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Kurzfassung

Die Eigenschaften von Materialien werden nicht nur durch die Charakteristika auf ato-
marer Ebene bestimmt, sondern ebenfalls durch die Rahmenbedingungen auf makrosko-
pischen Skalen. So kann unter anderem die Form eines Festkorpers eine entscheidende
Bedeutung fiir die Eigenschaften eben dieses haben. Beispielsweise fiihrt dies im Falle
eines Magneten dazu, dass auf Grund von dessen Demagnetisierung gewisse praferierte
Raumachsen fiir die Orientierung der makroskopischen Magnetisierung beobachtet wer-
den konnen.

Im Zuge einer stetigen Optimierung verschiedenster Syntheseverfahren ist es mit mo-
dernen Methoden moglich geworden, Rahmenbedingungen zur Manipulation der Eigen-
schaften eines Festkorpers nicht mehr ausschlieBlich auf makroskopischer Ebene
(> 10°m) bzw. atomarer Ebene (<102 m) vorzugeben, sondern diese ebenfalls im
Bereich zwischen makroskopischer und atomarer Ebene, der mesoskopischen Skala (etwa
108 m bis 10 m), vorzunehmen. Hier ist im Besonderen der Fortschritt chemischer Ver-
fahren hervorzuheben, welche es heute ermoglichen, Strukturen bestehend aus wenigen
bis einigen tausend Atomen zu synthetisieren, sogenannte Nanopartikel (NP). Unter
Verwendung von NP mit wohldefinierter Form und einer sehr schmalen GroBenverteilung
lassen sich durch Ausnutzung von Selbstorganisationsprozessen hochgeordnete, peri-
odische NP-Gitter bzw. NP-Kristalle herstellen. Da es sich hierbei um einen mesoskopisch
strukturierten Kristall handelt, werden diese verallgemeinert als Mesokristalle bezeichnet.

Mesokristalle stellen somit eine Klasse von Metamaterialen dar. Diese Metamaterialien
zeichnen sich dadurch aus, dass kleinere Bausteine eines Festkorpers periodisch angeord-
net in eine groBere Struktur eingebunden sind. Durch diese periodische Anordnung kon-
nen Phanomene auftreten, welche im unstrukturierten Volumenmaterial nicht beobachtet
werden konnen. Diese neuartigen Phanomene in hierarchisch aufgebauten Materialen zu
charakterisieren ist sowohl aus fundamentaler, wissenschaftlicher Perspektive als auch
aus technischer Sicht von groBem Interesse. Entspricht etwa die GroBe der verwendeten
NP im Mesokristall der typischen Wechselwirkungslange des entsprechenden Volumen-
materials, so sind Abweichungen der zugehdrigen Materialparameter zu erwarten, die es
zu charakterisieren und zu verstehen gilt. Weiterhin ermoglichen es die Eigenschaften
von Metamaterialien, die Ausbreitung von elektromagnetische Wellen zu manipulieren,
was weit tiber den Rahmen konventioneller Materialien hinausgeht. Beispielsweise an-
dern sich die Transmissions- bzw. Reflektionseigenschaften eines Materials grundlegend,
wenn die Wellenlange einer elektromagnetischen Welle der Periodizitat des Mesokristalls
entspricht.



Kurzfassung

Im Rahmen dieser Arbeit wurden die magnetischen Eigenschaften von Strukturen beste-
hend aus magnetischen Nanopartikeln (MNP) systematisch untersucht. Ein zentraler
Aspekt hierbei war es einen grundlegenden Beitrag zum Verstandnis der Dipol-Dipol-
Wechselwirkung zwischen den MNP in hochgehordneten, wohldefinierten Anordnungen
zu leisten. In Publikation 1 wird zunachst die Wechselwirkung benachbarter kreisfor-
miger MNP-Anordnungen behandelt. Die einzelnen MNP haben einen Durchmesser von
20 nm und weisen eine Polyethylenglycol-Beschichtung auf, wodurch sich ein Interpar-
tikelabstand von etwa 2 nm ergibt. Mit Hilfe von Ferromagnetischen-Resonanz Exper-
imenten (FMR) konnte gezeigt werden, dass bei solchen MNP-Anordnungen mit einer
Ausdehnung im Bereich einiger 100 nm zwei resonante magnetische Schwingungsmoden,
eine Haupt- und eine Nebenresonanz, auftreten. Eine systematische Verringerung des
Abstandes zwischen den kreisformigen MNP-Anordnungen hat zur Folge, dass die beob-
achtete Nebenresonanz an Intensitat zunimmt. Weiterhin konnte bei einer Verringerung
der Abstande eine zunehmende Winkelabhangigkeit der Resonanzfeldstarke in winkelab-
hangigen FMR-Experimenten nachgewiesen werden. Dies konnte darauf zurlickgefiihrt
werden, dass die Nebenresonanz auf den Randbereich der MNP-Anordnung beschrankt
ist, wohingegen fiir die Hauptresonanz auf eine Mode des zentralen Bereichs geschlossen
wird.

Aufbauend auf diesen Erkenntnissen wurde in Publikation 2 der Ursprung der beiden
Resonanzen naher untersucht. Hierfiir wurden 20 nm groBe MNPs mit einer Olsaure-
Beschichtung in einer hochgeordneten, hexagonalen Anordnung auf einem Substrat
abgeschieden und anschlieBend mittels Elektronenstrahllithographie in ein kreisformiges
MNP-Ensemble von etwa 450 nm Durchmesser strukturiert. Durch ortsaufgeloste Brill-
ouin-Licht-Streuung (BLS) konnten die Interpretationen aus Publikation 1 in Bezug
auf die resonanten Bereiche der beiden Signale weiter untermauert werden. Weiter-
hin konnte im Rahmen frequenzabhangiger Messungen dargelegt werden, inwiefern das
Intensitatsverhaltnis der beiden Signale durch die Dipol-Dipol- Wechselwirkung innerhalb
der Struktur bestimmt wird.

Wahrend in den beiden ersten Arbeiten der Fokus auf die Eigenschaften von MNP-
Ensembles im Zusammenhang mit ihrer duBeren Form auf der Mikrometer-Skala bezie-
hungsweise auf die Wechselwirkung zwischen ihnen gelegt wurde, befasst sich Publika-
tion 3 genauer mit den magnetischen Charakteristika von Mesokristallen, welche auf
der Nanometer-Skala durch den Abstand der MNP und damit durch die Gitterkonstante
des Mesokristalls beeinflusst werden. In diesem Zusammenhang wurde der Durchmesser
und der Interpartikelabstand der MNP systematisch variiert. Im Rahmen von FMR-
Experimenten an zweidimensionalen (2D) Mesokristallen wurde untersucht, inwiefern
die dynamischen Eigenschaften von dem entsprechenden MNP-Gitter beeinflusst wer-
den. Weiterhin konnte im Rahmen dieser Arbeit gezeigt werden, dass die entsprechenden
Materialparameter, wie die Magnetisierung und die effektive Anisotropie der MNP, im
Vergleich zu dem Volumenmaterial verringert sind. Dies wird auf strukturelle Defekte
innerhalb der MNP zuriickgefiihrt, welche zur Bildung von Subdoméanen innerhalb der
MNP fiihren und somit die Reduktion dieser Materialparameter erklaren.



Abstract

The properties of a material are influenced not only by the circumstances on the atomic
scale, but also by the framework conditions on macroscopic scales. Thus, e.g., the
shape of a solid can have a decisive influence on the characteristics of the entire solid.
In case of a magnet, for example, certain preferred spatial axes for the orientation of its
macroscopic magnetization can be observed due to its demagnetization associated with
its geometry.

In the course of a continuous optimization of various synthesis techniques, modern meth-
ods have made it possible to engineer framework conditions for the manipulation of the
properties of an entire solid no longer exclusively on the macroscopic level (> 10°m)
or atomic level (< 1079 m), but also in the range between macroscopic and atomic level,
the mesoscopic scale (approximately 108 m to 10°° m). Here, the advances in chemical
processes must particularly be emphasized which have made it possible to synthesize
structures consisting of a few to some thousand atoms, known as nanoparticles (NP).
Using NPs with a well-defined shape and a very narrow size distribution, the fabrication
of highly ordered, periodic NP lattices or NP crystals may be facilitated by exploiting
self-assembling processes. Since this may be regarded as a mesoscopically structured
crystal, these are generally denoted as mesocrystals.

Mesocrystals thus represent a class of metamaterials, which are characterized by the
fact that smaller building blocks of a material are periodically arranged into a larger
structure. In such metamaterials, phenomena can occur which cannot be observed in
unstructured bulk material. Characterizing these novel phenomena of hierarchical ma-
terials is of great interest from a fundamental, scientific perspective as well as from
an engineering point of view. The use of metamaterials not only yields technical in-
novations, but also allows one to investigate fundamental properties of matter. If, for
example, the size of the NPs used in a mesocrystal corresponds to the typical interaction
length of the corresponding bulk material, deviations in the associated material param-
eters can be expected, which must be characterized and understood. Furthermore, the
properties of metamaterials allow one to manipulate electromagnetic waves in a fashion
which is far beyond the possibilities of conventional materials. For example, transmission
or reflection properties of a material change fundamentally when the wavelength of an
electromagnetic wave matches the periodicity of the mesocrystal.

In this work, the magnetic properties of structures consisting of magnetic nanoparti-

cles (MNPs) were systematically investigated. A central aspect here was to make a
fundamental contribution to the understanding of the dipole-dipole interaction between
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MNPs in highly ordered, well-defined arrangements. Publication 1 first discusses the
interaction of adjacent circular MNP assemblies. The individual MNPs are 20 nm in
diameter and have a polyethylene glycol coating, resulting in an interparticle spacing
of about 2 nm. Using ferromagnetic resonance (FMR) experiments, it was shown that
two resonant magnetic excitation modes occur, a main and a satellite resonance, in a
size range of the assembly of some hundreds of nanometers. Systematically decreasing
the spacing between the circular MNP assemblies results in an increase of the intensity
of the observed satellite resonance. Furthermore, a stronger angular dependence of the
resonance field strength in angle-dependent FMR experiments has been found when the
distances are reduced. This could be attributed to the fact that the satellite resonance
is confined to the edge region of the MNP assemblies, whereas modes of the central
region are assigned to the main resonance.

Building on these findings, the origin of the two resonances was investigated in more de-
tail in Publication 2. For this purpose, 20 nm sized MNPs with an oleic acid coating were
deposited in a highly ordered hexagonal arrangement on a substrate and subsequently
then patterned into circular MNP ensembles of about 450 nm diameter by electron beam
lithography. Spatially resolved Brillouin light scattering spectroscopy (BLS) was used to
further substantiate the interpretations from Publication 1 with respect to the resonant
spatial regions of the two signals. Furthermore, performing frequency-dependent mea-
surements, it has been shown to what extent the intensity ratio of the two signals is
determined by the dipole-dipole interaction within the structure.

The first two papers focused on the properties of MNP ensembles affected by their
outer shape on the micrometer scale and their mutual interaction, respectively. Publi-
cation 3 provides a more precise investigation concerning the magnetic characteristics
of mesocrystals, which are influenced on the nanometer scale by the spacing and the
diameter of the MNPs and thus the lattice constant of the mesocrystal. Within the
framework of FMR experiments on two-dimensional (2D) mesocrystals, it was investi-
gated to what extent the dynamic properties are influenced by the corresponding MNP
lattice. Furthermore, it was shown that the corresponding material parameters, such as
the magnetization and the effective anisotropy of the MNPs, are reduced compared to
corresponding bulk material. This is attributed to structural defects within the MNPs,
which lead to the formation of subdomains within the MNPs and thus explains the
reduction of these material parameters.
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Introduction

In a solid crystal, the constituent atoms or ions are located at the atomic sites in a peri-
odic crystal lattice structure. This arrangement is illustrated schematically at the bottom
image of the left column in figure[I.I] The collective properties of the material at the
atomic scale are governed by two essential factors: the specific arrangement of the ions
on the crystal lattice sites, which determines a distinct structural framework, and the in-
teractions between the ions. Together they yield the collective properties of the material.

Employing conventional fabrication techniques for solid materials, the manipulation of
the solid's macroscopic characteristics may be performed by engineering the interactions
between the ions at the atomic scale by, e.g., doping or alloying the material with a
different chemical element. Hence, its macroscopic properties such as its electrical con-
ductivity may be tuned precisely.

Furthermore, conventional fabrication techniques offer the ability to influence the macro-
scopic properties of the solid through structuring the material using lithographic tech-
niques, as exemplified in the right column of Figure [I.1I] The figure illustrates the
manipulation of macroscopic properties through the arrangement of smaller entities de-
rived from dense thin films. At the macroscopic scale, it is possible to tune the properties
of a material by controlling the shape of the smaller entities and their arrangement on a
specific lattice. In doing so, it becomes possible to manipulate the interactions between
the individual entities, thereby influencing the collective properties of the material at the
macroscopic scale.

It may be concluded that the degrees of freedom to tune the characteristics of the mate-
rial using conventional fabrication techniques are limited to the atomic and macroscopic
scale only. In contrast, the incorporation of nanoparticles (NPs) may offer additional
degrees of freedom to tune and control the macroscopic properties of a material which
are introduced at the mesoscopic scale. Consequently, the utilization of NPs provides
additional opportunities to adjust and modulate material properties that are beyond the
limitations of conventional fabrication techniques. This is highlighted by the gray shaded
(middle) column in figure which emphasizes the additional degrees of freedom to
manipulate the characteristics of a material by employing NPs. As in the case of ma-
nipulating material characteristics at the atomic and the macroscopic scale, where the
collective properties are governed by the features of the individual constituents and their
mutual coupling at the respective scales, similar opportunities are introduced at the
mesoscopic scale. Thus, on the one hand, both the properties of the individual NPs
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Figure 1.1: Employing nanoparticles of a material and arranging these into highly or-
dered structures opens up additional degrees of freedom for tuning at the
mesoscopic scale (level 2). By manipulating, e.g., the size, shape, and ar-
rangement of the constituents, the collective properties may be tuned leading
to phenomena that would not arise by a manipulation at the macroscopic or
atomic scale only. This image is reproduced in the style of Ref. [3]

as well as the interactions between them open up a vast playground to precisely tune
the collective characteristics of the whole solid, and, on the other hand, the emergence
of potential novel phenomena introduced at this scale may be employed for innovative
technological applications [I}, 2].

The individual properties of NPs are determined by two key factors. At the atomic
scale, the NP characteristics are fundamentally governed by the interactions between
the constituent ions giving rise to, e.g., magnetic properties which is emphasized in the
bottom image of the left column in Fig. [I.I] Complementarily, the shape of the NP plays
a significant role as well. Modern synthesis techniques have facilitated the fabrication
of various shapes of NPs such as spheres, cubes, plates, or even polyhedral geometries,
which is emphasized in figure in the top image of the left column [4, 5] [6]. More-
over, their size can be precisely controlled by, e.g., adjusting the reaction temperature
during their synthesis [4, [7]. Consequently, at the level of the individual NPs, at least
two additional degrees of freedom to manipulate macroscopic material characteristics
are introduced by controlling the shape and size of the NPs. However, when the size
of nanoparticles decreases, deviations in the material parameters may occur, particularly
when the nanoparticle size approaches the characteristic length scale of specific inter-
actions between the ions within the material. It is important to note that the material
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parameters of the bulk counterpart represent the properties of a sufficiently large vol-
ume, such that the solid can be considered as infinitely large and the symmetry break
at the surface has a subsidiary impact on the properties of the solid. Therefore, when
comparing the material parameters of NPs with its bulk counterparts, it is important to
consider and characterize potential deviations of the corresponding parameters in detail.
Thus, the employment of nanoparticles not only introduces additional degrees of free-
dom to tune the overall characteristics of a material but also opens up the possibility to
systematically investigate the relative strengths of the interactions at the different length
scales by varying the NP size [132]. As the sizes of NPs ranges from some nanometers
to some tens of nanometers in diameter, they are ideal model systems to investigate
the transition from the quantum mechanically dominated regime to classical interaction
regimes [8]. Hence, magnetic nanoparticle (MNP) arrangements serve as ideal model
systems for systematically studying how the dominant magnetic interactions vary with
the characteristic period of the MNP arrangement.

To illustrate this with a simple example, consider the magnetostatic coupling phenomena
that predominantly govern the magnetic properties of a macroscopic magnetic structure
(see fig. [L.1]- level 3) [8,19]. In a macroscopic magnetic solid, the formation of magnetic
domains with different orientations is driven by the need to minimize the magnetostatic
energy. As the size of a magnetic entity decreases, the strength of magnetostatic cou-
pling scales accordingly [10]. However, this magnetostatic coupling competes with the
exchange interactions within the solid, as the formation of magnetic domains causes
an energetic cost due to the increased exchange energy associated with the tilting of
the magnetic moments of the ions at the domain boundaries. Due to this competition,
there exists a transition region where the exchange interactions may prevail, resulting
in a single-domain state of the magnetic solid. Thus, by decreasing the volume of the
magnetic solid, the characteristics of the magnetic material are increasingly governed by
the quantum mechanical exchange interactions. The transition between the two regimes
depends on the ratio of the strength of the exchange energy between the constituent ions
and the magnetostatic energy of the magnetic entity. It is expected to occur for MNPs
with a diameters ranging between dynp ~ 100 nm to ~ 10 nm [8, [9]. Therefore, at
the mesoscopic scale (see fig. [1.1]- level 2), the characteristics of an individual MNP is
crucially affected by both the classical magnetostatic and quantum mechanical exchange
interactions [1I].

In addition, not only the individual properties of the NPs are of particular interest,
but also the collective characteristics of the whole arrangement arising from mutual in-
teractions between the NPs [12] 13]. By exploiting self-assembling processes during the
deposition of NPs onto a desired substrate, it becomes possible to fabricate ordered as-
semblies of NPs that exhibit various symmetries in their arrangement such as hexagonal
or honeycomb lattices. Employing two or more species of NPs with suitable sizes and
concentration ratios and using appropriate deposition techniques to fabricate ordered NP
lattices [14], more intricate lattice structures can be fabricated. This approach enables
the formation of sophisticated lattices with, e.g., cubic and orthorhombic symmetries
[5, [6], which further expands the possibilities for material design and engineering in-
troduced at the mesoscopic scale. Such highly ordered, periodic NP lattices showing
translational symmetry or even superlattices are known as mesocrystals, as they can be
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considered as mesoscopically structured crystals. This is schematically shown at the
bottom image of the gray shaded (middle) column in figure for a manipulation of
material characteristics at the level of the arrangement of NPs into mesocrystals. In
addition, using lithographic techniques it is possible to synthesize structured, mesoscop-
ically arranged materials [15], [16]. By precisely controlling the shape and size of the
structured NP ensemble, further degrees of freedom to tune the properties of the mate-
rial are introduced as indicated in the top image of the gray shaded (middle) column in
figure by the circularly structured, hexagonally arranged NP ensemble.

Hence, the material properties are determined on various hierarchical length scales and,
thus, such hierarchical structures offer a great variety of novel opportunities to manipu-
late the macroscopic characteristics of the material. Consequently, the integration of the
mesoscopic scale in material design and engineering, through the utilization of nanopar-
ticles (NPs), presents an approach that surpasses the limitations of conventional dense
thin film techniques. This advancement offers novel strategies to precisely control and
manipulate material properties, paving the way for innovative technological applications
and devices. Due to the periodic arrangement of the NPs novel phenomena may occur
in which can be exploited for applications with desired functionalities, which are not
available in their naturally found monolithic counterpart [1]. Materials that show cor-
responding emergent periodicity-dependent characteristics are commonly referred to as
metamaterials. This new class of materials has attracted considerable attention in the
field of materials science [12, [18].

The precise control of the interactions at the mesoscopic scale is a subject of significant
interest, as the collective characteristics and the emerging properties of metamaterials
are crucially governed by the coupling phenomena between the NPs. Consider, for exam-
ple, a specific type of a mesocrystal composed of MNPs denoted as a magnonic crystal
[17]. The MNPs constituting the magnonic crystal may couple via the dipole-dipole in-
teraction which shows a 1/r 2-dependence (where r is the distance between the magnetic
dipoles). Due to the 1/r 2_dependence, the dipolar coupling has a long-range character
and, thus, it is not restricted to the interaction between the ions within an individual
MNP but also affects the local environment of the MNP. In magnonic crystals composed
of MNPs, the dipole-dipole interaction between the MNPs is the most prominent cou-
pling phenomenon which yields the collective behavior of the material at the mesoscopic
scale [19] 20, 2], 22, 23], 24]. It has been shown that dipolar coupling between the MNPs
at the mesoscopic scale yields dispersion relations that show considerable anisotropies re-
flecting the symmetry of the MNP arrangement [17, 19, 23, [25] [26], 27, 28, 29, 31]. Until
today, mostly theoretical investigations exist which examine the characteristics of such
magnetic mesocrystals [26], [32]. These studies address, e.g., the occurrence of magnonic
band gaps or the impact of the MNP diameter on the spectral features [26), 28, [33].
In order to verify these findings experimentally, the properties of the individual MNPs
such as their magnetization, exchange stiffness, and anisotropy have to be understood
in detail, especially as these material parameters are the key parameters determining the
overall collective characteristics [26]. However, in addition to dipolar coupling between
MNPs, exchange coupling between MNPs may also occur when the separation between
the particles is sufficiently small to allow for either (i) electrons tunneling through a
barrier from one to the other MNP [12] 134} 35] or (ii) for direct contact between the
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MNPs [I3, 35, 36, 37, 38, 39].

Based on the above considerations regarding the interactions between MNPs, it is in-
tuitive that the underlying mesocrystal lattice has a crucial impact on the collective
properties of the macroscopic periodic arrangement as a whole. On the one hand, the
mesocrystal lattice determines the packing density and, thus, the coupling strength be-
tween the MNPs. On the other hand, the mesocrystal lattice determines the directions
of high symmetry which give rise to anisotropies of the material. Since the synthesis
and deposition of highly monodisperse NPs has reached outstanding precision during the
past decades the fabrication of samples with various mesocrystal lattices has become
possible [5] 16, [12, [41], 42]. This allows for a precise investigation of macroscopic mate-
rial properties associated with the collective properties at the mesoscopic scale [25, 43].
Understanding the characteristics of individual MNPs and their collective characteristics
arising from their mutual coupling is thus not only important for the development of
novel technological applications, so-called "metadevices” [18], but also of great inter-
est from a scientific point of view by characterizing the different dominant interaction
regimes.

In the recent years, significant advancements have been achieved in the synthesis and
deposition of MNPs, their experimental characterization, as well as their theoretical
modeling simulating of appropriate model systems. This progress has contributed to a
deeper understanding of the nature of MNPs and the coupling phenomena within and
between them. Before turning to the findings of this thesis, it is beneficial to provide
a contextual overview of the research conducted in this field, as it sets the foundation
for the present investigation. In this regard, the progress made in the recent years is
schematically summarized in table [I.I} where the contribution of this dissertation to the
research in this field is highlighted by the gray shaded areas.

