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Abstract

Magnetism encompasses a large variety of scientifically interesting and indus-
trially valuable phenomena. In particular, nanoscopic magnetic textures—such as
vortices, merons and skyrmions—have been in the spotlight of contemporary re-
search, due to various possible applications, such as three-dimensional memory,
logic gates or neuromorphic computing. Studying the control of such textures em-
ploying electric, magnetic or optical fields, demands instruments with sufficient
spatial and temporal resolution. With the development of high-brightness electron
sources, ultrafast transmission electron microscopy was established as an essential
tool for the study of optically-driven magnetization dynamics. Yet, its potential to
probe current- or field-driven dynamics of magnetic textures remained unexplored.

In the first publication of this cumulative thesis, I and my coworkers use Lorentz
microscopy in the Gottingen Ultrafast Transmission Electron Microscope to image
the time-resolved gyration of a vortex in a magnetic nanostructure driven by radio-
frequency currents. We demonstrate tracking of the vortex core with a localization
precision of +2 nm with an electron pulse duration < 3 ps at few-minute integration
time. In studying the decay of the gyration after the sudden removal of the driving
current, we find a transient change in the frequency and damping of the core orbit,
attributed to disorder in the sample.

The second study combines conventional and time-resolved Lorentz microsco-
py with bright-field imaging of the magnetic vortex nanostructures to identify the
origin of this disorder. A comprehensive study of the time-resolved gyration is
enabled by the implementation of a novel photoemission source, reducing the im-
age acquisition time by multiple orders of magnitude. Furthermore, a new method
for probing static pinning sites in magnetic nanostructures is developed, that al-
lows for the reconstruction of the underlying pinning potential. The comparisons
of the time-resolved and conventional results with bright-field images suggest grain
boundaries in the polycrystalline film to be one source of pinning.
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Introduction

The rapid progress of our modern information society is based on a progressive reduc-
tion and acceleration of technological components. This goes hand in hand with the
ongoing search for new technological approaches to sustain this trend. The field of
magnetism is here considered a beacon of hope as it gives rise to a rich set of nanoscale
phenomena. Especially magnetic textures like vortices [1, 2], (anti-)skyrmions [3-6]
and merons [7-9] have seen sustained interest in recent research. Possible technolog-
ical applications utilizing such textures range from racetrack memorys [10-12], over
logic gates [13, 14], and neuromorphic computing [15-17] to radio-frequency current
sources [18, 19]. These applications are enabled by a variety of mechanisms that allow
control over the magnetic properties of the materials involved, such as the use of op-
tical [20-26] or magnetic fields [26-29], or spin-currents [30-35]. Current-based control
mechanisms are of particular interest as they allow direct integration with complementary
metal-oxide-semiconductor (CMOS) technology [36, 37], demonstrated with the com-
mercialization of a magnetic random-access memory utilizing spin-transfer torques [38].

The study of the dynamics involved in the manipulation of nanoscale magnetic tex-
tures demands experimental methods with sufficient spatiotemporal resolution. Based
on transmission electron microscopy (TEM), Lorentz microscopy [39—41] is an estab-
lished method for the static imaging of nanoscopic magnetic structures, capable of re-
solving magnetic features < 1nm [42]. While early attempts of time-resolved Lorentz
microscopy do exist, these fell short in providing the spatial resolution achievable in
static measurements [43, 44]. This changed with the recent advent of high-brightness
sources for ultrafast transmission electron microscopy (UTEM) [45-47], which enabled
a number of studies imaging the nanoscale response of magnetic samples excited with
optical pulses [48-50]. However, its application to the field of current-induced magne-
tization dynamics has remained unexplored to date.
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Chapter 1. Introduction

This cumulative thesis addressed this topic and demonstrates the capabilities of
time-resolved Lorentz microscopy by imaging the current-driven gyration dynamics
of a vortex confined in a magnetic nanostructure. In addition, I showcase the unique
capabilities of TEM, which allows the collection of both time-resolved magnetic and
structural information on a sample system in the same instrument. This provides in-

sights into the interaction of magnetic textures with defects in their host films.

Outline

While chapters 4 and 5 are reprints of the original papers that comprise this cumulative
thesis, chapters 2 and 3 contain a more comprehensive introduction into the method
and sample system studies throughout these publications.

The publication in Chap. 4 presents the first implementation of UTEM for the study
of current-driven magnetization dynamics. The examined sample is a vortex domain
configuration in a square magnetic nanostructure. Driven by a combination of spin-
transfer torques and an in-plane magnetic field, the gyrotropic motion of the vortex
core is mapped using Lorentz microscopy.

The paper presented in Chap. 5 focuses on studying the interaction between the vor-
tex core and defects, initially identified in the previous work. This investigation is made
possible by the following three efforts: Firstly, the implementation of a novel photoemis-
sion source, which accelerates the data acquisition for probing the time-resolved vortex
gyration dynamics by two orders of magnitude. Secondly, the identification of static
pinning sites in the polycrystalline film employing a new technique developed for this
publication. Lastly, the comparison of the data gathered via the previous two methods
with structural information on the magnetic film recorded via bright-field imaging.

Chapter 2 comprises a detailed description of time-resolved Lorentz microscopy as
a method to image magnetization dynamics with high spatiotemporal resolution. This
includes a discussion of the contrast formation in Lorentz microscopy and a presenta-
tion of the basic principles allowing for a temporally resolved TEM, with a focus on
ultrafast transmission electron microscopy.

Chapter 3 provides a focused introduction to the vortex domain configuration that
occurs within magnetic nanostructures. It includes a description of a theoretical model
that explains the current-driven gyration dynamics of the vortex core. Additionally, the
chapter presents a review of previous studies that examined the impact of defects on
the dynamics in vortex nanostructures.

Lastly, I summarize the achievements of the work presented in this thesis in Chap. 6
and provide an outlook of potential future studies, enabled by these accomplishments.



Time-resolved Lorentz microscopy

I begin this chapter with a brief introduction of TEM followed by a description of how
Lorentz microscopy can be used to study magnetization dynamics with a high spatial-
temporal resolution. For this purpose, I discuss the two topics Lorentz microscopy and
UTEM independently, before finally presenting the current state of research on the com-

bination of both techniques.

2.1 | Transmission electron microscopy

Transmission electron microscopy is a technique applied across many scientific fields,
from biology to material sciences and magnetism. As a comprehensive discussion of the
capabilities of TEM is beyond the scope of this thesis, I will only cover its basic aspects
in this chapter. A comprehensive review is provided by each of the many excellent
textbooks on this subject [51-53].

Set out to surpass the limitations in the resolution of light microcopy governed by
the Abbe-limit, the first TEM was developed by Max Knoll and Ernst Ruska in 1931 [54,
55]. While modern aberration-corrected TEMs routinely achieve sub-angstrom resolu-
tion, there is still an active pursuit to bring the spatial resolution closer to the electron
wavelength, i.e., 2.7 pm at a typical electron acceleration voltage of 200kV [56, 57].

Transmission electron microscopes share much of their layout with their counter-
parts in light microscopy (cf. Fig. 2.1). The first building block of a TEM is the gun.
It contains an electron source and an accelerator, operating typically at voltages from
tens to hundreds of kilovolts. Leaving the gun, the electrons enter the condenser, a set
of magnetic lenses and apertures used to prepare the electron beam to illuminate the

sample. Being able to choose from a large set of spot sizes and angles, the illumination
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Chapter 2. Time-resolved Lorentz microscopy

Electron gun

Condenser 1

Condenser 2

Specimen

Objective
Objective diaphragm

Selector diaphragm
Intermediate
lens

Projector
lens

Image

Electron-
energy-loss
spectrometer

Figure 2.1: Schematic ray diagram of a transmission electron microscope operated in
an imaging mode. Note that this sketch, with a single objective lens below the sam-
ple, is not representative of modern TEMs, often equipped with a twin-lens pole piece.
However, it closely approximates the ray diagram encountered in Lorentz microscopy,
where a secondary lens below the sample serves as the objective. Reproduced with per-
mission from Springer Nature from Ref. [52]. © 2008, Springer-Verlag New York

can range from a several hundred-micron large near-parallel beam to a tightly focused

sub-angstrom spot with a large conversion angle.

Below the sample is a strong objective lens that generates an intermediate image of
the sample. In the standard imaging mode, this intermediate image is brought to the fi-
nal magnification—between 50X to over 1.00.000X—by another set of adjustable lenses.
Alternatively, these lenses can be used to image the back-focal plane of the objective
lens, enabling diffraction experiments within the same instrument. The final image of
the sample or its diffraction pattern is then acquired with a TEM camera (more details
about such cameras are presented in Chap. 2.3).

4



2.2. Lorentz microscopy

Besides conventional TEM, relying on a camera for image acquisition, most modern
instruments can also operate as scanning transmission electron microscopes. In this
mode, a tightly focused electron probe is scanned across the sample. In the simplest
case, the image of the sample is then formed by measuring the transmitted current of
the undiffracted beam with a single-pixel electron detector at each scan position. One
advantage of this mode is that it allows for the parallel acquisition of additional signals,
e.g., the locally emitted X-ray spectrum for a spatially resolved elemental analysis of the
sample.

Due to the limited mean-free path of electrons in solids, TEM samples have to be
sufficiently thin. While lighter elements still provide acceptable transmission at thick-
nesses > 200 nm, more demanding methods, such as high-resolution TEM, might even
require samples as thin as some tens of nanometers to not disturb the desired contrast.

In high-resolution TEM, as in many other related techniques, this contrast is given
rise to by a phase (rather than a change in intensity) acquired by the electron wave
after passing the sample. Therefore, the question of how to achieve and optimize this
phase contrast is often one of the crucial aspects of electron microscopy. In the following
section, I will answer this question in the context of imaging magnetic samples.

2.2 | Lorentz microscopy

Lorentz microscopy encompasses various methods for the imaging of magnetic do-
mains using TEM [58, 59]. It derives its name from the Lorentz force and includes meth-
ods such as Fresnel and Foucault imaging, as well as differential phase contrast [58, 59].
In addition, electron holography is also worth mentioning as a capable TEM-based tech-
nique for imaging magnetic structures[60]. In the following section, I will focus on the
discussion of Fresnel imaging, which was used in the publications presented as part of
this thesis.

Figure 2.2 illustrates a classical explanation for the contrast formation mechanism
for Fresnel and Foucault imaging. A magnetic sample with thickness / is transmitted
by a parallel electron beam, which is subsequently projected to an image plane by the
objective lens. While the electrons pass the sample, they interact with its magnetic field
via the Lorentz force and are deflected perpendicular to their initial direction of motion.

Generally, the Lorentz force between a samples magnetic field B and an electron is

given by

FL = —eve X B, @.1)

5



Chapter 2. Time-resolved Lorentz microscopy

S
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Fresnel imaging Foucault imaging

Figure 2.2: Illustration of the image formation in Fresnel and Foucault imaging.

where e is the electron charge, and v, is the electron velocity. In our simplified model
(Fig. 2.2) with the incoming electron velocity along the z-direction and the magnetiza-
tion along the x-direction, only the y component of the Lorentz force remains nonzero

FL’y — _eve’sz . (2.2)

After passing the sample the electrons gained a transverse momentum of

py = / F,dt = —eBy h, 2.3)
which translates to an angular deflection of

g—Pv_ —eBxh (2.4)
Pz MeUer ’

where m, is the relativistic mass of the electron. For a typical acceleration voltage of

1 or about

200 keV this corresponds to a deflection of approximately 0.61urad T~' nm ™~
30prad for a 50 nm thick sample with a magnetic inductance of 1T [41]. These angles
are relatively small, compared to crystallographic Bragg deflection angles, which are on

the order of several milliradians.



2.2. Lorentz microscopy

In the back focal plane of the objective lens—sensitive to the transverse momentum
of the electrons, only—the electrons are separated according to the magnetization direc-
tion of the material they passed (see Fig. 2.2). Leaving the back focal plane, the different
beams will eventually reach the image plane of the lens. Without further action, a detec-
tor placed in this plane will produce a micrograph of the sample containing no magnetic

e

Fresnel imaging Foucault imaging

Figure 2.3: Illustration of the resulting Fresnel and Foucault images produced by the
schematic setups shown in Fig. 2.2.

For Foucault imaging, one can insert a half-plane aperture into the back focal plane,
which blocks electrons having passed through domains with one specific magnetiza-
tion direction. While these domains will appear dark, antiparallel magnetized domains
will be bright and domains with perpendicular magnetization grey. Therefore, Foucault
imaging often involves acquiring two images where the apertures block half-planes that

are perpendicular to each other.

To perform Fresnel imaging, the objective lens is slightly defocused, such that a
plane below or above the image plane is recorded with the camera. Since electrons that
have passed differently magnetized domains converge towards the image plane under
different angles, regions of increased and decreased electron intensity will form where
there is a change in the in-plane magnetization. Thus, a typical Fresnel image consists
of dark and bright lines, indicating the position of domain walls in the sample.

In practice, Lorentz imaging is not performed with the main objective lens of the
microscope but rather with a weaker long-focal-length lens that is placed relatively far
(some centimeters) below the specimen. This is to avoid the magnetic field of the lens
altering the state of the sample. If necessary, the main objective lens can be weakly
excited to supply an out-of-plane bias field.

Imaging samples with an out-of-plane magnetization is also possible, especially us-
ing Fresnel imaging. While out-of-plane Néel walls directly produce an alternating dark
and bright contrast along a single wall, Bloch walls can be imaged by tilting the sample.
To provide a better understanding of the contrast formation in Fresnel imaging for all

7



Chapter 2. Time-resolved Lorentz microscopy

types of domain walls, I will explain this process based on a quantum-mechanical wave

formulation.

2.2.1 | Quantum-mechanical formulation of Fresnel imaging

Although the deflection-based explanation of Fresnel imaging gives an easy intuition
of the image formation process, it does not suffice to explain effects caused by the co-
herent nature of the illuminating beam, e.g., fringes along domain walls. A more ac-
curate quantum-mechanical description is based on contrast transfer theory, which also
enables the simulation of Fresnel images based on micromagnetic models of magnetic
samples [61]. A general description of contrast transfer theory can be found, e.g., in
Refs. [51, 61]. The following section, however, is based on a summary of Ref. [41], which
is tailored specifically to contrast transfer theory for magnetic imaging.

In this framework, we assume that the sample is illuminated with a plane wave. The

electron wavefunction exiting the sample
¥(r,) =a(r,)e ) (2.5)

can be written as a product of an amplitude a (r, ) and a phase term ¢ap (r, ), both as a

function of in-plane position r | . The phase shift

@aB(ry) = )\lEt/LV(rL’Z)dZ_%/LA(rL’Z) dz (2.6)

acquired by the electrons by passing the magnetic sample, is due to the Aharonov-Bohm
effect [62]. Here, V and A are the electromagnetic potentials, E; is the total energy of the
electron beam, A is the electron wavelength and 7 is the reduced Planck constant. The
integral is along a straight line L, which runs parallel to the direction of the incident
beam. The first term describes an electrostatic phase shift due to the inner potential in
the sample material and decreases with an increasing acceleration voltage. The second
term is the magnetic phase shift ¢\ and is independent of the acceleration voltage.

The magnetic phase shift gy can either be calculated for a given vectorpotential
A (r,,z) or for a periodic (or periodically expandable) magnetization M (r,z) using
a formula first published by Mansuripur [64]. Fig. 2.4 shows the connection between
the magnetization and the phase for the example of a magnetic vortex in a microstruc-
ture (see Chap. 3.2), which consists of four domains curling counterclockwise around
its center. The calculated magnetic phase ¢y consists of four linear slopes in the re-
gion corresponding to each domain. Note that the four phase gradients result in four
deflection angles in the far-field, consistent with the classical explanation given in the

previous section.



2.2. Lorentz microscopy
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Figure 2.4:  Connection between the sample magnetization and the magnetic

Aharonov-Bohm phase. (Left) In-plane magnetization M | of a magnetic vortex struc-
ture simulated using MuMax3 [63]. (Center) Magnetic Aharonov-Bohm phase ¢y cal-
culated from the magnetic structure on the left. A section of the phase along the blue
line is presented on the right. It shows a linear phase profile in either domain. Simula-
tion details: Ms = 500kAm™!, Aex = 1.1 x 107" Jm~!, 2 um wide, 30 nm thick.

