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”One of the painful things about our time is that those who feel certainty are
stupid, and those with any imagination and understanding are filled with doubt

and indecision.”

Bertrand Russel, New Hopes for a Changing World, (1951)





Zusammenfassung

Zusammenfassung

Es werden die ferromagnetischen Resonanzeigenschaften biogener Magnetit-Nano-
partikel mit einem Durchmesser von ca. 35 nm untersucht. Diese Nanopartikel
sind in Magnetosomen (Ketten mit ca. 12 Partikeln) angeordnet und entstammen
dem Bakterium Magnetospirillum gryphiswaldense. Ferromagnetische Resonanz-
messungen an einzelnen Magnetosomen zeigen, dass die Eigenmoden einzelner
Partikel sowie kollektive Moden gekoppelter Partikel spektroskopisch erfasst wer-
den können. Die spektralen Eigenschaften sind im Wesentlichen durch die dipola-
re Kopplung zwischen den Einzelpartikeln bestimmt. Es wird gezeigt, dass diese
Kopplung die Grundlage für magnonische Anwendungen wie Spinwellenlogik und
neuro-inspirierte Magnonik auf der Nanoskala bildet. Zwei Genotypen des Bak-
teriums werden untersucht: Wildtyp und ∆-mamk Mutante. Unterschiede in der
geometrischen Anordnung der Magnetosome und den damit assoziierten spektra-
len Eigenschaften dieser beiden Genotypen erlauben einen Ausblick auf genetisch
kodierte und bio-inspirierte Spinwellenlogik. Zwei idealisierte Logikgatter wer-
den mithilfe der aus den Experimenten gewonnenen Informationen erstellt. Die
Messergebnisse sind mit mikromagnetischen Simulationen unterfüttert.

Eine neue Messtechnik zur Charakterisierung hochfrequenter Spin-Dynamik
an Nanoobjekten im Transmissionselektronenmikroskop wird vorgestellt; Die-
se Arbeit zeigt die Entwicklung des benötigten Messaufbaus und erste experi-
mentelle Ergebnisse. Die Funktionsweise dieser neuen Messtechnik wird anhand
verschiedener Experimente gezeigt: Mit Hilfe eines Transmissionselektronenmi-
kroskops wird erstmals die resonante Kopplung zwischen elektromagnetischen
Schwingungen (mit Frequenzen der Größenordnung 10 GHz) und magnetischen
Proben mittels Elektronenstrahl untersucht. Die hierbei gemessenen dynamischen
Trajektorien des Elektronenstrahls geben Aufschluss über die resonanten Eigen-
schaften von Mikro- und Nanostrukturen. Gleichzeitig erlauben sie die ortsaufge-
löste Messung der Mikrowellenverteilung in Nanoobjekten. Die Elektronenspinre-
sonanz einer, mit einem Mikroresonator angeregten, Probe wird direkt mit dem
Elektronenstrahl gemessen. Zudem wird die Messung der Ferromagnetischen Re-
sonanz einzelner Nanopartikel an einem Magnetosom demonstriert. Mittels eines
eigens entwickelten Auswerteverfahrens wird die Ortsauflösung des TEM für die
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Zusammenfassung

Mikrowellenspektroskopie genutzt. Damit werden Informationen über die Ampli-
tudenverteilung der Mikrowellenschwingung des Magnetosoms bei verschiedenen
Eigenmoden der Partikelkette gewonnen.

Ein verallgemeinertes Modell zur Beschreibung resonanter Eigenzustände in
geometrisch eingeschränkten chiralen Systemen wird vorgestellt. Dieses erlaubt
erstmals die analytische Vorhersage und Beschreibung von Magnetresonanzspek-
tren nanoskaliger chiraler Magnete.
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Abstract

Abstract
Ferromagnetic resonance spectroscopy was employed to characterize the spectral
properties of collective magnetic oscillations – spin-waves (magnons) – in indi-
vidual chains of dipolar coupled magnetic nanoparticles. These biogenic particles
have a diameter of about 35 nm, are arranged in magnetosomes (chains of parti-
cles) containing about 12 particles each, and are biologically synthesized in the
bacterium Magnetospirillum Gryphiswaldense. The experiments show that the
eigenmodes of individual nanoparticles, as well as complex coupling modes, can
be spectroscopically resolved. The dipolar coupling between individual nanopar-
ticles dominates the spectral properties of the eigenmodes. The presented results
show that this coupling forms the basis for nano-sized spin-wave logic gates. Two
genotypes, wild-type, and ∆-mamK mutant, are investigated. The geometric
difference in the chain arrangements of the mutant and the wild type gives rise to
distinct spectral properties. Based on the experimental results, two candidates
for spin-wave logic gates are presented. The biological encoding of the chain ge-
ometry may, in the future, allow for genetically encoded magnonics circuits to be
harvested from bacteria.

A new measurement technique is developed, which enables the investigation of
microwave dynamics, such as electron spin resonance, vortex dynamics, and fer-
romagnetic resonance, on the nanoscale using a transmission electron microscope.
This technique allows, for the first time, to investigate the coupling between the
electron beam, a microwave excitation, and a material’s response at frequencies
of the order of 0.01 − 20 GHz. The dynamic deflection of the electron beam by
such microwave fields yields spatially resolved insight into the resonant properties
of micro- and nanostructures. Sensitivity to magnetic resonance is demonstrated
using a standard paramagnetic marker material. Spatial resolution is observed in
the ferromagnetic resonance modes of a magnetosome.

An analytic model of the spectral response of confined magnets with chiral
spin-spin coupling is derived. This model predicts resonant eigenmodes present
only in chiral magnets. It gives the possibility to quantitatively derive the chiral
coupling energy form ferromagnetic resonance spectra of confined chiral magnets.
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Nomenclature

Nomenclature
AFC Automatic frequency control used to ensure that FMR measurements

always represent the reflected microwave power at the current eigenfre-
quency of the system.

BLS Brillouin light scattering used to obtain information about momentum
transfer between light and, e.g., magnons

CPU Central processing unit used to compute logic operations

DMI Dzyaloshinskii-Moriya interaction

DPPH 2,2-diphenyl-1-picrylhydrazyl, a reference material for magnetic reso-
nance measurements.

ESR Electron spin resonance

FFT Fast Fourier Transformation, a numerical Fourier transformation

FMR Ferromagnetic resonance, resonant precession of magnetic moments.

SEMPA Scanning electron microscopy with polarization analysis used to char-
acterize surface spin states.

SEM Scanning electron microscope

SAD Small-angle diffraction, a method used to investigate periodicity with
large periodic spacings, i.e., small diffraction angles.
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1 INTRODUCTION

1 Introduction
Magneto dynamic phenomena in nanomagnetism are drawing increasing atten-
tion. Magnetic transport properties, such as the conduction of spin-waves [1, 2, 3],
and the nucleation and transport of magnetic spin textures such as skyrmions [4,
5, 6, 7, 8, 9] are essential for future spintronic devices [10, 11, 12]. Improvements
in spectroscopic methods have enabled experimental access to high-frequency spin
dynamics (1 GHz to 40 GHz) in micro- and nano-sized systems [13, 14, 15, 16].
Downscaled resonators called “micro-resonators” [17, 18, 19, 20] enable Ferromag-
netic resonance experiments on micro- and nano-sized samples in a conventional
cavity setup. Together with Scanning transmission X-ray microscopy[21], spatial
resolution[22, 23] (50 nm) along with element specificity[24, 25, 26] and phase
sensitivity[24, 27] is achieved. Vortex dynamics in the lower frequency regime
(up to ca. 1 GHz) have also been resolved with STXM [28, 29, 30]. Recent devel-
opments in transmission electron microscopy, now too, enable the time-resolved
observation of magnetization dynamics[31, 32] (up to ca. 1 GHz). The advantage
of TEM based experiments is the simultaneous access to an ever-growing vast
amount of characterization methods[33]. In this work, I demonstrate Ferromag-
netic resonance measurements on confined nanostructures. In addition, a new
method to measure Ferromagnetic resonance in the TEM with spatial resolution
and without the need for ultrafast time resolution or stroboscopic equipment is
demonstrated. The results of my work are structured into three main sections:

• The resonant magnetic properties of individual nanoparticles measured by
Ferromagnetic resonance spectroscopy.

• A TEM based method to perform and spatially resolved magnetic resonance
experiments with nanometer resolution.

• A theoretical description of the spectral properties of spin-waves in geomet-
rically confined in chiral magnets.

Before the main sections are presented, introductory Section 2 lays out the fun-
damental theoretical and experimental principles employed in this work. In the
following three paragraphs, each of the three main sections is briefly introduced.
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1 INTRODUCTION

In Sec. 3, the resonant magnetic properties of individual magneto-statically
coupled nanomagnets are described. These particles are magnetostatically cou-
pled and arranged in magnetosomes (ca. 12 particles). Ferromagnetic resonance
measurements on individual magnetosomes show the resonant absorption of sin-
gle nanoparticles (∼ 353 nm3 in size) as well as the resonance of coupled modes.
The experimental results are supplemented with micromagnetic simulations to
gain insight into the intriguing coupling phenomena of few magnetostatically
coupled nanomagnets. A new concept for nanomagnonics is described along with
a potential nanomagnonic logic gate. The results presented in this Section yield
experimental and theoretical insight into the resonant magnetic properties of in-
dividual coupled magnetic nanoparticles.

In Sec. 4, I develop two new techniques to perform magnetic resonance ex-
periments in the transmission electron microscope. In the first approach, the
magnetic resonance of a sample is probed by measuring the interaction between
the parallelized electron beam (in diffraction mode) and the microwave field gen-
erated by a microresonator. Similar to a conventional cavity experiment, the
resonator is detuned when the sample approaches into resonance. This implies a
change of the microwave field, which has a characteristic impact on the deflection
of the electron beam. In the second approach, I demonstrate that the native
spatial resolution of the TEM (in real space imaging) can be harnessed to obtain
spatial information on the distribution of microwaves. Resonant absorption of
a microwave excitation by a magnetic nanostructure implies an accumulation of
microwave energy in that structure. The energy is stored in the form of magnonic
excitations, hence the distribution of spin-wave amplitude can be measured via
this technique. The presented results are supplemented with micromagnetic sim-
ulations.

In Sec. 5, I derive a model that describes the ferromagnetic resonance spectra
of confined magnetic structures that exhibit chiral coupling (e.g., Dzyaloshinskii-
Moriya interaction (DMI)). In a recent publication[34], we predicted that standing
waves in chiral magnets show unusual properties. Due to the broken inversion
symmetry, the total momentum of a standing wave is nonzero. This property
allows modes which usually cannot be excited in a cavity FMR experiment to
be excited anyway. The model I present in this Section analytically predicts the
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spectral distribution of the spin-wave amplitude (and thus the signal measured
in FMR experiments). Hence, it allows the evaluation of the spectral fingerprint
of DMI to determine the chiral coupling constant (i.e., the magnitude of DMI)
from conventional cavity measurements.

Some of the work done in the context of this thesis is already published and,
therefore, not explained in detail in this thesis. Instead, it is cited in the relevant
place. See Section 6 for a list of my publications.
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2 RESONANT SPIN DYNAMICS

2 Experimental Background

This section lays out the experimental and theoretical concepts employed in this
work. The two most relevant topics are the resonant dynamic properties of mag-
nets and the concept of transmission electron microscopy.

2.1 Resonant spin dynamics

Spin waves, or their quantum mechanical pendant called magnons, are local vari-
ations of the dipolar magnetic moment in materials. Their resonant proper-
ties can serve as a means of characterizing interactions such as chemical bonds
(i.e., valence states) [35] or magnetic coupling [36]. Magnons are carriers of
spin-angular-momentum [37] and can often serve as the mediators of collective
magnetic phenomena such as the formation of spin textures [38], magnetization
reversal, and domain wall motion [39]. In thermal processes, the population of
the magnon density of states describes the reduction of the effective magnetiza-
tion of a given substance as a function of temperature [40, 41, 42] resulting in
the Curie-Weiss law and Bloch’s law [43]. One may even describe domain-walls
in terms of spin-wave solitons [44]. A domain wall would then be assembled
of waves with effectively zero frequency but nonzero-wavelength. Magnons can,
therefore, be regarded as the fundamental constituents of static spin textures a
well as spin dynamics. Spin textures may be assembled of spin waves, which are
stationary in space and time. Standing spin waves in confined geometries, on the
other hand, can be assembled of magnons stationary in space but dynamic in
time, or dynamic in both space and time. Stationary and non-stationary mode
profiles may emerge [34]. In the general case, any spin texture, static or dynamic,
can be dissected into a series of elemental wave functions. In that sense, a spin
texture, which may in itself be a quasi-particle maybe be assembled of magnons
as its fundamental building blocks. Hence certain particles like the skyrmion [45]
– which was proposed but not yet been discovered in particle physics – can be
constructed from spin-waves as a magnetic soliton [46]. A relatively recently pro-
posed application of spin-waves lies in the emerging field of magnonics [47]. In
this context, spin waves are employed as carriers of information, and their inter-
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2 RESONANT SPIN DYNAMICS 2.1 Spin-Wave spectroscopy

action can be harnessed for logic operations [48, 49, 2, 50, 51]. In this section,
the fundamental principles of spin-dynamics, ferro- and paramagnetic resonance,
and resonator-based spin-wave spectroscopy are introduced.

2.1.1 Spin-Wave spectroscopy

Spin-Wave spectroscopy deals with high-frequency spin dynamics, which denotes
time-dependent effects in spin systems at frequencies typically of the order of
1 to 100 GHz (compare Fig. 2.1). This is the regime where resonant effects
occur in many Ferromagnetic materials. For many antiferromagnets and high
energy eigenmodes in ferromagnets, terahertz frequencies need to be considered.
In such cases, the term ultrafast- or terahertz-dynamics is used. One example of
such ultrafast dynamics is nutation [52], which arises when an inertia-like force
[53, 54, 55] is acting on the magnetization [56]. The upper frequency-limit of
spectral properties, related to ferromagnetic resonance, lies around 100 GHz. In
the kilohertz regime, up to frequencies of the order of 1 GHz, other relaxation
effects, like spin reversals and vortex dynamics, are dominant [32, 57, 58, 59].
Spin-Phenomena, with characteristic frequencies near and below the kilohertz
threshold, can often be regarded as adiabatic.

Braunbeck [60] has done a rigorous derivation of the dynamic motion of a
magnetic top under periodic excitation in three-dimensional space. The resonant
properties of spin systems under microwave excitations are discussed in [61] and
[37] for spin waves of various wave-vectors in quantum and classical models in
great detail. In [62], ferromagnetic resonance (FMR) is explained using a classical
macro-spin model; many special cases are described alongside detailed examples
of fundamental principles. A comprehensive discussion of paramagnetic resonance
phenomena (EPR) can be found in [63, 64], and a description of antiferromagnetic
resonance has been established in [65] and [66]. A derivation of the susceptibility
of ferro- antiferro- and paramagnets towards microwave stimuli – the so-called
high-frequency susceptibility – under various constraints has been performed in
[67, 62, 68, 69, 70, 71], and a general derivation of the high-frequency susceptibility
tensor for ferromagnets with various forms of spin-spin and spin-orbit coupling
is given in [72]. Electron paramagnetic resonance (EPR) describes the resonant
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Figure 2.1: Typical spectral range of spin resonant phenomena with the dynamics
of spin textures, e.g., vortex gyration at ca. 100 MHz, Ferromagnetic resonance
around 10 MHz and exchange-coupled spin waves up to 1 THz.

absorption of microwaves due to splitting of electron eigenstates, caused by the
magnetic moment of the electron (Zeeman splitting) as well as the interaction of
the magnetic moments of electrons and nucleus (hyperfine splitting) [35]. For the
simplest case of an unpaired electron, the Zeeman splitting ∆E is given as

∆E = }γeBappl

where } is Planck’s constant, Bappl is an externally applied magnetic field, and
γe is the gyro-magnetic ratio gµB

} of the free electron with the Landé g-factor
g = ge = 2.0023. Hence the resonance frequency ωres is given through

ωres

γe
= Bappl. (2.1)

In the case of a bound electron, orbital angular momentum plays a role and
is accounted for by a variation of the Landé g-factor such that

g = 3
2 + S (S + 1)− L (L+ 1)

2J(J + 1)

with the spin angular momentum S =
∥∥∥~S∥∥∥ = 1

2 , the orbital angular momentum
L =

∥∥∥~L∥∥∥, and the total angular momentum J =
∥∥∥~L+ ~S

∥∥∥. Here the spectral
splitting may vary depending on the orientation of the magnetic field relative to
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2 RESONANT SPIN DYNAMICS 2.1 Spin-Wave spectroscopy

the symmetry of the orbitals. In this case, a g-tensor can be introduced, which
results in an angular dependent g-factor [35]. The concept of EPR is relevant
in Sec. 4.2, where paramagnetic resonance is measured by means of an electron
beam.

Ferromagnetic resonance, on the other hand, can be understood when consid-
ering a magnetization, which is variable in space and time ~M (~x, t) and comprises
a static magnetization component ~M0 (~x) and a small perturbative contribution
~m which is oscillatory in space and time such that

~M (~x, t) = ~M0 (~x) + ~m exp
(
ı
(
~k · ~x+ ωt

))
(2.2)

where ~x and t denote space and time, while ω and ~k represent frequency and
reciprocal space. The perturbation ~m is considered as an infinitesimal such that
‖m‖2 � ‖M0‖2, and ~m contributes to ~M only in second order and above. The
magnetization obeys the Landau-Lifshitz-Gilbert [73, 74] equation

~̇M = −γ ~M × ~B0 −
α

M
~M × ~̇M, (2.3)

where ~̇M is the time derivative of the magnetization, γ is the gyro-magnetic
ratio, ~B is an effective magnetic field, and the Gilbert damping α serves as a
dimensionless scaling factor for a viscous damping. The equation is equivalent
to the Landau-Lifshitz equation [75] and may appear in alternate forms using
different normalizations of γ and α. It may also appear with additional terms,
see, for example, [76], where the transfer of angular momentum between charge
current and magnetization is taken into account. The mathematical properties of
this cross-product equation, however, remain unchanged; For small perturbations,
it describes a precessing motion of the magnetization around its equilibrium.