Concerning the characterization of dipolar coupling phenomena at the mesoscopic scale,
first attempts have been made by investigating (dense) structured thin films using con-
ventional fabrication techniques [22, 44, [45), [46], [47| (48], 49| 50]. These investigations
have demonstrated the influence of dipolar coupling phenomena between the individual
(dense) magnetic entities on the collective properties of the entire magnetic samples in
terms of the spacing between the entities and their size. Due to the limitations imposed
by the resolution of the employed lithographic technique (=~ 100 nm for electron beam
lithography), alternative fabrication techniques need to be employed in order to achieve
even smaller sizes and distances of the magnetic entities. As already discussed above,
chemical synthesis approaches have enabled the fabrication of NPs of sizes smaller than
100 nm [4] [6]. In previous studies, dipolar coupling phenomena have been extensively
investigated and characterized in both dispersions and dried powders of MNPs of sizes of
some tens of nanometers [51], 52, 53]. In these publications the mean spacing between
the MNPs has been varied by adjusting the particle concentration in the dispersion or by
varying the non-magnetic particle shell for MNPs in the dried powder samples. However,
these approaches did not lead to an investigation of ordered MNP arrangements. A
high degree of order of the MNP arrangement is important for the characterization of
dipolar coupling between MNPs, since the coupling strength strongly depends on the
packing density of the MNPs. Different synthesis and deposition strategies have facil-
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Synthesis & Experimental Theoretical
NP arrangement characterization characterization

(dense) structured thin films

!

disordered MNP assemblies
of one type of NPs

entire ensembles analytical investigation
i}
\ J
ordered MNP arrangements
of one type of NPs spatially resolved micromagnetic simulation
\J \J \:
disordered MNP assemblies single particle atomistic simulation

of more than one type of NPs

1

ordered MNP arrangements of more
than one type of MNP

Table 1.1: Schematic illustration showcasing the recent advancements in the fabrication
of hierarchical materials, along with their experimental characterization and
theoretical modeling. The contribution of this dissertation to the research in
this field is highlighted by the gray shaded areas.

itated the fabrication of highly ordered MNP arrangements [5, [6] and, thus, enabled
a more detailed investigation of dipolar coupling phenomena within and between the
MNPs. Nowadays, these approaches not only yield highly monodisperse MNP disper-
sions which is crucial for the fabrication of mesocrystals, but also open up the opportunity
to deposit multiple species of NPs of appropriate size and concentrations ratios to en-
able the fabrication of highly ordered NP arrangements composed of more than one
NP species [14] 31}, [36, 41], 42]. The employment of multiple NP species arranged into
highly ordered lattices is especially interesting, since this approach introduces additional
anisotropies at the mesoscopic scale, which opens up unprecedented opportunities to
manipulate the properties of a material at the mesoscopic scale. The results from this
dissertation contribute to a profound understanding of the characteristics of individual
MNP species within both ordered arrangements/ensembles and disordered assemblies,
offering valuable insights of the material characteristics for potential future application
that incorporate MNPs [54].
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In order to obtain profound insight into the individual and collective properties of MNPs,
a broad range of techniques may be employed to experimentally characterize the proper-
ties of a material [55] 56, (57, (58, 59, [60]. The most widely used methods to investigate
dynamic properties of a magnetic material are radio-frequency driven spectroscopies
such as ferromagnetic resonance (FMR) [61], 62, 63| [64] [65] or Brillouin light scatter-
ing experiments (BLS) [43] [66] 67]. Using, e.g., conventional FMR experiments, the
sample is placed in a cavity resonator, which allows one to investigate the macroscopic
response of the sample. In the (conventional) FMR experiments the magnetic struc-
ture under investigation may be fabricated multiple times on a single substrate in order
to ensure sufficiently large signal intensities. The entire sample is then measured as a
whole and, thus, this technique is a powerful tool for characterizing the properties of
an entire array of magnetic entities. However, modern FMR approaches employ micro-
fabricated resonators, that enable the investigation of much smaller magnetic volumes
and, thus, facilitate the characterization of individual magnetic entities instead of an
entire array [63, 64, 68| 69, [70, [71] [72], [73] [74]. Nevertheless, even modern FMR ap-
proaches still measure the response of the individual magnetic entities as a whole and,
thus, spatially resolving the dynamic properties is not possible. BLS on the other hand
possesses a spatial resolution to resolve potential magnetic oscillations of the sample
[67, 75, (76, [77, [78, 79, [80), [81], 82, [83], [84]. In a BLS experiment, a focused laser beam is
directed onto the sample. The laser spot can be scanned across the sample, allowing for
targeted analysis of different regions. Measuring the intensity of the inelastically scat-
tered photons as a function of the laser spot position at different external excitations
frequencies and external magnetic field strengths enables the investigation of specific
areas and provides valuable insights into the sample's properties. Moreover, comple-
mentary experimental techniques can be utilized to investigate the dynamic and static
properties of magnetic materials. Examples of such techniques include the magneto-optic
Kerr effect (MOKE) [85] and magnetic force microscopy (MFM) [61], 188 86, 187, 62].
These methods offer spatially resolved investigations of magnetic properties, allowing
for the characterization of magnetization orientations at specific locations within the
magnetic sample. While in a MOKE experiment the rotation of polarized light after the
reflection from a magnetized surface is probed, the goal of a MFM experiment is to map
the force that is exerted on the tip of the magnetic force microscope. The information of
the force distribution can subsequently be related with the magnetization orientation at
specific sites of the sample. However, the spatial resolutions of BLS, MOKE, and MFM
are limited by the size of the laser spot or the curvature of the MFM tip. Additional
experimental techniques that enable for the investigation of properties at the level of
individual particles are very rare. The most promising technique is the employment of
transmission electron microscopy (TEM) and performing electron holography, which can
be used to map the magnetic field distribution of single NPs [38] 89, 90| O1]. In this dis-
sertation, (conventional) FMR experiments and BLS spectroscopy have been employed
to systematically characterize the dipolar interactions between MNPs at different length
scales within the mesoscopic scale.

In addition to the experimental characterization of the magnetic properties of solids,
theoretical investigations are indispensable in order to interpret the experimental find-
ings. Some of the first analytic attempts for investigating magnetic properties at the
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mesoscopic scale go back to, e.g., A. Aharoni who outlined the dependence of exchange
dominated spin waves on the size of the MNPs [8]. Furthermore, in a subsequent publi-
cation, the influence of the surface anisotropy on the spectral features of the spin waves
within an individual MNPs has been discussed [9, 92, [93]. Since these investigations
focused on the exchange dominated regime, following analytical analysis focused on
the transition region from quantum mechanical exchange interaction to classical dipolar
interactions at the level of the individual MNPs [11]. These studies not only provide
insight into the resonant behavior of the spin waves within the MNPs but also into the
intensity ratios of the different spin wave modes. Based on the findings of individual
MNP properties, these authors further provided a theoretical basis for collective spin
wave modes of interacting MNPs [25] [32]. This theory has further been used to predict
the relative intensities of the different spin wave modes of interacting MNPs by utiliz-
ing BLS experiments. Until today, this theoretical prediction has not been addressed
experimentally and, thus, remains to be investigated in more detail [43]. In addition
to the cited literature, further publications contributed to a profound understanding of
the coupling phenomena between MNPs [19] and the resulting collective phenomena
such as the formation of band gaps of a 3D magnonic crystals composed of spherical
MNPs embedded in a different magnetic matrix material [26], 27) 28] [29]. In addition
to the discussed analytical approaches, numerical simulations of magnetic properties are
widely utilized to relate the experimentally observed features with the properties of mag-
netic samples. In the past, mainly finite difference methods (FDM) have been utilized
to simulate the properties of a magnetic structure in the framework of micromagnetic
simulations [94, 95, 96]. However, FDM divide the magnetic sample into cubic sub
cells, which complicates the simulation of curved surfaces, since the sub cells have to
be sufficiently small to adequately account for the curvature which increases the compu-
tational effort tremendously. Nowadays, finite element methods (FEM) are available to
adequately mimic the curvature of magnetic structures [97]. However, both approaches
simulate the magnetic properties in the framework of micromagnetic simulations. In this
framework, the continuum approximation is applied and instead of simulating the indi-
vidual ions of the magnetic material, the averaged magnetization and exchange stiffness
of the material is used to safe computational resources. This approach is well applicable
for samples with lateral lengths of some tens to hundreds of nanometers. Below these
lengths, the computational effort to simulate the individual ions which possess a local-
ized magnetic moment may be not too large. In this regard, atomistic simulations may
be employed to model the properties of individual MNPs at the level of the constituent
ions [98], 99]. The comparison between the different numerical methods along with the
analytic approaches provide a complementary basis for characterizing the magnetic prop-
erties at the mesoscopic scale to obtain a profound understanding of the nature at this
scale.

In the following, chapter[2] "Introduction to Magnetism” provides a brief overview of the
theoretical foundations of magnetism in solids. Subsequent to the theoretical basics,
chapter[3 "Methods” discusses general aspects of the sample fabrication, the character-
ization techniques employed, and the basics of the theoretical modeling approach. The
summary of the results obtained during this work is given in chapter[d "Summary of
Results”. This work finally closes with chapter[5| "Conclusion and Outlook” where a brief
outlook for future investigations based on the findings of this work is provided.
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In advance to addressing the findings of this dissertation, it may be convenient to first
introduce the theoretical basics of magnetism. The physical phenomena related to mag-
netism in solids can be classified into three categories according to the macroscopic
response of the material to an external magnetic field. These responses are referred
to (i) diamagnetism, (ii) paramagnetism and (iii) collective magnetism [60] 100} [101],
102, 103, 104]. Within each category, magnetic materials may be further classified by
their electric conductivity, which has a crucial impact on the magnetic properties of the
solid. In insulating materials, the diamagnetic response can be understood within the
framework of Larmor-diamagnetism [102]. On the other hand, metallic solids exhibit a
diamagnetic response originating from the response of conduction electrons to the ex-
ternal field which is generally known as Landau-diamagnetism [106]. The paramagnetic
response of insulating materials may be described by the Curie law and in the theoretical
framework of Langevin-paramagnetism [102]. On the other hand, the paramagnetic prop-
erties of metallic solids may be described by the theory of Pauli-paramagnetism [105].
Unlike diamagnetic or paramagnetic materials, which do not exhibit a spontaneous align-
ment of the individual magnetic moments without the presence of a significant external
magnetic field due to the absence or weakness of explicit interactions, the phenomenon
of collective magnetism in solids emerges from the specific interactions between individ-
ual magnetic moments. These interactions between magnetic moments give rise to an
ordered alignment of the magnetic moments, leading to magnetic states such as ferro-,
ferri-, antiferro-, and antiferrimagnetism. Such materials may show a spontaneous mag-
netization below a critical temperature. This spontaneous magnetization is ascribed to
the presence of permanent magnetic moments which are either localized at the ions
on the crystal lattice or itinerant and, thus, delocalized throughout the solid [102]. In
general, the magnetic response of a solid arises from contributions of different magnetic
interactions, and the classification of a solid into dia-, para- or collective magnetism is
based on its most dominant magnetic response to an external magnetic field. While all
solids exhibit diamagnetism, this property may be superimposed by the paramagnetic or
ferromagnetic behavior of the material [102]. In the following section, a brief discussion
of ferromagnetic interactions is provided. For a more comprehensive theoretical under-
standing of magnetism in solids, the reader is referred to the cited literature and the
references provided at the end of this chapter.

From a classical point of view within the scope of Maxwell's equations, magnetic mo-
ments can interact with one another via the dipole-dipole interaction [10]. For instance,
consider two neighboring ions in a solid with a typical separation r = ’7‘ of a few
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Angstroms. Each ion possesses a magnetic moment m with a typical value of a few
Bohr magnetons pg. The resulting dipole-dipole interaction Hqq4 given by

e Lo — 3-(mir)<mjr)
dd T[r3 | J r3

(2.1)

yields an energy in the range of ~ 1072° J, which corresponds to a thermal energy of
Ein = kg T with T~ 2 K. Here pg represents the magnetic field constant. Thus, the
dipole-dipole interaction is much too weak to explain ferromagnetic ordering at elevated
temperatures up to ~ 1400 K [103]. This circumstance already indicates that magnetic
properties of solids cannot be described in the framework of classical physics. Moreover,
the Bohr-van Leuween-theorem states that for a classical system at thermal equilibrium
the average magnetic moment vanishes [107, 108]. It follows that magnetism in solids
is inherently subject to the principles of quantum mechanics, which will be exemplified
in the case of ferromagnetic materials in the following.

At the beginning of the 20th century, in the course of the development of quantum
mechanics, W. Heisenberg and P. Dirac discovered that the origin of ferromagnetic or-
dering in magnetic materials is related to the exchange interaction resulting from the
indistinguishability of electrons as identical particles [110, [111]. To introduce this inter-
action, a simple system consisting of two hydrogen atoms is considered [102]. First, the
two atoms can be thought of as isolated when they are separated by an infinite distance.
In this case, the associated Hamiltonian of the isolated atoms H©O) is simply the sum of
the two individual one-particle Hamiltonians and the wavefunction reads

1
9 = 5 (100 107) = 08 10)). 22)

where ]¢gl/{)2)) are the one-particle hydrogen wave functions of the two electrons. By
decreasing the distance between the atoms, the Coulomb interaction between the elec-
trons and protons increases and the system can no longer be considered isolated. The
Hamiltonian then reads

i () (o)

dmteg \ra1 M2

H

- 2me

—=7(0) =H(1)

which cannot be solved analytically. Here, p12 are the momentum operators of the
two electrons, me and e are the mass and the charge of the electron, €q is the electric
field constant, and the distances ra1, rpp, Rab, r12, rpi, and ra» are schematically
depicted in figure [102]. Thus, for #() #£ 0 (finite distance) the solution can only
be approximated by applying, e.g., the variation principle. Using the wavefunction of

the isolated atoms |d)gl/{)2)) given in equation as the variation ansatz and considering

H®) as a perturbation, then the energy of the system is given by

g _ o), CES

125 (2.4)
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Figure 2.1: Schematic drawing of the different distances between the electrons (r(l) and
r(2)) and the nuclei (R®) and R()) in a hydrogen molecule.

where

C=(da(T1)Pp(T2)| HMV |pa(T1)db(T2)) denotes the "Coulomb integral”,
S=(da(r1) | dp(r1)) the "overlap integral”,
I = (ba(T1)bp(T2)| HY |da(T2)db(T1)) the "exchange integral”,

and E©) the energy of the isolated system. So far, only the orbital wave function ](1)}&)

has been considered being either symmetric |cb>(+) or antisymmetric |d)>(7) under the
exchange of the electrons. However, a fundamental property of an electron, its spin, has
not been taken into account yet. This property has been experimentally observed by
O. Stern and W. Gerlach [112] and theoretically described by P. Dirac [111]. As these
findings have far-reaching implications, it is convenient to briefly discuss the fundamental
characteristics of an electron and the associated phenomena. These include the electron’s
nature as a spin-1/2 particle, which gives rise to a magnetic moment of the electron
that may couple with a magnetic field. Furthermore, relativistic corrections to the
Hamiltonian H(®) can be introduced, giving rise to, e.g., the spin-orbit interaction.
Central to this understanding is the Dirac equation, which is the result of linearizing
the Schrédinger equation in the context of relativistic generalization. In the following,
a brief overview of the ideas and consequences is provided. For a detailed analysis of
this theory, the reader is referred to the references [100, 101], [102]. To begin with, the
energy E of a free classical relativistic electron of mass m is given by:

E=Cp24+ mid (2.5)

where ¢ is the velocity of light, p = Yme (vx7 vy, vz) is the relativistic mechanical

- -1/2 , - ,
momentum, and y = (1 — \/2/c2> the Lorentz factor. Applying Schrédinger’s corre-
spondence principle

E—>:77§t and 3—>1?v, (2.6)

where %1 is the reduced Planck constant and i is the imaginary number, the Klein-Gordon
equation for the wavefunction ) of the free electron is obtained:

12 me
(A T2 ) Wb) = 0. (2.7)
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Upon attempting to solve this equation, a notable complication arises. Equation
represents a second-order differential equation with respect to time t, necessitating the
provision of two initial conditions for both [{) and its derivative [{p) in order to obtain a
solution. Since the non-relativistic Schrodinger equation is linear in time t, it is reasonable
to assume that its relativistic generalization should also be linear with respect to time t,
since the introduction of relativity should not alter the initial conditions. Dirac's idea to
overcome this complication was to linearize eq. by introducing the operators «; and
3 with
X + oo = 25,’j,

i+ PBoi=0, (2.8)
B2 =1.
These relations yield:
. (0 © )
(X—<Tf 0) and B-(O _1]2), (2.9)

where © is given by the Pauli spin matrices o; with

R 01 0 —i 10
G:(GX,Gy,cry>,and ch:(l 0>,Gy:<l. 0’),& crz:<0 _1>,

(2.10)
where Ty is the 2x2 identity matrix. With that, eq. can be transformed into

(mﬁt —cx-p — [Smec2> [b) =0, (2.11)

which is the Dirac equation for a free electron. The corresponding Dirac Hamiltonian
’H% can be defined by
0
- [b) = HY b)), wh
H% = c&p + Pmed,

with the associated energy eigenvalues £ = +./c2p? + m2c*. The positive (negative)
sign of the energy eigenvalue corresponds to the solution for the electron (positron),
which is doubly degenerate with the corresponding eigenvectors a1 and a». By defining
the Dirac spin operator as

L ho o 0
§=50 with O'—< 0 €>, (2.13)

it can be shown that 21 and @, are also eigenvectors of 5 with

3‘31=+§al and 332:—532. (2.14)
The resulting eigenstates can be interpreted as a "new"” quantum number, the spin of the
electron with the eigenvalues being +71/2. The above consideration of a free relativistic
electron can be extended to the case of an electron in the presence of an electromagnetic
field. This can be done by substituting the mechanical momentum with the canonical

12



Introduction to Magnetism

momentum of the electron in an electromagnetic field in the Dirac equation (eq. [2.11]
and including an electrostatic potential @, by

Do PpteA and E— E+ epe, (2.15)

where A is the magnetic vector potential. This yields the Dirac Hamiltonian of an
electron in an electromagnetic field Hp with

Hp = (P +eA) + fmed — ege. (2.16)

In the non-relativistic limit, where the velocity v is much smaller than the speed of light
¢ and, thus, ¥ < 1, the Dirac Hamiltonian Hp may be transformed into the Pauli
Hamiltonian Hp with,

1 /. —\2 2 =
’Hp:2 <p+eA) —|—;‘;B<S'B>—e(pe, (2.17)

e
where s (= 1h/2-70) is the spin of the electron with the corresponding eigenvalues /2
and ug = eh/2m, the Bohr magneton. An important consequence of this derivation is
that the spin of the electron is associated with a magnetic moment ms = —gug/h E
(g = 2 is the Landé-factor of the electron) which may couple to a magnetic field B.
The full derivation of Hp in the non-relativistic limit is somewhat extensive and, thus,
the reader is referred to the literature [100] [101, [102] for a more detailed analysis and
here only the spin-orbit coupling arising from the coupling of the electron’s spin s with
the magnetic field B is discussed.

As the electron performs an "orbital motion” around the nucleus which is associated
with an angular momentum, this motion induces a magnetic field which couples to the
magnetic moment of the electron ‘ms. This is described by the spin-orbit interaction
Hamiltonian Hgo by

e ORI e ldee\ /— _. —
Hso:_2m§c2 {<V(pe><p)'s]:_2m%c2 (r dr)(l.s)zy\sc’(/'S)’

where

Ze T dpe 1 7'
4rteqr’ Voe(r) rodr an 5

Pe(r) (2.19)

2.2
87T€0mec r

has been exploited. Here Ay, is the spin-orbit coupling constant, /| = r x p is the
angular momentum of the electron, Z the (screened) number of nuclear charges, €g
the electric field constant, and r the distance of the electron to the nucleus. As a con-
sequence, even in the absence of an external magnetic field, there exists an "internal”
magnetic field which couples the magnetic moment and thus the spin of the electron
to its orbital angular momentum. This interaction gives rise to the magnetocrystalline
anisotropy, which will be discussed in more detail below. Before that, we return to the
discussion of exchange interaction that gives rise to the collective alignment of the mag-
netic moments of the ions within a magnetic solid.

13
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In order to address the quantum mechanical exchange interaction, we now return to
the perturbation ansatz introduced by equations and 2.4 and construct the total
wavefunction | ) as the product of the orbital wavefunction |$) and the spin wavefunc-

tion |x) by
2y = ¢ (F1, 7)) - x (51, 52)) (2.20)

with the spin orientations s 1 and s » of the two electrons [102]. Since electrons are spin-
1/2 particles and, thus, follow Fermi-Dirac-statistics and the Pauli exclusion principle, the
total wavefunction | ) of the fermionic system is required to be antisymmetric under the
exchange of the electrons [\p(12)) = — [(p(21)) Taking into account that the symmetric
solution of the orbital wavefunction |c|))(+) represents the binding (ground) state of the
hydrogen molecule, the spin wavefunction |x) is required to be antisymmetric to fulfill
the Pauli exclusion principle. In order to reflect this circumstance in the Hamiltonian
‘H which acts on the total wavefunction [{) = |d) - |x), an effective Hamiltonian
H® may be constructed such that the symmetry of the total wavefunction ) is
always antisymmetric under the exchange of the electrons. By introducing the exchange
constant 7 defined as

J = EH) — ), (2.21)

1) can be written as

H () — —hlzj . 5152 and, thus,
I (2.22)
HY =——5> Jj-sis;,
h iz

where the second equation is the generalization of the effective Hamiltonian to a set of
interacting spins and their associated magnetic moments [102]. This type of exchange
interaction is denoted as the direct exchange interaction since the localized magnetic
moment of an ion interacts with the magnetic moment of its neighboring ion directly
via the overlap of the corresponding wave functions. As a result, the magnetic moments
of the ions show an ordered alignment giving rise to collective magnetic properties of
the solid. In a wide range of scenarios, the magnetic moments of ions are primarily
associated with the spins of electrons occupying partially filled orbitals. However, it is
important to consider that the total magnetic moment of an ion may also incorporate
contributions from the orbital angular momentum of the electrons.

However, in most magnetic solids the direct exchange interaction is not responsible
for the collective magnetism of the localized magnetic moments of the ions, since the
distances between the ions are too large and, thus the overlap of the wave functions
becomes too small [113]. Exchange interactions in magnetic solids primarily occur in a
different fashion, such as indirect and itinerant exchange interaction. Prior to discussing
the indirect exchange interactions of magnetic oxides such as magnetite (Fe304), the
material investigated over the course of this dissertation, some aspects concerning collec-
tive magnetism in metals should be briefly emphasized. Collective magnetism in metals
may occur either (i) due to the interaction of localized magnetic moments of the ions
with delocalized conduction electrons giving rise to the Rudermann-Kittel-Kasuya- Yosida
(RKKY) interaction, or due to (ii) the spontaneous polarization of delocalized electrons
as a result of an energetic shift of the spin-polarization dependent density of states

14
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Figure 2.2: The crystal structure of magnetite (Fe304) is built of two sublattices A and
B. On sublattice A, Fe3* ions (blue spheres) are tetrahedrally coordinated by
oxygen ions (green spheres), which is highlighted by the faint blue tetrahe-
dron. On sublattice B, Fe3* and Fe?* ions (orange spheres) are octahedrally
coordinated by oxygen ions and equally distributed, which is highlighted by
the faint orange octahedron.

yielding itinerant or band ferromagnetism [102]. Both of the interactions require highly
mobile electrons and, thus, these interactions predominantly occur in materials such as
metals which are good electrical conductors. Since the electron mobility in insulating
magnetic materials is very low, their macroscopic magnetic properties ascribed to the
ordered alignment of localized magnetic moments relies on different coupling phenomena
between the localized magnetic moments. In the following, the two most relevant indi-
rect exchange interactions occurring in magnetic oxides are discussed using magnetite
(Fe304) as an example [113].

Within magnetite, iron ions are distributed on two sublattices, which is exemplified
in figure [114]. On sublattice A, Fe3* ions are tetrahedrally coordinated by oxygen
ions, and on sublattice B, Fe2™ and Fe3T ions are equally distributed and octahedrally
coordinated by oxygen ions [II5]. The magnetic interaction between the iron ions is
mediated by the oxygen ions between them and depends on the valence and the bond
angle of the associated iron ions [113].

For interacting iron ions of the same valence, such as FeXt and Fe3Z,, the superexchange
interaction is the interaction responsible for an alignment of the magnetic moments of
the two iron ions. Figure (a) schematically depicts this circumstance for a bond
angle of 180° and 90°. First, we consider the 180° bond angle. The spins of the five
d-electrons of each iron ion show parallel alignment according to Hund’s rules [102].
The electrons involved in the bond between the iron ions and the oxygen ion may "hop”
between the iron and the oxygen ion simultaneously, which is illustrated by the dotted
arrows. Since the p,-orbital of the oxygen ion may be occupied by two electrons only
and, thus, is completely filled as depicted in the figure, the electrons within this orbital
are aligned antiparallel according to Hund's rules. Thus, due to the Pauli principle,
the bond between the oxygen ion and the iron ions yields antiparallel alignment of the
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a) superexchange b) double exchange
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Figure 2.3: Schematic illustration of indirect exchange interactions associated with hop-
ping of electrons between orbitals. The dotted arrows indicate the associated
simultaneous "hopping” processes. The continuous black and gray arrows
close to the iron ions indicate the electrons that do not contribute to the
bond to the oxygen ion, while the electron in the irons d,._,»-orbital forms
the bond to the oxygen'’s ion py-orbital. The sign of the involved d,>_,»-
and p,-orbitals are indicated by white and gray shading for negative and
positive sign of the wavefunction, respectively. a) Superexchange occurs
when transition-metal ions of the same valance interact via the mediation
of the oxygen ion. This interaction is highly antiferromagnetic for a 180°
bond angle and slightly ferromagnetic for 90° bond angles (depicted by faint
d,2_2-orbital underneath the oxygen ion). Superexchange in magnetite is

most prominent for the interaction between the two sublattice iron ions Felt
and Felt. b) Double exchange occurs in mixed valences, such as the Fe2t
and FegzLt ions on the octahedral sites of the magnetite crystal. This yields
a ferromagnetic alignment of the two magnetic moments of the iron ions.

associated spins of the electrons and, therefore, results in antiparallel alignment of the
associated magnetic moments of the two iron ions [113]. Figure (a) demonstrates
the antiparallel alignment resulting from a bond angle of 180°. In the figure, the bond of
the iron ions to the oxygen ion is illustrated using atomic orbitals, which are constructed
by linear combinations of the spherical harmonics )" with / and m as the azimuthal and

magnetic quantum number. This yields the d,2_2-orbital (= 1/v/2 (y§ + yf)) of the

iron ions and the oxygen's py-orbital (= 1/v/2 (yll - yil)), where each orbital may be
occupied by a maximum of two electrons with antiparallel aligned spin. In addition, fig.
(a) also illustrates the interaction of the two iron ions mediated by the oxygen ion
for a 90° bond angle, as indicated by the faintly depicted d,._,»-orbital underneath the
oxygen ion. It should be highlighted that the alignment of the spin orientations of the
two iron ions depends on the overlap of the associated iron and oxygen wave functions
and, thus, the signs of the wave functions. It can concluded that overlap becomes zero
for a bond angle of 90°, which can be understood by considering the upper (white and
thus negative) lobe of the faintly depicted iron ions d,._.-orbital that overlaps with
both the positive and negative lobes of the oxygen's py-orbital. This results in a net
overlap of zero and, thus, the two iron ions are no longer solely coupled via the p,-orbital
but via a combination of the p,- and p,-orbitals. Since the virtual hopping process of
the two oxygen px- and p,-electrons results in two holes at the oxygen ion, Hund’s rules
imply parallel alignment of the remaining p,- and p,-electrons and, thus, lead to a weak
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ferromagnetic magnetic ordering of the iron ions [113] (114, [115]. This angle-dependent
ordering of magnetic ions interacting via superexchange has been thoroughly studied and
is summarized within the framework of the Goodenough-Kanamori-Anderson rules [113].

