters the phase diagram. The discussion here is limited to magnetic fields applied
along the sample normal, which is the common measurement condition for skyrmion
imaging in TEM. The first difference is that with decreasing thickness, the skyrmion
pocket extends to lower temperatures, while the conical phase is suppressed, which
is indicated by the dashed lines in Fig. 2.7B [64]. Approaching a 2D system, the
conical phase completely vanishes and the skyrmion lattice phase becomes the
ground state of the system. This is easily understood, as a 2D system cannot show
a spin rotation along ẑ as the conical qh-vector would be parallel to the external
field and therefore normal to the sample plane. Approximately, the conical phase
vanishes once the film thickness is smaller than the helix length for T = 0 K [70, 95,
96]. A second difference is related to this issue and concerns the orientation of the
helical domains. In 2D, the helical qh-vectors are constrained to the sample plane.
Classical Monte-Carlo simulations for an actual 2D system give a phase diagram
which is qualitatively shown in Fig. 2.7C. The conical phase is absent and it shows a
mixed skyrmion/helical and skyrmion/field-polarized phase [48, 97, 98].

Phase diagram for perpendicularly magnetized thin layers

In the bulk B20 chiral magnets, the stability of the magnetically modulated phases is
essentially explained by three energy contributions, namely isotropic exchange, DMI
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and Zeeman energy. Another class of materials that is investigated in this thesis are
thin (≈ 1 nm) films of ferromagnets (like Co or CoFeB) sandwiched between two
different heavy metal layers (like Pt and Ir, Ta, W, MgO or Tb) with strong spin-orbit
coupling [21, 25, 67, 99, 100].

At the interface, spin-orbit coupling leads to a strong magnetic uniaxial anisotropy
perpendicular to the film which favors a uniform spin state parallel or antiparallel to
the sample normal. While such a state satisfies anisotropy and isotropic exchange
energy, it leads to the generation of magnetic surface charges and associated mag-
netostatic fields and energy as discussed in section 2.1.1. To compensate this, the
system introduces magnetic stripe domains which will lead to flux closure that will
decrease the magnetostatic energy as shown in Fig. 2.2B, C. On the other hand
this competes with a positive exchange energy within the domain wall [5, 101]. In
reality, the stripe domains are usually disordered and show a labyrinthine pattern,
an example is shown in Fig. 2.8A.

Once an external magnetic field is applied parallel to the sample normal, domains
with magnetization parallel to the field will extend, and antiparallel ones will
shrink. At some field, the stripe domains fragment and further shrink towards
circular objects. These circular domains are called bubble domains. From energy
minimization, it is expected that a hexagonal lattice of bubbles has a lower energy
than the stripe phase above a critical field [102, 103]. In reality, the bubble phase
rarely shows a perfect hexagonal lattice and the arrangement is rather amorphous
[5, 102]. Without DMI, the bubbles have Bloch walls of arbitrary chirality, like
shown in Fig. 2.8B. Such systems were extensively studied in the 1970s, where the
magnetic bubble memory was a promising successor of magnetic core memory. The
technique ultimately vanished with the introduction of the Flash Random Access
Memory (RAM) at the end of the 1980s [104]. The phase diagram of a bubble
system is qualitatively shown in Fig. 2.8C. This matches theoretical expectations and
is also confirmed experimentally e.g. in ultrathin Fe or Ni on Cu(001) [5, 102, 103,
105].

The difference of such bubble hosting materials to the ones investigated in this
thesis is the presence of a large interface-DMI at the ferromagnet - heavy metal
layer interface. It can be nearly as strong as the direct Heisenberg exchange [36].
As already mentioned, it is important that the top- and bottom layer are different
materials, as otherwise this would create an opposite sign of Dint from the mirrored
geometry and lead to DMI compensation. To obtain a net DMI, the heavy metals are
chosen such that the respective spin-orbit couplings lead to different DMI magnitudes.
They even can be additive, as shown by Moreau-Luchaire et al. for Pt/Co/Ir trilayers
and sketched in Fig. 2.8D [25]. The DMI can strongly alter the observed magnetic
structures. Dependent on its magnitude, the stripe domains become more narrow
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Fig. 2.8.: (A) Stripe domains in a perpendicularly magnetized thin film. Color represents
in-plane magnetization (see color-wheel) and black/white areas mark magneti-
zation pointing uniformly along the sample normal. The stripe to domain wall
width is chosen arbitrarily for better visualization. (B) Bubble domains in a finite
externally-applied magnetic field. The bubbles have Bloch walls and their chirali-
ties are arbitrary. (C) Magnetic phase diagram of a perpendicularly magnetized
ultrathin film obtained from a theoretical model [102]. The externally-applied
magnetic field is parallel to the sample normal. (D) The shown interface-DMI at
the bottom and top interface of a ferromagnetic layer (FM) between two different
heavy metals (HM A, HM B) is additive. (E) In a multilayer stack of trilayers
shown in D, the magnetization pattern is repeated in stacking direction [106].
Panel (A) is based on data in [107]. Panel (B) is based on data in [5]. Panels (D)
and (E) are slightly modified versions of image in [25].

and approach a cycloidal structure as it was shown in Fig. 2.3B. In contrast to the
bubble materials, the interface-DMI favors domain walls of the Néel type instead
of the Bloch type. This also applies to the bubbles that now show circular Néel
walls and can shrink to sizes below 100 nm, while equivalent systems without DMI
would not show magnetic bubbles smaller than 1µm [25]. Furthermore, all bubbles
have the same chirality - they become monochiral - due to the DMI. Topologically,
the bubbles in these systems are equivalent to the one of a Néel skyrmion and also
the structure is essentially the same as the one of Néel skyrmions found in other
skyrmion-hosting materials, mainly due to the reduced size of the skyrmion core.
This is why these objects are mostly referred to as skyrmions [21, 25, 67, 99, 100],
although this is an ongoing debate [108–110]. In this thesis, they will be referred to
as Néel skyrmions and the stripe phase will be referred to as cycloidal phase.

The trilayer systems can also be stacked in multilayers as shown in the sketch
in Fig. 2.8E. Due to magnetostatic coupling and Ruderman-Kittel-Kasuya-Yosida
(RKKY)-interaction, the magnetic layers may show the same magnetization in the
ẑ-direction along the stack [25, 106]. Due to this, the effective magnetic volume is
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increased which potentially leads to en enhanced skyrmion stability and in addition
to an increased TEM image contrast as discussed in section 4.2. A more detailed
description on RKKY interaction can be found e.g. in [56, 57].

2.2 Magnetization dynamics
In section 2.1, the static spin structures of chiral magnets in equilibrium are shown.
Now, the theoretical formalism for the dynamics of a magnetization structure that is
subject to a changing energy landscape is introduced. The total energy density of a
chiral magnet can be written as

εtotal(M) = 1
V
Etotal = 1

V

(
Eex + E

bulk/int
DMI + EZee + Ea,u/c + Ed

)
, (2.25)

using Eqs. (2.6), (2.9), (2.10), (2.11), (2.12), (2.13) and (2.16). In the equilib-
rium case or a local energy minimum, changing M will increase εtotal, leading to

∇M εtotal 6= 0 with ∇M =
(

∂
∂Mx

, ∂
∂My

, ∂
∂Mz

)T
. An effective field

Heff = −∇M εtotal , (2.26)

is defined, which is parallel to M in the magnetic ground state [111]. The
temporal evolution of M(t) in a non-equilibrium situation is given by the Landau-
Lifshitz-Gilbert (LLG) equation [112–114]

∂M

∂t
= −γµ0 (M ×Heff) + α

Ms

(
M × ∂M

∂t

)
. (2.27)

Here, γ =
∣∣∣ ge2me

∣∣∣ is the gyromagnetic ratio, e the electron charge, me electron
mass and g the Landé factor. The first term leads to a precession of M around
Heff , as shown in Fig. 2.9A. The second term is a phenomenological damping term
that allows for energy dissipation via a positive magnetic damping parameter α.
Combined with the precession term, a spiraling trajectory towards Heff is obtained,
as displayed in Fig. 2.9B. Further terms can be added to the LLG to account for
instance the interaction of M with spin-polarized currents via spin-transfer torques.

As a further example, the trajectory of M(t) in the cubic anisotropic potential
given in Eq. (2.13) is shown in Fig. 2.9C. For this, Eq. (2.27) is iteratively solved
using the classic Runge-Kutta method (RK4) with µ0 = γ = Ms = 1, α = 0.09 and
a timestep of δt = 0.001 [115]. In contrast to Fig. 2.9A, B, the effective field is not
constant. Just like in Fig. 2.3C, the vector direction from the center to the surface of
the cuboid structure represents the direction of M and its magnitude is proportional
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Fig. 2.9.: Visualization of the Landau-Lifshitz-Gilbert (LLG) equation. (A) Only considering
the precession term of the LLG, the magnetization precesses around a constant
effective field and does not relax. (B) Including the damping term, the magnetiza-
tion spirals towards the effective field. For a better visualization, the effective field
and the precession and damping term vectors were scaled. (C) The trajectory
of the magnetization in a cubic anisotropy potential. The parameters for the
simulation are given in the main text.

to the cubic anisotropy energy density εa,c. It can nicely be seen how the curvature
of the energy landscape makes M spiral outwards for the initially given M(t = 0).
Once M reaches a direction where the curvature inverts, the precession direction
changes and the trajectory becomes an inward spiral that ends in one of the six
global energy minima.

In section 3.3 of this work, Eq. (2.27) is numerically solved to study the excited
states of Bloch skyrmions. As this is a non-uniform or textured magnetic system,
the magnetic body is divided into a grid and Heff must be calculated locally to
solve Eq. (2.27). For this, various pieces of software exist as e.g. the open-source
framework MUMAX3 [116].
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Reciprocal-space imaging of
skyrmion excitations

3
This chapter covers the imaging of magnetic skyrmions and their excitations in
reciprocal-space by means of magnetic resonant elastic x-ray scattering (REXS).
After the introduction of the experimental setup and some theoretical considerations
about the technique, scattering experiments on the static chiral magnetic textures in
Cu2OSeO3 are shown. This includes helical, conical and hexagonal skyrmion lattice
phases, as well as the second low-temperature skyrmion phase that was recently
discovered in Cu2OSeO3 [117–119].

Once the theoretical and experimental groundwork is established, measurements
of the Ferromagnetic Resonance (FMR) are added. First, the three fundamental
skyrmion excitations are introduced by means of micromagnetic simulations. The
micromagnetic constants used for Cu2OSeO3 used to model the chiral magnet
produce a phase diagram found in experiments [54]. Within this model, the skyrmion
lattice phase is excited by means of a time-dependent magnetic field, and the three
fundamental modes are identified and discussed [44, 45]. Subsequently, FMR
experiments using REXS are presented. The three skyrmion modes, as well as
helical and field-polarized resonances, are captured. The detection of FMR by means
of REXS establishes a new technique for FMR-measurements that is called REXS-
FMR. It extends conventional FMR experiments by elemental and reciprocal space
sensitivity of REXS. The ability to select specific qh-vectors in FMR experiments can
be beneficial in systems that show a complex magnetic environment e.g. due to a
coexistence of multiple modulated magnetic phases or differently oriented domains.

Large parts of this chapter are published in Ref. [51].

3.1 Magnetic Resonant Elastic X-Ray Scattering off
Cu2OSeO3

This section contains the basic theoretical concepts to understand the experimental
reciprocal space mapping of the static chiral magnetic textures discussed in section
3.2. It further provides a groundwork for the additional FMR measurements that
are performed simultaneously to the scattering, which will be introduced in section
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Fig. 3.1.: Experimental setup for the REXS-FMR experiments. (A) The X-ray is scattered
off the sample and detected with a movable pin-hole diode. A 3D vector magnet
allows an application of external magnetic fields along arbitrary directions. (B)
The sample is placed on a coplanar waveguide through which a microwave current
Iex can be driven. (C) The coplanar waveguide generates an oscillating magnetic
field hex that follows Iex in time. This field is used to magnetically excite the
sample.

3.3. It will cover the general measurement setup that is used throughout these
experiments and will also give insight into the scattering conditions and related
geometries. The explanations do not cover the general case but will be rather close
to the experimental conditions presented afterwards. The intention is not to convey
a complete description of (magnetic resonant elastic) X-ray scattering theory. For
this, a variety of literature exists - a subset is given by Refs. [120–123].

3.1.1 Experimental setup
The experimental work is carried out at the beamline PM2 at BESSY II in Berlin
using the VEKMAG end station. In the following, only parts of the setup that are
relevant for the specific experiments, are introduced. For a more comprehensive
description of the experimental capabilities of VEKMAG, the reader is referred to
Ref. [124].
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A sketch of the experimental setup is shown in Fig. 3.1A. The collimated x-ray
beam with variable energy enters the ultra-high-vacuum (UHV) chamber and is
focused onto the sample surface to a spot with a diameter in the order of 100µm. The
sample holder is connected to a cryostat which can cool the sample to temperatures
around 10 K for this particular holder. Furthermore, the sample can be linearly
moved along all three Cartesian directions and can be rotated by an angle ω around
the normal vector of the scattering plane ki × kf as indicated. The scattered photon
beam is captured using an X-ray sensitive diode behind a pinhole with a diameter
of 300µm. The diode can be rotated around ki × kf by an angle 2θ and translated
along ki × kf , i.e. change its z-position zd. In total, three exchangeable diodes can
be mounted in the chamber and a charge-coupled device (CCD) camera can be
used for transmission experiments (not shown). The sample is situated between
three pairs of superconducting coils. In combination, they form a 3D vector magnet,
which means that arbitrary magnetic field directions at the sample site can be
established. The maximal magnetic induction of 9 T along the beam direction and
1 T along an arbitrary direction is more than sufficient for the study of Cu2OSeO3

with µ0Hc2 ≈ 120 mT around T = 0 K [54].
The sample is mounted on a coplanar waveguide as shown in Fig. 3.1B. Using

a microwave feed-through, the sample can be magnetically excited. The working
principle of the coplanar waveguide is illustrated in Fig. 3.1C. The current Iex

through the central strip (signal line) flows opposite to the lateral strips (ground
lines). An electric (not shown) and magnetic field hex is generated on top and in the
space between the strips (gap) as shown. The time dependence of the fields follows
the oscillations of the applied current. If the excitation matches the resonance
frequency of the magnetic system, ferromagnetic resonance (FMR) can be observed.
In this state, the spins precess around their equilibrium position, comparable to
the situation shown in Fig. 2.9A [125, 126]. The field distribution hex(r) that is
displayed in Fig. 3.1C is calculated using the lengthy Karlqvist equation which is
found e.g. in Ref. [127].

3.1.2 Magnetic X-ray scattering
Before considering dynamic situations like the one discussed in section 3.3, the
scattering off static magnetic structures is considered. As already mentioned, this
description will be very close to the experimental situation in Cu2OSeO3 and will
not generally be applicable. To begin with, a hypothetical sample, containing a
mono-qh helical domain along [100]-direction is considered, which is shown in
Fig. 3.2A. Naturally, the spin helix is magnified for the figure and does not represent
its actual dimensions. For a qualitative understanding of the scattering condition,
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the Laue-condition is considered. It says that the process of diffraction requires the
difference vector ∆k of initial and final photon wave vector ki and kf to be equal
to a reciprocal lattice vector Ghkl. For elastic scattering ki = kf , this is equivalent
to Bragg’s law. For resonant scattering off magnetically modulated structures, the
magnetically scattered peaks appear as satellite peaks of the structural Bragg peaks
[49, 50, 121, 128–130]. In this case, the Laue condition can be extended to [50]

∆k = kf − ki = Ghkl ± qh . (3.1)

The attribute resonant in the scattering context means that the x-ray wavelength
is tuned such that electrons from a single core level are excited to the Fermi level. In
the case of 3d-ferromagnets this is from the 2p1

2 (L2 edge) or 2p3
2 (L3 edge) levels.

The circularity of the x-rays and the selection rules determine the spin type of the
electron to be excited. As the density of states at the Fermi level of a ferromagnet
differs for each of the two spin directions, the photon absorption depends on the
magnetization of the sample. This effect is called X-ray circular magnetic dichroism
(XMCD) [120, 131, 132]. Regular Bragg scattering is explained by a constructive
interference of different beam paths that occur due to the reflection from parallel
lattice planes. The effect is therefore based on the periodicity of the atomic lattice
or the periodicity of the charge distribution that follows the crystal structure. The
periodicity of a magnetic spin helix is also connected to the atomic lattice, although
λh is much larger than the lattice constant. For a spin helix, this can be pictured as a
1D magnetic superlattice. Considering this, it is plausible that the photons in the
magnetically sensitive scattering experiment are also scattered from the periodic
magnetization distribution [121].

For now, Bragg scattering on the (001)-Bragg peak of the previously introduced
artificial sample is considered. To use the Ewald construction on Eq. (3.1), the
modulation vectors qh have to be imposed on the reciprocal space lattice [128]. The
modulation vector magnitude of Cu2OSeO3 is qh = 0.1 nm−1 and the used photon
energy at the L3 edge is 931 nm which corresponds to ki = 4.7 nm−1. Therefore, the
reciprocal space positions G001 ± qh are close to G001. The reciprocal space in the
vicinity of G001 is shown in Fig. 3.2B.

The Ewald construction for this situation is shown in Fig. 3.2C. The incident
wave vector ki ends in the origin of reciprocal space (gray dot). The three points at
(001) are indicated with the same coloring as in Fig. 3.2B. When the sample is tilted
around [010] by an angle ω, the whole reciprocal space is rotated in the same manner.
Elastic scattering ki = kf defines the Ewald sphere. Once one of the three reciprocal
points lies on the Ewald sphere for a specific tilt value of the sample, scattering
occurs. Fig. 3.2C shows three different situations during a typical ω rocking scan.
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Fig. 3.2.: Ewald construction of REXS on a helical phase in Cu2OSeO3. (A) Sample orienta-
tion with an example helical magnetization structure (enlarged). (B) Reciprocal
space in the vicinity of (001). The helical modulation vectors ±qh are imposed
onto the reciprocal lattice. (C) Ewald construction for scattering off the sample
in (A). The sample is rotated around [010] ‖ ẑ. Three situations for increasing
angles ω = ω1 < ω2 < ω3 are shown. In the three panels, the scattering condition
is successively fulfilled for each one of the three reciprocal space positions shown
in (B). In this example, the diode would detect three intensity maxima during
the ω-rocking scan as indicated by the insets. Images in (C) are inspired by the
supplementary material in [50].

The sample orientation and spin structure is indicated by the rectangle in the center
of the sphere. In the situation on the left, the scattering condition is fulfilled for
(−qh01) and an intensity maximum is measured in the diode signal as indicated
in the inset graph. When further increasing ω, the scattering condition for (001)
and (+qh01) is fulfilled and two more peaks show up successively while tracking
the diode signal. Note that this reflection scattering geometry is quite untypical e.g.
when coming from an electron scattering background with TEM. Here, the sample
tilt gives a rotation of the scattering condition ensemble in Fig. 3.2B around (000),
which leads to the dipping of the three vectors into the Ewald sphere. During the
ω scan, the three points in Fig. 3.2B are not rotated around the drawn k-axis, but
around (000), as indicated by the low curvature of the circular arrow.
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From this, it becomes clear that the magnetically scattered beams appear as
side-peaks or satellite-peaks around the structural Bragg peak. This description
explains the geometry of the scattering experiment, however it lacks the description
of the scattered intensity of the individual peaks and their individual (magnetic)
contributions. A detailed mathematical discussion on this issue can be found in
Ref. [121]. It is applied later in section 3.3 and appendix A.1. Note that for the three
presented scattering conditions, the diode angle 2θ is not adjusted while ω changes.
This is not a general case and only possible for the specific geometry used in the
experiment, where all three scattered beams are captured due to the diode’s finite
acceptance angle.

3.2 Experimental static reciprocal imaging of modulated
phases in Cu2OSeO3 using Resonant Elastic X-ray
Scattering
In this section, the experimental data is presented. After the experimental parameters
are given, the phase diagram of Cu2OSeO3 is shown. With that in mind, reciprocal
maps of the helical, conical and hexagonal skyrmion lattice phase are successively
shown. To aid the qualitative understanding of the observed patterns, sketches
similar to the ones in Fig. 3.2 are included. Finally, a reciprocal space map of the
novel low-temperature (LT) skyrmion phase is shown. On this phase, real-space
imaging has been attempted in section 4.3.

The Cu2OSeO3 sample is grown by A. Aqeel1 using the chemical vapor transport
method. It is cut to a cuboid of dimensions 1.8× 0.5× 0.5 mm3. It is oriented such
that the edges are parallel to [110], [11̄0] and [001]. One of the two large surfaces,
parallel to (001), is mechanically polished. With the polished side facing top, the
sample is placed into the gap of a shorted coplanar waveguide. The waveguide has
a gap width of 1 mm. The relative scale in Fig. 3.1B is close to the real physical
situation. The sample is inserted such that its surface slightly protrudes the top
surface of the waveguide. Comparing with Fig. 3.1C, the excitation field hex is
therefore expected to be a mixture of in- and out-of-plane components. The out-
of-plane excitation, however, is dominant. Once the sample is transferred into the
UHV chamber, the circularly polarized photons are tuned to the Cu L3 edge which
corresponds to a photon energy of 931.1 eV [133]. As already explained in the last
section, magnetic scattering from modulated spin structures occurs in the vicinity of
structural Bragg scattered peaks. As the soft X-ray wave vector is fixed to 4.7 nm−1,

1Physik-Department, Technische Universität München, Garching, 85748, Germany.
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obtained by SANS. The sample is cooled at zero externally-applied magnetic field
to lowest possible temperatures. Then the field is increased to a certain value
before the sample is field-heated (FH) above Tc and the process is repeated for a
different magnetic field. The inset shows a magnification for T close to Tc and
gives a better view of the skyrmion pocket. (B) Field-cooled (FC) phase diagram
for Hext ‖ [001]. Here, the sample is cooled for different finite field values. The
two novel tilted conical and low-temperature skyrmion phases emerge due to
the different direction of Hext. (C) High-field cooled (HFC) phase diagram for
Hext ‖ [001]. The sample is cooled for Hext > Hc2. Then it is decreased to
a certain value before the sample is field-heated. (D) Zero-field cooled phase
diagram for Hext ‖ [001]. The inset in (A) is reprinted with permission from [54].
The other graphs are also slightly modified versions reprinted with permission
from [117].

the large lattice parameter of Cu2OSeO3 limits the selection to the (001)-Bragg peak.
The spacing of the (001) planes is d001 = 0.8925 nm which gives G001 = 7.1 nm−1

[53]. Bragg’s law gives the scattering angle 2θ = 96.5°. For a visualization, revisit
Fig. 3.2C which is close to the actual geometry. Note that scattering from the (001)
lattice planes is actually crystallographically forbidden for the space group P213.
The peak can, however, be observed when the scattering takes place in resonance.
The exact reason for this is still not completely understood [50, 128, 134].

The X-ray is focused onto the sample surface with a spot diameter of ≈ 100µm.
The scattered photons are captured with the photo-diode. The diode angle 2θ and
the sample angle ω are initially tuned to obtain maximum Bragg intensity. Starting
in the paramagnetic phase, the sample is cooled below Tc ≈ 58 K at zero applied
magnetic field. The magnetic phase diagram obtained from small angle neutron
scattering (SANS) for a zero-field cooled sample of Cu2OSeO3 is shown in Fig. 3.3A
[117]. For Hext ‖ [111], it has the shape of the generic phase diagram presented
in section 2.1.3. The arrows indicate the trajectories through phase space that are
followed to obtain the phase diagram. At Hext = 0 mT and T = 30 K, the helical

3.2 Experimental static reciprocal imaging of modulated phases in
Cu2OSeO3 using Resonant Elastic X-ray Scattering
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phase is present. In Cu2OSeO3, the qh-vectors of the helical phase align parallel to
the 〈001〉 directions, which are the easy axes of the cubic anisotropy in the system.
Fig. 3.4A shows a sketch of the sample containing two helical domains with qh
within the sample plane. As the (001)-Bragg peak is measured, the qh-vectors of the
helical phase need to be imposed on the (001)-reciprocal space vector as shown in
Fig. 3.4B. The four green spheres in the plane originate from the domains drawn
in Fig. 3.4A. The additional two spheres represent helical domains with qh parallel
to the sample normal which in principle are also present. However, they cannot be
measured for this setup without further diode adjustment. This is skipped as it does
not possess further relevance. Only the in-plane qh-domains are considered in the
following.

The scattering condition can be understood from the explanations given in section
3.1. However, in contrast to the 2D problem considered in Fig. 3.1C, here the
reciprocal satellite vectors around [001] lie on a plane. Therefore, the sketch needs
to be extended to 3D, which is briefly illustrated in Fig. 3.4C. As can be seen for
the given sample tilt ω, the reciprocal space vectors (0−qh 1) and (−qh01) fulfill the
scattering condition at the same time. Therefore in addition to ω, it is also necessary
to scan the diode height zd in order to measure all four satellite peaks. In the
experiment, ω-scans are recorded for different values of zd. The resulting intensity
scan is therefore no longer 1D as in Fig. 3.1C but a 2D intensity distribution like the
one shown in Fig. 3.4D. As expected, it shows the structural Bragg peak in the center
and the four satellite peaks that represent the in-plane helical domains. At T = 30 K,
the helical satellite peak intensity is around two orders of magnitude weaker than
the Bragg peak intensity. The different satellite peak intensities of the two opposing
pairs can be explained by a varying helical domain population that is sampled by the
x-ray spot. In this case, ω samples the [110] and zd the [11̄0]-direction in reciprocal
space. It should be noted that this is actually the first successful magnetic scattering
experiment that has been performed at the VEKMAG end-station.

A few peculiarities about these maps should be mentioned. The first is the
horizontal lines that are especially prominent at the top and bottom of the Bragg
peak, e.g. in Fig. 3.4D. These are interpolation artifacts as the shown map section
only consists of 18 ω-scans for different values of zd. A second issue is that the map
becomes distorted for large absolute values of zd as the diode movement is linear and
not spherical around the sample. A third problem concerns the elliptical distortion
of the peaks, which is not solely a result of plotting an angle versus a length. In fact,
the reciprocal resolution along [110] (ω) is larger compared to [11̄0] (zd). This is a
result of the finite pin-hole diameter of the diode. As already mentioned, the diode
angle 2θ is kept constant during the scan as all helical spots can still be captured
this way (compare Fig. 3.1C). This, however, is not generally possible and requires

3.2 Experimental static reciprocal imaging of modulated phases in
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the right interplay of pin-hole diameter, magnitude of qh, photon wave vectors and
a short sample-detector distance (here 20 mm). In fact, as 2θ is not adjusted, larger
pin-holes would enable a more consistent measurement of the full peak extents
as the peak width in ω-direction is governed by the respective broadening of the
scattering condition in reciprocal space. Oppositely, the pin-hole diameters directly
influence the resolution in zd-direction, as the scattering condition is not changed
during a zd-scan. Therefore, the intensity peaks are convoluted with a pulse function
that has the width of the pin-hole diameter along zd. This means that the diode size
needs to be chosen small enough that the resolution in zd is sufficient to separate
the peaks, while it is large enough to still capture all peaks in ω direction. Despite
these problems, the peaks are still well separable and as the ultimate goal is not to
produce the historically most accurate measurements of the modulated phases in
reciprocal space but to measure FMR, the quality of the obtained maps are sufficient.
For accurate maps of reciprocal space, CCD camera measurements are much more
suited, also considering that the measurement time of ≈ 3 h/map leaves the data
vulnerable to slow drifts of the setup or unexpected beam shutdowns.