Considering now the microwave excitation to be a small oscillatory contribu-
tion ~b, with infinitesimal properties similar to ~m, to the effective field, one may
write

~B (t) = ~B0 +~b exp (ıωt) (2.4)

for a uniform excitation. One may also introduce spatial variations in ~B to
describe nonuniform excitations. The uniform case, however, is chosen for sim-
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2.1 Spin-Wave spectroscopy 2 RESONANT SPIN DYNAMICS

plicity. Eq. 2.3 is then solved for the dynamic magnetization contribution ~m with
perturbations 2.2 and 2.4 to obtain the relation

~m = χ ·~b (2.5)

where χ is the high-frequency susceptibility tensor (see, for example, [72]). The
high-frequency susceptibility depends on the frequency as well as on the effec-
tive field B0, which accounts for anisotropy, demagnetization fields, and coupling
between magnetic moments. These parameters may, in turn, depend on ex-
ternal stimuli like strain and temperature. B0 may be linearly altered by an
externally applied magnetic field. For specific frequencies or applied fields, χ
becomes maximal, meaning that a small dynamic microwave field ~b may induce
a strong oscillation of the magnetic component ~m. In this case, the system is in
resonance. The effective field ~B0 is given by the gradient of the magnetic con-
tribution to the Helmholtz free energy density functional F

(
~Bappl, ~M

)
[62] with

~B0 = ~∇ ~MF
(
~Bappl, ~M

)
, where ~Bappl is an externally applied magnetic field. The

Helmholtz free energy density functional describes the magnetic anisotropy of a
system as an energy Landscape, which is minimized by the alignment of the mag-
netization. Different contributions, such as the magnetocrystalline anisotropy
FCrystal

(
~M
)
and the shape anisotropy FShape

(
~M
)
contribute to F . The exter-

nally applied field ~Bappl appears in the form of the Zeeman energy density Fz =
~M · ~Bappl. The complete expression for F is then given as the sum of all anisotropic
contributions F

(
~Bappl, ~M

)
= FCrystal

(
~M
)

+ FShape
(
~M
)

+ Fz
(
~Bappl, ~M

)
+ . . .1.

Solving equation 2.3 for the resonance frequency [77, 62] yields

ωres

γ
=

√
(1 + α2)

M sin (θM)

√√√√ d2

dθ2
M

F
d2

dφ2
M

F −
(

d2

dθMdφM
F

)2

(2.6)

as the condition under which Ferromagnetic Resonance (FMR) occurs. Here
d

dθM
and d

dφM
denote the angular components of the derivative ~∇ ~M in spherical

coordinates. If the applied field in Eq. 2.6 is sufficiently larger than all of the

1For a crystalline material, these are the most common contributions. More may arise
depending on the complexity and size of the system.
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2 RESONANT SPIN DYNAMICS 2.1 Spin-Wave spectroscopy

anisotropy fields included in ~B0, ωres depends linearly on ~Bappl with

ωres

γ
= Banis +Bappl, (2.7)

where Banis is an offset that depends on the anisotropy and the direction of ~Bappl.
The concept of FMR is relevant in sections 3, 4.4, and 5.

2.1.2 Resonator based spectroscopy

In this Section, the basic properties of a resonator-based measurement are intro-
duced. These properties are relevant in sections 3.1 and 4.2, where the response
of a microresonator to a microwave stimulus is measured. With the resonator
coupled to a magnetic material, the resonant characteristics of the material can
be probed. Instead of considering the details of a three-dimensional spin system,
it is helpful to think of a one-dimensional oscillator. This not only helps to better
understand the more complicated case, but it already forms an understanding of
the measurement technique of ferromagnetic resonance (FMR). An intuitive un-
derstanding of resonator-based magnetic resonance measurements can be gained
by considering the simple model of a coupled pendulum. Here the dynamic prop-
erties of a driven resonator x1 (t) are related to the dynamics of a sample x2 (t)
through the coupled equations of motion

ẍ1 (t) + α1ẋ1 (t) + Ω2
1

(
1 + k1Ω2

1

)
x1 (t) + d exp (ıωt) = k1Ω4

1x2 (t)

ẍ2 (t) + α2ẋ2 (t) + Ω2
2

(
1 + k2Ω2

2

)
x2 (t) = k2Ω4

2x1 (t)

where αi denote the damping of each oscillator, Ωi are the base frequencies of the
uncoupled oscillators, ki ∝ k (mi)−1 with coupling constant k and masses mi are
the re-normalized coupling constants respecting the inertia of each oscillator and
d is an infinitesimal excitation. If the eigenfrequency of the sample approaches
that of the resonator, the spectral properties of the resonator are perturbed, as
shown in Fig. 2.2. A shift in the eigenfrequency of the resonator away from the
eigenfrequency of the sample (compare Fig. 2.2 b)) is accompanied by a decrease
in the oscillation amplitude (compare Fig. 2.2 c)), where A1 is the oscillation
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Figure 2.2: Dynamic behavior of coupled system according to Eqs. 7.8, and
7.9. The relevant quantities are depicted as a function of the base frequency of
the sample Ω2. In this example, the following parameters have been used: Base
frequency of the Resonator: Ω1 = 1, coupling k1 = 0.00013, coupling k2 = 0.013,
damping α1 = 0.01, damping α2 = 0.2. a) Eigenfrequencies ω1

res and ω2
res

derived as the root of Eq. 7.16, alongside the eigenfrequencies ω1 and ω2 of the
simplified problem 7.17. The amplitude localization, i.e., whether the oscillation
is performed either by pendulum P1 or pendulum P2 or both, is shown as a color-
coding. b) same as a) with the x-axis rescaled, to reveal how the eigenfrequency
ω1

res is altered where ω1 and ω2 meet. c) The oscillatory amplitude contributions
Ai = ‖ai‖ at the eigenfrequencies ωires. d) The relative phases φi = arg (ai)
corresponding to the amplitudes in c).

amplitude of the resonator and A2 is the oscillation amplitude of the sample.
Additionally, a change in the relative phase is observed where, in resonance, the
phase of the sample is shifted by ±90◦. The ±-symbol relates to the out-of-
resonance cases where the frequency of the resonator is much higher or much
lower than the eigenfrequency of the sample, respectively. The details of the
theoretical description of this general case of a coupled pendulum are described
in appendix Sec. 7.1.
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2 RESONANT SPIN DYNAMICS 2.2 Transmission electron microscopy

In a reflection measurement, the amplitude decrease of the resonator in reso-
nance with the sample can be measured as an increase in reflected power under
continuous excitation. The reason for this increase is that less power can be
stored in the oscillation of the resonator when the eigenfrequencies of resonator
and sample coincide. This property is used in Sec. 3, where a microresonator
is employed to measure the Ferromagnetic resonance of individual nanoparticles.
The shift of the eigenfrequency is used as a detection mechanism for TEM based
electron spin resonance measurements in Sec. 4.2. It is also found to be an in-
trinsic property in dipolar coupled nanoparticles discussed in Sec. 3, where the
coupling facilitates spectral repulsion strong enough to form band gaps.

2.2 Transmission electron microscopy

This section gives a very brief introduction to the concepts of transmission elec-
tron microscopy, which are used in this work. In a transmission electron mi-
croscope (TEM), a high energy (about 80 keV-300 keV) electron beam is passed
through an electron-transparent sample. When traversing the sample, the elec-
trons interact with it in various ways. Information about this interaction can be
recorded with a variety of detection mechanisms[33]. The essential techniques
in this thesis are bright-field imaging, small (low) angle diffraction (SAD), and
Lorentz microscopy. These shall be briefly explained in the following sections.
Figure 2.3 shows a simplified illustration of the trajectory of the electron beam
(green) as it passes through a microscope. An electron beam is generated at
a cathode and accelerated downwards along the column. A system of magnetic
lenses (here represented as condenser lens) focuses the beam onto a sample. After
traversing the sample, the beam is focused using an Objective lens, or alterna-
tively a Lorentz lens [33, 78]. A projective system then projects the image onto
a screen.

Bright-field imaging In bright-field imaging, a parallelized electron beam is
passed through a section of the sample. The resulting image, which appears in the
image plane after traversing the objective lens, is then focused on a screen. Here
the contrast arises mostly due to the absorption and deflection in the sample.
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Figure 2.3: Schematic representation of the electron beam (green) passing
through the electron-optical lens system of a TEM.

The thickness governs the former, and the latter is mostly determined by the
atomic mass Z of the sample. Additionally, Bragg diffraction may cause portions
of the electron beam to be deflected into specific directions if the beam is aligned
with a zone axis of an observed crystal. The maximum thickness for a sample to
be electron transparent in bright-field imaging is usually of the order of 100 nm
and varies with the atomic mass Z. The spatial resolution in bright field imaging
is typically of the order of 0.5 nm.

Electron diffraction In electron diffraction [79, 80], the diffraction pattern is
focused on the screen. When electrons traverse a (quasi-) periodic structure, they
will be diffracted, forming a diffraction pattern on the screen. This pattern has
characteristics of a Fourier transformation of the structure and arises due to the
wave nature of the electrons. For a given acceleration voltage U, the wavelength
of electrons is given as

λ = h · c√
(e · Ua)2 + 2 · Ua · e ·me · c2
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where h = 6.626 · 10−34 J · s is Planck’s constant, c = 299792458m/s is the speed
of light, e = 1.602 · 10−19 A · s is the charge and me = 9.109 · 10−31 kg the mass of
an electron. For a periodic lattice, an interference (or diffraction-) pattern results
from the diffraction of this wave, according to the Laue equations [43]. In contrast
to real space images, where relative distances in the sample are represented as
distances on the screen, here, relative deflection angles of the beam are represented
as distances on the screen. These correspond to the reciprocal spacing of the
lattice planes in the sample. In small-angle diffraction (SAD), small angular
deflections of the beam can be resolved by employing a large camera length. The
camera length is the (effective) distance between the point where the scattering
occurs and the screen onto which it is projected. It can be varied via magnification
of the diffraction plane. The spatial resolution of electron diffraction is of the
order of 1 nm. In SAD, however, the resolution is of the order of several µm as
the beam has to be spread out to achieve coherence over a long distance. This
technique is used in sections 4.1 and 4.2 to resolve the deflection of the electron
beam by an external microwave field with a spatial resolution of 30 µm.

Lorentz microscopy In Lorentz microscopy, the objective lens is replaced by
a Lorentz lens, which is located further away from the sample. This reduces
the magnetic field at the sample position to less than 1 mT. Lorentz lens and
Objective lens are also used in combination such that the Objective lens generates
a desired magnetic field at the position of the sample, and the Lorentz lens is used
to focus an image of the sample into the projection system [78, 81]. This technique
is used in sections 4.2 and 4.3 to record spatially resolved frequency-dependent
FMR in TEM imaging with a spatial resolution of 2 nm.
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3 Resonant properties of individual
nanoparticles

In this chapter, the resonant properties of assemblies of individual magnetic par-
ticles are investigated. As a model system, magnetotactic bacteria of the type
Magnetospirillum gryphiswaldense were used. These bacteria form magnetosomes
of magnetite (Fe3O4) [82] nanoparticles, where each particle has a diameter of
about 35 nm [83, 84, 85] and magnetostatically couples to its neighbors. The par-
ticles are single crystal [82], and one of their magnetic easy <111> axis is aligned
along the magnetosome chain [86]. In nature, these particle chains are employed
for magnetotaxis [83], i.e., as a means of aligning the bacterium with the earth’s
magnetic field. With a magnetization of 4.8 · 105 A/m [87], the total magnetic mo-
ment of each particle is about 2.2 · 106µB. The wild-type favors mostly straight
chains. More intricate particle formations are observed in a mutant, where kinked
and dendritic arrangements occur more frequently (see Fig. 3.1).

3.1 Biogenic Magnetite

In this Section, the magnetic resonance properties of magnetosome chains in
the magnetotactic bacterium Magnetospirillum gryphiswaldense (strain MSR-1,
wild-type [83] and ∆mamK [89]), are analyzed. The magnetic parameters of
these systems have previously been characterized [87] (compare Tab. 3.1), and
magnetic resonance experiments of large amounts of magnetosomes have been
performed earlier [87, 90]. This study focuses on individual magnetosomes, where
the resonant response of each nanoparticle is recorded. It turns out that the bulk
models [91] applied in previous studies do not hold when individual particles and
chain segments are spectroscopically resolved.

3.1.1 Ferromagnetic resonance of single magnetosomes

Ambient temperature ferromagnetic resonance experiments were conducted using
microresonators [17] at a frequency of about 9.5 GHz, as depicted in Fig. 3.2. The
resonators were mounted in a ferromagnetic resonance setup, which is schemat-
ically shown in Fig. 3.3. The magnetic field was applied perpendicular to the
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Figure 3.1: TEM micrographs of magnetotactic bacteria Magnetospirillum
gryphiswaldense wild-type (a) and ∆mamk mutant (b). The light contrast (e.g.,
top right area in b)) originates from the substrate, the dark contrast – usu-
ally in chain assemblies – originates from the magnetite particle chains (black
dots). Medium-dark contrast originates from carbon-based material, i.e., bio-
logical material. The mutant exhibits more kinked, curved, and dendritic chains
(highlighted in red) than the wild type, where mostly straight chains (highlighted
in blue) are observed. The straight chains occasionally exhibit slight curvature.
Micrographs courtesy of Sara Ghaisari (Department of Biomaterials, Max-Planck
Institute of Colloids and Interface Science, Golm, 14476 Potsdam, Germany.) [88]

microwave field and swept from 450 mT to 150 mT in steps of 1 mT. The spectra
were recorded for different directions of the applied magnetic field by rotating the
magnet 190 ◦ around the direction of the microwave field in steps of 1 ◦. Com-
plementary simulations have been performed using mumax3 [92] Version 3.10.
Example scripts, including the assumed material parameters and the procedure
to obtain frequency-dependent spectra, can be found in the appendix Sec. 7.2
and 7.3. The material parameters used in the simulation are listed in Tab. 3.1.

Microresonators A microresonator [18, 19, 95] works similar to a cavity res-
onator [64, 17] in that it enables the formation of a standing wave at a given
frequency. Here the standing wave is confined between the stubs A and B in
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Quantity Value Mumax3 Parameter
Saturation magnetization 4.8 · 105 A/m[93, 87] Msat

Exchange stiffness 1.32 · 10−11 J/m[94] Aex
Cubic anisotropy constant −1.1 · 104 J/m3[93] Kc1

Damping constant 0.002 alpha
g-factor 2.1[93] gammaLL*

Table 3.1: Material Parameters assumed in the simulation of magnetic resonance
spectra of magnetite chains. *The g-factor cannot be changed in Mumax directly.
Instead, the gyromagnetic ratio can be altered. Here the gyromagnetic ratio
parameter in mumax3 “gammaLL” was set to 2.1 · µB/~.

Fig. 3.2, which define the boundary condition. In between the stubs, a microcoil
directs microwave current in such a way that the magnetic component of the mi-
crowave field is strongest near the inner boundary of the coil. The electric field,
on the other hand, is mostly localized near the gap of the loop (see, for example,
[18] for a simulation of the field distribution). The thickness of the dielectric sub-
strate and a back-plating are used to control the dispersion of the microwave, i.e.,
for different substrate thicknesses the frequency at which the microwave matches
the spatial confinement of the resonator is different. The resonators used here
were optimized for measuring individual nanoparticles [95]. Similar ones have
been used in a previous work [20]. A key difference between the microresonators
and conventional microwave cavities is that the Q-Factor is 100 to 1000 times
smaller in microcavities. The Q-Factor measures the sharpness of the resonator’s
eigenfrequency Q = f

∆f = 2π (stored energy)
(energy dissipated per cycle) [35], where ∆f measures the

spectroscopic width (full width half maximum) around the eigenfrequency f of
the resonator. On the other hand, in microresonators, the filling factor η is in-
creased by focusing the magnetic field into the loop of the resonator, effectively
creating a super-resolution technique, where the observed entities can be many
times smaller than the wavelength of the microwave used for detection. It was,
for example, shown in [20] that FMR can be measured for individual nanoparti-
cles (with a diameter of about 30 nm) at a frequency of ca. ω

2π = 9.5 GHz, which
corresponds to a wavelength in vacuum of about 3 cm2.

2In the microresonator, the same frequency corresponds to a wavelength of ca 4 mm, which
is still about 105 times larger than the size of the sample.
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Figure 3.2: The Bacteria are placed inside the omega-shaped loop of an R-shaped
microresonator[17], where the exposition to the magnetic component of the mi-
crowave field is strongest. To the left, a schematic representation of a bacterium
with a chain of magnetic particles (black) is depicted. Such a bacterium is placed
in the Omega-shaped coil of a microresonator (center) with a loop diameter of
20 µm and a thickness of 0.8 µm. The Blue lines indicate the microwave magnetic
field. This coil forms the tip of the resonator, which consists of a gold stripline
with two radial stubs A & B attached to the sides as seen to the right. A standing
microwave current is formed between these stubs, maximizing induction in the
coil. A static magnetic field is applied in the plane of the microresonator.