The interaction between the localized magnetic moments of the ions changes when
iron ions of different valences interact with each other via the mediation of the oxygen
ion between them. Consider the interaction between the Fe2Z; and Fe3Z; ions within the
octahedral sublattice as depicted in figure (b). Since the Fe2d; ion possesses one
electron more than a half-filled d-orbital, this additional electron shows an antiparallel
alignment of its spin with respect to the orientation of the other five d-electrons of this
ion. To fulfill Hund's rules, the simultaneous hopping process of the associated electrons
to the neighboring Fegért ion via the oxygen ion then favors parallel alignment of the five
d-electrons of each iron ion. This so-called double exchange interaction yields ferromag-
netic ordering of the magnetic moments of the iron ions involved [102]. Thus, it follows
that the localized magnetic moments of the Fe2d. and Fe3! ions on sublattice B show
parallel alignment with respect to each other. On the other hand, the superexchange
interaction between the localized magnetic moments of the Fefé{ and Fegért ions on the
two sublattices A and B yields antiparallel alignment. As a result, the total net magnetic
moment of magnetite relates exclusively to the Fe2Z ions since the Fesst and FelZ; ions
are present in equal amounts and their magnetic moments oppose each other [114].

However, the interactions discussed above explain the ordered alignment of the localized
magnetic moments of the ions within a magnetic solid only. The effective Hamilto-
nian constructed to describe the exchange interaction between the localized magnetic
moments of adjacent ions in equation is isotropic and solely relies on the relative
orientations of the magnetic moments with respect to one another. In general, magnetic
materials show magnetic anisotropies, which give rise to preferred orientation of the ions’
magnetic moments along specific spatial directions, which cannot be explained by equa-
tion anne [102] 116], [11I7]. Such anisotropic behavior is observed experimentally, for
instance, by measuring hysteresis curves [109] or by investigating dispersion relations of
spin waves along different directions [118], which yields deviations between these specific
spatial directions. The origin of such preferential orientations of the magnetic moments
of the ions can be ascribed to two different properties of a magnetic material, which are
related to the crystalline structure of the solid and its shape [119] 120].

At the atomic scale, the crystalline structure of the solid gives rise to the magnetocrys-
talline anisotropy [66], [116]. The origin of this anisotropy lies in the coupling of the
magnetic moments of the ions with the crystal lattice which determines the symmetry
of the anisotropy. On the one hand, the magnetic moment of an ion may couple via
dipole-dipole interaction H4q (see eq. [2.1]) with the magnetic moment of its neighboring
ions. Since the ions are organized on the specific atomic sites, the dipole-dipole interac-
tion gives rise to preferred orientations of the individual magnetic moments with respect
to the crystal lattice. However, this interaction is typically very weak and, thus, makes
a minor contribution to the magnetocrystalline anisotropy. On the other hand, the pre-
dominant contribution to the magnetocrystalline anisotropy arises from the interaction
of the electron’s spin with its orbital motion at the ion. The coupling of the electron’s
spin with its orbital angular momentum / is described by the spin-orbit interaction Hgo
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Figure 2.4: Representation of the magnetocrystalline energy surface Ecrys(ﬁ) for differ-
ent orientations of the magnetic moment m of an octahedrally coordinated
Fe2, ion (depicted as the orange sphere) in magnetite as a result of the inter-
action of the iron ion with the surrounding oxygen ions (depicted in green).
The corresponding magnetic hard axes are along the <100>-directions,
whereas the magnetic easy axes are parallel to the <111>-directions.

given by eq. [2.18] Since the ions are organized on a crystal lattice, as exemplified in the
case of magnetite in fig. [2.2] their corresponding electron orbitals are thus spatially fixed
relative to the neighboring ions. Consequently, the orbital angular moment [/ associ-
ated with the orbital motion of the electron also reflects the symmetry of the crystal. As
I is spatially fixed and the orientation of the electron’s magnetic moment associated
with its spin is coupled to [ via Hgo, there exist preferred orientations of the magnetic
moment of the ion which coincide with the crystal’s directions of high symmetry. As a
consequence, preferential stable orientations of the ion's magnetic moments may form,
which are usually denoted as easy axes since these orientations correspond to a mini-
mum energy. Hard axes on the other hand, reflect orientations of the ion’s magnetic
moments that correspond to a maximum in energy. Until today, there is no satisfactory
theory to relate the magnetocrystalline anisotropy to the fundamental quantum mechan-
ical characteristics of the material [121]. Thus, a phenomenological approach is utilized,
which employs an expansion of the crystal field by introducing the crystal field potential
V(r) that reflects the crystal symmetry [I16]. In the case of cubic crystal symmetry
as observed for magnetite (see fig. , the energy associated with the orientation of
the magnetic moment of the ions results in a cubic symmetry of the magnetocrystalline
anisotropy energy and, thus, can be written as [95, [116]

Ecrys(m) = 2/\511/ ((m?< + mi) -m2 + (mz + mf) -+ (mz + mf,) : mi) + ..

7 (2.23)
where K is the first-order anisotropy constant, V is the volume of the magnetic solid,
Ms,e its saturation magnetization and the m; are the normalized components of the
magnetic moments m of the ions that constitute the solid. Usually, it is sufficient to
consider the first-order term only, as the contribution of higher orders is much smaller
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geometry Ny N, N,

Z || Bstat

sphere: 1/3 1/3 1/3

cylinder: AFK)/'}/ /2 12 0

Z || Bstat

thin film: 5\\T\X»y 0 0 1

Table 2.1: Demagnetization factors of a sphere, a cylinder and a thin film. The external
field Bstat is applied along the z-axis [122].

[66]. In the crystal field approach, the interaction of the iron ion’s 3d-electrons with the
crystal field may be repulsive or attractive [116], which in the case of magnetite yields the
preferred orientations (magnetic easy axes) of the magnetic moment m orientated along
the diagonals of the cube and, thus, along the <111>-directions. Figure depicts
the energy surface E(.s of the octahedrally coordinated Fegért ion in magnetite being
enhanced for m pointing towards an oxygen ion (<100>-directions — magnetic hard
axes) and being lowered for the intermediate orientation. Thus, the interactions of the
ions at the atomic scale contribute to magnetic anisotropies of the magnetic material.
In addition to the occurrence of magnetic anisotropies related to the atomic arrange-
ment on the crystal lattice, the finite size of the solid introduces boundary conditions
that affect the magnetostatics of the magnetic solid giving rise to contributions to the
magnetic anisotropies at the mesoscopic and macroscopic scale |10} 30, [123].

Consider a uniformly magnetized solid, i.e., div(M(r))=VM=0, where M(r) =
dm(r)/dV is the magnetization with m(r) the magnetic moment located at r and
V' the volume. Then, a contribution to the magnetic anisotropy arises from effective
magnetic surface charges oy at the surface of the solid creating a magnetic surface
potential @p, which may be written as

—

V2(pM:A(pM:—GM:7-M

- W (2.24)
and, thus, @M—Esﬁ r .
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Here @ is the magnetic scalar potential and 'n the normal vector of the surface S of
the solid. As a result, the particular geometry of the surface S and therefore the shape
of the magnetic body determines @\. By using

—_

Bshape = —wVem (2 25)

Eshape =—-—m: Bshape

the associated demagnetizing field Bghape and demagnetization energy Eghape related
to the shape of the magnetic entity can be calculated referring to the so-called shape
anisotropy [10]. In general, the analytical calculation for arbitrarily shaped solids is
hardly feasible and therefore usually performed numerically [120, (124, 125, 126, [127].
This becomes particularly sophisticated when dealing with periodic structures in which
isolated magnetic solids are arranged into highly ordered assemblies [128, 129]. However,
some special geometries should be emphasized here since these play an important role
in the analysis of the results of the FMR and BLS measurements performed in this work.
In the special case of ellipsoidal bodies [117, [124], the demagnetization field can be
represented by introducing a demagnetization tensor N by

—

Bshape = 47‘[},L0 : A/ M. (226)

Here, N is a tensor of rank 2, whose trace equals 1 and whose only non-zero elements
are its diagonal elements. This yields, e.g., the demagnetizing factors given in table
for a sphere, a cylinder and a thin film [119] [122]. Here, the spherical and thin film de-
magnetization tensors are especially important for the particular experiments performed
over the course of this dissertation. The relevance of the demagnetization tensor will be
further discussed in section "Ferromagnetic Resonance”.

Since the demagnetizing field Bghape is defined for uniformly magnetized solids, it is
convenient to discuss the associated energy in more detail. Reformulating eq. more
generally by integrating over the volume of the solid

Eshape = _/V M(—’:) ’ B(

it follows that the energy Eghape Scales with the volume of the magnetic solid. Since
the parallel alignment of the magnetic moments of a macroscopic magnetic solid, i.e.
div(M(7r))=0, is associated with an increase of its magnetic energy when increasing
the volume, the magnetic solid will eventually form magnetic domains of different orien-
tations in order to reduce this energetic cost. On the other hand, the decrease of Egpape
resulting from the different orientations of the magnetic moments causes an increase
of the exchange energy at the border between two domains. This increase of exchange
energy is minimized by a gradual rotation of the orientation of the magnetic moments
when passing from one to the other domain also known as a domain wall. In nature,
two different types of domain walls have been observed, which deviate in the way the
gradual rotation of the magnetic moments occurs at the boundary between the two do-
mains. When perpendicularly passing through the plane of the domain wall, in a Bloch
type domain wall, the rotation of the magnetic moments occurs in the plane parallel
to the domain wall. Contrarily, in Néel type domain walls, the rotation of the mag-
netic moments occurs in the plane perpendicular to the plane of the domain wall. Since

—_

F)dV, (2.27)
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Eshape scales with the volume of the magnetic solid and competes with the exchange
interaction, there exists a critical diameter d.: of magnetic solids given by

72vVAK

d it — )
Cri MOME

(2.28)

below which it is not energetically favored to form domain walls [60] and, thus, below
dcrit the magnetic entity is in a single domain state. Here, A is the exchange stiff-
ness [130] and K the magnetocrystalline anisotropy constant. In addition, by further
decreasing the volume of the magnetic solid, its magnetocrystalline anisotropy energy
also decreases (see eq. . Since the magnetic anisotropy energies stabilize the ori-
entation of the solid’'s magnetization against thermal fluctuations, a further decrease
of the solids volume may eventually approach a critical size where the thermal energy
is comparable with the anisotropy energy. Then, the orientation of the magnetization
may flip randomly under the influence of thermal fluctuations even though, the magnetic
moments of the ions within the solid are still aligned due to the exchange interaction
between them. This property of small magnetic solids occurs in the range of some tens
of nanometers and is known as superparamagnetim [60], since the small magnetic solid
behaves similarly to a paramagnet, but differs in terms of its susceptibility, which is much
higher for superparamagnetic particles.

For a more detailed overview of the different magnetic interactions and phenomena,

the reader is referred to the literature [10), 30, 55, 56, 57, 58, 60, 100, 101, 102, 104,
117, 118 121}, 123].
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Methods

In the following, the basic aspects of the fabrication of the samples investigated within the
scope of this work is outlined. In addition to the fabrication of the samples, their exper-
imental characterization using FMR experiments in Publication 1 [131] and Publication
3 [132] as well as BLS experiments in Publication 2 [16] is also discussed. The complex
nature of magnetic interactions occurring at various length scales can pose challenges
in interpreting the thereby deduced experimental findings. The interplay of different
magnetic phenomena and their manifestations in the observed spectra require careful
analysis and theoretical modeling to gain a comprehensive understanding of the under-
lying physical processes. To aid in the understanding of these phenomena, theoretical
studies have been employed, offering valuable insights and facilitating the interpretation
of experimental results. In all three publications a simulation software is used in order to
relate the observed properties to the underlying magnetic interactions. This theoretical
modeling approach is briefly described in the last section of this chapter.

3.1 Sample Preparation

In principle, the fabrication of mesocrystals composed of NPs facilitates the manipulation
of the material characteristics at the mesoscopic scale (i) by altering the shape and size
of the NPs, (ii) by varying their arrangement on the mesocrystal lattice, and (iii) by
structuring the the mesocrystal into ensembles of a desired geometry. The following two
chapters briefly summarize the synthesis of the NPs, their deposition into highly ordered
arrangements and their structuring using lithographic techniques.

3.1.1 Nanoparticle Synthesis & Deposition

In order to synthesize MNPs consisting of magnetite (Fe3O4), several methods may
be utilized such as the thermal decomposition of iron acetylacetonate (Fe(acac)) or
iron oleate complexes (Fe(oleate)) which are summarized in Ref. [54]. The MNPs for
Publication 1 and Publication 2 have been purchased from Sigma Aldrich, which have
been synthesized by thermally decomposing iron oleate complexes. For Publication 3,
the MNPs have been synthesized according to Refs. [4] 6, [7] in collaboration with the
research group of X. Ye. In the synthesis, the MNP diameter dynp is controlled by ad-
justing the reaction temperature [7]. Coating the MNPs with a non-magnetic polymer
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Figure 3.1: Sketch of a hexagonal MNP mesocrystal with the lattice constant ameso. The
MNPs with diameters dynp are coated with a non-magnetic polymer shell
with a thickness of dghei. The spacing between the MNPs dspacer & 2+ dspell
can be precisely varied by adjusting the molecular weight of the polymer.

(polystyrene - PS) of specific molecular weight enables the precise manipulation of the
spacing between the MNPs dgpacer [6], as illustrated in figure [3.1]

The deposition of the MNPs into mesocrystals onto a desired substrate may be achieved
by dispersing the MNPs in an appropriate solvent and spin-coating the dispersion onto
the substrate [41] [133] [I34], as has been done in Publication 3. Highly ordered MNP
mesocrystals will only form, when the size distribution of the MNPs is very narrow and,
thus, monodisperse. Usually, the standard deviation of the size distribution of the MNPs
used in this work is below 5% [41]. During a spin-coating process of the dispersion
onto a desired substrate, the MNP form highly ordered mesocrystals by exploiting their
evaporation induced self-assembling as depicted in fig. (a) [41], 133] [134]. Once the
deposition is completed, the particles usually show a high degree of ordering, which can
be further increased by subsequently exposing the sample to the vapor of the correspond-
ing solvent in the dispersion. The choice of solvent for dispersing the particles depends
on the specific coating of the magnetic nanoparticles (MNPs). For MNPs coated with
oleic acid (OA) and PS, toluene has been utilized, as described in Publications 2 and
3. On the other hand, water has been employed as the solvent for MNPs coated with
polyethylene glycol (PEG), as demonstrated in Publication 1. By controlling the temper-
ature and flow rate of the vapor during the exposure, a rearrangement of the MNPs is
facilitated which may increase the degree of MNP ordering. This method is also known
as "solvent vapor annealing” as described in Ref. [7].

Another approach employed in the scope of Publication 2, the so-called Langmuir-
Schaefer method [16, 34, 37, 38], exploits self-assembling processes of NPs during
evaporation of the solvent on top of a liquid subphase as schematically depicted in
fig. . Water or diethylene glycol (DEG) are used as the subphase in case of toluene
as solvent of the dispersion. In order to avoid adhesion of the subphase to the inner wall
of the trough, the latter is made of polytetrafluoroethylene (PTFE). The use of PTFE
as the material for the trough ensures that the subphase remains separate and allows
for smoother and more controlled evaporation induced self-assembling of the NPs. It is
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Figure 3.2: Scanning electron microscope images taken from Publication 2 (see section
. a) Image of a highly ordered mesocrystal. b) By adding a small amount
of PMMA to the solvent prior to the deposition of the MNPs onto the
substrate, a subsequent patterning using EBL is facilitated. Exposing the
previously deposited MNP mesocrystal with an electron beam with sufficient
energy and duration (and thus dose), the exposed areas will remain on the
substrate after a subsequent lift-off process [I5]. The images have been
taken from Ref. [16]

intuitive that the solvent used has to float on top of the subphase and, thus, it needs
to have a lower density than the subphase. After the solvent evaporated entirely, the
mesocrystal floats on top of the subphase and may be subsequently be transferred onto
a substrate by dipping the substrate gently onto the surface of the subphase. To prevent
potential damage to the mesocrystal during the transfer process, a pre-coating of the
substrate with a thin layer of PMMA of approximately 50 nm in thickness, or treatment
with chlorotrimethylsilane can be employed. The PMMA layer further aids a subsequent
structuring using electron beam lithography (EBL) as described in the following chapter.

Both methods described above yield highly ordered MNP mesocrystals, if the quality
of the MNP dispersion is high enough, i.e., the particle size distribution is very narrow.
Subsequent structuring of the mesocrystals can be achieved by employing EBL, which is
described in the following section and schematically depicted in fig. in the last step.
Furthermore, Publication 1 demonstrates the fabrication of structured, non-ordered as-
semblies of MNPs by creating openings in a polymethyl methacrylate (PMMA) film,
which are subsequently filled using the meniscus force deposition method [3, [131]. This
involves placing a droplet of the MNP dispersion onto the pre-structured PMMA film
and then contacting it with a glass plate from above, resulting in the formation of a
meniscus between the substrate and the glass plate as schematically depicted in fig. [3.4]
By gently pulling the glass plate across the substrate surface, the meniscus is pulled
across the opening and thereby filling them with MNPs.

3.1.2 Patterning: Electron Beam Lithography

As presented in chapter [I] "Introduction”, the great advantage of hierarchical materials
such as mesocrystals is that they introduce additional degrees of freedom to tune the
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subphase

PTFE trough

Figure 3.3: Fabricating mesocrystals composed of NPs may be achieved by utilizing the
Langmuir-Schaefer deposition method, where self-assembling of the NPs is
exploited during the evaporation of the solvent. The evaporation rate of the
solvent and, thus, the time for the self-assembling process can be adjusted
by covering the trough with a glass plate. After the complete evaporation of
the solvent, the mesocrystal floates ontop of the subphase and is transferred
onto the substrate by dipping the substrate surface on the surface of the
subphase. In a following fabrication step, the mesocrystal can be further
structured by employing EBL and a subsequent lift-off process.

characteristics of the material on different length scales. In addition to manipulating ma-
terial characteristics by tuning the properties of the individual MNPs, the precise control
of their collective behavior opens up further possibilities to modify the characteristics of
the material. On the one hand, the MNP's spatial arrangement into different mesocrys-
tal lattices may affect the properties of the whole structure [5], while, on the other hand,
the shape of the ensemble affects the collective properties on the next higher hierarchical
level as schematically depicted in the top of the middle column in fig. [I.I] Structuring
the MNP arrangements into ensembles with desired shapes is thus an additional opportu-
nity to precisely control the collective properties of the MNPs in the ordered ensembles,
which may be achieved by employing lithographic techniques on a previously deposited
mesocrystal. In Publication 2, EBL is employed where the structures are exposed to an
electron beam. Using suitable electron doses during the exposure, the solubility of the
MNP coating is altered, which facilitates a precise removal of MNPs from specific areas
of the substrate in a subsequent lift-off process [15]. PS coated MNPs inherently serve
as a negative resist, whereas OA coated MNPs should be deposited onto the substrate
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PMMA
substrate

Figure 3.4: Stuctured NP assemblies can be deposited onto a substrate by structuring
openings in a previously deposited PMMA film and filling the openings using
the meniscus force deposition method. The dispersion forms a meniscus
between the substrate and a glass plate, which results in a force acting on
the NPs. This can be exploited to fill the openings by dragging the plate
across the substrate.

with a small amount of PMMA added to the dispersion to ensure a sufficient change in
solubility after the exposure. Proceeding as described above requires an electron dose
high enough to alter the solubility of the exposed areas. In order to keep the electron
dose during the exposure low enough, a thin film of PMMA may be deposited on the
substrate before transferring the floating MNP film onto the substrate. An example of
the hereby fabricated structured MNP ensemble is depicted in figure (b)

3.2 Characterization Techniques

3.2.1 Ferromagnetic Resonance

Within the framework of (conventional) FMR experiments, the magnetic sample is placed
in an external static magnetic field Bstat and exposed to a perpendicularly acting oscil-
lating microwave field B, of constant frequency w = 27t - f (here X band frequencies)
[59, (79, [135] 136]. A schematic drawing of the experimental set up is depicted inf fig.
[3.5] Sweeping the strength of Bstat and measuring the intensity of the reflected mi-
crowave field enables the investigation of resonant excitations which occur at a specific
field strength Byes. Usually, these resonant signals are weak and challenging to detect,
and correspondingly, good signal amplification is required. Commonly, lock-in amplifier
techniques are employed to enhance the sensitivity of the spectroscope. In this context,
Betat is superimposed by a small, oscillating/modulating magnetic field Bpoq with a
typical strength of 0.1 G - 2.5 G and frequencies up to 100 kHz. The absorbance of the
sample is basically measured at the two field strengths Bstat + Bmod and Bstat — Bmod and
subsequently correlated with the strength of By,o4. This approach then yields the FMR
spectrum, which corresponds to the derivative of the absorption spectrum as illustrated
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Figure 3.5: In a conventional FMR experiment, the sample is placed in a cavity resonator
between the two poles of an electromagnet. The electromagnet creates a
static external magnetic field Betat, Which is superimposed by a small mod-
ulation field B4 created by the modulation coils. During the experiment,
the sample is exposed to a microwave field B, created by the microwave
source and the reflected intensity of the microwave field is measured by a
detector diode. A FMR spectrum is obtained by measuring the reflected
microwave intensity at different static magnetic field strengths Bgtat using a

lock-in amplifier. For a more detailed diagram of the experimental set-up,
the reader is referred to Refs. [59, [79]

in fig. (a) and (b).

The specific field strength Byes at which the resonant absorption occurs depends on
the magnetic interactions involved, the geometry of the sample, and the orientation
of Bstat with respect to the sample. C. Kittel provided the theory of ferromagnetic
resonance absorption for different experimental circumstances on the basis of the (un-
damped) equation of motion of the magnetization M in an external static magnetic field
Bstat [122]. Throughout this dissertation, the samples investigated are deposited on
a flat substrate, and thus their macroscopic geometry can effectively be regarded as a
plane or a thin film. Thus, two distinct orientations of Bsat with respect to the plane
can be identified, where Bgat lies within the plane of the sample or is oriented per-
pendicularly. The two orientations yield different B,es since the corresponding resonance
conditions deviate from one another due to the altered demagnetization fields. Assuming
Bstat to be oriented along the z-direction (B,=Bstat) and By, along the x-direction, the
resonance condition reads

‘;’:\/{antuo(Ny—Nz)-M}[Beruo(Nx—Nz%M (3.1)

where w is the angular frequency of the microwave field, y the gyromagnetic ratio of

the sample, 1y the magnetic field constant, M the magnetization of the sample, and the
N; the demagnetization factors along the direction i = x,y,z according to table[2.1] This
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Figure 3.6: Usually, FMR signals are very weak. Lock-In-amplifier techniques are used
to obtain sufficiently large FMR amplitudes. Thus, the FMR signals are
typically displayed as b) the derivative of a) the absorption spectrum. c) In
order to obtain large intensities AppmR, the static external magnetic field and
the oscillating microwave field lie within the sample plane.

then yields the resonance condition for B, being parallel to the film plane (¢pg = 0°,
Ny = N, =0, and N, = 1) as depicted in figure 3.6| (c):

w

2 - \/[Bz + pOM} B, (32)

For B, being perpendicular to the film plane (¢g = 90°, Ny = N, = 0, and N, = 1),
the resonance condition reads w
" = B, — uoM. (3.3)

For paramagnetic samples, B, simply equals Bstat, but for ferromagnetic samples, all
interactions and their associated magnetic fields need to be included in B, and thus,
B, = Bstat + Byq + Bexc + Baniso+ €tc. For the coherent uniform oscillation mode, also
known as the Kittel mode |2, [11], the magnetic moments show no tilting against each
other, thus Beyc = 0 and, therefore, the motion of the magnetic moments is predomi-
nantly governed by the dipolar coupling field Byq and the anisotropy field Bapsio. The
anisotropy field Bansio includes the contributions of the shape anisotropy Bghape, the
magnetocrystalline anisotropy Bcrys, and the surface anisotropy Bgy,s. Since the building
blocks of the mesocrystals investigated in this work are spherical, the contribution of the
shape anisotropy is isotropic (see table . The contribution of the surface anisotropy
does not affect the uniform Kittel mode [9] [92] and, thus, Bg, can be neglected for the
investigation of the Kittel mode as has been done throughout this dissertation. Here,
the only potential contributions of the surface anisotropy to the effective anisotropy
field Bansio would result from deviations from the spherical shape, which is negligible
for the samples investigated in this work [9, 92]. Thus, the predominant contribution
of anisotropy field Bansio is the magnetocrystalline anisotropy [93] and, therefore, B,
reduces to B, = Bstat + Byd + Berys.

Taking into account that the conventional FMR set-up employs a cavity resonator, the
sample is excited by a uniform microwave field By,. Thus, the investigation of spin waves
and the quantized counterpart also known as magnons with wave vectors different than
the Kittel mode (kyp # 0) are not accessible by FMR experiments [80} [135]. In addition,
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as cavity resonators are utilized to expose the sample to a microwave field B, only a
single frequency weyt = const. can be used since the cavity resonators are built for only
this specific frequency weyt. Furthermore, a sample consisting of an array of magnetic
entities is always measured as a whole since it is entirely embedded inside the cavity res-
onator. To overcome these limitations, another experimental approach (Brillouin light
scattering) is employed, which is demonstrated in Publication 2.