After the electron wave propagates through the sample, the exit wave ¥ (r, ) passes
the objective lens of the microscope (see Fig. 2.5). In the context of contrast transfer the-
ory, the effects of the objective lens, e.g., due to defocus or other image aberrations, are
dealt with by multiplying the wavefunction with a transfer function T (q ) in momen-

tum space
¥(qu) =F[¥(r)]T(q.), 2.7)

where F [¥ (r )] is the fourier transform of ¥ (r_ ).

A minimal transfer function to illustrate Lorentz imaging consists of three terms
T(qu) = A(q.)e “a)e=slaL) (2.8)

The aperture function A (q ) is usually equal to 1. Setting it to zero in a specific half-
plane allows us to simulate Foucault images. For Fresnel imaging, the second term is
most important, as it describes the transfer from phase information to the intensity of

the final image. Ignoring other types of aberration, its phase

(q1) = mAAf|qu)? (2.9)

is a function of the objective lens defocus Af. The last term is a damping envelope,
which accounts for the limited size of the electron source. As a first-order approxima-
tion, its exponent is given by

(0.Af)?

g(qL)~ “In2 "h’z ’ (2.10)

9
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Plane 2
Wave v Fly]T(q) lweT]

Figure 2.5: Schematic representation of contrast transfer theory. The sample is illumi-
nated with a plane wave and the exit waveform ¥ is projected to the image plane via the
objective lens. The effects of the lens on the final image are factored in, by multiplying
a transfer function T to the wave in the back-focal plane F [¥]. Reprinted from Ref. [41],
© 2001 with permission from Elsevier.

where 6. is a beam divergence half-angle and a measure of beam coherence. The final
image intensity can then be obtained via an inverse Fourier transform
‘2

= |F F[¥ (00)] T (q0)] (2.11)

Af =-2.0 mm Af =0.0 mm Af =2.0 mm

B

Figure 2.6: Simulated Fresnel images of the vortex structure in Fig. 2.4. While the
infocus image at Af = 0mm shows no magnetic contrast, the domain wall are clearly
visible as bright or dark lines in the defocused images. In this example, the sign of
the contrast is determined by a combination of the defocus and the vortex curl ¢ (see
Chap. 3.2).

Figure 2.6 shows a set of Fresnel images calculated based on the phase g\ of the
magnetic vortex in Fig. 2.4. We see that the infocus image Af = 0mm does not con-
tain magnetic contrast. In the defocused images, however, the domain walls appear as

10
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bright and dark lines and the strongest contrast is in the center, where all domain walls

intersect.

2.3 | Ultrafast transmission electron microscopy

In this section, I introduce ultrafast transmission electron microscopy (UTEM). I be-
gin with a discussion on how to generally realize time-resolved TEM, followed by a
brief review of the development of the various techniques relying on a pulsed electron
beam. Finally, I will introduce the Gottingen Ultrafast Transmission Electron Micro-
scope, which was used to perform the experiments presented in the two manuscripts
contained in this thesis (see Chaps. 4 and 5).

Time-resolved imaging in the TEM can be achieved via detector- or beam-based
approaches. Detector-based approaches rely on fast TEM cameras, with a time reso-
lution limited by the fastest available read-out time. Previous generation TEM cam-
eras consisted of an electron scintillator fiber-coupled to a charge-coupled device (CCD)
camera [51]. In the last decade, however, camera manufacturing has transitioned to
standard complementary metal-oxide semiconductor (CMOS) technology, which allows
for much faster readout speeds [65]. These CMOS cameras are equipped with a fiber-
coupled scintillator or come in the form of direct electron detectors, some providing
readout speeds of over ten thousand frames per second [66, 67]. Furthermore, there ex-
ist specialized event-based cameras like Timepix3, which allow timing the arrival of an
electron with a resolution > 2 ns (at the caveat of a pixel dead-time of several hundreds
of nanoseconds) [68, 69]. Similarly, the use of a delay line detector as a replacement for
a camera has been reported, with a time resolution as low 120 ps [70, 71].

Beam-based approaches rely on the pulsing of the electron beam. This can either be
achieved by modulating a continuous electron beam, e.g., using fast beam blankers or
a sophisticated arrangement of microwave cavities, or by directly generating a pulsed
electron beam using a photocathode and a pulsed laser. Recent reviews of both topics as
well as some historic remarks can be found in Refs. [72-74]. The beam-based approach
has been pioneered by the group of Oleg Bostanjoglo, who, among other instruments,
built both a TEM equipped with a fast beam pulser [43, 75] as well as laser-driven elec-
tron source [76].

Depending on the number of electrons contained in a single pulse, one differentiates
between two types of time-resolved electron microscopy: dynamic transmission elec-
tron microscopy (DTEM) and ultrafast transmission electron microscopy (UTEM). In
single-frame DTEM, a dynamical process in a sample is initiated with a single optical

11
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UTEM

Movie mode

Figure 2.7: Schematic representation of DTEM and UTEM. (A) In single-frame DTEM
a single pump and probe pulse are used to excite and image a dynamic process at one
point in time. (B) In movie-mode DTEM a single pump pulse and several probe pulses
are used to compile a movie of a dynamic process. A beam deflector below the sample
separates frames stemming from the multiple probe pulses. (C) UTEM uses a strobo-
scopic approach with multiple pump and probe pulses to image reversible processes.
Reprinted from Ref. [73], © 2018 with permission from Elsevier.

pump pulse and imaged with a single electron probe-pulse (Fig. 2.7A). To form an image
on the camera, the electron pulse must contain a sufficient number of electrons (typically
> 10%). The electron probe-pulses can be as short as 10ns, limited by Coulomb inter-
action between the electrons in the pulse. These space-charge effects would deteriorate
other beam properties, such as the spatial resolution if the same number of electrons
were to be contained in a significantly shorter pulse [77]. To observe the temporal evo-
lution of a reversible process, several frames can be acquired with a slight variation in
the time delay between the arrival of the pump and the probe pulse at the sample. For
the study of irreversible dynamics, on the other hand, movie-mode DTEM has to be
employed (Fig. 2.7B). In this mode, the pump pulse is again a single laser pulse, the
probe, however, consists of a train of pulses, each imaging the sample at different time
delays. A beam deflector in the microscope positioned below the sample then shifts the
individual frames produced by each electron pulse to a separate region at the detector
plane.

12
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Building on the early work of Bostanjoglo [76, 78] major progress in DTEM has been
achieved at the Lawrence Livermore National Laboratory. This includes the use of an
additional condenser lens to allow a higher electron current to be transmitted from the
source to the sample [79], as well as an improvement of the beam deflector below the
sample, capable of acquiring up to 16 frames [80]. This enabled, e.g., studying the reac-
tion dynamics in Ti-B-based reactive nanolaminates [80].

In UTEM the electron charge in a single pulse is usually between one and a few hun-
dred electrons. This allows for much shorter pulses on the order of femtoseconds while
still maintaining a high spatial resolution by avoiding space-charge effects. To acquire a
single frame an experiment is carried out in a stroboscopic fashion, i.e., a train of pump
pulses repeatedly excites the same dynamical process in the sample, which is simulta-
neously imaged by a train of probe pulses. The arrival time between a single pump and
probe pulse is kept constant and the sample is required to return to its equilibrium state
between two consecutive pulses. The acquisition time of a single frame can then vary
between several seconds to minutes, depending on the repetition rate of the laser sys-
tem, the average number of electrons in a pulse, and the desired signal-to-noise ratio.
To obtain a movie of the temporal changes in the sample, multiple frames with different
delays between the pump and the probe pulse are recorded.

Stroboscopic imaging using a beam pulser was initially accomplished by Bostan-
joglo [43, 81]. UTEM—with access to higher temporal and spatial resolution—however,
was first demonstrated in the group of Ahmed Zewail [82]. The instruments devel-
oped in his group used flat LaBs photocathodes with front facets measuring 15 pum and
larger [83]. The high spatiotemporal resolution allowed, for example, the study of struc-
tural dynamics, both using diffraction and real space analysis [83].

Building upon the work of Ahmed Zewail, a major leap forward in UTEM came with
the development of high-brightness sources. Similar to the revolution that Schottky and
cold-field emitters brought in the field of conventional TEM, high-brightness emitters
in UTEM enable new experimental opportunities, such as high-resolution, Lorentz and
scanning transmission electron microscopy or electron holography [51, 73].

The first TEM to be equipped with a high-brightness pulsed source was the Gottin-
gen UTEM [45, 46], featuring a laser-driven Schottky field emitter (details in Chap. 2.3.1).
Its development was based on the research around laser-driven nanotip catodes [84, 85].
The first laser-driven cold field UTEM gun was developed in Toulouse [47, 86]. Similar
instruments are now set up in various places, e.g., at the Institute of Physics of the Chi-
nese Academy of Sciences [87] and the Ecole Polytechnique Fédérale de Lausanne [88].
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2.3.1 | Gottingen Ultrafast Transmission Electron Microscope

a d
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Figure 2.8: The Gébttingen Ultrafast Transmission Electron Microscope. (a) A
schematic representation of a laser-pump electron-probe scheme, which can be con-
ducted at the instrument. (b) A photograph of the instrument. Visible in the front is
the modified TEM with an optical cage around its gun. From there, an enclosed optical
path leads to the table behind, where the laser system is located. (c) Scanning electron
micrograph of the ZrO/W(100) nanoemitter, protruding out of the suppressor. This
emitter is capable of delivering a minimum spot size of 0.89 nm (d), a spectral width of
0.6eV and a pulse width as short as 200 fs. Reprinted from Ref. [46].

The Gottingen UTEM is a modified JEOL JEM-2100F TEM. It is the first TEM that
was equipped with a laser-driven Schottky field emitter, featuring a peak brightness
similar to conventional Schottky field emission guns [46]. Specifically, the emitter is a
monocrystalline tungsten (W) tip with a (100) front facet and a zirconium oxide (ZrO)
reservoir at its shaft [89, 90]. When the filament is heated to its conventional operating
condition of about 1800 K the ZrO covers the tip and reduces its work function. With the

1 a continuous electron beam

application of an extraction field on the order of 1V nm™
can be extracted from the tip.

To obtain a pulsed beam, the filament temperature is reduced to below 1500 K un-
til the continuous electron emission ceases. Under these conditions, the emitter can be
laser-driven via single-photon photoemission with a wavelength of up to 530nm. The
shortest electron pulses measured at the instrument were at around 200 fs, generated
with the frequency-doubled output of a regenerative Ti:Sapphire amplifier (Coherent
RegA) at 400nm. Due to the linear photoemission employed, one can simply increase
the electron pulse length by increasing the pulse length of the driving laser. This al-

lows for a higher pulse charge and average emission current in the space-charge limited
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regime for experiments that do not require ultimate temporal resolution [91].

In the experiments presented as part of this thesis, we use two lasers to drive the
emission process. In the manuscript in Chap. 4 we employ the frequency-doubled out-
put of a Coherent RegA at a repetition rate of 500 kHz and stretch its pulses to a length
of about 2.2 ps using a glass bar. For the second experiment (chap. 5), to maximize the
average electron current, we used a custom Onefive Katana 05-HP that operates at a
pulse length of around 35 ps at 532 nm with a variable repetition rate between 20 and
80MHz. Using the custom laser allowed us to reduce the image acquisition time by
multiple orders of magnitude.

Samples in the Gottingen UTEM can be excited optically and electrically. Two optical
ports allow for a laser excitation either under an angle of incidence of around 55° relative
or near parallel to the electron beam. As part of this thesis, a custom-made in-situ sample
holder was designed, which allows for electrical stimuli of the sample. It consists of a
RF SMA vacuum-feedthrough connected to in-vacuum coaxial cables, which terminate
in a coplanar waveguide [92].

Enabled by the vast experimental capabilities of TEM and its excellent spatiotem-
poral resolution, the Gottingen UTEM has proven to be an invaluable tool in various
scientific fields. These include the study of structural dynamics [93, 94] and the imaging
of phase transitions [95], as well as in the fields of nano-optics [96-101]. An overview of
the capabilities of the instrument is presented in Fig. 2.3.1. The achievements of UTEM
in the field of nano-magnetism together with a practical example of work that has been
done in Gottingen is the topic of the next chapter.

2.4 | Time-resolved Lorentz microscopy

UTEM is a promising technique for the study of magnetization dynamics on the nano-
scale [73], as it allows access to the length- and timescales of many interesting magnetic
phenomena (see Fig. 2.10). Yet, the number of studies leveraging this potential is still
fairly limited. A short review of the recent developments is in Ref. [102]. In the fol-
lowing, I will summarize the most important developments preceding the publications
which are part of this thesis.

One of the first papers to study magnetization dynamics using a pulsed electron
beam was published by the group of Oleg Bostanjoglo [43]. They utilized an electric
beam blanker to generate 50 ns long pulses and stroboscopically acquired Lorentz mi-
crographs of magnetic domains excited via an ultrasonic transducer with 10-50 kHz sine

waves [103]. Later the group improved the time resolution of their setup to around 1ns,
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Figure 2.9: Compilation of results recorded at the Gottingen UTEM. (a) High-
resolution TEM micrograph of gold/palladium nanoparticles on an amorphous carbon
film acquire using thermal emission. Results in (b-i) were produced with photoemitted
electrons at an acceleration voltage of 120keV. (b) Bright-field image of a 50 nm thick
1T-TaS, sample with drop-cast gold particles (see inset). A majority of the contrast is
due to a bending of the film. (c) Bottom: Lorentz micrographs of permalloy nanos-
tructures prepared via focused-ion beam milling. Top: Illustration of the magnetization
within the nanostructures. (d) Diffraction pattern of an ion-polished Prq;Cag3zMnO3
(PCMO) sample in a charge-ordered phase. (e) Diffraction pattern of 1T-TaS; in a nearly-
commensurate charge density wave phase. (f) Convergent beam electron diffraction
pattern of a 100 nm thick graphite single crystal. (g) High dispersion diffraction pattern
of a square replica grating with a spacing of 432nm. From the pattern, a transverse
coherence length of 1.2 pym can be deduced. (h) Demonstration of the electron beam
coherence via electron holography. The hologram was generated with a Mollenstedt
biprism at a filament voltage of 9V. (i) Presentation of two-electron energy loss spectra
of 1T-TaS; and PCMO, together with a display of the zero-loss peak width in the inset.
Reprinted from Ref. [46].
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Figure 2.10: Overview of a variety of magnetic phenomena with length- and
timescales accessible to UTEM. Reprinted from Ref. [102].

which allowed them to study the displacement of domain walls due to an alternating
magnetic field with frequencies of up to 30 MHz [81].

Lorentz imaging with a pulsed beam from a photocathode has been demonstrated
by Zewail and coworkers [83, 104]. They utilized the pulses of a nanosecond laser, both
to excite and stroboscopically image the response in the thin ferromagnetic samples. Pi-
cosecond temporal resolution for Fresnel imaging was shown using a commercial TEM
featuring a laser-driven electron source (FEI Tecnai Femto UEM) in 2017 in the group of
David J. Flannigan [44].

A major enhancement in the spatiotemporal resolution of time-resolved Lorentz
TEM was demonstrated by da Silva and coworkers at the Gottingen UTEM [48]. In this
work, they imaged the ultrafast demagnetization of a single round permalloy nanos-
tructure (1 um diameter) excited with a femtosecond optical pulse. Prior studies uti-
lizing flat photocathodes relied on defocus values on the order of several tens of mil-
limeters to maximize image contrast [44, 104]. The high brightness of the source at the
Gottingen UTEM allowed the use of a relatively small defocus of only 4.5mm, which
enabled a spatial resolution of 100nm and a temporal resolution of up to 700 fs. Some
of the results of this work are shown in Fig. 2.11. The micrographs in Fig. 2.11a show a
fast loss in magnetic contrast after the optical excitation attributed to a decrease in the
in-plane magnetization of the nanostructure.