In the simplified picture discussed in Sec. 2.1.2 (appendix Sec. 7.1), the signal
corresponds to the decrease in amplitude when the sample comes in resonance
(compare Fig. 2.2 c)). Here a large Q-factor would correspond to a small α1 and a
large filling factor η can be seen as a large k1. In the case of a microresonator, the
comparatively small Q-factor is therefore compensated by a large filling factor η
to achieve a strong signal with a resolution down to 106 µB [18]. This is 106 times
better than conventional cavity measurements and about three orders of mag-
nitude better than, for example, Bolometer based detection of spin resonance
[96] (for a review of spatially resolved microwave detection based on thermal
microscopy, see also [97]). An estimation of the effective sensitivity of a microres-
onator in a given experiment, i.e., with a given loading, is challenging. The main
issue is the complex distribution of electric and magnetic fields [18] inside the
microcavity. Additionally, near field effects [17] caused by its micrometer-sized
geometry need to be considered. One measure for the sensitivity derived in [35]
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for various cavity designs is the minimum number of spins Nmin detectable in an
FMR (or EPR) measurement, which is given as

Nmin = K
Vs

QLηω2
0
√
P

(3.1)

where Vs is the sample volume, QL is the Q-factor of the loaded cavity, which is
smaller than that of an empty cavity. The filling factor η depends on the res-
onator volume, the sample volume, and the dielectric properties of the system.
ω0 is the eigenfrequency of the resonator, P is the microwave power, and K is a
constant which depends on details of the measurement setup, e.g., the geometry
of the cavity. According to [95], Eq. 3.1 still roughly holds for a sample placed
in the center of the resonator loop. The assumptions necessary to derive this
formula, however, would not hold for a sample placed near the edge of the res-
onator. Here it may be speculated from experience that the number of detectable
spins is even higher due to the strong near-field coupling working to effectively
increase the filling factor while maintaining the same loaded Q-factor. The in-
fluence of the sample position in the micro-resonator on the FMR line-shape is
largely unexplored. In a measurement near the sensitivity limit, the line-shape is
usually artificially broadened by deliberate over-modulation to further improve
the signal to noise ratio. If the modulation amplitude is too large, the noise does
not decrease further, and the FMR signal is suppressed. Hence the optimal mod-
ulation amplitude is found through trial-and-error in each experiment. It can, for
example, be of the order of 3 mT for resonances with a linewidth of about 1 mT.

Experimental setup To acquire experimental FMR spectroscopy, a bacterium
containing a chain of nanoparticles is placed inside the resonator loop located at
the tip of the resonator, as shown in Fig. 3.2. The resonator is then coupled
to a conventional FMR setup, as depicted in Fig. 3.3. A microwave bridge is
used the generate a microwave signal. The microwave bridge contains a klystron
to generate the microwave, as well as a circulator, through which the reflected
microwave can be conducted into a detector, and a frequency correction system
(AFC), which ensures that the reflected microwave power is always measured at
the current eigenfrequency of the system. This is necessary as can be seen in Sec.
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Figure 3.3: Schematic flow diagram of the experimental setup. A klystron in
the microwave bridge generates a microwave signal, which is conducted through
the slide-screw-tuner and into the resonator. The slide-screw-tuner is used to
match the phase (using a phase-screw) of the microwave by pinning a standing
wave between it and the resonator (using a coupling screw). This ensures that
all power is coupled into the resonator, minimizing the power that is reflected
at the eigenfrequency of the cavity. The reflected microwave is diverted into a
detector using a circulator built into the microwave bridge. The detector current
is fed into the lock-in amplifier, where it is synchronized with the modulation
of the magnetic field. The magnetic field is modulated through modulation coils
attached to the poles of the magnet. The data obtained by the lock-in amplifier is
sent to a computer for storage. The computer controls the rotation and magnitude
of the static magnetic field created by the magnet. Owed to the abstraction of this
figure, several connections are omitted in this graph, e.g., the connection between
the computer and the frequency counter, which reads the current frequency of
the microwave bridge. The microwave bridge continuously adapts its frequency
via an AFC such that the detector voltage is measured at a frequency where the
reflected power is minimal: The frequency follows the resonator-dip.
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7.1, as the eigenfrequency changes when the sample comes into resonance. Other
factors, such as magnetic polarization, may also influence the eigenfrequency such
that under variation of parameters in the setup, the frequency of the systems is
constantly subject to small corrections. A detector diode converts the power of
the reflected microwave into a voltage, which is then transferred to the lock-in
amplifier, where it is synchronized with a modulation field. The AFC, the lock-
in-amplifier, and the field modulation are convenient for such an experiment but
not fundamentally necessary [98, 99]. A computer that controls the magnetic field
amplitude and rotation of the magnet then stores the data obtained from the lock-
in amplifier. The modulation in conjunction with the lock-in amplifier records a
measurement of the change in the magnitude of the reflected microwave power,
rather than measuring the reflected power directly. As a result, the recorded
spectra resemble a derivative of the FMR signal.

Measurement results Angular dependent spectra were acquired for two dif-
ferent sample systems, which I call S1 and S2. System S1 contains a single chain
of nanoparticles inside a bacterium (See Fig. 3.4 a-c)). In terms of magnetostatic
coupling, the chain can be seen as consisting of two sub-chains with a small gap in
between. A wild type bacterium (compare Fig. 3.1) was chosen for this sample.
The magnetocrystalline anisotropy of the straight chain has been reconstructed
by assuming that the <111> (magnetic easy) axis is aligned with the nearest
neighbor along the chain axis[83, 84, 85, 86, 82]. Hence the hard directions are
aligned around these axes in cubic orientation (compare Fig. 3.4 c)). Sample
S2 consists of two bacteria of the ∆mamk mutant Fig. 3.4 d-f). The chains in
these bacteria are curved where one of them is geometrically arranged in an open
half-circle, similar to a rotated letter “C” (compare Fig. 3.4 d)) while the other
one forms a closed rectangle with one particle slightly sticking out to the side,
resembling a rotated letter Q (compare Fig. 3.4 f)). In the following, these chains
are therefore referred to as "Q"-Chain and "C"-Chain. Angular dependent FMR
spectra recorded for S1 are shown in Fig. 3.5, along with angular dependent simu-
lations performed in Mumax. The simulations have been performed as a function
of frequency at an applied field of 360 mT (see Sec. 7.2 for the simulation script).
The measured spectra exhibit anisotropic resonances along with an isotropic reso-
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Figure 3.4: Biogenic magnetite chains. a) SEM micrograph of sample S1, a
straight chain consisting of 12 magnetite (Fe3O4) particles with a diameter of
about 35 nm each. The bright contrast (bottom left) is due to the gold resonator
loop. b) Crosssection of the pixel-wise tessellation of the particle chain at z = 0,
used in micromagnetic modeling. Each particle is represented as an ellipsoid with
a volume of about 3 · 10−23 m3 in three-dimensional space. The dimensions were
extracted from a) (compare Sec. 7.2). c) Model of the cubic magnetocrystalline
anisotropy. In each particle, one easy <111> axis (black lines) is aligned with the
nearest neighbor. The hard axes are indicated by arrows. d) SEM micrograph
of sample S2 consisting of two chains (marked in red) with 7 particles and 10
particles, respectively. The dark contrast outlines the shape of the original cells.
The bright contrast near the edges originates from the GaAs substrate. e) Pixel-
wise tessellation of "C"-Chain used in micromagnetic modeling. Each pixel has
a size of 4.31 nm by 4.31 nm by 8 nm (compare Sec. 7.3). The geometry is con-
structed from this two-dimensional projection of the chain extruded over 5 pixels
in the third dimension. f) Tessellation of "Q"-Chain as in e). SEM micrographs
recorded by Detlef Spoddig. A high-resolution version of this figure can be found
in the digital version.
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nance at 326 mT. This isotropic line corresponds to an EPR signal at g = 2. The
resonance position of a free electron with g = 2.0023 (compare Sec. 2.1.1) has
been marked in the simulation 3.5 b). The frequency has been transposed into a
field value according to Eq. 2.7 with γ = 1.8468 · 1011 rad/T·s. Equation 2.7, how-
ever, is only valid in the linear regime. The validity of the linear assignment of the
corresponding field values has therefore been verified by additional frequency- and
angle-dependent simulations performed at 200 mT. These simulations show that,
under variation of the applied field, all resonances translate linearly in frequency
with the coefficient γ = 1.8468 · 1011 rad/T·s (g = 2.11) in the relevant field regime.
The “Corresponding field” values are calculated for an excitation frequency of
9.122 GHz. The spectra employ the same color scale, where white corresponds
to no signal, and blue indicates FMR/EPR signals. The signal, recorded in the
experiment (Fig. 3.5 a)), is the x-channel of the lock-in signal of the modulated
FMR measurement, which normally corresponds to the imaginary part of the first
derivative of the high-frequency susceptibility. The line-shape of these resonances
(3.5 a 0°) and a 90°)), however, does not exhibit the characteristic shape of the
derivative of a Lorentzian line. This may be caused by the uncontrolled phase of
the modulation coils, as well as by the position of the particles in the resonator, as
the chain is 30 nm away from the resonator coil at its closes point and 400 nm at
its furthest. Positioning the chain closer to the center of the resonator may yield
more conventional line shapes, the signal to noise ratio, however, seems better
if the particles are close to the gold structure. At certain constellations of the
applied field angle and magnitude, the amplitude in the spectra is increased due
to the superposition of resonance lines. The color scale has been extended to red,
green, and black to accommodate such effects while maintaining visibility of all
resonances. The spectra exhibit a strong uniaxial behavior, where the two most
prominent lines (highlighted dashed lines in Fig. 3.5 a)) have their maxima and
minima about 30° apart. This roughly coincides with the canting between the
two chain segments and originates from their respective shape anisotropy. Many
more resonances are observed in both, experiment, and simulation. Some of them
appear to roughly coincide between experiment and simulation, while others do
not. Some of the very weak signals which appear especially at high fields in the
measurement do not seem to be captured by the simulation at all. They may
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Figure 3.5: Angular dependent FMR spectra of S1. a) FMR spectra of S1,
dashed lines indicate resonances aligned with the effective shape anisotropy of the
chain highlighted chain segments in the inset. The sample is rotated clockwise,
meaning that the applied field angle is measured counterclockwise with respect
to the inset. 0◦ corresponds to a field applied to the right in the inset. a 0°)
and a 90 °) depict individual spectra recorded at 0° and 90° respectively. b)
Simulation performed in mumax3, using the discretization shown in Fig. 3.4 b)
and the anisotropy shown in Fig. 3.4 c). The simulation has been performed for
different frequencies at a fixed value of the applied magnetic field. The dashed
line indicates the position of g = 2.0023 (10.01 GHz at 360 mT) corresponding to
an EPR line in the measurement. The “Corresponding field” to the right indicates
how this simulation would relate to a field dependence if the excitation frequency
was 9.122 GHz. c) Coloration of the micromagnetic grid and the resonance lines
indicates which particle has the strongest contribution to a given resonance line.
A high-resolution version of this figure can be found in the digital version.

29



3.1 Ferromagnetic resonance
of single magnetosomes

3 RESONANT PROPERTIES OF
INDIVIDUAL NANOPARTICLES

be the result of other debris left over from the preparation process, during which
other particle chains were lithographically removed. It may also be possible that
they originate from small particles that were still in the process of forming when
the sample was prepared. These are almost invisible in the SEM pictures and are
not included in the simulation. It is unlikely, however, that these originate from
the particles, which were taken into account in the simulation as surface modes
do not exist at these frequencies, and no other effect is expected, which could
cause such magnonic eigenstates. An estimation of the characteristics of the res-
onance lines was attempted by identifying and fitting as many peaks as possible.
For this purpose, the spectra were subjected to a peak detection algorithm. In
this algorithm, a Gaussian convolution of size σ is applied to the data. Next, the
sharpness sp, i.e., the negative of the second numerical derivative, is calculated
for all maxima in the spectrum. Peaks that are still present after the Gaussian
with a given σ and have a sharpness of at least sp are then selected. In each of
these peaks a Lorentz fit of the form

f (x) = a

(B −Bres)2 + s2
(3.2)

was applied to the data, where Bres is the resonance field, smeasures the linewidth
∆ = 2s√

3 and a is an arbitrary amplitude parameter. The results are summarized
in Fig. 3.6. For this data set, the optimum peak detection parameters were found
to be σ = 2 and sp = 3 · 10−6. The average linewidth ∆ was then determined to
∆ = 3.2 ± 0.6 mT as an average of the linewidths found in each spectrum. The
broadest and the narrowest lines were neglected in the evaluation. According to
calibration measurements performed on DPPH (2,2-diphenyl-1-picrylhydrazyl),
the modulation amplitude Bm = 3.6 mT is larger than the measured linewidth.
This over-modulation was employed in order to improve the signal to noise ratio.
As a result, the observed linewidth is broader than the true linewidth of the
resonances [98]. Using the methods described in [99], the unmodulated linewidth
can be estimated to ∆ = 1 ± 0.5 mT. Both values of ∆ are at least one order
of magnitude smaller than what is observed by Bickford [93] for single-crystal
magnetite. This discrepancy can be explained by the nanoconfinement [100]
forcing all magnons into a single state [88] when excited in nanoparticles. Dipolar
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Figure 3.6: Lorentz Fit of Sample S1 for different peak detection parameters.
Color scale as in Fig. 3.5. a) Original spectra b) Example of many false neg-
atives, i.e, many undetected resonances. Black lines indicate that no resonance
was detected for these angles. c) Example of many false positives. d) Best match
between peaks detected by the algorithm and visible peaks in the recorded spec-
tra. d 10°) & d 60°) Comparison between Lorentz-fit of the detected peaks
(red, dashed) and raw data (blue). A high-resolution version of this figure can
be found in the digital version.
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broadening, i.e., a dipolar induced distortions of the mode-profile, is suppressed
by exchange coupling [101], and the energies of higher-order exchange modes are
much higher than the FMR excitation energy3. This reduces the linewidth to that
of a pure uniform (~k = ~0) resonance. While further confirmation is still needed,
this hints to the possibility of achieving a magnon Bose-Einstein condensate at
elevated temperatures [103, 104] through nano-confinement. For systems with
sufficiently strong confinement, this may enable the development of Q-bits at
liquid N2 temperatures and above.

Angular dependent FMR spectra and corresponding simulations of Sample S2
are shown in Fig. 3.7. A color code reveals which particle has the strongest con-
tribution to which of the resonances. In Fig. 3.7 a) and e) resonances have been
highlighted, which are candidates for observed resonances in the measurement
as they follow similar anisotropic behavior. In the micromagnetic model, magne-
tocrystalline anisotropy was neglected as it is not the main source of the symmetry
of the angular dependent resonance positions. Additionally, the geometric shapes
of the chains in S2 make it more difficult than in S1 (Fig. 3.5) to identify the
symmetry directions of the anisotropy. An important observation in these spectra
is that resonances associated with a certain chain segment appear discontinuous
yet follow the local shape anisotropy expected for this chain segment. This can,
for example, be seen in particle 6 (green) in the spectrum of "Q"-Chain in Fig.
3.7 f). The resonance follows a twofold anisotropy, characteristic for an elongated
shape, where the easy axis-resonance (low field/high frequency) is seen when the
segment is roughly parallel to the external field (near 50◦), and the hard axis is
observed in perpendicular configuration near 140◦. Interruptions in the spectral
lines, band-gaps, appear when two resonances of neighboring particles approach
similar energies. This can be seen where the resonances of particle 5 and particle
6 come close in Fig. 3.7 f) near 130◦ and in Fig. 3.7 b) at the meeting point

3Following the dispersion of exchange-coupled spin-waves in ferromagnets, ~ω =
4J (1− cos (a · k)), with the lattice constant a = 0.83985 nm [102] and the exchange constant
J = 2.77 · 10−21 J [94], the first order eigenmode in a 35 nm confinement (λ

2 = 35 nm, k = 2π
λ )

has a frequency of f = 50 GHz. The second order mode (λ = 35 nm) has a frequency of
f = 190 GHz, and the third order mode ( 3

2λ = 35 nm) resonates at f = 425 GHz. The energy
of these eigenstates increases roughly quadratically such that the frequency of the 5th order
mode ( 3

2λ = 35 nm) is already greater than 1 THz.
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Figure 3.7: Angular dependent FMR spectra of sample S2. a)&e) Simulations of
"C"-Chain and "Q"-Chain, respectively. Some angular dependent resonances have
been traced out using a color code, indicating which particles have the strongest
contribution. These lines have been chosen according to resonances observed
in the experiment. b) & f) Resonances highlighted in a color code to reveal
the dominant particle in each resonance. c) Measured spectrum with highlights
according to a) and e). d) SEM micrograph of the sample. The 0° direction
of the applied magnetic field in simulations and experiment is pointing up, and
the sense of rotation is counterclockwise. The insets in a),b),e), and f) show the
shape of the chains assumed in micromagnetic simulations and are color-coded
according to the highlights place in the spectra.
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of resonances dominated by particles 6 and 7 near 120◦. Another such band-gap
can be seen in Fig. 3.7 a) near 340 mT and 100◦. When comparing to Fig. 3.7 f)
it becomes apparent that this is a repulsion of modes located in particles 1 and
2. This repulsive behavior of resonances is similar to the simple example of the
two coupled oscillators derived in Sec. 7.1. Being comprised of multiple oscilla-
tors, however, the magnetosomes exhibit more complex spectra. If the coupling
is sufficiently strong, modes may be completely suppressed; otherwise, they may
only decrease in amplitude or shift in energy. Using this knowledge, one may
revisit Fig. 3.5, where similar band gaps and band deformations are observed.
A careful analysis of Fig. 3.5 c) reveals the same pattern. Here too, resonances
hosted in particles with stronger coupling, i.e., large particles with small gaps in
between, result in stronger spectral repulsion where the resonances meet. The
effect is more prominent in S2, as the geometric canting between individual chain
segments causes many occasions where the local shape anisotropy of two segments
forces resonances to meet and interact. This effect may, in fact, be used to build
logic gates where a spectral output may be selected through interaction of reso-
nantly excited neighbors as described later in Sec. 3.2. Additional information
about the angular dependent properties of individual resonances can be obtained
by investigating the low field (high frequency) envelope of the spectrum of "C"-
Chain. An illustration of the local amplitude and phase distribution inside the
chain is given in Fig. 3.8. This mode pattern was extracted from the simulation
data using a custom made Java program[105]. It is apparent that multiple par-
ticles contribute to this resonance, and the strongest contributions appear with
a phase of 90° corresponding to the resonant excitation by the microwave. Some
particles oscillate with a phase of ca. 270° (e.g., particle 4 in Fig. 3.8 pattern
A), which has a phase opposite to particle 3. The amplitude in particle 4, how-
ever, is suppressed, due to the phase relation to the microwave. This can be
interpreted as an oscillation driven by dipolar coupling between particles 3 and
4. If each particle is interpreted as a single dipole, such opposite phase oscillation
corresponds to a minimum wavelength standing wave. Whereas, for example, the
oscillation in D, where four particles oscillate with phase 90 ◦±2 ◦, and 2 particles
oscillate with phase 270 ◦ ± 10 ◦, would be a longer wavelength. In Fig. 3.8 B
a more complex pattern can be observed, where particles 2 and 3 oscillate with
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Figure 3.8: Spatial mode profile along the high frequency (low field) envelope
in the angular dependent spectrum of "C"-Chain. a) Angular dependent sim-
ulation, as seen in Fig. 3.7 with markings A-Z where the mode profiles A-Z
(lower section) have been extracted. b) Color legend of the phase and amplitude
encoding in mode patterns A-Z. The lower section illustrates the mode profiles
corresponding to the resonance at positions A-Z. Particles are numbered 1-7 in
A The phase is encoded in the hue value, the amplitude in the saturation. The
respective modes are discussed in the text. A high-resolution version of this figure
can be found in the digital version.
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a phase of 90 ◦ ± 2 ◦, particle 4 with a phase of 270 ◦ ± 2 ◦ and particle 7 with a
phase of 160 ◦ ± 10 ◦ while particles 1, 5, and 6 have almost no contribution. In
general, what can be observed when following the resonance pattern along the
angular dependent markings A-Z in Fig. 3.8 is that; where the line is continuous
and appears to be the result of some anisotropy (when compared to conventional
FMR), the reality is that the individual anisotropies of chain segments are locally
represented, but the overall line originates from a shift of the amplitude through
the chain. Patterns L-U give an example, where the amplitude shifts through
the upper bend of the chain at particles 3 and 4. At markings E-N, the reso-
nance follows the shape anisotropy of the chain segment 4,5,6, and at markings
R-Z, the anisotropy of chain segments 2 and 3 is dominant. Yet the resonance is
uninterrupted in the angle dependence in L-U due to spectral attraction between
those modes and spectral repulsion towards the lower energy modes, mediated
though particles 3 and 4.