As the illustration of the two domains in Fig. 3.4A is rather vague, an actual
real-space Fresnel LTEM image of such a two-domain state in Cu2OSeO3 is presented
in Fig. 3.4B. The measurement is made on an equivalent crystal, also grown by A.
Aqeel. The orientation of the two domains is rotated by 90° with respect to each
other. The two domains are separated by a domain boundary that consists of defects
like stripe endings or 90° stripes. Interestingly, such defects can possess half of a
topological charge as shown in Ref. [135]. The Fourier transform (FT) in the inset
shows the spots equivalently to the scattering data, although the central spot is not
related to the Bragg peak, of course.

After application of an external magnetic field of 70 mT, the presence of the
conical phase is expected from the phase diagram in Fig. 3.3A. As qh will align
parallel to the external magnetic field, it is applied in [110]-direction in order to
be able to capture the wave vector of the conical phase with the established setup.
A sketch of this is shown in Fig. 3.4F. The corresponding reciprocal space in the
vicinity of (001) with the reciprocal satellite points (±qh/

√
2±qh/

√
2 1) is shown in

Fig. 3.4G. The experimental reciprocal space map of the conical phase is displayed
in Fig. 3.4H.

To probe the skyrmion phase, the sample needs to be heated to temperatures just
below Tc. A magnification of the phase space in this area is shown in the inset of
Fig. 3.3A [54]. Note that for 1 K below Tc, the system is already ferromagnetic but
no distinct magnetic modulations are visible from scattering experiments. This is
sometimes referred to as fluctuation dominated phase, to indicate that in this phase
thermal fluctuations destroy any long range order. To find the right temperature
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space map of LT-skyrmion phase and SANS data for comparison. The SANS data
in (E) is taken from [117].

calibration of the setup, the intensity of one of the helical peaks is observed during
heating. Once the intensity vanishes, Tc ≈ 58 K is found. To find the skyrmion phase,
the temperature is set to 56 K. Due to the long acquisition times of a map, choosing
the right field to find the skyrmions pocket can actually become time-consuming
and it is preferred to avoid the acquisition of many maps at different magnetic fields.
Also the phase diagrams, like the one shown in Fig. 3.3A, are not perfectly reliable,
as different sample shapes can lead to deviations. With the present setup, the best
technique found is to tune ω and zd to one of the helical peaks and conduct an
out-of-plane field scan. As also one of the three skyrmion modulation directions are
fixed to [010] [54], there is basically a 50 % chance of finding a skyrmion signature
during the scan. This way, it is possible to set the field to a value at the center of the
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skyrmion pocket, where the peak intensity and the distance to phase borders are
largest.

A sketch of the sample geometry with a skyrmion phase is depicted in Fig. 3.5A.
In this example, one of the modulation directions is attached to the [010] direction.
The external field Hext is applied along the sample normal such that all qh-vectors
of the skyrmion phase lie inside the (001)-plane. The corresponding reciprocal space
near (001) is shown in Fig. 3.5B. In this example, the reciprocal space positions
that correspond to the skyrmion lattice state are at [0,±qh, 1], [±

√
3qh/2,±qh/2, 1]

and [±
√

3qh/2,∓qh/2, 1]. An experimental reciprocal map of the skyrmion lattice
at T = 56 K and µ0Hext = 44 mT is displayed in Fig. 3.5C. The six satellite peaks
lie on the edges of a hexagon and are clearly discernible although their intensity is
lowered by around an order of magnitude in comparison to the measured intensity
of the helical phase shown previously, which is due to the increased temperature
that dictates a lower saturation magnetization.

Recently, it was discovered that the phase diagram of Cu2OSeO3 drastically
changes when the external magnetic field is applied along one of the easy 〈100〉 axes
[117]. For this case, strong deviations from the general phase diagram of the B20
chiral magnets, discussed in section 2.1.3, were observed, even though Cu2OSeO3

follows it perfectly for Hext ‖ [111] (compare Fig. 3.3A). In Fig. 3.3B, a so called
field-cooled phase diagram is displayed for Hext ‖ [001] [117]. It is obtained by
cooling the sample at different constant external magnetic fields while tracking the
magnetic phases using SANS. Note that an overlap of phases represents coexistence.
For further details, please refer to Ref. [117].

The first difference of this phase diagram to the one shown in Fig. 3.3A is that the
narrow temperature range of the skyrmion pocket is extended to lower temperatures.
This is actually not a consequence of Hext ‖ [001] but a sample history dependent
observation in many of the B20 chiral magnets [63, 136–138]. A map of such a
frozen skyrmion lattice is shown in Fig. 3.5D. It is obtained by cooling a skyrmion
lattice like the one shown in Fig. 3.5C2 to T = 30 K while maintaining a constant
field of 44 mT. The satellite peaks of the super-cooled skyrmion lattice show an
increased intensity by an order of magnitude and become more distinguishable.

The even more striking new features of the phase diagram are the two newly
observed phases at low temperatures and magnetic fields below but close toHc2. One
of the new phases is the tilted conical phase. It is metastable and accompanies the
emergence of a second new low-temperature (LT) skyrmion phase. In Hext-T -space,
this LT skyrmion phase is disconnected from the high-temperature (HT) skyrmion
phase and is stabilized due to the magnetocrystalline anisotropies in Cu2OSeO3 [117,

2It is not directly obtained from this particular map, which can be seen from the different orientation
of the spots.
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118]. In SANS, the LT-skyrmion phase appears as a circular signature around the
zero-beam and can be partly transformed to a six-spot pattern by a field inclination
of around 15° away from [001], as shown on the right side of Fig. 3.5E. This indicates
that the skyrmion lattice at such low temperatures is highly frustrated and does
not possess long range order. For a re-creation in terms of REXS, the sample is
field-cooled to T ≈ 10 K at Hext = 65 mT, which gives the most consistent results.
FMR measurements by Aqeel et al. suggest that slow field oscillations in the LT-
skyrmion phase can enhance the long-range LT-skyrmion order [139]. Therefore,
the field is oscillated one hundred times between 65 and 100 mT with 100 mT s−1.
Afterwards, the field is inclined by 20◦ away from and back to [001] to obtain the
REXS map displayed on the left side of Fig. 3.5E. The ring around the Bragg peak is
clearly visible, the six spot pattern, however, remains elusive. There is some spot
like structure which is indicated with the red markings. This map is the closest to
the SANS measurements published in Ref. [117]. Although the data is promising,
no FMR measurements on this phase are shown later due to the imperfect result.
Nevertheless, the REXS data can serve as a motivation for the LTEM imaging on
(001)-Cu2OSeO3 performed in section 4.3.

3.3 Resonant Elastic X-ray Scattering Ferromagnetic
Resonance
In this section, the REXS measurements on resonantly excited magnetic skyrmions in
Cu2OSeO3 are presented. In the beginning, micromagnetic simulations are shown,
using a model that is close to the experimental system. This approach has two
benefits: First, it can give quantitative expectations for the experiments presented
afterwards. Second, it is an educational way to introduce the skyrmion eigenmodes,
which was intentionally skipped up to this point.

After this theoretical introduction, the experimental results are presented. The
FMR-eigenfrequencies of the field-polarized, helical and skyrmion phase are mea-
sured by recording the external magnetic field dependence of the Bragg or satellite
peak intensity and comparing cases with active to inactive excitation field hex. These
scans are repeated for different excitation frequencies. Actually, this is the founda-
tion of a novel technique labeled REXS-FMR, which is capable of an element- and
magnetic phase selective measurement of the ferromagnetic resonance.
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3.3.1 Skyrmion eigenmodes
For a theoretical description and introduction of the skyrmion eigenmodes, micro-
magnetic simulations are conducted. The proposed micromagnetic model includes
exchange, bulk DMI, magnetic cubic anisotropy and Zeeman energy. The required
micromagnetic energy constants are conveniently taken from Janson et al., who
calculated them using ab-initio calculations for Cu2OSeO3 at T = 50 K, which is
close to the actual experimental temperature of 56 K [65]. A simulation grid with
512× 512× 1 cells (x̂× ŷ × ẑ) and periodic boundary conditions in all three direc-
tions are imposed. The physical grid dimensions are set to 115× 100× 0.22 nm3,
such that a spin helix with qh ‖ ŷ and λh = 50 nm as well as a hexagonal skyrmion
lattice with one of its qh ‖ ŷ can fit inside the grid without imposing a geometrical
frustration by the periodic boundary conditions. The grid containing the latter two
configurations is depicted in Fig. 3.6A for a subsampling of 8. The cell line density
of 225 cells /qh is large. The easy axes of the magnetic cubic anisotropy are fixed
such that they are parallel to ẑ ‖ [001], ŷ ‖ [100] and x̂ ‖ [010]. The simulations and
energy calculations are performed using the MUMAX3 framework [116]. To verify
that the expected equilibrium value of qh is correct, the periodic boundary conditions
are omitted and a helical phase with variable λh is manually generated and the total
energy density εtotal is calculated. This is done for both signs of Dbulk. The resulting
dependencies are plotted in Fig. 3.6B. Unsurprisingly, the energetic minimum is
found for λh ≈ 50 nm for Dbulk > 0, as targeted by the ab-initio calculations [52,
65]. The spin configuration at the minimum energy is the one shown in Fig. 3.6A,
as indicated by the triangle.

Before studying the resonant excitations of this system, the phase diagram at
T = 50 K is briefly consulted, to find an external magnetic field value where the
skyrmion state is stable. Note that the temperature is considered only by adjusted
magnetic constants like reduced Ms and not e.g. by an additional random thermal
noise that is added to m, which is sometimes done for these kinds of simulations.
The energy density with respect to an externally applied magnetic field along ẑ

is calculated for the helical, skyrmion and field-polarized phase. The initial spin
structure of helical and skyrmion phase is manually generated and further relaxed
for each magnetic field value such that it reaches a local minimum. Note that the
helical phase cannot relax to the skyrmion or field-polarized phase in the proposed
magnetic field range because it is also topologically protected as there are no sample
edges due to the periodic boundary conditions. The resulting energy densities are
plotted in Fig. 3.6C. With increasing external field, the spin configuration with
minimum energy changes from helical to skyrmion to field-polarized phase. Note
that the conical phase is not considered as it cannot be fitted into the grid for
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Fig. 3.6.: Energetics of the micromagnetic model for Cu2OSeO3. (A) Simulation grid
dimensions and orientation. The left side shows the helical and right side the
skyrmion phase with qh oriented such that the spin structures fit into the grid’s
periodic boundary conditions. (B) Energy density for the helical phase with
respect to λh omitting periodic boundary conditions. The minimum energy is
found for Dbulk > 0 and λh = 50 nm. (C) Energy density of helical, skyrmion and
field-polarized phase with respect to externally applied magnetic field µ0Hext ‖
[001].

Hext ‖ ẑ. It is expected that not the skyrmion but the conical phase is the actual
ground state of the system for reasons discussed in section 2.1.3. To simulate a
realistic skyrmion state, an external magnetic field value in the center of the range
where the energy density of the skyrmion state is below the energy density of the
helical and field-polarized phase is chosen, as this should be where the thermally
activated skyrmion pocket is found. Although the conical phase is not considered,
the transition fields from helical to skyrmion and skyrmion to field-polarized phase
are in good agreement with the experimental phase diagram shown in Fig. 3.3D.

In the following, the skyrmion phase is magnetically excited and the resonances
are studied. For this, an external field of 40 mT is selected which is in the center of
the calculated skyrmion phase range in Fig. 3.6C. The respective spin structure is
depicted on the right side of Fig. 3.6A and marked with a star. The magnetic damping
factor is set to α = 8× 10−3, as suggested by measurements of Stasinopoulos et al.
[140]. To obtain the eigenfrequencies of the skyrmion lattice, the relaxed equilibrium
skyrmion state is excited with a 10 ps long magnetic field pulse with an amplitude of
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represent the in-plane components of m. (D) Breathing mode. (E) Clockwise
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1 mT along [11̄0] as illustrated in Fig. 3.7A. The field pulse direction is not aligned
with an in-plane symmetry axis of the skyrmion lattice, which could lead to an
exclusion of certain excitations. The frequency spectrum of the delta-like excitation
pulse is constant up to excitation frequencies of 5.9 GHz with a deviation of less than
1 %, which should give an equal excitation of eigenmodes with an eigenfrequency
below that value. The response of the system after the pulse is recorded for 60 ns.
The temporal evolution of the mean magnetization components of the whole system
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shows a decaying sinusoidal-like behavior which is similar to the amplitude of a
relaxing damped harmonic oscillator.

A spectral analysis of the damped magnetization precession to its equilibrium state
reveals the eigenfrequencies of the skyrmion structure. The absolute square of the
Fourier transforms of the mean magnetization components are plotted in Fig. 3.7B.
The lateral magnetization components mx/y show two prominent resonances and
an additional third one which is less pronounced but more visible in the spectrum
of mz. Ordered from low to high frequencies, these resonance modes are called
counter-clockwise (CCW), breathing (BR) and clockwise (CW) mode [44, 45, 47].
Note that although the excitation pulse spectrum is essentially constant in the range
of the excitation frequencies, the excitation response of the individual mode strongly
depends on the orientation of the excitation field hex. If hex is tuned parallel to ẑ,
the peak of the breathing mode spectrum is increased by a factor of 1.6, while the
other two modes are not excited at all and their peaks disappear.

To visualize the three modes and understand their naming, the system is sub-
sequently excited at each of the resonance frequencies. For the CCW mode, a
sinusoidal excitation field hex with a frequency fex = 2.07 GHz and an amplitude
of 1 mT is applied along [1̄10] direction. After a settling time of around 25 ns, the
system oscillates evenly. Snapshots during one oscillation period T are shown in
Fig. 3.7C. The skyrmion is triagonally distorted and its core is shifted to one side of
its equilibrium position; that is marked with the dashed cross. During the oscillation,
the skyrmion revolves around ẑ in counter-clockwise direction.

For the breathing mode, the excitation frequency is set to fex = 2.35 GHz and the
excitation field is aligned hex ‖ [001] due to the enhanced Q-factor in this direction.
After 35 ns, the snapshots in Fig. 3.7D are again recorded for one oscillation period.
The mode starts at a situation that looks similar to the equilibrium configuration.
At t = 0.25T , the skyrmion core and shell expands which is well visible from the
mz-isolines. Then, it shrinks to a minimum size at t = 0.75T and grows again until
it reaches the initial configuration of the process. This evolution of growing and
shrinking resembles a breathing motion.

Finally, the last mode is recorded applying fex = 3.89 GHz and hex ‖ [1̄10]. It is
displayed in Fig. 3.7E and shows a displacement of the skyrmion core to one side and
of the skyrmion wall to the opposite side. During the period, it rotates in clockwise
direction. Besides this rotation, the mz-isolines remain static, which explains why
the CCW and CW modes are not visible in the spectrum of mz in Fig. 3.7B.

Note that the identification and measurement of the three fundamental skyrmion
modes is reported in several publications [44–47, 140–143]. The intention here is
to introduce the resonant modes and supply a simulation that gives the expected
resonance frequencies tailored for Cu2OSeO3.
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3.3.2 Measurement of ferromagnetic resonance in Cu2OSeO3 using
REXS
In this chapter, the ferromagnetic resonance in Cu2OSeO3 is studied in terms of REXS.
This novel method is referred to as REXS-FMR. At first, the FMR measurements on
the field-polarized phase at T = 15 K are presented. For Hext > Hc2 ≈ 125 mT, no
magnetically modulated phase is present, which means that only the structural Bragg
peak is accessible. A magnetic field scan with Hext ‖ ki of the (001)-Bragg peak
intensity is displayed in Fig. 3.8A (gray curve). Because the Bragg peak intensity
comprises a magnetic contribution, I (Hext) looks similar to a hard axis loop. It
is clearly visible that the hysteresis is not symmetric with respect to I(0). This is
because the magnetization contribution consists of terms that depend linearly and
quadratically of M , which can lead to such an asymmetry. Assuming a strictly linear
dependence of the net magnetization M(Hext) for Hext < Hc2 like in Eq. (2.21), an
estimation for the actual dependence of M(Hext) can be extracted from the intensity
scan using the formalism from Refs. [121, 130]. This is demonstrated in appendix
A.1 for the shown case.

Nevertheless, already from this curve, the kinks at Hc2 are clearly visible and mark
when the system undergoes saturation and forms the field-polarized state. Further,
slight slope changes for Hext < Hc2 indicate phase transitions to the helical phase,
which are described in more details in Refs. [54, 118, 144]. In order to study FMR,
the excitation field hex at a constant frequency fex (= 4.5 GHz in the shown case)
is repeatedly switched on and off at each magnetic field value. For both cases, the
intensity is recorded using an integration time of 3 s. In contrast to the recording
of two independent magnetic field scans, this way, the measurement is less subject
to drifts of the scattering setup. Further, it is expected that the sample temperature
stays more constant in contrast to a case where the microwave power is switched on
all the time. This procedure also allows the conclusion that the magnetization state
reproducibly switches from the excited to its equilibrium configuration for each field
step. Typical excitation field magnitudes at the sample surface are in the order of 3
to 8µT, dependent on fex, which is estimated using the Karlqvist equation [127].

The red curve for a switched-on excitation field in Fig. 3.8A shows clear deviations
from the gray curve at Hext ≈ ±170 mT. These features are attributed to the ferro-
magnetic resonance of the field-polarized phase. The normalized signal difference
(Ion−Ioff)/(Ion +Ioff) shown in Fig. 3.8B is of the order of 2 %. This corresponds to a
reduction of the net magnetization by around 6.5 %, using the extracted I [M(Hext)]
dependence from appendix A.1. This M reduction corresponds to a precession angle
of around 21°, which is quite large for FMR but is still plausible considering the
low effective damping factor α ≈ 1× 10−4 reported for Cu2OSeO3 [140, 145]. An
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Fig. 3.8.: REXS-FMR on the (001) Bragg peak in Cu2OSeO3. (A) Applied magnetic field
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obtained. The absorption features around Hext = 0 mT are attributed to the ±q-
modes of the helical phase. (D) Field dependence of the resonance frequencies
obtained from the field-polarized phase with REXS-FMR in comparison to a
conventional FMR measurement.

attribution of this change to heating effects would require the system to heat up
and cool down by 13 K in less than a second between each switching of hex. Such a
large temperature change seems also quite implausible as it would interfere with the
REXS-FMR measurements on the skyrmion phase which has a narrow temperature
width of around 2 K, presented later.

Simultaneously to the REXS-FMR measurement, a quantity that is proportional
to the power of the reflected microwaves S11 is recorded by using a microwave
circulator in combination with a Schottky-diode. This corresponds to a conventional
FMR measurement, where FMR is detected by observing the absorbed microwave
power when the system gets excited. The respective plot is displayed in Fig. 3.8C.
The two resonances of the field-polarized phase are clearly visible. In addition,
microwave power is absorbed around zero magnetic field, which corresponds to
the excitations of the helical phase. No indications for these excitations are present
in the Bragg peak intensity. As shown later, this does not mean that REXS-FMR is
unable to detect the resonances of the helical phase, it rather highlights the feature
of REXS-FMR to selectively study a specific magnetic phase.

In the following, the method is compared to conventional FMR on a similar
Cu2OSeO3 crystal. For this, the external magnetic field direction is set parallel to
[001] and one of the resonance features in Fig. 3.8A is tracked for different values
of fex. The resulting resonance frequencies are plotted in Fig. 3.8D using filled
symbols. As a comparison, conventional FMR measurements based on microwave
power-loss spectroscopy are included in the plot using the open symbols. These

3.3 Resonant Elastic X-ray Scattering Ferromagnetic Resonance 43



A B C

D

H
el

ic
al

 s
at

el
lit

e 
in

te
n
si

ty
 I

 (
ar

b
.u

.)

0.0

1.0

2.0

3.0

4.0

μ0Hext (mT)
0 100-100

fex (GHz)
5.0
4.5
4.25

4.0
3.75

3.25
3.5

3.0

T = 15 K

hex off
hex on

0.0

0.2

0.4

0.6

0.8

μ0Hext (mT)
0 50-50

S
ky

rm
io

n
 s

at
el

lit
e 

in
te

n
si

ty
 I

 (
ar

b
.u

.)

Δ
I 
/ 
I o

ff
 (
%

)

0

20

40

60

80

0 2 4 6
fex (GHz)

0 2 4 6
fex (GHz)

Δ
I 
/ 
I o

ff
 (
%

)

0

20

40

60

80 μ0Hext=0mT
Hext∥[001]
T = 15 K

μ0Hext=33mT
Hext∥[001]
T = 56 K

-q

+q

CCW
BR

CW

fex (GHz)

2.5

2.25

2.0

1.9

1.8

1.7

1.6

1.5

1.4

1.2

T=56 K

Fig. 3.9.: REXS-FMR on the helical and skyrmion lattice phase of Cu2OSeO3. (A) Magnetic
field scans at a helical reciprocal space location for different values of fex. At
each field step, data is recorded for inactive (gray curve) and active (red curve)
excitation field. (B) Relative change of the helical spot intensity with applied
excitation field at zero applied magnetic field. The inset shows the selected helical
peak for the measurement. The two peaks correspond to the helical +q and
−q modes. (C) Magnetic field scans at a skyrmion reciprocal space location for
different excitation frequencies. The finite intensity around zero magnetic field
arises from a helical reciprocal point that partly overlaps with the skyrmion one.
(D) Relative reduction of the skyrmion peak intensity at µ0Hext = 33 mT. The
inset shows the skyrmion peaks used in the measurement. At the dashed line, the
setup is modified (see text) and the measured skyrmion peak is changed. Three
maxima are observed that correspond to the CCW, BR and CW skyrmion modes.

measurements are performed by A. Aqeel3 on an equivalent Cu2OSeO3 crystal at
T = 5 K. To ensure comparability among the different temperatures of the two
techniques, the resonance frequency axis is normalized with the resonance frequency
fc2 at Hext = Hc2. The measured resonance positions obtained by REXS-FMR are
in excellent agreement with the field-polarized branch (Hext > Hc2) obtained by
conventional FMR. The dependence resembles a Kittel-like trend which matches the
fact that the magnetization is uniform in this state. Therefore it is best described by
the existent FMR-theory. However, as this is not the main interest of this study, the
reader is referred to existent literature like Refs. [57, 125, 146–148]. Note that the
graph is mirrored to match the field range of the other panels in that figure.

3Physik-Department, Technische Universität München, Garching, 85748, Germany.
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The conventional FMR data also shows the field-dependence of the resonance
frequencies of the helical and conical phase. Two mode branches are visible, which
are called +q and −q modes as indicated. These are basically magnons4 with
kmagnon = ±qh; a more detailed description including a visualization can be found
e.g. in Ref. [45]. To measure these modes with REXS-FMR, the scattering condition
is adjusted to capture one of the helical satellite peaks, while maintaining a temper-
ature of 15 K. The measurement protocol is equivalent to the one described before,
at each magnetic field step, the helical satellite peak intensity is recorded with the
excitation field turned on and off successively. The integration time is increased
to 10 s. Magnetic field scans along [001] for different values of fex are shown in
Fig. 3.9A. Naturally, a finite helical spot intensity is only obtained below Hc1, when
the helical phase is present.

Actually, the observed intensity scan contradicts the naive expectations. Starting
in the field-polarized phase with Hext ‖ [001], one would expect that the qh-vector
of the conical and helical phase maintains a [001]-direction upon magnetic field
reduction, as the other possible 〈100〉 easy anisotropy axes are behind an energy
barrier, as explained around Fig. 2.3 in section 2.1.2 [76]. As already discussed,
a magnetic modulation qh ‖ [001] cannot be accessed in the present scattering
configuration and no in-plane modulations are expected. Still, a finite helical
intensity is measured when decreasing the field from the saturated state. The reason
for this is attributed to the novel LT-skyrmion phase that is up to now unique to
Cu2OSeO3 within the class of the B20 chiral magnets. Fig. 3.3C shows a high-field-
cooled (HFC) phase diagram. It is obtained by cooling the sample at Hext > Hc2.
Subsequently, the external magnetic field is lowered and the occurring phases are
recorded using SANS. Compared to the ZFC phase diagram with Hext ‖ [111] in
Fig. 3.3A, the conical phase at T = 15 K is suppressed and is partly substituted with
the tilted conical and LT-skyrmion phase [117]. It is possible that the LT-skyrmion
phase, that shows no long range order due to its comparatively high energy barrier
at low temperatures, decays to a poorly ordered in-plane helical phase which is
detected here [31, 51, 81]. There are further indications that the poorly ordered LT-
skyrmion phase shows strong susceptibility to resonant excitation which is discussed
in the following.

The magnetic field scans in off-resonance condition at 3 GHz and 5 GHz agree
with each other, unaffected whether the excitation is turned on or off. This also
indicates that heating effects do not influence the measurements off resonance. Once
fex matches the resonance frequency of the helical phase, the satellite intensity is
clearly reduced and reproducibly switches between its two values at each field step,

4In helimagnets that have no uniform magnetization, magnons are sometimes referred to as heli-
magnons [45].
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which is consistent with the behavior in the field-polarized state discussed before.
The reduction is again attributed to the precessional motion of the magnetization.
However, it is expected that the recorded intensities for the cases where the excitation
is switched off are equivalent, independent of the excitation frequency. However, this
is clearly not the case which is most strikingly visible for fex = 3.5 GHz. Here, the
satellite intensity increases by an order of magnitude and also the field range, where
the helical intensity is observed, is reduced by a factor of about 2. This suggests that
the resonant excitation interacts with the LT-skyrmion phase and improves its long-
range order, which leads to the increased peak intensity. The reduced field range
can then be explained either by an extended phase occupation of the LT-skyrmion
phase with long-range order due to resonant excitation, or a sharper reciprocal space
occupation of the helical phase due to the improved long range order and a small
misalignment between sample plane and the actual field direction [51].

The relative reduction of the helical peak intensity (Ioff − Ion)/Ioff at µ0Hext =
0 mT is plotted in Fig. 3.9B. The helical peak that is used for the measurement
is indicated in the inset. The two sharp maxima correspond to the +q and −q
helical modes that were already introduced alongside the conventional FMR data in
Fig. 3.8D. The resonance frequencies and peak amplitudes are in good agreement
with present reports [45, 47]. This measurement shows that in addition to the mag-
netic phase selection, REXS-FMR is further able to distinguish between differently
oriented domains of the helical phase.

Finally, REXS-FMR on the (HT) skyrmion phase is presented. The temperature
is tuned to T = 56 K and the setup is adjusted such that the scattering condition is
fulfilled for one of the skyrmion reciprocal space vectors. The respective external
magnetic field scans are shown in Fig. 3.9C. The intensities at Hext ≈ ±30 mT
correspond to the skyrmion phase, while the signatures around 0 mT reflect a
reciprocal space vector of the helical phase that partly overlaps with the chosen
skyrmion one. Starting at low fex, the data with and without excitation field
are equivalent. Comparing the curves for increased fex, a clear reduction of the
skyrmion peak intensity is observed (e.g. at 1.6 GHz), which is again attributed to
the precessional motion of the magnetization. However, the helical peak intensity
is not reduced under excitation, as the resonance condition is not yet met. For
fex > 1.9 GHz, additional resonance effects of the helical phase are observed.

The measured resonance behavior of the skyrmion phase is further summarized by
plotting the relative reduction of the skyrmion peak intensity at µ0Hext = 33 mT in
Fig. 3.9D. Note that the discontinuity at fex = 2 GHz is caused by a necessary change
of the microwave circulator which has a range limit at this excitation frequency
as well as a change of the skyrmion satellite peak. The used satellite peaks are
indicated in the inset by the square and circular symbols. This is also the reason
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for the different helical signature for fex > 2 GHz in Fig. 3.9C. The change to the
setup is indicated by dotted gray lines in Figs. 3.9B-D. In the plot, three peaks are
clearly visible. They are attributed to the counter-clockwise, breathing and clockwise
skyrmion modes, introduced before. Considering that the simulation is slightly off
temperature and does not include magnetostatic effects, the measured resonance
frequencies are in good agreement with the simulations. The measurement is also
in good agreement with literature [45, 47]. Moreover, the height of the maxima
is consistent with calculated spectral weight distributions, considering that the
coplanar waveguide generates an excitation field which comprises both in-plane,
driving the CW and CCW modes, and out-of-plane components, driving the breathing
mode [143].