However, it is worth mentioning, that nowadays modern approaches of FMR experiments
exist that enable (i) the investigation of the dynamic properties of magnetic samples at
different frequencies, or (ii) individual magnetic nanostructures using "planar microres-
onators”. By utilizing coplanar waveguides for the transmittance of the microwave, the
sample may be exposed to a broad range of frequencies instead of a very narrow range
as in the case of conventional FMR experiments due to the utilization of customized
cavity resonators. While broadband FMR experiments may provide further insight into
the dynamic properties of the sample at various frequencies weyt, an inherent drawback
of utilizing coplanar waveguides is that they generally exhibit a lower quality factor, com-
monly referred to as the Q-factor, when compared to cavity resonators. The Q-factor
quantifies the efficiency of energy storage in a resonant system relative to the amount of
energy dissipated through transmission. Thus, a higher Q-factor indicates higher energy
storage in the system. In the case of coplanar waveguides, their design is not optimized
for a specific frequency wext, which leads to increased energy dissipation. Consequently,
the Q-factor of coplanar waveguides is reduced compared to that of cavity resonators
[136]. In order to measure the response of the sample at the different frequencies and
external static magnetic field strengths a vector network analyzer (VNA) may be utilized
in combination with lock-in amplification techniques. A different approach introduced
by R. Natkowicz et al. employs planar microresonators to replace the cavity resonators
in the conventional experiment and enhance the Q-factor such that individual magnetic
nanostructures may be measured [63, 64, [68] 69, (70, [71} (72, [73] [74]. Again, a partic-
ular experiment will be performed using a single frequency wex:, but by designing the
microresonators appropriately, various frequencies wext mMay be used for different exper-
iments on individual micro- to nanometer sized magnetic entities [72, [73], 74} [137].

3.2.2 Brillouin Light Scattering

BLS experiments involve analyzing the dynamic properties of a magnetic sample by
measuring the intensity of photons which have scattered inelastically with a magnetic
excitations or spin wave within the sample [17, [67) 78, [75, 180, 138]. As in the case
of FMR experiments, the magnetic sample is placed in a static external magnetic field
Bstat to characterize the material properties at different external conditions. In order to
probe its dynamic magnetic properties, a sufficiently high temperature of the sample is
required such that magnons, the quantized spin waves, are thermally excited. In addi-
tion, to enhance the scattering rate of the impinging photons by magnons, the sample
may be exposed to an oscillating magnetic field B, which acts perpendicular to Bsgtat.
In order to expose the sample to an oscillating magnetic field, it may be placed on top
of a coplanar waveguide, which is employed to transmit the microwave field. The phys-
ical process used to detect magnetic excitations is schematically depicted in figure 3.7]
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Figure 3.7: Exposing the magnetic solid to photons of a specific energy fic; and momen-
tum fik;, the photon may scatter inelastically either creating (Stokes-process)
or annihilating (anti-Stokes-process) a magnon with an energy fiwy and mo-
mentum fik; yielding a shift of the wave vector k¢ and of the frequency ws
of the scattered photon [67].

[67]. Monochromatic, linearly polarized light impinges on the sample. The impinging
photons may then be scattered either elastically (Rayleigh-scattering) or inelastically by
creating (Stokes-process) or annihilating a magnon (anti-Stokes-process) of a specific
angular frequency wp. The information about the dynamic magnetic properties of the
sample are thus associated with the inelastic scattering process which yields an energy
gain (annihilation - anti-Stokes-process) or loss (creation - Stokes-process) of the scat-
tered photon by AE = +fiwy, respectively. This gain/loss corresponds to a frequency
shift of the inelastically scattered photon of wf = w; £ wyp, where wj is the angular
frequency of the impinging photons and ws the angular frequency of the inelastically
scattered photons. This frequency shift can be analyzed by employing a sufficiently sen-
sitive interferometer [67], such as a "tandem-(3+3)-Fabry-Pérot interferometer” (TFPI).

A schematic view of the BLS set-up is depicted in fig. [3.8] In order to analyze the dy-
namic properties of a magnetic sample using BLS spectroscopy, the incident laser beam
is initially broadened by a telescope to fully illuminate the objective as shown in fig.a).
At beam splitter 1 (BS1) a reference beam is created which is used to stabilize the TFPI.
The transmitted laser beam passes through BS2 and is subsequently reflected onto the
sample by the polarizing beam splitter (PBS). The A/2-plate is used to rotate the po-
larization plane of the incident photons such that they are completely reflected onto the
sample by the PBS. The PBS is a crucial element of the experimental set-up, since this
component splits the reflected laser beam into the inelastically and elastically scattered
photons, as the inelastic scattering process rotates the polarization plane of the photons
by 90° [79]. Hence, the inelastically scattered photons pass through the PBS after the
reflection from the sample, while the elastically scattered photons, which do not experi-
ence a polarization change, are directed to the camera by BS2 for imaging the sample.
It should be noted, that the extinction ratio between the two perpendicular polarization
directions of the PBS has to be very high (>10°) since the scattering crosssec-
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Figure 3.8: Schematic drawing of the beam line in a BLS experiment. a) The incident
laser beam is directed into a telescope to widen the beam diameter such that
the full aperture of the objective is illuminated. The first beam splitter (BS1)
is utilized to create a reference beam used for the interferometer, while the
second beam splitter (BS2) directs the elastically scattered light to a camera
in order to visualize the sample. The polarizing beam splitter (PBS) divides
the scattered photons into inelastically and elastically scattered photons.
Since the inelastic scattering process of photons with magnons is associated
with a rotation of the polarization by 90°, these photons pass through the
PBS, while elastically scattered photons are directed to the camera. The
A/2-plate is used to ensure a maximum reflection at the PBS of the incident
laser beam onto the sample. b) After the inelastic scattering process, the
photons are directed into the tandem-(3+-3)-Fabry-Pérot interferometer. The
spatial filters may be used to analyze photons with a specific scattering angle
®i. The spectral analysis of the photons is achieved by varying the distance
of the individual FPIs by moving the scanning stage. Since the employment
of a single FPI does not facilitate the explicit assignment of the scattering
process related to different transmission orders, two FPIs are employed which

are tilted by an angle otgp; in order to suppress signals of the different
transmission orders [78], [80].
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tions of photons by magnons are very small [80, [77]. A larger extinction ratio thus aids
a better signal-to-noise ratio of the spectrometer. The inelastically scattered photons
are subsequently directed to the TFPI as shown in fig.[3.8b). The spatial filters are
used to analyze photons that have been scattered by an angle ¢; only as shown in
fig.3.8a). The double shutter ahead of the semitransparent mirror (STM) is used to
either direct the reference beam through the TFPI in order to stabilize the interferometer,
or the inelastically scattered photons to probe the sample. A detailed description of the
operating principle of the TFPI is provided in Refs. [78] (79, [80]. In brief, one mirror of
each of the two individual Fabry-Pérot interferometer (FPls) is mounted to a scanning
stage, denoted as M1-1 and M2-1, respectively, while M1-2 and M2-2 are fixed and can
not be moved. The optical axes of the two FPlIs are tilted by an angle atFp; such that
by moving the scanning stage by a distance Ad, the distances between the the mirrors of
the two FPlIs are altered by Ad for FPI1 and Ad-cosatgp) for FPI2. The consequence of
the coupling of the two FPls is that transmissions of higher orders through the individual
FPIs will be suppressed, which allows for a specific assignment of the magnonic signals.
After passing through the TFPI, the intensity of the scattered photons is then measured
by a detector for a given position of the scanning stage. The positions of the scanning
stage determines the distance between the mirrors of the mirrors of the two FPls. Since
the distances between the FPls determine the wavelength and, thus, the frequency of
the photons that can pass through, a BLS spectrum is obtained by sweeping Ad and
measuring the intensity of the detected photons. The observed spectral features can
then be correlated with the dynamic magnetic properties of the sample by the energy
shift of the scattered photon ficws which is related to the energy of the magnon fiwy
and the impinging photons fiw; by

hws = hw; + hwp. (3.4)

For infinite solids, where magnons may be described as plane waves, the conservation of
momentum is also fulfilled and thus,

hke=hkithkny, (3.5)
where k¢, ki, and k) are the wave vectors of the scattered and impinging photon,
and of the magnon, respectively. The great advantage of BLS experiments is that
this technique may enable the investigation of magnons with k\ # 0, by varying
the angle of the beam of impinging photons with respect to the sample normal. In
accordance with Noether’s theorem, the conservation of momentum given in eq.
is applicable to the in-plane components of the wave-vectors solely due to the break of
translational symmetry at the surface of the sample [67]. Thus, by varying the angle of
incidence ¢; of the impinging photons, the in-plane component of the wave vector of
the impinging photons k; may be altered. Since the energy of the annihilated /created
magnon depends on its wave vector which is correlated with the frequency wy by the
material's dispersion relation, the measurement of the energy gain/loss AE = +hwy
of the inelastically scattered photons for different angles of incidences ¢; enables the
measurement of this dispersion relation [17, [67) [75]. The wave vector of the magnon is

related to ¢; by:

2
kg =2 - —2

- sindyi, (3.6)

Aphot
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where Ajpot is the wavelength of the impinging photons. It can easily be concluded
that there exists a maximum wave vector (i.e., a minimum wavelength) of the magnon
that is experimentally accessible. For an infinite solid body, the maximum wave vec-
tor of a magnon kp max that can be probed is restricted by the maximum transfer of
momentum. This is the case when the photons are scattered by an angle ¢; = 90°
yielding a maximum wave vector of ky max = 23.6 rad/pm (minimum wave length of
266 nm) when using a 532 nm laser [67, B0]. Strictly speaking, equations [3.4} [3.5] and
derived from Noether's theorem are valid only for magnons within infinite magnetic
solids. For finite samples, these equations may not hold true and break down [138].
Consequently, magnons within finite structures do no longer possess a sharp wave vector
but are composed of a distribution of wave vectors resulting from the Fourier transform
of the spatial spin wave profile [77) 80, [138]. As a result, there exists an overlap of the

Fourier transform of the spin wave profile with the range of {O,Qki} for the inelastically

scattered photons, enabling the detection of spin waves of much smaller wavelength
than, e.g., 266 nm resulting from equation [76, [77]. An additional advantage of
this technique is that it is not restricted to a single specific frequency of the driving mi-
crowave field By, as it is the case for (conventional) FMR experiments. Using coplanar
waveguides, the sample can be driven with various excitation frequencies allowing for the
characterization in a much broader frequency range. An overview of experimental inves-
tigations of magnon dispersion relations in 1D and 2D magnonic crystals may be found
in references [24, 33, [78|, [81] [83], while 3D magnonic crystals have not been investigated
experimentally yet.

3.3 Theoretical Modeling

The utilization of numerical simulations on suitable model systems provides a valuable
tool for interpreting the magnetic phenomena observed experimentally. By simulating
the system, it becomes possible to link the observed spectral features to the specific ma-
terial characteristics associated with them. Such simulations are especially powerful to
obtain further insight into the static and dynamic properties of the magnetic structures.
The numerical modeling approaches used are based on the Heisenberg model, where the
magnetic moments are assumed to be well-localized at the ions at the corresponding
atomic sites on the crystal lattice [98]. Thus, this approach is very powerful for most
magnetic materials with low electrical conductivity but it fails for band ferromagnets
with highly mobile electrons such as for iron, cobalt, and nickel [100, [101}, [102]. For
highly conductive magnetic materials, a different approach derived within the framework
of the Hubbard model has to be considered, which will not be discussed here [102].

The total magnetic moment of an ion is related to its partially filled electronic or-
bitals. Thus, it is convenient to first consider an isolated ion possessing a total angular

momentum vector J with the corresponding expectation value

(hJ) =t J(J+1), (3.7)
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where J is the total angular momentum quantum number. The projection of J on to the
quantization axis (z-axes in the following) yields <77Jz> = hmj, where m; is the secondary
magnetic quantum number. This then gives the magnetic moment m, of the ion with
m; = —gugm; = yhmj, where 7y is the gyromagnetic ratio, ug the Bohr magneton, and
g the Landé (or g-factor) of the ion. The potential energy_c?f the magnetic moment m
in an external static magnetic field along the z-direction Bgtat = (0,0,Bstat) can then
be represented by the Zeeman energy

Hzee = —MzBstar = _'Yhijstata (3-8)

which yields the equation of motion of the expectation value of m [59, [79] given by:

)7} B0

where {a,b} = ab - ba is the commutator of the quantum mechanical operators a and
b. The above equation is the macroscopic equation of motion of the magnetic moment
in an external magnetic field, which describes a precession of the magnetic moment m
around the direction of the external magnetic field Bgtat.

The localized magnetic moments of the ions within the solid, which arise from par-
tially filled electron orbitals of the ions, can be considered as a thermodynamic subsys-
tem. This subsystem is thermally coupled to other subsystems of the solid, including
the crystal lattice and the conduction electrons, forming a complex interplay of thermal
interactions within the material [99]. The thermodynamic coupling of the different sub-
systems results in energy dissipating from the magnetic system into the other reservoirs
resulting in a damping of the precession of m around the direction of Bgiat. Several
mechanisms are related with the damping process, for which two illustrative examples
will be discussed [79] [99]. For example, by considering the dipolar interactions between
the localized magnetic moments at their respective lattice sites, one can gain a con-
ceptual understanding of the coupling between the magnetic and lattice systems. As
the dipolar coupling depends on the distance between the ions, lattice vibrations affect
the corresponding distances and thus give rise to the coupling of the two subsystems
[118]. Moreover, the coupling between the two subsystems can further be understood
in terms of the spin-orbit coupling, which directly links the orientation of the ion's mag-
netic moment to the crystal lattice. The two mechanism illustrate the interplay between
the magnetic properties and the structural characteristics of the material, resulting in a
damping of the precessional motion of m around the direction of Bga. To account for
the dissipation of energy from the precessional motion and, thus, the damping, the equa-
tion of motion must be expanded by an effective phenomenological damping parameter
that comprises all potential damping processes. This yields the Landau-Lifshitz-Gilbert
equation, where the damping is proportional to its angular velocity d'm /dt yielding

(m % B+ - T % ‘L’:) | (3.10)

iy
dt 1+ o2

where « is the phenomenological damping factor. The damped precessional motion of
'm is illustrated schematically in figure [3.9) The figure also depicts the torque terms
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Figure 3.9: According to the Landau-Lifshitz-Gilbert equation (eq. a magnetic mo-
ment performs a precessional motion around the direction of a (total) mag-
netic field Biot due to the torque 9m /0t = —y - 'm X Bist. Since the spin
system is thermally coupled to other thermal reservoirs, energy dissipates

out of the spin system resulting in a damping of this motion described by
m x Om/ot.

responsible for the precession and damping of the magnetic moment. Without any ex-
ternal energy input, the orientation of m gradually aligns with the direction of Btat.

As has been discussed in section [3.2.1] "Ferromagnetic Resonance”, the total magnetic
field Btot, which acts on the magnetic moments of the ions in a magnetic solid, com-
prises all relevant magnetic interactions. Thus Bstat in equation ﬂ has to be replaced
by the total magnetic field Btot given by

Btot = Bstat‘|‘ Bexc"‘ Bdip+ Baniso"‘--- (3.11)

The corresponding magnetic fields related to the different interactions may be obtained
by [98]
— 8E,
I I“L()am ) ( )

1
where E; is the energy associated with the corresponding magnetic interaction. Consid-
ering the aforementioned factors, magnetic materials can be modeled using two distinct
frameworks, depending on the length scales under investigation. For simulations at very
small length scales, atomistic simulations are employed, which simulate the magnetic
moments of the ions individually [98]. On the other hand, for simulations which focus
on larger length scales, micromagnetic simulations are utilized, employing a continuum
approximation to capture the material characteristics [118] [139]. In the simulation of
magnetic materials, despite of the chosen framework, the material is represented as a
collection of interacting subunits. These subunits can be individual ions, or small mag-
netic volumes, depending on the scale of the simulation. The interactions between the
subunits are typically modeled using appropriate mathematical expressions following eq.
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3.12] In addition to the interactions between the subunits, external oscillating fields
may also be incorporated into the simulation. These fields can mimic the effect of ex-
perimental techniques, such as applying a magnetic field or performing spectroscopic
measurements, allowing for the investigation of the dynamic properties of the magnetic
sample. By studying the response of the system to these external fields, valuable insight
into the behavior of the material can be obtained, aiding in the interpretation and un-
derstanding of experimental observations. In order to obtain insight into the dynamic
properties of the idealized model system, the time evolution of the whole structure has
to be calculated. In general, such a complex calculation cannot be performed analyti-
cally, and thus numerical approaches are employed to overcome this difficulty. Here, the
widely utilized open-source software such as OOMMF employs a fourth-order explicit
(predictor-corrector) Runge-Kutta solver [94]. In general, implicit methods may also be
useful to numerically calculate the time evolution of the subunits. In this work, the
Fortran90 ODE-solver has been employed for integrating the equation of motion which
is based on the backward differentiation formula (BDF) methods [140]. The great ad-
vantage of this BDF method is its applicability to "stiff” initial value problems (IVP).
In this context, the "stiffness” of the IVP has to be understood on the basis of the
Lipschitz continuity, which restricts the upper boundary of the chosen time step for
the integration to avoid instabilities and oscillations when integrating the equation of
motion [I4I]. After calculating the time evolution of all subunits for different external
field strengths, e.g., in the context of modeling FMR spectra, it becomes important
to analyze and relate the calculated spectral features to specific characteristics of the
sample structure. To achieve this, Fourier transforms are performed on each subunit,
allowing for the identification of resonant regions within the magnetic structure at the
specific external conditions.
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Summary of Results

Throughout this dissertation, the characteristics of magnetic nanoparticles associated
with dipolar coupling phenomena on the mesoscopic scale (see fig. referring to
Ref. [3]) have been investigated. To provide a comprehensive understanding of the
scientific path followed in this work, an overview of the three articles published over the
course of this work is provided. In brief, the successive publications comprise studies
in which the impact of dipolar coupling phenomena at different hierarchical levels on
the collective magnetic behavior has been systematically investigated. Starting with the
characterization of the interactions between disordered nanoparticle assemblies, followed
by the investigation of the properties of the individual ordered ensembles and, finally, the
analysis of the characteristics of the individual MNPs which constitute the arrangement
were addressed in more detail.

4.1 Publication 1: Investigation of the dipole inter-
action in and between ordered arrangements of
magnetic nanoparticles

Isolated monolithic magnetic nanostructures may possess several resonant excitations
[22] [44], 69] when studied by FMR and BLS experiments. These excitations can subse-
quently be assigned to different resonant areas within the nanostructures using theoretical
modeling [26, 81]. Decreasing the distance between the individual nanometer sized mag-
netic entities enhances the dipolar coupling between them resulting in distinct spectral
dependences. However, hierarchical magnetic nanostructures composed of MNPs have
not yet been investigated in detail experimentally and, thus, the dynamic coupling ef-
fects associated with the dipolar interaction within hierarchical structures remain to be
investigated.

In Publication 1, the investigation of dipolar coupling effects between circularly pat-
terned MNP assemblies has been addressed. The diameters of the MNP assemblies
fabricated range between 720 nm to 300 nm and the spacing between the assemblies
ranges from 700 nm to 50 nm. The constituent MNPs posses diameters of 20 nm and
are coated with polyethylene glycol resulting in a spacing between the MNPs of approx-
imately 2 nm. The characterization of the MNP assemblies has been performed using
angle dependent FMR experiments. It has been shown that two resonant excitations may
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occur, one main resonance attributed to the central area of the circular assembly and
one satellite resonance assigned to resonant excitations near the edges of the assembly.
By decreasing the spacing between the assemblies, the dipolar coupling between MNPs
of neighboring assemblies is more pronounced near the edges, and thus the resonance
field of the satellite resonance exhibits an angle dependence at sufficiently short spacings.

The Publication highlights the dipolar coupling between MNPs within an individual MNP
assembly and between MNPs of neighboring assemblies. It is shown that the collective
properties of MNPs with diameters of 20 nm arranged into assemblies of some hundreds
of nanometers show characteristics comparable to those of monolithic magnetic struc-
tures. However, their spectral properties differ.

The samples for this publication have been fabricated and measured by N. Neugebauer.
The simulation software has been developed by M. Czerner and N. Neugebauer and the
corresponding simulations for this publication have been performed by N. Neugebauer.
This article is the result of a fruitful scientific discourse between the authors, in which,
in addition to Nils Neugebauer, especially the contribution of Prof. Peter J. Klar, Prof.
Christian Heiliger, Prof. Detlev M. Hofmann and Dr. Matthias T. EIm should be
emphasized. Their contribution was primarily to contribute to the interpretation and
understanding of the results and to provide impetus for the necessary experimental and
theoretical work.
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Magnetite nanoparticles (particle diameter dyp = 20 nm) were arranged into chains of cylinderlike entities
of fixed radius R with constant spacings D between neighboring entities. For this purpose, chains of circular
openings were defined in a 250-nm-thick electron-sensitive resist on a Si substrate by electron beam lithography.
These patterns were subsequently filled with the magnetite nanoparticles using a variant of the meniscus force
deposition method. To study the dipolar magnetic interaction between the spherical magnetite particles within the
cylinders as well as that between cylinders, three series of chain arrangements were prepared, each with another
constant average cylinder radius (R = 360, 240, and 160 nm). The three samples of each series differ in terms of
their D values, which vary between 700 nm (no intercylinder coupling) and 50 nm (magnetic coupling between
cylinders). Angle-dependent ferromagnetic resonance (FMR) measurements revealed that for large R and D only
one broad resonance appears, while for R = 240 and 160 nm two resonances are present. At short D, an angular
dependence of the resonances induced by the coupling between the cylinders is clearly visible. Furthermore, the
amplitude of the main resonance decreases, and side bands occur when the cylinders of the chain are hollow,
i.e., when some nanoparticles are removed from the center of each cylinderlike entity. The dynamics of the
coupled magnetic dipoles of the magnetite particles and its impact on the FMR spectra of the samples, i.e.,
associating the different resonances to characteristic collective oscillations of the magnetic moments within the
ordered arrangement of magnetite nanoparticles, can be understood using micromagnetic simulations based on

a numerical solution of the Landau-Lifschitz-Gilbert equation.

DOI: 10.1103/PhysRevB.101.104409

I. INTRODUCTION

Nanosized magnetic structures still attract a great deal
of interest because their magnetic properties are not only
determined by their chemical constituents, but also by their
shape and their spatial arrangement into different patterns
[1-3]. Such magnetic nanostructure arrangements provide a
vast playground for tuning magnetic properties according to
the needs of specific applications [4,5]. While interactions
on the atomic scale, e.g., exchange interaction or magne-
tocrystalline anisotropy, determine the formation of magnetic
domains of smaller entities, long-range coupling phenomena
such as dipole-dipole interactions affect the properties of the
entire magnetic nanostructure arrangement, leading, e.g., to
the so-called shape anisotropy [3,6-9]. Commonly, top-down
approaches are used to fabricate ordered arrangements of
magnetic nanostructures. An example of a top-down approach
is the combination of lithographic techniques and thin-film
deposition. The latter may be performed by vacuum depo-
sition methods such as physical vapor deposition, sputter
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104409-1

deposition, or others [7,10-13]. Depending on the distance
between the single nanomagnets, the collective behavior of
such patterned magnetic thin films is governed by short-range
exchange coupling [10,14,15] or long-range dipolar coupling
[5,11,16,17] between the magnetic compounds.

An alternative approach for fabricating magnetic structures
comprises the use of lithographic techniques for defining
openings in a resist layer on a substrate, which are subse-
quently filled with magnetic nanoparticles (MNPs) employing
bottom-up techniques such as Langmuir-Blodgett film for-
mation, dip-coating, spin-coating, etc. The successful self-
assembly of MNP films has been widely demonstrated for
ordered [18-21], as well as for randomly packed nanoparticles
[22-24]. The advantage of such MNP-based entities com-
pared to conventionally fabricated magnetic nanostructures is
that their magnetic properties are much more susceptible to in-
terstructure dipolar interactions, since the nanoparticles con-
structing the entity cannot couple via predominant exchange
interaction. This offers an additional degree of freedom to
tune the properties of the magnetic structures. Although size-
and shape-dependent magnetic properties of MNPs have al-
ready been investigated for randomly oriented [25-28] as well
as regularly ordered [22-24] clusters of MNPs, systematic

©2020 American Physical Society
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studies of the properties of patterned regular arrangements of
MNP entities and especially the dipolar coupling between the
entities are still lacking.

In this work we study the dipolar magnetic coupling be-
tween cylindrical entities of MNPs by ferromagnetic reso-
nance spectroscopy (FMR) as a function of cylinder size, de-
gree of filling, and spacing between these cylindrical entities.
FMR is established as a powerful tool for investigating the
dynamic properties of the magnetization of single magnetic
nanostructures as well as coupling phenomena in magnetic
arrangements [10,11,15,29-31]. The MNP sample is placed
in an external magnetic field H.y. While the magnetic field
is swept, the sample is continuously exposed to a microwave
radiation field Hy,, (with a constant frequency f = w/2m). It
excites a collective oscillation within the MNP arrangement
each time when the external magnetic field fulfills the corre-
sponding resonance condition:

w

— — lIleff
14

= Hg + Hin, ey

ext

where Hc denotes the effective local magnetic field, y =
ge/2m is the gyromagnetic ratio, g the Landé factor, e is
the elementary charge, and m is the mass of the electron.
HZ} denotes the external magnetic field strength, at which
the resonance condition is fulfilled, and H,, is the internal
magnetic field a magnetic moment experiences due to its
surrounding. A classical description of the collective behav-
ior is obtained by assigning a magnetic moment 77;(7, t) to
each MNP and by allowing for a long-range dipole-dipole
interaction with the neighboring shells of MNPs [32-35]. The
time evolution of the macroscopic magnetization M7, 1) is
then given by a superposition of all /7;(¥,t) described by
the Landau-Lifshitz-Gilbert (LLG) equation. The numerical
solution of this equation allows us to relate the measured
FMR resonance signals to characteristic excitations of the
m;(7,t) and thus to spatial locations within the MNP entities
studied.