In summary, the detection of resonances of individual magnetosomes and the
association of measured resonances to an individual particle or set of particles
via simulations has been achieved. On this length scale, each particle resonates
uniformly, i.e., with a single phase and a single amplitude. Complex modes can
be formed by collective oscillations of multiple particles. Spectral attraction and
repulsion of, i.e., mode selection of eigenmodes is observed. These novel findings
about the resonant properties of dipolar coupled assemblies of nanoparticles open
a variety of new possibilities in nanomagnonics. One possibility – the realization
of a nanomagnonic logic gate – will be explored in the next section.

3.2 Nanomagnonic Logic-Gate

Based on the understanding of the mode coupling in the magnetic nanoparticle
chains discussed in the previous Sec. 3.1.1, I developed a nanomagnonic logic
device. The logic-gate mimics the bent section of the magnetosome (compare
Fig. 3.8 particles 3 and 4), which allows for a mode selection between various
phase and amplitude distributions. The gate consists of three magnetic nanopar-
ticles arranged around a corner (Fig. 3.9). The angular dependent resonance
spectrum of this arrangement is depicted in Fig. 3.9, along with the spatial mode
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Figure 3.9: False-color amplitude plot of angular dependent spectra of a 3-particle
logic gate. Each particle has a side length of 20 nm and a distance of 10 nm to
its neighbor. Two distinct angular dependent resonances are apparent in the
spectra. One “easy-axis” mode at high frequencies and one “hard-axis” mode at
lower frequencies. The amplitude and phase distributions to the right indicate the
mode profile in the particles, where the upper one corresponds to the high energy
mode and the lower one to the low energy mode. The amplitude distribution is
shown as a grayscale image where white represents a large amplitude. The phase
distribution is shown as a hue. All particles oscillate at the same amplitude,
except in the upper right image b), where the mode profile of the high energy
resonance is non-uniform. The black line in each plot indicates the angle at
which the mode profiles have been extracted. A green arrow below each black
line indicates the direction of the applied magnetic field (360 mT). The material
parameters used in the simulation are the same as before (compare Tab. 3.1),
with the cubic anisotropy set to 0.
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profile extracted at selected angles. It was simulated using mumax3. An exam-
ple script of the simulation can be found in Appendix Sec. 7.4. The simulation
uses the same material parameters as the simulations of the magnetosomes in the
previous Section without magnetocrystalline anisotropy. As was observed in the
“C-Chain” (see Sec. 3.1), the spectrum exhibits a low energy “hard-axis”-type
mode as well as a high energy “easy-axis”-type mode. The particles which are
in-line with the applied field resonate in-phase in the “easy-axis”-type mode and
out-of-phase in the “hard-axis”-type mode (compare, for example, Fig. 3.9 b)).
Similar to the results discussed in Sec. 3.1, the resonances exhibit spectral repul-
sion near the symmetry points at 45 ◦ and 135 ◦, where they form spectral gaps
rather than intersecting. This is the result of avoided crossing due to the mode
profiles4 of the high energy and low energy mode in their phase distribution: the
modes profiles are incommensurate. Near 135 ◦,the low energy mode has incom-
mensurate mode profiles approaching from angles larger than 135◦, compared to
angles smaller than 135◦. Thus the low energy mode is interrupted at 135 ◦. As
depicted in Fig. 3.10, the behavior of the modes at the symmetry angles 45 ◦

and 135 ◦ can be exploited to form a logic gate. Figure 3.11 shows an example of
the time evolution of spin waves coupled to the system through inputs P1 and
P2. A signal of 1 represents a microwave excitation with a phase of +90◦ and an
amplitude of 1 arb.Units. A signal of −1 represents an excitation with a phase
of −90◦ and an amplitude of 1 arb.Units, and a signal of 0 means no excitation.
The time evolution was simulated using Mumax3 (Compare 7.5). In Fig. 3.11 A)
a signal of 1 is coupled to P1, and a signal of 0 is coupled to P0 with a frequency
equal to that of the high energy mode at a field angle of 135◦. After an attuning
period of less than 20 ns, a steady-state is reached. Once the system is in this
state, the resulting signal at the output can be read. For an input of 1 at P1 and
0 at P2 in the high energy mode at an applied field oriented 135◦, the output
reads 1, i.e., it resonates in phase with the excitation at P1 (compare Fig. 3.11
A)). When applying the same inputs at the low energy mode, the output reads
-1, i.e., it resonates with a phase opposite to P1 (compare Fig. 3.11 B)). Figure
3.11 C) shows the steady-state dynamics for a few selected input configurations.

4Mode profile refers to the spatial distribution of phase and amplitude associated with a
mode
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When applying inputs of same amplitude and opposite phase in P1 and P2, the
output is always 0. The resulting output signals for all possible input configu-
rations, i.e., all input configurations in the ternary set {−1, 0, 1}, are shown in
Fig. 3.10 B) & C), where B) lists the output states for excitations at the fre-
quency of the high energy mode and C) shows the outputs for input excitations
at the frequency of the low energy mode. The logic table in Fig. 3.10 C) is
inverse to that of the logic gate in B). Hence it is referred to as the inverse gate.
Although the resonance of the low energy mode has 0 amplitude at an applied
field angle of 135◦ (Compare Fig. 3.9), both logic gates can be realized at both
symmetry angles. A steady-state, in which the output can be read from Out
is always reached in less than 20 ns, meaning that this device could process logic
operations at a frequency of, at least, 50 MHz. The theoretical maximum for the
operation frequency - which may be approached through variations of coupling
strength and damping - is equal to the spin-wave frequency (i.e, a steady-state
would have to be reached within one period).

In a similar way, a magnon majority gate can be designed. The minimum
version of a majority gate has three inputs and one output. It works in such a
way that the signal at the output will align with whatever signal is present at
most of the inputs. This relation is illustrated in Tab. 3.2. If, for example, Input
1 and Input 2 receive the same signal, say “1”, and a different signal, say “-1”,
is applied to Input 3, the Output signal will be equal to “1”, which is the signal
at inputs 1&2. When writing the inputs in ascending binary order as shown in
Tab. 3.2, where the smallest binary number is 000, and the largest is 111, two
fundamental logic gates – And-gate and Or-gate – can be seen in the table. If
Input 1 is set to 0, the majority gate operates like an And-gate with regards to
inputs 2&3. This means that the output will be 1, only if both inputs are set to
1. If, on the other hand, Input 1 is set to 1, an Or-gate is realized in inputs 2&3;
The output is 1 if either of the inputs is set to 1. A realization of a majority
gate using spin-waves is illustrated in Fig. 3.12. The structure consists of 4
particles where three input particles (“1”, “2”, and ”3”) are arranged around one
output particle (“out”), as shown in Fig. 3.12 b-e). The spectrum in Fig. 3.12 a)
shows the dynamic response of the entire structure under excitation of one of the
input particles. In Sec. 3.1.1, we found that the high energy envelope consists
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Figure 3.10: Three particle nanomagnonic gate realized with a static magnetic
field along the symmetry direction 45 ◦ and 135 ◦ of the particle arrangement.
A) Gate arrangement with inputs and outputs. B) Logic table according to
the dynamics of the high energy mode at 45 ◦ and 135 ◦. The numbers 1 and
−1 denote oscillations with phase +90 ◦ and −90 ◦, respectively. For example, if
particle P1 is excited with positive phase it receives an input of 1, if now particle
P2 is excited with negative phase compared to the excitation of P1, it receives an
input of -1 and the resulting output will be 0 as no oscillation of the particle Out
occurs. The highlighted output configurations to the right, mark conventional
binary (marked “B-”) and ternary (marked “T-”) logic gates.The identified gates
are: The OR-Gate (“OR”), a “half-adder” (“ADD”), and inversion (“INV”). C)
Similar to B, Logic table of the inverse logic gate present in the low energy mode
at 45 ◦ and 135 ◦. For a better understanding of the time-dependent spin-wave
dynamics, see Fig. 3.11
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Figure 3.11: Time evolution of selected excitations of the three-particle gate
depicted in Fig. 3.10. A&B) Time evolution of the spin-wave amplitude in all
three particles. To the left, the attuning state is depicted. It lasts less than 20 ns.
To the right, the steady-/operational state is shown. Under continuous excitation,
the system settles into this dynamic state. The time axis always relates to the
beginning of the excitation. C) Steady-/operational state results of selected input
configurations. After the attuning period, the system settles into a steady-state
as listed in the tables in Fig. 3.10 B) and C).

Input 1 Input 2 Input 3 Output
0 0 0 0

A
nd0 0 1 0

0 1 0 0
0 1 1 1
1 0 0 0

O
r1 0 1 1

1 1 0 1
1 1 1 1

Table 3.2: Logic table of a three-input majority gate. It acts as an And-gate with
regards to inputs 2 and 3 if input 1 is set to 0. If input 1 is set to 1, it acts as an
Or-gate.
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Figure 3.12: Magnon majority Gate simulated using the same parameters as in
Sec. 3.1. a) Spectral response of the entire ensemble under excitation of just one
of the input particles at 11.7 GHz. (Blue: Response under excitation of particle
1. Orange: Response under excitation of particle 2. Green: Response under
excitation of particle 3). b-e) Color-coded amplitude and phase distribution of
the dynamic contribution to the out of plane magnetization component mz for
different excitations. The phase of the “Out” particle is always closely aligned
with the phase of the oscillation of the majority of particles. In b), for example,
the phase distribution is: Particle 1: 170°, Particle 2: 165°, Particle 3: 2°, Out:
122°. The geometric layout and the applied field direction under which these
spectral properties were observed are shown in b) & c), respectively. f) Color
legend to reconstruct phase and amplitude.
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of modes where adjacent particles respond with equal phase. The same is true
in the high energy mode in Fig. 3.12 a) at 11.7 GHz. Furthermore, excitation of
each individual particle causes a resonant response of the entire system at that
frequency. These two properties can now be exploited by exciting each particle
individually, where two particles are excited with the same phase, and the third
particle is excited either at the same phase, or at opposite phase. In this example,
the magnitude of the excitation is scaled inversely with the magnitude of the
resonances at 11.7 GHz in Fig. 3.12 a). The results of this type of excitation are
summarized in the mode profiles shown in Fig. 3.12 b-e). In each configuration,
the phase of the “out” particle tends to be close to the phase of the majority of
particles. Hence, this configuration acts as a majority gate. The phase resolution
of this gate is very limited, as can be seen in Fig. 3.12 b). Here the phase of the
“out” particle is about 45° offset from the phase of particles 1&2 and 120° offset
from the phase of particle 3. Further optimization of the relative phase is needed
to construct a suitable device. The example given in Fig. 3.12, serves as a proof
of concept.

3.2.1 Comparison to conventional electronics

The size of this gate is comparable to the transistor-size in central processing
units (CPUs). Although modern lithography in semiconductor manufacturing is
capable of producing CPU’s in which the transistors have feature sizes down to
7 nm [108], the effective size of a transistor is of the order of 100 nm5 [110]. Each
transistor occupies an area equivalent to 100 nm by 100 nm, which is far from
the minimum feature size of 7 nm. The reason for this large discrepancy is that
the transistors need to be spaced far apart to allow for heat dissipation. Even
with such large spacing, however, the size of a CPU-chip (the so-called “die”)
is limited by the need for heat dissipation. A CPU consists mostly of heat sink
material and requires passive and very often even active cooling equipment, orders
of magnitude larger than the CPU die, to operate. The volume of a modern CPU,

5In 7-nm-lithography, the effective size of a single transistor is about 140 nm to 100 nm
when considering the transistors per square millimeter given in [108]. In the upcoming 5-nm-
lithography, this number will be as low as 90 nm with estimations reaching down to 65 nm
[109].
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Figure 3.13: Moore’s law[106], showing the transistor count per CPU for differ-
ent CPU models (data taken from [107]). Models created before the advent of
integrated circuits in semiconductor chips, like the IBM 7090 diverge from the
law. Most of the other models fall well onto the indicated line, which describes a
doubling of transistors per CPU ca. every two years. In comparison, a magnon
processor of equivalent volume could be built with orders of magnitude more
gates, as indicated by the blue point with error bars (top right).

for instance, an 8-core Core i7 Haswell-E, is 40 mm by 40 mm by 5 mm [111] with
a transistor count of 2.6 · 109 the effective transistor size is

3

√
40 mm · 40 mm · 5 mm

2.6 · 109 = 14500 nm.

One reason for this overestimation is the consideration of the thickness. Transistor
density is often expressed in area density because the third dimension is usually
reserved for heat transport. In the two-dimensional case, the effective transistor
size would be √

40 mm · 40 mm
2.6 · 109 = 780 nm.

44



3 RESONANT PROPERTIES OF
INDIVIDUAL NANOPARTICLES 3.2 Nanomagnonic Logic-Gate

This is still an overestimation, as it considers the full area of the CPU; the tran-
sistors are located on the CPU die, which has an area of only 122 mm2 [111],
in which case the effective size is about 217 nm. If, additionally, wiring is taken
into account, a reasonable estimation for the effective transistor size is 100 nm
(compare [110, 108, 109]). A single transistor is not necessarily equivalent to a
complete logic gate since multiple transistors are usually coupled to perform a
single logic operation. Therefore, the following estimation underestimates the ca-
pabilities of a magnon computer: Here, a magnon gate is counted as one transistor
for the sake of comparison. The side length of the three-particle arrangement in
Fig. 3.9, from which the logic gate in Fig. 3.10 is derived, is 56 nm. With a
spacing of 22 nmin either direction, the effective gate size would be 100 nm, in-
cluding wiring as the gates may be wired by deliberate magnetic coupling. With
the distinct advantage that heat sinks become unnecessary, the third dimension
could be used in a magnonically realized CPU, resulting in a count of

122 mm2 · 5 mm
(100 nm)3 = 6 · 1014

gates per processor. Since the volume of the CPU case surrounding the die mostly
serves the purpose of heat dissipation

40 mm · 40 mm · 5 mm
(100 nm)3 = 8 · 1015

gates per CPU may also be a reasonable estimation. If the volume of active and
passive cooling material would also be considered as space that may be filled with
magnon gates, this number would reach up to 1018 gates per CPU. Even if the
size of a single magnon gate would be 1000 nm, the number would still be as
high as 1012 gates per CPU, if only the volume of the die is considered. Various
parameters in this estimation may be varied, and the results span orders of mag-
nitude. The most reasonable estimation, however, appears to be of the order of
1016 gates per CPU. As indicated in Fig. 3.13, these numbers put nanomagnonic
technology at least two decades ahead of current silicon-based technology when
compared in terms of Moore’s law [106]. In a different interpretation, one may
extrapolate from Moore’s law that it will take approximately two to four decades
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to develop the periphery required to build and operate such magnon processors.
The main limitation of the nanomagnonic logic gates presented in this work

is the low operating frequency of 50 MHz, compared to the operating frequencies
of conventional semiconductor electronics of around 1− 5 GHz. This may be im-
proved by using magnons at higher frequencies. According to [2], THz operation
may be achieved.

In a slightly different approach, a neuromorphic network based on spin-waves
may also be constructed in the form of ensembles of magnetic nanoparticles. The
network would make use of the slow decay time and the long attuning period by
superimposing new inputs onto the current state of the system. The processing of
a given input then depends on the previous state of the network. A magnonic sys-
tem may thus be deliberately tailored such that previous computations influence
future results in the form of a fade-out short term memory.
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4 TEM-Based Microwave Spectroscopy

This chapter deals with a new method aiming to measure spin-waves with a
nanometer resolution, potentially as low as a single atom. Volumetrically resolv-
ing spin waves in objects smaller than 50 nm presents a challenging task. The
measurement of conventional FMR spectra on such systems (compare Sec. 3 and
Ref. [20]) remains a novelty. Table 4.1 lists a few techniques which provide spa-
tial resolution of spin-wave excitations along with their resolution limit as well as
the frequency range and temporal resolution attainable. In contrast to the other
techniques, Time-resolved scanning electron microscopy with polarization anal-
ysis (Tr-SEMPA) and spin-polarized scanning tunneling microscopy (SP-STM),
which have the highest spatial resolution yet, are only sensitive to surface effects
with a penetration depth less than 1 nm.