A similar spatiotemporal resolution has lately also been achieved using a LaBg emit-
ter with a 15 pm-diameter front facet [49]. In their work Zhang and coworkers, among
other achievements, demonstrated that they can resolve a spin spiral with a periodicity
of 70nm in FeGe lamella. Similarly, the utilization of a guard-ring LaBg cathode was
demonstrated to improve time-resolved imaging capabilities over traditional truncated
tip LaBg with larger front facets [105]. This type of emitter was used by Cao and cowork-
ers to study the magnetic precession of a permalloy film excited with a transient optical
grating [50].
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Figure 2.11: Time-resolved Fresnel imaging of laser-driven demagnetization of 1 pum-
wide and 20 nm-thick permalloy nanodisk. (a) Fresnel micrographs at various delays,
showing a loss of contrast at the vortex core after the optical excitation. (b) Azimuthally
averaged profile as a function of delay. (c) Selected profiles marked with colored arrows
in (b) showing the loss and recovery of contrast at the core position. (d) Temporal evo-
lution of the core intensity. (e) Loss of core intensity as a function of the laser pump

fluence measured at various delay times. Reprinted from Ref. [48] licensed under CC
BY 4.0.

Other recent developments in the field of time-resolved Lorentz microscopy include
the use of a delay line detector to image the precession of a vortex core with a continuous
electron beam [70, 71]. Furthermore, the first Lorentz images acquired with a beam
pulser based on two radiofrequency-driven traveling wave striplines have recently been
published [106-109].
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Current-driven magnetic vortex
gyration

3.1 | Magnetic vortices in nanostructures

A magnetic vortex is a domain configuration often found in thin magnetic nanostruc-
tures. In a vortex configuration, the magnetization of the film is primarily in-plane and
curls around a central out-of-plane magnetized core. Thus, the vortex has two degrees
of freedom, a curl ¢ and the polarity p, which indicate the sense of in-plane and the

direction of out-of-plane magnetization, as depicted in Fig. 3.1.

p=-1

c=1 ’b/
z c=-1 & — —_— M,
AT A .

Figure 3.1: Illustration of the four possible vortex ground states. The direction of the
in-plane magnetization is indicated by the color wheel on the right, while the sign and
magnitude of the out-of-plane magnetization are plotted along the z-axis.

Much of the research on magnetic vortices was sparked by the seminal work of Cow-
burn et al., who measured the hysteresis curves of magnetic-nanostructure arrays using
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Chapter 3. Current-driven magnetic vortex gyration

magneto-optic Kerr effect (MOKE) microscopy [2]. Although they found small and/or
thin nanostructures to form single domains (along the lines of Browns “Fundamental
Theorem” [110]), they discovered a non-uniform domain state in larger nanostructures,
which they interpreted as vortex states. Figure 3.2 illustrates this transition from a
single-domain to a vortex ground state for round nanostructures. The depicted dimen-

sions are specifically for a nanoisland made from permalloy, a soft-magnetic alloy made

of around 80% nickel (Ni) and 20% iron (Fe).
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Figure 3.2: Diagram indicating the magnetic ground state of round permalloy nanos-
tructures as a function of their radius and thickness. Based on the data of Refs. [111-
115]. The inset shows a typical hysteresis curve of vortex nanostructure. Reproduced
from Ref. [116] with permission from the Royal Society of Chemistry. (©) 2017 The Royal

Society of Chemistry

The work of Cowburn et al. was quickly followed up by various studies, which
directly imaged the vortex configuration in similar nanostructures [117-120]. Lorentz
microscopy, for example, was used to visualize the curl of the in-plane magnetization,
as shown in Fig. 3.3A [117]. With the overfocused imaging conditions employed in this
example, the Lorentz force deflects the electrons towards the center, if the magnetiza-
tion rotates counterclockwise (c = 1). This results in a bright spot at the center of the
dot. If the magnetization rotates clockwise, the electrons are reflected away from the
center, resulting in a dark spot. The polarization of the vortex core was initially probed
using magnetic force microscopy (cf. Fig. 3.3B) [118]. Spin-polarized scanning tunnel-
ing microscopy later revealed the size of the core to be on the order of a few tens of

nanometers [120].
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Figure 3.3: Lorentz microscopy and magnetic force microscopy images of vortex
nanostructures. (A) Lorentz micrographs of permalloy nanostructures of various sizes
(a,c). (b) Ilustration detailing the image contrast in overfocus conditions. A counter-
clockwise curl results in a bright central spot. Reprinted from Ref. [117], with the per-
mission of AIP Publishing. © 2000 American Institute of Physics. (b) Magnetic force
microscopy image, sensitive to the out-of-plane component of the magnetization of an
array of permalloy nanostructures. The bright and dark spots in the center indicate the
polarity of the vortex core. From Ref. [118]. Reprinted with permission from AAAS.
© 2000 The American Association for the Advancement of Science.

3.2 | Current-driven vortex gyration

As a well-defined ground state in magnetic nanostructures, the vortex serves as an ideal
testbed for studying magnetization dynamics. These dynamics include forcing the vor-
tex core to follow an elliptical trajectory [28, 29, 121-123], or the controlled change of the
vortex core polarity [124-129].

Figure 3.4 gives an overview of the most common methods used to excite dynamical
processes in a vortex structure. The depicted methods include the use of in-plane and
out-of-plane currents and magnetic fields. However, other means of excitation are also
possible, e.g., the use of optical pulses [23, 24, 48]. In the publications that are part of this
thesis, the configuration depicted in Fig. 3.4e is used to drive the gyrotropic mode of the
vortex core with an alternating in-plane current. This current interacts with the vortex
domains via an in-plane magnetic field and, by becoming partially spin-polarized, via
spin-transfer torques.

In the following, I introduce a model that describes the interaction between an in-

plane magnetic field and the vortex domains. This model is part of the theoretical expla-
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(d) (©)

Figure 3.4: Illustration detailing various configurations to excite dynamics in a vortex
structure. The means of excitation are via (a) in-plane fields, (b,c) out-of-plane fields,
(d) spin-polarized out-of-plane currents and (e) in-plane currents. Reprinted with per-
mission from JPS from Ref. [130]. © 2008 The Physical Society of Japan

nation for the current-driven vortex gyration presented in Chap. 3.2.2. I treat this model
separately since it is also used for the calculation of the pinning potential based on the
TRaPS data (see Chap. 5.3.2). Lastly, I provide an overview of the experimental studies

dedicated to the imaging of the current-driven vortex gyration.

3.2.1 | Displacement by static field

The simplest type of excitation of a vortex nanostructure is the application of a constant
in-plane magnetic field (Hy, H,). For small displacements (X,Y) of the vortex core
from its zero-field position, experimental studies found the displacement to be linearly
dependent on the strength of the field [131, 132]. Thus, the energy of the vortex can be

approximated using a quadratic potential
1
Equad = Ek(X2 +Y?) 4 ckx (—HyY + HyX) . (3.1)

Here, k is the stiffness of the restoring potential, x is the displacement susceptibility and
c is the curl of the vortex. Both values, k and ), depend on the properties of the magnetic
material as well as the geometry of the nanostructure. They can be calculated either
based on a model, e.g., the rigid-vortex model [131, 133, 134], or via micromagnetic
simulations, for example, using OOMMEF or MuMax3 [63, 135].

The minimum of the quadratic potential in equation 3.1 represents the equilibrium

X —H
(<L)

position of the vortex core
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and linearly depends on the applied field (Hy, H,). Note that the displacement of the
core is perpendicular to the field direction. Based on the potential in Eq. 3.1, we can also

calculate the force

(3.3)

X + cxH
F:—VEquad:—k< e y)

Y — cxHy

that acts on the vortex core due the quadratic potential and the external magnetic field.

To describe the behavior of the vortex core for larger displacements, higher-order
models exist, such as the two-vortex model [114, 121] and the deformable vortex pinning
model [136].

3.2.2 | Theoretical model

Passing an alternating in-plane current through a vortex nanostructure allows driving
the vortex core on an elliptical trajectory around the center of the nanostructure. To un-
derstand the origin of this behavior, Kriiger et al. and coworkers developed a theoretical
model, which I outline in the following [137, 138].

f -
-

y -
X
z - M = o

Figure 3.5: Model of the sample system. The magnetic nanostructure is depicted in
gray, with black arrows indicating the magnetization direction of the four domains and
the polarization of the vortex core. Contacts (beige) on either side of the nanostructure
allow passing an in-plane current (green) through the magnetic film. Reprinted figure
with permission from Ref. [137]. © 2010 by the American Physical Society

The model is based on the Landau-Lifshitz-Gilbert [139, 140] equation:

dM dM
— = —’)’MXHeff‘f‘iMX

—_—. 4
dt Mg dt (34)

This equation describes the temporal evolution of the local magnetization M under the
effective local field Heg, which combines external, demagnetizing, and exchange fields.
The first term describes the precession of the magnetic moment around this effective
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field, where 7 is the gyromagnetic ratio. The second term specifies the damping of the
precession with the material-specific Gilbert damping parameter «.

To take into account the effects of spin currents on the magnetic moments in the
sample, Kriiger et al. and coworkers use an extended Landau-Lifshitz-Gilbert equation
by Zhang and Li [141]:

d—M :_’YMXHeff—f—iMX dM

dt Mg dt
(3.5)

—A}Z%Mx [Mx(j-V)M]—CAZZSMX(j-V)M.
Here, bj = Pug/ (eMs (1+ ¢%)) is a coupling constant between the current j and the
magnetization, with P being the fraction of spin polarization in the current and yp the
Bohr magneton. The additional terms by Zhang and Li describe the effects of the adia-
batic and nonadiabatic spin-transfer torques, where ¢ describes the degree of nonadia-
baticity. These torques originate in the response of the spins of the conduction electrons
to the spatial variations of the magnetization at domain walls and have first been pro-
posed in the context of current-driven domain wall motion [141, 142].

Assuming the vortex domains retain their shape during excitation, Kriiger et al. for-
mulated a model, which reduces equation 3.5 to effective forces acting on the vortex
core. This approach follows the ansatz of Thiele [143, 144], who studied the steady-state
motion of domain walls based on the Landau-Lifshitz-Gilbert equation, and Thiaville
et al.,, who extended Thiele’s ansatz with the effects of spin-transfer torques [145].

For a confined vortex excited with a current, this force equation reads
F + Goe; X vc + Drav, 4+ Goe, X b]] + Dogb]] =0. (3.6)

The static forces F are due to an external magnetic field and a confining quadratic po-
tential as discussed in the previous section. The second term is the gyrocoupling force
perpendicular to the vortex velocity v., where Gy is the amplitude of the so-called gy-
rovector. The viscous drag in the third term results from the Gilbert damping, where Dr
is a phenomenological damping parameter, which considers a reduction in the damp-
ing due to the deformation of the vortex domains. The last two terms originate from
the adiabatic and nonadiabatic spin-transfer torque, respectively. While the adiabatic
spin-transfer torque acts to displace the vortex perpendicular to the current direction,
the nonadiabatic torque results in a force along the current direction.

Kriiger et al. also provide a solution of Eq. (3.6) for an alternating current j(t) =
POt

joe'?e, and a magnetic field H(t) = Hpee,. The direction of the magnetic field ac-

companying the electrical current has been identified experimentally and is assumed to
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be caused by an inhomogeneous current distribution along the contacts of the nanos-

tructure [137, 146]. The solution is given as

X :C1 i e—rt+iwt +Cy —i e—rt—iwt
Y P P
o j Hep + | 22| pej @
e j p+ [ pe ( i )
W+ (IQ+T)? \ —Fep — | B| pej i wp + $4=i0p

where w and T are the free oscillation frequency and the damping coefficient, and H =

(3.7)

vHol/ (27) and j = bjjo. The constants C; and C, are integration constants and depend
on the initial vortex position. The trajectory of the vortex is then given by the real part
of Eq. 3.7 and resembles an ellipse when reaching its steady state.

It is important to point out that this result should not be mistaken for a two-dimen-
sional harmonic oscillator. While the latter possesses a four-dimensional phase space,
i.e., two spatial and two momentum dimensions, the presented vortex model only has a
two-dimensional phase space and is fully characterized by its spatial coordinates. This
difference is due to the lack of an inertia term in the Thiele equation in Eq. (3.6).

3.2.3 | Experimental imaging

Experimentally, the current-driven vortex gyration has first been studied via a resis-
tive measurement utilizing the anisotropic magnetoresistance effect [30]. Direct insights
into the response of the magnetic domain were later provided by various imaging tech-
niques [92, 146, 147]. In the following, I discuss two of these studies most relevant to
this thesis. It is also important to point out that there are several investigations, with
a focus on the vortex gyration driven by in-plane fields instead of currents [123, 148],
some of which I further discuss in Chap. 3.3.

The first study imaging the time-resolved vortex gyration excited via spin-transfer
torques was conducted by Bolte et al. [146]. They used scanning transmission X-ray mi-
croscopy to resolve the movement of the vortex core in a 2 um x 2 pm permalloy square
at the Advanced Light Source in Berkley. This technique relies on X-ray magnetic circu-
lar dichroism, i.e., a difference in the absorption of circularly polarized X-rays depend-
ing on the angle and magnitude of the magnetization [149].

Bolte et al. imaged the gyration of a vortex driven by an in-plane current at an exci-
tation frequency of 62.5MHz. They compared their results to a case, where the vortex
was driven by an in-plane magnetic field only. Specifically, they measured a difference
in the phase of the two gyration trajectories with respect to the maximum of the driving
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Figure 3.6: Time-resolved STT-driven vortex gyration probed using scanning trans-
mission X-ray microscopy. (a) Schematic illustration of the phase of the current passing
the sample in the horizontal direction. (b,c) STXM images of the hole vortex structure
(left) and zoom-ins of the center (right). White and black regions in the image indicate
the magnetization to be parallel or antiparallel to the horizontal x-axis. At the various
excitation phases, the vortex is displaced from its equilibrium position following an el-
liptical orbit. Reprinted figure with permission from Ref. [146]. © 2008 by the American
Physical Society

current. This led to the discovery of an additional in-plane magnetic field accompany-
ing the spin-transfer torques and helped to guide the development of the model of the
gyration detailed in Chap. 3.2.2.

In another work, Pollard et al. imaged the time-averaged trajectories of the current-
driven vortex gyration using Lorentz microscopy for a larger range of excitation fre-
quencies (c.f. Fig. 3.7) [92]. Using a self-build in-situ sample holder they were able to
excite a permalloy nanostructure with an alternating in-plane current in their micro-
scope. The electron microscope used for the study was equipped with a special Lorentz
lens, which allows for higher magnifications in field-free conditions [150]. Thereby, they
achieved a point-resolution of about 20 nm, estimated from the size of a vortex feature

in a static image.

A set of micrographs showing the resulting vortex trajectories measured at various

frequencies around the resonance is shown in Fig. 3.7a. As expected from the model de-
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Figure 3.7: Spin-transfer torque driven vortex gyration imaged using Lorentz mi-
croscopy. (a) Series of Lorentz micrographs of the time-averaged trajectory of the
vortex core excited at various frequencies. (b) Schematics of the vortex domains during
different phases of the excitation. Time-averaged, the trajectory resembles the shape of
an ellipse. (c) Gyration radius as a function of driving frequency. Reproduced with per-
mission from Springer Nature from Ref. [92]. © 2012 Nature Publishing Group

tailed in Chap. 3.2.2, they found the ellipticity of the gyration to change with frequency,
becoming almost circular at resonance. By measuring the trajectory size for both vortex
helicities, they were able to factor out the effects of the in-plane magnetic field accom-
panying the current. This, together with a micromagnetic simulation, allowed them to
estimate a lower bound for the nonadiabaticity factor ¢.

Interestingly, the resonance curve they present (c.f., Fig. 3.7c) is not smooth but
shows jumps at certain frequencies. Although, this indicates the presence of defects
their influence cannot be directly investigated by this time-averaged measurement. Stud-
ies directly aimed at the investigation of the effects of defects in the nanostructure are
the topic of the next section.

3.3 | Pinning and gyration of magnetic vortices in the
presence of defects

The first types of defects investigated in the context of confined vortices were artificially
introduced to the sample [132, 151-155]. For example, it could be shown, that magnetic
vortices are attracted by holes in the magnetic material, which also leads to a suppres-
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sion of its gyrotropic motion [132, 153]. This is due to avoiding the high cost of exchange
energy of the vortex core. Besides their artificial introduction, defects can also occur nat-
urally in nanostructured magnetic films, which I discuss in more detail in the following
chapter.