II. METHODS
A. Sample preparation

Electron beam lithography (EBL) was used to prepare
openings in a 250-nm-thick resist layer consisting of poly-
methyl methacrylate (PMMA) spin-coated onto a (100)
silicon substrate. Using low doses during EBL exposure
(<3000 uC/cmz), the PMMA serves as a positive resist when
developed for 45 s in a solution of water and isopropanol
(1:2 in volume). In a subsequent preparation step, the re-
sulting openings are filled with MNPs using a variant of the
horizontal dip-coating process employing a MNP suspension
[32]. Since bare particles are not dispersible due to attrac-
tive forces between them, surface functionalization of the
MNP is required to prevent agglomeration. Depending on
the polarity of the surfactant, particles can be dispersed in
nonpolar or polar solvents. We chose an aqueous suspension
of polyethylene glycol-coated spherical Fe;O4 nanoparticles
(particle concentration ~4.5 x 10'* particles/mL) showing
an average diameter of dxp = 20 nm (Sigma-Aldrich product

number: 725366). When the dispersion is pipetted onto the
patterned substrate and covered with a glass plate, a meniscus
forms at the surface of the suspension between the edge of
the glass plate and the substrate. In moving the glass plate
across the substrate, the meniscus, as it is dragged across the
substrate, pushes the MNPs into the openings of the resist
layer and deposits them there, but not on the surface of the
resist layer. The deposition process may be repeated several
times until the openings are entirely filled with MNPs. After
evaporation of the suspension’s solvent, the magnetic nanos-
tructure arrangement is obtained. The MNP arrangements
were designed to study magnetic coupling phenomena within
closely packed MNP entities of defined shape and size as well
as coupling between such entities as a function of spacing.
We chose to arrange the MNPs to cylindrical entities with
a radius defined by the radius of the resist openings and
an average height of & ~ 80 nm. Employing the meniscus
force deposition method leads to a compact filling of the
openings with MNPs. The height of the nanoparticle entities
show slight deviations, as more MNPs accumulate near the
edges of the circular openings compared to the center of each
opening. For further information and a detailed description
of the horizontal dip-coating process, see Refs. [32,36]. The
cylindrical entities were arranged into linear chains with a
periodic spacing D along the chain direction, denoted as
x-direction in the following. To enhance the FMR signal
strength, a parallel arrangement of chains with a spacing of at
least 3 wm along the y-direction, perpendicular to the chain
direction, was fabricated. Thus, the magnetic nanostructure
arrangements of each sample consist of cylinders with fixed
radius R and height & of closely packed MNPs arranged on a
rectangular grid where the spacing D along x is in a range
where coupling between the cylindrical entities may occur
whereas the spacing along y is too large to yield a detectable
magnetic coupling. A circular shape of the entities was cho-
sen, as it should yield an isotropic behavior of the FMR signal
for isolated entities, when the orientation to an external field is
varied in-plane of the sample, since the demagnetization fields
of the cylinder are uniform in this plane. Thus, any major
deviation from an isotropic behavior should have its origin
in coupling phenomena between the cylindrical entities. The
spacing D in the x-direction was constant for each sample, but
varied throughout each set of samples covering the range from
700 to 50 nm, a range where the onset of detectable coupling
between neighboring cylindrical entities should occur. Three
series of rectangular arrangements of cylindrical MNP entities
were examined: Set 1 consists of cylinders with radii of R =
(340 £ 16) nm, Set 2 of cylinders with R = (240 £ 8) nm,
and Set 3 of cylinders with R = (160 &+ 10) nm. Decreasing
the radii of the cylindrical MNP entities leads to a larger
contribution of MNPs near the edge of the entity to the overall
magnetic response. The ratio of the number of these particles
near the edge to that of the particles in the central region is
determined by the radius of the cylindrical arrangement R. We
refer to this ratio as the edge-to-volume ratio in what follows.
It is proportional to 1 /R and thus increases from Set 1 to Set 3.
Furthermore, we have placed samples of Set 3 in an ultrasonic
bath with acetone for 20 s at 20°C, which allowed us to
remove MNPs from the center of their cylindrical entities,
resulting in ringlike or hollow-cylinderlike entities with an
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FIG. 1. SEM images and corresponding idealized schematic drawings of single entities of three different samples, one of each set:
(a) sample S1_R360_D210 (Set 1), (b) sample S2_R230_D610 (Set 2), and (c) sample S3_R150_D500 (Set 3). Images (a) and (b) show
part of the rectangular arrangements of entities of closely packed MNPs where the entities can be considered “full cylinders,” whereas in
image (c) MNPs from the center of the entity are removed yielding “hollow cylinders” as building blocks of regular arrangement.

even larger edge-to-volume ratio. Figure 1 shows scanning
electron microscopic (SEM) images of three samples, one
of each set along with an idealized schematic drawing of
a corresponding single entity. The cylindric entities show
slight deviations from a perfect circular shape. To estimate
the influence of these irregularities on the angle dependence
of the FMR signal, the ratio between the radius in the x- and
y-directions (R, and R,) was determined at different areas
of each sample. The average R./R, ratio of each sample is
given in Table I together with the corresponding radii R and
distances D between the entities. The largest deviation from
a perfect aspect ratio of R,/R, =1 is only ~11%. As the
demagnetizing field within entities of a comparable aspect
ratio is found to be almost isotropic [37], a nearly isotropic
behavior of the entities in the sample plane can be expected.

B. Theoretical modeling

Theoretical modeling is indispensable for obtaining deeper
insights into the magnetization dynamics of the MNP ar-
rangements and for elucidating how excitations of collective
oscillations of the MNPs are affected by the shape of the
corresponding arrangement and the presence of an adjacent
entity of MNPs [38—40]. In particular, theoretical simulations
may unveil the complex eigenmodes of the system. Our code

TABLE I. Overview of the different sample sets.

Sample set Label R:/R, R (nm) D (nm)
S1_R360_D210 1.03 360 210

1 S1_R320_D150 0.97 320 150
S1_R340_D80 1.07 340 80
S2_R230_D610 0.92 230 610

2 S2_R250_D80 0.97 250 80
S2_R240_D50 0.98 240 50
S3_R175_D700 0.94 175 700

3 S3_R150_D500 1.11 150 500
S3_R160_D320 1.02 160 320

was built for two purposes: First, for obtaining the energeti-
cally most preferred configurations under external conditions,
and second, for simulating the dynamic behavior of the MNP
magnetic dipoles. The Monte Carlo-Metropolis algorithm
was used for a fast generation of the preferred configuration
of the magnetic dipoles of the MNP arrangement [41,42]. The
equation of motion (LLG equation) for each MNP carrying a
magnetic moment 7;(7, t) was solved numerically [39,40,43].
For each MNP, a magnetic moment of m = 8 x 10* U, where
pug is the Bohr magneton, was chosen, which represents
a typical magnetic moment of a magnetite nanoparticle of
20 nm diameter [32]. The effective magnetic field acting on
each dipole moment 77;(7, t) is given by a superposition of
the dipolar interaction forces acting on (7, t) due to the
dipoles of nanoparticles in neighboring shells and the external
field. To ensure numerical stability during the simulations,
both explicit and implicit numerical solvers were tested and
compared. This comparison, in addition to a variation of the
time step, enabled fast generation of the associated FMR
spectrum.

The FMR spectrum is derived by performing a Fourier
transformation (FT) of the total magnetization M(#,t) over
100 periods of the microwave radiation field after transient os-
cillations disappeared [44]. Performing a two-dimensional FT
yields the spatial areas of the MNP arrangement contributing
to each resonance.

III. RESULTS

The angle-dependent FMR experiments were carried out at
room temperature using a Bruker ESP 300E spectrometer at
X-band frequencies (~9.5 GHz) for all three sets of samples.
The angle was varied in-plane of the sample, such that the
vector of the external magnetic field remained parallel to the
sample surface at all measurement angles. The orientation
¢y = 0° is defined by the situation where the external mag-
netic field points along the x-direction [see Fig. 1(c)], i.e.,
along the direction of the MNP entity chain, where magnetic
interaction between the entities may occur. Contour plots of
the FMR amplitude are used to visualize the evolution of each
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FIG. 2. Measured FMR spectra of the samples of Set 1 consisting

of parallel arrangements of chains of cylindrical MNP entities with

radii R = (340 & 16) nm. The distance D between the neighboring MNP entities of the chain is largest, D = 210 nm, for the sample whose
results are shown in (a) and smallest, D = 80 nm, for the one whose results are shown in (c). The contour plots show the evolution of each
resonance in dependence on the orientation of the external magnetic field with respect to the chain axis (angle ¢y) and on the strength of

the external magnetic field. The FMR spectra shown below are recorde
S1_R320_D150, and (c) sample S1_R340_D80.

resonance. The angle is shown on the vertical axis from 0° to
360° and the external field on the horizontal axis, ranging from
1500 to 4500 G. Additionally, four selected spectra recorded
at ¢ = 0°, 30°, 60°, and 90°, respectively, are used to show
the specific derivative of the absorbance of each sample at
these angles.

A. Sample Set 1

The results of FMR measurements for all three samples
of Set 1 with MNP entities having the largest radius R =
(340 £ 16) nm are shown in Fig. 2. The spacing D of the
cylinder chains varies from left to right from 210 to 80 nm.
Sample S1_R360_D210 exhibits one broad resonance with
a large full width at half-maximum (FWHM) and a slightly
asymmetric shape at H'>' = 3050 G as well as another rather
sharp resonance at H.y, = 3370 G. The resonance position
of the latter corresponds to a g-factor of ~2, which is also
observed in the FMR spectra of the other two samples of
this series. We assign this resonance to free electrons of the
polymer surfactant [45] and thus discard it in the discussion
below. The resonance H'! exhibits no angular dependence,
as can be seen in the corresponding contour plot of Fig. 2(a).
The situation alters when the distance between the MNP
entities of the chain decreases. Already at D = 150 nm, the
shape of the spectra has changed significantly. While the FMR
resonance of sample S1_R360_D210 is only slightly asym-
metric around Her;f’l, the resonance of sample S1_R320_D150
reveals a strong asymmetry, which cannot be explained solely
by a single resonance [46]. The presence of more than one
resonance is supported by the corresponding contour plot of

d at four different angles ¢y. (a) Sample S1_R360_D210, (b) sample

sample S1_R320_D150 shown in Fig. 2(b), which shows a
broad, angle-independent resonance at H™>' = 2950 G and a

narrow, slightly angle-dependent resonance H'>? varying its
resonance position between 3100 and 3400 G. This trend is
confirmed by the results of sample S1_R340_D80, which ex-
hibits an even smaller spacing D = 80 nm between the MNP
entities. The broad resonance remains angle-independent at
H™!' = 2910 G, while the angular dependence of the high-

ext

field resonance H.S* becomes more pronounced. The angular
dependence exhibits a period of 180° corresponding to the
twofold symmetry in plane of the chain. It shows an even
stronger angular dependence in the range between 3100 and
3400 G than sample S1_R320_D150. We interpret this finding
as a signature of magnetic coupling between adjacent MNP
entities. Since the effective magnetic field acting on each
MNP depends strongly on the number of neighboring MNPs,
the effect of adjacent entities should be strongest in case
of MNPs, which experience only a weak coupling to other
MNPs of their entity. Such MNPs are located near the entity
edge, since MNPs on these sites interact with fewer neighbors
compared to those on sites in the entity center.

To further support this assumption, additional angle-
dependent measurements were also performed on samples of
Set 2, which exhibits larger edge-to-volume ratios, since the
radii of the cylindrical entities are only about 2/3 of those of
Set 1.

B. Sample Set 2

Figure 3(a) shows the results for sample S2_R230_D610.
Its FMR spectra exhibit one broad, strongly asymmetric main
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FIG. 3. Measured FMR spectra of the samples of Set 2 consisting of parallel arrangements of chains of cylindrical MNP entities with radii
R = (240 = 8) nm. The distance D between the neighboring MNP entities of the chain is largest, D = 610 nm, for the sample whose results
are shown in (a) and smallest, D = 50 nm, for the one whose results are shown in (c). The contour plots show the evolution of each resonance
in dependence on the orientation of the external magnetic field with respect to the chain axis (angle ¢y) and on the strength of the external
magnetic field. The FMR spectra shown below are recorded at four different angles ¢y. (a) Sample S2_R230_D610, (b) sample S2_R250_D80,

and (c) sample S2_R240_D50.

resonance at H:"' = 2900 G and the resonance at HI® =
3370 G of the free electrons. The main resonance, as in the
case of Set 1, is of an asymmetric shape that is attributed to
the presence of an additional smaller resonance at slightly
higher fields. We believe that the 180° symmetry of its
resonance position visible in the contour plot of Fig. 3(a)
is due to a misalignment of the sample in the resonator
yielding a magnetic field component out of plane. Since the
main FMR resonance is only slightly asymmetric and the
spacing D = 610 nm between the MNP entities of the chains
is still fairly large, we believe that coupling effects between
the entities are negligible. Decreasing the spacing D to 80
nm, corresponding to sample S2_R250_D80, a second high
field resonance H.< arises at about 3100 G, with a behavior
somewhat similar to that of the high-field resonance of sample
S1_R340_D8O0 of Set 1, which has the same spacing D [see
Fig. 3(b)]. The main resonance of sample S2_R250_D80
possesses a resonance field HI™' = 2950 G that is again
independent of the in-plane orientation of the external mag-
netic field. The high-field resonance H™** shows an increased
amplitude compared to sample S2_R230_D610 and a twofold
symmetry as apparent in the contour plot. This strong angular
dependence of H™*? results from enhanced coupling between
adjacent MNP entities, which is further confirmed by the re-
sults of the third sample of this series, sample S2_R240_D50,
where the spacing D is even lower, i.e., 50 nm only [see
Fig. 3(c)]. It should be noted that the smaller R of Set 2
compared to Set 1 yields an increased edge-to-volume ratio,
which in turn leads to an increased contribution of the high-
field resonance to the overall FMR response. It is a further
indication and confirmation that this signal originates from

near-edge MNPs within the MNP entities. It also implies that
the angle-independent main signal H™>' predominantly arises
from MNPs in the center of the MNP entities. MNPs in this
central region experience a magnetic dipolar coupling with
the surrounding nearest neighbors, i.e., the MNPs show a
collective behavior. Thus, they respond almost isotropically to
the external magnetic field, i.e., the magnitude of the effective
field acting on their magnetic moment is independent of the
orientation of the external magnetic field for those MNPs.

C. Sample Set 3

Finally, FMR measurements of sample Set 3 are shown
in Fig. 4. The samples consist of rectangular assemblies
of cylindrical entities with a mean radius of R = 160 nm
only. Furthermore, MNPs of the central region of the entities
were removed in order to generate an even larger edge-
to-volume ratio. Again all samples of this series exhibit a
g~ 2 resonance of free electrons, which we will not dis-
cuss further. Figure 4(a) depicts the FMR results of sample
S3_R175_D700 with the largest spacing between the entities
along the chain, i.e., D = 700 nm. The FMR spectra show
again an asymmetric main resonance, but at a slightly higher
resonance field H™' = 3010 G than the main resonances
of the corresponding large-D samples of Set 1 and Set 2.
This finding is attributed to the fact that considerably fewer
particles interact with each other within the smaller hollow
MNP entities of Set 3. As a consequence, the dipolar field
contribution to the effective field present at the MNP positions
is lower, requiring a higher external field to fulfill the reso-
nance condition. A weak additional resonance is also present
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FIG. 4. Measured FMR spectra of the samples of Set 3 consisting of parallel arrangements of chains of hollow-cylindrical MNP entities
with radii R = (160 & 10) nm. The distance D between the neighboring MNP entities of the chain is largest, D = 700 nm, for the sample
whose results are shown in (a) and smallest, D = 320 nm, for the one whose results are shown in (c). The contour plots show the evolution of
each resonance in dependence on the orientation of the external magnetic field with respect to the chain axis (angle ¢y) and on the strength of
the external magnetic field. The FMR spectra shown below are recorded at four different angles ¢y. (a) Sample S3_R175_D700, (b) sample

S3_R150_D500, and (c) S3_R160_D320.

at H'>>* = 3150 G. Both resonances do not show a significant
angular dependence, i.e., at this D value adjacent entities do
not interact. Decreasing the spacing D from 700 to 500 nm
in sample S3_R150_D500 introduces an angular dependence
of the high-field resonance, while HX>"' remains still virtually
constant as shown in Fig. 4(b). When the distance between
neighboring entities is even smaller, i.e., D = 320 nm, for
sample S3_R160_D320, even the main resonance exhibits an
angular dependence indicating that after removal of the MNPs
from the center of the cylindrical MNP entities, hardly any
MNPs are left, which experience an effective field caused by
a collective behavior of surrounding MNPs. This can be seen
in the contour plot in Fig. 4(c) in the range between 2600 and
3000 G. Considering the FMR spectra for the four selected
angles, it becomes apparent that the first resonance reaches
its maximum at ¢y = 60° and H'>! = 2980 G, while for

ext
éu = 0° it is lower at H™>! = 2850 G.

ext

D. Micromagnetic simulations

To correlate the different resonances observed in the FMR
measurements with characteristic properties of the MNP enti-
ties, micromagnetic simulations were carried out for several
ordered MNP arrangements. The three arrangements A to
C are designed to study the interplay between inter- and
intraentity coupling.

(A) Three cylindrical entities are arranged in a line with a
spacing of D = 60 nm. The entities are initialized by cutting a
cylinder with radius R = 140 nm and height # = 80 nm from
a hexagonal grid. As we assume an ideal close packing, the
circumferences of the cylinders show some slight hexagon-

like deviations from the ideal circular shape. The magnetic
moment assigned to each MNP sphere is formally positioned
in its center.

(B) Three cylindrical entities are arranged in a line also
showing radii of R = 140 nm, heights of # = 80 nm, and
spacings of D = 60 nm, but with some MNPs, i.e., magnetic
moments, removed from the central region of each entity
(radius r = 80 nm).

(C) The dimensions and spacings of the second arrange-
ment are retained, but even more MNPs are removed from
the center of each entity, i.e., forming a hollow cylinder of
closely packed MNP spheres, corresponding to the third MNP
arrangement simulated.

In addition to the simulations of the chainlike arrangements
A to C, we also performed simulations of isolated MNP
entities being equal in size, form, and shape to the central
entity of the corresponding chainlike arrangements. These ref-
erence calculations allow us to distinguish between interentity
effects and intraentity effects in the magnetic response of the
arrangements. Therefore, in what follows, we will focus on
the magnetic field response of the entities in the center of
the arrangements A to C as we consider such a central entity
as representative for one located on a site of an infinitely
long linear chain of MNP entities of equal spacing. This
assumption implies that the interentity coupling of a member
of the chain with all others is dominated by that with its
nearest-neighboring entities. To confirm this assumption, one
can consider an infinitely long chain of magnetic moments
m; each representing one entity. All magnetic moments point
along the external field direction and are separated by the
distance a. The dipolar field Hcp,, acting on the magnetic
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FIG. 5. (a) Orientation of the magnetic moments of the single MNPs of arrangement A for Hey, of 4500 G parallel to the line direction
(¢u = 0°). The coloring represents the misalignment ¢, of the magnetic moments with respect to the external field direction. (b) Simulated

absorbance and its derivative for ¢y = 60° of the same MNP arrangement, exhibiting a main resonance at H'>"' = 3150 G and two additional
resonances at H'™? = 3490 G and H'>® = 3700 G. The colored insets unveil the regions, which contribute most to the signals. (c) Varying ¢y

shows an evolution of the high field resonances (2) and (3), showing their highest resonance fields and amplitudes at ¢y = 60°. The colored
images represent the FT amplitudes of collective oscillation (3) at the corresponding H™" at different ¢y. (d) Dependence of the dipolar field
contribution Hpp of the central entity with varying orientation of the external magnetic field ¢y. The continuous black/blue lines depict the
component of Hpp parallel to He,, of the central region (indicated by a black circle) and the front/back-edge (indicated by blue ellipses) of the
central entity, respectively. The dashed lines represent the component of Hpp parallel to Hey, of the same locations, but for the corresponding

isolated MNP entity. The corresponding areas are shown in the insets for ¢y = 0°, 30°, and 60°.

moment at the origin (m;—¢) caused by all other magnetic
moments of the chain is given by

+o00

Hengin(ri = 0) = Z o <|| )3<3ec<mec> m;)

111
(\ptpmtgat
—_—

~0.202

21
:c;ﬁ—

where 1ty and e, represent the magnetic constant and the lat-
tice vector of the chain, respectively. The sum converges to the
value of the Riemann ¢ -function at ¢ (3) ~ 1.202, also known
as the Apéry constant. Thus accounting for nearest-neighbor
coupling between entities only, i.e., neglecting all magnetic
moments m; withi > 11in Eq. (2), leads to an error of ~16.8%
(N?ggg) for the dipole field. This is acceptable since the
internal fields are usually one order of magnitude smaller than
the external field strengths at which the resonances occur in
the micromagnetic simulations, i.e., the error in the simu-
lated resonance position is less than 2%. Figure 5(a) shows

the orientation of the magnetic moments of arrangement A
consisting of three entirely filled cylindrical entities of MNPs
in a line for H.y pointing in the x-direction (¢g = 0°) with
a field strength of 4500 G. The coloring of each magnetic
moment represents its orientation with respect to this direc-
tion. Additional calculations reveal that for field strengths
Hey > 2500 G, the magnetic moments can be regarded as
parallel to Hey, i.e., the largest deviation of the orientation of
the magnetic moments 771; from the external field direction is
less than 8°. This implies that the total magnetization of every
entity (given by the sum of the magnetizations of its MNPs)
in such arrangements is essentially aligned along the external
magnetic field at fields where the FMR resonances occur. As a
consequence, the dipolar fields of the two total magnetizations
of the neighboring entities in arrangements A to C will yield a
contribution to the dipolar field Hpp at the individual sites of
the central MNP entity reflecting the interentity coupling (not
shown).

Figure 5(b) shows the simulated FMR spectrum of the
central entity of MNP arrangement A for an angle between
the magnetic field and the line direction of ¢y = 60°. Both the
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absorption spectrum and its derivative are shown. The main
resonance occurs at H'*! = 3150 G and two other resonances

can be distinguished at H™* = 3470 G and H™" = 3700 G.

The FMR resonance occurring at a particular field value
can be correlated with its characteristic collective excitation
by performing a two-dimensional FT of the magnetic structure
at this field. The colored insets in Fig. 5(b) show top views of
the central cylindrical MNP entity of the assembly of three
entities in a line for He; = 3150, 3470, and 3700 G. The col-
oring represents the FT amplitudes at the excitation frequency
of the microwave Ar_gscH, (i.€., not the orientation of the
magnetic moments, as these are virtually all aligned along
the field direction) assigned to each MNP. The higher the FT
amplitude of a MNP, the more it contributes to the FMR signal
at this field. Thus, the amplitude contour plots derived by the
two-dimensional FT for a particular field reveal the locations
that predominantly contribute to the FMR signal at this field. It
can be seen in the figure that the main signal at H'' = 3150
G originates from resonant excitation of magnetic moments
primarily located in the central region of the entity plus
a slight contribution of the lateral sides. By increasing the
external field strength, the regions of highest activity migrate
to the front/back-side of the MNP entity, as can be seen for
the resonant excitations (2) and (3) corresponding to external
field strengths of H.x, = 3470 and 3700 G, respectively.

The simulated angle dependence of the FMR spectra of
arrangement A is shown in Fig. 5(c). The FMR spectrum
calculated for an angle of ¢y = 0°, where the magnetic field
points along the line of the three cylindrical MNP entities,
shows a strongly asymmetric resonance at He' = 3150 G
and several additional smaller resonances at higher fields. In
the following, we focus on the two strongest ones at H'S =

3470 G and H™* = 3700 G. When ¢y is increased, the reso-

ext

nance field H'!' of the main resonance is virtually constant,

whereas the resonance fields H™"? and H'>** exhibit a strong
angular dependence. The angular dependence in the simula-
tion partly originates from the nonideal, hexagonlike shape of
the cylinders and thus shows a weak sixfold symmetry. The
nonideal shape more strongly affects collective excitation (2)
and (3) as the actively contributing MNPs are located at the
edge of the MNP entity, whereas the main resonance, which
arises from activity of the MNPs located in the center of
the entity, exhibits almost no angular dependence. However,
the nonideal shape is not solely responsible for the observed
angular dependence of the resonance fields. Considering an
isolated MNP entity, the pairs of FMR spectra for ¢y of 0°
and 60° (external field perpendicular to a hexagon edge) as
well as for 30° and 90° (external field pointing to a hexagon
corner) should be identical. However, it is clearly visible that
this is not the case in the simulations for the central entity of a
chain consisting of three cylinders. This is a strong indication
that the presence of the neighboring cylinders and the dipolar
field contributions of their total magnetizations (basically
aligned along the external field direction) indeed affect the
dipolar field at the positions of the MNPs of the central
entity, i.e., that the MNP entities separated by D = 60 nm
couple. To further illustrate this point, we have indicated the
resonance fields of the collective excitations (2) and (3) in
the calculated FMR spectra for ¢y = 0° in Fig. 5(c). The
resonance fields determined for ¢y = 0° and 60° as well as

for ¢y = 30° and 90° do not coincide, either for the collective
excitation (2) or for (3). Furthermore, the insets of Fig. 5(c)
depict spatial mappings of the MNP activity corresponding to
the characteristic excitation (3) at its resonance field for the
different ¢y values. It should be noted that the locations of the
MNPs within the entity, which contribute most to the activity
pattern of the collective excitation (3), rotate about the entity
edge following the magnetic field orientation. Thus, the active
sites differ for different ¢y, but the total excitation pattern is
virtually the same, i.e., the highest activity is at the front edge
facing the magnetic field and the corresponding back edge on
the opposite side. Comparable results are also obtained for
regular nanodot arrays prepared from patterned ferromagnetic
thin films. In those structures also two resonances in the FMR
spectra occurred, which were attributed to excitation of the
center and the edge of the nanodots [29,31]. However, in
contrast to our results, both resonances revealed an angle
dependence due to magnetic coupling between the nanodots.