Here a novel TEM-based method is devised with the aim to observe microwave
magneto-dynamics on the nanoscale with a spatial resolution equal to the native
resolution of the TEM (nanometer to subnanometer). The technique will en-
able simultaneous TEM characterization and spatially resolved spin-wave spec-
troscopy. Therefore, this works seeks to provide an approach that minimally per-
turbs the electron microscopy techniques while still providing magneto-dynamic
information. Additionally, it does not require a specialized detector or a special-
ized cathode, but merely a dedicated sample holder and control over the magnetic
field at the position of the sample. The interaction between the electron beam
and a microwave field was previously studied by Goncalves et al. [118]. They
observed that in small-angle electron diffraction (SAD) measurements, the elec-
tron beam traces out a pattern, which relates to the magnitude and direction of
a microwave field. A schematic representation can be found in Fig. 4.1. Informa-
tion about the local properties of the microwave was extracted by studying these
patterns [118]. The oscillatory electromagnetic microwave field exerts a Lorentz
force

F = e ~E + e~v × ~B (4.1)

on the electrons passing through, forcing them into a periodic trajectory similar to
a Lissajous figure. Here e is the elementary charge of an electron, ~E is the electric-
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Figure 4.1: A pictographic representation of the measurement. The electron beam
(yellow) penetrates the sample. The microwave excites spin-waves. As a result,
the microwave and the excited spin-waves interact with the electron beam. The
electric and magnetic field components of microwaves and spin-waves dynamically
deflect the electron beam. The deflected beam then traces its trajectory – in the
form of a closed-loop pattern – on the screen. The period T of the oscillation
for microwave frequencies of the order of f = 10 GHz is about T = 100 ps. The
timescales on which the pattern is captured by the CCD (charge-coupled device)
are of the order of 0.1 s to 10 s, much slower than the spin-/microwave dynamics.
Therefore, the integral over many periods is captured rather than a time-resolved
motion.

48



4 TEM-BASED MICROWAVE SPECTROSCOPY

Method Resolution
Limit

Frequency
Range/
Temporal
resolution

Brillouin Light Scattering (µBLS) 30 µm[14]-
800 nm[16] 1 GHz-100 GHz

Thermal-wave based Scanning Probe
Microscopy 100 nm[112] 100 MHz-

100 GHz
X-Ray magnetic circular dichroism
photoemission electron microscopy
(XMCD-PEEM) / Spin polarized
photoemission electron microscopy

(SP-PEEM)

100 nm[113] 15 ps
Stroboscopic

Scanning transmission X-Ray
Microscopy (STXM) 35 nm[23] 10 ps

Stroboscopic

Femtosecond Lorentz Microscopy 10 nm[114] 700 fs
Pump-Probe

Spin polarized low energy electron
microscopy (SP-LEEM) 5 nm[115] 20 ms

Ultrafast Lorentz microscopy 4 nm[116] 1 GHz
Time-resolved scanning electron

microscopy with polarization analysis
(Tr-SEMPA)

3 nm[13] 700 ps
Pump-Probe

Magnetic force microscopy (MFM) /
Spin polarized scanning tunneling

microscopy (SP-STM)

single atom (on
surface)[117] 20 GHz-30 GHz

Table 4.1: Resolution Limits of spatially resolved spin-wave spectroscopy.

and ~B the magnetic field and ~v the velocity of the electrons. This technique poses
no special requirements on temporal resolution and can be implemented in any
conventional TEM by employing an adequate sample holder.

In this thesis, a sample holder was constructed, wherein different microwave
antenna structures can be mounted. In [118], a single conductive loop was fixed
in the holder with no room for a sample. The holder designed here allows the
operator to use different any substrate the fits the size specifications. Different
samples can be mounted and analyzed with different microwave antenna, which
allows for a large variety of microwave experiments to be performed in the TEM.
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In this work, a micro-resonator (compare Sec. 3.1.1) is used to measure EPR
via the electron beam. Additionally, a broadband setup was constructed, which
is used to spatially resolve frequency-dependent magnetic resonance spectra of
individual magnetosomes.

4.1 Multi-purpose microwave sample holder

The sample holder was constructed from a commercial sample holder rod made to
fit various types of TEM, including a Tecnai F20 and a Titan G2, and a custom
made tip which can accommodate a 2.4 mm, 50 Ω semi-rigid microwave cable.
Additionally, an aluminum clamp was constructed as a cable-support to hold the
semi-rigid cable in place and reduce vibrations. The cable was fed through the
clamp, the rod, and into the tip, where the lower section of the cable was cut
open to expose the inner wire. Inside the rod, the cable was encased in a lead
cylinder for X-Ray safety, and a vacuum seal was implemented directly behind
the tip using epoxy-resin Stycast 2850FT with hardener Catalyst 24LV. Figure
4.2 depicts the design of the tip of the sample holder. The tip is designed to
hold samples up to 10 mm by 4 mm lateral dimensions and 400µm. It has a
cylindrical hole (radius 1 mm) in the path of the electron beam (Fig. 4.2 b)). A
thread was cut underneath the outlet of the microwave feed through (Fig. 4.2
e)), which accommodates a brass set screw. This set screw is used to clamp
samples tight underneath the microwave throughput and ensure good electrical
contact between the sample and the microwave wire. The dimensions of the tip
were initially set to fit an FEI Titan G2 60-300 HOLO [119]. To also make the
sample holder fit a Tecnai F20 TEM and similar microscopes, the tip was ground
to size using a rotary carving tool with a Tungsten carbide bit. This was done
after fully assembling the holder by repeatedly marking the tip with a felt pen,
carefully inserting it into the Tecnai F20 as far as possible, pulling it back out,
and grinding away any scratch marks that appeared on the markings, until full
insertion was possible. The dimensions depicted in Fig. 4.2 are measured after
applying those corrections.

Figure 4.3 a) depicts a microresonator mounted into the sample holder. The
substrate on which the resonator was lithographically produced does not have a
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Figure 4.2: Depiction of the microwave sample holder, designed to hold substrates
up to 10 mm by 4 mm by 0.4 mm, with a 2.5 mm feed-through for a semi-rigid
microwave cable. Top: Blueprint with front, top, and side view. Bottom: 3D
sketch. All measures are given in mm. a rounded tip for easy insertion into the
column valve. b central hole for the electron beam, c sample plane, d opening for
semi-rigid microwave cable, e thread to accommodate a setscrew, which fixes the
substrate to the semi-rigid cable by applying pressure from the bottom. f fitting
turned to the outer diameter of the sample holder tube, g fitting turned to the
inner diameter of the sample holder tube.
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Figure 4.3: TEM sample-holder with microwave throughput. a) Sample holder
tip before adjusting for Tecnai F20 with resonator mounted. b) Sample holder
tip with waveguide and substrate mounted after adjusting for Tecnai F20. The
substrate is mounted between the folded waveguide and then clamped against
the microwave cable by the set-screw. A small air gap between waveguide and
membrane (above and below the substrate) ensures that the membrane stays
intact when the waveguide is mounted. c) Back end of the Sample holder with
cable support and SMA connector. d) Top view of the sample mounted in b).
The center hole and the transparent membrane are visible. The backplate of the
waveguide extends to the sides beyond the substrate.
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Figure 4.4: Computer-assisted drawing (CAD) of a microwave stripline. All
length-measures are in mm. The inset (top left) shows a cross-section of the
assembled system with a substrate mounted between the folded stripline such
that the holes in the stripline coincide with the window in the substrate.

conductive back plating. Instead, the sample holder itself is in electrical contact
with the outer part of the coaxial semi-rigid microwave wire. Figure 4.3 b) and
d) depict a broadband microwave conductor – a stripline. It is mounted into
the sample holder by wrapping around the substrate. The enclosure around the
substrates forms a constructive superposition of the magnetic component of the
microwave field at the position of the sample and reduces electric field components
by short-circuiting to ground. A CAD-model (computer-assisted drawing) of
this stripline is shown in Fig. 4.4. The geometrical shape effectively forms a
cavity where a node of the electric field component of the microwave is pinned at
the crease line. Simulations performed by Bernd Breitkreutz (Fz-Jülich, private
communication) on similar structures reveal that the microwave amplitude of
the magnetic field at the position of the sample can be expected to be constant
for frequencies below 1 GHz. For higher frequencies, the amplitude varies as a
function of frequency and may even become 0 at frequencies in the range of 5 GHz
to 10 GHz. The frequency at which this minimum is reached depends on the size
of air gaps between the substrate and the waveguide and may vary every time a
sample is mounted.

For initial experiments, no sample was mounted inside the holder tip and the
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Figure 4.5: Influence of microwave on low angle diffraction in TEM. a) Sample
holder with microwave throughput as used in initial measurements. The inner
wire of the semi-rigid microwave cable extends as an antenna over the center hole,
through which the electron beam passes. No sample is mounted. b)Magnification
of the tip of the inner wire with markings of various positions at which the beam
was passed near the antenna. c) Low angle diffraction micrographs with and
without microwave. With a microwave signal turned on (2 GHz, 30 mW), the
observed pattern exhibits various shapes and orientations at different positions
A-E. The general shape is always elliptical with a long and a short axis. In
extreme cases, e.g., at position C, the short axis is smaller than the width of the
diffraction spot, and a line is observed.
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outer wire was cut, including the dielectric, to expose a length of the inner wire
extending across the hole, as can be seen in Fig. 4.5. The cut was made such
that the end of the wire was visible when looking through the hole and thus
can be seen as a shadow in low magnification bright-field TEM. During these
experiments, the microscope was operated in low angle diffraction mode, and the
interaction between the electron beam and the microwave field radiating from the
inner wire became visible as a pattern traced by the electron beam on the screen.
A strong circular opening of the pattern was found near the sides of the wire, and
a linear trace was observed when the beam was passed in front of the tip. The
tilt of the observed patterns depends on the orientation of the microwave field
relative to the screen and the magnification used in the experiment. At different
frequencies, length and opening of the pattern varied. At different microwave
powers, the length and (if the pattern was open also the width) of the pattern
changed proportionally to the power measured in dB. In general, the key results
regarding the interaction of microwaves and electron beam presented in [118]
could be reproduced. These measurements are taken with exposure times of
about 2 seconds, whereas the microwave period is of the order of 10−11 seconds.
Hence, the traced patterns represent the time average of the trajectory traced out
by the electron beam due to its interaction with the microwave electromagnetic
field. A schematic representation is given in Fig. 4.6 a). When the electron
beam passes through a position in the sample, it interacts with microwaves and
is deflected into an elliptical trajectory. The information about that position of
the sample is then spread along an elliptical trace on the screen.

4.2 TEM experiments with a microcavity

In this experiment, a resonant microcavity was prepared on a substrate of Si, with
a layer of SiN as the top surface (Silson Ltd), as depicted in Fig. 4.7. In these
substrates, a small window of 100µm by 100µm is etched into the bottom of the
Si chip, such that a layer of SiN remains for lithographic structures and samples to
be placed upon. This SiN membrane has a thickness of 30 nm, which is sufficiently
thin, for the electron beam of a TEM to pass through. A microresonator (Fig.
4.8) was lithographically prepared. A drop of DPPH, which is an EPR marker
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Figure 4.6: Schematic representation of the pattern traced out by the electron
beam (“e-Beam”) under the influence of microwaves. a) A single collimated
beam passes through the sample and is forced into a circular trajectory, trac-
ing a circular pattern on the screen. This is similar to the low angle diffraction
measurements in Fig. 4.5 A-E. b) Multiple parallelized beams passing through
multiple positions of the sample. The information about each position in the
sample (here indicated as colors red green and blue) is superimposed where the
beams overlap (indicated as a mixing of colors). For example, where the infor-
mation red overlaps with green, a superposition is observed as yellow. Similarly,
cyan or magenta appear where blue and green or red and blue are superimposed,
respectively.

(g = 2.0), was placed inside the resonator loop. The system was then clamped into
the sample holder using the set screw, such that the coupler of the microcavity
was connected to the inner wire of the semi-rigid cable. Next, the sample holder
was mounted in the TEM. Bright-field electron micrographs of the resonator can
be seen in Fig. 4.8. The microwave eigenfrequency of the resonator was previously
determined to 6.326 ± 0.001 GHz. Hence the deflection of the electron beam in
low angle diffraction mode was recorded for frequencies between 6.230 GHz and
6.425 GHz. For this experiment, a selected area aperture was used so that the
beam passes only through the resonator (compare inset in Fig. 4.8 d)). Examples
of the recorded micrographs can be seen in Fig. 4.9. While the Lorentz lens was
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Figure 4.7: Top view and cross-section side view sketch of a SiN membrane
substrate used in TEM experiments. (Not to scale)

used to focus the electron beam, the objective lens was tuned such that the
resonator was exposed to different magnetic flux densities of 200 mT, 227 mT,
and 500 mT. Fig. 4.9 summarizes the magnitude of the deflection measured
along the long axis of the pattern. For all applied field values, a maximum
deflection of the electron beam was observed about 100 MHz below the previously
determined eigenfrequency. According to the results in [118], the resonator is
in resonance at the frequency where the deflection is largest. The discrepancy
between the previously determined eigenfrequency and the eigenfrequency in the
TEM may be due to a difference in the local dielectric environment in these
experiments due to unmounting and remounting the sample. With ω = 2πf ,
the EPR resonance frequency f of DPPH can be calculated from the applied
magnetic field B, according to Eq. 2.1

2πf = γeB

where γe = ge
µB

~ is the gyromagnetic ratio of the electron with the g-factor
ge = 2.0036, Bohr’s magneton µB = 9.274 · 10−24 and Planck’s constant ~ =
1.055 ·10−34. At 200 mT and 500 mT, the EPR line of DPPH would be at 5.6 GHz
and 14 GHz, respectively. At 227 mT, the resonance would be at 6.365 GHz,
close to the eigenfrequency of the resonator. The deflection of the electron beam
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Figure 4.8: Microresonator setup for TEM measurements with DPPH. a) Mi-
croresonator design. The inner microwave cable is coupled to the coupler, which
inductively couples to the resonator. The size of the resonator is tailored so that
it has an eigenfrequency of ca. 6.3 GHz. b) Loop located in the center of the
resonator, covered with DPPH (blue color). c) TEM micrograph of the resonator
loop during measurement. d) TEM micrograph of the resonator loop after apply-
ing a microwave with a power of 30 mW (power level at signal generator). Inset:
Aperture used during low angle diffraction measurements. The aperture allows
electrons to pass only through the resonator loop.
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measured as a function of frequency (Fig. 4.9) appears significantly perturbed at
227 mT but not at 200 mT and 500 mT6. In particular, the frequency at which the
deflection of the electron beam is maximal has shifted away from the resonance
frequency of DPPH towards lower frequencies. This can be understood in terms
of the model described in Sec. 7.1. As shown in Fig. 2.2 b), the resonance
frequency of a resonator is shifted away from that of an oscillator coupled to it,
when the frequency of the oscillator is close to that of the resonator. The DPPH
resonance causes the eigenfrequency of the resonator to shift to lower values.
This experiment demonstrates that it is not only possible to map the dynamic
microwave field using low angle diffraction, but also to perform in-situ magnetic
resonance experiments similar to conventional FMR, by harnessing the properties
of coupled oscillators and observing the time-averaged dynamics of the electron
beam. It is, however, not restricted to observations of the electron beam and, by
employing conventional microwave equipment for resonance measurements (Sec.
3), one may record resonance spectra while observing or even manipulating the
sample with an electron beam:
The following potential applications are feasible:

1. A quantitative measurement of the production of chemical reactants under
the influence of an electron beam may be performed by measuring the EPR
signal of chemical radicals which have an EPR response.

2. One may also consider employing a substrate which can expand under elec-
tron beam irradiation or heating. If magnetic particles are deposited on
such a material, the correlation between magnon band gaps and spatial
gaps of dipolar coupled systems as discovered in [88] may be tested directly
on a single sample, and potentially tailored for specific applications.

3. A characterization of all relevant material properties such as tomographic
information, atomic ordering, electron structure, and magnetic moment
may be performed by TEM while exposing the system to a microwave ex-
citation and measuring resonant dynamics. Thus the coupling between

6The slight vertical offset in the deflection amplitude between 200 mT and 500 mT is due to
the different magnifications caused by the different field values.
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Figure 4.9: Microwave induced beam deflection of a microresonator filled with
DPPH (compare Fig. 4.8) at different fields and frequencies measured using the
resonator depicted in Fig. 4.8. Top: low angle diffraction micrographs at 227 mT
for selected frequencies. Red markings indicate the measured deflection. Bottom:
Deflection measured as a function of frequency for different magnetic fields. The
resonance frequency of DPPH at 227 mT (6.365 GHz) is indicated by a red line,
surrounded by a red color gradient indicating an error bar of roughly ±1 mT.
At this field value, the observed deflection is significantly perturbed, such that
the point of maximum beam deflection, near 6.250 GHz, is shifted away from
the resonance frequency of DPPH and towards lower frequencies as indicated by
horizontal arrows.
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resonant and off-resonant microwave absorption and the above mentioned
structural and analytic parameters of the system may be investigated.