Note that the used photons have a penetration depth of around 30 nm. This
means that REXS-FMR is surface sensitive. Recently, skyrmion surface states with a z-
dependent skyrmion helicity ψ were reported for Cu2OSeO3 [149, 150]. Considering
this study, around 25 % of the probed sample volume in the REXS-FMR experiments
is expected to contain the aforementioned surface structures. However in FMR,
no signatures of these structures that are distinguishable from the regular bulk
excitations are found, which indicates that the resonances of the surface states are
similar or equal to the bulk skyrmion state or that the surface states might be absent
due to a different surface roughness. Admittedly though, the frequency sampling is
not that fine.

In summary, the novel x-ray scattering technique REXS-FMR was introduced in
this chapter. It combines reciprocal space imaging by means of magnetic REXS and
FMR by means of microwave excitation using a coplanar waveguide. The technique
has the potential to selectively study the individual magnetic phases and determine
the origin of a specific excitation. It allows to unambiguously make the connection
between a resonant mode and its underlying magnetic phase. It also inherits the
element specific character of REXS. As an example, the magnetic resonances of
the helical, field-polarized and skyrmion lattice phase in the cubic chiral magnet
Cu2OSeO3 are identified by tracking the intensity of the structural (001) Bragg
peak and its satellite peaks under microwave excitation. The phase selectivity of
REXS-FMR may become particularly useful in systems that show complex magnetic
environments and the clear identification of the resonant modes becomes challenging.
Examples for this are multidomain skyrmion states in lacunar spinels [74, 151,
152], glassy skyrmion textures in Co-Mn-Zn compounds [24, 153, 154] or the low-
temperature skyrmion phase in Cu2OSeO3 with its concomitant tilted conical state
[117–119].

Besides that, the limits of the technique are potentially not yet reached. A future
perspective is a stroboscopic measurement, e.g. of the skyrmion mode dynamics.
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The simulations from the beginning of this section suggest that the spot intensity
of the gyrating (CW and CCW) modes is oscillating with a phase shift of 60° with
respect to each other, while they are expected to be in-phase for the breathing mode,
which would allow an unambiguous detection of the three skyrmion modes.
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Real-space imaging of
magnetic skyrmions

4
In this chapter, real space imaging of magnetic skyrmions and chiral magnetic
textures in terms of Lorentz Transmission Electron Microscopy (LTEM) is discussed.

In the first part, the theoretical concepts of LTEM are introduced. After some
remarks about the general setup of a transmission electron microscope (TEM),
the two LTEM techniques Fresnel and Differential Phase Contrast (DPC) LTEM are
explained in more detail.

The second part deals with the theoretical concepts of LTEM imaging of magnetic
skyrmions and other chiral magnetic textures. At first, a broad qualitative overview of
the Fresnel and DPC LTEM contrast formation of the various chiral magnetic textures
is shown. Then, a quantitative description of magnetic electron phase imaging of the
skyrmion spin structure is given. The resulting phenomenological relations provide
a connection of the TEM contrast to the magnetic skyrmion structure. They are a key
requirement for the characterization of engineered skyrmion structures using LTEM,
which became one of the most important real space imaging methods of magnetic
skyrmions.

In the last part, experimental LTEM data is presented. First, a Cu2OSeO3 sample
oriented along (001) is measured at temperatures below 50 K with Fresnel and
DPC LTEM. These measurements are conducted on an equivalent crystal as the
one in chapter 3 and give an additional point in terms of real-space observations.
Besides this, room temperature magnetic skyrmion hosting multilayer materials are
investigated. In this thesis, the data of a Pt/Co/W and a Pt/Co/Tb multilayer stack
are presented. The results clearly show that the character of the room-temperature
skyrmions deviates from the low temperature bulk chiral magnets in terms of the
magnetic phase diagrams, skyrmion nucleation and pinning.

Parts of sections 4.2.2, 4.2.3 and 4.4.2 are published in [155]. Parts of section
4.4.1 are published in [67].
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4.1 Lorentz Transmission Electron Microscopy
Light microscopy is a basic tool in many scientific fields like biology, medical sciences,
geology, engineering and physics. The technique, however, possesses a fundamental
constraint which is the Abbe diffraction limit given by [156]

d = λ

2n sin(θ) . (4.1)

Here λ is the light wavelength, n the refractive index of the medium, θ the semi
opening angle of the objective, and d is the distance of two separated objects that
are imaged. The equation describes the physical limitation of a light microscope’s
resolution in air which is around half of the wavelength of the used light which can
be as small as ≈ 200 nm for the visible spectrum. Although Ernst Abbe died over 100
years ago, the timeliness of this issue is stressed by the Nobel Prize Committee which
awarded the Nobel Prize in chemistry of 2014 to E. Betzing, S. W. Hell and W. E.
Moerner who took efforts in surpassing the Abbe limit. Hell and Wichmann describe
the theoretical realization of a light microscope with a resolution below the Abbe-
limit in their work “Breaking the diffraction resolution limit by stimulated emission:
stimulated-emission-depletion fluorescence microscopy” [157]. Five years later, the
Stimulated Emission Depletion (STED) microscope is realized experimentally by
Klar and Hell [158]. However, the sensational title of Hell’s original work should not
be taken literally. In fact, every beam in the described microscope exactly follows
Abbe’s diffraction limit and the technique rather relies on a clever idea to partially
deplete an excited volume of fluorescent marker molecules that need to be attached
to the actual sample before measurement.

A more direct approach to increase the resolution of microscopes was performed
by Ruska and Knoll in the 1930s. Instead of photons, they used electrons for imaging
[159]. At a typical energy of 300 keV, the de-Broglie-Wavelength of electrons is
λe = 1.97 pm which is far below inter-atomic distances. A modern Transmission
Electron Microscope (TEM) like the FEI Titan G3 PICO at the research center in
Jülich reaches an information limit below 50 pm [160].

It turned out that a TEM possesses much greater versatility than just high resolu-
tion imaging. Today, various experiments can be performed in the same machine.
Prominent examples are electron diffraction, energy dispersive x-ray spectroscopy
(EDXS), electron energy loss spectroscopy (EELS) or Lorentz TEM (LTEM), which de-
scribes the imaging of electric or magnetic fields and includes several sub-techniques.

In this section, the basic working principle of a TEM is explained. Only aspects
that are relevant for this thesis are covered. First, the general setup of a TEM is
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Fig. 4.1.: General setup of a TEM. (A) Photograph of the TEM used for the measurements
in this thesis. (B) Schematic setup of a TEM. The electron beam is extracted
from a field emitter and shaped before it is transmitted through the sample. The
resulting electron wave is imaged and recorded using a variety of detectors.

given as an overview. Then, more detailed descriptions of the two techniques used
for magnetic imaging in this thesis, namely Fresnel and DPC LTEM, are given.

4.1.1 General setup of a TEM
The optical analogue to a TEM is the transmission light microscope as implied by
the naming. Unsurprisingly, the actual technical setup is very different. Beside the
obvious necessity of a vacuum to enable electron propagation throughout the optics
of the machine (the propagation distance is in the order of meters), electrostatic
and magnetic lenses have to be used to focus and manipulate the electron beam.
The advantage of such a lens is that the focal plane can be adjusted by the electrical
current through the coil that produces its magnetic field. A major disadvantage
are the large lens aberrations. An insight into the interesting technical details and
ideas that are necessary to construct such a machine can be found e.g. in [161,
162]. The model name of the TEM that is used in this work is Tecnai F30 from the
manufacturer FEI. A photograph of the machine can be seen in Fig. 4.1A.

A schematic drawing of the optical parts of the TEM is shown in Fig. 4.1B. The
electrons tunnel out of the sharp apex (r ≈ 100 nm) of the Tungsten field emission
gun (FEG) when an electric field of a few kV is applied [163]. An electrostatic gun
lens (not shown) focuses the extracted electrons to a spot before their energy is
increased to typical values of 200 keV or 300 keV by the accelerator anodes. A con-
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denser system consisting of two condenser lenses (C1 and C2) and two apertures is
used to either produce a focused beam for Low Magnification Scanning Transmission
Electron Microscopy (LMSTEM) or a parallel beam for the imaging modes (details
covered later). The condenser is also used to control the beam intensity/current
density that is available on the sample (the beam current is in the order of nA).
As electrons are efficiently blocked by matter, TEM samples cannot have arbitrary
thicknesses. Usually, it is desired for the electrons not to get scattered multiple times
within the sample, which leads to typical sample thicknesses of less than 100 nm
as a rule of thumb [162]. The deflection coils are a pair of lenses that can shift
and tilt the beam. In combination they are used to translate the beam in the plane
perpendicular to the optical axis. The objective lens is a twin lens, i.e. it has an upper
and lower part above and below the sample and is the fundamental lens for High
Resolution TEM (HRTEM) imaging and High Resolution Scanning TEM (HRSTEM).
Inside the gap of the pole pieces and the magnetic field of the objective lens, the
actual sample is located. The mini condenser and Lorentz lens are integrated into
the objective lens. The Lorentz lens is responsible for the Fresnel LTEM imaging
mode which is discussed in section 4.1.2 in more detail. The diffraction lens can be
used to image the diffraction pattern of the sample in the focal plane of the objective
lens. An intermediate lens and two projection lenses are used to project the image
to its desired magnification where it can finally be displayed on a fluorescent screen,
a CCD camera or a variety of detectors.

Note that it is intended that the previous explanation might not enable the reader
to construct the actual beam path. There are too many different imaging modes
and each includes a distinct set of lenses which makes it impossible to explain them
consistently in one paragraph. Therefore, the following two sections discuss the two
magnetic imaging modes used throughout this thesis in more detail.

4.1.2 Fresnel Lorentz Transmission Electron Microscopy
The idea to use the strong interaction of the electron charge with magnetic fields
for magnetic imaging in the TEM was already practically accomplished by Marton
in 1948 only few years after the invention of the TEM [164–167]. Nowadays, the
term Lorentz TEM includes all TEM techniques that image an intensity variation
which arises from the electron phase caused by magnetic or electric fields within a
sample. The first actual images obtained by Fresnel LTEM, which is introduced in
this section, were presented by Wohlleben [168] and Fuller and Hale [169].

The electron beam path inside the TEM in Fresnel LTEM mode is schematically
depicted in Fig. 4.2A. Only essential optical components are drawn. The electrons
that are extracted from the FEG are focused to a point (first crossover) that is
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Fig. 4.2.: Qualitative Fresnel LTEM imaging. (A) Schematic beam path of a TEM in Fresnel
LTEM mode. A parallel beam is created by the condenser system that illuminates
the sample. The phase modulated electron wave is imaged using the Lorentz
lens. (B) In the particle image, electrons that are transmitted through a magnetic
sample are deflected due to the Lorentz force. At a distance ∆f below the sample,
electron density variations in the plane normal to the optical axis occur. This
modulated intensity can be imaged in the so-called overfocus of the Lorentz lens.
(C) When the imaging plane of the Lorentz lens is tuned to be above the sample, a
virtual image of the deflected electrons is captured, as described in (B). Compared
to the overfocus image, the contrast is inverted.

imaged using the C1 lens (second crossover). This image is in the focal point of the
C2 lens which gives a parallel beam just like in a regular condenser of an optical
microscope. The parallel beam is transmitted through the sample and the resulting
electron wave is imaged using the Lorentz lens. This special lens is situated at a
safe distance to the magnetic sample in order to avoid disturbances of the sample’s
magnetic structure due to the magnetic field of the lens. At maximum excitation,
the Lorentz lens introduces a magnetic field of 0.8 mT in the sample plane which
can be further compensated using the mini-condenser lens (not shown). The image
is projected to its final magnification using a projection lens system (not shown) and
is captured with a CCD camera or observed on the fluorescent screen. The objective
lens cannot be used for magnetic imaging as it produces magnetic fields around 2 T
at the sample position which would saturate most magnetic samples and anyone
that is discussed in this thesis. However, the operation of the objective lens at weak
excitation currents can be used to study the sample for different magnetic fields.
Here, the magnetic field direction is restricted to the optical axis. The only way
to introduce magnetic fields within the sample plane is by tilting the sample. This
inflexibility can be an issue as described later.
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Magnetic imaging in TEM is best understood from a qualitative aspect, using the
particle image of electrons. Fig. 4.2B shows the parallel trajectories of incident
electrons (green arrows). A hypothetical magnetic sample consisting of three in-
plane magnetized domains deflects the transmitted electrons in terms of Lorentz
force as illustrated. The deflection angle βL(x) at the position x of a laterally infinite
sample with M ‖ ŷ is given by [170]

βL(x) = eλeµ0My(x)τ
h

, (4.2)

with sample thickness τ and the y-component of the magnetization My(x). At
a distance ∆f below the sample, the electron intensity normal to the optical axis1

I(r⊥, z = ∆f) is in- or decreased at positions where the domain orientation of
the sample changes. This intensity variation can be imaged by setting the Lorentz
lens image plane to z = ∆f . One also speaks of a positive defocus or overfocus,
classifying the method as a defocus-technique. In reality, such defocus-values can be
as large as mm which is large compared to HRTEM where an image with a ∆f in
the µm range would be called defocused. It is also possible to use negative defoci as
shown in Fig. 4.2C. In this case, a virtual image of the backwards extension of the
deflected trajectories in Fig. 4.2B is recorded. This is called underfocussing and the
respective image contrast is inverted in comparison to the overfocused images.

While the importance of these classical considerations for qualitative contrast
formation is undeniable, their validity for more complex magnetic structures or
quantitative results is rarely given [167]. A more rigorous description of the resulting
image contrast requires an electron treatment as coherent quantum mechanical
matter waves. It is possible to describe such waves like optical waves and use Fourier
optics to describe their propagation and interaction with lenses including the effect
of aberrations [163, 171, 172].

The initial electron wave Ψin at the z-position of the sample is described by a
plane wave

Ψin(r⊥) = A0 exp (iφ0 + iωt) , (4.3)

with amplitude A0, angular frequency ω and a constant phase φ0. Upon magnetic
sample interaction, the phase is altered and depends on the lateral coordinates
r⊥, i.e. φ0 → φm(r⊥). Assuming that the sample is thin and a pure phase object,
A0 remains constant. This means that beside the interaction of the electron with
the magnetic induction of the sample, there are no additional effects like electron

1The optical axis is usually chosen to be parallel to ẑ.
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absorption or scattering from the crystal structure. Dropping the time-dependent
part, the outgoing wave right below the sample becomes

Ψout(r⊥) = A0 exp [iφm (r⊥)] . (4.4)

In order to calculate the expected Fresnel LTEM contrast for a given magnetic
sample, it is necessary to calculate φm(r⊥). It is known that two electrons that
traverse a magnetic sample at r1 and r2 with ∆x = |r2 − r1| acquire a phase-shift
∆φm according to the enclosed magnetic flux ΦB of their two paths (that virtually
connect at infinite distance to the sample), which gives [167, 170]

∆φm(∆x) = − e
h̄

ΦB = − e
h̄
B⊥ τ ∆x . (4.5)

Here, B⊥ is the projected component of the magnetic induction along the perpen-
dicular direction of (r2 − r1) and the optical axis. This linear phase dependence
along r2 − r1 is illustrated in Fig. 4.3A. The lines represent positions of equal phase.

In 1991, Mansuripur presented a convenient way to numerically calculate φm(r⊥)
for a parallel electron beam passing a thin magnetic sample with uniform mag-
netization along the film thickness at an arbitrary incident angle [173]. For this,
Mansuripur computes the vector potential A(r) associated with the magnetic sample.
This also accounts for the magnetostatic fields in- and outside of the sample. The
resulting phase-shift is calculated from prior argumentation. Finally, φm(r⊥) is given
by

φm(x, y) = iµ0Mseτ

h

∞∑
m=−∞
n=−∞
mn6=00

Gp(τkmn)
kmn

(kmn × ẑ) · [p̂× (p̂×Mmn)] e
2πi
(

mx
Lx

+ ny
Ly

)
.

(4.6)

Eq. (4.6) has been converted to SI units from the original work. Here, Ms is
the saturation magnetization, τ is the sample thickness and Lx, Ly are the lateral
dimensions of the sample. The unit vector p̂ points along the beam direction. The
2D-reciprocal space vectors kmn are given by

kmn =
(
m

Lx

)
x̂ +

(
n

Ly

)
ŷ . (4.7)
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The coefficients of the magnetization’s Fourier series Mmn are given by

Mmn = 1
LxLy

∫ Lx

0

∫ Ly

0
m(x, y) exp

[
−2πi

(
mx

Lx
+ ny

Ly

)]
dx dy , (4.8)

with the sample’s normalized magnetization vector field m(x, y). Finally, the
geometrical factor Gp(τkmn) is given by

Gp(τkmn) = 1
(p̂ · kmn)2 + (p̂ · ẑ)2

sin [ (πτ p̂ · kmn) / (p̂ · ẑ) ]
(πτ p̂ · kmn) / (p̂ · ẑ) . (4.9)

These expressions can be computed conveniently using discrete Fourier transforms
(FTs) as shown in appendix A.4.

As the phase modification φm of the electron wave by the magnetic sample is now
accessible, the resulting intensity of the Fresnel LTEM image can be calculated using
Fourier optics. Fresnel LTEM does not measure ψout directly as it does not detect the
electron phase but measures a wave intensity. However, Iout(r⊥) = |Ψout|2 = |A0|2 is
constant and does not depend on position. Therefore to obtain magnetic information,
Ψout is propagated for a distance ∆f and the intensity of the resulting electron wave
Ψ∆f is imaged, which is equivalent to the particle considerations that were discussed
with Fig. 4.2B. The wave function Ψ∆f can be computed using the Fresnel-propagator
[167, 171]

P∆f = 1
iλe∆f

exp
(

iπx
2 + y2

λe∆f

)
, (4.10)

with the electron wavelength λe. This expression has a compact FT which reads
[163, 167]

F(P∆f ) = exp
[
iπ∆fλe(k2

x + k2
y)
]

. (4.11)

Here, kx and ky are the reciprocal space vectors. To calculate the propagated
wave Ψ∆f , it is convoluted with P∆f which can be expressed by FTs [163, 167]

Ψ∆f = F−1 [F(Ψout) · F(P∆f )
]

, (4.12)

with the inverse Fourier transform F−1. Note that P∆f is a quadratic approxima-
tion of a spherical wave which means that the latter is only valid close to the optical
axis which is given for TEM. The Lorentz lens is used to image

∣∣Ψ∆f
∣∣2. In Fresnel

Lorentz electron microscopy, the wave in the back-focal plane Ψbfp of the Lorentz
lens (f ≈ Lg) is given by the Fourier transform of Ψ∆f [170, 171].

56 Chapter 4 Real-space imaging of magnetic skyrmions



B

Ψin

xy z

τ

Ψout

ΔΦm

A B

Ψin Ψout |ΨΔf|2

Δf

r1 r2

Lorentz lens

|Ψbfp|2 I

Δf
-1x x

Sample

fLg Lb-f

B
Image

ap Cs

Δx

z

Fig. 4.3.: Electron phase-shift by a magnetic sample and Fresnel LTEM image formation
from Fourier optics. (A) An incoming plane wave Ψin is linearly phase- shifted
when transmitted through a constant magnetic induction B perpendicular to
the optical axis results. (B) The electron wave Ψout that exits the sample is
propagated for a distance ∆f using the Fresnel Propagator P∆f . A Fourier
transform gives the electron wave Ψbfp in the back focal plane of the Lorentz lens,
where its complex spherical aberration function DCs (real part drawn in blue and
imaginary part drawn in orange color) and an aperture function Dap are included
by multiplication. Some quantities like |Ψ∆f |2 are displayed for intuitive reasons
and are not the actual target of the displayed mathematical operations which is
why this figure should only be studied in combination with the main text. The
square modulus of the inverse Fourier transform of the CTF gives the resulting
Fresnel image intensity I. Image (A) is a modified Fig. from Ref. [167]

D. B. Williams and C. B. Carter write that “[...] if the lenses in your own eyes were
as good as our best electromagnetic lens, then you’d be legally blind!” [162]. It is
therefore reasonable to include aberrations in the contrast formation description2.
It can be shown that these aberrations can be included by a multiplication of Ψbfp

with additional terms as follows [162, 163, 171]

Ψ ′bfp(k⊥) = F(Ψout) F(P∆f ) Dap(k⊥) DCs(k⊥) . (4.13)

Here, Dap accounts for the action of an objective aperture in the back focal plane
of the imaging lens and is given by

Dap(kx, ky) = Θ(kap − k⊥) , (4.14)

for a circular aperture with radius kap using the Heaviside function Θ. The
spherical aberration of the lens is implemented with [170, 171]

DCs(kx, ky) = exp
[
i
π

2Csλ
3
e(k2

x + k2
y)2
]

. (4.15)

2Nowadays, spherical and chromatic aberrations can be compensated using correctors, nevertheless
the quote is still valid for the lenses themselves.
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In this equation, Cs is the lens’ spherical aberration coefficient. The objective lens,
responsible for high resolution TEM imaging, of the microscope used in this thesis
has a Cs in the order of a few mm [162]. In terms of bad optical quality this value is
easily beaten by the Lorentz lens with Cs ≈ 8 m [172, 174]. However, due to the
large defoci used in Fresnel LTEM, the large Cs is often not the resolution limiting
term when comparing Eqs. 4.11 and 4.15. The multiplication of Dap, DCs as well as
F(P∆f ) that accounts for defocus is called contrast-transfer-function (CTF)

DCTF(k⊥) = F(P∆f )(k⊥) A(k⊥) C(k⊥) . (4.16)

It should be noted that additional terms like chromatic aberrations can be included
in the CTF but are omitted due to their negligible effect for Fresnel LTEM. To obtain
the resulting Fresnel image intensity I(r⊥), the square modulus of the inverse
Fourier transform of Eq. (4.13) is computed [162, 163, 171]

I(r⊥) =
∣∣∣F−1 [F(Ψout)(k⊥) ·DCTF(k⊥)]

∣∣∣2 . (4.17)

As an overview and a summary, the image formation in terms of Fourier optics
described before is schematically shown in Fig. 4.3B. The plane electron wave Ψin

is phase-shifted by the magnetic induction B of the sample and transforms to Ψout

which can be calculated using Eqs. (4.6)-(4.9). Ψout freely propagates for a distance
∆f to the new state Ψ∆f which is mathematically achieved by a convolution with
the Fresnel propagator P∆f defined in Eq. (4.10). The electron wave in the back-
focal-plane of the Lorentz lens Ψbfp is obtained by the Fourier transform of Ψ∆f . To
attribute for the spherical aberration of the Lorentz lens and an aperture in the focal
plane,Ψbfp is multiplied by DCs and Dap. Finally, the resulting wave function which
gives the Fresnel image intensity is obtained by an inverse Fourier transform as stated
in Eq. (4.17). Note that the mathematical operations in combination with the shown
quantities in Fig. 4.3B might lead to confusions. E.g. the Fourier transform to obtain
Ψbfp is actually applied to Ψ∆f and not to

∣∣Ψ∆f
∣∣2 which is displayed for intuitive

reasons. Therefore, Fig. 4.3B should only be studied alongside the explaining text.

4.1.3 Differential Phase Contrast Lorentz Transmission Electron
Microscopy
The previous section showed how magnetic structures are imaged in an out-of-
focus condition. Imaging at a defocus will however also reduce the lateral image
resolution. For a defocus of around 50µm, the lateral resolution is already > 30 nm
and therefore, depending on the effective magnetic induction of the sample, the
technique can be limited to large magnetic structures [175]. A second issue is that

58 Chapter 4 Real-space imaging of magnetic skyrmions



C1 lens

C2 lens

C2 
aperture

Sample

Detectors

M

A B
Scanning 
focused
electron
beam

Tilted 
divergent 
beam

C Lateral 
intensity 
distribution 
of the 
electron 
probe at 
the sample 
position

*

*

10 nm

Fig. 4.4.: Qualitative DPC LTEM imaging. (A) Schematic beam path of the essential optical
parts of a TEM in DPC LTEM mode. The electron beam is focused on the sample
where it gets deflected. The deflection is probed locally using a variety of detectors
like annular segmented diodes (shown here), position sensitive diodes or fast
cameras. (B) The electron beam is scanned over the sample and deflected
depending on the local magnetic induction. (C) Intensity profile of the electron
probe.

the TEM is no longer well-calibrated when operated at large defoci, which leads to
many operational inconveniences, most prominently the loss of the image’s scale.
So when absolute physical sizes need to be known, the scalebar has to be tediously
calibrated from (non-magnetic) image features of in-focus images for which the
scale is calibrated.

A technique that is able to image magnetic fields while staying in focus of the
sample is Differential Phase Contrast (DPC) LTEM. The major difference to Fresnel
LTEM is that DPC LTEM is a scanning technique, i.e. the beam is focused onto the
sample and locally probes the magnetic field. After first proposals in 1974 [176,
177], the technique was experimentally realized by Chapman et al. on magnetic
domains of a polycrystalline permalloy film in 1978 [178]. The method was used
exclusively for magnetic specimens until it was first applied to the (piezo-) electric
field of an InGaN quantum well in 2012 [179]. After further mesoscopic electric field
measurements of polarized wurtzite GaAs nano-wires or p-n junctions [180–182],
probe-corrected STEM was used to measure the inter-atomic electric fields of BaTiO3

and GaN which established a whole new field of atomic DPC imaging [183, 184].
With the first real space imaging of magnetic Bloch skyrmions using Fresnel-LTEM
[48], DPC-LTEM also increased its level of awareness in the magnetism community
[69, 185–187].
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Fig. 4.4A shows the beam path and the essential optical components for DPC
LTEM. Like in Fresnel LTEM mode, the first crossover of the extracted electrons is
imaged by the C1 Lens. The C2 lens focuses the beam onto the sample (or creates
an image of the second crossover at the sample z-position). The focused beam spot
at the sample is called the electron probe. The C2 aperture plays an important
role as it controls beam intensity, electron probe size and magnetic field sensitivity
(explained later). When the electron beam is transmitted through the sample, a
local magnetic induction deflects the outgoing diverging beam. This deflection
is the signal of interest for the DPC technique. It is measured using a variety of
detectors, the three most prominent are annular segmented diode (shown here3)
[188], position sensitive diode (PSD) [189] and fast pixelated detector/camera
[183]. For the annular segmented diode this works by subtracting the measured
electrical current signal of opposing diode segments. More details can be found in
Refs. [167, 190–192]. The distance between the sample and the detector is called
camera length Lc and can be electron-optically varied using the projection system
(not shown). The resulting intensity of the electron wave function that is projected
onto the detector is called diffraction disk or Ronchigram. The latter name only
applies if the sample is in focus. DPC is a scanning transmission electron microscopy
(STEM) technique, i.e. that the focused electron beam is scanned over the sample as
shown in Fig. 4.4B. At each scan position, the local deflection of the electron probe
is measured which can then be composed to an image when mapping the deflection
value to a set of colors (colormap).