We will now address in more detail the impact of the total
magnetizations of neighboring MNP entities on the dipolar
field contributions Hpp acting on a magnetic moment located
within the central MNP entity of the chainlike arrangement
of three entities. We will do this analysis for different char-
acteristic sites within the central entity in order to better
understand the site’s impact on the occurring resonances.
The dipolar field contribution at the site of a specific MNP
within the central entity may be calculated by summing up
the dipolar contributions of all other magnetic moments of
MNPs of the entire chainlike arrangement A. The resulting
dipolar field vector at this site is subsequently projected onto
the direction of the external magnetic field vector in order to
obtain its component parallel to Hey. The same calculation
was performed for the corresponding isolated entity where the
local dipolar fields solely originate from MNPs of the same
entity, i.e., it reflects the intraentity coupling only.

The insets in Fig. 5(d) show spatial maps in the top view of
the strength of the projected dipolar field contribution Hpp at
different sites of the central MNP entity of arrangement A for
¢u = 0°, 30°, and 60° at an external field strength of 3500 G.
It is clearly visible that the dipolar field near the entity front-
or back-side (highlighted by blue ellipses, where the indicated
field vector enters and exits the entity) is reduced with respect
to the dipolar field in its central region (highlighted by a black
circle). These differences result because fewer MNP neigh-
bors contribute to Hpp experienced by a MNP located at the
edges compared to one in the center of the entity. Such local
variations of the dipolar field Hpp are directly reflected by the
external field value H; at which the resonant excitation of

ext
these MNPs occurs. The resonance condition reads

®
" = Her = Hyy + Hpp, 3)

where Hpp represents the internal magnetic field compared to
Eq. (1). The resonance field H.¢ defined by Eq. (3) represents
a property of the MNPs, which is independent of the location
of the MNP. It only depends on the microwave frequency w
used in the experiment (which is not varied during experi-
ment) and on y, which represents its gyromagnetic ratio. It
follows that, when the component of Hpp parallel to Hex
is high, a lower external field strength is required to fulfill

104409-8



INVESTIGATION OF THE DIPOLE INTERACTION IN ...

PHYSICAL REVIEW B 101, 104409 (2020)

(@ | ™ 4 (b) [V (c) 750
z )
c (2) low high E
=} L _— 3
S Af=9.5GHz 3
8, 8,
2| (3) 2
2 2
2 2
£ £
Pu=0° p=0°
i =80 W e =00 HEST 2 WSS s 500" n n
L P - | | |
2500 3000 3500 4000 2000 2500 3000 3500 4000 0 20 40 60 80
Hext [C] Hext [G] @n [deg]

FIG. 6. (a) Simulated absorbance of three interacting circular assemblies with removed MNPs from the central area, corresponding to MNP
arrangement B. This additional increase of the edge-to-volume ratio further enlarges the contribution of the high-field resonance. (b) Having
removed even more central particles in MNP arrangement C further increases the edge-to-volume ratio, which leads to a larger contribution of
the high-field resonance to the absorption spectrum. The insets unveil the regions contributing to the signals. (c) Removing magnetic moments
from the central region strongly affects the dipolar field contribution Hpp. The continuous black/blue lines depict the component of Hpp
parallel to H.,, the front/back-edge (indicated by blue ellipses) of the left/right-edge (indicated by black circles), respectively, of arrangement
C. The corresponding areas are given in the insets for ¢y = 0°, 30°, and 60°. The dashed lines represent the component of Hpp parallel to Hey,

of the same locations, but for the corresponding isolated arrangement.

the resonance condition. Vice versa, a higher external field
strength is needed when Hpp is low as it is the case for the
MNPs located at the edge of the entity. The inset of Fig. 5(d)
also shows that the locations at the edge of the entity, where
the dipolar field Hpp is lowest (blue circles), vary following
the orientation of the in-plane magnetic field. This finding is in
concordance with the spatial maps of the FMR activity for dif-
ferent ¢y depicted in Fig. 5(c) and reflects that the excitation
pattern of the MNP ensemble for a specific resonance changes
gradually with rotating magnetic field and that different MNPs
contribute to almost the same excitation pattern.

The main graph of Fig. 5(d) shows the strength of the
characteristic dipolar fields Hpp in the spatial regions, which
yield dominant FT amplitudes of the collective excitations,
as a function of the magnetic field orientation ¢y for the
central entity of the chainlike arrangement A as well as of the
corresponding isolated entity. Solid lines refer to arrangement
A and dashed lines to the isolated entity. Black lines corre-
spond to the dipolar field in the central region of the central
entity, which is mainly excited at resonance (1) and marked
by a black circle in the maps shown in the insets. This region
is stationary when the external field rotates, i.e., it involves
basically the same MNPs for all ¢y. The blue lines correspond
to the characteristic front/back-edge regions mainly excited
at resonance (3). These regions are marked by blue ellipses,
which rotate along the edge of the entity following the in-
plane rotation of the external magnetic field, i.e., for each ¢y
different MNPs are involved in the excitation. For the isolated
entity, the angle dependence of Hpp of the central region
(black dashed line) is virtually constant, whereas the dipolar
field characteristic for the edge excitation (blue dashed line)
exhibits a weak sixfold symmetry. As discussed above, this
weak sixfold symmetry is caused by the hexagonal shape of
the MNP entity and reflects the differences between MNPs
located at edges and corners along the circumference. In
concordance with the discussion above, Hpp in the central

region is always larger than in the front/back region. The
corresponding angle-dependent Hpp curves for the chainlike
arrangement (solid lines) deviate significantly from those of
the isolated MNP entity revealing the impact of the interentity
coupling on the central entity in the chainlike arrangement.
Again, the dipolar field contribution Hpp in the center of
the entity is always larger than in the front/back regions.
However, for both regions Hpp significantly decreases as ¢y
increases from 0° to 90°. At ¢y = 0° the total magnetizations
of the MNP entities are aligned in a head-to-tail arrangement
along the chain direction. Thus, the dipolar contributions of
the two neighboring entities lead to an enhancement of the
local dipolar field in both characteristic regions of the central
entity. The situation is different at ¢y = 90°. In this case, the
total magnetizations of all three entities of the chain are in
a side-by-side alignment, consequently the dipolar field con-
tributions of the two total magnetizations of the neighboring
entities cause a reduction of the local dipolar fields in the
characteristic regions of the central entity of arrangement A.
Furthermore, the strong interentity coupling causes a twofold
symmetry of Hpp(¢y), which is more pronounced for the
characteristic edge region. The reason is the stronger variation
of the intraentity coupling in this region, when it moves along
the edge of the entity from a hexagon corner to a hexagon
edge. The superposition of the sixfold symmetry of the in-
traentity coupling and the twofold symmetry of the interentity
coupling causes the weak minimum of the Hpp(¢y) curve
at about ¢y = 60° characteristic for the front/back region of
arrangement A.

In the experiment, the front/back regions are responsible
for the resonances arising at higher external magnetic fields.
These H;; show an angle dependence, best seen in Figs. 2(c)
and 3(c). According to the resonance condition, the external
field H> must be larger, when Hpp in the region of the

ext

contributing MNP is low, and vice versa. The resonance H;;,

characteristic for the edges of the MNP entities in Fig. 2(c),
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shows maxima at about 60°, 120°, 240°, and 300°, and
minima in between. The two minima corresponding to the
external field aligned along the chain direction exhibit the
lowest H} values. Thus, the observed angular dependence
of the higher resonances in the measured FMR spectra indeed
reflects the interentity dipolar magnetic coupling in the MNP
arrangements.

The analysis of the simulated MNP arrangements B and
C and their isolated counterparts yields further information
about the interplay of intra- and interentity coupling effects in
the MNP arrangements. In the series of arrangements B to C,
the number of MNPs in the central region of the MNP entities
is gradually reduced. Figure 6(a) shows the absorption spectra
corresponding to the central entity of MNP arrangement B
for two different orientations of the external field. The insets
show the associated two-dimensional FT contour plots of the
resonances occurring. In comparison with the corresponding
results of arrangement A, three major differences can be
distinguished: First, the regions actively contributing to the
main resonance migrate to the edge of the entities, which
becomes apparent by comparing the collective oscillation of
the main resonance of arrangement B [Fig. 6(a)] with the
one of arrangement A [Fig. 5(b)]. Second, the resonance
fields of MNP arrangement B are slightly higher, which is
a consequence of the lower dipolar field contributions since
fewer magnetic moments of MNPs contribute to Hpp. Third,
the ratio of the amplitude of the high-field resonance (where
the edge regions contribute most to the signal) with respect
to the amplitude of the main resonance (originating from the
central region and more strongly now also from left/right-
side regions) increases as the number of MNPs in the cen-
tral region decreases, leading to an enlarged edge-to-volume
ratio.

The trend is further confirmed by the simulation results
of arrangement C. Figure 6(b) shows the absorption spectra
of the central entity of MNP arrangement C for two orienta-
tions of the external field along with the corresponding two-
dimensional FT contour plots of the occurring resonances.
Removing even more MNPs from the central region of the
entities results in an even stronger contribution and a more
pronounced angular dependence of the high-field resonance.
Furthermore, it is not only the high-field resonance exhibiting
an angular dependence, but also the main resonance. The
main resonance now mainly arises from MNPs located in the
left/right region. Thus, the collective excitation pattern corre-
sponding to the main resonance is gradually transformed from
arrangement A to C, i.e., the corresponding characteristic
active region in arrangement A is located in the center of the
central entity, while it is located in the left/right side region in
arrangement C. Due to its location on the edge of the entity,
the left/right side characteristic region, as the back/front
characteristic region, rotates along the entity edge as ¢y is
varied. Therefore, the corresponding resonance field exhibits
a stronger dependence on ¢y in good agreement with the
FMR results on the third sample set depicted in Fig. 4. These
findings clearly prove that the FMR response of an MNP ar-
rangement is strongly affected by the shape of its entities. This
explanation is further corroborated by the results shown in
Fig. 6(c) for the Hpp(¢y) curves calculated for the two char-
acteristic regions, i.e., the front/back region (blue ellipses in

the corresponding maps shown as an inset) and the left/right
region (black ellipses in the corresponding maps shown as an
inset). The Hpp(¢y) curves of the two characteristic regions
in the case of the chainlike arrangement C (solid lines) show
both a pronounced twofold angle dependence in contrast to
the corresponding curves of the isolated counterpart (dashed
lines). The differences between Hpp(¢y) of arrangement C
and those of its isolated counterpart can be explained along
the lines of the discussion of the results depicted Fig. 5(d)
for arrangement A and its isolated counterpart. However, the
magnitude of the local dipolar fields and even its orientation in
the characteristic regions are different, as is best seen for the
back/front region, which corresponds to the same collective
excitation in arrangements A and C. The total dipolar field
is negative for this region for all angles ¢y in the case of
arrangement C, when all MNPs in the center of the entity are
removed, and positive in the case of arrangement A, when the
MNPs in the center are present. Thus, changing the degree
of filling of the entities of the chain has a strong impact: It
changes the collective excitation patterns corresponding to the
FMR resonance observed as well as the relative magnitudes of
inter- and intraentity coupling.

IV. CONCLUSIONS

We studied the magnetic response of MNP assemblies
consisting of chains of cylindrical MNP entities formed out
of closely packed spherical magnetite MNPs. A systematic
study of the impact of the varying size and shape of the
MNP entities as well as the distance between MNP entities
along the chain on the FMR spectra was carried out. Utilizing
micromagnetic simulations, we clarified the origin and the
angular dependence of the FMR resonances observed, and
we correlated them with specific collective excitations of the
magnetic moments of the MNPs forming the entities of the
ordered MNP arrangements. In the case of full cylindrical
entities, the main FMR resonance was attributed to resonant
magnetic moments located mainly in the center of the entities,
while the high-field resonances were assigned to collective
excitations of magnetic moments close to the edges of the
entities. By removing MNPs from the central region of the
entities forming the ordered MNP arrangement, i.e., making
them hollow cylinders, the ratio of the amplitudes of the main
resonance and the high-field resonances was manipulated.
Furthermore, we demonstrated that a magnetic dipolar cou-
pling between the entities forming the chain is present and can
be detected in the angle-dependent FMR spectra. As expected,
the coupling increases with decreasing spacing between the
entities. The effect is more pronounced for smaller entities and
mainly affects the resonances of higher collective excitations
which originate from MNPs at the edges of the entities. In
conclusion, this implies that coupling phenomena between
MNP entities are not only affected by the interentity spacing,
but they also depend crucially on the dipolar coupling between
the single nanoparticles forming the entity, which can be ma-
nipulated not only by the arrangement of the nanoparticles but
also by the shape of the entity. Using MNP entities as building
blocks for arrays of magnetic nanostructures therefore offers
an additional degree of freedom for optimizing their magnetic
properties for future applications.
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Summary of Results: Publication 2

4.2 Publication 2: Frequency and magnetic field de-
pendent properties of ordered magnetic nanopar-
ticle arrangements

Based on the findings of Publication 1, Publication 2 provides a more detailed analysis
of the properties of individual MNP ensembles of circular shape. Here, the ensembles
are fabricated using a dispersion of MNPs with diameters of 20 nm which are coated
with oleic acid resulting in a spacing between the MNPs of approximately 2 nm. The
MNPs have been deposited onto a substrate with a small amount of PMMA added to
the solvent. Using a variant of the Langmuir-Schaefer deposition method, 2D hexago-
nally arranged monolayers have been fabricated. The addition of PMMA facilitates the
subsequent patterning of the MNP film into circular ensembles using EBL as, e.g., shown
in fig. b) for a circularly shaped ensemble with a diameter of 450 nm.

The characterization of the structures has been performed by employing BLS microscopy
in collaboration with the research group of H. Schultheiss on both, the structured MNP
ensembles and the non-structured thin films. Varying the external driving microwave
frequency and the external magnetic field strength, the occurrence of the main and the
satellite resonance observed and reported in Publication 1 was confirmed. Performing a
2D mapping of the BLS intensity of the circular MNP ensemble, the associated resonant
areas in the center of the structure for the main signal and the rim for the satellite
signal are found not only theoretically, but also experimentally. Comparing the results
of the ensembles of Publication2 with the assemblies of Publication 1 of approximately
the same diameter, a reduction of the line widths can be observed. This is in good
agreement with previous theoretical modeling in the literature [142] highlighting the
importance of the degree of order of the MNP arrangement. In addition, frequency
dependent measurements at different field strengths of the static external magnetic field
have been performed. It has been demonstrated that the line width of the main signal
decreases with increasing field, whereas the line width of the satellite signal increases.
Furthermore, by increasing the external magnetic field strengths, the intensity ratio of
the satellite signal with respect to the main signal decreases.

The samples for this publication have been fabricated by N.Neugebauer. The exper-
imental characterization has been performed by T.Hache and N. Neugebauer. The the-
oretical simulations and calculations have been performed by N. Neugebauer. This article
stems from an enriching scientific dialogue among the authors. Particularly noteworthy
is the substantial input from Prof. Peter J. Klar, Dr. Helmut Schultheiss, Prof. Chris-
tian Heiliger, Prof. Detlev M. Hofmann, and Dr. Matthias T. Elm, in addition to Nils
Neugebauer. Their main contribution was to develop an understanding of the mag-
netic interactions and to put the experimental and theoretical results into a scientific
context.
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We present investigations of the frequency and magnetic field dependent properties of ordered magnetic
nanoparticles (MNPs) arrangements consisting of magnetite (Fe;O,) nanoparticles with an average diameter
of 20 nm by employing micro Brillouin light scattering microscopy. We utilized electron beam lithography to
prepare hexagonally arranged, circularly shaped MNP assemblies consisting of a single layer of MNPs using a
variant of the Langmuir-Blodgett technique. By comparing the results with nonstructured, layered superlattices
of MNPs, further insight into the influence of size and geometry of the arrangement on the collective magnetic
properties is obtained. We show that at low static external field strengths, two signals occur in frequency
dependent measurements for both nonstructured and structured assemblies. Increasing the static external field
strength results in a sharpening of the main signal, while the satellite signal decreases in its intensity and increases
in its linewidth. The occurrence of multiple signals at low external field strengths is also confirmed by sweeping
the static external field and keeping the excitation frequency constant. Furthermore, two-dimensional spatial
mapping of the resonances reveals that the main and the satellite signal originate from the center and the edge,
respectively, of a single circular MNP assembly. Micromagnetic simulations confirm these assignments and the
dependence of the two signals on the static external field strength, justifying an interpretation of the observed

characteristics in terms of different local environments of MNPs forming the MNP assembly.

DOI: 10.1103/PhysRevB.103.094438

I. INTRODUCTION

The development and improvement of novel electronic
devices employed in technological applications has driven
modern science to find and unveil new approaches, e.g.,
in preparing novel functional units in electronic circuits or
magnetic devices. In recent years, conventional fabrication
processes, in which top-down and bottom-up techniques were
used to create structured thin films, have been challenged
by various novel experimental approaches, which utilize
nanoscale components such as magnetic quantum dots, nan-
oclusters, or likewise nanoparticles [ 1-8]. Using nanoparticles
as building blocks of devices yields additional degrees of
freedom to manipulate the fundamental device characteris-
tics, which is not possible using bulk materials only [9-13].
Employing nanoparticles has therefore attracted great and
increasing interest during the past decades, since the controlla-
bility of their shape, size, composition [14], and arrangement
in highly ordered structures is steadily advancing [5,11,14—
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17]. However, the potential use of nanoparticles in devices
for a specific application requires a detailed knowledge of
the fundamental interactions of the nanoparticles with their
environment. In particular in the case of magnetic nanopar-
ticles this also includes interactions between the nanosized
constituents themselves and, thus, their collective behavior
[12,18-21]. The fundamental interactions between magnetic
nanoparticles are governed by dipole interactions, since the
magnetic core of each particle is surrounded by an or-
ganic shell (oleic acid), which prevents an electronic contact
between the particles and, thus, e.g., exchange interaction
between them [22-24]. Certainly, dipole interactions between
magnetic nanoparticles become more and more important as
the size of the MNPs themselves and the lateral extension of
their arrangement in ordered and densely packed structured
superlattices decreases [25-29]. In the light of a continuous
miniaturization of electronic circuits and magnetic devices,
the finite size and the shape of the functional unit becomes
more and more important as the surface to volume ratio in-
creases with decreasing arrangement size [30,31]. Depending
on the unit’s size and shape different local environments oc-
cur, which makes a detailed understanding of the interaction

©2021 American Physical Society
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of the magnetic moment of a MNP with its environment
indispensable.

Here we present an investigation of the dipolar inter-
action between MNPs within circularly structured as well
as nonstructured, layered superlattices. Micro Brillouin light
scattering («BLS) microscopy is employed to investigate
frequency and external field dependent properties of the cor-
responding nanoarrangements. On these length scales, dipole
interactions between the different constituents determine the
overall magnetic properties. Obtaining a deep understanding
of the collective dipolar behavior of the MNP arrangements
and of their response to the simultaneously applied external
magnetic field and microwave field represents the motivation
of this work. Insight into the collective properties of the MNP
arrangements is further provided by carried out micromag-
netic simulations of the corresponding model systems, which
enables one to determine the internal dipole field distribution
and to identify the active regions of the arrangement yielding
a specific resonant excitation.

II. METHODS
A. Sample preparation

The preparation of the ordered MNP arrangement for the
uBLS experiments comprises two main fabrication steps.
First, a microwave antenna is defined on a high-resistance
silicon wafer (>10000 €2/cm). The antenna is later used to
excite magnetic oscillations within the corresponding mag-
netic structure in the ©uBLS experiment. For this purpose, the
wafer is coated with a 300-nm-thick PMMA A4 950 K layer.
It allows one to pattern the antenna by electron beam lithog-
raphy (EBL) using a low dose of D = 1000 1C/cm? (at an
acceleration voltage of 15 kV) during an electron beam lithog-
raphy (EBL) process. When a low dose is used, PMMA serves
as a positive resist. Thus the exposed areas are dissolved
during the development process, i.e., during the immersion
in an isopropanol-water solution (volume ratio 2:1) for 45
seconds. Subsequently, a 5-nm-thick chromium layer serving
as an adhesion aid and a 100 nm gold layer as the antenna
material are deposited using electron beam evaporation. The
residual PMMA with the metal layers on top are removed by
placing the wafer in an ultra sonic bath filled with acetone for
10 minutes at 20 °C yielding the gold antenna of the desired
shape.

Afterwards, the second fabrication step is performed. It
comprises the formation of the MNP arrangement on top of
the antenna structure defined on the silicon wafer. Follow-
ing the technique proposed by Pang [32] et al., magnetite
(Fe304) MNPs with an average diameter of dyp = 20 nm
suspended in toluene (standard variation o = 5 nm, particle
concentration ¢ ~ 4.5 x 10'* particles/mL - Sigma-Aldrich
product number: 725366) are diluted by adding 50 parts of
toluene as solvent to one part of the original suspension.
In order to enable patterning of the MNPs during the EBL
exposure, five parts of 950 K PMMA A4 are added to the
diluted MNP suspension. To ensure good homogeneity of the
suspension, the mixture is placed in an ultrasonic bath for
10 minutes at room temperature. Subsequently 100 u L of
the MNP-PMMA-toluene mixture are pipetted onto a water

—>| "450 nm 14-—

FIG. 1. (a) Using a variant of the Langmuir-Blodgett technique,
a mixture of MNPs suspended in toluene and PMMA is pipetted
onto a water subphase. During the evaporation of the solvent, a self-
assembling process takes place leading to a hexagonal arrangement
of a single layer of MNPs which can be transferred to a silicon
wafer substrate. (b) After the EBL exposure with high doses and a
subsequent development process, patterned MNP arrangements are
synthesized.

subphase within a beaker of 10 cm in diameter. After 30
minutes, the solvent is entirely evaporated and a monolayer of
MNPs separated by PMMA is formed. The MNP monolayer
is then transferred onto a previously structured silicon wafer
resulting in hexagonally arranged MNPs as shown in Fig. 1(a).
PMMA between the individual particles can act as a negative
resist when using high doses during the EBL exposure. Thus,
by using a high dose of D = 15000 1 C/cm? in a subsequent
EBL process, exposed areas of the MNP monolayer remain
after resist development yielding structured MNP arrange-
ments. Figure 1(b) shows an example of a circular MNP
arrangement with a diameter of ~450 nm prepared in this
way. The preparation of nonstructured, layered superlattices
is achieved by increasing the concentration of MNPs in the
MNP-PMMA -toluene mixture by a factor of 2, which leads to
arrangements consisting of multiple layers up to eight layers
thick.

B. Brillouin light scattering microscopy

To investigate the dynamic properties of magnetic nanos-
tructures, several techniques have been established to excite
and detect magnetic oscillations of the corresponding mag-
netic system. Among these, uBLS has demonstrated an
excellent capability of investigating frequency and external
magnetic field dependent properties [21,33-35]. In the exper-
iment, a sample is placed on a microwave antenna structure in
an external magnetic field By, and the response of the mag-
netic system is analyzed by exposing the sample to photons of
a wavelength (frequency) of 532 nm (56 352 THz). In order to
resonantly stimulate magnetic oscillations within the sample,
the same spot on the sample is also excited with an external
microwave field of a defined excitation frequency fex. The
impinging laser photons can then interact with the magnetic
excitations, which causes a frequency shift A fypo by inelas-
tic scattering (Brillouin process). This frequency shift A fpnot
represents a distinct signature of the corresponding magnetic
oscillation. Thus, measuring the intensity of the inelastically
scattered photons for pairs of excitation frequency f.x and
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FIG. 2. (a) uBLS intensity of the circularly structured MNP arrangement shown in Fig. 1(b) detected in an microwave excitation frequency
range between f.,, = 0 GHz and 15 GHz as a function of the external excitation frequency f.. The data were recorded at an external field
strength of B¢y, = 230 mT. Integrating the data for each f., leads to an accumulated spectrum as shown in (b) (black dashed curve). It is clearly
visible that one main signal is present at fo, = 9.1 GHz, accompanied by a satellite signal located at f.x. = 6.6 GHz. Keeping the excitation
frequency constant at f.,, = 9 GHz and sweeping the external field strength yields the corresponding accumulated field-dependent spectrum
which also exhibits two signals (blue dashed curve). The continuous curves represent fits with two Lorentzian curves to the corresponding
data. (c) Simulated f.x- (black curve) and B.-dependent spectra (blue curve) of a hexagonally arranged, circularly shaped MNP assembly.
The assembly has a diameter of 300 nm. The frequency-dependent spectrum was calculated for By, = 200 mT, while the external field strength
dependent spectrum was simulated for f. = 9.75 GHz. Both spectra show a main peak accompanied by a satellite peak of lower intensity in

agreement with the experimental results.

frequency shift A fyno yields insight into the magnetic charac-
teristics of the system at constant Bey. Furthermore, instead of
analyzing the fex-dependent response of the magnetic struc-
ture at a constant magnetic field strength By, Bexi-dependent
properties can also be examined for constant f. by measuring
the intensity of inelastically scattered photons versus A fyno at
different external field strength Bey. The frequency and static
magnetic field dependent £BLS experiments were performed
at room temperature. All measurements were recorded in an
excitation frequency range from f.x; = 0 GHz to 15 GHz and
a magnetic field range from By = 100 mT to 400 mT.