4.3 Broadband spectroscopy

This section describes the impact of microwaves on real space TEM images. The
time average of the perturbed electron beam is recorded similar to the measure-
ment in Sec. 4.2. The difference is that now a brightfield image is recorded rather
than a small angle diffraction pattern. As indicated in Fig. 4.6 b), a bright-field
image can be understood as multiple parallelized electron beams passing through
the sample. In this case, each of these electron beams is subjected to the mi-
crowave field, and the resulting image is constructed such that information from
one point7 of the sample is spread in a trajectory, like those discussed in the pre-
vious section, across neighboring points. At places where an overlap occurs, the
corresponding pixel now carries information about multiple points of the sample,
effectively blurring the image. This blurring is equivalent to a convolution applied
to the image, where the convolution kernel is given by the trajectory traced by an
individual electron beam. An example of the influence of such a convolution on
an image is given in Fig. 4.10. Here an artificially generated image was subjected
to different convolutions. The artificial image has a dark square in the center and
bright contrast near the sides. Artificial noise was added, following a Gaussian
distribution, as seen in the FFT (Fast Fourier Transformation) in Fig. 4.10 f0).
Three different convolution kernels k1), k2), and k3) were chosen. k1) is a circu-
lar kernel with an asymmetric amplitude distribution. k2) and k3) are elliptical
kernels. All kernels have their highest amplitude near the top and bottom of the
image. Applying these kernels to image i0) results in images i1−3) where in) is
the result of the convolution i0 ◦ kn. As a result of these convolutions, a modu-
lation of the brightness in the FFT images is observed. This modulation follows
the shape of the elliptical kernels with an inverse aspect ratio. While the overall
brightness of the image is mostly represented in the center of the FFT, the outer
areas represent periodic patterns, structure, and noise. In this case, the noise

7“Point” refers to a column through the sample at a given lateral position. The electron
electron beam carries information about this column and is perturbed by the microwave field
above, inside, and below the sample.
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Figure 4.10: Examples of different convolution kernels applied to an artificial
image. Images i1−3) show the result of applying convolution kernels k1−3) to
i0). In the FFTs f0−3) of images i0−3), an elliptical ring pattern distinguishes the
applied kernels.

is modulated such that certain wavelengths of noise are blurred in the image.
This simple example prescribes that in a bright-field measurement an analysis of
the FFT pattern with and without microwaves can yield information about the
influence of the microwave. In a first experiment, a setup as shown in Fig. 4.3 b)
& d) was realized, where a stripline was wrapped around a substrate which has a
window in the center covered by a SiN membrane. An electron beam was passed
through the hole in the stripline and through the membrane, while the microwave
power was varied. Indeed, the FFT pattern of the recorded micrograph exhibits
a clear ellipse-shaped modulation pattern due to microwaves, as can be seen in
Fig. 4.11. The more microwave power is coupled into the system, the smaller
the axes of the ellipse become, indicating larger axes in the elliptical deflection of
the electron beam trajectory. Multiple harmonics of this elliptical perturbation
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Figure 4.11: Brightfield images of SiN membrane in the presence of microwaves
at a frequency of 9 GHz and corresponding FFTs. a) Brightfield image without
microwave. b-d) Brightfield images with different microwave powers −10 dBm
(0.1 mW), 0 dBm (1 mW) and 10 dBm (0.1 mW). All images were recorded at
83k magnification. e-h) FFTs of a-d), i-l) Zoomed-in Version of e-h). j/i),
k/i), and l/i) are the phase correct quotients of FFTs j-l) divided by i), which
reveal the convolution kernel leading from a) to the respective images b-d). The
preservation of the circular fringes seen in i) in the division j/i), k/i), and l/i)
indicates a slight change in focus.
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Figure 4.12: Top: Bright-field image of a SiN Membrane in the presence of a
microwave with an attenuation of 10 dBm and a frequency of 9 GHz. Bottom:
FFTs of selected regions of interest (ROIs), divided by the FFTs of the same
regions without microwave. Here FFT* 1 denotes that the FFT of ROI 1 in the
presence of microwaves was divided by the FFT of ROI 1 without microwaves and
similarly for FFT* 2. A fringe pattern around the microwave-induced ellipses is
still visible. This indicates that the focus is different in images recorded with and
without microwave. Furthermore, these patterns exhibit different asymmetries
which shows that the astigmatism varies across the image, indicative of coma
aberration.
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are observed, as was predicted in the example in Fig. 4.10. When observing
the FFT pattern at different locations in the image, as seen in Fig. 4.12, the
size of the microwave-induced fringes varies, indicating a spatial distribution of
the microwave amplitude. It is not trivial to find a suitable algorithm that can
extract complex information about the microwave from these elliptical perturba-
tions. The difficulty is especially prominent when investigating smaller regions of
interest, e.g., around an individual particle. Due to drift effects, the capture time
for a single image has to be of the order of 0.1 s, or smaller. This causes the image
and, subsequently, the FFT of the selected region to have substantial noise. It
was, however, observed that the total FFT amplitude in an annular region around
the k = 0 point decreases as the microwave power is increased. This is shown
in Fig. 4.13. The power, shown on the x-axis, is on a logarithmic (dBm) scale,
where −10 dBm = 0.1 mW, 0 dBm = 1 mW and 10 dBm = 10 mW etc. It shows
that for very small changes in power, e.g., from 0 mW to 0.1 mW, the change in
amplitude is as pronounced as for a change from 0.1 mW to 1 mW(ca. 30 %).
This property will be used in Sec. 4.4 to analyze the relative local microwave
amplitude and give easy access to the spatial resolution of resonant properties of
nanometer-sized structures.

4.4 Spatially resolved TEM-FMR

A measurement of the resonant properties of a magnetosome chain is performed
using the convolutional properties of the interaction between microwave and elec-
tron beam in bright-field Lorentz mode. The measurement was carried out with a
capture time of 0.1 s. First, the microwave power was adjusted to 0 dBm, which –
for this exposure time – was sufficient to just see an effect of the microwave. Next,
six images of the chain were recorded. Three with, and three without microwaves
present. An example of images with and without microwaves can be seen in Fig.
4.14. The images were recorded in the order “Off, On, Off, On, Off, On” such
that each image without microwaves was immediately followed by an image with
microwaves for comparison. This process was repeated for microwave frequencies
from 7.5 GHz to 11 GHz in steps of 5 MHz. Then the sample was rotated around
an axis in the plane of the sample by rotating the stage. The axis of rotation is
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Figure 4.13: Annular Fourier amplitude as a function of microwave power. a)
Images of an area of SiN for different microwave powers, with corresponding FFT
pattern below. In the FFT pattern, an annular mask has been applied, which
filters the central point at ‖k‖ = 0 and the vertical and horizontal areas at kx = 0
and ky = 0 leaving only the annular FFT pattern. b) Integrated total annular
FFT amplitude at each power setting, normalized to the integrated annular FFT
amplitude for the case where no microwave is present (−∞ dBm). A linear fit
(red line) of the form y = ax+b has been applied with a = −0.026±0.004 dBm−1

and b = 0.43± 0.03.
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Figure 4.14: Magnetosome chain used in microwave experiments. a) Microwave
turned off. b) Microwave turned to 0 dBm at 8.47 GHz. c) FFT of a) cropped
to the area around the k=0 point to reveal the relevant ring pattern, d) FFT of
b), same as in a). The color in the FFT’s has been inverted for better visibility.
No visual difference is seen in the raw images. In the FFTs c) and d), however,
the suppression of the ring pattern in the presence of microwaves is apparent.
This comparison shows that TEM-characterizations of the morphology are not
impeded by a simultaneous microwave experiment. The Bragg-contrast (darken-
ing of particles and corresponding bright spots in the image) is also unaffected.
Multiple TEM-characterizations may be performed in tandem with microwave
experiments.
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Figure 4.15: Measured drift of the chain structure. a1), b1), c1), and d1) show
the drift in nanometer at each angle of rotation (bottom right in each spectrum),
a2), b2), c2), and d2) show the direction of the drift in degree respectively. The
direction is measured as the polar angle to the horizontal axis in Fig. 4.14.

roughly left to right in Fig. 4.14 (see Fig. 4.19 for comparison). Such a frequency
sweep was then performed at each angle from 0° to 4°. Another frequency sweep
was recorded at 6° with a frequency step of 7 MHz. Each image was recorded
with a resolution of 3710 px by 3838 px, which amounts to ca. 1.8 TByte of data.
Due to limitations in the digital input and output, the acquisition of a single im-
age at 0.1 s exposure time, and the subsequent switching of the microwave takes
about 2 s such that each frequency sweep takes about 7 hours. During that time,
the system is subject to drift, resulting from thermal fluctuations, heating due
to the microwave, and charging and discharging of the SiN membrane due to
the electron beam. I designed a custom algorithm in Wolfram Mathematica for
measuring and correcting the lateral drift. The drift measured by this algorithm
is summarized in Fig. 4.15. After correcting the drift in all images, it is now
possible to define regions of interest around each particle, as shown in Fig. 4.16.
An FFT of each ROI is then created from each recorded image at each frequency,
and the amplitude is integrated in a masked area, as in Fig. 4.13. This leaves

68



4 TEM-BASED MICROWAVE SPECTROSCOPY
4.4 Spatially resolved

TEM-FMR

Figure 4.16: Selected regions of interest (ROIs) around each particle in the chain.
For later reference, each ROI is framed in a unique color and marked with letters
a)-m).
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Figure 4.17: Regions of interest (e) and corresponding signals obtained by eval-
uating the difference between the total FFT amplitudes with and without mi-
crowaves. a)-d) Represent the spectra obtained for each angle 0°-6°, respectively.
The color code of the selected ROIs in e) corresponds to the coloring of the graphs
in a)-d). The strong perturbation of the signal in c) near 9.1 GHz is a result of
the strong drift shown in Fig. 4.15 c1). Dips in the amplitude are observed at
various frequencies in the spectra (e.g., near 8.4 GHz). For some of these dips,
the magnitude is similar in every particle. For others, it changes from particle
to particle, indicating a distribution of microwave amplitude. For different fre-
quencies, the positions of these dips shifts by different amounts, as expected for
magnetic resonances in magnetosomes (compare Sec. 3.1.1).

six amplitude values for each ROI at each frequency. Three values for when the
microwave was turned off and three for when it was applied. Next, the average
difference between the amplitude with and without microwaves is calculated at
each frequency and angle for each ROI. As in Fig. 4.13 the amplitude without
microwaves is subtracted from the amplitude with microwaves, such that an in-
crease in microwave power results in a reduction of the signal. The resulting
spectra are shown in Fig. 4.17. The spatial distribution and the angular depen-
dent properties of the dips observed in the data strongly suggest that these are
resonances that are subject to anisotropic behavior depending on the direction
of the applied magnetic field, i.e., ferromagnetic resonances. An improvement
of the signal to noise ratio can be gained by averaging all ROI’s signals at each
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Figure 4.18: a) Integrated angular dependent spectra taken from Fig. 4.17 plotted
with negative x-Axis for better comparison to simulations and previously recorded
FMR spectra of magnetosomes (see Sec. 3.1.1). FFT* denotes the average of the
total annular FFT amplitude in a masked area, as introduced in Fig. 4.13. A
beating of the signal is observed with broad maxima between 7.6 GHz - 8.1 GHz,
8.1 GHz - 9.7 GHz, and 9.7 GHz - 10.5 GHz. This beating likely originates from
the microwave stripline. On top of those beats, individual sharp resonances are
observed, e.g., at 8.3 GHz, 8.8 GHz, and 9.3 GHz, each of which exhibits angular
dependent changes. b) Angular dependent color plot of recorded spectra. c) Color
plot of simulated angular dependent FMR spectra d) Image used for binarized
simulation geometry e) Binarized simulation geometry.

angle, which can be seen in Fig. 4.18. In this illustration, the signal was plotted
with a negative y-axis to facilitate easier comparison to other FMR spectra and
simulations. One can observe a beating structure of the spectrum, where broad
maxima between 7.6 GHz - 8.1 GHz, 8.1 GHz - 9.7 GHz, and 9.7 GHz - 10.5 GHz
form a background, on top of which narrow peaks are observed. The background
is likely the result of the frequency-dependent amplitude variations described in
Sec. 4.1, which are invariant under rotation of the applied magnetic field. The
peaks, on the other hand, evolve under variation of the angle, albeit small vari-
ations due to the small rotation (of 6° total). At 8.3 GHz, for example, a peak
is observed in all spectra. For all spectra except the spectrum at 6°, this peak
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�ield

Figure 4.19: Simulation Setup. A geometric model of the chain was extracted by
binarizing The TEM image in Fig. 4.18 e) and manually removing any overlaps of
particles, to ensure that there is no exchange coupling between nearest neighbors
in the simulation. A static magnetic field of 350 mT was applied perpendicular
to the chain plane and then rotated around the axis of rotation (dashed line). A
dynamic microwave excitation was introduced as an oscillating magnetic field in
the plane of the chain (left to right). An example Mumax input can be seen in
Appendix Section 7.3. The pixelation of the geometric model corresponds to the
tessellation in the simulation.

has a shoulder towards lower frequencies, which continuously vanishes towards
6°. A pronounced angular dependence is also observed in the peak near 8.8 GHz.
Starting from 0° this peak shifts towards higher frequencies until an angle of 4°
is reached, after which it occurs at a slightly lower frequency again. Angular
dependent variations in the amplitude, indicative of spectral repulsion, can also
be spotted: Near 9.45 GHz, a small maximum is visible at 0° in Fig. 4.18 b),
which fades under rotation and is almost completely gone near 6°. A simulation
of the angular dependent FMR spectrum of a chain with similar geometry was
performed as previously in Sec. 3.1.1. The simulation setup is illustrated in Fig.
4.19. Again the magnetocrystalline anisotropy is neglected, and the geometry is
approximated in two dimensions, stretching to a total thickness of 40 nm in the
third dimension. An applied field direction of 0° corresponds to the magnetic
field pointing along the z-axis into the plane of the chain geometry. The general
trend of the simulation and the measurement agree, in that two main maxima
are observed at low frequencies, followed by subsequent minor peaks at higher
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Figure 4.20: FMR spectrum for chain geometry shown in Fig. 4.19 simulated
with an applied field of 350 mT pointing into the plane of the chain geometry. a)
depicts the spectrum with markings b, c, and d, which correspond to the spatial
mappings b)-d) and b’)-d’). b)-d) Spatial map of the dynamic contribution of the
x-component of the magnetization vector at frequencies b-d using the color scale
depicted to the bottom left. The hue indicates the phase of oscillation, where
red corresponds to phase-correct resonant absorption. b’)-d’) Spatial map of the
y-component of the dynamic contribution to the magnetic field at frequencies a-d,
using the same color code as in b)-d).

frequencies up to ca. 10 GHz. A further evaluation of the Simulations is per-
formed exemplary in Fig. 4.20 for a static field applied along the 0°-direction.
For each of the maxima, marked b-d, a corresponding map of the magnetization
dynamics b)-d) and the dynamic magnetic flux b’)-d’) is shown. From Fig. 4.20,
it is evident that mode b) is localized in the upper part of the chain, whereas
mode c) is localized towards the lower part. In contrast, mode d) appears to
be pinned at both ends of the chain. The dynamic field maps b’)-d’), however,
reveal that this rather simple mode localization does not facilitate a similarly
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simple localization of the dynamic field. In all three images, a strong amplifi-
cation of the dynamic field is seen at the position of the mode localization. In
addition, a much weaker field spreads across the entire image. While stronger
fields may have stronger impacts on the electron beam dynamics, a field that
spreads across a larger fraction of space may also have a strong influence as the
beam has to traverse the entire field. It is, therefore, not trivial to reconstruct
the exact spatial distribution of the magnetization dynamics from the TEM ob-
servations. When comparing the spectra in Fig. 4.17 d) to the spatial microwave
distribution in Fig. 4.20 c’). However, one can notice that the particles near the
upper end – a) and b) in Fig. 4.16 – have reduced dynamic field amplitudes in the
second mode from the left (mode b in Fig. 4.20, ca. 8.47 GHz in Fig. 4.17 d)).
In general, a good agreement between simulated spin-wave spin-wave dynamics
and the observed microwave dynamics is found. It is, however, unclear how the
microwave influences the electron beam outside the focal volume and whether a
shorter focal distance may help to better resolve the localized resonant dynamics
of individual nanomagnets.
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Figure 5.1: Spin-wave dispersion (frequency ω vs. wavevector k) with and with-
out DMI. a) Dispersion with (red) and without (blue) linear contribution. Black
arrows indicate a shift along ε · k, resulting in a shift of ∆k along the k-axis.
b)&c) Illustrate the different dispersions separately. Frequencies ω1, ω2, and ω3
indicate examples where no response (ω1), a uniform response (ω2), and a stand-
ing wave (ω3) would be excited in b). In c), on the other hand, these frequencies
correspond to a spin wave with only a single wavelength (ω1), a non-zero wave-
length combined with the FMR (~k = 0) mode (ω2), and two counterpropagating
waves with unequal wavelength (ω3).

5 Confined Spin-Wave modes in chiral magnets

This chapter deals with the resonance spectra of chiral magnets, which exhibit
unusual transport properties. When spin-waves are excited in a chiral magnet
(e.g., a magnet with Dzyaloshinskii-Moriya interaction (DMI)), the oscillating
magnetic moments exhibit a dynamic canting [120]. This dynamic canting can
be interpreted as a phase gradient, which causes standing waves to have properties
of propagating waves [34]. This phenomenon can be understood when consider-
ing the effect of chiral coupling on the dispersion of spin waves. As depicted
in Fig. 5.1 the dispersion becomes nonreciprocal (i.e., it is shifted away from
the Γ-Point) when a chiral coupling is present [121, 122]. Here the discussion
will focus on DMI as the chiral coupling energy. Similar effects are, however,
expected in any system where neighboring oscillators have an effective net chiral
coupling. In a system where magnetic moments (spins or macrospins) are coupled
only by exchange interaction, the dispersion ω

(
~k
)
for small ~k-vectors (i.e., long

wavelengths) roughly traces a paraboloid surface [123, 37, 124].