As the diffraction limit (4.1) also applies to electrons, the electron probe possesses
a finite size. The probe intensity profile is shown in Fig. 4.4C and is given by the
well-known Airy pattern

Iprobe(r⊥) = I0

[
2J1(αprobe r⊥)
αprobe r⊥

]2

, (4.18)

with the central spot intensity I0, the Bessel function of the first kind J1 and the
radial coordinate r⊥. The factor αprobe is given by

αprobe = 2πRC2
λeLb

, (4.19)

with the C2 aperture radius RC2 and the distance from the C2 aperture to the
in-focus sample Lb. With J1(1.22π) ≈ 0, the electron probe radius Rprobe defined

3There also exist different detector layouts with a varying number of radial and angular segments.
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by Iprobe(Rprobe) = 0 is related to the geometrical parameters of the aberration free
STEM with

Rprobe = 1.22 λe Lb
2RC2

. (4.20)

The uncorrected microscope used in this thesis can produce a minimal probe size
of around 10 nm in the LMSTEM mode that is described here. It should be noted
that in the HRSTEM mode, atomic sized electron probes can be achieved by focusing
the electron beam with the objective lens, situated much closer to the sample, which
effectively reduces Lb. As already mentioned, this is not applicable to magnetic
samples due to the large magnetic fields that are produced by the objective lens at
the sample location.

The wave-optical description of LMSTEM starts with the second beam crossover,
situated inside the condenser system. A sketch can be found in the top part of
Fig. 4.5A. The crossover is treated as a point source which, in reality, is of course not
true, but the effect of a broadened source will be discussed in the application of this
theory in section 4.2.3. The electron wave Ψδ at this point is given by

Ψδ(r⊥) = δ(r⊥) , (4.21)

with the 2D Dirac distribution δ(x, y). This point source is now imaged using
the C2 lens such that the image will be in the sample plane. Therefore, Ψδ is first
propagated for the object distance Lg which is expressed by the trivial convolution
with the Fresnel propagator PLg. In the lens plane, the wave function ΨC2,in is

Ψ in
C2 = exp

(
iπr2
⊥

λeLg

)
, (4.22)

which is the quadratic approximation of a spherical wave as expected [171].
The lens adds an additional focal-length f dependent phase φf = πr2

⊥
λef

to Ψ in
C2.

Further, the effect of the circular C2 aperture with radius KC2 is included by the
multiplication with an aperture function Dap(k⊥) = Θ(KC2 − k⊥). The wave Ψout

C2
exiting the C2 lens is then given by

Ψout
C2 = Ψ in

C2 · exp (iφf ) ·Dap(k⊥) = exp
(

iπr2
⊥

λeLb

)
·Dap(k⊥) . (4.23)

As expected from a perfect lens, the first part is the quadratic approximation of
a spherical wave converging to a point at the image distance Lb. For an imperfect
lens, deviations from the given φf have to be included, as indicated by the orange
wave-front exiting the C2 lens in Fig. 4.5A. Aberrations only modify and mostly
spread the wave function of the resulting electron probe, so they are not explicitly
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Fig. 4.5.: Wave-optical description of DPC imaging using LMSTEM. (A) A point source is
imaged using the C2 lens and an aperture. The resulting wave function of the
electron probe Ψprobe is phase-shifted by the magnetic induction of the sample.
The diverging beam (red shaded) is tilted away from the optical axis due to the
phase-shift. The intensity of the wave function Ψronch in the plane of observation is
called Ronchigram. (B) The Ronchigram intensity for a sample without magnetic
induction or constant magnetic phase is a centered disk with the shape of the
circular aperture. (C) A homogeneous in-plane magnetic induction B leads to a
shift along the inverted direction of the phase gradient. (D) The more complex
electron phase shift produced by the tilted magnetization structure of a Néel
skyrmion shows no constant phase gradient within the probe area which leads to
a redistribution of intensities inside the Ronchigram.

included in this description, as will make sense from the simulations shown later
in section 4.2.3. To obtain the electron wave function of the probe Ψprobe, Ψout

C2 is
propagated for the image distance Lb. For ideal lenses, it can be shown that Ψprobe
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is proportional to the Fourier transform of Dap, independent of aperture position
along the beam path [171]

Ψprobe(r⊥) ∝ F [Dap(k⊥)] . (4.24)

The square modulus of the Fourier transform of a circular aperture is the Airy
pattern from expression (4.18). The electron wave is now transmitted through
the magnetic sample where it picks up an additional spatially dependent magnetic
phase φm(r⊥). This phase was already discussed in the previous section about
Fresnel LTEM and can be computed using Eq. (4.6). The modified wave-function
of the probe then propagates for the camera length Lc until it reaches the plane of
observation. The final wave Ψronch can be obtained by using Fraunhofer diffraction
in the far field

Ψronch(k⊥) = F−1{Ψprobe(r⊥) · exp [iφm(r⊥)]} . (4.25)

This is valid as typical probe sizes are <10 nm and the electron wavelength is in
the pm range while the camera length is in the order of 1 m. For simplicity, the actual
scale of Ψronch is not given as results of this work only depend on relative shifts.
As mentioned before, the observed intensity |Ψronch|2 is called Ronchigram and
will, depending on φm, have more or less the character of the aperture shape. For
φm = const and a circular aperture, the Ronchigram is a homogeneously illuminated
disc.

To further elaborate on this vague statement, Fig. 4.5B-D shows three different
electron phases φm, that originate from different magnetic systems, and their re-
spective Ronchigrams. The left side of Fig. 4.5B shows a constant phase φm that
results e.g. from a non-magnetic or perpendicularly (along ẑ) magnetized sample.
The white ring indicates the electron probe radius. With φm = 0, the combination of
Eq. (4.24) and (4.25) is trivial and the resulting Ronchigram intensity is the aperture
function Dap, centered around the optical axis, as shown on the right side. The
central part of the image shows vertical line profiles of Ψprobe, φm for x = 0 and
Ψronch for kx = 0 in remembrance of the right side of Fig. 4.5A.

A sample with uniform in-plane magnetic induction will lead to a linear electron
phase ramp φm as shown in Fig. 4.5C. The resulting Ronchigram intensity still has the
aperture shape, though it is shifted with respect to the optical axis, as indicated by
the arrow. This shift is proportional to the local phase gradient at the electron probe
position. This fact is eponymous for Differential Phase Contrast Microscopy and
can easily be verified by an inspection of Eqs. (4.24) and (4.25) and the application
of the convolution theorem. Assuming a linear phase ramp φm = ax+ by, instead
of the multiplication with exp (iφm) in Eq. (4.25), a convolution of the aperture
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function Dap with F (exp [i (ax+ by)]) can be conducted. This is a convolution of
Dap with a laterally shifted delta function, resulting in a Ronchigram of the shifted
aperture function.

The third example is the electron phase of a tilted Néel skyrmion, shown in
Fig. 4.5D. In this case, the Ronchigram intensity shows striking differences from the
aperture function. It is a distribution of disks from different areas on the specimen.
Two partial beams which are shifted in opposite directions with respect to the optical
axis are shown as an example. Further, there is a redistribution of disk intensity,
i.e. the disk is not homogeneously illuminated, which is prominently visible in the
line-profile. The reason for this is that the electron phase gradient ∇⊥φm is not
constant inside the electron probe which is indicated in the phase line-profile. The
electron probe position is chosen such that the overlap of the probe with φm contains
phase gradients in y-direction of opposite sign, which explains the two distinct disks
in the Ronchigram. In the region where the two disks overlap, interference leads to
the mentioned redistribution of intensity. The effect is even further emphasized by
the curvature of φm.

To capture the local electron phase information that is encoded within the Ronchi-
gram, a variety of detectors is available. The most established one is the annular
segmented diode that is shown on the bottom of Fig. 4.4A. Before the measurement,
the Ronchigram is centered onto the ring such that the diffraction disc has a small
overlap of the inner detector edge [191]. The overlap can be controlled by changing
the camera length and the C2 aperture size or by using a 3-condenser illumination
system as provided by modern microscopes. When the Ronchigram gets shifted
off the detector center due to a local phase gradient induced by the sample, the
difference signal of opposing diode segments will be proportional to this shift and to
the local phase gradient. A detailed detector characterization in terms of linearity,
precision and field sensitivity can be found in Refs. [190, 191]. The proportional-
ity of the detector difference signal to the phase gradient is only valid when the
diffraction disk is homogeneous as in the situations shown in Fig. 4.5B,C.

As already explained and shown in Fig. 4.5D, a homogeneous Ronchigram cannot
be expected once the regarding phase object’s size is in the same order as the electron
probe diameter. In this case, an inhomogeneous diffraction disk is obtained and the
previous relation of Ronchigram intensity and local phase gradient becomes invalid.
Müller K. et al. show that the quantum mechanical expectation value for the lateral
electron momentum operator p⊥ = h̄k⊥ in STEM is given by the center of mass of
the Ronchigram intensity [183]

〈p⊥〉 =
∫

Ψ∗ronch(p⊥)p⊥Ψronch(p⊥) dpx dpy . (4.26)
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As an example, Müller et al. map the inter-atomic electric fields of SrTiO3 in [001]
projection. This material has a spacing of adjacent Sr-columns of aSr ≈ 350 pm and
they use an electron probe radius of Rprobe ≈ 50 pm. As aSr and 2Rprobe have the
same order of magnitude, a redistribution of intensities in the Ronchigram intensity
is observed, which is captured using a rather slow CCD camera with a frame time
of 50 ms. In this example, Müller et al. relate the projected average of the lateral
electric field along the electron beam path

Eproj
⊥ (r⊥) = 1

τ
·
∫

E⊥(r⊥, z) dz , (4.27)

with the center of mass of the Ronchigram [183] which gives

− v

eτ
〈p⊥〉 = Eproj

⊥ ⊗ Iprobe . (4.28)

Here, v is the electron velocity. Therefore, the measured center of mass is directly
proportional to the average projected electric field convoluted with the electron
probesize.

Today, with a greater prevalence of fast CCD cameras in TEM, this method be-
comes an established technique in the TEM community for inter-atomic electric field
measurement and is widely referred to as 4D-STEM [193, 194]. In fact, Schwarzhu-
ber et al. recently proposed the use of a different detector in TEM, which is called the
position sensitive diode (PSD). This detector inherently measures the Ronchigram’s
center of mass and is able to offset some of the CCD camera’s downsides like large
pixel dwell time and price [189].

Considering magnetic fields, this discussion seems unnecessary because structures
like magnetic domain walls usually extend over more than a thousand atoms. This
fact is even the key ingredient for magnetic continuum theory [5]. However, as
mentioned before, picometer-sized electron probes are not available for most mag-
netic structures as LMSTEM needs to be used. Here, probe sizes >2 nm (commonly
around 10 nm) are expected. With skyrmions smaller than 50 nm, latter consider-
ations become relevant again [36, 52, 71, 74, 195, 196]. From this point of view
and in consideration of the ratio of phase variation distance with respect to probe
diameter, skyrmions in LMSTEM can be viewed as the magnetic counterparts of
atoms in HRSTEM. For this reason, it makes sense to provide the relation of the
center of mass of the Ronchigram to the lateral magnetic induction. The calculation
is shown in appendix A.2. The result

− 1
eτ
〈p⊥〉 =

[
BProj
y (r⊥) · x̂ +BProj

x (r⊥) · ŷ
]
⊗ Iprobe(r⊥) , (4.29)
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with the average projected lateral magnetic induction

BProj
⊥ (r⊥) = 1

τ

∫
B⊥(r⊥, z) dz , (4.30)

and BProj
⊥ = (BProj

x , BProj
y ) is very similar to the case of electric fields given

in Eq. (4.28), however independent of the electron’s kinetic energy. This is in
agreement with the classical expectation which is also shown in appendix A.2.

4.2 Electron phase imaging theory for magnetic
skyrmions and chiral magnetic textures
This section applies the general theoretical considerations about TEM introduced
in the previous section to the specific spin structures of skyrmions or other chiral
magnetic textures. It starts off with a qualitative description of the Fresnel and DPC
LTEM contrast. The intention here is to give an educational overview of possible
Bloch and Néel type skyrmion related contrasts in TEM. Afterwards, a quantitative
description is given that enables the relation of the skyrmion LTEM contrast to the
actual spin structure. This description is then further extended for DPC LTEM and
aberration effects are discussed.

4.2.1 Qualitative image contrast of chiral magnetic textures in
Lorentz microscopy
This first section qualitatively shows the image contrast that is expected in a Fresnel
and DPC Lorentz TEM experiment for the helical and Bloch skyrmion phase of B20
chiral magnets that were introduced in section 2.1.3. Afterwards, these explanations
are extended to the cycloidal and Néel skyrmion phases of the heavy metal/ferro-
magnet/heavy metal multilayer systems discussed in section 2.1.3. Beside schematic
drawings, actual microscopy data is presented for each of the two aforementioned
techniques.

The description starts with the helical phase which shows a Bloch-type spin
winding. As already mentioned, due to the mean free path of high energy electrons,
the maximum sample thickness is limited to around 100 nm, which is in the order of
the propagation length λh of the chiral magnets investigated in this thesis. In such a
thin film geometry, the direction of the qh-vector of the spin helices is constrained to
the sample plane [48, 95]. A sketch of a 2D helical phase is displayed in Fig. 4.6A.
The magnetization texture M within the sample is illustrated by the 3D arrows.
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Fig. 4.6.: LTEM imaging of the helical phase. (A) Fresnel LTEM imaging of the magnetiza-
tion structure of a thin magnetic sample containing a helical phase. The green
planes show equivalent electron trajectories through the sample. At a distance
∆f below the sample, an overfocus image can be obtained (black/white plane).
The inset shows a side view of the sample magnetization. On the right, an actual
defocus series of the material Fe0.5Co0.5Si is displayed. The magnetic contrast
inverts for different signs of ∆f and vanishes for ∆f = 0. The arrows mark refer-
ence points for an easier comparison. (B) Imaging of the helical phase in DPC
LTEM. The green cones represent the focused electron beam. Its local deflection
is shown below the sample with the black arrows. The image on the right is an
actual DPC measurement on Cu2OSeO3. Here, color represents the direction and
brightness the magnitude of the electron beam deflection as indicated by the color
wheel above.
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The arrow’s coloring highlights the in-plane components of M . The inset at the top
shows the respective side view of the sample.

Using Fresnel Lorentz TEM at normal incidence, a parallel electron wave is
transmitted through the sample with k ‖ ẑ. For the qualitative description and an
easier illustration, the particle image of electrons is considered. In Fig. 4.6A, the
front edges of the green planes show the trajectories of the electrons during their
transmission. As these trajectories are the same along qh × ẑ, planes are drawn
to represent equivalent paths. Therefore, the drawings should not be confused
with an illustration of a plane wave front. As indicated, the electrons get deflected
from the spin structure. At some distance ∆f to the sample, the lateral electron
density shows a stripe pattern that follows the modulation of the magnetization,
as indicated by the black/white plane. This electron density is captured by the
overfocus image contrast in Fresnel LTEM, as was explained in section 4.1.2 and
Fig. 4.2B. Example Fresnel LTEM images of the helical phase of Fe0.5Co0.5Si are
displayed on the right side of Fig. 4.6A. The helical phase in the image is not well
ordered and shows many defects. As expected, the image intensities of over- and
underfocus image are inverted, which is easily visible by comparing the contrast at
the reference sites marked by the red arrows. When the image plane is tuned to the
sample plane, i.e. ∆f = 0, the magnetic contrast vanishes as shown in the in-focus
image. Due to the nature of magnetic lenses in a TEM as well as imperfections of the
calibration, different foci also slightly shift and rotate the field of view and can also
lead to different magnifications. Therefore, affine transformations are calculated
using reference sites and applied to the example images such that image features
are located at the same position for each defocus. Furthermore, a bandpass and
Gaussian (σ = 3 pixel) filter have been applied to the over- and underfocus images
to remove the background and emphasize the contrast reversal. This procedure is
conducted for each focus series, presented in this section and is not critical in this
qualitative context.

Using DPC Lorentz TEM, the electron beam is focused onto the sample plane. The
confined electron probe interacts with local magnetic fields of the sample which lead
to a deflection of the diverging electron beam. The electron beam is scanned across
the sample and at each position the beam deflection is measured. It is proportional
to the local electron phase gradient and the magnetic induction as explained in
section 4.1.3. For the helical phase, this is illustrated in Fig. 4.6B. The green cones
represent the focused electron beam for five example positions. Equivalently to the
previous description, the beam gets deflected by the Lorentz force and the local
beam deflection is displayed with the black arrows below the spin structure. As
expected, the out-of-plane components of M do not deflect the beam. The image on
the right side of the sketch shows an actual DPC measurement of the helical phase
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Fig. 4.7.: LTEM imaging of the skyrmion phase. (A) Fresnel LTEM imaging of a Bloch
skyrmion. The electrons get deflected to the center of the skyrmion by its wall
magnetization. The overfocus image sketched below shows a bright spot. The
experimental focus series of Cu2OSeO3 on the bottom shows a hexagonal lattice
of the expected bright spots that change to dark spots for underfocus condition.
(B) DPC LTEM imaging of a Bloch skyrmion. The local deflection of the focused
electron beam at the skyrmion wall points towards the skyrmion center. This
matches the experimental image of a skyrmion in Cu2OSeO3 shown at the bottom.

of Cu2OSeO3. The beam deflection is encoded in color. The color represents the
direction and its brightness the magnitude of the beam deflection. This is further
indicated by the color wheel shown on top. Note that the color mapping might not
be equivalent throughout this thesis and it is advised to always check the respective
color wheel that is given for each measurement. Here, e.g. it has been chosen such
that the blue and yellow matches the sketch to the left. To reduce some of the noise
of the image that is caused by strong charging effects of the insulating material, a
polynomial background fit is subtracted and a 3× 3 median as well as a Gaussian
filter (σ = 4 pixel) is applied.
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A quite similar description can be applied to the contrast formation of a Bloch
skyrmion. The 3D vectors in Fig. 4.7A show the spin structure of a Bloch skyrmion.
The in-plane components are highlighted by color, depending on their direction and
magnitude. As the objective lens produces a magnetic field parallel to the beam
direction, the skyrmion tubes, shown in Fig. 2.6, are also parallel to the beam for
normal electron incidence. In the given example, it can be seen that the electrons
that are transmitted through the skyrmion wall get deflected towards its center.
Due to this, the Bloch skyrmion can be considered as a nano-lens for electrons.
Due to this deflection, at an overfocus ∆f > 0, an increased electron density at
the lateral position of the skyrmion core is expected. The overfocus Fresnel image
therefore shows the given skyrmion as a bright spot as in the sketch below. One
might notice that the spot is surrounded by a dark halo which results from the
electron redistribution to the center. An actual micrograph of the skyrmion lattice
in Cu2OSeO3 shows the same expected contrast. Changing the image plane to a
z-value above the sample again leads to an inversion of contrast and the skyrmions
appear as black dots.

The DPC measurement follows the latter description, and an electron beam
deflection towards the skyrmion center is measured at the skyrmion wall positions,
as shown in the sketch of Fig. 4.7B. The experimental image also shows how the
wall covers all directions of deflection as visible from the color wheel. This reflects
the equatorial spins of the unit spheres in Fig. 2.5B. Note that only one type of Bloch
skyrmion chirality is shown in this example. For an inverted DMI constant Dbulk,
the over- and underfocus images will be exchanged and the local beam deflection
will be in opposite direction. This also means that Lorentz TEM is sensitive to the
skyrmion chirality and the sign of the DMI.

Now systems with interface DMI, which leads to cycloidal and Néel skyrmion spin
structures, are considered. However, the trivial particle description from before is
insufficient for the accurate description of the observed images. The particle image
can still be applied, however the spin structure needs to be adjusted as described in
the following. At the top of Fig. 4.8A, a cycloidal magnetization structure is shown.
Naively, it might be expected that the in-plane components of the cycloid lead to
a beam deflection which should be visible at least for DPC LTEM. In reality, this is
not true which is evidenced by a wave optical consideration. Using Mansuripur’s
formalism from Eq. (4.6), it can analytically be proven that the phase shift φm(r⊥)
that is obtained by an electron transmitted through a cycloidal spin structure is zero
as demonstrated in appendix A.3. Due to this, no contrast can be obtained from such
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seen from the experimental data on the right. The diagonal tilt axis orientation is
marked inside the top micrograph. (C) DPC LTEM imaging of the tilted cycloidal
phase and experimental data on the right.
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a spin structure. McVitie et al. show that the electron phase can be also expressed
as [197]

φm(r⊥) = − eµ0τ

2hr⊥
⊗ (∇×M) · ẑ . (4.31)

As before, τ is the sample thickness and ⊗ is the convolution operator. It directly
follows that only magnetization distributions M(r⊥) with a curl that has a non-
vanishing z-component can be observed with LTEM. However, for both cycloid and
Néel skyrmion (∇×M) · ẑ = 0. To intuitively understand this, the magnetostatic
field Hd of a Néel skyrmion needs to be considered, which is shown in Fig. 2.2C. To
obtain the electron beam deflection, the magnetic induction needs to be integrated
along the ẑ according to Eqs. (4.29) and (4.30). At the wall position, the demag-
netizing field is opposite to the magnetization direction. Outside the sample, the
stray fields are non-symmetric and leave a net contribution that is opposite to the
magnetization of the Néel skyrmion wall. In reality, the combination of these effects
compensates the contribution of M to the magnetic induction.

Nevertheless, the issue that no LTEM signal is obtained can be overcome by
introducing a tilt of the sample with respect to the incident electron beam. This way,
the out-of-plane components of the magnetization generate an additional in-plane
contribution within the plane of observation. These in-plane components of a cycloid
are shown at the bottom of Fig. 4.8A. The rotation is conducted around the tilt
axis which is chosen parallel to the propagation vector qh. For this configuration,
Eq. (4.31) is non-zero and it is possible to return to the particle image as shown
in Fig. 4.8B. The deflection is equivalent to the one for the helical phase shown in
Fig. 4.6B and the overfocused Fresnel image shows a stripy pattern. This can also be
seen from the experimental data on the right obtained from a multilayer stack of
Pt/Co/W that is tilted by 20° around the indicated axis. The same argumentation
applies to the DPC LTEM measurement illustrated in Fig. 4.6C and the respective
experimental data shown on the right.

From the Fresnel images in Fig. 4.6B it might already be apparent that the black
and white contrast fades in some areas. In this context, contrast means the intensity
difference of the black and white stripes. This becomes even more striking when
looking at the Fresnel image in Fig. 4.9A which is recorded from a tilted (20°)
Pt/Co/Tb multilayer sample (details on the sample can be found in section 4.4.2).
It shows a disordered stripe phase, i.e. the cycloids are not aligned parallel but in
a labyrinthine pattern. Defining a local qh-vector perpendicular to the stripe, the
qh directions are evenly distributed across the image. It is evident that contrast is
strongest for stripes with qh parallel to one of the diagonal directions of the image.
This can also be seen from the low frequency section of the Fourier transform shown
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indicated by the inset. The blue colored line is the theoretically expected depen-
dence (see main text). (B) Spin structure of an isolated c-shaped cycloidal stripe
(top). Tilting the out-of-plane components as indicated results in the in-plane
projections shown below. (C) Fresnel imaging of the tilted c-shaped cycloidal
stripe. Image contrast vanishes at the c’s central part. (D) Fresnel LTEM image
of isolated cycloidal stripes. Following the contrast along the stripe gives an
inversion across the vanishing part for the situation marked with (a). In (b) the
contrast does not invert as the stripe maintains its direction with respect to the
tilt axis. The tilt axis is indicated in the inset which shows the Fourier transform
of the image.
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next to the image. Here, the broader inner ring with large intensity features an
angular dependence with two maxima along the direction of stripes that show the
largest contrast. A circular image profile along the ring with the polar angle ϕ is
shown below as indicated by the inset. Note that images of Fourier transforms
(usually) have a logarithmic color scale and a visual comparison of the image to
the circular profile might be deceiving. To quantify the angular dependence of the
contrast, the Fresnel LTEM image intensity I for different relative orientations of
the sample tilt axis and qh is simulated. In the simulation, the polar angle of qh is
called ϕ and the one of the tilt axis is called κ. A stripy LTEM intensity oscillation
is obtained whose amplitude vanishes for (|κ− ϕ| mod 90°) → 90°. The angular
dependence of the square modulus of the FT of the images at a k-space radius of
k⊥ = qh can then be extracted from the simulation

|F(I)|2 (k⊥ = qh, ϕ) ∝ |cos(ϕ− κ)|2 . (4.32)

Here, polar coordinates with the angle ϕ and radius k⊥ are used (compare with
the inset in the bottom of Fig. 4.9A). The result matches the measured circular
profile as can be seen from the fit in the data in the bottom of Fig. 4.9A. The inset
shows the chosen geometry for ϕ. This means that LTEM images for tilted cycloids
and Néel skyrmions strongly depend on the tilt axis orientation and that the method
is insensitive for qh-vectors that are perpendicular to the tilt axis. Further, by the
identification of the maximum value in the respective ring at k⊥ = qh in the Fourier
transform, the orientation κ of the tilt axis can be determined, as indicated by the
dashed line in the plot. The knowledge about the current tilt axis orientation in
TEM is often unclear, as a change of TEM magnification can lead to a rotation of
the image. Further, the electron transparent membranes where the samples are
evaporated onto have a buckling surface which can show intrinsic tilts up to 15◦

[198].
To show the effect more clearly, the spin structure of a single C-shaped cycloidal

stripe is considered as shown in Fig. 4.9B. With the same argumentation as before,
the in-plane components of the tilted z-components of the magnetization are drawn
below. Fresnel LTEM imaging on this structure is illustrated in Fig. 4.9C. As can be
seen from the c’s endings, the beam deflection leads to a dark and bright overfocus
image contrast surrounded by the average gray intensity. However, in the central
part of the c, the beam deflection is perpendicular to the local qh-vector, which is
perpendicular to the tilt axis. Due to this, the beams do not meet in the plane of the
defocus. Therefore, contrast vanishes for this orientation of the stripe. A second
fact is that when following the black/white image feature of the stripe across the
short part with vanishing contrast, the edge that was black turns bright and vice
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An experimental focus series is shown below. (C) Electron beam deflection
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wall that is e.g. seen from the experimental data below, a wave optical needs to
be considered.
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versa. Considering the spin structure, this is clear. However, in no case should this
lead to the conjecture of a changing chirality of the structure, as might be rightfully
concluded for the Bloch skyrmion or a helical stripe. In fact, LTEM is not sensitive
to the chirality of a Néel skyrmion or isolated cycloidal stripe. It only measures the
Néel skyrmion polarity, as the contrast is obtained by the out-of-plane components
of the untilted structure. In Fig. 4.9D, a Fresnel image of isolated cycloidal stripes
is shown. As demonstrated before, the tilt axis can be identified from the Fourier
transform as shown in the inset. The arrow labeled with (a) marks a feature where
the contrast inversion is equivalent to Fig. 4.9C. In situation (b), the black/white
contrast is not inverted because the projection of the local qh-vector to the tilt axis
does not change its sign.

Note that the tilted isolated cycloidal stripe shown in the bottom of Fig. 4.9B is
similar to the in-plane magnetization of the so-called 360° domain walls which have
been observed since the 1960s [199]. Therefore, the black and white contrast along
the stripe in Fresnel images is also featured in these measurements [200]. However,
the imaging does not rely on sample tilt as the magnetic domains are already inside
the sample plane, which gives an increased contrast due to the relatively large
in-plane magnetization.

Finally, LTEM imaging of a Néel skyrmion is discussed. Fig. 4.10A shows its spin
structure on the left and the in-plane projection of the tilted out-of-plane magnetiza-
tion structure on the right. The Fresnel LTEM imaging of this structure is illustrated
in Fig. 4.10B. The electron beam deflection is parallel to the sample tilt axis. A dark
and bright overfocus image contrast is obtained like in the experimental data on a
tilted Pt/Co/Tb sample given below. The beam deflection in DPC LTEM essentially
follows this description as seen at the top of Fig. 4.10C and the experimental data
below. However, small details like the subtle deflections perpendicular to the tilt
axis cannot be explained by the simple particle model and require a wave optical
description as shown in section 4.2.3.