For atomically flat samples spin-polarized scanning tunneling transmission micro-
scopy provides sub-nanometer resolution. It allowed the discovery of a short-range re-
pulsive and long-range attractive pinning potential between the vortex core and adatoms
on the surface of magnetic nanostructures [156]. While intrinsic defects in polycrys-
talline samples have also been investigated using nanomechanical torque magnetome-
try [157], the majority of studies have been performed in the groups of Paul A. Crow-
ell [158-160] and Jesse Berezovsky [161-164] using time-resolved Kerr microscopy.

Figure 3.8 details a sketch of the setup and the typical Kerr signal recorded in an
experiment conducted in the group of Paul A. Crowell [159]. With their setup, they
displaced the vortex core in a magnetic nanoisland using a short magnetic pulse and
followed its gyration to its equilibrium position by measuring the change in the Kerr
signal of the tightly focused static laser spot on the sample. The magnetic pump pulse
was generated by passing a current pulse through a stripline below the sample, synchro-
nized to the laser pulse probing the magnetization. By increasing the delay between the
pump and probe pulse, they were able to follow the temporal evolution of the damped
gyration (cf. Fig. 3.8). To study the effect of intrinsic defects in the sample, they addition-
ally applied static magnetic fields in both in-plane directions to move the equilibrium
position of the core (see Chap. 3.2.1).

They found that for large field pulses, the vortex core would initially gyrate at a
frequency predicted via analytical and micromagnetic models solely by the size and
magnetic properties of the nanoisland. Below a certain field threshold, however, the
gyration frequency would increase above the analytically predicted value and would
show strong variations with the static in-plane fields.

By raster-scanning the in-plane fields, they were able to map out the variations in
the gyration frequency for samples with different grain sizes. The resulting contours
together with representative atomic force micrographs of the films used to prepare
the nanostructures are shown in Fig. 3.9. While there is no direct correspondence be-
tween the grain size and the distribution of defects (which can be identified as peaks in
Figs 3.9a-c), one can see that the average distance between the defects increases, with
increasing grain size.

In a later work, the group of Paul A. Crowell used a similar technique to demonstrate
that vortex pinning is correlated to surface roughness [160]. They prepared samples
with varying surface roughness and estimated the depth of the local pinning potential
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Figure 3.8: Free vortex gyration after core displacement by a short magnetic field pulse
studied via time-resolved Kerr microscopy. (a) Magnetization in a magnetic nanos-
tructure is probed using a focused laser spot via the magneto-optical Kerr effect. A pulse
in a stripline below the sample generates a magnetic field pulse to displace the vortex.
Static in-plane fields are used to shift the equilibrium position of the core. (b) Kerr angle
after the field pulse as a function of time. A quickly decaying high-frequency signal
indicates the generation of spin waves. It overlays the slowly decaying low-frequency
signal from the gyration of the vortex to its equilibrium position. (c) The spectrum of the
signal in (b), showing its high- and low-frequency components. (d) Illustration of the
magnetization inside the round nanostructure. Reprinted figure with permission from
Ref. [159]. © 2010 by the American Physical Society

from the amplitude of the static in-plane field needed to depin the core from a defect.
They found, that the average pinning energy increases if the surface roughness on the
length scale of the vortex core increases.

The group of Jesse Berezovsky developed a similar experimental approach to study
vortex pinning slightly altering the type of excitation [161-164]. Instead of displacing
the core with a short current pulse, they generate a sinusoidal magnetic field at 15 kHz
using a stripline. Since this frequency is much smaller than the gyration frequency,
which is on the order of tens or hundreds of megahertz, this field probes the static pin-
ning of vortices. Based on a slow change of the maximum and minimum amplitude of

the alternating field, they developed a procedure that allows them to calculate the one-
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Figure 3.9: Variations of the gyration frequency for samples of different grain sizes.
(a-c) Variations in the gyration frequency for small displacement pulses mapped as a
function of the static in-plane fields. The grain size of the samples increases from top to
bottom. (d-f) Atomic force micrographs of the unpatterned films corresponding to the
samples in (a-c), demonstrating the different grain sizes of the prepared films. Reprinted
tigure with permission from Ref. [159]. © 2010 by the American Physical Society

dimensional pinning potential along the field direction. A perpendicular static in-plane
tield allows the consecutive acquisition of a series of one-dimensional pinning fields to
construct maps of the local pinning energy as shown in Fig. 3.10. This approach allowed
identifying the cause of the strongest pinning centers to be protrusions on the surface of
the nanostructure.

There also exist some theoretical studies on the pinning of vortices in nanostructures.
This includes a micromagnetic simulation, studying the vortex gyration in nanostruc-
tures with local variations of the saturation magnetization [165, 166]. These variations
shall imitate a fluctuation in the film thickness and were shown to lead to increased
damping of the gyration. Another study developed a higher-order model for the vortex
potential, extending the rigid-vortex model It takes into account the deformation of the
magnetic domains under pinning, which is necessary if very deep pinning potentials

are encountered [136].
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Figure 3.10: Pinning energy landscape and topography of two permalloy nanois-
lands. (a,b) Two-dimensional maps of the pinning potential compiled from a sequence
of one-dimensional pinning potentials for two permalloy nanoislands. (c,d) Topograph-
ical map of the same samples as in (a,b) measured via atomic force microscopy.
Reprinted figure with permission from Ref. [162]. © 2016 by the American Physical
Society
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Chapter 4. Few-nm tracking of current-driven magnetic vortex orbits using ultrafast Lorentz
microscopy

Abstract

Transmission electron microscopy is one of the most powerful techniques to
characterize nanoscale magnetic structures. In light of the importance of fast control
schemes of magnetic states, time-resolved microscopy techniques are highly sought
after in fundamental and applied research. Here, we implement time-resolved
Lorentz imaging in combination with synchronous radio-frequency excitation using
an ultrafast transmission electron microscope. As a model system, we examine the
current-driven gyration of a vortex core in a 2 pm-sized magnetic nanoisland. We
record the trajectory of the vortex core for continuous-wave excitation, achieving a
localization precision of 2 nm with few-minute integration times. Furthermore, by
tracking the core position after rapidly switching off the current, we find a transient
increase of the free oscillation frequency and the orbital decay rate, both attributed
to local disorder in the vortex potential.

4.1 | Introduction

Magnetism gives rise to an incredibly rich set of nanoscale phenomena, including topo-
logical textures such as skyrmions [3-5] and vortices [1]. Dynamical control of spin
structures down to sub-picosecond timescales is facilitated by a multitude of inter-
actions involving spin-torques [32-34] or optical excitations [20-23]. These features
have shown immediate relevance in novel applications, exemplified in (skyrmion) race-
track memory [10, 11], magnetic random access memory [38], and vortex oscillators
as radio-frequency sources [18, 19] or for neuromorphic computing [15, 16]. Observing
these magnetic phenomena on their intrinsic length and time scales requires experimen-
tal tools capable of simultaneous nanometer spatial and nanosecond to femtosecond
temporal resolution. Whereas photoelectron [167] and magneto-optical schemes using
pulsed radiation sources from the visible [168] to the x-ray [169-171] regime inherently
offer high temporal resolution, the particular advantages of electron beam techniques
have yet to be fully exploited in the ultrafast domain.

Transmission electron microscopy (TEM) facilitates quantitative magnetic imaging
with very high spatial resolution approaching the atomic level using aberration-corrected
instruments [172, 173] and holographic approaches [150, 174-176], while also allowing
for structural or chemical analysis. Importantly, the versatile in-situ environment of
TEM enables the observation of nanoscale magnetic changes with optical [23, 24, 177] or
electrical stimuli [92, 178, 179]. Time-resolved transmission electron microscopy [78, 82,
180] has in some instances been used to address magnetization dynamics [44, 81, 104,
181]. The recent advance of highly coherent photoelectron sources [46, 47] promises
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substantially enhanced contrast and resolution in ultrafast magnetic imaging [48], but
has, to date, not been combined with synchronized electrical stimuli.

In this work, we address this problem and realize ultrafast Lorentz microscopy with
in-situ radio-frequency (RF) current excitation. The technique is made possible by using
a transmission electron microscope with a pulsed photoelectron source. Synchronizing
the electron pulses at the sample with the radio-frequency current, images of the in-
stantaneous state of the system for a given RF phase can be acquired. The controlled
variation of the phase allows for recording high-speed movies with a temporal resolu-
tion independent of the readout speed of the detector, but given by the duration of the
electron pulses and the quality of the electrical synchronization.

4.2 | Results

4.2.1 | Time-resolved Lorentz Microscopy

The experiments were conducted at the Gottingen Ultrafast Transmission Electron Mi-
croscope (UTEM), which features ultrashort electron pulses of high beam quality from a
laser-triggered field emitter [46]. Employing a linear photoemission process, the UTEM
allows for a flexible variation of the electron pulse parameters in terms of repetition rate
and pulse duration [46, 91]. In the present study, we employ electron pulses at a rep-
etition rate of 500 kHz, driven by frequency doubled optical pulses from an amplified
Ti:Sapphire laser with a central wavelength of 400 nm and a pulse duration of 2.2 ps.
We demonstrate the capabilities of our instrument by studying the model system
of a spin-transfer torque driven vortex oscillator [29, 123, 146, 181, 182]. The sample
is a 2.1 x 2.1 ym? large and 26 nm thick polycrystalline permalloy (Nig;Fe;9) square.
Its magnetic configuration consists of four domains forming a flux closure (Landau)
state with an in-plane magnetization pointing along the edges of the nanoisland and a
perpendicular magnetized core with a diameter on the order of 10nm [1, 118]. The curl
c specifies whether the in-plane magnetization rotates counter-clockwise (¢ = +1) or
clockwise (¢ = —1), whereas the polarity p indicates if the core magnetization is parallel
(p = 1) or antiparallel (p = —1) to the z-axis of the coordinate system defined in Fig. 4.1.
Two edges of the structure are electrically contacted with 100nm thick gold elec-
trodes (see Fig. 4.1) which terminate in wire-bonding pads. The sample is installed in
a custom-made TEM holder that allows for in-situ RF-current excitation up to the GHz-
regime [92, 178, 179]. RF-currents are generated with an arbitrary waveform generator
(AWG) synchronized to the photodiode signal from the laser oscillator. This allows us

to create custom waveforms, such as continuous or few-cycle sine waves, with a fixed,
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Figure 4.1: Schematic representation of time-resolved Lorentz microscopy combined
with synchronous radio-frequency sample excitation. An ultrashort electron pulse
(green) is generated via a linear photoemission process from an optical laser pulse (blue)
inside the electron gun. A magnetic sample (light grey) is stroboscopically illuminated
with a near-parallel electron beam and imaged onto a TEM camera. Employing a small
defocus in the imaging conditions gives rise to magnetic contrast (exemplary image
shown in the bottom). Dynamics in the sample are excited in-situ with radio-frequency
currents (black) phase-locked to multiples of the laser repetition rate, creating the ap-
pearance of a static image. A controlled change of the radio-frequency phase between
images allows the entire dynamic process to be mapped in time.

software-programmable timing between the probing electron pulse and the phase of
the excitation. Driven by alternating currents, the vortex structure exhibits a resonance
behaviour, in which the core traces out an ellipsoidal trajectory [92, 137, 138, 182]. The
trajectory of the vortex core under the simultaneous influence of spin-transfer torques

36



4.2. Results

and Oersted fields is predicted by a harmonic oscillator model [137, 138].

To image the magnetic configuration of our sample, we employ Fresnel-mode Lorentz
microscopy [58, 183], a form of defocus phase contrast (see Fig. 4.1). In a classical
picture, magnetic contrast arises from the Lorentz force: When the parallel beam of
electrons passes through the magnetic field of the sample, electrons experience a mo-
mentum change perpendicular to their propagation direction and proportional to the
local magnetic field. By slightly defocusing the imaging system of the microscope, this
transverse momentum gives rise to a contrast which scales with the magnitude of the
z-component of the curl of the sample’s induction [58, 183].

A Lorentz micrograph of the sample acquired with a continuous electron beam is
depicted in the bottom of Fig. 4.1. The X-shaped lines indicate the position of the do-
main walls. A peak in the contrast arises at the intersection of the domain walls, and
marks the position of the vortex core. The core itself does not contribute to the magnetic
contrast, as its magnetization points along the beam propagation direction. The dark
lines in the lower half of the image are Bragg lines of the single-crystal silicon substrate,
which locally scatter intensity out of the forward beam, and the dark areas at the lateral

edges stem from the gold contacts.

4.2.2 | Continuous Excitation

In a first experiment, we excite the vortex with a continuous sinusoidal current at a
frequency of fox = 101.5MHz. This frequency maximizes the orbit diameter of the
gyration, as determined from a preliminary measurement using a continuous electron
beam (see Chap. 4.3.2). To resolve a whole period, we acquire images for 21 delays ¢
at intervals of 500 ps. At every delay t, we record 32 time-resolved micrographs, each
with an integration time of one minute. The delay times given are quantitative with
respect to the maximum of the driving field, enabled by in-situ electron beam deflection
near the contacts (see Chap. 4.3.4) [178]. After applying a drift-correction, we sum over
identical micrographs and obtain a movie of the vortex dynamics, which is presented in
Supplementary Movie 1 [184].

Between the four exemplary frames in Fig. 4.2 a, acquired at time steps of 2.5ns, the
vortex core is clearly displaced and performs a clockwise rotation, implying a polarity
of p = —1[29, 138]. The curl of the vortex is c = —1, determined from the contrast of the
domain walls (bright or dark; here: bright) and the choice of imaging conditions (over-
or underfocus; here: overfocus) [117]. Line profiles along the x-direction at the position
of the vortex core are displayed in Fig. 4.2b, following a near-sinusoidal trajectory. The
inset in Fig. 4.2b depicts a single line profile (blue line) with a Lorentzian line-shape
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Figure 4.2: Continuous-wave excitation at a frequency of fx = 101.5MHz and a
current density of j = 1.7 x 10!' Am~2. (a) Four time-resolved Lorentz micrographs
acquired in time steps of 2.5ns at a defocus of 520 pm (scale bar: 1 um). (b) Line profiles
at the position of the vortex core along the x-direction, closely resembling a sinusoidal
displacement. White: Best fit of a harmonic oscillator model (scale bar: 300nm). (b,
Inset) Blue: Example of a single line profile at t = 0.1ns. Red: Fitted Lorentzian line
shape. (c) Red: Mean vortex core position determined from set of 8 identical Lorentz
micrographs at each delay t. Blue: Best fit of the harmonic oscillator model (scale bar:
100nm). (d) Example of the spatial spread of the tracked vortex position (scale bar:
20nm). (e) Distribution of the spatial deviation from the mean for all position measure-
ments in x- and y-direction.

(red line) fitted to the data. The mean full-width-half-max (FWHM) of the the peak is
51 & 1nm, averaged over all delays t and both spatial dimensions. It should be noted,
that this size does not represent the vortex core diameter — which is expected to be on the
order of 10-20 nm [120] — but is a result of the imaging conditions. Thus, it represents an
upper limit for the magnetic point resolution and constitutes the best spatial resolution

of stroboscopic Lorentz-microscopy to date.

Due to the high signal-to-noise ratio, the position of the vortex core can be tracked
with a precision far below the point resolution, as shown in the following. From the 32
images for every delay ¢, we form a set of eight identical images, each corresponding

to an integration time of 4min. In a single image, the position of the vortex core is
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determined by the center of mass of the peak. To visualize the position of the vortex
core during one oscillation period, we average over the eight individual measurements
(Fig. 4.2c). An example of their distribution is shown in Fig. 4.2d. One can clearly
see that the points accumulate in an area with a diameter of less than 10nm. This is
significantly smaller than the FWHM of the peak in the image contrast. The deviations
from the mean of all position measurements are combined in Fig. 4.2 e. The histogram
follows a Gaussian distribution with a standard deviation of o = 2nm, corresponding
to the localization precision of 2 nm in each spatial dimension.