ω ∝ k2 (5.1)
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5 CONFINED SPIN-WAVE MODES IN CHIRAL MAGNETS

If, however, the spins are additionally coupled via DMI, a term proportional to
~k needs to be considered such that

ω ∝ k2 + εk (5.2)

where ε is proportional to the magnitude of the chiral energy density and depends
on the direction of the chiral symmetry break [121, 122]. Consider now Fig. 5.1,
which shows dispersions 5.1 and 5.2 in direct comparison. The frequency at
k = 0 does not change under the influence of DMI. however, each feature of
the parabola appears shifted in k and ω. As a result, the excitation of any
spectral eigenstate in the presence of DMI would result in an uncompensated
momentum of 2 · ∆k, where ∆k is the shift of the dispersion along the k-axis.
This adds traveling properties to the standing wave nature of the eigenstate [34].
Additional complexity is added to the spatial mode profiles of these eigenstates,
as depicted in Fig. 5.2. Moreover, a new selection criterion for eigenstates has
to be found to suit the boundary conditions. Whereas previously, in the case of
a linear chain, the condition was simply that half a wavelength has to fit into
the length of the chain an integer number of times, now the wavelengths of the
different counter-propagating waves have to fit. As the chiral interaction may
be gradually introduced, it should be assumed that the new condition has to
gradually degenerate towards the conventional one when DMI is removed. In
reciprocal space, the conventional condition without DMI can be written as

k = n
π

l
(5.3)

where k is the absolute value of the wavevector, l is the length of the chain, and
n is an integer number. This is true because, in the conventional case, the two
counter-propagating waves, which superimpose to form the mode structure, have
the same wavelength, i.e., the same k. If, however, the waves have different k,
the dynamic motion is described as

m (x, t) =A exp (ık−x+ ıωt) + A exp (ık+x+ ıωt)
=A exp (ıωt) (exp (ık−x) + exp (ık+x))
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Figure 5.2: Standing waves with and without DMI. The green curve shows the
envelope described as the complex amplitude of the wave, the red and blue curves
are time snapshots with a phase difference of 90◦, and the dashed line is the phase
at each position. The parameters were chosen according to Eq. 5.6 in arbitrary
units, with J = 1 and ω̃ = 0. a) Mode profile at ω = 0, k = 0, without DMI i.e.
d = 0. b) Mode profile of a standing wave without DMI. The phase distribution
is uniform inside each node and changes discontinuously at each anti-node. The
time snapshots show that there is at least one time t0 at which the amplitude is
0 everywhere. c) Mode profile of a standing wave in the presence of DMI. The
overall shape of the envelope is preserved. However, the phase is continuously
sloped inside each node an abruptly jumps at each antinode. d) Same as c) except
that the counter-propagating waves’ amplitudes differ by 10 %. The envelope no
longer goes to 0 at each antinode, and the phase is now continuous along the
entire profile.
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5 CONFINED SPIN-WAVE MODES IN CHIRAL MAGNETS

where A is the amplitude of the wave and k− 6= −k+ are the wavevectors of waves
propagating in positive and negative direction, respectively. The mode pattern
then has the form

m (x) = exp (ık−x) + exp (ık+x)

= exp
(
ı

(
k− + k+

2

)
x

)
cos

((
k− − k+

2

)
x

)
(5.4)

which describes a spatial wave with a beat structure that has a wavevector kb =(
k−+k+

2

)
and an envelope with wavevector ke =

(
k−−k+

2

)
. The envelope needs

to obey the boundary conditions, and thus, the selection criterion in the more
general case where DMI is present is

ke =
(
k− − k+

2

)
= n

π

l

or
k− − k+ = n

2π
l
. (5.5)

When no DMI is present it appears that kb = 0 and ke = k and Eq. 5.5 degener-
ates into Eq. 5.3.

Now, assume a dispersion with DMI of the form

ω (k) = J · k2 + d · k + ω̃ (5.6)

where J is the exchange Integral, d is a measure of the chiral energy density and
ω̃ = γ ·B0 is the resonance frequency at k = 0. From this, the inverse functions

k− (ω) = − d

2J −

√
d2 − 4J (ω̃ + ω)

2J (5.7)

k+ (ω) = − d

2J +

√
d2 − 4J (ω̃ + ω)

2J (5.8)

can be found, which are defined only for ω ≥ ω̃− d2

4J , which is the minimum of the
dispersion 5.6. The frequencies at which resonance can occur are then calculated

78



5 CONFINED SPIN-WAVE MODES IN CHIRAL MAGNETS

from Eq. 5.5 and we find that

k− (ωn)− k+ (ωn) = n
2π
l

−2

√
d2 − 4J (ω̃ + ωn)

2J = n
2π
l

ωn = ω̃ − d2

4J + J
n2π2

l2
(5.9)

are the eigenfrequencies for which waves can be accommodated in the boundary
conditions. This result differs from the case of no DMI only by the offset − d2

4J ,
which causes the unusual condition that ω0 6= ω̃ in the presence of DMI. Further-
more, as the DMI is increased, the eigenfrequencies of the system are expected
to decrease quadratically.

In Eq. 5.4 and Fig. 5.2 it becomes apparent that the mode profile of a standing
wave in the presence of DMI is very complicated, and the phase distribution
is different from what is known for conventional standing waves. This raises
the question, how the system would respond to a uniform excitation, i.e., an
excitation where the system is perturbed at each position with the same frequency,
amplitude, and phase. A given system can only pick up an excitation if there
is some uncompensated amplitude in the system. Consider, for example, Fig.
5.2 a) where the phase is constant. Here none of the amplitude is compensated
such that this mode can pick up on a uniform excitation. In Fig. 5.2 b) the
situation is slightly more complicated as one finds that one section of the mode
profile oscillates with a phase opposite to that of the other two. In this case,
the mode profile can only pick up 1/3 of the excitation as two of the 3 sections
cancel each other. The mode patterns, shown in Fig. 5.2 c)&d), however, are
much more intriguing. Here it is not immediately obvious how the system may
respond to a uniform excitation. A phase-correct integral across the mode profile
will reveal the uncompensated amplitude in each mode. For that purpose, we
want to treat the most general case depicted in Fig. 5.2 d). Hence we may now
allow counter-propagating waves to have different amplitudes A− and A+, such
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that

m (x) =A− exp (ık−x) + A+ exp (ık+x) .

The integral over the whole length of the chain is then given as

m (ω) =

l
2�

− l
2

m (x) dx =A−
sin

(
k−·l

2

)
k− · l

+ A+
sin

(
k+·l

2

)
k+ · l

. (5.10)

Which behaves like a sinc (sinus cardinalis) function in both k+ and k−. We,
therefore, obtain a sinc type behavior in frequency when inserting Eqs. 5.7 & 5.8
into 5.10, such that

m (ω) =A+

(
d+

√
d2 − 4J (ω̃ + ω)

)
l (ω − ω̃) sin

l−d+
√
d2 − 4J (ω̃ + ω)

4J


+A−

(
−d+

√
d2 − 4J (ω̃ + ω)

)
l (ω − ω̃) sin

l d+
√
d2 − 4J (ω̃ + ω)

4J

 (5.11)

which constitutes a continuous envelope in the frequency domain for the ampli-
tude at which a standing wave can pick up a uniform excitation. Thus any reso-
nances occurring at frequencies ωn have an amplitude proportional tom (ω = ωn).
To better illustrate this, consider all resonances to be the superposition of Lorentzian
curves at all ωn, such that

fres (ω) =
∑
n

1
1 +

(
ω−ωn

s

)2

where s determines the width of the resonance curves, which may also be fre-
quency dependent. The spectral amplitude obtained under uniform excitation is
then given as

fspec (ω) = fres (ω) ·m (ω) . (5.12)

When modeling a real system, good knowledge of the lineshape fres (ω) is there-
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Figure 5.3: Mumax [92] Simulation of FMR spectra of a single elliptical disk with
a thickness of 10 nm and lateral dimensions of 100 nm by 200 nm. The magneti-
zation was set to Ms = 350 kA/m, and an exchange stiffness of Aex = 13 pJ/m
was assumed, parameters similar to those of the chiral magnet FeGe [125]. The
sample was exposed to a static magnetic field of B = 400 mT parallel to the long
axis of the ellipse, and a spatially uniform dynamic field was applied out-of-plane
to simulate a microwave excitation at various frequencies. The top graph shows
color-coded frequency dependent spectra recorded for different chiral energy den-
sities D (dBulk parameter in Mumax) ranging from 0 mJ/m2 to 1.8 mJ/m2. To
the bottom left, two individual spectra are shown, one at D = 0 mJ/m2 and an-
other one at D = 1 mJ/m2, in each of the spectra a set of resonances is identified
and numbered A0-D1. The corresponding mode profiles, obtained through ap-
propriate Fourier transformation of the simulation data, are shown to the bottom
right, where the amplitude of oscillation is perpendicular to the magnetization
direction [126].
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Figure 5.4: The spectral fingerprint of DMI for various chiral coupling strength
for a) The simulated disk sample, as shown in Fig. 5.3, in comparison with b)
the linear chain model derived in Eq. 5.12. The spectra in b) are calculated by
evaluating Eq. 5.12 at different frequencies and different chiral energies. The
parameters in this model are unitless, ω̃ = 10, A− = A+ = 1, J = 1, l = 7π

4 ,

n ∈ {0, ..., 10} and s (ω) = 0.5 exp
(

(ω−ω̃)2

2( 3
5d+1)2

)
. The general characteristics – such

as the evolution of the amplitude ratio, the resonance position, and superposition
– are well captured in the analytic model. The dipolar induced edge mode seen at
low frequencies in a) (compare also A0 and A1 in Fig. 5.3) is completely missed
in the analytic model b) because dipolar interactions were neglected. The color
scale is the same as in Fig. 5.3.

fore necessary. Figure 5.3 shows the results of mumax3 [92] simulations (compare
Appendix Sec. 7.6) set up to describe the dynamics of a confined magnetic system
with different chiral energies. The Material parameters for this simulation have
been chosen to be similar to that of B20 FeGe, which is a chiral magnet and thus
exhibits DMI. As a geometry, an ellipse was chosen to avoid edge and minimize di-
vergent stray fields, while maintaining the option of tailoring a shape anisotropy.
The simulations have been performed by applying a static magnetic field par-
allel to the long axis of the ellipse and a dynamic magnetic field perpendicular
to its plane. A time-dependent sinc pulse has been used to uniformly excite the
system and a suitable Fourier transformation of the time-dependent output data
reveals all resonances in a given frequency band. The resulting spectra for differ-
ent DMI strengths are shown at the top of Fig. 5.3. Multiple resonances emerge,
disappear, and shift in frequency as the chiral coupling becomes stronger. This
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constitutes a unique spectral fingerprint of DMI. We find that the mode profiles
of the standing waves excited in the system (Bottom right in Fig. 5.3) are very
similar to standing waves in a linear chain, making this example a good candidate
for comparison with the analytic model 5.12. A qualitative comparison is shown
in Fig. 5.4. The linear chain model has been evaluated in terms of unitless pa-
rameters and indeed exhibits features that are very similar to those observed in
the simulation. As the DMI increases, all modes shift to lower frequencies as one
may expect from the linear contribution to the dispersion, as is illustrated in Fig.
5.1 a). The relative amplitude of the resonances changes and more resonances can
be observed with stronger DMI. The reason that these additional resonances can
pick up on a uniform excitation is the phase gradient induced by DMI (compare
Fig. 5.2). The low-frequency edge-localized mode in Fig. 5.4 a) is not reproduced
in b) as the model does not account for dipolar coupling. The apparent abrupt
repulsion between k = 0 and k = π

l
(λ2 = l), which is observed near 21.5 GHz and

0.2 mJ/m2 in a), appears more smooth in b), where it can be observed between
d = 1 and d = 2 at f ≈ 10. Notice also that due to dipolar pinning near the long
ends of the ellipse, this λ

2 -mode appears more like a λ or even 2λ mode in Fig.
5.3 B1. The impact of dipolar coupling on real systems should, therefore, not be
underestimated. Overall the analytic model agrees well with the simulation result
and provides a basis for understanding and interpreting FMR spectra obtained
from geometrically confined chiral magnets. It can be used to derive the chiral
energy from the relative spectral amplitudes.

6 Conclusions and Outlook

I have demonstrated that the resonant dynamics of few coupled nanomagnets
can be measured with micro-resonators, and individual spin-wave modes can be
resolved. Nanomagnonic logic gates, based on these findings, may be employed
in spintronic applications on the nanoscale and in three dimensions. The con-
cept of Biomagnonics is derived from the observation of genetic malleability of
nanoparticle arrangements in magnetotactic bacteria. It may be developed into
an inexpensive way to obtain self-reproducing spintronic devices and magnonic
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networks with nanoscale elements.

The distribution of spin-wave amplitude in nanomagnets in the regime of
10 GHz and above can now be spatially resolved using the electron beam of a
transmission electron microscope. Using lock-in amplification, and time-resolved
detectors, such as delay-line detectors [127, 128], phase resolution may also be
obtained in addition to the amplitude detection.

I have also demonstrated that resonant coupling between micro-resonator and
sample can be directly investigated using the electron beam without the need for
microwave detection equipment. Additionally, the introduction of a microwave
connection into the TEM allows for a multitude of future microwave experiments.
A potential experiment may be to investigate the formation of radicals in catalytic
processes, combined with an in-situ TEM characterization of catalytic nanopar-
ticles. In environmental TEM, a set of catalytic particles may be exposed to an
atmosphere of reactants. The intermediate products and radicals of the catalytic
reaction may then be monitored using EPR spectroscopy [129, 130, 131, 132].
In addition, any changes to the nanoparticles can be in-situ characterized using
TEM and directly correlated to a specific reaction. Such an experiment may aid
in achieving sustainable and environmentally friendly combustion. Other reac-
tions, such as electron-beam-lithography [133, 134, 135, 136] in TEM, may also be
investigated by the same means to achieve a deeper understanding of the chem-
istry involved. The properties of dielectric materials, magnetic materials, and
chemical reactants under resonant and broadband microwave excitations may all
be investigated in in-situ TEM studies.

Magnetic phenomena such as the various hall effects [137, 138, 139, 140, 141],
the spin Seebeck effect [142, 143, 144, 145, 146], domain wall motion [147, 5],
and the unusual distribution of phase and amplitude described in Sec. 5 and
ref. [34] may be investigated by TEM under DC, AC, and microwave excita-
tions. Lorentz-microscopy and magnetic Holography will reveal the distribution
of spins with nanometer resolution in such experiments. Combining this approach
with tomography will then reveal three-dimensional quantitative information of
a plethora of magnetic phenomena.
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7 APPENDIX

7 Appendix

7.1 Coupled oscillators and the principle of
resonator-based spectroscopy

In conventional ferromagnetic resonance experiments, a resonator is employed.
This resonator is operated at its eigenfrequency Ω while various configurations of
an external magnetic field ~Bext are set up. Since the eigenfrequencies ωres of the
magnetic sample depend on this field, the resonator is strongly perturbed, if the
frequencies match, i.e., if

Ω = ωres
(
~Bext

)
.

To understand the FMR signal in such an experiment, one may disregard the
vectorial nature of the magnetic quantities as well as the composition of electric
and magnetic components involved. Instead, one may – for simplicity – consider
the case of two coupled linear oscillators, as depicted in Fig. 7.1. Potential energy
Epot and kinetic energy Ekin will then have the form

Ekin =1
2m1L

2
1ẋ1 (t) + 1

2m2L
2
2ẋ2 (t) (7.1)

Epot =−m1gL1

(
1− x1 (t)

2

)
−m2gL2

(
1− x2 (t)

2

)
(7.2)

+ 1
2k (x1 (t)− x2 (t))2 (7.3)

where ẋi (t) denotes the time derivative of the oscillation amplitude, k scales the
coupling, m1 and m2 represent the masses and L1 and L2 the lengths of the pen-
dula. By applying, for example, the Lagrange formalism with the Lagrangian

L = Ekin − Epot

the equations of motion can be found as the Euler-Lagrange equations

d
dt

(
∂L

∂ẋi

)
− ∂L

∂xi
= 0
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Figure 7.1: Coupled pendulum with different lengths and massed. Two oscillators,
which are coupled through some coupling mechanism with a coupling constant
k, each represented as a pendulum with mass mi and length Li. The oscillation
amplitude is represented as the time-dependent angles xi.

which reveals the form

ẍ1 (t) + g

L1
x1 (t) + k

L2
1m1

(x1 (t)− x2 (t)) = 0 (7.4)

ẍ2 (t) + g

L2
x2 (t) + k

L2
2m2

(x2 (t)− x1 (t)) = 0 (7.5)

for the coupled dynamics. In the case of k = 0, each pendulum oscillates at its
eigenfrequency Ωi =

√
g
Li
. The eigenfrequencies depend on 1/Li ∝ Ω2

i , whereas
the coupling is now scaled by 1/L2

i ∝ Ω4
i in each equation. The equations may

thus be rewritten in terms of the eigenfrequencies of the uncoupled oscillators
such that

ẍ1 (t) + Ω2
1

(
1 + k1Ω2

1

)
x1 (t)− k1Ω4

1x2 (t) = 0 (7.6)

ẍ2 (t) + Ω2
2

(
1 + k2Ω2

2

)
x2 (t)− k2Ω4

2x1 (t) = 0 (7.7)

where ki = k
gmi

describes how strongly the oscillations of each pendulum depends
on the dynamics of the other one. This notation shows that in the case of equal
eigenfrequencies (i.e., equal length, L1 = L2), if k1 � k2 (i.e., m1 � m2), the
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oscillation of pendulum 2 would have little influence on the dynamics of pendulum
1. This can already be seen in the kinetic energy (Eq. 7.1); if one starts with an
excitation ẋ2 (0) = v and ẋ1 (0) = 0, the energy which may be transferred from
pendulum 2 to pendulum 1 is much smaller than what may be transferred from
pendulum 2 to pendulum 1 in the case ẋ1 (0) = v and ẋ2 (0) = 0 and similarly for
the potential energy. It is also evident that even if the amplitude of oscillator 2
is very small, the coupling still has an influence on oscillator 1 (and vice versa),
namely that the eigenfrequency is shifted from Ω1to

√
Ω2

1 (1 + k1Ω2
1) if pendulum

2 has a very large mass (m2 →∞) and is held in place as pendulum one oscillates
freely.