For completeness, it should be noted that the field-polarized phase gives no
magnetic contrast variation in Fresnel LTEM. In DPC LTEM, it leads at best to a
homogeneous beam deflection as it can introduce an electron phase ramp, as shown
in Fig. 4.3A in section 4.1.2. In the most common case, the externally-applied
magnetic field of the TEM aligns the field-polarized phase parallel to the optical
axis and no phase change is introduced at all. In this case, also the qh-vector of
the conical phase is aligned parallel to the optical axis. This will also not lead to
a Fresnel contrast and might only introduce an electron phase ramp if the sample
thickness is no multiple of λh. Using specialized sample holders which can produce
an in-plane magnetic field and align a conical phase parallel to the sample plane, a
similar contrast to the helical phase is expected.
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4.2.2 Spin structure of isolated magnetic skyrmions in relation to the
magnetic electron phase
Lorentz TEM undeniably emerged as one of the most important methods for real-
space observation of magnetic skyrmions. Its spatial resolution exceeds the one of
optical magnetic imaging like magneto-optical-Kerr-effect (MOKE) microscopy by
two orders of magnitude, it allows a faster image-acquisition time than magnetic
force microscopy (MFM) or spin-polarized scanning tunneling microscopy (SP-
STM) and is more accessible than magnetic X-ray microscopy [21, 81, 201, 202].
The contrast formation however shows a certain complexity, which might already
have become apparent from the previous section. Relating the observed image
contrast with the actual spin structure is non-trivial and in-principle requires certain
knowledge about the saturation magnetization and thickness of the sample as well
as various microscopic parameters like aberrations or defocus values. In this section,
the magnetic electron phase that is generated by an isolated Bloch or Néel skyrmion
is calculated and related to the skyrmion spin structure which is defined by skyrmion
radius and skyrmion wall width. These findings can then act as the ground work for
the application of the different Lorentz techniques like electron holography, DPC or
Fresnel LTEM which share their reliance on the magnetic electron phase but show a
different skyrmion contrast and are subject to different aberrations. For DPC LTEM,
this is discussed in section 4.2.3.

The first requirement for this quantitative discussion is a suitable skyrmion model
which can be used as a basis for the TEM simulations. The choice fell to the
isolated skyrmion model proposed by Büttner et al. who extensively study the
stability of skyrmions for a large parameter space in their work [33]. The model
assumes a cylindrically symmetric skyrmion with polar coordinates r⊥ and ϕ. The
magnetization profile is given by

m(r⊥, ϕ) = sin [θ(r⊥)] cos (ϕ+ ψ) x̂ + sin [θ(r⊥)] sin(ϕ+ ψ) ŷ + cos [θ(r⊥)] ẑ .
(4.33)

Here, ψ is the skyrmion helicity as already introduced in section 2.1.2 and Fig. 2.5.
From Eq. (4.33), it is now also apparent that ψ is the angle between the radial
direction and the in-plane magnetization of the skyrmion wall, which is the essential
difference between the Bloch and Néel type. The skyrmion wall profile is defined by
θ(r⊥). Experimental data suggests the following profile [33, 203, 204]
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θ(r⊥;R∗,∆∗) = θDW(r⊥ −R∗,∆∗) + θDW(r⊥ +R∗,∆∗)− (N + 1)π2 , (4.34)

θDW(r⊥; ∆∗) = 2 arctan
[
exp

(
r⊥
∆∗
)]

. (4.35)

The core polarity N = ±1 gives the sign of the magnetization’s z-component in
the skyrmion core, i.e. sgn [mz(r⊥ = 0)] = N . The counterintuitive quantity R∗ is
related to the skyrmion radius R defined by mz(R) = 0 with the expression

R∗ = ∆∗ ln
(

sinh (R/∆∗) +
√

sinh2 (R/∆∗)− 1
)

. (4.36)

The parameter ∆∗ is connected to the domain wall width. From an experimental
point of view, it can be more convenient to define the domain wall width ∆ as the
radial distance between the inner radius Ri where mz(Ri) = N · 0.99 and the outer
radius Ro where mz(Ro) = −N · 0.99. In this case, ∆∗ and ∆ are connected with
the simple linear relation

∆∗ = 0.12 ∆ . (4.37)

As an example, the magnetization structure of a Bloch skyrmion with ψ = 3π/2,
N = 1 and a relative skyrmion wall width ∆ = 1.2R is shown in Fig. 4.11A. The
white arrows represent the in-plane magnetization, whereas coloring defines the
mz-component which is also indicated by the color bar at the y-axis in Fig. 4.11B.
The graphs in Fig. 4.11B show the line profiles of the m-components along the
dotted line in Fig. 4.11A. They also shows the structural parameters R, Ri, Ro and
∆ that define the skyrmion profile of the model.

The next step is to calculate the electron phase φm that is introduced by the
magnetic induction resulting from the skyrmion spin structure. For this, the for-
malism of Mansuripur, given in Eqs. (4.6)-(4.9) in section 4.1.2 is used. To verify
that the developed code is free of errors and the conversion to SI units is correct,
magnetic sample structures given in Mansuripur’s original work are replicated and
the calculated phase is compared [173]. The obtained results are identical, which is
demonstrated in appendix A.4.

Under normal electron incidence, i.e. p̂ = (0, 0, 1), Eq. (4.6) simplifies to the
expression that is found by Belaggia et al. [205, 206]. This can be further rewritten
to

φm = ieµ0MsτL

h
F−1

[
(m̃xkx − m̃yky)L

(k2
x + k2

y)L2

]
. (4.38)
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Here, m̃ is the Fourier transform of the unit magnetization and L = Lx = Ly is the
physical edge length of the simulation grid. The advantage of this expression is that
the physical dimensions and the saturation magnetization of the system appear as
scaling terms in the prefactor. Therefore, the phase calculations can be normalized
with these factors which makes the results applicable to arbitrary skyrmion sizes and
saturation magnetization strengths. This is a key requirement as the intention of
this section is to give a general recipe to deduce the skyrmion profile from LTEM
measurements without focusing on a specific sample/material with fixed magnetic
and geometrical parameters.

To showcase the electron phase that is introduced by a Bloch skyrmion, the electron
phase for the example Bloch skyrmion structure from Fig. 4.11A is calculated. The
2D phase map is shown in Fig. 4.11C. The color scale is given at the y-axis in
Fig. 4.11D, which shows the phase’s horizontal line profile at y = 0 as indicated by
the dotted line. According to the prior discussion, the phase is normalized with the
saturation magnetization, sample thickness and the skyrmion radius. This makes it
easy to retrieve the phase of an actual skyrmion structure from the multiplication by
these parameters. A first feature is that the shape of φm is very similar to the top
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(A). (C) Structural parameters of the skyrmion structure and the electron phase
with respect to the skyrmion wall width. (D) The outer radius of the phase Rφo
shows a linear dependence with the domain wall width. (E) The normalized
phase maximum (see text) with respect to domain wall width.

hat shape of mz. This is slightly surprising considering that mz does not contribute
to the electron phase. In analogy to the description of the skyrmion structure it is
therefore natural to define a radius Rφi with φm(Rφi ) = φm(r⊥ →∞) + 0.99φmax and
Rφi with φm(Rφo ) = φm(r⊥ → ∞) + 0.01φmax. Here, φmax = φm(0)− φm(r⊥ → ∞).
To complete the analogy, a phase wall width ∆φ = Rφo −R

φ
i and a radius Rφ at the

inflection point of φm are defined. These parameters are included in Fig. 4.11D. In
the shown example, R coincides with Rφ and ∆φ > ∆.

These relations are now extended for variable domain wall widths. The considered
values cover the whole physical range which reaches from ∆ = 0.1R, corresponding
to a circular domain with a very sharp domain wall that is close to the classical
understanding of a magnetic bubble, up to ∆ = 2R, representing a domain wall that
is twice the skyrmion radius and begins to overlap in the skyrmion core. The spin
structures for this range are shown in Fig. 4.12A. Due to rotational symmetry of the
structure, the polar direction is split into segments and each segment represents a
different value of ∆. The respective calculated normalized electron phase is shown
in Fig. 4.12B accordingly.

The structural parameters of m and φm are extracted and plotted for each domain
wall width in Fig. 4.12C. The narrow horizontal image strip on the top shows the
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mz-component for the respective ∆ on the abscissa. The ordinate also ranges to
negative values of x, so it can be viewed as a crosscut through the skyrmion. The
first aspect worth mentioning is that the inflection point of the phase Rφ coincides
with the actual skyrmion radius for the whole ∆-range, i.e.

R = Rφ . (4.39)

In cases with the inflection point being not well accessible, alternatively the radius
where the electron phase is half of its maximum value φm(r⊥ →∞)+0.5φmax can be
measured. This will only lead to a maximum overestimation of the actual skyrmion
radius by 7 % when approaching ∆

R → 2 (The respective graph is not shown).
A second detail that is visible in Fig. 4.12C is that the phase wall indicated by

the orange region extends further than the magnetic domain wall indicated by the
blue region, i.e. ∆φ > ∆, for the whole range. By measuring Rφ and Rφi or Rφo ,
the skyrmion wall width can be extracted from this graph. It turns out that Rφo
linearly depends on the domain wall width as shown in Fig. 4.12D. The fit gives the
phenomenological dependence

∆
R

= 1.23 · R
φ
o

Rφ
− 1.21 . (4.40)

Using expression (4.40) might be more convenient in some cases. Additionally,
the normalized phase gain φmax versus domain wall width is plotted in Fig. 4.12E.
The total electron phase change that is generated by the Bloch skyrmion linearly
increases with its wall width. This is due to the fact that with ∆, also the effective
area in which the magnetic induction lies inside the sample plane increases. These
results can be used for LTEM techniques that quantitatively measure the electron
phase like electron holography or (integrated) DPC [207, 208].

A similar discussion can be applied to the Néel skyrmion. As already extensively
discussed in section 4.2.1 and appendix A.3, an electron that is transmitted through
a Néel skyrmion spin structure at normal incidence obtains no magnetic phase shift.
For this reason, the sample needs to be tilted. An example Néel skyrmion spin
structure for ψ = 0, N = 1, ∆ = 1.2R and a sample tilt α = 10° around the indicated
axis is shown in Fig. 4.13A. The uniform in-plane magnetization parallel to ŷ outside
and in the center of the skyrmion which is obtained from the sample tilt is also
visible in the my line profile at y = 0 shown in Fig. 4.13B. The structural skyrmion
parameters R, Ri, Ro and ∆, which are marked in the profiles, are defined as before.

The sample tilt also removes the rotational symmetry of the problem, which
is directly visible in the calculated electron phase that is displayed in Fig. 4.13C.
Following the phase feature through its center in direction of the tilt axis, a patch of
increased electron phase followed by a patch of decreased phase is found, which
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is reminiscent of the Néel skyrmion’s Fresnel LTEM contrast. A line profile of this
progression is shown in Fig. 4.13D. The relation of this profile with the actual spin
structure is not as intuitive as it was for the Bloch skyrmion case. Two quantities
are defined: The first one is the x-position Xφ

R where the absolute phase reaches
its maximum for y = 0, i.e.

∣∣∣φm(Xφ
R )
∣∣∣ = max

(∣∣∣φm(Xφ
R , 0)

∣∣∣). The second one is the

x-coordinate at the point of inflection Xφ
∆ of φm(x, 0) with Xφ

∆ > Xφ
R . The values are

also indicated in the graph. Note that due to the point symmetry, Xφ
R and Xφ

∆ can of
course be obtained for both signs of x, however the absolute value needs to be taken
for the expressions introduced later. In the shown example, Xφ

R coincides with the
skyrmion radius. From the naming, it can be expected that Xφ

∆ is associated with
the skyrmion wall width, which will be shown later.

Some computational tricks are involved in the phase calculation. Eq. (4.38)
assumes normal electron incidence. As a sample tilt is crucial here, it is introduced
by means of a rotation of each individual spin in the magnetization grid around the
tilt axis and a subsequent compression of the physical dimensions perpendicular to
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the tilt axis. Such an approach is also chosen in other works4 [209, 210]. Another
important fact concerns the finite constant value of my in the surrounding area
of the tilted Néel skyrmion. From this, a phase ramp φramp in the background of
φm with ∇φramp ‖ x̂ is expected. Some effort is necessary to properly include this
in the calculation. It turns out that Mansuripur’s formalism in Eq. (4.6) excludes
the zero-frequency term M00. This term is proportional to a uniform offset of the
magnetization and is non-zero with the presence of a finite net magnetization. Once
this net-magnetization possesses an in-plane component, the aforementioned phase
ramp is expected. This is also explained in the discussion of Fig. 4.3A. Due to this
issue, Eq. (4.6) is only valid for a magnetization that produces an electron phase that
is periodic within the simulation grid [197]. For this reason, a special magnetization
is chosen for the calculation which is displayed in Fig. 4.14A. It is divided into three
areas along x̂. The central area is the one shown in Fig. 4.13A. The outer two areas
are obtained by a split of the central area at x = 0, a rotation by 180◦ around ẑ and
a translation to the sides. This way, the electron phase along x̂ is expected to be
periodic when integrating the magnetic induction according to Eq. (4.5).

The resulting electron phase is shown on the top of Fig. 4.14B. It features the
expected symmetrical double phase ramp profile which overshadows the skyrmion
signatures that are slightly visible at y = 0 and x/R = −7, 0, 7. To verify the correct
slopes of the ramps, a line profile of the phase indicated by the dotted line marked

4In principle, it is also possible to introduce sample tilt by choosing p̂ 6= ±ẑ in Eq. (4.6), however
it is then not possible to pull out the physical simulation grid size to the prefactor and treat the
problem for arbitrary skyrmion sizes.
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The peak-to-peak phase value (see text) with respect to domain wall width and
different sample tilt angles.

with (i) is shown in Fig. 4.14C. Additionally, the expected phase ramp for a uniform
in-plane magnetization from Eq. (4.5) is included with a dashed line. It follows the
obtained 2D result which validates the chosen approach. A line profile at y = 0,
i.e. through the electron phase signature created by the skyrmion spin structure, is
shown in the bottom of Fig. 4.14C. Here, the skyrmion signature is clearly visible.
For a better visibility, this phase ramp is subtracted in the other plots like Fig. 4.13C,
D. It is stressed here that the calculated phase around x, y = 0 obtained by this
approach slightly differs from a calculation with Mansuripur’s formalism on a Néel
skyrmion structure that lacks the proposed double structure in Fig. 4.14A. Although
in this case the phase ramp is also absent and the phase looks qualitatively the same,
the exact phase values and progression at the skyrmion position slightly changes
with the dimensions of the simulation grid, which is non-physical. The important
consequence from this is that the following results rely on the fact that the phase
ramp is subtracted. This becomes essential when the results are applied to actual
measurements.

Next, the electron phase φm is related to the Néel skyrmion spin structure.
Fig. 4.15A shows the magnetization for different values of the skyrmion wall width
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∆. The eight sectors show the structures for ∆-values in accordance to Fig. 4.12A.
The calculated electron phase is shown below in Fig. 4.15B. Although the display
method is not as adequate as in the radially symmetric Bloch skyrmion case, the
essential features are discernible. In contrast to the Bloch skyrmion, the largest phase
value is obtained for the smallest ∆. This is clear, considering that only the tilted
out-of-plane components contribute to the generation of an electron phase. The
phase ramp that was discussed before is subtracted from this signal. The relations
of the electron phase structure parameters Xφ

R and Xφ
∆ are shown in Fig. 4.15C. As

can be seen, the phase maximum Xφ
R coincides with the skyrmion radius with a

maximum overestimation of 6.5 % for ∆ = 2R, i.e.

Xφ
R ≈ R . (4.41)

The dependence of Xφ
∆ with respect to ∆ is displayed in Fig. 4.15D. A phenomeno-

logical quadratic fit gives the following dependence

∆
R

= 3.07
(
Xφ

∆
Xφ
R

)2

− 2.93
(
Xφ

∆
Xφ
R

)
− 0.2 . (4.42)

These results are independent of sample tilt up to values of α < 20°. The
normalized peak to peak phase changes φpp =

∣∣∣φm(Xφ
R , 0)

∣∣∣ +
∣∣∣φm(−Xφ

R , 0)
∣∣∣ with

respect to ∆ and different values of sample tilt α are shown in Fig. 4.15E. Again,
this can be used for quantitative phase measurements.

Recently, hybrid magnetic skyrmion structures have been reported [149, 211].
Zhang et al. show that up to around 30 nm below the sample surface of the Bloch
skyrmion hosting material Cu2OSeO3, a twisted surface state emerges. In these
states, the helicity ψ in Eq. (4.33) is detached from π/2 or 3π/2 and can deviate by
values up to around π/4 [149]. Even more extreme cases are reported by Legrand
et al., who show that in multilayer systems with interface DMI, ψ can change its
value between neighboring layers to such an extent that even a chirality inversion
is possible [150]. The consequences of such structures for phase contrast imaging
discussed before are as follows. It turns out that a skyrmion spin structure mψ,
defined in Eq. (4.33), with arbitrary values of ψ can be written as a superposition of
a Bloch and Néel skyrmion spin structure mψ=π/2 and mψ=0 as

mψ =

sin(ψ) 0 0
0 sin(ψ) 0
0 0 0.5

mψ=π/2 +

cos(ψ) 0 0
0 cos(ψ) 0
0 0 0.5

mψ=0 . (4.43)
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Plugging in mψ into e.g. Eq. (4.31), it can be seen that the expression can be
additively separated for mψ=0 and mψ=π/2. As Néel skyrmions do not produce a
magnetic electron phase, the origin of φm is exclusively obtained from the Bloch
part mψ=0 without sample tilt. When ψ(z) possesses a z-dependence like in the
case of the hybrid skyrmions described in Refs. [149, 150, 211], an effective sample
thickness τ∗ can be defined as

τ∗ =
∫ τ/2

−τ/2
sin [ψ(z)] dz . (4.44)

This attributes a Néel contribution of the skyrmion structure with an effectively
reduced sample thickness. Note that this also allows for negative τ∗, that can occur
due to a chirality inversion. Using this expression, the electron phase considerations
for the Bloch skyrmion are applicable to hybrid skyrmions by exchanging τ with τ∗.

4.2.3 Aberration and contrast considerations of isolated magnetic
skyrmion imaging using DPC
In a real LTEM experiment, the electron phase that is generated by a magnetic sample
is the ideal measurand as it contains all of the accessible magnetic information.
However, it is usually modified by electron optical aberrations and other sample
interactions which introduces deviations from pure magnetic scattering. Additionally,
to obtain the electron phase from some techniques, a reconstruction algorithm needs
to be applied to the data which can introduce further errors. For Fresnel LTEM
this is the so-called quantitative transport of intensity equation (TIE) [212, 213]
or for DPC the so-called integrated DPC (iDPC) method [208, 214]. Therefore it is
clear that the phase modification of each technique has to be addressed in order to
apply the findings of the previous section. In this section, the expected DPC contrast
for skyrmions is calculated and discussed. The influence of optical aberrations is
considered and correction terms are presented, which make the application of the
results in the previous section possible.

The description is started with DPC LTEM on isolated Bloch skyrmions. To show
the expected DPC image contrast, the gradient of the calculated phases for the Bloch
skyrmions from the last section is calculated. Fig. 4.16A shows the two components
of the normalized gradient for a skyrmion with a domain wall width of ∆ = 1.2R.
The right image shows the gradient with a color-coding as indicated by the color
wheel next to it. These results match the qualitative descriptions in section 4.2.1.

To discuss the influence of electron-optical aberrations for DPC measurements, fur-
ther simulations are conducted. The resolution in STEM is essentially limited by the
size and shape of the electron probe in the sample plane [162, 163]. Imperfections
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skyrmion for different electron probe sizes. The phase parameters are marked in
the plot. (C) Correction terms for calculated skyrmion radius and wall width
with respect to finite electron probe sizes.

in the probe-forming systems can have a negative influence which results in probe
enlargement and deformation. Here, the effect of enlargement of an otherwise
circular electron probe is discussed. The size of the electron probe in LMSTEM
is fundamentally limited by the C2 aperture radius as discussed in section 4.1.3.
The probe size is further increased by a finite physical size of the electron source’s
emitting area, chromatic aberrations usually inferred from the thermal energy spread
of the source, a defocused beam, electrical instabilities of the lenses and source or
spherical aberrations of the C2 lens. Effects that lead to a radially inhomogeneous
probe shape, like coma, third order spherical aberrations or astigmatism are not
considered here, because these probe deformations are rather specific and a general
treatment is not easily possible [215–217]. The consideration of each individual
aberration is condensed to a DPC simulation for electron probes with different probe
radii in terms of aperture sizes as described in Eq. (4.20).

For the simulation, the calculated magnetic electron phases from the previous
section are used. Next, a probe of finite radius with respect to the skyrmion size
is generated. For each pixel or probe position, the ronchigram intensity |Ψronch|2

is calculated following Eqs. (4.24) and (4.25). Subsequently, the center of mass
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(COM) of |Ψronch|2 is calculated. For the calculation, φm needs to be rescaled such
that the calculated shift of the COM is large enough to obtain a reasonable dynamic
range but not as large that the Ronchigram is shifted to the edges of the simulation
grid. The exact value is not that important as a linear scaling of φm also linearly
scales the magnitude of the COM . This can be understood by considering that a
scaled electron phase φ can be produced by scaling the respective projected electric
field or magnetic induction accordingly. These quantities are connected to the lateral
electron momentum via Eqs. (4.27) and (4.29). This finally leads to a proportional
scale of COM considering Eq. 4.26. Nevertheless, if the dynamical range of COM
is too small in the simulation, the extraction of the structural parameters becomes
erratic which may not even be clearly apparent at first glance. The investigated range
of probe radii Rprobe in the simulation is Rprobe ∈ [0.1R, 0.2R, ..., 0.5R]. Whenever
Rprobe = 0 is discussed in the following, the result from a direct calculation of the
phase gradient is considered.

The calculated components of COM = (COMx, COMy) for the different probe
sizes look essentially the same as the pure phase gradient in Fig. 4.16A which is
why they are not shown here. To extract the structural parameters Rφi and Rφo , the
COM which is proportional to ∇φm needs to be integrated in order to obtain φm.
This problem is equivalent to the calculation of the electric potential from a given
2D electric field and is called integrated DPC (iDPC). More details on iDPC can be
found in Ref. [208]. Line profiles along x̂ of the resulting integrated COM , iCOM ,
at y = 0 for the different probe sizes and ∆ = 1.2R are shown in Fig. 4.16B. The
structural parameters Rφi , Rφ and Rφo are marked with dots and labeled at the end
of the dashed lines.

Now the experimental skyrmion radius Rexp and the relative domain wall width
(∆/R)exp are calculated using the relations (4.39) and (4.40). The resulting values
differ from the real values known for the simulation. These differences are calculated
and given as correction terms in Fig. 4.16C. The determination of the radius is nearly
unaffected by an increasing electron probe size as the relative error stays below 2 %.
Also the skyrmion wall width is still determined quite well and only shows large
absolute deviations when domain wall widths that are around half of the probe size
are measured.

A very similar discussion is conducted for the Néel skyrmion. Fig. 4.17A shows the
normalized phase gradient for a Néel skyrmion with ∆ = 1.5R. The component of
the phase gradient that is parallel to the tilt axis shows three patches of in/decreased
phase, a larger one at the center and two smaller ones next to it in the direction of
tilt. The phase gradient component perpendicular to the tilt axis shows four equally
sized patches of in/decreased electron phase, which are situated at the edges of a
square that is aligned at a 45° angle with respect to the tilt axis. The color composite
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image on the right shows that the phase gradient actually consists of a double vortex
structure (with different chiralities) that overlaps in the center of the skyrmion as
indicated by the sketch on the right of Fig. 4.10A.

As before, DPC simulations are conducted for a selection of electron probe sizes.
The chosen sample tilt angle for the simulations is α = 10°, however the results
are valid up to 20°, as a sample tilt up to that value only leads to a scaling of the
obtained electron phase. To determine Xφ

R and Xφ
∆ , it is not necessary to integrate

the differential phase as the features are already present in the derivative. The
x-value where COMx = 0 in the line-profile of COMx at y = 0 represents the local
maximum of the phase Xφ

R . On the other hand, the x-value at one of the minima
in COMx is the point of inflection Xφ

∆ . This is also indicated in Fig. 4.17B. Using
expression (4.41) and (4.42), the actual skyrmion radius and domain wall width
can be extracted. The correction terms for finite probe sizes are given in Fig. 4.17C.
The error for the skyrmion radius is about five times larger than the one for the
Bloch skyrmion. This is mainly because the given equations already showed errors
for a perfect phase measurement, i.e. infinitely sharp electron probes, which can
also be seen in this graph. The error for the domain wall width is again largest for
very small domain wall widths and large electron probe sizes, as one would expect.
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As a reminder, the results rely on the fact that the linear background of the phase
that emerges due to the finite in-plane magnetization of the tilted Néel skyrmion
is subtracted from the data. In DPC, a linear phase background leads to a vector
offset of the whole deflection signal. The phase ramp is therefore accounted for
by digitally subtracting the constant deflection value obtained from positions that
are reasonably far away from any skyrmion such that the beam deflection in the
skyrmion “vacuum” becomes zero. In images that contain only sparse skyrmions
and have a homogeneous background, this can be achieved by subtracting the
average deflection vector. Shadings in the DPC signal due to misaligned scanning or
thickness gradients of the sample should be subtracted before, e.g. by subtracting a
2D polynomial fit.

4.3 LTEM measurements of (001) Cu2OSeO3

In this section, TEM measurements on Cu2OSeO3 with (001)-orientation are pre-
sented. Zero-field-cooled and field-cooled phase diagrams are recorded using Fresnel
LTEM. A special focus is set on the low-temperature skyrmion phase that is already in-
troduced in section 3.2. For lowest achievable temperatures (T ≈ 13 K), a magnetic
field dependent skyrmion interaction is observed, which is attributed to an embed-
ding of the skyrmions in a conical background. Additionally, DPC measurements are
presented that show indications of a hexagonal skyrmion distortion.

The single crystal of Cu2OSeO3 is grown by the chemical vapor transport method
by A. Aqeel5. It is cut to a thin platelet with a lateral size of around 1.5× 1.5 mm2.
The [001] direction is oriented such that it is parallel to the sample normal. It is
equivalently oriented as the sample in section 3.2 which should allow the observation
of the LT-skyrmion phase. The sample is glued to a steel ring and after mechanical
thinning, one of the sample edges is further thinned by Argon ion-beam-milling
until some edge areas become transparent for electrons with 300 keV (usually at a
thickness around 100 nm). This process resulted in two problems; the first one is
that the sample becomes very fragile and the thin areas easily break off. The second
one is that the surface is not satisfactorily smooth and shows terraces that probably
occur due to the brittleness of the material.

To counter these problems, the thinning process described before is stopped at a
sample thickness of 3 to 10µm. At such thicknesses, breaking the sample with small
shocks (e.g. from mounting it in the sample holder) proved to be unlikely. The final
thinning is then manually done by using Focused-Ion-Beam (FIB) milling. For this,
the steel ring is cut and a small segment is removed to be able to access to the sample

5Physik-Department, Technische Universität München, Garching, 85748, Germany.
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from the side. Then, the sample is inserted in the Zeiss AURIGA FIB-SEM6. There,
it is carefully thinned from the open side by an Ar-Ion beam at 30 keV. After some
optimizations, an electron-transparent lamella of around 15× 8µm2 size is cut this
way in reasonable times of around two hours. Due to an imperfect orientation of the
sample with respect to the ion beam and the fact that the focus is not constant over
the milling depth, cutting a perfectly flat lamella is not likely and thickness gradients
of around 100 nm for milling depths of around 10µm are common. The sides of the
lamella are still attached to the thicker surrounding material which stabilizes and
protects the sample. As Cu2OSeO3 is an insulator, TEM observations are problematic
due to charging effects, especially at low temperatures. Therefore, a few nm of
carbon are evaporated onto both sides of the sample using electric arc carbon rod
evaporation. However, this can only partially compensate charging effects at low
temperatures.