Knowledge of the absolute timing of the vortex gyration with respect to the driving
current allows us to directly fit our results to the oscillator model presented by Kriiger
et al. [137] (see Chap. 4.3.5). Although the fitted trajectory agrees well with the data
(white and blue lines in Figs. 4.2b,c), the obtained resonance parameters of the free
oscillation frequency fo = 97.9 & 2.1 MHz and the damping I' = 74 & 13 MHz indicate
a limitation of the description. Specifically, the damping appears unrealistically high,
given the resonance curve presented in Chap. 4.3.2 and previous measurements [92].
This suggests that additional contributions in the restoring force or the damping may
affect the vortex motion, arising, for example, from local disorder [158, 159, 165, 166,
185, 186] or global anharmonicities in the vortex potential (e.g., cubic corrections to
the harmonic vortex potential) [155, 187-189]. In order to obtain direct time-domain
information on the damping and possible deviations from a harmonic confinement, we
conduct measurements of the free-running relaxation of the vortex in the absence of a

driving force.

4.2.3 | Damped Motion

In the following measurements performed at the same sample, a current at an identical
frequency of fex = 101.5MHz is applied for a duration of 1ps, and is switched off at a
zero-crossing of the sine wave at t = 0 (see inset of Fig. 4.3a). Again, the timing was
directly determined via small-angle scattering in the vicinity of the permalloy square.
At delay steps of 1ns, we acquire Lorentz micrographs with an integration time
of 3min. An assembled movie of the data is found in Supplementary Movie 2 [184].
The path of the core to its rest position is clearly visible both in the line profiles along
the x-axis (Fig. 4.3a) and in the tracked position of the vortex core (Fig. 4.3b). A two-
dimensional representation of the complete trajectory is given in Fig. 4.3c. As can be
seen from the sense of rotation in Fig. 4.3 ¢, the vortex polarity is p = +1 for this mea-
surement. Thus, we chose a slightly higher current density of j = 2.9 x 101! Am~2,

which compensates for the smaller orbits in case of an opposite sign between curl and
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Figure 4.3: Damped vortex gyration after switching off the current (fex = 101.5MHz,
j = 29x 10" Am~2). (a) Profiles of the vortex core along the x-axis, illustrating
the damped sinusoidal motion towards the equilibrium position (scale bar: 200 nm).
(b) Red: Tracked x-position of the vortex core as function of t (scale bar as in (a)).
Blue/green: First/last result of the moving-window fit to the vortex trajectory. (c) Spa-
tial vortex core trajectory during the damping. Spacing between the dots is 1ns (scale
bar: 100 nm). (c, Inset) Center of the gyration moving over time as determined from the
tit (scale bar: 20nm). (d, e, f) Fit results of the windowed fit. Shaded regions are one-
sigma confidence intervals: (d) Free oscillation frequency fj as a function orbit diameter
D. (e) Mean orbit diameter D over delay t. (f) Damping I" as a function of the vortex
core velocity v..
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polarity (Eq. 4.2) [137].

The trajectory obtained can not be expressed in terms of a single exponentially de-
caying sinusoidal function, illustrating systematic deviations from the damped har-
monic oscillator model. However, we can extract the momentary frequency and de-
cay rate of the oscillation by fitting an exponentially decaying orbit in a moving win-
dow with a size of 20ns. The blue and green curves in Fig. 4.3b display the fitted
x-component for windows starting at t,, = Ons and t,, = 50ns, respectively. Good
agreement was also obtained for all intermediate values.

The results of the fit are summarized in Figs. 4.3d-e. The temporal evolution of
the orbit diameter D exhibits an approximately linear rather than exponential decay
(Fig. 4.3 e) In particular, this can also be seen from the increase of the instantaneous
damping I', which is plotted as a function of the vortex core velocity vc in Fig. 4.3 f. The
trajectory further experiences a transient rise of the momentary frequency fy (Fig. 4.3d)
from 85 to about 92 MHz at medium orbit diameters D. Moreover, allowing for a vari-
able gyration center, we find that the windowed fit reveals a continuous translation of
the orbit towards the left (inset of Fig. 4.3 c).

The transient acceleration of the gyratory motion implies the presence of disorder
in the vortex potential, and is consistent with time-resolved optical studies [158, 159].
Similarly, the movement of the orbit center suggests a trapping of the vortex core in a
pinning site and is further supported by the broadening of the profile in Fig. 4.3 a for
delays t > 80ns, likely caused by a stochastic motion at very small diameters. As men-
tioned above, such frequency shifts have been characterized by other approaches [19,
158, 159]. Yet, we have not encountered a real-space measurement of the type of damp-
ing observed here. A micromagnetic theoretical study by Min et al. [166] points towards
a possible microscopic origin of the enhanced dissipation. In that work, spatial disor-
der in the form of variations in the saturation magnetization was found to cause addi-
tional damping via deformations of the internal magnetic structure of the vortex. While
our observations, in agreement with the theoretical calculations, show an increase in fy
and T, particular differences are apparent. Specifically, the damping growth is much
more pronounced in our case, such that the ratio I'/ f; increases over time, whereas
Min et al. have found that it is decreasing [166]. Therefore, our measurements sug-
gest additional contributions to the disorder potential, such as magnetic anisotropy or
non-magnetic voids [185]. A detailed modeling may be guided by further correlative
studies of the structural and chemical composition, facilitated by nanoscale diffraction
and spectroscopy available in transmission electron microscopy.

In conclusion, we implemented ultrafast Lorentz microscopy with synchronous radio-

frequency current excitation and demonstrated its high spatio-temporal resolution by
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mapping the time-resolved gyration of a magnetic vortex core with an precision of
+2.0nm. Future developments will include higher contrast and spatial resolution from
enhanced beam coherence, increased sensitivity from larger duty-cycles and frequen-
cies up to the terahertz range. In combination with more advanced imaging techniques
like transport-of-intensity [58] based magnetization reconstructions or electron hologra-
phy [150, 174-176], this will enable quantitative imaging of magnetic textures on ultra-
fast time scales. In our opinion, exposing spin textures, such as vortices and skyrmions,
to electrical and electromagnetic stimuli and observing the nanoscopic response will
make valuable contributions to fundamental research and device development in ultra-
fast magnetism. Moreover, the approach can be readily extended to in-situ phase con-
trast imaging in different areas, including electrical switching of multiferroic materials

and other correlated systems and heterostructures.

4.3 | Methods

4.3.1 | Instrumentation

The data was acquired at a JEOL 2100F TEM at an acceleration voltage of 120kV. The
microscope is equipped with a Gatan Ultrascan US4000 camera and features an electron
gun allowing for a photoemission of electron pulses. Details concerning the electron
source have been presented by Feist et al. [46]. Fresnel imaging was performed at a
defocus of 520 um at a low magnification imaging mode, in which the main objective
lens is current-free with a small residual field of about 10 mT. The laser system in use is
a Ti:Sa regenerative amplifier and seed laser manufactured by Coherent, which outputs
35 fs pulses at a repetition rate of frep, = 500kHz and a central wavelength of 800 nm.
The output of the amplifier is frequency doubled using a B-Barium borate crystal and
subsequently stretched to 2.2 ps in a 10 cm SF6 bar before it is focused onto the electron
source.

The design of our self-made sample holder is based on that of Pollard et al. [92] and
consists of a coaxial SMA vacuum feedthrough and a coaxial vacuum cable connected
to a coplanar waveguide on a printed circuit board. The laser amplifier system provides
an electrical trigger signal which is synchronized to its optical output. This signal is
fed into the trigger input of a Keysight 81160A arbitrary waveform generator, where it
initiates the output of a sinusoidal wave with a fixed number of cycles np,st. For a quasi-
continuous excitation of the sample, the burst number and the excitation frequency are

set to the same multiple of the repetition rate of the laser amplifier, i.e. fex = MBurst * frep-
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For non-continuous excitations, there is no constraint on the waveform other than it
being shorter than 1/ frep.

In quasi-continuous operation special care has been taken to achieve a glitch- and
gap-free output by monitoring the signal with a directional coupler (Mini-Circuits ZFDC-
20-4L) and an oscilloscope (Tek DPO71604C with 16 GHz bandwidth). Additionally, we
placed a 6 dB attenuator after the generator output to suppress standing waves at the RF
transmission line, originating from the unmatched sample and a parasitic capacitance

of the generator output.

4.3.2 | Sample System and Reference Measurements
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Figure 4.4: Preliminary characterization of the sample utilizing an continuous elec-
tron beam. (a) Lorentz-micrograph of the unexcited sample system acquired under
continuous illumination (scale bar: 1 pm). (b) Orbit-diameter of the vortex gyration as
a function of the driving frequency fex. Shaded regions are one-sigma confidence inter-
vals obtained via bootstrapping the fitting routine.

The sample consists of a 26nm thick permalloy (Nig;Fej9) square of 2.1 x 2.1 um?
size, which is electrically connected with two gold contacts (100 nm thickness). From
a comparison between experimental and simulated Fresnel images, we obtain a satura-
tion magnetization of about Ms = 600 kA m ™! (see Chap. 4.4.1). The substrate is a single
crystalline, 35 nm thick silicon membrane with 100 x 100 pmz windows. The magnetic
structure and the contacts were fabricated using electron beam lithography and thermal
evaporation. The quality of the lift-off was confirmed using Fresnel imaging, as fabrica-
tion errors (e.g., residual magnetic material in the center of the sample) would show up
as strong phase objects. A Lorentz micrograph of the unexcited sample recorded with a

continuous electron beam is depicted in Fig. 4.4 a. In its equilibrium position, the vortex
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core is slightly shifted to the right, which is likely caused by a residual out-of-plane field
of the current-free objective lens in combination with a small tilt of the sample.

The resonance curve of the vortex oscillator (Fig. 4.4 b) was determined from a Lorentz
image series acquired prior to the time-resolved measurement using a continuous elec-
tron beam [92]. A maximum response near fox = 101.5 MHz is found. Below and above
frequencies of 95 MHz and 111 MHz, respectively, the vortex core is pinned and remains
stationary.

A comment should be made about possible influences of Joule heating in the time-
resolved experiments. The saturation magnetization directly affects the integrated in-
tensity of the vortex feature above the background. From a comparison of the image
contrast with and without excitation (Fig. 4.2a at t = 0, and Fig. 4.4 a), this intensity
varies by less than ten percent upon current excitation, within the margin of error. We
can thus rule out a significant thermal reduction of the saturation magnetization. For the
measurements in Fig. 4.3, despite a higher current density in the 5 cycles before switch-
ing off the current, the average thermal load was lower than in the measurement under
continuous excitation. This was achieved by reducing the current amplitude prior to

the last 5 cycles.

4.3.3 | Tracking the vortex core

To track the position of the vortex core, we denoised the frames by applying a 3 x 3 pixel?
(4.85nm/px) median filter and calculated the center of mass of the pixels of maximum
intensity. These pixels were selected via thresholding. The threshold is chosen such that

the contributing pixels correspond to a region of about 50 nm in diameter.

4.3.4 | Determination of time-zero

We utilize a diffraction mode with long camera length to determine the absolute timing
of the current through the nanoisland by measuring the electrical field between the gold
contacts [178]. Therefore, we form a parallel electron beam close to an edge of an Au
electrode in a sufficient distance to the permalloy. This ensures that the electrons are
only deflected due to the electric field between the contacts. In diffraction mode, this
beam converges to a single point. Choosing a long camera length, we can image a
deflection of this spot which is directly proportional to the electric field.

To determine t = 0 of the first measurement (continuous sinusoidal excitation), we

tit a cosine-function to the delay-dependent position of the electron spot. For the second
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measurement of the damped motion, we probe delays before and after t = 0, which
allows us to directly find the last zero-crossing of the sinusoidal current.

4.3.5 | Harmonic Oscillator Model

Passing a current through a non-magnetic/magnetic (Au/Py) interface spin polarizes
this current due to a difference in the scattering probability between the majority and
minority electrons in the conduction band of the magnetic layer [32]. This spin-polarized
current exerts a torque on the magnetic domains, altering their configuration and result-
ing in a displacement of the vortex core. Zhang and Li derived a general micro-magnetic
model accounting for adiabatic and nonadiabatic contributions to this spin-transfer-
torque (STT) by extending the the Landau-Lifshitz-Gilbert (LLG) equation [141]. Based
on a generalized Thiele equation [143, 145], Kriiger et al. published a harmonic oscillator
model for the movement of a vortex core in a square magnetic thin film, which takes in-
plane Oersted fields as well as spin-transfer torques into account. These Oersted fields
originate in an inhomogeneous current density inside the magnetic conductor [137, 138,
146]. Kriiger et al. specify the resulting steady state trajectory under the influence of a
driving current j(t) o< exp (iQ)t) e, and field H(t) o« exp (iQ)t) e, as [137]:

(-

with H and j the normalized magnitudes of the Oersted-field and the spin-polarized

) o0t j Hep + | & pej ( r“’frziﬂ >]
w? + (iQ+T)? \ —FAep — Do\ pej j wp + Fi0p

(4.1)

current, () = 271 fey the driving frequency, w = 27 fy the free oscillation frequency, I the
damping constant and |Dy/ Go| a ratio related to exact magnetic distribution inside the
nanoisland. The non-adiabaticity parameter ¢ describes the ratio between non-adiabatic
and adiabatic contributions in the LLG equation.

The scalar prefactor together with the vector define a trajectory in the form of an
ellipse. Due to its symmetry, the matrix in ((4.1)) only introduces a rotation and an
isotropic dilation to this ellipse. Parameters such as the ellipticity and the phase of the
gyration (i.e., the position of the core with respect to the major axis of the ellipse at t = 0)

are independent of this matrix. Therefore, we can simplify Eq. (4.1) to

it . w? 1@)
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with an isotropic dilation A and a rotation of the ellipse by angle 6 defined by the ro-
tation matrix R(). From the vector in Eq. (4.2) it follows directly that the sense of
the rotation depends only on the core polarization p, with p = 41/ — 1 resulting in a
counter-clockwise/clockwise rotation [146].

The trajectory in Eq. (4.2) has five measurable parameters, which equals the number
of degrees of freedom of an ellipse (length of the two semiaxes, tilt, frequency) plus
an initial phase. This allows us to directly fit the model to our measurement of the
continuously driven oscillation by solving the overdetermined system of 42 equations
(X(t) and Y(t) for every delay t). As the driving frequency is known, we fix it to fox =
101.5MHz. The best fit (fy = 97.9 £2.1MHz, I' = 74 4+ 13 MHz) is shown as solid line
in Fig. 4.2b (white) and Figs. 4.2 ¢, d (blue). The errors in the fitted values correspond to

lo-confidence intervals determined by bootstrapping [190].

Data availability

The data that support the findings of this study are available from the corresponding

author on request.
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4.4 | Supplementary Information

4.4.1 | Supplementary Note 1

To evaluate the saturation magnetization of the magnetic material, we simulate Fresnel
images based on micromagnetic simulations and compare the results to the measured
Fresnel image in Fig. 4.4 a. We calculate the magnetic configuration in the nanostructure
using the MuMax3 software package [63]. To this end, we set up a simulation in a vol-
ume of 2100 x 2100 x 26 nm® with 512 x 512 x 8 cells. We choose an exchange stiffness
of Aey = 1.1 x 10711 ]rrf1 and calculate the magnetic ground state for various values of
the saturation magnetization Ms.

Based on the magnetization integrated along the z-axis, we calculate the Aharonov-
Bohm phase acquired by the electron passing through the sample [64]. This phase can
be used to simulate a Fresnel micrograph via a multiplication with the contrast transfer
function of the microscope in momentum space [58]. For the image simulation, we used
the same imaging conditions as in Fig. 4.4 a, i.e., a defocus value of Af = 600 um and
a beam divergence of 10 prad. An electron transmission through the permalloy of 32 %
was deduced from an in-focus micrograph.