C. Theoretical modeling

Micromagnetic modeling of the corresponding MNP
arrangements is indispensable for evaluating the results ob-
tained from the uBLS experiments, since the origin of the
occurring signals is usually not entirely intuitive. To ob-
tain deeper insight into the dynamic properties of such
arrangements, a code has been developed for elucidating the
associated characteristics. For details of this code, we refer the
reader to our previous publications [36,37].

Since magnetite nanoparticles of diameters of less than
50 nm can be considered as single domain particles [38,39],
each MNP can be represented by a single vector 771;(7, 1)
(where 7 denotes the position vector and ¢ the time) in the
model. It is well known that the magnetization of magnetic
nanoparticles is somewhat smaller than that of the bulk ma-
terial. In our simulations, we assigned a magnetic moment
of m =22 x 10° g, where up is the Bohr magneton, to
each MNP, which is in good agreement with previous size
dependent investigations of the magnetization [31,40-42]. A
magnetic moment 771;(7, t) interacts only via dipole-dipole in-
teraction with its neighboring moments. Solutions of the time
evolution of the whole magnetic system M@, 1) = > imi(7, 1)

under an external exciting microwave field Emw(t, fext) are
then obtained by numerical integration of the equation of mo-
tion described by the Landau-Lifshitz-Gilbert equation [43].
The effective magnetic field acting on each nanoparticle is
then calculated as a superposition of the dipolar contributions
Edd of all other magnetic moments, the static external field
Eext, and the excitation field of the microwave Emw(t, Sext)-
The corresponding theoretical wBLS spectra are obtained by
performing a Fourier transformation of the time-dependent
magnetization of each particle 7;(7, t) over 10 periods for
each excitation frequency fex and external static field strength
B.x followed by the integration of the corresponding ampli-
tude Agr over the whole structure.

III. RESULTS
A. Circularly shaped MNP arrangement

Figure 2(a) shows a typical frequency dependent wBLS
spectrum obtained from the circularly structured arrangement
of MNPs shown in Fig. 1(b). The external static magnetic
field strength was set to Bey = 230 mT in the sample plane.
The frequency of the externally applied microwave field fex
is shown on the horizontal axis, and the frequency shift of
the scattered light A fypo is shown on the vertical axis. A
signal showing an excitation frequency dependence in the
range between fo, = 4 GHz and 12 GHz (A fphot = —4 GHz
and —12 GHz, respectively, Stokes-Signal) is clearly visible,
which arises due to resonant excitations within the magnetic
system. Integrating the intensities of all A fyn for each fey,
i.e., summing up each of the vertical lines of the color plot,
leads to an integrated wBLS spectrum shown in Fig. 2(b)
as the black dashed curve. The other spectrum (blue dashed
curve) is obtained by a magnetic field sweep at constant f.x
and will be discussed in more detail below. Note that the two
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spectra shown in Fig. 2(b) belong to two different abscissas as
indicated in the figure. In the following only integrated spectra
of these two types will be considered, since they contain all
the relevant information.

First, we consider the fe-dependent measurement in
Fig. 2(b). It is clearly visible that in addition to the main signal
a satellite resonance with lower intensity can be identified.
Fitting the integrated uBLS spectrum with two Lorentzian
curves (black continuous curve), the resonance frequency of
the main peak located at f. 7\ = 9.1 GHz and of the satellite
peak located at f{i's = 6.6 GHz can be extracted. The reso-
nance condition for each MNP is given by

€S

w
ext __ pres
=B eff

— BCOnSt + Bin[

ext

— BCOnSt _}_de’ (1)

ext

where B denotes the effective local magnetic field at res-
onance, wyy; (=2 ;) the angular excitation frequency of
the microwave field, y = ge/2m the gyromagnetic ratio, g
the Landé factor, e the elementary charge, and m the mass
of the electron. The effective local magnetic field at reso-
nance is given as the sum of the constant external magnetic
field Boy™ and the internal magnetic field Biy. Since the
MNPs are not exchange coupled, Bj, arises only due to the
dipolar interaction between neighboring MNPs and therefore,
Biny = Baa- As the two signals occur at different resonance
frequencies flo'¢), at constant B, the two resonances can
be attributed to different internal dipole fields Byq and thus
to MNPs residing in different local environments within the
arrangement. It can be concluded that the satellite peak arises
from locations with lower dipole fields which lead to a lower
resonance frequency than that of the main peak. This is a
strong indication that the satellite peak originates from the
edges of the MNP arrangement, while the main signal can be
interpreted as a resonant excitation of the bulk of the MNP
system [36], which will be discussed in more detail below.

In addition to the f.-dependent measurement, the blue
curves in Fig. 2(b) show an external field dependent spec-
trum (blue dashed curve) recorded at a constant excitation
frequency f5o™' =9 GHz. As f5o™' is kept constant and a
sweep of the external static field By, is performed, the spectral
features change. This can be explained by rearranging the

resonance condition in Eq. (1)
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where BT denotes the external magnetic field strength at

which the resonance occurs. As wSo™'/y is kept constant,
areas which experience lower dipole fields such as the edges
will be in resonance at higher external fields BL; than those
with larger dipole fields such as the center of the structure.
Therefore, the main peak, which is attributed to the central
region of the structure, will appear at lower external field
strengths in the spectrum compared to the satellite peak. Fit-

ting the data with two Lorentzian curves (blue continuous

lines), the resonance fields of the main peak of B\ =

230 mT and of the satellite peak of Bl; ¢ = 320 mT can be
extracted. Using Eq. (2) for the Bex[—depéndent measurement,
the dipole fields of the two resonances can be calculated.
Inserting the corresponding values for Byq into Eq. (1) for the
Jfexi-dependent measurement, the resonance frequencies of the
main and the satellite peak are expected to be fF\ys = 9 GHz
and 6.5 GHz, respectively. Although the shape of the spectrum
is slightly changed, these values are in good agreement with
the results of the frequency dependent measurements.

In order to confirm the interpretation of the experimental
findings, micromagnetic simulations were carried out for a
model system to analyze the f.x; and B.y-dependent prop-
erties of the circularly structured MNP arrangement shown
in Fig. 1. The model system comprises one layer of MNPs,
forming a circle with a diameter of 300 nm. Within the circle
the MNPs are hexagonally arranged, i.e., densely packed.
Figure 2(c) shows the simulated f. (black curve) and Bey-
dependent spectra (blue curve) of the circularly shaped model
arrangement. The f,-dependent spectrum is calculated for
an external field strength of By = 200 mT. Similar to the
uBLS measurement shown in Fig. 2(b), the calculated ©BLS
spectrum also exhibits two peaks. The main peak is located at
a resonance frequency of f{%\ = 9.75 GHz and the satellite
peak at f1% = 7.5 GHz. Furthermore, the intensity of the
satellite peafk is lower with respect to the main peak, which
reflects the characteristics deduced from the uBLS experi-
ments. Sweeping By, instead of f., and keeping the excitation
frequency constant at 9.75 GHz, an external field dependent
spectrum is calculated. As in the case of the Bey-dependent
experiment shown in Fig. 2(b), a slightly changed shape of
the modeled spectrum can be noticed, but the resonance posi-
tions of the main and the satellite peak at B, = 200 mT
and B¢ = 280 mT are again in good agreement with the
resonance condition.

The assignment of the main and the satellite signal to the
central region and the edge of a single circularly shaped MNP
assembly can be confirmed by exploiting a major strength of
uBLS microscopy, i.e., obtaining two-dimensional mappings
of the scattered light at a given constant frequency fex and
field strength Bey. Such mappings have been performed at the
resonance frequencies of the main and satellite signals for a
circularly shaped MNP assembly with a diameter of 450 nm.
The two maps are shown in the top images of Fig. 3. Note that
each pixel of the 2D maps is a convolution of the laser spot
with the local activity at f. at different positions within the
MNP assembly. Therefore, the spatial resolution is limited to
that of the laser spot prior to a deconvolution of the spatial
intensity maps. Nevertheless, a broader distribution of high
intensities is expected for the satellite peak in case it originates
from the edge, while a more centered intensity distribution is
expected for the main resonance if it originates from the center
of the MNP structure. In the 2D maps each pixel has a lateral
length of 20 nm. The lower two graphs of Fig. 3 depict the
intensities measured along the highlighted red [1] and purple
[2] lines for the satellite (black curve) and the main resonance
(blue curve). It can be seen that the intensity distribution
of the satellite resonance shows a broader distribution than
the main resonance underlining that the satellite resonance
originates from the edges of the MNP system, while the main
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FIG. 3. Top: Spatial maps of the scattered light intensity at the
frequency of the satellite peak (left) and the main peak (right) ob-
tained at constant By, of a circular MNP assembly with a diameter
of 450 nm. The white circle indicates the boundary of the MNP
assembly and each pixel is 20 nm wide. Bottom: Line scans of the
scattered light intensity at the two resonances along the red line [1]
and the purple line [2] shown in the top image.

resonances corresponds to an oscillation of the bulk (see also
Fig. S1 in the Supplemental Material and the corresponding
discussion [44]).

B. Nonstructured, layered MNP arrangement

To corroborate the influence of the edges on the spectral
features, we will now compare the observed characteristics

mm Boyt =110 MT == By =170 mT == Bgyy =230 mT

of a structured MNP arrangement with those of a nonstruc-
tured one. A corresponding scanning electron microscope
image of the layered structure is included in the Supplemental
Material in Fig. S2 [44]. In Fig. 4(a), four f.x-dependent
spectra recorded at four different external field strengths of
the nonstructured MNP arrangement are shown as dashed
curves. The spectrum taken at B¢y, = 110 mT (black curve) is
considered first. The two resonances are again clearly visible
in this spectrum and the corresponding resonance frequen-
cies are obtained by fitting the experimental spectra by two
Lorentzian lines, resulting in gfﬁsﬂw = 3.6 GHz and 6.2 GHz.
When increasing Bey; from 110 mT to 170 mT (red curve),
the characteristics of the spectral features changes. First, the
resonance positions shift to higher f., as a result of the
altered resonance condition in Eq. (1). Second, at the higher
Bex; of 170 mT, the ratio of the intensities of the satellite peak
with respect to the main peak Ag/Ay is decreased compared
to Bexy = 110 mT. Furthermore, the linewidth of the satellite
peak os increases from ogs = 0.3 GHz to 0.8 GHz, while the
linewidth of the main peak oy decreases from oy = 1.1 GHz
to 0.9 GHz. A further increase of Bey to 230 mT and 300 mT
shows that the trends for f;fﬁS/M, os/m, and Ag/Ay continue
almost linearly up to 300 mT. The results are summarized in
Fig. 4(c).

Comparing the spectrum of the circularly shaped MNP
arrangement shown in Fig. 2(b) (black curve) and the spec-
trum of the nonstructured, layered system at an external field
strength of By = 230 mT shown in Fig. 4(a) (blue curve),
two differences can be observed. First, the resonance fre-
quencies of the two samples are not the same and differ
considerably although the same type of MNPs forming the
arrangements are used in the experiment. The resonance fre-
quencies of the circularly shaped assembly are f(q\ =
6.6 GHz and 9.1 GHz, whereas those of the nonstructured,
layered system are higher, [, = 7.2 GHz and 9.7 GHz.
This shift is attributed to the different sizes of the two arrange-
ments. Smaller structures experience smaller dipole fields and
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FIG. 4. (a) Integrated uBLS spectra recorded at a nonstructured, layered MNP arrangement at different external field strengths Bey. As
fexe Increases, the resonance positions are shifted according to the resonance condition [see Eq. (1)]. The linewidths o\ of the two resonances
and the ratio of their intensities Ag/Ay; show distinct field dependencies, which are shown in (c). (b) Simulated frequency dependence of
nonstructured, layered MNP assemblies at different B.y,. While at low B of 100 mT a satellite peak can be recognized, at large Bey of
300 mT its presence is only noticeable as an asymmetry in the low frequency range of the spectrum.
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thus lower resonance frequencies are required to fulfill the
resonance condition. Second, the amplitude of the satellite
peak As measured at the circularly shaped MNP assembly is
much larger compared to Ag of the nonstructured system. This
also results directly from the size of the assemblies. While in
the larger nonstructured system only a small fraction of the
MNPs are located near the edges, a much larger fraction of
MNPs is located close to the edge of the smaller circularly
shaped assembly. This finding further indicates that predomi-
nantly MNPs close to the edges contribute to the satellite peak
resonance.

To further analyze the observed characteristics at different
Bex, of the nonstructured layered MNP superlattice using mi-
cromagnetic simulations, a model system of sufficiently large
lateral extension has been defined. This second model system
consists of hexagonally arranged moments up to eight layers
high and a lateral extension of the entire system of 1 u m.
To mimic the spectra more realistically, not all magnetic
moments were incorporated in the Fourier transformation,
since the area exposed to the photon beam during the ©BLS
experiments is only about 300 nm in diameter. Thus, only
moments within a cylinder of 300 nm in diameter in the
center of the system were included in the Fourier analyses.
Figure 4(b) shows the simulated f.x-dependent spectra which
can be compared with the corresponding experimental data
of Fig. 4(a). The spectrum simulated at By = 110 mT pos-
sesses a main peak at fo = 6.35 GHz accompanied by a
satellite peak of lower intensity, located at f., = 4.4 GHz.
Increasing the external field strength in the simulation leads
to an increase of the resonance frequencies of both the main
and satellite mode of the spectrum, until only an asymmetric
signal remains in the low frequency range of the spectrum due
to a merging satellite and the main peak is in good agreement
with the observed characteristics from the £BLS experiments.
A possible explanation for the observed merging is that, as
the external field strength increases, the angle between the
external field and magnetic moments decreases, since their
orientation is forced to align parallel to B.y. This effect is
most pronounced near the edges of the structure and, thus,
areas of low dipole fields located near the edges of the MNP
arrangement will be reduced in their lateral extensions. As a
result, the intensity of the corresponding signal will decrease
accompanied with an increase of its linewidth as the coupling
to the central region becomes stronger. Furthermore, as By,
is increased, disorder of the magnetization orientations due to
lattice imperfections and particle size deviations becomes less
relevant resulting in a narrowing of the linewidth.

A line narrowing of the main peak from oy = 1.1 GHz
at Bexy = 110 mT to oy = 0.6 GHz at Bey = 300 mT was
observed in the experiment [Fig. 4(a)]. Such a line narrow-
ing could not be observed in the simulated spectra of the
ideal model system. Instead we even observe a slight increase
of the linewidth in the simulated spectra from 0.6 GHz to
0.8 GHz. The line narrowing in the experiment is very likely
due to deviations of the real MNP arrangement from the ideal
hexagonal arrangement of alike MNPs in terms of their posi-
tions, lattice imperfections, and particle sizes. With increasing
magnetic field strength, which aligns the magnetizations, the
disorder leading to line broadening becomes less significant
in relation to the field effects leading to line narrowing. As a

consequence, the strong line narrowing arises in the experi-
ment with increasing external field strength. It is not present
in the simulations because of the lack of disorder in the ideal
MNP arrangement assumed as the model system. For this
reason the linewidth of the simulated spectra hardly changes.
That it is slightly larger at 300 mT is presumably due to the
smaller system size than in the experiment.

C. Influence of the external field strength on the
different resonances

In order to analyze in more detail which areas of the
arrangement contribute to the two different resonances, the
circularly shaped model system based on a MNP monolayer
with a diameter of 300 nm is considered again. In Fig. 5(a)
simulations of two frequency-dependent uBLS spectra are
shown. The spectra were derived for two different external
field strengths of Bey, = 200 mT (black curve) and 500 mT
(blue curve). The spectrum simulated at By = 200 mT is
the same as in Fig. 2(c). As observed for the nonstructured
layered MNP arrangement, the resonance frequencies shift to
higher frequencies as the external field strength is increased.
Furthermore, increasing Bey results in a decrease of the ratio
of the intensity of the satellite peak with respect to that of the
main peak Ag/Ay. Deeper insight into the spectral features
is obtained by analyzing the local activity within the mag-
netic structure at the corresponding resonance frequencies.
Performing a two-dimensional Fourier transformation at the
resonance fields of both spectra in Fig. 5(a), the excitation
patterns of the resonances labeled M and S for ‘main’ and
‘satellite,” respectively, are obtained for both fields. The four
patterns are shown in Fig. 5(b). The excitation pattern of the
main resonances (M-200 mT and M-500 mT) clearly shows
that the main resonance originates from particles located in
the center of the structure, while the satellite resonances (S-
200 mT and S-500 mT) originate from MNPs located near the
edge of the structure (see also Fig. S1 and the corresponding
discussion of the Supplemental Material). The excitation pat-
terns of the main resonance for the two different By, are very
similar, except that the areas of highest activity are slightly
larger for Beyy = 500 mT than for By, = 200 mT. In contrast,
the excitation pattern of the satellite resonance (S-200 mT
and S-500 mT) shows a decrease of the active area with
increasing Bey. This finding also explains the decrease of
the ratio of the intensities Ags/Ay, since less particles near
the edge of the structure contribute to the intensity of the
satellite resonance with increasing Bey. As the external field
strength increases, the magnetic moment of each particle is
forced to align with B.. As a consequence, the oscillation
amplitude of each particle in the direction perpendicular to the
sample plane denoted as the z axis decreases. Analyzing the
dipole field caused by the mutual dipole interaction between
the individual particles gives further insight into the observed
characteristics. The dipole field Byq acting on the particles
is calculated over one period T = 1/ fex of the microwave
field for the resonances S-200 mT and S-500 mT with fe =
7.5 GHz and 15.6 GHz, respectively. Subsequently, the dipole
fields of particles with the same r, value (meaning particles
of the same column) are averaged and normalized to the
amplitude of the microwave field By = 2 mT. Figure 5(c)
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FIG. 5. (a) Simulated f.-dependent uBLS spectra of a circularly shaped monolayer of MNPs with a radius of 150 nm. The spectra were
calculated at By, = 200 mT (black curve) and 500 mT (blue curve). Increasing Be, results in a shift of the resonance position according to
the resonance condition [Eq. (1)]. In addition, a decrease of the intensity of the satellite peak with increasing B.y, is visible. (b) Performing
2D-Fourier analyses unveils the active regions of the two resonances. As B,y increases, the active areas of the satellite resonance decrease
resulting in a reduction of its relative intensity, compared with the main resonance. The arrows indicate the direction of the external field
pointing in the plane of the structure in the x direction. (c) Averaged dipole field Edd,z in the direction perpendicular to the sample plane (z
axis) over one period T = 1/ fo With fox, = 7.5 GHz and 15.6 GHz (S-200 mT and S-500 mT). The vertical axis is normalized to the strength

of the microwave field B,,,, = 2 mT.

shows the averaged z component of the dynamic dipole field
Bgq of each column of the model system as a function of the
x position of the column as indicated in the lower panel of
Fig. 5(b). As Bey || x increases from 200 mT (black curve) to
500 mT (blue curve), the averaged Byq || z near the edges of
the structure decreases, whereas only slight variations in the
center of the structure are observable. It follows that, as the
external field strength increases, the difference of the averaged
dipole field diminishes with respect to those of the center.
Thus, the capability to respond to the microwave field of
MNPs near the edge of the structure decreases, which results
in the observed merging of the satellite resonance and the
main resonance at high external field strengths.

IV. CONCLUSIONS

We investigated the dynamic response of hexagonally
ordered, circularly structured MNP arrangements utilizing
uBLS microscopy. Depending on the external conditions, two
resonances appear in the spectra, which can be attributed to
different areas within the magnetic system. While the main
resonance originates from the central region of the MNP
arrangement, the observed satellite resonance is assigned to
magnetic particles near the edges of the system. Frequency
dependent measurements were carried out at various exter-
nal fields, revealing a distinct dependence on the external

magnetic field strength. Micromagnetic simulations unveiled
the different characteristics of the dipolar coupling between
the MNPs within the different locations of the arrangement.
The dipolar coupling between the MNPs has a major im-
pact on the lineshape of the uBLS spectra. Increasing the
external field strength leads to a reduction of the effective
areas of lower internal magnetic fields accompanied with a
reduction of the intensity of the corresponding satellite res-
onance compared to the main resonance. Thus, it has been
demonstrated that the response of the MNP arrangement is
very sensitive to an external magnetic field and the frequency
of the microwave excitation. A full understanding of these
dependencies is essential for successfully incorporating such
magnetic structures into devices. In the future, we plan to
extend our studies to higher frequency shifts of the scattered
light. Such studies may then yield information about exci-
tations of the exchange-coupled atomic magnetic moments
within the individual MNPs.
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Supplementary Material

Figure S1 shows results of BLS mapping of a circularly shaped MNP arrangement, in order to
assign spatial locations to the two observed resonances. Figure S1 (a) shows an integrated BLS
spectrum of a circularly-shaped MNP assembly with a diameter of 450nm at an external field
strength of Bext = 230 mT. The two resonances (a satellite and a main resonance) can be identified
at fext,s = 6.6 GHz and fexe,m = 9.1 GHz. Measuring the intensity of the signals at the resonance
frequencies (whilst keeping Beyt constant at 230 mT) at different positions on the sample yields
spatial mapping of the active regions. Note that the 2D-maps are a convolution of the laser spot
with the actual oscillation of the active regions. Therefore, the spatial resolution is limited to that
of the laser spot prior to a deconvolution of the spatial intensity maps. Nevertheless, a broader
distribution of high intensities is expected for the satellite peak, while a more centered intensity
distribution is expected for the main resonance. The top row of images in figure S1 (b) shows the
mapping for each resonance (compare with Fig. 3 of the manuscript), where each pixel has a lateral
length of 20 nm. The second row depicts linescans of the intensity measured along the highlighted
red [1] and purple [2] lines for the satellite (black curve) and the main resonance (blue curve). It
can be seen that the intensity distribution of the satellite resonance shows a broader distribution
than the main resonance. This can be understood by considering the corresponding simulated
2D-BLS-maps shown in the top row of figure S1 (c), which depict the convolution of the spatial
locations of the active regions of each mode (compare with Fig. 5 (b) of the manuscript) with the
Gaussian intensity profile of the laser with a line width of 300 nm. In addition to the 2D-maps, the
intensities measured along the highlighted red [1] and purple [2] lines are also shown in the bottom
row of figure S1 (c). The intensity linescans clearly reveal a broader intensity distribution for the
satellite resonance than for the main resonance confirming that the latter signal originates from
the center of the MNP assembly whereas the satellite signal originates from its edges.
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Figure S1: (a) Integrated BLS spectrum of a circularly-shaped MNP assembly at an external field
strength of Beyy = 230 mT. The satellite resonance is observed at fex s = 6.6 GHz,
while the main resonance appears at fext v = 9.1 GHz. (b) The top row shows 2D-maps
of the two observed modes of a circular shaped MNP arrangement at the corresponding
resonance frequencies fo /M = 6.6 GHz and 9.1 GHz (compare with Fig. 3 of the
manuscript). The second row shows the intensity distributions measured along the
highlighted red [1] and purple [2] lines. (c¢) The top row shows simulated 2D-BLS-maps
of the circularly-shaped MNP assembly for the satellite and the main resonance. These
are obtained as a convolution (compare with Fig. 5 (b) of the manuscript). The bottom
row depicts the simulated intensity along the highlighted red [1] and purple [2] lines.



Figure S2 (a) shows a low magnification SEM image of the non-structured, layered MNP as-
sembly investigated in section III. Results - B. Non-structured, layered MNP arrangement. The
green spot within the marked cross depicts the laser spot during the measurement. Contours of
the MNP-assembly are indicated by white lines. Figure S2 (b) shows an high magnification SEM
image of the white rectangle in figure S2 (a). Several defects on various length scales can be iden-
tified, such as cracks, different lattices orientations, different stack heights, vacancies, and isolated
MNP-islands. All these defects constitute disorder which at low external field strengths leads to a
linewidth broadening in the BLS spectra, as the influence on the dynamic properties of the local
environment is more pronounced at lower external field strengths than at high fields.

antenna structure

MNP assembly.

Figure S2: (a) Low magnification SEM image of the nonstructured, layered MNP arrangement.
Contours indicated by white lines. (b) High magnification SEM image of the high-
lighted rectangle in figure (a). Several defects on different length scales of a perfectly,
hexagonally arranged MNP system can be observed, such as cracks, different lattices
orientations, different stack heights, vacancies, and isolated MNP-islands.
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Summary of Results: Publication 3

4.3 Publication 3: Distance- and size-dependence of
the interactions within highly ordered magnetic
nanoparticle mesocrystals

The previous two publications reported on dipolar coupling phenomena at the level of the
whole MNP assembly/ensemble, where the size of the individual assemblies/ensemble
and the spacing between them has been investigated, focusing on the scale of some
hundreds of nanometers. Thus, these structures may be conceived in the range on
length scales at the border between the mesoscale and the macroscale as illustrated in
fig. [L.1] As the employment of MNPs introduces additional degrees of freedom on even
lower length scales, investigations concerning the characteristics at the border between
mesoscale and atomic scale have been performed in Publication 3.