The sample is put into a special liquid helium TEM-holder which is inserted into
the TEM. The holder has a reservoir that can be filled with liquid helium, prior to the
measurement. After removal of the helium transfer rod, a total measurement time of
around one hour is available. Afterwards, the holder needs to be heated up before it
can be refilled again. Alternatively, the transfer rod can also be kept in place during
the measurement which in principle allows for measurement times of many hours,
however drastically limits stage movements and can lead to an expensive chamber
vent if not handled carefully. The minimum temperatures that can be reached with
this system are around 10 to 14 K. The electron energy is tuned to 300 keV and the
Lorentz lens is excited to obtain a defocus of ≈ 100µm.

First, a zero-field-cooled phase diagram is recorded using Fresnel LTEM. For this,
the sample is cooled below Tc at zero externally-applied magnetic field at a rate
of around 5 K s−1. The cooling is stopped at some finite temperature Tm and kept
constant. Then, an external magnetic field is applied along the optical axis, which is
parallel to [001], by weakly exciting the objective lens (below 10 % of its maximal
current). The calibration of the magnetic field at the sample with respect to objective
lens excitation is done using a custom-built Hall sensor TEM holder. Although the
calibrations are renewed for this thesis, details on the calibration process can be
found in Ref. [175]. Fresnel LTEM images are taken at different magnetic field
values. Once the sample is saturated and no more magnetic contrast is obtained, it
is heated above Tc. In the end, the field is reduced to zero and the cycle is repeated
for a different value of Tm.

For each recorded image, the present magnetic phase is manually classified. This
gives scattered points in T -Hext-space each with an associated magnetic phase.
Afterwards, phase borders are manually drawn. The resulting ZFC phase diagram

6Gratefully provided by the chair of Prof. D. Weiss at the University of Regensburg.
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Fig. 4.18.: Zero-field-cooled phase diagram of (001)-Cu2OSeO3 with Hext ‖ [001] obtained
by Fresnel LTEM. (A) Phase diagram with respect to temperature and externally-
applied magnetic field. Each black dot represents a Fresnel LTEM image. During
a magnetic field scan starting at µ0Hext = 0 mT, the (B) helical phase, (C) a
helical/skyrmion mixed state, (D) the skyrmion lattice phase and (E) sparse
skyrmions in a conical/field-polarized background can be observed successively.
The phase space positions of the images are indicated in the phase diagram. A
median filter in a 3× 3 neighborhood and a polynomial background subtraction
is applied to the (B-E). Further, localized chunks of dirt in (E) are removed in
order to retain visibility of the weak skyrmion contrast (compare with (C)).

is shown in Fig. 4.18A. Each tiny black dot represents a Fresnel LTEM image.
The temperature above minimum is unstable, as the transfer rod is left in place
which leads to temperature drifts during the magnetic field scan and introduces the
horizontal scatter of the data points. At zero magnetic field, the helical phase is
present. An example LTEM image of the mono-qh domain is shown in Fig. 4.18B.
Upon field increase to ≈ 40 mT, the helical phase transforms to the skyrmion phase
via a mixed helical/skyrmion state shown in Fig. 4.18C. The skyrmions nucleate from
defects of the helical phase, which can be seen from the A-defect in the top right
part of the image [5, 31, 81, 135, 218]. The complete hexagonal skyrmion lattice,
displayed in Fig. 4.18D, is obtained for externally-applied magnetic fields of around
60 mT. At large fields of around 120 to 160 mT, the skyrmion lattice vanishes,
and only sparse skyrmions remain, as shown in Fig. 4.18E. Their surrounding
environment does not show any magnetic contrast. The related phase can therefore
either be field-polarized or conical with qh ‖ Hext. After a further increase of the
external field by another 20 mT, the remaining skyrmions vanish.

Note that the phase space positions of images 4.18B-E are also highlighted in the
phase diagram. The border of the conical phase cannot be determined by LTEM
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and is only drawn for completeness in analogy to measurements on bulk systems.
The phase borders on the right are determined from the field-cooled phase diagram
shown later.

The low-temperature skyrmion phase that is reported in bulk Cu2OSeO3 for
Hext ‖ [001] cannot be clearly identified from these measurements. As a comparison,
the respective phase diagrams in Fig. 3.3D can be considered. A first difference is the
unequal value of Tc. An explanation for this could be that Ms → 0 for T → Tc, and
the magnetic electron phase-shifts might not be strong enough to observe Fresnel
contrast with enough signal to noise ratio. The different scaling of the magnetic
field axis can have two reasons. The first one is, that a thin sample has a larger
demagnetization factor in ẑ-direction than the bulk sample. Therefore, it is expected
that larger external fields are necessary to obtain equivalent states than in the case
of the bulk sample. The second reason is the transformation of the phase diagram
when approaching small sample thicknesses which is discussed in section 2.1.3.

Comparing the result with Fig. 4.19, the obtained phase diagram is most similar
to the one of a 2D B20 chiral magnet which indicates that the sample thickness τ is
around the size of λh ≈ 50 to 70 nm [52, 73]. As the skyrmion lattice is extended
to low temperatures in this case, the observation of the second independent LT-
skyrmion phase might be elusive if the two phases were connected as in Fig. 4.19C.
For the case that the LT-skyrmion phase is still disconnected from the extended
regular skyrmion phase but is located at larger magnetic fields, the field scan for
lowest T ≈ 14 K is extended to larger values than the shown range. At values of 180,
210, 240 and 270 mT, the externally-applied field is oscillated 100 times with an
amplitude of 9 mT with a period of around 0.3 s, as suggested by Ref. [117] and the
experiences from the REXS measurements in section 3.2. However, still no Fresnel
LTEM contrast emerges. Another explanation for this could be that the LT-skyrmion
phase is always accompanied by the initial observation of the so-called tilted conical
phase. This phase is similar to the regular conical phase with qh tilted away from
[001] for a maximum of 30°[117]. However, as a thin sample is measured, conical
phases with modulation vectors parallel to the sample normal are suppressed as
discussed in section 2.1.3. Therefore, the tilted conical phase might not develop
in the first place which ultimately forbids a further relaxation into the LT-skyrmion
phase.

During the REXS measurements in section 3.2, the most consistent measurements
of the LT-skyrmion phase are obtained from a field-cooled measurement protocol.
Therefore, an additional field-cooled phase diagram is recorded with LTEM. For
this, a constant external magnetic field Hm is applied at T > Tc. The sample is
then cooled at a rate of around 5 K s−1 and Fresnel images are recorded during the
cooling process. Once the lowest temperature is reached, the sample is heated above
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Fig. 4.19.: Field-cooled phase diagram of (001)-Cu2OSeO3 with Hext ‖ [001] obtained by
Fresnel LTEM. (A) Phase diagram with respect to temperature and externally-
applied magnetic field. Each black dot represents a Fresnel LTEM im-
age. For increasing external magnetic field, the (B) helical phase, (C) heli-
cal/skyrmion mixed state, (D) skyrmion lattice phase and (E) mixed skyrmion
and conical/field-polarized phase can be observed. The phase space positions
of the images are indicated in the phase diagram. A median filter in a 3× 3
neighborhood and a polynomial background subtraction are applied to (B-E).

Tc and the process is repeated for a different value of Hm. The resulting phase
diagram is shown in Fig. 4.19A. Essentially, it is equivalent to the ZFC-case with
a few minor differences. An image of the helical phase obtained at zero external
magnetic field is shown in Fig. 4.19B. The helical/skyrmion mixture in Fig. 4.19C
shows two helical domains and their domain boundary, which is also discussed in
section 3.2. The hexagonal skyrmion lattice phase is shown in Fig. 4.19D and a
mixture of skyrmion and field-polarized/conical phase in Fig. 4.19E. The sparse
skyrmion phase is not as distinct as before; in this case the skyrmions are packed
more tightly but there are patches that do not show any skyrmions. Still, a distinct
LT-skyrmion phase is not found, again even for larger fields than the ones shown in
the phase diagram.

A peculiarity can be observed by a closer inspection of the transformation of
the skyrmion lattice phase to the sparse skyrmion state in the ZFC-phase diagram
at lowest temperatures of T ≈ 14 K. Four exemplary images that are recorded
for different applied magnetic fields are shown in the top row of Fig. 4.20A. First,
the skyrmion separation and decreased skyrmion count for an increase of applied
magnetic field is clearly visible. If the annihilation process of skyrmions was random,
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Fig. 4.20.: Skyrmion interaction in Cu2OSeO3 with externally-applied magnetic field. (A)
The top row shows an LTEM image series of skyrmions at T = 13 K with
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phase. The bottom row shows the detected skyrmion position (orange dots)
and skyrmion-skyrmion distances (blue lines). (B) Calculated average skyrmion-
skyrmion-distance dsk in dependence of externally-applied magnetic field. A
3× 3 median filter and a Gaussian filter with σ = 3 px is applied to the images
in (A).

at least a few skyrmions arranged in small clusters would be expected. However, the
impression is rather that the overall skyrmion-skyrmion distance dsk is increased.

To quantify this, the skyrmion positions are detected by a computer. This is
illustrated by the orange dots in the bottom row of Fig. 4.20A. Note that only
sections of the images are shown as an example, and the full evaluation is done on 1
to 6 times more skyrmions. In order to calculate an average dsk, the unique distance
for all detected skyrmion positions is calculated. In an ideal case, a histogram
of these values is proportional to the radial distribution function of the skyrmion
“crystal” [219]. The data is cut off after the first maximum, which takes into
account nearest neighbor distances and a mean value of dsk is computed. To aid the
comprehensibility, the distances that are used in the calculation are highlighted with
the respective connection lines in the example panels.

The mean skyrmion-skyrmion distance with respect to externally-applied magnetic
field is plotted in Fig. 4.20B. Qualitatively, the observed dependence very well
matches the one from a similar LTEM experiment conducted by Du et al. in a thin
FeGe stripe [220]. For largest magnetic fields, Du et al. report a doubling of dsk

which is similar to the measured value here. The behavior can be explained as
follows: The isolated skyrmions are metastable and their background is the conical
phase with qh ‖ ẑ. The spin cone is aligned along the skyrmion tube. This leads
to a modulation of the skyrmion wall along ẑ. When two skyrmions are brought
close to each other, their effective magnetization volume is decreased, as parts of the
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Fig. 4.21.: DPC measurements on Cu2OSeO3 with Hext ‖ [001]. (A) The helical phase
shows the two directions from the projection of the magnetization to the sample
plane. (B) Hexagonal skyrmion lattice shows the 360° domain walls. The inset
is a magnified view. The drawn hexagon illustrates hexagonal skyrmion spin
distortion. (C) 2D histogram of the deflections measured from the skyrmion in
the inset. It shows a central peak with a distorted ring around it that represent
core and walls. Also streaks are visible that resemble hexagonal distortion
which can be compared to the expectation in the inset on the top right. A 2D
polynomial background fit is subtracted from the beam deflection signals, a
median filter in a 3× 3 pixel2 neighborhood and a Gaussian filter (σ = 4 and
6 pixel for (A) and (B)) are applied to improve visibility.

structure can overlap. This attributes more magnetic volume to the conical phase,
which is the actual ground state of the system and therefore reduces the energy. This
corresponds to an attractive potential. On the other hand, if the two skyrmions get
too close, their internal structure will get distorted, resulting in an energy increase.
In combination, this gives a Lennard-Jones-like potential [220, 221]. When the
field is changed, the modulation of the skyrmion wall changes, which also alters the
equilibrium position of the potential and leads to the observed dependence.

In addition to the Fresnel LTEM studies, DPC LTEM images are recorded. The
microscope is switched to LMSTEM mode and a C2-aperture with a diameter of
70µm is inserted. With a camera length of 14 m, the diffraction disk is projected
onto the annular segmented detector. The focused electron beam is scanned over
the sample and the deflection of the diffraction disk is measured. This is done by
calculating the electrical current difference of opposing detector segments. Using
this detector, the electron beam deflection can be converted into a measure that
is proportional to the projected magnetic induction by assuming a homogeneous
Ronchigram which requires that the magnetic induction is constant in intervals
of the electron probe size (see Eqs. (4.25) and (4.29)). For this simple case, the
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conversion is obtained by a 90° rotation of the deflection vectors. Although this
might not be exactly the case for λh ≈ 50 nm, the measured quantity is referred to
as BProj

⊥ as no absolute numbers are given.
At first, the helical phase is imaged. For this, the objective lens is turned off

completely to avoid field oscillations that are produced by the power supply at very
weak excitations (< 3 %Imax). The measured magnetic induction of the helical phase
at T = 13 K is shown in Fig. 4.21A. The two in-plane directions of the projected
magnetization of the spin helix projection onto the sample plane are clearly visible.
With an applied magnetic field of µ0Hext = 90 mT, the skyrmion phase is imaged
the same way, which is displayed in Fig. 4.21B. The DPC measurements suffer from
strong charging effects, which is clearly visible in the image. However, the magnified
view of a single skyrmion in the inset to the right nicely features the 360° Bloch
skyrmion wall.

A small remark is added here: Usually, the zero-value of the electron deflection
direction, i.e. the effective detector rotation, is not directly known as it changes e.g.
with the camera length (magnetic lenses tend to rotate the image upon different
excitations). A common way to retrieve the detector orientation is to use ∇×B = 0
and minimize

∣∣∣∫image [∇× (Aγ ·DPC(r⊥))] · ẑ dA
∣∣∣ with respect to a rotation Aγ of

the measured deflections DPC for an angle γ around ẑ. Finding the respective
rotation angle γ0 should give the orientation such that Aγ ·DPC ∝ BProj

⊥ . However,
caution is advised when using this method. It can be shown that for an arbitrary
vector field DPC(r⊥),∣∣∣∣∫

image
[∇× (Aγ ·DPC(r⊥))] ẑ dA

∣∣∣∣ ∝ |sin(γ + γ0)| . (4.45)

Therefore, the resulting dependence looks always perfect in the sense of an absent
noise, which is untypical for a measurement. This fact might be deceiving and the
method could be evaluated better than it is. It shows that the application of the
method to 289 image sections of Fig. 4.21B with partial overlap and an individual
size of 256× 256 pixel2 yields a standard deviation for γ0 of 51°. It turns out that
the method can be very sensitive to signal noise and the result should be carefully
cross-checked for a few different sections of the image. Finally it should be noted
that the solution Aγ0+π is equivalent. This means that e.g. the skyrmion chirality
cannot be fixed with this method. The value for γ0 used in Fig. 4.21B is determined
from the Fresnel images which gives the correct chirality in combination with the
assumption that the magnetization should be perpendicular to the radial direction
of the skyrmion [48, 185, 187, 222].

Other LTEM experiments on FeGe report that the skyrmion spin structure in its
lattice state can show a hexagonal distortion [187, 223]. This means that the
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skyrmion wall extends further to the areas between two neighboring skyrmions, as
illustrated by the hexagon in Fig. 4.21B. Indications for this distortion are also visible
in Fig. 4.21B, although it is not very convincing due to the charging effects. To
further analyze this, a 2D histogram of the beam deflection for the area of the single
skyrmion in the inset is shown in Fig. 4.21C. For a circular skyrmion, an increased
count at zero-deflection which represents the skyrmion core and perimeter that is
surrounded by a ring which reflects the wall is expected. If there was a hexagonal
distortion, the ring should show six pronounced points lying on the edges of a
hexagon. Further as the magnetization fades out, six streaks from zero deflection in
the center to these points are expected. This expectation is drawn in the inset on the
top right. In the actual histogram, the central peak and the ring are visible, although
strong distortions, probably due to the charging effects, are present. Clearly at
least four streaks are visible, which suggests preferred directions. Therefore, the
measured (001) Cu2OSeO3 sample shows indications of a hexagonal distortion of
skyrmions in their lattice state.

4.4 LTEM imaging of room-temperature skyrmion
hosting multilayer materials
In this section, measurements on room temperature magnetic skyrmion hosting
multilayer systems are presented. These materials exhibit interface-DMI which
leads to the generation of Néel skyrmions and cycloids as described in section 2.1.3.
Results for two multilayer structures with different compositions are shown. For
each of the two systems, samples with different layer thicknesses were investigated
throughout the course of this thesis, however only the most promising one - in terms
of maximum skyrmion numbers - are included here as an example. From a TEM
imaging point of view, variations in the measurement results among the samples are
not that striking. The studies in this section are a collaboration with the group of
Prof. Na Lei7, who grows the samples and perform supporting measurements like
electrical spin Hall effect or magnetic hysteresis loop measurements obtained from
magneto-optical-Kerr-effect (MOKE) or a superconducting quantum interference
device (SQUID).

7Fert Beijing Institute, BDBC, School of Electronic and Information Engineering, Beihang University,
Beijing, 100191, China.
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4.4.1 LTEM measurements of a Pt/Co/W multilayer stack
In this section, LTEM measurements on a SiN/Ta1nm/Pt5/Co5/W1[Pt1/Co5/W1]×4/Pt1
multilayer sample are presented. First, phase diagrams are recorded and differences
to the B20 chiral magnets are shown. Afterwards, a possible way to align the qh-
vector of the cycloidal phase with an externally-applied in-plane magnetic field is
shown. Finally, the experimental Fresnel contrast of the Néel skyrmions is further
investigated and the skyrmion size is determined by the comparison to simulation
results.

The Ta1nm/Pt5/Co5/W1[Pt1/Co5/W1]×4/Pt1 stack is grown by magnetron sputter-
ing at a base pressure <4× 10−8 mbar onto a 20 nm thick Si3N4 membrane by Lin8.
Deposition rate and pressure are adjusted to match other work [67, 224, 225]. The
polycrystalline sample is put into a liquid nitrogen TEM-holder and inserted into the
TEM. The holder possesses a liquid nitrogen reservoir with an embedded Cu-rod
that extends close to the holder tip where the sample is situated. As the holder can
be conveniently refilled, measurement times are essentially unlimited, in contrast
to the liquid helium holder described in section 4.3. Close to the sample, there is
also an additional electric resistance which can be used to heat the sample which
allows temperatures beyond room temperature or to counter the cooling effect of
the liquid nitrogen. The effective temperature range of the holder is around 100 to
360 K. Furthermore, by using an integrated motor, the holder can tilt the sample
around an axis perpendicular to the stage-tilt axis of the TEM. This can be used to
realize arbitrary sample tilt axes in the plane perpendicular to the optical axis which
proved particularly useful in the study of Néel skyrmion hosting materials as shown
later.

For the following Fresnel LTEM measurements, the electron energy is tuned to
300 keV. To obtain magnetic contrast, the sample is tilted to 20° as explained in
section 4.2.1. This value is large enough to produce sufficient magnetic electron
phase-shift (see Fig. 4.15D). Although this is potentially problematic as Hext will be
at an angle with respect to the sample normal, the results are still in agreement with
hysteresis loops obtained by MOKE with Hext parallel to the sample normal [67].
To further quantify this, a tilt angle dependent phase scan is also presented later. In
contrast to the Bloch skyrmions in section 4.3, a 30 times larger Lorentz-lens defocus
of around 3 mm is necessary to obtain reasonable contrast, to which only the small
in-plane projection of the tilted out-of-plane magnetization contributes.

First, magnetic phase diagrams are recorded similarly to the ones on Cu2OSeO3

before. However, the Tc of this sample is above the accessible temperature range.

8Fert Beijing Institute, BDBC, School of Electronic and Information Engineering, Beihang University,
Beijing, 100191, China.
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Fig. 4.22.: (A) Zero field increase phase diagram of the Pt/Co/W multilayer sample. At
each indicated temperature, the sample is saturated and afterwards the exter-
nal magnetic field is increased from zero, while the present magnetic phase
is tracked. The dots represent recorded Fresnel images. (B) Example im-
age of the cycloidal, (C) cycloidal/field-polarized mixed, (D) cycloidal/field-
polarized/skyrmion mixed and (E) isolated skyrmion phase. (F) At lower tem-
peratures, a skyrmion phase with less density is observed. (G) A cycloidal phase
with less order is visible for low temperatures. The phase space positions of the
example images are indicated in the phase diagram. A median filter in a 3× 3
neighborhood, polynomial background subtraction and a manual removal of
dirt are applied to the example Fresnel LTEM images.

Therefore, the combined temperature and magnetic field protocols for the ZFC and
FC phase diagrams are not applicable to this sample. A first alternative measure-
ment protocol produces a so-called zero-field increase (ZFI) phase diagram. For
a fixed temperature value Tm, the sample is saturated with Hext = 240 mT which
is confirmed by the observation of a vanishing magnetic contrast. Afterwards, the
external magnetic field is reduced to zero at a rate of 230 mT s−1. Then, µ0Hext is
increased in steps of around 6 mT and images are recorded after each step. Finally,
once the sample is again saturated, the process is repeated for a different value of
Tm. After the measurement, the present magnetic phase is identified for every image.
This information is used to construct the phase diagram shown in Fig. 4.22A by the
manual insert of phase borders. As before, each small gray dot represents a Fresnel
image.

The ZFI phase diagram is now discussed alongside the presentation of exemplary
images. The phase space position of the images is also indicated inside the phase
diagram. For zero magnetic field, a cycloidal phase is obtained as displayed in
Fig. 4.22B. The tilt axis of the sample is indicated in the image. Note that qh is
essentially parallel to the tilt axis, which is due to the magnetic history and will
be discussed in more detail later. Once the externally-applied magnetic field is
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increased, the magnetic domains with a magnetization parallel to the field increase
their size and the anti-parallel domains start to shrink. A phase with isolated stripes
in a field-polarized background is obtained, as seen in Fig. 4.22C. Upon further
magnetic field increase, the isolated cycloidal domains shrink down to the size of
a Néel skyrmion, and a mixed phase consisting of isolated cycloidal stripes and
skyrmions is observed as shown in Fig. 4.22D.

This behavior continues until an isolated Néel skyrmion phase is obtained, see
Fig. 4.22E. The isolated skyrmions are found for the whole accessible temperature
range. The observation of single events shows that during this process, the stripes
pinch off such that a single cycloidal stripe is the origin of many skyrmions. Such
behavior is also observed in magnetic bubble-hosting materials and happens due
to the presence of magnetic pinning defects inside the sample. At such a defect,
magnetic parameters like the local uniaxial anisotropy can be discontinuous. This
can lead to a locally strong anisotropic magnetization energy landscape that fixes or
pins the magnetization at the corresponding position [5, 218, 226]. In this case, the
probability of a stripe ripping off during its size reduction process is enhanced at
such a defect position. The effect of pinning in this sample is investigated in more
detail later.

Picturing the skyrmions as the topological remnants of the cycloidal stripes,
it is unsurprising that no hexagonal lattice state is obtained. Approaching the
magnetic saturation field, the topological number decreases until all skyrmions are
annihilated. The maximum number of skyrmions decreases for low temperatures,
which is illustrated in Fig. 4.22F. Another difference at low temperatures is observed
in the cycloidal phase at zero-applied magnetic field. The image in Fig. 4.22G shows
a cycloidal phase that qualitatively exhibits less order in terms of stripe continuity
and shows an increased stripe width than its analogue at room temperature. This
may be explained due to the decreased thermal energy that cannot overcome the
topological protection of an extending isolated stripe which forbids its combination
with another stripe after the initial field-decrease and leaves back a frustrated system.
An alternative explanation is the modified energy landscape due to a temperature
dependence of magnetic parameters like Ms.

The second phase diagram is obtained from a saturation-field-decrease (SFD)
field protocol. At a certain temperature, the sample is saturated as in the ZFI
case. However, then the field is decreased in steps of 6 mT down to Hext = 0 mT.
Again, a Fresnel image is recorded after each magnetic field step. The resulting
phase diagram is shown in Fig. 4.23A. At room temperature, skyrmions appear
around 125 mT as displayed in Fig. 4.23B. In comparison to the isolated skyrmion
phase in the ZFI phase diagram, these skyrmions seem slightly elongated even
for largest fields, indicating that they are close to expansion. This observation
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Fig. 4.23.: (A) Saturation field decrease phase diagram of the Pt/Co/W multilayer sample.
At each indicated temperature, the sample is saturated and the external magnetic
field is reduced to zero, while the present magnetic phase is tracked. The dots
represent recorded Fresnel images. (B) Example image of the skyrmion, (C)
cycloidal/field-polarized/skyrmion mixed, (D) cycloidal/field-polarized mixed
and (E) cycloidal phase. (F) At lower temperatures, no skyrmion phase but a
rapid cycloidal coverage of the sample is observed. (G) The cycloidal phase with
decreased order at low temperatures that is observed in the ZFI case, is also
visible for the SFD case. The phase space positions of the example images are
also indicated in the phase diagram. A median filter in a 3× 3 neighborhood,
polynomial background subtraction and a manual removal of dirt is applied to
the example Fresnel LTEM images.

matches the ZFI phase diagram, where an isolated skyrmion/cycloidal mixed phase
is observed for this magnetic field range. The Fresnel contrast also suggests that
at room temperature the skyrmions in the SFD case are also roughly 20 % larger
than in the ZFI case, which can be explained with the different magnetic fields at
which they are observed. With decreasing external magnetic field, the skyrmions
expand as shown in Fig. 4.23C,D and finally form the cycloidal phase at zero field
as displayed in Fig. 4.23E. This behavior changes for lower temperatures. Here no
skyrmions are observed at all. Instead, at some critical field large areas of the sample
instantaneously transform to a cycloidal phase as shown in Fig. 4.23F. In fact, the
transformation from the field-polarized phase to the latter state is observed for a
field interval smaller than 1 mT. The frustrated cycloidal structure at zero applied
magnetic field and low temperatures is also observed for the SFD protocol, as shown
in Fig. 4.23G.

In comparison to the ZFI phase diagram, a strong temperature dependence of the
field at which the magnetic system transforms from the field-polarized to cycloidal
or isolated skyrmion phase is observed. Additionally, this field is significantly
lower than the one observed for the ZFI case. This might be explained as follows:
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When the magnetic field is increased, the energy landscape is deformed until the
thermal energy can overcome the topological protection of the metastable skyrmions.
For a field decrease, a similar energy barrier needs to be overcome as also the
field-polarized phase is topologically protected from the skyrmion state. However,
the energy landscape that is required for this transition to take place is naturally
found at lower external fields, as the skyrmion or cycloidal state needs to have a
lower energy than the field-polarized phase. The required thermal energy, needed to
overcome the topological protection, might also explain the temperature dependence
of the transition field in the SFD case. Because of the small critical fields at low
temperatures, it is also obvious why no skyrmions are observed as the skyrmion
states in the ZFI phase diagram are found at field values that are around 8 times as
large.

The energy barriers and the concomitant metastable phases slightly complicate
a general statement about the actual magnetic ground states of the system. Never-
theless, considering that the model that leads to the theoretical phase diagram for
magnetic bubble materials in Fig. 2.8C does not include mixed phases, a similar-
ity to the phase diagrams presented here becomes quite clear, in particular when
comparing it to the SFD phase diagram. This shows a resemblance of the multilayer
room-temperature skyrmion hosting materials to the magnetic bubble systems.

From the example images of the cycloidal phases in both phase diagrams, a
preferred qh alignment parallel to the sample tilt axis is suggested. To further
investigate this, the externally-applied magnetic field is increased from zero to
135 mT to obtain a skyrmion/cycloidal mixed phase. Afterwards, the field is reduced
to 35 mT and the skyrmions expand to cycloidal stripes, whose individual orientation
is well discernible. This field protocol is applied for four differently oriented tilt
axes with intermediate angles of 45°. The resulting Fresnel images are shown in
Fig. 4.24A. As Hext is always parallel to the optical axis, an in-plane magnetic field
component H ip

ext is present due to the tilted sample as indicated at the top of the
images. The alignment of qh parallel to the tilt axis and perpendicular to H ip

ext is
clearly visible.