Figure 4.5 shows a close-up region of the experimental Fresnel image (a), simulations
for three different saturation magnetizations (b-d) and difference images (f-h). The sim-
ulated image for the entire square is shown in (e). Best agreement of experiment and
simulation is obtained for Ms = 600 kA m~!, for which the residual difference (f-h) in

the region of the vortex feature is at the level of the noise.
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Figure 4.5: Determination of the saturation magnetization by a comparison of simu-
lated and experimental Fresnel images. (a) Detailed view of the Fresnel micrograph in
Fig. 4.4 a (scale bar: 100nm). A Gaussian filter with standard deviation o = 5.8 nm was
applied. (b-d) Identical image section as in (a) for simulated Fresnel images based on
micromagnetic simulations using the saturation magnetization stated above the image.
(e) Total view of a simulated Fresnel image, here using the example of Mg = 600 kA m~!
(scale bar: 1000 nm). Blue square corresponds to the region shown in (bd). (f-h) Differ-
ence images between the experimental micrograph and the simulated images.
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Chapter 5. Pinning and gyration dynamics of magnetic vortices revealed by correlative Lorentz
and bright-field imaging

Abstract

Topological magnetic textures are of great interest in various scientific and tech-
nological fields. To allow for precise control of nanoscale magnetism, it is of great
importance to understand the role of intrinsic defects in the host material. Here we
use conventional and time-resolved Lorentz microscopy to study the effect of grain
size in polycrystalline permalloy films on the pinning and gyration orbits of vortex
cores inside magnetic nanoislands. To assess static pinning, we use in-plane mag-
netic fields to shift the core across the island while recording its position. This en-
ables us to produce highly accurate two-dimensional maps of pinning sites. Based
on this technique, we can generate a quantitative map of the pinning potential for
the core, which we identify as being governed by grain boundaries. Furthermore,
we investigate the effects of pinning on the dynamic behavior of the vortex core us-
ing stroboscopic Lorentz microscopy, harnessing a new photoemission source that
accelerates image acquisition by about two orders of magnitude. We find char-
acteristic changes to the vortex gyration in the form of increased dissipation and
enhanced bistability in samples with larger grains.

5.1 | Introduction

Microscopic magnetic objects such as vortices [1, 23, 118] and skyrmions [3-5] have
attracted a sustained interest in the past decade. Due to their stability and unique topo-
logical properties, these textures have sparked ideas for a vast number of technological
applications such as (racetrack) memories [10, 11, 191, 192], logical-gates [13, 14] and
neuromorphic computing [16]. While various control schemes for the manipulation of
these textures by means of external magnetic fields [29, 124], electrical currents [26, 126,
193], or optical pulses [23, 26, 194] are widely established, studies probing their interac-
tion with defects are still highly sought after.

Previous investigations addressed the influence of artificial [132, 151, 154, 156] and
intrinsic [157-160, 162, 163, 195] defects on the static pinning [132, 151, 156, 157] and
the dynamics of magnetic vortices [154, 158-160, 195, 196]. A majority of these stud-
ies utilized magneto-optical microscopy [158-160, 162, 195], which helped, for exam-
ple, to link pinning to surface roughness in soft magnetic samples [160]. Higher real-
space resolution is offered by spin-polarized scanning tunneling microscopy in sce-
narios with atomic-scale defects on flat surfaces [156, 197]. This method revealed a
Sombrero-shaped pinning potential between vortex cores and surface adsorbates [156].
Excellent spatial resolution for polycrystalline samples with higher surface roughness is
possible using electron microscopy techniques [172] and was used to characterize core
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pinning via one-dimensional differential-phase-contrast line scans [132]. Moreover, re-
cent advances in time-resolved Lorentz microscopy enable imaging magnetic dynamics
at simultaneous high spatial and temporal resolution [44, 48-50, 108, 198]. To date, how-
ever, the full capabilities of electron microscopy in both magnetic and structural imaging
have yet to be leveraged in correlated studies.

In this work, we investigate the influence of the microcrystalline structure of permal-
loy thin films on the pinning of vortex cores by correlating the grain structure in bright-
field images to the magnetic configuration in Lorentz micrographs. In order to obtain
maps of pinning sites, we developed TRaPS (TEM Rastering of Pinning Sites). This
procedure locates defects by laterally shifting the vortex core across a nanostructure
and imaging its position with high resolution. This allows us to directly calculate a
quantitative two-dimensional representation of the pinning potential. Moreover, we
use time-resolved Lorentz microscopy with an improved photoemission source to as-
sess the effect of grain size on the core gyration. We find that annealing leads to a more
corrugated pinning potential and larger average distances between pinning sites. Our
tfindings suggest preferential pinning at grain boundaries and vortex orbits that avoid
particularly large grains, demonstrating the combined strengths of correlated and in-situ

magnetic and structural characterization.

5.2 | Methods

5.2.1 | Sample System

The sample system we investigate is a magnetic vortex confined in a square permalloy
(NigoFeyp) nanoisland [1, 118]. A magnetic vortex is a flux-closure type domain con-
figuration which is predominantly oriented in-plane and curls either counter-clockwise
(c = +1) or clockwise (¢ = —1) around its central core. At the core region, the magneti-
zation rotates out-of-plane and, either points up or down, said to have a polarization of
p = +1or p = —1, respectively [118].

A schematic representation of the sample is depicted in Figs. 5.1 a,b (light and scanning-
electron images of the sample are in Fig. 5.11). The permalloy square has a thickness
of 30nm and an edge length of 2um. To electronically excite the sample, we over-
lap 100 nm thick gold contacts on two opposing sides of the square, which extend to
wire-bonding pads. The nanoisland is positioned at the center of a 15 x 15um? large
amorphous silicon nitride window. At a thickness of 30 nm the window is near electron-

transparent and is supported by a 200 um thick silicon frame.
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The sample fabrication processes involve electron-beam lithography using a positive-
tone electron resist as well as electron-beam and thermal evaporation for the deposition
of permalloy and gold, respectively. We take special care to remove any resist prior to
metal deposition by subjecting the developed sample to a short oxygen plasma.

The contacts on either side of the microstructure allow us to excite the vortex with
in-plane RF-currents, forcing its core on an elliptical trajectory [30, 92, 146]. This gy-
rotropic motion is a consequence of a combination of spin-transfer torques and current-
induced Oersted fields [138, 146]. Generally, these systems allow for a resonance fre-
quency between 10MHz and 10 GHz, depending on the material and nanostructure
size. For the parameters of the current sample, we expect resonance frequencies around
100 MHz [198].

To identify the effects of the nanocrystalline structure on the pinning of vortex core,
we investigate one annealed sample A as well as two non-annealed samples N1 and
N2. We prepared all three samples under identical conditions on the same silicon frame.
Annealing is carried out by heating a single nanostructure using a low-frequency alter-
nating current (5 kHz, 450 mV s, 4.9 mA s, 30 min) and monitoring the progress via a

resistance measurement (for further details, see Chap. 5.5.2).

5.2.2 | TRaPS

We introduce “TEM Rastering of Pinning Sites” (TRaPS) as a method to identify and lo-
cate static magnetic pinning sites using Fresnel-mode Lorentz microscopy. This imaging
method is sensitive to a curl of the in-plane components of the magnetization and offers
a point-resolution on the order of some tens of nanometers, depending on the imaging
conditions such as defocus and source coherence [58, 183]. In order to minimize the
magnetic field at the sample, for Lorentz imaging, the main objective lens is usually
turned off, and a mini-lens farther from the sample is used to produce the image. For
the vortex samples studied here, Fresnel imaging visually highlights the position of the
four domain walls as bright lines (cf. Fig. 5.1 c). At their intersection, a peak is formed,
marking the position of the vortex core. Although this peak is not a direct consequence
of the out-of-plane magnetization of the core, both properties are geometrically linked.
As we note below, we can localize the core with a precision far below the point resolu-
tion of the imaging technique [198]. To perform a TRaPS measurement, we shift the core
across the film in a rasterized fashion using in-plane magnetic fields and record Lorentz
micrographs at each raster step. A repeated occurrence of the core at the same position
can then indicate the location of a pinning site.

We generate the in-plane magnetic field components H,, H, along the x and y direc-
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Figure 5.1: (a) Sketch of the TRaPS measurement: The magnetic nanoisland (dark grey)
is illuminated with a continuous collimated electron beam (green) and subjected to an
external magnetic field H,. Tilting the sample along the two tilt axes a, and &, enables
us to move the vortex core within the nanostructure. (b) Sketch of the time-resolved
experimental setup: Here, the nanoisland is imaged using a pulsed electron beam at
a repetition rate of frp and excited with a synchronized alternating current at an in-
teger multiple of the frequency of fex = 7 frep. (c) Four micrographs illustrating the
displacement of the core during a TRaPS measurement. A tilt along a, or ay has the
same effect as applying an in-plane field H, or Hy, respectively. (d) Example of four
time-resolved Lorentz-micrographs acquired at different phases ¢ of the exciting cur-
rent relative to the pulsed electron beam. The bright lines indicate the position of the
domain walls within the nanostructure, with their intersection marking the location of
the vortex core. Between frames, the core is visibly displaced and moving on a counter-
clockwise trajectory.

tions of the sample by applying an out-of-plane field H, and tilting the sample along the
two tilt axes Oy, 0y, AS indicated in Figs. 5.1 a,c. For sufficiently small angles, the result-
ing field components are (Hy, Hy) ~ H; - (a,, ay). We create the out-of-plane magnetic
field H, by weakly exciting the main objective lens of the microscope. This introduces
a small additional defocus to the imaging system, which can easily be compensated for
with the objective mini-lens.
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5.2.3 | Time-resolved Lorentz microscopy

Time-resolved Lorentz microscopy is carried out at the Gottingen ultrafast transmis-
sion electron microscope (UTEM), a modified JEOL 2100F transmission electron micro-
scope (TEM) featuring a high-brightness photoemission electron source [46, 198]. For
the present study, we equipped the UTEM with a RF-generator that is electronically
synchronized to the photoemission laser, using a methodology introduced in Ref. [198].
One output of the RF-generator (Keysight 81160A) feeds into a custom TEM holder that
enables TEM imaging under in-situ current excitation with frequencies up to the GHz
regime. A second output triggers the photoemission laser, a gain-switched diode laser
(custom Onefive Katana 05-HP) operating at a wavelength of 532 nm. With its continu-
ously variable repetition rate of fre, = 20 — —80 MHz and a pulse duration of 35 ps, this
laser enables us to increase the electron-pulse duty cycle by more than two orders of
magnitude compared to previous studies [198]. Thus, we can reduce the image acqui-
sition time of a single stroboscopic micrograph from several minutes to a few seconds
and compile much larger data sets that allow deeper insights into the vortex gyration.

We compile time-resolved movies of the vortex dynamics by exciting it at frequen-
cies that are integer multiples of the laser repetition rate fex = 1 - frep and by incremen-
tally changing the excitation phase between frames (see Fig. 5.1 b,d).

5.2.4 | Bright-field imaging and vortex core localization

To assess the nanocrystalline structure of our samples, we recorded bright-field images
in low-magnification mode (Figs. 5.2 a,b) by filtering out scattered parts of the beam us-
ing an aperture. In bright-field imaging, contrast variations in a film arise from spatially
varying diffraction conditions of differently oriented grains. This allows us to compare
the vortex core positions we find in time-resolved and TRaPS measurements to the grain
structure of the films. Therefore, we track the core in the Lorentz micrographs and map
the results on top of the bright-field images. The tracking process involves calculating
the center-of-mass of the pixels corresponding to the bright peak at the core position,
which we identify as the largest pixel cluster above an intensity threshold. This method
enables a core localization with few-nanometer precision, well below the typical point-
resolution of Lorentz microscopy (usually tens of nanometers) [198]. To map the core
positions onto the bright-field images, we use a geometric transformation [199], which
is derived from the location of easily identifiable image features in both Lorentz and
bright-field images. Using this approach, we can translate position information between
both reference frames.
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5.3 | Results

5.3.1 | TRaPS Measurements

TRaPS measurements are performed on the non-annealed sample N1 and on sample
A. In their bright-field images (Figs. 5.2 a,b), the bright and dark regions surrounding
the grey permalloy nanostructure are bare silicon-nitride and the opaque gold contacts,
respectively. A thin residue of permalloy, stemming from a partially coated undercut
of the electron beam resist, is faintly visible at the top and bottom of the squares and
can also be seen in the Lorentz images (e.g., Fig. 5.1 d). The bright-field images in
Figs. 5.2 ¢,d reveal a significant increase in grain size in the annealed sample A over
the non-annealed sample N1. This change in grain size is less significant in the vicin-
ity of the gold contacts as these locally increase the thermal coupling, resulting in an
inhomogeneous temperature profile during the annealing process.

For the TRaPS measurements, we apply an external field of H, = 35.8kAm™! and
vary both tilt axes in a range from —2.2° to 2.2° in increments of 0.2°. This corresponds
to a change in-plane field of about 620 Am~! per one degree of tilt. For these small tilt
angles, we do not expect a significant contribution from the out-of-plane magnetization
of the vortex core to affect its localization. For comparison, in Ref. [200], a tilt from 30° to
—30° shifted the peak of the Lorentz contrast at the core position by about 10nm. Along
the primary tilt direction «, the samples are tilted back and forth once for every tilt
position of the secondary axis «,. Additionally, each sweep of a, includes an approach
step at either a, = 3.0° or —3.0°. Supplementary Movies 1 and 2 show, apart from
the approach steps, the complete TRaPS measurements of either sample, with some
example micrographs of sample N1 presented in Fig. 5.1 ¢ [201].

As an example, we marked the path of the core during one sweep of «, in Figs. 5.2 ¢,d,
where we see that the core does not move in straight lines but rather zigzags and occa-
sionally gets trapped. All tracked positions are marked with dots in Figs. 5.2 e,f where
they are plotted on top of the bright-field image of the corresponding region. An al-
ternative depiction of the data is provided in Fig. 5.12, with the dots color-coded as a
function of tilt angle a,. Due to the small size of the grains in sample N1, there is no
apparent visual correspondence between the nanocrystalline structure and the core po-
sitions (Fig. 5.2 e). However, we cannot exclude possible correlations on length scales
smaller than those resolved in the bright field images.

As for the annealed sample A, we find numerous pinning sites located directly at
boundaries of larger grains (see arrows Fig. 5.2 f). Furthermore, it stands out that the
core never resides within one of the large grains. An in-depth analysis of the image
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Figure 5.2: Bright field images of the non-annealed sample N1 (a) and the annealed
sample A (b). (c,d) Close-ups of the regions marked in (a) and (b). The annealed sample
shows a drastically increased grain size in the depicted area. The lines indicate the
path of the vortex core during an exemplary tilt of primary tilt axis a,, while &, is kept
constant. (ef) Tracked vortex core positions overlaid on top of the bright-field images
in (c) and (d). A single tracked position is plotted with a partial transparency, such
that if the core is encountered at the same location repeatedly, the superimposed dots
appear more saturated and opaque. An alternative depiction of the data in (e,f) is given
in Fig. 5.12 indicating the angle of the slow tilt axis ;.

intensities at the core positions is given in Chap. 5.5.3 and confirms these findings. For
sample A the analysis shows that the core rather resides at intermediate image intensi-
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ties found outside of dark or bright grains. Together, these observations clearly demon-
strate that grain boundaries can pin vortex cores in polycrystalline films. While this
behavior was suspected before [162], it has, to our knowledge, never been directly ob-
served. Interestingly, however, we can not find direct evidence for a movement of the
vortex core along large domain boundaries. This indicates that grain boundaries rather
serve as a necessary than a sufficient condition for pinning, suggesting additional con-
tributions to the final position of the pinning site.

Figure 5.3: Comparison between TRaPS measurement on sample A with clockwise
curl ¢ = —1 and underfocus imaging conditions (red dots) and counter-clockwise curl
¢ = +1 and overfocus imaging conditions (yellow dots). (a) Tracked vortex core posi-
tion overlaid onto bright-field image of sample A. (b) Depiction of the tracked vortex
position of both measurements in the reference frame of the bright-field image in (a).
Both datasets are in good agreement with each other, with only a minor offset between
the two. The difference in the overall center of both TRaPS measurements can be ex-
plained with a residual magnetic in-plane field at the sample position (see text).