Next, a viscous damping αiẋi (t) is added to the system:

ẍ1 (t) + α1ẋ1 (t) + Ω2
1

(
1 + k1Ω2

1

)
x1 (t)− k1Ω4

1x2 (t) = 0 (7.8)

ẍ2 (t) + α2ẋ2 (t) + Ω2
2

(
1 + k2Ω2

2

)
x2 (t)− k2Ω4

2x1 (t) = 0 (7.9)

Applying the same considerations as before, where one oscillator is firmly held in
place, while the other one is free to move, we find the equation of motion for one
oscillator

ẍi (t) + αiẋi (t) + Ω2
i

(
1 + kiΩ2

i

)
xi (t) = 0 (7.10)

where i could be either 1 or 2. Using the ansatz xi (t) = ai exp (ıωit), we obtain
the eigenfrequency ωi through

0 = ı2ω2
i ai exp (ıωit) + ıαiωiai exp (ıωit) (7.11)

+ Ω2
i

(
1 + kiΩ2

i

)
ai exp (ıωit) (7.12)

0 = ı2ω2
i + ıαiωi + Ω2

i

(
1 + kiΩ2

i

)
(7.13)

ωi = ı
αi

2 ±
√

Ω2
i (1 + kiΩ2

i )−
(
αi

2

)2
(7.14)

which reveals a re-scaling of the eigenfrequency (1 + kiΩ2
i ), induced by coupling

and a shift of the eigenfrequency −
(
αi
2

)2
, induced by damping . Additionally,

the damping always provides an imaginary part to the eigenfrequency ıαi
2 , such
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that xi (t) decays over time with a half-life determined by the value of αi. The
eigenfrequency has a real part only if Ω2

i (1 + kiΩ2
i ) ≥

(
αi
2

)2
, otherwise no oscil-

lation will occur. For the case in which the motion of both oscillators is allowed,
an ansatz of the form x (t) = a exp (ıωt), yields the secular equation

det
 −ω2 + ıα1ω + Ω2

1 (1 + k1Ω2
1) k1Ω4

1

k2Ω4
2 −ω2 + ıα2ω + Ω2

2 (1 + k2Ω2
2)

 = 0 (7.15)

which results in the characteristic polynomial

ω4 − ıω3 (α1 + α2)
−ω2

(
α1α2 + Ω2

1 + k1Ω4
1 + Ω2

2 + k2Ω4
2

)
+ıω

(
α2Ω2

1 + k1α2Ω4
1 + α1Ω2

2 + k2α1Ω4
2

)
+Ω2

1Ω2
2

(
1 + k1Ω2

1 + k2Ω2
2

)
= 0. (7.16)

In the case of α1 = α2 = α, Ω1 = Ω2 = Ω, and k1 = k2 = k, Eq. 7.16 has the
form

(
ω2 − ıωα− Ω2

) (
ω2 − ıωα− Ω2 + 2kΩ4

)
= 0, (7.17)

which yields the familiar solutions ω1 = ıα2 ±
√

Ω2 −
(
α
2

)2
and ω2 = ıα2 ±√

Ω2 + 2kΩ4 −
(
α
2

)2
of the well known coupled pendulum of equal masses lengths

and damping. In the more general case where those parameters are free, however,
the solution has a more complicated form. A computer algebra system can be
used to find the four analytic roots of Eq. 7.16. Out of the four possible solu-
tions, however, only two need to be considered as the other two are merely their
negative complement. These two solution shall be named ω1

res and ω2
res.

Next, to solve Eqs. 7.8 and 7.9 for an amplitude response, a continuous
perturbation d exp (ıωt) is introduced to Eq. 7.8 such that

ẍ1 (t) + α1ẋ1 (t) + Ω2
1

(
1 + k1Ω2

1

)
x1 (t) + d exp (ıωt) = k1Ω4

1x2 (t) (7.18)

ẍ2 (t) + α2ẋ2 (t) + Ω2
2

(
1 + k2Ω2

2

)
x2 (t) = k2Ω4

2x1 (t) (7.19)
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The driving force is deliberately introduced in such a way that it breaks the
symmetry of the equation; It can be seen as a force that drives pendulum one.
An ansatz of the form xi (t) = ai exp (ıωt) is chosen where iε {1, 2}. We then
obtain

a1
(
−ω2 + ıα1ω + Ω2

1

(
1 + k1Ω2

1

))
− d

a1
= a2k1Ω4

1 (7.20)

a2
(
−ω2 + ıα2ω + Ω2

2

(
1 + k2Ω2

2

))
= a1k2Ω4

2 (7.21)

To enhance readability, we may now substitute β1 = ω2 − ıα1ω − Ω2
1 (1 + k1Ω2

1)
and β2 = ω2 − ıα2ω − Ω2

2 (1 + k2Ω2
2) and κi = kiΩ4

i to find that

a1

d
= β2

β1β2 − κ1κ2
(7.22)

a2

d
= κ2

β1β2 − κ1κ2
(7.23)

It is now apparent that the amplitudes a1 and a2 become maximal if β1β2−κ1κ2

becomes minimal, which is true if ω2 − ıα1ω − Ω2
1 and ω2 − ıα2ω − Ω2

2 become
minimal. This occurs of the driving frequency ω is near one of the eigenfrequencies
ω1

res and ω2
res of the system. Figure 2.2 illustrates the dynamic properties such

as the eigenfrequencies, phases, and oscillatory amplitudes of such a system as
a function of the base frequency Ω2 of the oscillator. A distinct shift of the
eigenfrequency of the resonator is accompanied by a decrease in its oscillatory
amplitude when the resonance frequency of the oscillator approaches that of the
resonator.

This analysis serves as a basis for understanding how the resonance of one
oscillator can be measured by a resonator coupled to it. It can, mutatis mutandis,
be used to describe how the signal in conventional FMR measurements can be
measured by observing the eigenmode of a microwave cavity.

7.2 Mumax3 script for micromagnetic modeling with anisotropy

In this script, each particle is represented by a spherical region, and an anisotropy
is assigned to the region. The easy axis of the anisotropy is always pointing to-
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wards the nearest neighbor, whereas the hard axes are oriented in cubic symmetry
around the easy axis. This leaves one rotational degree of freedom for the align-
ment of the hard directions as well as the easy directions perpendicular to the one
pointing to the nearest neighbor. This angle of rotation was chosen randomly for
each particle, resulting in the model shown in Fig. 3.4 c). The resulting spectra
are shown as a color plot in Fig. 3.5.
Nx := 16
Ny := 128
Nz := 9
Setgridsize(Nx, Ny, Nz)
Setcellsize(5e-9, 5e-9, 5e-9)
EdgeSmooth = 4
// Material: Fe3O4
Msat = 4.8e5//A/m
Aex = 1.32e-11 //J/m
Kc1 = -1.10e4 //J/m^3
alpha= 0.002
gf := 2.1
muB := 9.27400968e-24
hq := 1.054571726e-34
gammaLL = gf*muB/hq
//Geometry[m]
particle1 := Ellipsoid(30.0416e-9, 30.0416e-9, 30.0416e-9)
.Transl(-10.e-9, 255.e-9, 0)
particle2 := Ellipsoid(31.7014e-9, 31.7014e-9, 31.7014e-9)
.Transl(-3.07143e-9, 206.929e-9, 0)
particle3 := Ellipsoid(30.7653e-9, 30.7653e-9, 30.7653e-9)
.Transl(-2.95455e-9, 165.985e-9, 0)
particle4 := Ellipsoid(31.629e-9, 31.629e-9, 31.629e-9)
.Transl(-10.3571e-9, 121.357e-9, 0)
particle5 := Ellipsoid(31.629e-9, 31.629e-9, 31.629e-9)
.Transl(-10.3571e-9, 63.6429e-9, 0)
particle6 := Ellipsoid(32.4612e-9, 32.4612e-9, 32.4612e-9)
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.Transl(-7.5e-9, 12.5e-9, 0)
particle7 := Ellipsoid(30.0416e-9, 30.0416e-9, 30.0416e-9)
.Transl(0.e-9, -30.e-9, 0)
particle8 := Ellipsoid(31.7429e-9, 31.7429e-9, 31.7429e-9)
.Transl(1.78571e-9, -81.0714e-9, 0)
DefRegion(1, particle1)
DefRegion(2, particle2)
DefRegion(3, particle3)
DefRegion(4, particle4)
DefRegion(5, particle5)
DefRegion(6, particle6)
DefRegion(7, particle7)
DefRegion(8, particle8)
anisC1.SetRegion(1, vector(-0.48064, 0.723205, 0.495944))
anisC1.SetRegion(2, vector(0.600929, 0.790392, 0.119014))
anisC1.SetRegion(3, vector(0.533703, -0.787153, -0.309114))
anisC1.SetRegion(4, vector(0.249272, -0.835063, -0.490442))
anisC1.SetRegion(5, vector(-0.21074, 0.777473, -0.592557))
anisC1.SetRegion(6, vector(-0.744541, 0.662991, 0.0781123))
anisC1.SetRegion(7, vector(0.364565, -0.730046, -0.578036))
anisC1.SetRegion(8, vector(0.104132, -0.785258, -0.61035))

anisC2.SetRegion(1, vector(-0.0384542, 0.547627, -0.835838))
anisC2.SetRegion(2, vector(-0.794548, 0.574481, 0.196632))
anisC2.SetRegion(3, vector(-0.463721, -0.578073, 0.671412))
anisC2.SetRegion(4, vector(-0.424547, -0.549398, 0.719667))
anisC2.SetRegion(5, vector(0.544187, 0.596865, 0.589587))
anisC2.SetRegion(6, vector(0.508831, 0.63934, -0.576485))
anisC2.SetRegion(7, vector(0.297113, -0.497114, 0.815231))
anisC2.SetRegion(8, vector(0.301939, -0.559761, 0.771687))
setgeom(particle1.add(particle2).add(particle3).add(particle4)
.add(particle5).add(particle6).add(particle7).add(particle8))
m = RandomMag()
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// applied field parameters
theta := 8*(pi/180) // field angle
bmax := 0.36// applied static field
//driving field
driv := 0.01 // amplitude driving field
f := 1.0e9 // frequency units
fdel := 17.*f*2.*pi // defines frequency window
time := 6400./fdel
toff := time/2.0 // offset to start a
outputformat = OVF1_TEXT
tableadd(B_ext)
B_ext=vector(bmax*cos(theta), bmax*sin(theta), 0)
relax() //Static Relaxation
minimize()
run(1e-12) //Dynamic Relaxation
autosave(m,pi/(2*fdel))
tableautosave(pi/(2*fdel))
B_ext=vector(bmax*cos(theta), bmax*sin(theta),
driv*sin((t-toff)*fdel)/((t-toff)*(fdel)))
run(time)

7.3 Mumax3 script for micromagnetic modeling without
magnetocrystalline anisotropy

In this script, the anisotropy was neglected, instead the shape of each particle
was approximated from a binarized micrograph ("BinarizedChain.png"), which
was directly imported into the simulation.
Nx := 64
Ny := 128
Nz := 9
Setgridsize(Nx, Ny, Nz)
Setcellsize(4.31e-9, 4.31e-9, 8e-9)
Ae := 1.32e-11
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Ms := 2.425e5
alpha = 0.002
gf := 2.09
muB := 9.27400968e-24
hq := 1.054571726e-34
gammaLL = gf * muB / hq
samplespace := Cuboid(64*4.31e-9, 128*4.31e-9, 40e-9)
setgeom(imageShape("BinarizedChain.png").intersect(
samplespace))
Msat = Ms
Aex = Ae
m = RandomMag()
theta := 0 * (pi / 180)
bmax := 0.35
driv := 0.01
f := 1.0e9
fdel := 17. * f * 2. * pi
time := 6400. / fdel
toff := time / 2.0
outputformat = OVF1_TEXT
tableadd(B_ext)
tableadd(B_eff)
B_ext = vector(0, bmax*sin(theta), bmax*cos(theta))
relax()
minimize()
run(1e-12)
autosave(B_eff, pi/(2*fdel))
autosave(m, pi/(2*fdel))
tableautosave(pi / (2 * fdel))
B_ext = vector(driv*sin((t-toff)*fdel)/((t-toff)*(fdel)),
bmax*sin(theta), bmax*cos(theta))
run(time)
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7.4 Mumax3 script for simulating the angular dependent
resonance spectrum of a three particle configuration

This is an example script that shows how the angular dependent resonance spectra
in Fig. 3.9 were simulated. The parameter theta (here 41°) is used to define the
direction of the applied magnetic field.
Nx := 8
Ny := 8
Nz := 2

Setgridsize(Nx, Ny, Nz)
Setcellsize(10e-9, 10e-9, 10e-9)
EdgeSmooth = 4
Ae := 1.32e-11 //J/m
Ms := 4.8e5 //A/m
lex := Sqrt(Ae/(1/2*Mu0*pow(Ms,2)))
alpha = 0.002
gf := 2.1 //[4]
muB := 9.27400968e-24
hq := 1.054571726e-34
gammaLL = gf*muB/hq

//Geometry
// Side lengths [m]
particle1 := Cuboid(20e-9, 20e-9, 20e-9).Transl(10e-9, -20e-9, 0)
particle2 := Cuboid(20e-9, 20e-9, 20-9).Transl(-20e-9, 10e-9, 0)
particle3 := Cuboid(20e-9, 20e-9, 20e-9).Transl(10e-9, 10e-9, 0)
setgeom(particle1.add(particle2).add(particle3))

// Material: Fe3O4
// Parameter
Msat = Ms //A/m
Aex = Ae //J/m
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m = RandomMag()

// applied field loop parameters
theta := 41*(pi/180) // field angle
bmax := 0.36// field

//driving field
driv := 0.01 // amplitude driving field
f := 1.0e9 // frequency units
fdel := 17.*f*2.*pi // defines frequency window
time := 6400./fdel
toff := time/2.0 // offset to start

outputformat = OVF1_TEXT

tableadd(B_ext)
B_ext=vector(bmax*cos(theta), bmax*sin(theta), 0)
relax() //Static Relaxation
minimize()
run(1e-12) //Dynamic Relaxation (avoid Table artifacts). No tableautosave
before this point.
autosave(m,pi/(2*fdel))
tableautosave(pi/(2*fdel))
B_ext=vector(bmax*cos(theta), bmax*sin(theta),
␣driv*sin((t-toff)*fdel)/((t-toff)*(fdel)))
run(time)

7.5 Mumax3 script for simulating the attuning state of a
3-particle gate

This is an example script used to simulate the attuning state of the nanomagnonic
logic gate proposed in Sec. 3.2. The gate consists of three particles. the phase
and amplitude of the exciting microwave field at the position of each particle can
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be tailored using the parameters phtl, phtr, phbr for the phase and amptl,
amptr, ampbr for the amplitude.
Nx := 8
Ny := 8
Nz := 1

Setgridsize(Nx, Ny, Nz)
Setcellsize(10e-9, 10e-9, 20e-9)
EdgeSmooth = 4
Ae := 1.32e-11 //J/m [1]
Ms := 4.8e5 //A/m
lex := Sqrt(Ae/(1/2*Mu0*pow(Ms,2))) //[2] Exchange length "soft materials"
http://nmag.soton.ac.uk/nmag/0.2/manual/html/tutorial/doc.html
alpha = 0.002
gf := 2.1
muB := 9.27400968e-24
hq := 1.054571726e-34
gammaLL = gf*muB/hq

//Geometry
//Side lengths [m]
particle1 := Cuboid(20e-9, 20e-9, 20e-9).Transl(10e-9, -20e-9, 0)
particle2 := Cuboid(20e-9, 20e-9, 20-9).Transl(-20e-9, 10e-9, 0)
particle3 := Cuboid(20e-9, 20e-9, 20e-9).Transl(10e-9, 10e-9, 0)
setgeom(particle1.add(particle2).add(particle3))
// Material: Fe3O4
// Parameter Msat = Ms //A/m
Aex = Ae //J/m

m = RandomMag()

// applied field parameters
theta := 135*(pi/180) // field angle
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bmax := 0.36// field //driving field
driv := 0.0001 // amplitude driving field
f := 11.29e9 // frequency 11.06, 10.48 @ 45° & 11.29, 10.87 @ 135
w := 2*pi*f
time := 100/f

outputformat = OVF1_TEXT
tableadd(B_ext)

phtl:= 0
phtr:= 0
phbr:= 0

amptl:= 1
amptr:= 0
ampbr:= 1

B_ext=vector(bmax*cos(theta), bmax*sin(theta), 0)
relax() //Static Relaxation
minimize()
run(1e-12) //Dynamic Relaxation (avoid Table artifacts). No tableautosave
before this point.
B_ext=vector(bmax*cos(theta), bmax*sin(theta),0)

masktl := newVectorMask(Nx, Ny, 1)
masktr := newVectorMask(Nx, Ny, 1)
maskbr := newVectorMask(Nx, Ny, 1)

//top left particle:
for i:=1; i<=2; i++{
for j:=4; j<=5; j++{
masktl.setVector(i, j, 0, vector(0, 0, amptl*driv))
}
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}

//top right particle
for i:=4; i<=5; i++{
for j:=4; j<=5; j++{
masktr.setVector(i, j, 0, vector(0, 0, amptr*driv))
}
}

//bottom right particle
for i:=4; i<=5; i++{
for j:=1; j<=2; j++{
maskbr.setVector(i, j, 0, vector(0, 0, ampbr*driv))
}
}

B_ext.add(masktl,sin(w*t+phtl))
B_ext.add(masktr,sin(w*t+phtr))
B_ext.add(maskbr,sin(w*t+phbr))

autosave(m,1/(10*f))
run(200/f)

7.6 Mumax3 script for simulating the frequency depen-
dent resonance spectra of a confined chiral magnet

This is an example script used to simulate the frequency dependent resonance
spectra Sec. 5. The parameter theta (here 91°) is used to define the direction
of the applied magnetic field. Compared to Fig. 5.3 91° means that the static
magnetic field is applied parallel to the long axes of the ellipse. The dynamic
excitation, on the other hand, is applied in the z-direction perpendicular to the
elliptical disk as defined in the command B_ext=vector(....
Nx := 128
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Ny := 128
Nz := 1

Setgridsize(Nx, Ny, Nz)
Setcellsize(bx/Nx, by/Ny, 10e-9/Nz)
//dimension of the sample
sample := Ellipsoid(200e-9,100e-9,10e-9)
L:=200e-9
setgeom(sample)
//parameter
msat = 7.96e5
aex = 13e-12
Dind = 91e-5
alpha = 0.006 // damping
save(m)
save(B_demag)

theta := 91*(pi/180) // field angle
bmax := 0.4// static field

//driving field
driv := 0.01 // amplitude driving field
f := 1.0e9 // frequency units
fdel := 30.*f*2.*pi // defines frequency window
time := 6400./fdel
toff := time/2.0 // offset to start

outputformat = OVF1_TEXT
tableadd(B_ext)
tableautosave(pi/(2*fdel))
B_ext=vector(bmax*cos(theta), bmax*sin(theta), 0)
relax()
autosave(m, pi/(2*fdel))
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B_ext=vector(bmax*cos(theta), bmax*sin(theta),
driv*sin((t-toff)*fdel)/((t-toff)*(fdel)))
run(time)
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