The fact that the Fresnel contrast vanishes when qh is perpendicular to the tilt axis
as discussed in section 4.2.1 slightly impairs the latter conclusion. To quantitatively
capture this fact, the external magnetic field is reduced to zero after the field protocol
discussed before. Further, the sample tilt angle is increased to 40°, as this increases
H ip

ext and the effect will be stronger which is explained later. The resulting cycloidal
phase at µ0Hext = 0 mT is shown in Fig. 4.24B. Note that the sample tilt angle is
adjusted back to 20° for the recording of the image. The theoretically expected
circular intensity profile of the square modulus of the Fourier transform at the radius
k⊥ = qh of a Fresnel image showing an unordered cycloidal phase is known from
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Fig. 4.24.: Effects of an in-plane magnetic field on the magnetic textures. (A) At µ0Hext =
35 mT, qh aligns parallel to the tilt axis ⊥H ip

ext. (B) At zero field, the alignment
is also visible for tilt angles of 40° (see text). (C) Absolute square of the FT of
(B) and circular profile. As the phase is ordered, the data deviates from the
theoretical curve. (D) Cycloidal phase when Hext is reduced to zero with an
untilted sample. (E) The circular FT profile matches the theoretical expectation.
(F) Simulated torsion of a Néel wall for H ip

ext ⊥ qh. The solid lines in the
plane represent the equilibrium position for Hext = 0. The black arrows in the
bottom show the projected magnetization change due to H ip

ext. (G) Néel wall
compression for H ip

ext ‖ qh. (H) Energy density of the simulation for the relative
direction of H ip

ext and qh. The triangles mark the energies of (F) and (G). The
canting of the structures in (F) and (G) is artificially amplified by factors of 5 and
2 for better visualization. (I) Dependence of the magnetic phases with respect to
Hext and sample tilt α at room temperature and (J) T = 100 K. A 3× 3 median
filter and a polynomial background subtraction is applied to (A,B,D).
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Eq. (4.32). The respective Fourier transform and the circular profile as well as this
theoretical prediction are shown in Fig. 4.24C. Clearly, the theoretical expectation
does not describe the experimental data, which indicates that the qh of the cycloidal
phase is indeed aligned along the tilt axis. In contrast to this, Fig. 4.24D shows
the cycloidal phase when the external magnetic field protocol is applied with zero
sample tilt such that H ip

ext vanishes. In this case, the cycloidal phase is clearly
disordered, which is visible from the image and from the circular FT profile that
is shown in Fig. 4.24E which perfectly follows the theoretical expectation for a
disordered cycloidal phase.

The reason for this alignment is attributed to the orientation of H ip
ext during the

stripe expansion process. To make this more plausible and visualize the microscopic
effect, micromagnetic simulations are performed. As the exact simulation of the
multilayer structure is complex and not all micromagnetic constants are known, the
micromagnetic model of Cu2OSeO3 from section 3.3.1 is used. To apply to this case,
the cubic anisotropy is dropped and the bulk DMI is replaced with an interface-DMI
which transforms the magnetic structures from the Bloch to the Néel type. Without
external magnetic field, a mono-qh cycloidal spin structure is obtained as the ground
state. Based on this ground state, an external field H ip

ext of 10 mT is applied in every
in-plane direction of the simulation plane (compare Fig. 3.6A). For each in-plane
magnetic field direction, the equilibrium magnetization is computed.

In the ground state without an in-plane magnetic field, M lies inside the plane of
qh and the sample normal as shown by the gray plane and the solid lines in Fig. 3.6F
for a single Néel wall. When now H ip

ext is applied perpendicular to qh, the spins
are canted towards H ip

ext and the state in Fig. 3.6F represented by the 3D arrows is
obtained. This gives a net magnetization along H ip

ext as indicated by the solid black
arrows at the bottom. This canting of the spins is reminiscent of a torsion of the
spin structure along the qh-axis which is indicated by the green circular arrows. In
contrast to that for H ip

ext ‖ qh, the resulting spin structure is not canted out of the
plane as shown in Fig. 3.6G. For the shown structure, the magnetization direction in
the center of the Néel wall is opposite to Hext. In this case, the spin canting, induced
by H ip

ext, effectively compresses the Néel wall as indicated by the green arrows. In
contrast to that, the neighboring Néel wall (not shown) has an opposite in-plane
magnetization and expands due to H ip

ext.
Now that the two relaxed magnetization structures for H ip

ext ‖ qh and H ip
ext ⊥ qh

are known, their energy is compared. The energy density with respect to the
direction of H ip

ext is given in Fig. 3.6H. It is minimized for qh ⊥H ip
ext. This result can

explain the cycloidal alignment observed in the experiment as the torsion leads to a
lower energy compared to the compression and expansion of the Néel wall.

4.4 LTEM imaging of room-temperature skyrmion hosting multilayer
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As the effect of H ip
ext becomes evident, it is further checked whether the tilt of the

sample with its concomitant introduction of an in-plane magnetic field affects the
shape of the phase diagram. For this, field scans following the ZFI-protocol of the
respective phase diagram in Fig. 4.22 are conducted for different tilt angles α =
5°, 10°, 15°, 20°. The obtained phases at room temperature are shown in Fig. 4.24I.
There is no significant dependence on the sample tilt. The same behavior is found
for T = 100 K, which is illustrated in Fig. 4.24J. Here, a dependence of the magnetic
transition field from skyrmion to field-polarized phase is indicated. This is however
not very reliable due to the small skyrmion count at that temperature in combination
with the small sampling area of TEM. Note that the given phases for 5° are not
clearly discernible due to the weak contrast and are only hinted.

In the description of the phase diagrams, the role of pinning of the magnetic struc-
tures to magnetic defects is already briefly discussed. For a deeper analysis of this
assumption, two effects are investigated at room temperature. First, the hypothesis
that skyrmions get pinned during the transition from cycloidal to skyrmion phase
is checked. For this, the external magnetic field is put to zero such that a cycloidal
phase is obtained. Afterwards, the magnetic field is increased up to 162 mT at a rate
of 15 T s−1 in one step which leads to a transformation of the cycloids to skyrmions
(compare with the ZFI phase diagram in Fig. 4.22). A typical Fresnel image in
that state is depicted in Fig. 4.25A. The same process is repeated 11 times and the
resulting images are digitally aligned such that the dirt feature on the top right is
exactly at the same position in all images. The skyrmion positions are then marked
using an automatic skyrmion detection that relies on finding local intensity maxima
in combination with some preprocessing steps including polynomial background
subtraction, median, low-pass and disk filtering. The detected positions are manually
checked and corrected if needed. The analysis gives a mean skyrmion count of 221
per image with a standard deviation of 13 skyrmions.

At each position, a circular skyrmion area with the skyrmion radius (determined
later) is defined. For a single skyrmion, the area is indicated by the green dot in
the image. A binary mask is created and a value of one is assigned to the skyrmion
areas and zero to the other parts of the image. Then, all 11 masks are added up
and divided by the number of images. The resulting map is shown in Fig. 4.25B. It
is a measure of the space-dependent probability distribution of finding a skyrmion
within a circular area of the skyrmion radius around a given position after following
the described field protocol. Clearly, there are positions of enhanced skyrmion
probability. Particularly striking are the locations where skyrmions are found in all
of the recorded images, like the highlighted one. These points do not even make the
impression that they consist of eleven points as the congruence is so precise. This is a
strong indication that a pinning center is present at that point. To exclude the effect
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Fig. 4.25.: Pinning effects in the Pt/Co/W sample. (A) One of eleven images after the
transition of the cycloidal to the skyrmion phase. The green dot highlights the
area enclosed by the radius of the skyrmion at that position. (B) Probability
distribution of finding a skyrmion at a specific location among the 11 images. A
position where this probability is 100 % is marked and identified as a pinning
location. (C) Histogram showing the share of skyrmions with respect to their
overlap with other skyrmions among the images. The yellow distribution shows
the results from a simulation that uses random points that are no subject to
a potential pinning with a minimum distance of twice the skyrmion radius. It
clearly deviates from the experimental data, which indicates pinning effects. (D)
Example image after the transition of the field-polarized phase to the skyrmion/-
cycloidal mixed phase. A cycloidal stripe area is highlighted. (E) Map of the
probability density of finding a cycloidal stripe among the images. On the right,
a 3D view of the map is shown, where the pinning center is most strikingly
visible. A 3× 3 median filter and a polynomial background subtraction is applied
to images (A) and (D).

of clustering-illusion [227], a statistical cross-check is performed. In Fig. 4.25C, the
proportion of skyrmions with respect to the overlap with other skyrmions from the
other images is drawn. As expected from Fig. 4.25B, the histogram is non-zero up
to the maximum of 11 (an overlap within a single image is not observed). This
is compared to the result of the same analysis on a random set of points with the
same total number. Here, the only constraint to the set is that the points lie within
the range of the image and are not closer than twice the skyrmion radius. The
incompatibility of the two cases is obvious, proving that the skyrmions are pinned to
defects when they are generated from the cycloidal phase. Assuming that at least
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the skyrmions with an overlap ≥ 6 are subject to pinning, more than 61 % of the
skyrmions are affected.

The second hypothesis is that the magnetic defects serve as seeds for the modulated
structures when they are generated from the field-polarized phase. The same
procedure from before is conducted, only now the magnetic field is reduced from
240 mT at which the field-polarized phase is present to 126 mT where the first
skyrmions and cycloidal stripes appear. An example Fresnel image of the resulting
situation is shown in Fig. 4.25D. Note that in the SFD phase diagram in Fig. 4.23,
the final value of Hext is still within the field-polarized phase, and skyrmions without
cycloidal stripes are expected. This difference is explained with the fact that the
external magnetic field is reduced in one large step and not in small steps of 6 mT
like during the measurement of the SFD-phase diagram. It turns out that this alters
the phase diagram and the number of observed skyrmions, which is further analyzed
in section 4.4.2. Similar as before, a cycloidal stripe area is defined for each of the 11
images. As the observed cycloidal structures are few in comparison to the skyrmions
from before, it is sufficient to manually mark the observed contrast and define it
as a cycloidal stripe area, as shown with the green patch. The probability map of
obtaining a magnetically modulated texture in Fig. 4.25E shows obvious overlaps of
the cycloidal stripes. These are again attributed to pinning centers. This becomes
even more striking from the 3D view of the map shown on the right. In summary,
strong evidence is found that the skyrmions and isolated cycloidal stripes are pinned
to magnetic defects during the transition of cycloidal to skyrmion and field-polarized
to skyrmion/cycloidal mixed phase.

Next, the Néel skyrmion Fresnel contrast is investigated in more detail and the
skyrmion size is extracted from a comparison with simulations. Fig. 4.26A shows
the isolated skyrmion phase at µ0Hext = 150 mT for different orientations of the tilt
axis. The sample orientation is illustrated in the top row. The skyrmion intensities in
the center row nicely follow the tilt axis as expected from the description in section
4.2.1. Again, the tilt axis is also visible in the respective FT of the images as shown
in the bottom row.

Fig. 4.26B shows a magnified view of a skyrmion for tilt angles α = 20°, 0° and −20°.
As expected, the contrast is inverted for opposite tilt angles and vanishes with the ab-
sence of a sample tilt. This contrast is now simulated using Eq. (4.17) in combination
with Mansuripur’s formalism applied to the Néel skyrmion structure as introduced in
section 4.2. The parameters used in the calculation are the Ms = 1.4× 106 A m−1,
a defocus of ∆f = 2.95 mm, an effective sample thickness of τ = 9 nm, an elec-
tron energy of 300 keV, a spherical aberration of Cs = 8 m, a beam divergence of
1× 10−5 rad, a skyrmion radius R = 72.5 nm and a skyrmion wall width of ∆ = 2R.
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Fig. 4.26.: Fresnel contrast of Néel skyrmions in the Pt/Co/W multilayer sample. (A)
The skyrmion signature in the Fresnel images in the central row follows the
sample tilt axis that is indicated in the cartoon of the top row and the FTs in
the bottom row. (B) Magnified view of a single skyrmion for sample tilt angles
of α = 20°, 0° and −20°. Simulations in the bottom row match the images. (C)
Line profiles along the dotted lines in (B) show a quantitative match with the
simulated contrast. (D) Simulated cut through the central skyrmion Fresnel
intensity in dependence of defocus. The general shape is conserved for the
shown defocus range. A 3× 3 median filter and a Gaussian filter with σ = 2 px
is applied to (A). The line profiles in (C) rely on raw data.

The resulting simulated Fresnel images qualitatively match the experimental images
as seen in the bottom row of Fig. 4.26B.

There is also a quantitative agreement as proven from the image profiles along
the dotted lines in Fig. 4.26B given in Fig. 4.26C. Comparing this to the proposed
skyrmion in the simulation, a measured skyrmion diameter of 125 nm and a skyrmion
wall width twice that large is obtained. However caution is advised, as the Fresnel
simulation depends on a large set of parameters. If one of the parameters is erratic,
there will nevertheless be a skyrmion radius/wall width combination for which the
simulated Fresnel line profile matches the experimental one. In this example, a
reduction of the skyrmion radius by 10 % and a simultaneous increase of defocus
by 20 % essentially gives equivalent line profiles. For this reason, it is advisable
to not rely on these parameter-sensitive and tedious Fresnel contrast simulations.
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More consistent results can be obtained from a method like DPC that measures the
electron phase more directly. This can then also be combined with the skyrmion spin
structure relations introduced in sections 4.2.2 and 4.2.3. This will be demonstrated
in section 4.4.2.

The simulated Fresnel intensity profile of the Néel skyrmion discussed before
is now calculated for a focus range of −5 to 5 mm. The resulting dependence
is drawn in Fig. 4.26D. Each horizontal line represents a cut through the profile
and white (black) color resembles large (low) Fresnel intensity just like in the
images. Interestingly, the typical shape of the Néel skyrmion contrast is conserved
for all values of the studied defocus range. This is in contrast to observations on
magnetic vortices or in-plane domain walls, where the contrast quickly disappears
with defocus, shows side-fringes or is not symmetric with respect to ∆f = 0 [167,
170, 175].

In section 4.2.2, the so-called hybrid skyrmions were already introduced. These
are a combination of Bloch and Néel skyrmion spin structure and are among other
materials also reported for Pt/Co/Ir multilayer systems which qualitatively show
the same modulated structures as the Pt/Co/W system discussed in this section
[150]. To check the presence of potential hybrid skyrmions, Fresnel LTEM can be
used conveniently. Fallon et al. show that the contrast of hybrid cycloidal stripes
of a Pt/Co/Ru multilayer stack on the bent surface of a SiN membrane does not
completely vanish when the sample normal is parallel to the optical axis [198].
Considering the explanations in section 4.2.2 particularly around Eq. (4.44), the
same argumentation is possible for a hybrid skyrmion, which should also give
a Fresnel signature similar to Fig. 4.18D if its spin structure has a finite Bloch
contribution. Considering Fig. 4.26B, this is not the case here, indicating that there
is no Bloch skyrmion contribution that is large enough to be detected.

4.4.2 LTEM measurements of a Pt/Co/Tb multilayer stack
In this section, LTEM measurements on a SiN/Ta3nm/Pt5/[Co2/Tb1/Pt3]×5 multilayer
stack are shown. In the beginning, ZFI and SFD phase diagrams, obtained with
Fresnel LTEM, are presented. The results are similar to the ones of the Pt/Co/W
multilayer stack that is investigated in the last section. After that, the phase space
dependency of the topological charge Nsk within the field of view for both ZFI and
SFD field protocols is investigated. A double peak in the temperature dependence of
Nsk indicates a change of the parameters of the magnetic system at around 300 K.
Here, an interesting mechanism is found: When the externally-applied magnetic
field is changed in a single step from zero to a target value case at which skyrmions
are observed according to the phase diagram, the skyrmion density can be increased
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up to a factor of 2, in comparison to the ZFI case in which the magnetic field is
changed in smaller steps. Finally, first DPC measurements on Néel skyrmions are
presented. The theoretical descriptions in sections 4.2.2 and 4.2.3 can be directly
applied to the results.

Accordingly to the last section, the Ta3nm/Pt5/[Co2/Tb1/Pt3]×5 stack is grown
onto the 500× 500µm2 Si3N4 membrane with a thickness of 20 nm by Lin9. An
average grain size of 4.9 nm with a standard deviation of 1 nm of the polycrystalline
stack is measured using HRTEM. The measurement conditions in terms of an electron
energy of 300 keV, the liquid nitrogen sample holder and a sample tilt of 20° are
also maintained according to the last section.

Before the data is presented, a brief motivation is given on why Pt/Co/Tb samples
are particularly interesting within the heavy metal/ferromagnet/heavy metal mul-
tilayer systems. The most striking difference between the Pt/Co/W and Pt/Co/Tb
stack is obviously the replacement of W with Tb. It is known that at the Tb/Co
interface, the non-magnetic Tb becomes ferromagnetic due to the exchange coupling
to Co [228]. In addition, this coupling is antiferromagnetic, i.e. the magnetized
Tb-layer aligns anti-parallel to the Co-layer. For a skyrmion spin structure, this has
the consequence that skyrmion polarity and chirality in Co and Tb are inverted.
Actually, this reduces the effective electron phase that is measured with LTEM as the
integrated magnetization along ẑ is partially compensated.

The benefits of such an antiferromagnetic coupling is rooted in skyrmion transport.
When the skyrmion is moved by a spin polarized current, its velocity is in general
not parallel to the current direction but is inclined at an angle within the skyrmion
plane. This angle is called the skyrmion-Hall angle. For opposite skyrmion chirality,
the topological charge and the skyrmion-Hall angle are inverted. This is in complete
analogy to the electric charge in the common Hall effect [6, 87, 99, 229]. Therefore,
the antiferromagnetic coupling, described before, can reduce the effective skyrmion-
Hall angle. A technical example where the skyrmion-Hall effect is problematic is
the skyrmion racetrack. Here, the skyrmion-Hall effect creates a constant force
that pushes the skyrmion to one of the racetrack walls, which can e.g. lead to an
undesired skyrmion annihilation due to edge roughness [226]. A more scientific
example can be observed during TEM observations. Here, a radially symmetric
spin current is created from a temperature gradient in the sample which itself is
inflicted by the circular electron beam. In this case, the skyrmion-Hall effect can
lead to a rotation of the hexagonal skyrmion lattice as reported for Cu2OSeO3.
This can be obstructing for static measurements [86, 88, 230]. In this work, the
antiferromagnetic coupling of Co and Tb has been verified for a similar sample using
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Fig. 4.27.: (A) Zero field increase phase diagram of the Pt/Co/Tb multilayer sample. At
each indicated temperature, the sample is saturated and afterwards the external
magnetic field is increased from zero, while the present magnetic phases are
tracked. The dots represent recorded Fresnel images. (B) Example image of
the cycloidal phase, (C) cycloidal/field-polarized mixed, (D) cycloidal/field-
polarized/skyrmion mixed and (E) isolated skyrmion phase. (F) At lower tem-
peratures, only few skyrmions are observed. (G) A cycloidal phase with less
order is visible for low temperatures. The phase space positions of the example
images are also indicated in the phase diagram. A median filter in a 3× 3
neighborhood, polynomial background subtraction and a manual removal of
dirt is applied to the example Fresnel LTEM images.

XMCD magnetic field scan measurements at the Tb and Co L3 energies, which result
in inverted hysteresis loops for Tb and Co (data not shown).

For an overview, phase diagrams are recorded. The field protocols ZFI and SFD
were already established in the last section and are also applied for this sample. The
step size between each image during a magnetic field scan is not fixed and is in the
range of 2 to 10 mT. The field is adjusted manually and the rate of the magnetic
field change is in the order of 10 mT s−1. The ZFI phase diagram is displayed in
Fig. 4.27A. The qualitative shape is very similar to the phase diagram of the Pt/Co/W
sample in Fig. 4.22A. Also the magnetic field scan at room temperature yields similar
results. At zero applied magnetic field, a cycloidal phase is obtained as displayed in
Fig. 4.27B. As can be seen, qh aligns parallel to the tilt axis which is attributed to the
interaction with the in-plane magnetic field that was discussed in the last chapter.
The effect appears to be even stronger by a qualitative comparison of the obtained
order. The overall signal to noise ratio of the magnetic contrast is superior to the
Pt/Co/W sample. Upon magnetic field increase, the cycloidal phase transforms to
isolated cycloidal stripes in a field polarized background as shown in Fig. 4.27C.
With further increase of the magnetic field, a mixed Néel skyrmion/isolated cycloidal
stripe phase is obtained (Fig. 4.27D) before an isolated skyrmion phase is finally
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Fig. 4.28.: (A) Saturation field decrease phase diagram of the Pt/Co/Tb multilayer sample.
At each indicated temperature, the sample is saturated and the external magnetic
field is reduced to zero, while the present magnetic phase is tracked. The dots
represent recorded Fresnel images. (B) Example image of the skyrmion phase,
(C) cycloidal/field-polarized/skyrmion mixed, (D) cycloidal/field-polarized
mixed and (E) cycloidal phase. (F) At lower temperatures, no skyrmion phase
but an isolated cycloidal stripe phase is observed. (G) The cycloidal phase with
less order as in the ZFI is also visible for low temperatures. The phase space
positions of the example images are also indicated in the phase diagram. A
median filter in a 3× 3 neighborhood, polynomial background subtraction and
a manual removal of dirt is applied to the example Fresnel LTEM images.

established at around 125 mT which is shown in Fig. 4.27E. Subsequently, the
skyrmion number is further reduced up to a magnetic field value around 175 mT at
room temperature. Beyond this limit, the field-polarized phase is obtained, showing
no magnetic contrast.

At low temperatures (≈110 K), the skyrmion count is drastically decreased which
is shown in Fig. 4.27F. A more detailed investigation of the skyrmion count will be
given later in this section. Compared to the case at room temperature, the cycloidal
phase at zero-applied magnetic field is less ordered in terms of stripe continuity,
which is shown in Fig. 4.27G and is in accordance with the findings of the previous
section. The phase space locations of the example images are also indicated in the
phase diagrams.

For the SFD phase diagram, the same saturation field of Hext = 240 mT as in the
last section is chosen. The resulting phase diagram is drawn in Fig. 4.28A. Again the
general shape is similar to the SFD phase diagram of Pt/Co/W in Fig. 4.23A. Around
room temperature, after the external magnetic field falls below a critical value of
≈130 mT, an isolated skyrmion phase is obtained as displayed in Fig. 4.28B. In
contrast to the ZFI case, the skyrmions again show a clear elongation perpendicular
to the tilt axis. Upon further magnetic field decrease, the magnetic texture transforms
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to an isolated cycloid/skyrmion mixed phase (Fig. 4.28C) and afterwards to an
isolated cycloid phase in a field-polarized background (Fig. 4.28D). Finally around
80 mT, a cycloidal phase is obtained which persists down to zero applied magnetic
field (Fig. 4.28E). At 95 K, no skyrmion phase is observed, only an isolated cycloidal
phase with low order is measured as displayed in Fig. 4.28F. The contrast indicates
that the width of the cycloidal stripes is increased in comparison to the room
temperature case. At large temperatures around 360 K, the skyrmion phase is still
present, as shown in Fig. 4.28G. However, when comparing the contrast to an image
at room temperature as e.g. in Fig. 4.28B, the image background around the clear
skyrmion features is not homogeneous and shows an irregular magnetic contrast.
This might indicate a temperature dependent change of the magnetic parameters
and will be discussed later in more detail.

In the discussion of the ZFI phase diagram, the temperature dependence of the
skyrmion density was already briefly mentioned. This behavior is now quantified
with additional measurements. As the phase diagrams for the ZFI and SFD field-
protocol vary so strongly, both methods are considered. First, the temperature
dependence of the topological charge that emerges from the cycloidal phase is
studied. The investigated phase space is highlighted in the ZFI phase diagram
in Fig. 4.29A. Within the marked area, Fresnel LTEM images with a field of view
of 6.1× 6.1µm2 are recorded. For each image, the total topological charge is
determined. Due to the interface-DMI and the Néel skyrmion structure, it can be
safely assumed that all the skyrmions have the same chirality, as multi-chiral bubbles
are only investigated for the Bloch type with absent DMI [5]. With this assumption,
the topological charge determination which is defined in Eq. (2.23) simplifies to the
counting of visible skyrmions in the images. Note that also the isolated stripes that
are sometimes present in the recorded images, have an absolute topological charge
of one, as their spin structure is topologically equivalent to the skyrmion. Note that
the sign of the topological charge cannot be determined using LTEM, as it is not
sensitive to the Néel skyrmion wall. According to the last sections, the counting
of skyrmions is conducted using an automatic local maximum finding algorithm in
combination with a manual correction step for each image. In the 283 recorded
images, 42 977 are identified this way. Due to temperature drift, the sample position
changes for different temperature values and is also not perfectly constant during
the magnetic field scans.

Fig. 4.29B shows the temperature dependence of the topological charge for
different values of the externally-applied magnetic field. The measurement protocol
begins in the cycloidal phase at zero-applied magnetic field and is increased to
118 mT at a rate of 1000 mT s−1. After that, the field is further increased in steps
of 6 mT at the same rate. At each step, an image is recorded. This field protocol
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Fig. 4.29.: (A) Investigated phase space region for the topological charge measurements
starting in the cycloidal phase. (B) Temperature and externally-applied magnetic
field dependence of the topological charge for the step increase magnetic field
protocol and the (C) intermediate step increase protocol. The field protocols
are visualized in the insets. (D) Example Fresnel image of the skyrmion phase
inside the first maximum and (E) the second maximum of the topological charge
measurement. (F) Fresnel image resulting from the step increase field protocol
compared to (G) the intermediate step field protocol for identical temperature
and magnetic field. (H) Magnetic field scan of the topological charge for
step increase and intermediate step increase field protocol at T = 187 K. (I)
Topological charge difference of step increase and intermediate step increase
field protocol for the whole investigated phase space region. A polynomial
background subtraction and a 3× 3 median filter is applied to the Fresnel
images in (D-G)

is illustrated in the inset and is referred to as step increase. As expected from the
description of the phase diagram, the topological charge decreases as the increasing
externally-applied magnetic field leads to the annihilation of skyrmions at a constant
temperature. From this, it becomes also directly clear that once there are no cycloidal
stripes left, no further skyrmions appear, which again indicates that the skyrmions
can only nucleate from the cycloidal stripes. Following the trend for a constant value
of Hext, a vanishing topological charge for lowest temperatures is obtained. The
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value increases up to a maximum topological charge density of 9.5 /µm2 around
270 K for µ0Hext = 118 mT.

Above that temperature, the skyrmion count decreases. However, a second
maximum appears around 325 K. Although this is somewhat peculiar, signatures of
the second maximum are visible for all magnetic field values and all four magnetic
field protocols that will be shown. It is also present in a second measurement that is
conducted on a different day at a different sample location. A hint concerning the
second maximum can be found by the inspection of the respective LTEM images.
Fig. 4.29D shows an LTEM image at T = 233 K and µ0Hext = 142 mT and Fig. 4.29E
shows one at T = 329 K and µ0Hext = 124 mT. The respective measured topological
charge is indicated in Fig. 4.29B and is around 100 in both images. The first image
lies within the first maximum of the topological charge data whereas the second one
is found in the second maximum. Comparing the images, it is clear that the image
background around the clear skyrmion signatures in Fig. 4.29D is smoother than the
one in Fig. 4.29E, where a magnetic background modulation of the Fresnel intensity
is visible. A closer inspection of the background shows that it is partly irregular but
there are also some of the typical Néel skyrmion signatures with reduced intensity.