To assess the accuracy of our measurement technique, we repeat the tracking and
the transform calculation for a second set of experimental conditions on sample A. The
results presented in Fig. 5.2 d are acquired with a clockwise curl (c = —1), necessitat-
ing underfocused imaging conditions to achieve a bright spot at the core position [117].
For the second measurement, we simultaneously alter the domain state to a counter-
clockwise curl (¢ = +1), and employ overfocused imaging conditions. This serves two
purposes: Firstly, the magnetic image contrast will again appear bright, which is neces-
sary for the core tracking algorithm to work properly [117]. Secondly, the electrostatic
contributions in the Lorentz image will significantly change. Therefore, the process of
correlating the Lorentz to the bright-field micrographs has to be repeated completely
independently from the first data set, whose accuracy can thus be verified. The results
for the second set of tracking data are shown in Fig. 5.3 a, and are in excellent agreement

with the previous results. This is particularly evident when we plot both data sets to-
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gether in the same reference frame as in Fig. 5.3 b, where the only discernible difference
is a minor lateral displacement of about 6 nm. In addition to confirming that TRaPS
allows for accurate localization of pinning sites, this comparison also demonstrates that
the underlying process is independent of the vortex curl.
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Figure 5.4: (a) Probability that the vortex core moved by distance d between two TRaPS
steps. (b) Radial autocorrelation of the bright field images displayed in Fig. 5.2 ¢,d.

To further analyze our data, we calculate the distance d traveled by the vortex be-
tween two consecutive steps of a TRaPS scan. Fig. 5.4 a shows histograms of the jump
distances for both samples (the initialization steps at a,, = £3° are not included in these
statistics). The most prominent feature in both distributions is a strong peak at small
distances d < 8 nm. For these distances, we can assume that the vortex has remained at
the same pinning site, and as we would expect, this happens more frequently for sample
A. In contrast, we identify substantial differences between both samples for distances
d > 8nm: Firstly, the vortex in the annealed sample rarely moves by distances in the
range of 8nm to 20 nm, and secondly, it more frequently jumps over longer distances
beyond 40 nm, which evidently is a result of larger grain sizes.

For comparison, we also compute the average grain size in both samples using the
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full-width-half-maximum of the radial autocorrelation function! [202, 203]. From the
autocorrelation functions in Fig. 5.4 b we estimate grain sizes of 4nm and 10nm for
sample N1 and A, respectively. This demonstrates that the typical jump distances span
up to several grain diameters, suggesting that not every grain boundary causes effective
pinning.

5.3.2 | Quantifying the Pinning Potential

In the following, we will detail how, based on our TRaPS data, we can quantitatively
assess the pinning potential in our samples. To this end, we choose a simplistic ap-
proach to obtain a two-dimensional representation of the potential as a whole (instead
of treating each pinning site individually). As illustrated in Fig. 5.5a, we assume that
each core position (Xjexp, Yiexp) (grey) measured at every individual step of the TRaPS
measurement i contributes to the potential with an identical Gaussian dip (depth: Epip,
width: opin) [156, 157, 162, 195]. The overall pinning potential is then given by the sum
of all Gaussians, ensuring a deeper and/or broader potential in regions where the core

is encountered more frequently, and reads

r2

Epin,all = _Epin Zexp <_2 12 ) ’ (5.1)
i Upin

2= (X— Xi,exp)2 + (Y — Yile,(p)2 is the squared distance to the core position

measured at tilt step i.

where r

Under these assumptions, the pinning potential results directly from the TRaPS mea-
surement and the two values Epin and opin, which are to be determined in the following.
To compare different choices of Epin and 0pin, we perform multiple TRaPS simulations
based on Epiyan and choose the value tuple which best reproduces the experimental
data.

During a single TRaPS simulation, we replicate how the core is trapped and moves
between pinning sites by scanning a quadratic potential across Epino1. We derive the
quadratic potential from the rigid vortex model [131], for which the energy of the vortex
domain configuration is expressed in terms of the core position (X, Y) and the external
magnetic field

1
Equad = 5K(X? +Y?) + cky (—HyY + HyX) . (5.2)

!t is worth noting that dark-field images were used for this assessment in the original publications.
However, we believe that for a rough estimate, we are interested here, bright-field images are equally
suitable.
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Figure 5.5: Reconstruction of the pinning potential from TRaPS data of sample N1.
(a) Mlustration of model potential Ei.1 used for the simulated TRaPS data. Equaq is a
quadratic plus a field-dependent linear potential (here, as a function of the tilt angle
ay,y) that defines the equilibrium position of the vortex core in the absence of any pin-
ning. Epinan is composed of a Gaussian potential for each experimentally measured
pinning position (grey dots), all having the same depth E,;, and width opin. By increas-
ing/decreasing the tilt angle, the vortex core is dragged along and probes the pinning
potential. (b) Median radial deviation r,eq between the experimental and simulated
TRaPS data for various combinations of Epin and width opin. The best agreement is ob-
tained at req = 7.6nm with Eyiy = 80meV and 0pin = 11nm. Values of Epin and 0pin
which do not improve ryeq, compared to a case of no pinning potential, are left blank. (c)
2D representation of the pinning potential Epi, a1t for Epin = 80meV and opin = 11nm.
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Here, k is the stiffness factor of the quadratic potential, and x is the displacement sus-
ceptibility. For our sample geometry, we calculate a stiffness factor of k = 1.63 x
103 eV nm 2 using micromagnetic simulations [63]. This simulation is performed with
a 512 x 512 x 4 cell geometry, an exchange coupling of Aex = 1.11 x 10711 Jm~1 [204],
and a saturation magnetization® of Mg = 440kAm™1.

The equilibrium core position in the absence of pinning, i.e., the minimum of Eqyaq,

X\ —Hy\ — 0y
ali)wlz) -

X

is given by

Here, we replace x with a modified displacement susceptibility ¥ = xH,, which spec-
ifies the core movement per tilt angle. By fitting Eq. 5.3 to our data, we find { to be
98nm/° and 108 nm/° for sample N1 and A, respectively. It is worth noting that the
effects of the short-range pinning sites are negligible for the overall core displacement
used in this fit. The results are in good agreement with the micromagnetic simulation,
which predicted a value of ¥ = 123nm/°.

A single TRaPS simulation is fed with the same sequence of tilt angles as in the ex-
periment. At each tilt step i, we find the next local minimum (X sim, Yisim) Of Etotal =
Equad + Epinan in the direction of the steepest descent. This is done using a numeri-
cal gradient descent minimization, where we supply the algebraic form of the gradient
and the Hessian matrix of Eiy, for maximum robustness. The starting point of each
minimization is the simulated minimum from the previous tilt step i — 1, just like in
the experiment. The result of a TRaPS simulation is a set of simulated core positions

(Xisim, Yisim), which we can compare to the experimental data using the median radial

) . (5.4)

Figure 5.5 b shows the median radial deviation for all TRaPS simulations based on

deviation

- di Xi,sim - Xi,exp
med — Medlan;

Yi,sim - Yi,exp

the data of sample N1. The values of Epin = 80 meV and Opin = 11nm best reproduce
the experimental data, in that they result in the smallest value of 7,eq4. In case of sample
A, we obtain similar values of Epiy = 90meV and 0pin = 12nm, which results in an

increase of the integrated pinning potential of about 30 %. The simulated core positions

2The value of Mg was obtained from a comparison of experimental and simulated Lorentz images,
using the nominal film thickness of 30 nm. It is somewhat lower than expected from bulk values, which
might be caused by uncertainty in the determination of the film thickness. Furthermore, it is worth noting
that we found k to be virtually unchanged under an applied field H, unlike the free gyration frequency,
which is a function of the field [205].
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are in good agreement with experimental data, as we present in Fig. 5.15, together with
images of the pinning potential.

A three-dimensional representation of Epin a1 0of sample N1 is given in Fig. 5.5 c. It
has a roughness, estimated by the standard deviation of the potential, of 193 meV and
measures —2.0eV at its deepest point. For the annealed sample, the respective val-
ues are 281 meV and —2.4eV. This analysis demonstrates that polycrystalline samples
with larger grains show an overall increase in their pinning potential, with an increased
roughness and deeper minima. Furthermore, we note that the demonstrated method is
capable of quantifying pinning potentials down to sub-100 meV and spanning multiple

orders of magnitude.

5.3.3 | Time-resolved Trajectories

Besides studying the static interaction of the vortex core with pinning sites, we also
probed how the dynamic vortex gyration is affected by the nanocrystalline configura-
tion. We, therefore, perform time-resolved measurements on the non-annealed sample
N2 and the annealed sample A, where we excite the permalloy square with an alternat-
ing current forcing the vortex core on an elliptical trajectory. We recorded this motion
in sample N2 for excitation frequencies from fox = 86 MHz to 99.5MHz at a current
density of j = 3.6 x 10'° A,;;ys m~2 and in case of sample A for frequencies from 72 MHz
to84MHz at j = 8.2 x 1019 A, s m 2. The higher currents and lower frequencies in the
case of sample A were only necessary after annealing, whereas before, we were able to
observe core gyration at similar excitation parameters as for sample N2. To measure
and ensure a constant excitation current throughout the frequency range, we monitor
the sample current Is using an oscilloscope (for details, see Chap. 5.5.1).

At each frequency, we record up to 60 micrographs and incrementally increase the
phase between the RF-current and the probing electron beam to cover the whole excita-
tion period. These micrographs are combined into Supp. Movies 4 and 5, and show the
time-resolved gyration together with the tracked core positions [201]. Figures 5.6 a,b
show a compilation of all trajectories overlaid on the bright-field images (individual
depictions in Figs. 5.13 and 5.14).

Similar to our TRaPS measurements, we can also identify grains in the annealed
sample in Fig. 5.6 b that appear to be avoided by the core, however, less conclusively
as in the static case. We marked two of these grains with arrows in Fig. 5.6 b. Further-
more, we find discontinuous jumps of the vortex position upon cycling the excitation
phase, where it appears to switch between two or more equally favorable trajectories.
The fact that our stroboscopic method can resolve a single vortex core before and after
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Figure 5.6: (a,b) Trajectories (dots) of the vortex gyration in sample N2 (a) and sample
A (b) measured via time-resolved Lorentz microscopy overlaid on top of bright-field
images of samples. (c) Example of a segmented trajectory in (a) indicating a bistable
gyration. The black line is a guide to the eye, indicating the movement of the core.
The greyed-out path and the arrows indicate where the core jumped to another equally
favorable orbit. (d) Two examples for jagged trajectories in (b).

a jump indicates that these do not happen randomly during an image acquisition but
rather in between. This suggests the phase discontinuity upon a parameter change (ex-
citation frequency or phase) as a cause for such events. Interestingly, this behavior is
encountered much more regularly for the annealed sample, both at a larger number of
frequencies and during a measurement at a given frequency (see Figs. 5.13 and 5.14).
This multistability can be considered the dynamic counterpart of stochastic switching
between bistable static pinning sites [157, 163, 206].

To further evaluate the trajectories, we fit them to an ellipse and determine the mean
of both semiaxes r [207]. Figure 5.7 shows the resulting radii r divided by the sample
current Is and plotted against the normalized frequency fex/ fr. The graphs reveal a res-
onance frequency of the gyration of f, = 90.5MHz and 76 MHz for sample N2 and A,
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Figure 5.7: Excitation-current-normalized radius r/Is as a function of normalized fre-
quency fex/ fr. For some frequency ranges the orbit radius stays constant upon changing
the excitation frequency (arrows).

respectively®. Here, two observations stand out. First, the radius of the trajectories does
not change continuously in size as a function of frequency fex (see also Refs. [92, 198]),
suggesting hysteretic behavior. Instead, we find plateaus, for which trajectories cluster
at certain radii (marked with arrows in Fig. 5.7), clearly indicating an orbital stabiliza-
tion by the pinning potential. Secondly, we find that the current-normalized radius r/Is
is significantly smaller and exhibits a broader resonance in the case of the annealed sam-
ple A, which is a distinct sign of enhanced dissipation in this sample. Such enhanced
dissipation can be attributed to the excitation of additional internal degrees of freedom
of the vortex configuration due to the presence of defects [166]. These two observations,
together with enhanced multistability in the annealed sample, demonstrate that grain

sizes have an important influence on the dynamic behavior of gyrating vortices.

5.4 | Conclusion

Nanocrystallinity and surface roughness have long been linked to the pinning of vor-
tices in soft-magnetic films [132, 160, 162]. The direct real-space identification of grain
boundaries as effective pinning sites for the core was enabled by the TRaPS method in-

troduced in this study. The correlation of structural and magnetic imaging in electron

3Note that the lack of a significant ellipticity in the studied frequency range agrees with expectations
based on Ref. [137].
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microscopy can be further developed to trace the microscopic origins of pinning down
to the atomic scale, combining high-resolution (scanning) TEM with holography [174,
175] or differential phase contrast [40, 172].

The joint high spatial and temporal resolution of our approach will be critical to
explore transient pinning and local damping effects, while the quantitative TRaPS po-
tential will serve as input for future theoretical studies on driven vortex dynamics. The
global ansatz for the calculation of the trapping potential based on common properties
of pinning sites may be further refined by taking into consideration characteristics of in-
dividual defects. The observation of increased roughness, deeper traps, and enhanced
bistability for samples with larger grains may become relevant for device fabrication
and in the tailoring of annealing processes to mitigate or selectively enhance pinning.

Finally, on the methodological side, the two orders of magnitude increase in time-
averaged brightness of the photoemission source will have immediate benefits in pi-
cosecond stroboscopic imaging of ultrafast dynamics also beyond magnetism, including

nanoscale structural and electronic phenomena.
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5.5 | Supplementary Information

5.5.1 | Supplementary Note 1: Electrical setup and corrections
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Figure 5.8: Electrical setup for the time-resolved measurement. (a) Circuit diagram of
the electrical setup consisting of a voltage source (V; = V) with a series resistance (Rser)
and a parallel capacitance (Cpar), two 50 () transmission lines with a length of 6.5ns (T1,
T2) as well as a resistor for the sample (R; = Rs) and the oscilloscope (R2). (b) Current
Is flowing through the sample as a function of excitation frequency f.x at a generator
voltage Vg = 100mV,ns. The blue dots represent data obtained for sample A, whereas
the red line stems from a frequency-domain simulation of the circuit in (a).

A circuit diagram of the electrical setup we use in the time-resolved measurement
is given in Fig. 5.8 a. In the experiment, the sample is connected in series between a
Keysight 81160 generator (350 MHz bandwidth) and a Tektronix DPO71604C oscillo-
scope (16 GHz bandwidth) via two identical coaxial cables to both sides of the sample.

5.5.1.1 | Determining the sample resistance

At low frequencies (DC to kHz-range) this setup can be viewed as a voltage source with
three resistors in series, i.e. the 50 () resistors of the generator and the oscilloscope and
the sample itself. Knowing the voltage Vo at the oscilloscope and the generator output
voltage Vi, we can calculate the sample resistance via:
Ve —Vo

Rg=2-500)- T

(5.5)

Please note, that here Vg refers to the voltage that is set at the front panel of the gen-
erator. This corresponds to half the voltage that is applied across the whole circuit,
since usually half of the total voltage is dropped at the generator’s internal termination
and the other half across a matched 50 () load. We measure the exemplary value of
Rsa = 71.8Q in Fig. 5.8 a on sample A at Vg = 100mV s and fex = 5kHz.
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5.5.1.2 | Correcting for standing waves

At higher frequencies, a small impedance mismatch at the output of the generator and
a larger mismatch at the sample results in a standing wave between these components.
If we were to operate the generator at a constant output voltage, the current Is pass-
ing through the sample would vary with the excitation frequency fex. Since the high-
bandwidth input of the oscilloscope shows virtually no reflections in the spectral range
used here, there are no standing waves between the sample and the oscilloscope and
therefore Is is equal to current Ip into the oscilloscope (Is = Ip). For the time-resolved
measurements we generate a look-up table that adapts the generator output voltage Vg
such that Ip — and consequently Is — is kept constant, while sweeping the frequency.
To set up this table, we measure Ip = 50() - Vo as a function of frequency, where Vo
is the voltage measured at the oscilloscope. Figure 5.8 b presents an example of such a
measurement. The data was recorded on sample A at Vg = 100 mV . Simulating the
circuit in Fig. 5.8 a using LTSpice® XVII* reproduces the data obtained from the mea-
surement quite well. The only free parameter in the model is the parasitic capacitance
of the generator output. The lengths of the cables were measured using time-domain
reflectometry. The good agreement of measurement and simulation shows that our as-

sumptions on the circuit are justified.