Without any further measurements, the reason for the modulated image back-
ground and the concomitant second peak in the topological charge measurement
remains speculation. It could e.g. be caused by a temperature dependence of the
magnetic parameters. A potential candidate for this is the uniaxial out-of-plane
anisotropy, which is known to decrease with temperature for magnetic bubble host-
ing materials and forces the magnetization to align parallel to the sample plane at a
certain critical temperature [5, 102, 218]. If there was a tendency for an in-plane
alignment, it would be expected to be visible in an Fresnel LTEM image, as the
technique is very sensitive to magnetic modulations parallel to the sample plane.
Note that once the image background shows this inhomogeneity, the exact determi-
nation of the skyrmion count becomes slightly ambiguous. Here, only the skyrmion
signatures with the same intensity as the ones at lower temperatures are counted.
It should be noted that the weaker signatures could in principle also be skyrmions
when considering the second maximum in the topological charge measurements.

The second magnetic field protocol is also started in the cycloidal phase. It is
essentially equivalent to the step increase process, with the difference that after
each magnetic field step, the field is reverted to zero such that the structure evolves
directly from the cycloidal phase. This is depicted in the inset of Fig. 4.29C and
is referred to as intermediate step increase. The temperature dependence of the
topological charge measurement in Fig. 4.29C is qualitatively equal to the step
increase case. However, the maximum skyrmion count for temperatures below 230 K
is not found for the lowest magnetic field of 118 mT but for the intermediate values
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Topological charge difference of step decrease and intermediate step decrease
field protocol for the whole investigated phase space region.

of 124 and 130 mT. In fact, the overall topological charge is increased compared
to the step increase case. An example situation for this fact is shown in Figs. 4.29F,
G. Both images are recorded at T = 218 K and µ0Hext = 124 mT. Nevertheless,
Fig. 4.29G shows obviously more skyrmions as it is recorded with the intermediate
step increase magnetic field protocol.

At T = 187 K, a field dependence of this discrepancy is further illustrated in
Fig. 4.29H. For lowest magnetic field, the topological charge data agrees as the
two field protocols are equivalent up to this point. Above that field, the two curves
separate and roughly twice the skyrmion count is obtained for the intermediate
step increase protocol. The temperature and magnetic field dependence of the
total topological charge difference of the two magnetic field protocols is drawn in
Fig. 4.29I. It shows a maximum around 220 K. Note that the temperature ticks are
not equidistant. The discovery of this effect might turn out useful for applications
where a large skyrmion count is desired.

A similar procedure is conducted for the skyrmion nucleation from the field-
polarized phase at large externally-applied magnetic fields. Fig. 4.30A shows the
SFD phase diagram and the investigated phase space region for the following
topological charge measurements. The first field protocol investigated starts at a
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saturation field of µ0Hext = 240 mT. The field is then decreased to 130 mT where
an isolated skyrmion phase is obtained. In complete analogy to the step increase
field protocol, the field is then decreased in steps of 6 mT to 106 mT. Therefore, the
field protocol is referred to as step decrease. It is displayed in the inset of Fig. 4.30B.
The topological charge increases with temperature and reaches its maximum around
320 K. Indications for the second maximum are visible in the graphs recorded at
lower magnetic field.

The second field protocol is also in complete analogy to the intermediate step
increase protocol with the exception that the field is brought up to 240 mT at the
intermediate steps instead of zero. Therefore, it is referred to as intermediate step
decrease. It is depicted in the inset of Fig. 4.30C. Again, the qualitative shapes of the
respective topological charge dependence are equal to the step decrease protocol,
however the skyrmion count is drastically increased. This can be also seen from
the magnetic field scan at T = 252 K in Fig. 4.30D. Here, the topological charge is
around three times as large for the intermediate step magnetic field protocol. The
topological number difference for the two protocols is plotted in Fig. 4.30E. The
maximum difference is found around 250 K.

An issue arises during the measurement using the intermediate step decrease.
It turns out that for a decreasing field step larger than 50 mT, the magnetic field
undershoots the target field value. In the measured range, the magnetic field drops
50 mT below the target value for a duration of 60 ms. This flaw in the electronics
of the objective lens power supply of the TEM is irrelevant for the optics and is
therefore not addressed by the manufacturer. This behavior only occurs during the
decrease of the magnetic field but might affect the absolute skyrmion numbers in
Fig. 4.30C.

Finally, DPC measurements on the isolated Néel skyrmion phase at room tempera-
ture are conducted. The sample tilt of 20° is maintained and the external magnetic
field is increased from zero to µ0Hext = 120 mT. The electron beam deflection is
measured using the annular segmented detector. The electron beam is scanned over
the sample within a field of view of 11.1µm2. Fig. 4.31A shows the beam deflection
signal in x- and y-direction DPCx and DPCy. In both directions, the intensity signa-
ture of around 30 skyrmions is visible. As expected, the intensity in x-direction is
larger than in y-direction. In fact, these are the first reported DPC measurements
on Néel skyrmions that match the theoretical expectations [155]. To showcase
the measured contrast, the average skyrmion signature is calculated from the 14
skyrmions highlighted with the yellow boxes. The resulting skyrmion intensities
are shown on the right side of Fig. 4.31B. In the bottom row, the beam deflection
is represented by color. Under the assumption of a homogeneous ronchigram, the
DPCx and DPCy signal is proportional to the gradient of the electron phase. As a
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Fig. 4.31.: DPC measurements on the Pt/Co/Tb sample. (A) The two components of
the measured beam deflection of the skyrmion phase in the Pt/Co/Tb sample.
(B) Simulated Néel skyrmion contrast (left) compared to the experimental data
(right), which is obtained by taking the average skyrmion intensity of the marked
skyrmions in (A). In the bottom row, the deflection is represented by color as
indicated in the color wheel. (C) Image profile through the center of the marked
skyrmion in the DPCx signal in (A). The parameters Xφ

R and Xφ
∆ are highlighted.

To enhance the visibility of skyrmions, a polynomial background subtraction, a
3× 3 median filter and a Gaussian filter with σ = 2 px is applied to (A). The
line profile in (C) relies on the raw data.

reminder, the simulated DPC contrast of a Néel skyrmion with the experimentally
measured structural skyrmion parameters (given later) is displayed on the left. It is
in good agreement with the measured data.

Fig. 4.31C shows a horizontal image profile of the DPCx signal across the center
of the highlighted skyrmion in Fig. 4.31A. Using the relations from section 4.2.2,
the structural skyrmion parameters can be obtained. In order to do so, the zero
deflection value must be manually shifted such that the regions around the skyrmions
show a zero-phase gradient, as discussed. Assuming DPC ∝ ∇⊥φm, the phase
maximum at Xφ

R is found at the zero-intersection of the line profile. The position of
the inflection point of the phase Xφ

∆ on the other hand is found at the minimum of
DPCx, as highlighted in the profile. Using Eqs. (4.41) and (4.42), a skyrmion radius
of R = (48± 3) nm and a wall width of ∆ = (84± 27) nm is found.

This result holds for probe sizes that are much smaller than the actual skyrmion
radius. In the experiment, an aperture of 70µm led to a rather low resolution
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of 25 nm. This value is determined by checking at which frequency the square
modulus of the FT of the image approaches zero. From this, the probe diameter is
expected to be around 50 nm. As explained in section 4.2.3, the model does not give
precise results for such large probe sizes. In this case, the correction terms given
in Fig. 4.17C have to be applied. With them, a 13 % smaller skyrmion radius of
R = (42± 3) nm and a domain wall width of (72± 27) nm is obtained.
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Summary 5
In this thesis, static and dynamic properties of magnetic skyrmions and chiral
magnetic textures are investigated. Two experimental techniques are used: The first
one is REXS which probes magnetically modulated structures in reciprocal space. For
the first time, this technique is combined with FMR to detect magnetic excitations
of the chiral system. The second experimental technique is Fresnel and DPC LTEM
which produces real space images of the skyrmions and the various other magnetic
structures.

The first experimental part of the thesis covers reciprocal space imaging of the
magnetically modulated phases of bulk single-crystalline (001)-Cu2OSeO3 by means
of REXS in combination with FMR measurements. Experimental reciprocal space
maps of the helical, conical, skyrmion and LT-skyrmion phase are shown. Before
the actual FMR measurements are discussed, the expected skyrmion eigenmodes
- breathing, clockwise and counter-clockwise gyrating modes - are extracted from
micromagnetic simulations. The resonance frequencies of the helical, conical, field-
polarized and skyrmion phase are then experimentally measured by tracking the
scattered X-ray intensity of the Bragg peak as well as its satellite peaks under
excitation by means of an oscillating external magnetic field. The resulting resonance
frequencies and their dependence on the externally applied magnetic field are in
good agreement with conventional FMR experiments performed on equivalent
crystals.

These results are the foundation of a novel technique that is called REXS-FMR [51].
It inherits the element-specific character of REXS and further allows the selection of
the FMR-signal from a specific magnetic phase. This is particularly useful in systems
that show complex magnetic environments like phase-coexistence as in the case of
the novel LT skyrmion phase in Cu2OSeO3 which is always accompanied by the tilted
conical phase [117, 118]. Further examples for this are the multidomain skyrmion
states in lacunar spinels [74, 151, 152] or the glassy skyrmion textures in Co-Mn-Zn
compounds [24, 153, 154].

Still, the full potential of REXS-FMR is not yet reached. A logical next step is
to perform stroboscopic measurements, i.e. that the microwave excitation field is
phase-coupled to the probing X-ray pulses. An additional analysis of the simulations
in chapter 3.3.1 shows that the resonant oscillation of the skyrmion magnetization
exhibits different phase shifts with respect to the microwave excitation field depen-
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dent on the driven mode. This means that during the excitation of the breathing
mode, an in-phase oscillation of all six satellite spots is expected. In contrast to
that, when a gyrating mode is excited, the satellite peak intensity is expected to
be phase-shifted by 120° with respect to each other. From such an experiment, the
skyrmion modes could be detected unambiguously, without the need of assisting
theoretical calculations.

The second experimental part of the thesis concerns real-space imaging of skyrmions
by means of LTEM. A rich qualitative overview of the expected Fresnel and DPC
LTEM image contrasts of the various magnetic phases that are investigated in this
thesis is given. The electron phase that is introduced by the magnetic structure of
arbitrary Bloch and Néel skyrmions is calculated and related to the original skyrmion
structure. This gives phenomenological strategies for the extraction of the skyrmion
spin structure from an electron phase measurement. Although these relations are in
principle applicable to all LTEM techniques, it is necessary to further consider the
effect of electron-optical aberrations for each Lorentz technique separately. This is
performed explicitly for DPC LTEM, which leads to the introduction of correction
terms [155].

Then, LTEM measurements of (001)-Cu2OSeO3 are presented. Phase diagrams
are recorded which show the commonly expected phases. However, they lack the
observation of an LT-skyrmion phase, which is attributed to the low thickness of the
sample which is in the order of the helical modulation length λh of Cu2OSeO3 [52,
54]. At a temperature of T = 13 K, an externally applied magnetic field dependence
of the skyrmion-skyrmion interaction is found. This is in accordance with reports on
FeGe and is attributed to a surrounding conical background of the skyrmions [220].
Finally, DPC measurements of the helical and skyrmion lattice phase are presented
and show traces of a hexagonal distortion of the skyrmion lattice.

Further, LTEM measurements of two room-temperature skyrmion hosting multi-
layer samples are shown. The first one is a Pt/Co/W system [67]. Measured phase
diagrams show that the skyrmions appear as relics of the cycloidal phase upon
magnetic field increase from zero. They feature a skyrmion phase within the whole
temperature range of around 100 to 360 K. A process that allows the alignment of
isolated cycloidal stripes and the cycloidal phase with an in-plane magnetic field is
found. Further, an independence of the phase diagram with respect to sample tilt up
to 20° away from the externally applied magnetic field direction is found. In addition
to that, it is shown that the magnetic structures in the sample are subject to pinning.
This affects the system during the skyrmion generation from an initial cycloidal
as well as an initial field-polarized phase. Further, a tilt and defocus dependent
simulation of the Fresnel skyrmion contrast is presented which is used to estimate
the actual skyrmion size.
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Fig. 5.1.: (A) Structured Pt/Co/Tb multilayer strip with gold contacts. (B) LTEM images of
isolated cycloids pushed by electrical current pulses whose polarity is reversed in
the bottom row.

The second sample is a Pt/Co/Tb multilayer system. The measured phase dia-
grams are qualitatively equivalent to the Pt/Co/W sample. A topological charge
measurement shows a maximum skyrmion count just below room temperature. It is
found that the total topological charge density can be greatly increased (by factors
larger than 2) by approaching the final external magnetic field in one step opposed
to several small steps. Finally, first DPC measurements on Néel skyrmions that match
the theoretically predicted contrast are presented. From this data, the skyrmion
structure is extracted, showcasing an application of the calculations presented in the
beginning of the chapter.

The TEM part gives a broad overview of potential contrast signatures that can
be encountered when measuring Néel or Bloch skyrmion hosting materials. It also
provides a method to extract the skyrmion parameters from an LTEM measurement.
This link is key e.g. for comparative LTEM studies in material research that aims
for engineered skyrmion magnetization structures. This is clearly an important
aspect considering that LTEM became one of the most import tools for real-space
imaging of magnetic skyrmions. A next logical step that goes beyond the imaging
of static structures is the in-situ TEM observation of the current driven motion of
skyrmions. Preliminary work on this has already been conducted. Fig. 5.1A shows a
structured Pt/Co/Tb multilayer stack featuring a contactable microstrip across a SiN
membrane, which was fabricated by Yiming Sun1. In Fig. 5.1B, images of an isolated
cycloidal phase at Hext = 30 mT are shown. Between each snapshot, an average of
16 electrical current pulses with a current density of <7× 1010 A m−2 and a pulse
length of 20 ns is applied along the indicated direction. Clear unidirectional shifts
of the cycloids are visible. These shifts are opposite upon current polarity reversal,
as shown in the bottom row. Once issues like pinning can be further reduced, this
yields a large potential for future applications.

1Fert Beijing Institute, BDBC, School of Electronic and Information Engineering, Beihang University,
Beijing, 100191, China.
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Appendix A
A.1 Magnetization extraction from REXS Bragg intensity

To extract the actual magnetization profile from the externally applied magnetic
field dependence of the Bragg intensity, the theoretical description by van der Laan
et al. is applied [121].

The scattering cross section is (Eq. (15) in Ref. [121])

I(∆k) = Ic(∆k) + Im(∆k) + Ii(∆k) . (A.1)

Here ∆k = kf − ki, with incident wave vector ki and final wave vector kf , along-
side their unit vectors k̂i and k̂f . The cross-section consists of three contributions.
First is charge scattering which is given by (Eq. (16) in Ref. [121])

Ic(∆k) = 1
2

∣∣∣f̃0ρ̃
∣∣∣2 [Pσ + Pπ

∣∣∣k̂f · k̂i
∣∣∣2] , (A.2)

with the Fourier transform of the charge density ρ̃ and the monopole contribution
of the energy dependent resonance amplitude f̃0. Further Pσ = P0 + P1 and
Pπ = P0 − P1 with the Poincaré vector which is given by P T = (1, 0, 0,±1) for
circularly polarized light which is used in the experiment. The contribution of Ic is
independent of M (and its Fourier transform M̃ .

The second contribution Im describes pure magnetic scattering. For M̃ inside the
scattering (ki-kf)-plane, it can be written as (Eq. (19) in Ref. [121])

Im(∆k,M̃) = 1
2

∣∣∣f̃1
∣∣∣2 [Pσ ∣∣∣k̂f · M̂

∣∣∣2 + Pπ
∣∣∣k̂i · M̃

∣∣∣2] . (A.3)

Here, f̃1 is the Fourier transform of the magnetic dipolar contribution to the
energy dependent resonance amplitude.

Third is the interference term between charge and magnetic scattering. Again for
M̃ inside the scattering plane and circularly polarized light, it is given by (Eq. (21)
in Ref. [121])

Ii(∆k,M̃) = P3 Re
[
f̃∗0 ρ̃
∗f̃∗1

(
k̂i · M̃ + (k̂f · M̃)(k̂f · k̂i)

)]
. (A.4)
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Fig. A.1.: Extraction of magnetization trace from magnetic field dependence of Bragg
scattering intensity. (A) Scattering condition. (B) Bragg intensity with externally
applied magnetic field for excitation on and off (see main text) and theoretical
fit. (C) Extracted magnetization trace with expected values at resonance. (D)
Charge, (E) magnetic, (F) interference scattering contribution and parameters of
the fit.

In the experimental situation described in the main text, the magnetization and
externally applied magnetic field is parallel to ki. The wave vectors ki and kf are
fixed to the (001)-Bragg condition at the Cu L2-edge with 2θ = 95.8°. A sketch of the
scattering condition is shown in Fig. A.1A. For circularly polarized light Pσ = Pπ = 1,
P3 = ±1 and by using the substitutions Ac = Ic, Am = 1

2

∣∣∣f̃1
∣∣∣2 and Ai = Re(f̃∗0 ρ̃∗f̃∗1 ),

Eq. (A.1) can be rewritten to

I(M̃) = Ac +Am

(∣∣∣k̂f · M̂
∣∣∣2 +

∣∣∣k̂i · M̃
∣∣∣2)±Ai

(
k̂i · M̃ + (k̂f · M̃)(k̂f · k̂i)

)
(A.5)

The assumed net magnetization results from Eq. (2.21)

M(Hext) =

MsHext/Hc2for Hext < Hc2

MsHext/Hext otherwise
. (A.6)

The experimental Bragg intensity dependence in Fig. 3.8A is fitted with Eq. (A.5),
with the parameters Ac, Am, Ai and Hc2. The result is displayed in Fig. A.1B. Using
Eq. A.6 with the fit paramters, the expected magnetization trace is extracted which
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is shown in Fig. A.1C. To retrieve the net reduction of M in resonance, the field
values within the linear range in Fig. A.1B that match the reduced intensities at the
resonance features are determined. Finding the respective value for M in Fig. A.1C
gives the expected reduction of M in resonance. This process is indicated by the
dashed arrows. A mean value of ∆M/Ms ≈ 6.5 % is obtained. The individual
contributions of charge, magnetic and interference scattering to the fit are shown in
Fig. A.1D-F.

A.2 Electron momentum transfer measurement by DPC
for a magnetic sample
The calculation in this chapter is based on the work of Müller et al., adapted for
magnetic fields [183]. The starting point is Ehrenfest’s theorem [231]

d
dt〈p〉 = 1

ih̄
〈[
Ĥ,p

]〉
+
〈
∂p

∂t

〉
, (A.7)

with the expectation value of the momentum operator 〈p〉. For an electron in the
magnetic vector potential A, the Hamilton operator is given by Ĥ = 1

2me

(
p + e

cA
)2.

Plugging in the commutator
[
Ĥ,p

]
, one obtains

d
dt〈p〉 = −e2 〈(v ×B −B × v)〉 , (A.8)

with the velocity operator v and the magnetic induction operator B. Assuming
that the electron velocity along the optical axis vz is approximately constant and
Bz = 0, the change of lateral momentum p⊥ can be written as

d
dt〈p⊥〉 = −evz [〈By〉 x̂ + 〈Bx〉 ŷ] . (A.9)

The expectation value of 〈B⊥(z)〉 = 〈Ψprobe(z) |B⊥(z)|Ψprobe(z)〉 at some depth
z, is evaluated using the wave-function of the electron probe Ψprobe. Substituting
dt = dz/vz, this gives

〈p⊥〉 = −e
∫∫

Iprobe(r⊥, z) [By(r⊥, z)x̂ +Bx(r⊥, z)ŷ] dz dr⊥ . (A.10)

Dropping the probe’s z-dependence

Iprobe(r⊥, z) ≈ Iprobe(r⊥, 0) , (A.11)
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Fig. A.2.: Classical consideration of the generation of lateral electron momentum during its
traversal through a region (gray) with finite magnetic induction.

which only holds for thin specimens (around 1 to 2 nm [183]) and defining the
average projected magnetic field

Bproj
⊥ (r⊥) = 1

τ

∫
Bproj
⊥ (r⊥, z) dz , (A.12)

equation 4.29 of the main text is finally obtained and is repeated here:

− 1
eτ
〈p⊥〉 =

[
Bproj
y (r⊥)x̂ +Bproj

x (r⊥)ŷ
]
⊗ Iprobe(r⊥) . (A.13)

This result is similar to the classical result which is now briefly shown. Assuming
the situation that is displayed in Fig. A.2, the lateral momentum of the electron after
it is transmitted through the region with finite magnetic induction is given by

p⊥ = p0 sin(βL) ≈ p0βL . (A.14)

Here, p0 is the initial absolute electron momentum and βL = eλeBτ/h is the elec-
tron deflection angle given in Eq. (4.2). As βL � 1°, the small-angle approximation
is valid. Using λe = h/p0, Eq. (A.14) can be rewritten to

1
eτ
p⊥ = B , (A.15)

which is a classical analogue to Eq. (A.13).

A.3 Proof of zero magnetic electron phase from a
cycloid and Néel skyrmion without sample tilt
First, it is shown that a cycloidal spin structure does not produce an electron phase
under normal incidence. A cycloidal spin structure with qh ‖ x̂ can be written as

m = cos
(2πx
Lx

)
x̂ + sin

(2πx
Lx

)
ẑ . (A.16)
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It can be shown that Mmn from Eq. 4.8 is zero except for n = 0 and m = ±1.
M±10 is then given by

M±10 = 0.5 x̂± i0.5 ẑ . (A.17)

Further is k±10 = ± 1
Lx

x̂, p̂ = ẑ (normal incidence) and Gp(τk±10) = 1. Plugging
this into Eq. 4.6 one sees that k±10 × ẑ = ± 1

Lx
ŷ and p̂× [p̂×M±10] = ∓0.5x̂. As

the scalar product x̂ · ŷ = 0, the whole terms become zero and φm = 0.
To show it for the Néel skyrmion an analytical solution of Eq. 4.6 is impossible or

at least very tedious. Rather, Eq. 4.31 is used. The skyrmion spin structure is given
in Eq. 4.33. The substitutions sin [θ(r)] = f(r) and sin [θ(r)] = g(r) are made which
gives

m(r, ϕ) = f(r) cos (ϕ+ ψ) x̂ + f(r) sin (ϕ+ ψ) ŷ + g(r) ẑ . (A.18)

For now the helicity ψ = 0, which gives a Néel skyrmion but the result also holds
for the other chirality ψ = π/2. The magnetization can be transformed to a polar
coordinate system which gives

m(r) = f(r)r̂ + g(r) ẑ . (A.19)

In Eq. 4.31, the z-component of the curl of the magnetization needs to be calcu-
lated, which can be expressed using the curl in polar coordinates

ẑ · ∇ ×m = 1
r

[
∂(rmϕ)
∂r

− ∂mr

∂ϕ

]
A.19= 0 , (A.20)

which is zero and gives gives φm = 0.

A.4 Verification of the magnetic electron phase
algorithm
In this section, the calculated phase of the implementation of Mansuripur’s technique
is verified. For this, the equivalence of the code written in this work with some
examples given in the original work is checked. The validity in terms of a comparison
to experimental data is deduced from Mansuripur’s manuscript [173].

The first magnetic example structure are two side-by-side walls with in-plane
magnetization. The domain walls are of Néel type. Such a structure is also called
head-to-head or tail-to-tail walls, as the magnetization vectors in the uniform regions
face each other. Fig. A.3A shows the spin structure (top) and a line profile of the
calculated phase along x-direction (bottom). Next to it in Fig. A.3B, the result of this
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Fig. A.3.: Verification of the phase calculation algorithm example 1. (A) Spin structure and
horizontal phase profile taken from the original work [173]. (B) Spin structure
and horizontal phase profile from the implementation of this work.

work’s implementation is shown and qualitatively matches very well. Fortunately,
also quantitative, the phase change is identical.

As the first example can be reduced to a 1D problem, a second magnetic sample
structure is shown in A.4A (left). It is the same magnetic structure that is however
cut off in horizontal directions at the top and bottom. This is then called a narrow
track. On the right, a contour plot, as well as a 3D surface plot of the calculated
phase is shown. The phase variation is non-zero outside of the sample, which is
attributed to magnetostatic stray fields. These results again qualitatively match
the results obtained using the algorithm from this work very well, as can be seen
in Fig. A.4B. For this case, Mansuripur actually gives the maximum and minimum
phase value which is ±16.65 rad. Taking into account the reverse engineering that
is neccessary to reconstruct the sample’s track dimensions, the obtained maximum
phase values of ±16.7 rad matches perfectly.

Beside the two shown cases, the examples B and E of the original work are also
compared, but are not shown here.

Below, the minimal matlab code is found. It expects a quadratic magnetization
grid with m = (mx,my,mz), the saturation magnetization Ms, the three member
array p = (px, py, pz) that holds the incident electron beam vector and the grid
spacings dx, dy and dz. Note that there exists a similar implementation by Walton
et al., however it turned out to yield errors, which is why an own implementation
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based on the Mansuripur algorithm is chosen [209]. Another one was made by
Haug et al.; however it is written in an outdated language and did not provide the
required extensibility and flexibility as the provided concise matlab code [232].

1 function phase = phase_mansuripur (mx , my , mz , Ms , p, dx , dy , dz)
2 % Get grid size (grid must be quadratic !)
3 [N,~,Nz] = size(mx);
4 % Normalize incident vector
5 p = p./ norm(p);
6 % Prefactor
7 A_pre = 1.60217662E -19*1.2566E -6* Ms*dz /6.62607004E -34;
8
9 % 1D array of k- vectors

10 kkx = fftshift ( (-N/2:N/2 -1)./N ) ./ dx;
11 kky = fftshift ( (-N/2:N/2 -1)./N ) ./ dy;
12 % Get gridded data of k- vectors
13 [kx ,ky] = meshgrid (kkx ,kky );
14 % Calculate length of k- vectors on grid
15 k2 = kx .^2 + ky .^2;
16 k = sqrt(k2);
17 % Calculate unit vectors of k- vectors on grid
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18 qx = kx ./ k;
19 qy = ky ./ k;
20
21 % Dot product p*z
22 pz = p(3);
23 % Dot product p*q (qz = 0)
24 pq = p(1) .* qx + p(2) .* qy;
25 % Calculate sine Argument + Denominator
26 x = pi * dz .* k .* (pq) ./ (pz);
27 % Finally calculate G_p
28 G_p = 1 ./ (pq .^2 + pz .^2) .* sin(x)./x;
29 G_p(x==0) = 1 ./ (pq(x ==0).^2 + pz .^2);
30 % If p is normal to sample surface pq = 0, pz = 1, G_p -> 1
31 if abs(pz) == 1
32 G_p = ones(N,N);
33 end
34 % Set G_p (0) = 0, as it is not summed
35 G_p (1 ,1) = 0;
36
37 % Fourier transform magnetization
38 mxft = fft2(mx);
39 myft = fft2(my);
40 mzft = fft2(mz);
41
42 % p x Ft(m) <- Three component vector
43 pxFTmx = p(2)* mzft -p(3)* myft;
44 pxFTmy = p(3)* mxft -p(1)* mzft;
45 pxFTmz = p(1)* myft -p(2)* mxft;
46 % p x p x FT(m)
47 pxpxFTmx = p(2)* pxFTmz -p(3)* pxFTmy ;
48 pxpxFTmy = p(3)* pxFTmx -p(1)* pxFTmz ;
49 v = qy .* pxpxFTmx + (-qx) .* pxpxFTmy ;
50
51 % Calculate the FT phase
52 phase = 1./k .* G_p .* v;
53 % Remove constant phase contribution ( divergence in calculation )
54 phase (1 ,1) = 0;
55 % Transform back
56 phase = -A_pre .* real (1i * ( ifft2(phase ));
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