5.5.2 | Supplementary Note 2: Annealing and Joule Heating

The time-resolved trajectories presented in the main text were measured at two types
of samples. Sample A has been annealed at a high current (Vg = 450 mVnns) for 30 min
prior to the time-resolved measurement, while great care has been taken to prevent
any amount of annealing for sample N2. Before and after the annealing we measure
the sample current Is at various generator voltages V. From this data we derive the
sample resistance Rs using the equation given in Chap. 5.5.1. The results of this mea-
surements are plotted in Fig. 5.9 a,b and show two distinct features: Most prominent
is a substantial reduction in sample resistance as a direct consequence of the anneal-
ing process. Secondly, we can identify a transient increase in sample resistance at high
currents, which is due to a temperature rise caused by Joule heating. In case of the
non-annealed sample, we only allowed for currents below a threshold of non-reversible
resistance changes, making sure its grain structure was not altered. The time-resolved
measurements have been conducted at currents of Is = 4.9mA s and Is = 2.2 mAms
for sample A and sample N2, respectively. Because of the heat generated by these cur-

4LTSpice® is a registered trademark of ANALOG DEVICES, Inc.
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Figure 5.9: Sample current Is as a function of the generator output voltage Vg and re-
sulting sample resistance Rg for annealed sample A (a,b) and non-annealed sample N2
(c,d). The resistance of sample A decreases after annealing, indicating an increase in
grain size. For sample N2 we take special care not to exceed a current threshold that
would alter the resistance.

rents, we found a respective drop in the saturation magnetization of 30 % and 10 % with
respect to the room-temperature value of about 440 Am~!. These values were derived
from Lorentz micrographs of the heated and unheated samples in comparison to sim-
ulated Lorentz images. The simulated images were generated using a combination of
micro-magnetic [63] and Lorentz image simulation [58]. Details on the technique are
discussed in the Chap. 4.4.

5.5.3 | Supplementary Note 3: Correlating image contrast and pinned
vortex core positions

In this note, we show that — based on our TRaPS data of sample A — the vortex core
is rather pinned at grain boundaries than inside grains. This analysis is based on the
fact that grains in bright-field images are identified by either high or low image intensi-
ties. Fig. 5.10 displays a histogram of the bright-field image of the annealed sample A
presented in Fig. 5.2 d in the main text. The dark gray bars indicate the distribution of
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Figure 5.10: Demonstration of a correlation between vortex core positions and inter-
mediate gray values in the bright-field image of sample A. (a) Distribution of the image
intensity of the bright-field image in Fig. 2d: (gray boxes) all pixels in Fig. 2d. (red
boxes) pixels where the core was found in the TRaPS measurement. The narrower dis-
tribution of the core- position-pixels indicates that the core rather resides outside of
grains. (b) Standard deviation of the intensity distribution of core-position pixels, if the
TRaPS data is displaced by (dx,dy). The distribution is minimally dispersed only for
displacements around zero. (c) Standard deviation of the intensity distribution of core-
position pixels for sample N1. Here, we find no correlation between the image intensity
and core positions.

the image intensity of all pixels. This distribution has a width, measured by the stan-
dard deviation, of ogr = 5.70 x 103cts, and significant foothills at high and low values
(marked with bright and dark backgrounds). In contrast to that, the red bars show the
image intensities found at the tracked vortex core positions (red dots in Fig. 5.2 d). This
chart is narrower (0rraps = 4.26 X 1O3cts) with no foothills, which indicates that the
core does not reside inside grains. To demonstrate that this is not a coincidental ob-
servation we investigate how the width of the distribution evolves if we displace the
tracked core positions above the bright-field image. Specifically, we add a displacement
vector (dx,dy) to the TRaPS data and recalculate the standard deviation (T%);’lfsy ) for the
resulting intensity distribution. If we repeat this process for various (dx,dy) we ob-
tain Fig. 5.10 b. In this figure, we see that the width (T%);’lfsy ) is minimal only for small
displacements around zero. This directly indicates a correlation between the measured
core positions and intermediate gray values in the bright-field image. We, therefore,
conclude that our measurements reveal a vortex core pinning at grain boundaries in the
annealed sample A. An identical evaluation based on the TRaPS and bright-field data of
the non-annealed sample N1 does not show such a correlation (cf. Fig. 5.10 c). This is in
line with the observations based on visual inspection stated in the main text. As we dis-

cussed there, this does not mean that no such correlation can exist, since the resolution
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of our bright-field image can limit our observations.
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5.5.4 | Supplementary Figures

Figure 5.11: Sample system: (a) Light microscope image of a sample frame with 16
silicon nitride windows (small blue squares). The bow-tie-like structures comprise the
wire-bonding pads on their sides and taper towards their center, contacting the mag-
netic microstructure. (b) False-colored scanning electron micrograph sample A. The
permalloy square (red) is contacted with cold contacts (yellow) and rests on an amor-
phous silicon nitride membrane (blue). The micrograph was acquired with an accelera-
tion voltage of 10kV using an in-lens detector.

Figure 5.12: TRaPS data visualized as a function of the slow tilt angle &,,. Both sweep
directions of a are plotted with the same color. The fast sweep direction ay The lines in
(a,b) are guides to the eye.
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Figure 5.13: Vortex core orbits of non-annealed sample N2 measured using time-
resolved Lorentz microscopy sorted in measurement order (scalebar: 200 nm). For tra-
jectories (e.g., at 90 MHz) appear to be bistable.

74



5.5. Supplementary Information

72.0 MHz 73.0 MHz 74.0 MHz 75.0 MHz 76.0 MHz
o0 L4
P . ot - 3.) . . ‘o
. ! ; i i
..,,,J" i\ ‘.,..l'. .°5. A < _.‘.
77.0 MHz 78.0 MHz 79.0 MHz 80.0 MHz 81.0 MHz
o, Semooets . Lo, oo, POl
N [ | I N P S |
i : i H : ¢ v
o™ gt R e R
82.0 MHz 83.0 MHz 84.0 MHz
-7 Sy s
%° K 2 o3 ( 4
% < L‘} '\.o‘
Soo @ee?
82.0 MHz 80.0 MHz 78.0 MHz 76.0 MHz 74.0 MHz
e de JRET ._...- -, s e, . r .
s . Z ..5 s “ 3 s %
£ i ! 3 : ; F
‘s 1Y '\- ,.,o' S, ': < .°s.
72.0 MHz

Figure 5.14: Vortex core orbits of non-annealed sample A measured using time-resolved
Lorentz microscopy sorted in measurement order (scalebar: 200nm). The number of
bistable trajectories is higher than for sample N2 (see Fig. 5.13).
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shown here, correspond to the choice of Epin, and opin which minimizes the median
radial deviation for the respective sample (scalebar: 200 nm).
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Insights into the interaction of magnetic textures with defects intrinsic to polycrystalline
films are highly sought-after, especially in the technologically relevant field of current-
driven magnetization dynamics [132, 160, 162, 166]. With this thesis, I presented two
publications (Chaps. 4 and 5) which represent a significant advance in the field of time-
resolved imaging of magnetic dynamics and in the probing of disorder in vortex nanos-
tructures.

In the first paper, I and my coworkers demonstrated the feasibility of time-resolved
Lorentz microscopy for the investigation of current-driven magnetization dynamics by
studying the spin-transfer torque-driven gyration of a magnetic vortex confined in a

permalloy nanostructure. The core achievements of this work are:

m the implementation of time-resolved Lorentz microscopy with radio-frequency
current excitation with < 3ps short electron pulses and a point resolution <

55nm,

m the demonstration of 2 nm vortex core localization precision at few-minute im-

age integration times under said experimental conditions,

m and the identification of a transient change in the frequency and damping of a

decaying vortex gyration attributed to disorder in the sample.

This work is continued with the second publication in Chap. 5, where the static and
dynamic pinning of magnetic vortices in films of varying grain sizes is studied. The

main advances of this work are:

® a reduction in acquisition time of time-resolved Lorentz micrographs by multiple

orders of magnitude with the implementation of a new photoemission source,
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m the development of “TEM rastering of pinning sites” (TRaPS), a TEM-based tech-
nique to locate static pinning centers in vortex nanostructures with a sub-100 meV

pinning potential,

m the design of an algorithm to reconstruct the quantitative two-dimensional pin-
ning potential from TRaPS data,

m correlating the time-resolved vortex gyration and data on static pinning provided
by TRaPS with structural information of the magnetic film,

m and thus the identification of grain boundaries as a source for vortex core pinning.

In summary, the results presented in this thesis establish ultrafast transmission elec-
tron microscopy with in-situ current excitation as a viable tool for the study of magneti-
zation dynamics. Together with the findings provided by TRaPS, it allowed insights into
the pinning of magnetic vortex cores in polycrystalline samples. The combined findings
of both methods provided evidence that grain boundaries are one source of pinning in

magnetic films.

6.1 | Future Work

6.1.1 | Origin of vortex core pinning

In Chap. 5, we found evidence that vortex pinning is correlated with grain boundaries
in the magnetic film. One possible cause for this behavior is the presence of grooves
at grain boundaries [208-210]. Since the vortex core is a region of high exchange and
magnetostatic energy, positioning it in a part of the sample with a reduced thickness
would be energetically favorable. In its most pronounced form, this has been demon-
strated by Uhlig et al. and coworkers, who found the vortex to be attracted by holes in
the nanostructure [132].

To investigate this, TRaPS data could be correlated to a topological map of the
sample. Such thickness measurements can be provided by TEM, e.g., via electron en-
ergy loss spectroscopy [211-213] or convergent beam electron diffraction [51]. Alter-
natively, specialized methods like scanning tunneling microscopy [214] or atomic force
microscopy [215] could be employed.

The results of the sample topology can then be used to perform micromagnetic sim-
ulations. Min et al. and coworkers, for example, modeled thickness fluctuations by

locally altering the saturation magnetization [165, 166].
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6.1.2 | Future of TRaPS

As demonstrated in this thesis, TRaPS is a very capable method for studying the in-
teraction between nanoscopic magnetic objects and defects in their host films. With
sub-100 meV resolution in the reconstructed pinning potential, TRaPS is on par or even
surpasses other methods developed for this task. Most notably, these other methods
are based on the magneto-optical Kerr effect (see Chap. 3.3) [161-164] or nanomechan-
ical torque magnetometry [157, 216, 217]. Where these methods only produce a scalar
output when scanning the magnetic field, TRaPS provides a full image of the magnetic
configuration at every scan position.

Yet, the implementation of TRaPS presented in this thesis only constitutes a proof-
of-concept demonstration of the method. Two experimental improvements which could
be implemented with readily available equipment are:

1. The use of a conventional Schottky or cold field emission gun to reduce image
acquisition time. In this thesis, we used the modified UTEM gun in its continu-
ous emission mode, which provides at least one order of magnitude lower beam

current than a commercial unmodified Schottky emitter.

2. The use of an in-plane magnetizing sample holder instead of tilting the sample
in an out-of-plane bias field [218-220]. This would allow to speed up the data
acquisition, as it would avoid waiting for the tilt stage to drift to its final position,
which accounts for the bulk of the acquisition time.

Additionally, the simple algorithm for the reconstruction of the pinning potential
from TRaPS data can be improved upon. The ansatz of a convolution of the TRaPS map
with a gaussian pinning potential could be replaced with a treatment of the individual
defect sites. One possible alternative approach can be the use of a clustering algorithm
to identify these sites [221].

6.1.3 | Beyond Fresnel imaging

Until today all studies imaging magnetization dynamics using UTEM make use of Fres-
nel contrast, directly [25, 198, 222]. Phase retrieval approaches offer to reconstruct the
phase of the electron wave passing the magnetic material. Utilizing aberration-corrected
instruments, these have been used to image magnetic solitons in a helical antiferromag-
netic phase, which were < 4nm in size [223]. While phase retrieval has commonly been
done via the transport-of-intensity equation [41, 224], recently the use of differential
programming has been reported [225]. Favorably for UTEM—where the average beam
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current is usually limited—this approach offers to be more resilient against noise in the
input image.
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Figure 6.1: Illustration of electron holography and pixelated DPC. (a) In electron
holography the sample (object wave) is illuminated next to a region of empty space (ref-
erence wave). By interfering the object with the reference wave, a hologram is formed,
which allows the reconstruction of the phase imprinted on the object wave by the sam-
ple. (b) For pixelated DPC a focused electron beam is scanned across the sample. At
every scan position, the transmitted electron beam is recorded in the far field. Reprinted

from Ref. [226]. © 2020 IOP Publishing. Preproduced with permission. All rights re-
served.

In addition, electron holography or differential phase contrast (DPC) could also be
combined with UTEM to improve the spatial resolution imaging magnetization dynam-
ics (cf. Fig. 6.1). Electron holography allows direct access to the Aharonov-Bohm phase
by interfering a reference wave with part of the wave that passed the magnetic object,
using a biprism [60, 227-229]. Recently, it has been demonstrated that electron hologra-
phy is capable of resolving magnetic field in a CoFeB/Ta multilayer sample with sub-
1 nm resolution [42, 230].

DPC, on the other hand, is a method based on scanning transmission electron mi-
croscopy (STEM), where a focused probe is scanned across the sample to generate an
image. The magnetic induction of the sample is measured by recording the deflection
of the electron beam due to the Lorentz force (see Eq. 2.4). Since, for magnetic sam-

ples, DPC has to be performed in field-free conditions, a secondary focusing lens further
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from the sample has to be utilized, reducing the spatial resolution otherwise available in
STEM. While these lenses often suffer from strong spherical aberrations, a resolution of
1nm has been demonstrated using an aberration corrector in a commercially available
instrument [172]. In addition, Shibata et al. and coworkers have developed an objective
lens design that allows for atomic resolution with < 0.2mT field at the sample [173].
This was realized, by symmetrically placing two magnetic lenses above and below the
sample, with fields that cancel each other at the sample region.

Figure 6.2: Comparison between the magnetic contrast of a Fresnel micrograph and
an image acquired using pixelated DPC. The sample is a 30 nm thick and 2 pm x2 pm
large permalloy (NigpFep) square on a 30 nm thick SiN membrane. The DPC has been
calculated based on the shift of the center of mass of the bright field disk in the diffrac-
tion images. Scalebar: 1pm. Gratefully provided by John H. Gaida. © 2022 John H.
Gaida.

A preliminary DPC image recorded by John H. Gaida at the Gottingen UTEM is
shown in Fig. 6.2 next to a Fresnel micrograph. Unlike traditional DPC, where the beam
deflection is detected with segmented detector [40, 231], here, a full diffraction image
was recorded at every scan position (see also Fig. 6.1b). The deflection angle can then be
calculated from the center of mass of the bright-field disk [232]. This method is called
pixelated-DPC and is a variant of 4D STEM, where STEM signals are recorded with fast
TEM cameras [65, 226, 233-235]. One advantage of pixelated DPC is an increase in infor-
mation transfer efficiency for many spatial frequencies over segmented detectors [233].
Additionally, DPC has been used to disentangle magnetic and grain contrast [236].

In addition, Lorentz electron ptychography is currently also in development [237].
It combines pixelated DPC with electron holography and also allows for an algorithmic
reconstruction of the electron phase. For low-dose cryo-electron microscopy, ptychog-
raphy has been demonstrated to reduce the necessary electron dose by two orders of

81



Chapter 6. Summary and Outlook

magnitude for the same phase sensitivity compared to Fresnel imaging [238, 239]. If
these findings can be reproduced for imaging magnetic samples, this could especially
profit UTEM, due to its constraints on the average electron current.

6.2 | Final Remarks

The achievements presented in this cumulative thesis showcase the potential of time-
resolved Lorentz microscopy for the study of current-driven magnetization dynamics.
With the implementation of more advanced imaging techniques, future studies will
see further improvement in spatial resolution and may enable quantitative insight into
nanoscale magnetic processes. With the ongoing search for ever-smaller magnetic tex-
tures, investigating the role of defects intrinsic to the magnetic host materials will be
of increasing importance. Here, TEM will be able to make vital contributions, using
methods like TRaPS in combination with the nanoscale characterization of magnetic

thin films.
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