In Publication 3, an investigation of MNPs of different diameters ranging from dynp =9 nm
to dynp = 18 nm has been published in collaboration with the research group of X. Ye.
The MNPs have been coated with polystyrene of different molecular weight, which facili-
tates a precise manipulation of the spacing between the MNPs ranging from dspacer =6 nm
to dspacer = 15nm. The samples have then been characterized performing FMR exper-
iments which reveal a distinct dependence of the spectral features on both, dynp and
dspacer- On the one hand, increasing dspacer at fixed dynp yields an increase of the field
strength Byes at which the resonance occurs, while the line width remains unchanged.
On the other hand, increasing dynp at fixed dspacer results in a decrease of Byes, which
is well explained in regard to the dipolar coupling between the MNPs. Furthermore, an
enlarged linewidth for particles with dynp =18 nm is observed compared to the two
smaller nanoparticle sizes of dynp =14 nm and dynp =9 nm, which show approxi-
mately the same linewidth. In order to interpret these findings, theoretical simulations
are performed highlighting distinct discrepancies between the theoretical modeling and
the experimental findings when assuming the bulk material parameters for the MNPs.
A systematic variation of the magnetization and magnetocrystalline anisotropy constant
in the simulations and a subsequent comparison with the experiments indicate that the
associated material parameters of the MNPs are effectively reduced with respect to their
bulk counterpart, which is in good agreement with previous investigation found in the
literature [54] [115].

The samples for this publication have been fabricated by Y.Wang. The experimental
characterization and the theoretical modelings have been performed by N. Neugebauer.
In addition, the contribution of all other authors must be emphasized, without whose
commitment to the interpretation of the experimental spectra against the background
of the theoretical findings would not have been possible.
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Arranging magnetic nanoparticles (MNPs) into highly ordered structures, so-called superlattices or mesocrys-
tals, is of great interest from a fundamental point of view, as the employment of the corresponding coupled
nanoentities introduces additional degrees of freedom to manipulate the overall magnetic characteristics of such
hierarchical materials. Characterizing the associated magnetic interactions on the mesoscopic scale is indispens-
able for obtaining a profound understanding of the relative strengths of the types of interactions involved, such
as dipole-dipole interactions, which affect the collective response of a corresponding mesocrystal. In this paper,
nanoparticles are deposited onto silicon substrates by spin coating, leading to two-dimensional monolayered
structures showing a close-packed hexagonal arrangement. The MNPs consist of iron oxide (magnetite Fe;04)
and are coated with a nonmagnetic polymer (polystyrene). The MNPs are synthesized such that their diameters
dynp are tuned in a range between 9 and 18 nm. A precise manipulation of the shell thickness dy;; is achieved
by coating the MNPs with polystyrene of different molecular weights. In this fashion, the spacing between
the MNPs, dgyacer = 2dghenr, is varied in a range between 6 and 14 nm. Within the investigated dgpacer Tange,
dipolar interactions govern the collective properties showing distinct distance-dependent characteristics. As
dpacer increases, the dipolar coupling strength between the MNPs decreases, as deduced from the spectral features
of ferromagnetic resonance experiments. These observations are further corroborated by numerical simulations
of the dynamic properties of appropriate model systems. A comparison of the experimental and theoretical
findings shows that material parameters, such as the magnetization Mynp and the magnetocrystalline anisotropy

Cynp of the MNPs, are reduced compared to their bulk values.

DOI: 10.1103/PhysRevB.107.184410

I. INTRODUCTION

When arranging nanometer-sized entities of a material
of well-defined shape, size, geometry, and orientation into
highly ordered, periodic structures, novel macroscopic prop-
erties may arise [1-8]. These properties are not present in the
bulk material, since such nanoparticle arrangements not only
exhibit high order on the atomic scale, but also on the next
higher hierarchical level at the mesoscopic scale [9]. One class
of these hierarchical structures are the so-called mesocrys-
tals, which are composed of nanoparticles (NPs) arranged
on a superlattice [10]. Thus, the properties of the whole NP
arrangement are essentially governed by the NP’s characteris-
tics, their spatial arrangement on a lattice, and the interaction
between the NPs. By arranging NPs into mesocrystals that
extend over macroscopic scales, it is possible to fabricate ma-
terials whose properties are determined by atomic interactions
tuned by confinement on the nanoscale and the interparticle
coupling between them on the mesoscale. From a scientific
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point of view, such structures are of great interest as they offer
knobs on different length scales for a precise tuning of the
interactions in order to adjust the overall magnetic response
according to the needs of an application. As the volume of the
nanometer-sized entities that form the mesocrystal decreases,
surface effects and exchange interactions become increas-
ingly important, while the influence of dipole interactions
decreases [11]. Furthermore, at sizes, which are comparable
to or smaller than the typical interaction lengths in corre-
sponding bulk materials, deviations of the associated material
parameters may arise.

Magnetic mesocrystals are often called magnonic crystals,
when the wavelength of a magnon (the quantized spin wave)
is comparable to the periodicity of the mesocrystal. A variety
of phenomena has been observed in one- [12-14] and two-
dimensional magnonic crystals [13—19], such as the formation
of magnonic bands with tunable band gaps that depend on
the specific materials and geometries used [20]. Magnetic
mesocrystals composed of magnetic nanoparticles (MNPs)
are recently in the focus of interest for several reasons. First,
the synthesis of MNPs has reached a level of precision which
enables fabricating ensembles of well-defined MNPs with
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narrow size distributions. Second, the employment of MNPs
may offer the opportunity to extend the investigation of con-
fined magnons to the third spatial dimension [13,20,21].

The dynamic magnetic properties of magnonic crystals are
very sensitive to the underlying periodicity, because the prop-
erties of the nanoentities vary with their size on the nanoscale,
while the interaction between them depends on their spacing.
Experimental investigations concerning the size-dependent
properties of MNPs in nonordered systems have been per-
formed in the past, indicating that the interaction inside MNPs
of a certain size is indeed dominated by exchange interactions
[22,23]. Those authors interpreted their findings on the basis
of excited spin waves inside the MNPs, which are very sensi-
tive to the size of the MNPs. The impact of the MNP size on
the spin waves has been investigated theoretically by a number
of researchers [11,24,25].

As the collective properties of the mesocrystal arise from
the mutual interaction between neighboring MNPs, the spac-
ing between them also has a significant impact on the
macroscopic properties [26-28]. A systematic characteriza-
tion of distance-dependent interactions between MNPs, such
as dipolar coupling, can be performed by varying the spac-
ing between the MNPs in a controlled way and investigating
the magnetic response associated with the collective dynamic
properties of the mesocrystal as a whole. Most investigations
of distance-dependent properties are performed by (zero-)
field-cooled magnetization measurements on both ordered and
randomly arranged MNP structures investigating the real part
[direct current (dc)] of the susceptibility [29-33] or the very
low imaginary part [alternating current (ac)] of the suscep-
tibility [34]. Such studies only allow a characterization of
the predominantly static properties of MNPs, e.g., of the
saturation magnetization Mynp of the MNPs, but dynamic
properties such as the propagation of spin waves and the mag-
netocrystalline anisotropy Cynp cannot be assessed. Dynamic
properties are accessible, e.g., by ferromagnetic resonance
(FMR) experiments where the excitation of the magnetic ma-
terial by microwaves is tuned by an external magnetic field.
So far, only a few studies have used FMR for analyzing the
size- and spacing-dependent properties of MNPs and MNP
ensembles [28,35,36].

The investigation presented in this paper contributes to
a more profound understanding of the collective dynamic
properties of magnetic mesocrystals focusing on the dipolar
coupling between the MNPs. Mesocrystals of defined lattice
constants @meso = MNP + dspacer = AMNP + 2dshenr are investi-
gated. For this purpose, MNPs with different MNP diameters
dvine and shell thicknesses dgnenl = dspacer/2 are synthesized
and arranged in close hexagonal monolayer packings. The
dipolar interactions within such mesocrystals can be charac-
terized by performing FMR experiments on a series of such
samples where dyinp and dgpacer are varied systematically. The
experimental findings reveal a distinct dependence on both
dvinp and dgpacer. By comparing the spectral characteristics
of the MNP mesocrystals with theoretical results obtained
from appropriate model systems, it can be concluded that the
magnetization Mynp as well as the effective magnetocrys-
talline anisotropy Cvnp of the MNPs are significantly reduced
compared with their bulk counterpart My, and Cyyk. These
effects are reflected in the values of the external magnetic

TABLE 1. Overview of the sample sets investigated. Each set has
been synthesized with defined MNP diameter dyvnp and shell thick-
nesses dg,en yielding hexagonal mesocrystals with different lattice
constants of the mesocrystal dmeso = dmnp + dspacer = dune + 2dsheln-

Sample set No. dyinp (nm) Apeso (NM) dypacer (NM)
1 1-1 15.1+£09 6.1 £0.5
1-2 16.1 £0.8 7.1+£0.4
1-3 9.0+£0.5 169 £1.8 7.9+£0.6
1-4 199+1.2 10.9£0.6
1-5 21.7£1.0 12.74+0.5
2 2-1 203+ 1.6 6.1 £0.8
2-2 21.8+1.6 7.6+0.8
2-3 142+09 22.7+1.8 8.5+0.9
2-4 239+24 9.7+£1.2
2-5 257+£1.7 11.5£0.9
3 3-1 243+1.3 6.1 +£0.7
3-2 27.5+1.8 9.3+0.9
3-3 182+1.2 285422 103+ 1.1
3-4 209+24 11.7+£1.2
3-5 33.1£2.8 149+1.4

field B} at which the resonance occurs in the FMR spectrum
and its linewidth o. The systematic changes of the FMR
spectrum on varying dyinp and dgpacer can be correlated with
the interparticle interactions by simulating the FMR spectrum
based on an idealized model system of the mesocrystals.

II. METHODS
A. Sample preparation

The magnetic nanoparticles that form the mesocrystal con-
sist of magnetite (Fe304) synthesized according to the method
reported previously [37,38]. Three sample sets with MNP
diameters of dynp = 9.0, 14.2, and 18.2 nm have been syn-
thesized. Polystyrene of different molecular weight was used
as a surface surfactant. The molecular weight determines the
thickness of the surface surfactant shell dg,e; and thus the
spacing between the surfaces of adjacent MNPs, i.e., dspacer =
2dgpel1, in ordered hexagonal monolayer mesocrystals [37—40].
The particles have been dispersed in toluene with an appropri-
ate particle concentration in order to ensure a homogeneous
monolayer coverage of the high-resistivity (100) Si substrate
after deposition by spin coating at 1500 rpm for 45 s. The
labeling of the individual samples consists of two digits,
where the first digit (1-3) represents the sample set and the
second (1-5) is associated with the spacer thickness as given
in Table I.

Figure 1 shows a scanning electron microscope (SEM) im-
age of MNPs of sample 3-2 together with its two-dimensional
(2D) Fourier transform as inset underlining the high degree of
order of the mesocrystal’s nanoentities. The lattice constant
of the mesocrystal aneso as well as the distance between the
MNPs dqpqcer is extracted from the 2D Fourier transform by
measuring the distance of the reflexes associated with the
superlattice with respect to the central reflex. The extracted
parameters as well as the diameter of the MNPs of each
sample are summarized in Table I. All samples show a close-
packed arrangement of MNPs extending up to the edges of
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% 0.036 nm™"'

FIG. 1. SEM image of a MNP monolayer deposited by spin coat-
ing with appropriate particle concentrations and rotation speed. Inset:
Corresponding Fourier transform of the SEM image, confirming the
high quality of the mesocrystal and its hexagonal order.

the substrate and showing homogeneous monolayer coverage
throughout, except for individually displaced MNPs. No bi-
layers are observed. The typical domain size of hexagonal
close-packings of MNPs is 1-2 pum for all samples.

B. Ferromagnetic resonance setup

FMR experiments have been performed at room tem-
perature using a Bruker ESP 300E spectrometer at X-band
frequencies (9.8 GHz). Good signal intensities are achieved
by mounting the samples such that both the vector of the
external static magnetic field Bext (pointing in the x direction)
and the vector of the external excitation field caused by the
microwave B,, (pointing in the z direction) lie in the sample
plane. This configuration yields optimal coupling of the mi-
crowave field with the sample, since the collective oscillations
are excited in the direction of the magnetic easy axis of the
thin film [41].

C. Theoretical modeling approach

Simulations of the magnetic response of the sample struc-
tures using an appropriate model system are a powerful tool
for evaluating and interpreting the experimental findings. We
use software based on a numerical integration of the equa-
tion of motion of each magnetic moment to simulate the
associated absorption spectra (corresponding to an integrated
ferromagnetic resonance spectrum) of different mesocrystals.
For details of the employed program code, we refer the
reader to our previous publications [42,43]. Here, we consider
the dipole interaction and the magnetocrystalline anisotropy
only, as the collective properties of MNP mesocrystals are
predominantly determined by these interactions [44—46]. In

principle, surface anisotropy effects may also have an impact
on the overall characteristics. However, they play only a mi-
nor role in our samples due to the following reasons. (1) Its
net contribution to the total anisotropy vanishes due to the
highly spherical shape of the MNPs [47,48]. (2) The surface
anisotropy only affects exchange resonance modes, but not
the uniform Kittel mode, which is probed in this work [11].
(3) The strong exchange interaction across misfit dislocations
within the MNPs superimposes potential surface effects [49].

Using the following simulation parameters as a start-
ing point to describe magnetite (Fe;O,4), the magnetization
is Mynp = Mk = 4.8 x 107 A/m, the magnetocrystalline
anisotropy constant Cynp = Cpuix = —1.1 x 10* J/m?, and
the empirical intrinsic damping parameter « = 0.01 are set to
those reported for the bulk material [50]. Calculating the cor-
responding energies for the dipole-dipole interaction E4q and
magnetocrystalline anisotropy Ejpiso, it follows that Eyyiso/Edd
ranges between 0.4 and 2.5 for the investigated samples.
These values are well below the critical value of ~100 for
collective behavior to occur [44,46]. Thus, in conjunction with
previous investigations [45], the properties of the investigated
MNP assembly are essentially collective and of a dipolar
nature. A discussion of the above-mentioned simplification
about the simulation approach and additional considerations
about the collective behavior are given in the Supplemental
Material [S51]. Since we observe deviations between the the-
oretical modeling using the bulk material parameters and the
experimental findings, the magnetization and anisotropy con-
stant for the MNPs Mynp and Cynp are varied systematically
between 1/8 and 1 of the bulk value in order to obtain the best
agreement with the experimental FMR spectra.

To model 2D MNP monolayers, each MNP is represented
by an individual point dipole. These point dipoles with a
magnetic moment proportional to the MNP volume are ar-
ranged in an infinitely extended monolayer of hexagonal order
with the lattice constant apes, reflecting the periodicity of
the mesocrystal. Assuming an infinitely extended thin film,
the force resulting from the external magnetic field and the
dipolar interactions between MNPs acting on an individual
dipole is the same for all dipoles. Thus, also the time evolution
of a magnetic moment 77i(7, t) (where 7 denotes the position
vector and ¢ the time) is the same for all dipoles (i.e., MNPs).
Therefore, it is sufficient to simulate the oscillation of a single
point dipole at the origin and to extrapolate its precessional
motion #iy(¥p, t) to the surrounding point dipoles 7;(7;, t).
The dipole field caused by the surrounding magnetic moments
m;(7;, t) acting on the magnetic moment at the origin 7y (7, t)
is then calculated in each time step using the corresponding
position vectors 7; of all surrounding magnetic moments and
their extrapolated orientations m;(7;, 1) = iy(¥y,1). As the
dipole-dipole interaction decays with 1/r3 (where r denotes
the distance between two dipoles), the associated magnetic
dipole field Byg caused by the surrounding MNPs converges
for r — oo in a 2D system, which allows a truncation of the
interaction at a radius Ry,,x. The corresponding radius used for
the simulations presented here is Rp,x = 10ameso- A validation
of this estimation along with an explanation of deriving the
behavior of the surrounding point dipoles ;(7;, t) from the
time dependence of a central dipole 77y (7y, t) is given in the
Supplemental Material [51]. Varying the spacing between the
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FIG. 2. (a) Measured FMR spectra of sample set 2 with MNP
diameters dynp of 14.2 nm and spacing between the MNPs ranging
from 6.1 to 11.5 nm. (b) Measured FMR spectra of sample S1-1,
S2-1, and S3-1 with constant dgp,eer Of 6.1 nm and a variation of
dynp of 9, 14.2, and 18.2 nm. The arrows indicate the changes of
the resonance position BT, with increasing dgpacer and dyp in the top

ext

and bottom graph, respectively.

point dipoles and analyzing its impact on the spectral features
provides insight into the distance-dependent collective prop-
erties of the mesocrystal.

III. RESULTS

A. FMR experimental results

Figure 2(a) shows five typical FMR spectra obtained from
sample set 2. All mesocrystals consist of MNPs with a diam-

eter dyp of 14.2 nm. The spacing dpacer between the MNPs
varies from 6.1 to 11.5 nm throughout the series. Figure 2(b)
depicts FMR spectra of three MNP arrangements with par-
ticle sizes dyinp ranging from 9 to 18.2 nm, while keeping
dspacer constant at 6.1 nm. The arrows indicate the spectral
changes that occur with increasing dspacer and increasing dynp
in Figs. 2(a) and 2(b), respectively. It is clearly visible that the
spectral features depend on both dqpacer and dyinp. Increasing
dspacer at constant dyvp causes a shift to higher-field strengths
of the external field B}, at which the resonance occurs. Keep-
ing the spacing between the MNPs constant and increasing
their size, a shift of BT, to lower-field strengths is observed.
In addition, samples of set 3 with dynp = 18 nm show a
significantly larger linewidth o of their FMR spectra com-
pared to those of the samples with smaller MNP sizes of set
1 (dyne = 9 nm) and 2 (dynp = 14 nm), whose linewidths
are approximately the same. In order to analyze the impact
of dgpacer and dyinp on the spectral features in more detail, all
spectra are fitted with the derivative of a single Lorentzian
curve, since only a single resonance is observed. Here we
chose the following form,

Ao
L(Bext) - > (1)
JaoB, + (B2 - B2,
and thus
dL . 2Bex((BS? — B2, — 202) )
dBei T [(BY, — B%2)’ + 4B

where Ay is the signal intensity, o the linewidth, B, the field
strength at which the resonance occurs, and By the external
field strength.

The extracted spectral parameters for each sample, i.e.,
the intensity Ay, the linewidth o®**', and the resonance field
B are summarized in Fig. 3. The lattice constant of
the mesocrystal, dpeso, 1S Shown on the bottom abscissa and
the corresponding distance between the MNPs, dgpacer, on the
upper abscissa. The upper panels depict the dependence of the
resonance fields Bg’j’ex‘” on dgpacer for all three sample sets,
while the lower panels show the dependence of the signal

(a) dspacer [nm] (b) dspacer [nm] (C) dspacer [nm]
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FIG. 3. Dependence of the experimentally observed resonance field B

res,expt
ext

, the spectral linewidth o', and the FMR intensity on the

spacing between the MNPs dyqc.r for all three sample sets. Results from sample sets 1-3 are shown in (a)—(c), respectively. While the signal

. . S, t
intensity and By "

increase with increasing dspacers o P decreases with increasing dypacer Tor all sample sets. Colored arrows indicate the

ordinate corresponding to data points of the same color. The colored straight lines are guides to the eye.
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intensity (left ordinate) and the linewidth (right ordinate) on
the spacing between the MNPs. The fitting confirms quantita-
tively the observation by visual analysis of Fig. 2 concerning
the dependence on dgpcer for fixed dwvnp: (1) The exper-
imentally observed resonance field Bi,~*" increases with
increasing dspacer, (2) the signal intensity increases with in-
creasing dgpacer, and (3) the linewidth o °*P' remains unchanged
with increasing dgpacer. Furthermore, comparing the spectral
features between the different sample sets, i.e., different dynp,
two more characteristics are observed: (4) The linewidths of
the FMR spectra of sample set 3 are significantly larger than
those of the FMR spectra of sample sets 1 and 2 and (5) the

s,expt L. .
resonance field By, " decreases with increasing dyp.

. . expt
First, we discuss the dependence of Boy“" on dypacer-
expt - . L. .

Boy ™" is determined by the resonance condition following

from the equation of motion, the Landau-Lifshitz-Gilbert
equation [55]. Neglecting the damping term, Kittel has de-
rived the resonance condition for a thin film [41]. As the
demagnetizing tensor for a mesocrystal may be quite complex
[56,57], but is very similar for all monolayer samples, we
simplify the resonance condition as follows:

Wext

= \/Btot(Btot + roMiim)

\/ (B&: + Bint) (B + Bint + 10Miiim)
~ B + Baa. ©)

wext 1s the angular excitation frequency of the external mi-
crowave source, ¥ is the gyromagnetic ratio of the MNPs,
to the magnetic constant, By} the external magnetic field
at which the resonance occurs, B;j,; accounts for additional
magnetic field contributions arising internally due to local
magnetic interactions between the MNPs, and Mg, the mag-
netization averaged over the entire film volume. Neglecting
My is justified, since in the case of MNP monolayers, it
is much smaller than the magnetization Myp of spherical
particles comprising it. It scales with the ratio dyinp/dspacer and
the packing density of the MNPs. Thus, Mgy, is only ~13%
of Myp for sample 1-1 with dywe = 9 nm and dpacer = 6 nm
and Mgy, ~ 4% of Mynp for sample 1-5 with the same MNP
diameter but a larger spacing of dgpacer = 12.7 nm. By is the
magnetic field acting on the magnetic moment at resonance,
which is a superposition of the external static field Bg; and the
local internal field B;,. This internal field contribution results
mainly from the dominant dipolar interaction Bgg between
neighboring MNPs and has a minor contribution of the mag-
netocrystalline anisotropy field within the individual MNPs.
Due to the fixed excitation frequency wey; of the microwave,
By and thus also Bg; are constant. Thus, dpacc-dependent
properties are predominantly governed by the characteristic
1/ P dependence of Byq, where r is the distance between the
two dipoles. This implies that Bgg decreases with increasing
spacer distance dypacer.- Consequently, the resonance fields de-
duced from the experiments Bl ~" must increase to fulfill
the resonance condition [Eq. (3)]. From the upper panels of
Fig. 3, it can be concluded that By indeed increases with
increasing dgpacer s this behavior is observed for all three

sample sets.

Second, as the dipolar coupling decreases with increasing
spacing dgpacer, demagnetization effects forcing the magnetic
moments of the MNPs into the film plane become less signif-
icant, allowing them to oscillate with larger amplitudes and
thus absorb more energy of the microwave field driving them
externally. As a result, the intensity of the signal increases
with increasing dspacer-

Third, the internal damping of the precessional motion of
the MNPs magnetization reflected by the linewidth parame-
ter 0P does not depend on the spacing dspacer between the
MNPs. This suggests that the internal damping is primarily
determined by the internal structure of the MNPs rather than
by their mutual dipolar interaction.

Prior to analyzing the findings (4) and (5), it is necessary to
discuss some general aspects of the particle synthesis. As the
synthesis protocols of samples with different MNP diameters
vary in terms of the reaction time and temperature [37,38], dif-
ferences in the internal structure of the particles between the
sample sets may occur due to different synthesis conditions.
Previous investigations indicate that the magnetization of the
MNPs is crucially affected by lattice imperfections within the
MNPs [49]. In addition, as the size of the MNPs increases,
different oxidation states of the iron ions may be observed
[37], resulting in increased inhomogeneities that affect the
internal damping of the magnetization oscillation.

Thus, fourth, when comparing the linewidths o' of sam-
ple sets 1 and 2 with MNP diameters of dyinp = 9 and 14 nm,
it can be seen that o is approximately constant, suggesting
that the degree of internal disorder within the MNPs of diam-
eters ranging from dywp = 9 to 14 nm is quite similar. This
is in good agreement with the only slightly higher synthe-
sis temperature of 330 °C for dynp = 14 nm compared with
320°C for dynp = 9 nm. Sample set 3 shows significantly
wider lines, suggesting an increased internal damping. Taking
into account that the degree of the MNP ordering is similar
for all three sample sets, the significantly increased damping
associated with a broader linewidth P for sample set 3
indicates that there is an increased internal disorder present
within the MNPs of sample set 3 compared to those of sets 1
and 2. Whether the larger internal disorder of the MNPs with
dyne = 18 nm is due to the even higher synthesis temperature
of 350 °C is not clear.

Fifth, as the diameter dynp of the MNP increases, its to-
tal magnetic moment also increases as it is proportional to
the MNP volume. Thus, the dipole field Byq increases with
increasing dvnp, resulting in a decrease of By, to fulfill the
resonance condition [Eq. (3)] and the damping of the oscilla-
tion is expected to increase with increasing dipolar coupling
[58].

B. Theoretical modeling results

The results of the theoretical simulations based on the
bulk magnetization of magnetite and neglecting the magne-
tocrystalline anisotropy are shown in Fig. 4. The simulations
are performed to obtain a better understanding of the impact
of dipolar interaction on the spectral features of the FMR
experiments of the mesocrystals. Figure 4(a) shows modeled
absorption spectra (corresponding to an integrated FMR spec-
trum). The magnetic moment of each MNP corresponds to a
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FIG. 4. (a) Measured absorption spectra (corresponding to an
integrated FMR spectrum) of sample 1-4 (dashed green curve)
and simulated absorption spectra (shown by continuous curves) of
mesocrystals consisting of MNPs with a diameter of dynp = 9 nm.
Three different lattice constants are simulated ranging from apes, =
11 to 40 nm. (b) Corresponding line-shape parameters of the simu-
lated spectra, such as the resonance field B&:™, the linewidth o,

and the intensity in dependence on the spacer distance dgpacer-

volume with a diameter of dynp = 9 nm. The lattice constant
of the mesocrystal is varied between dpyeso = 11 and 40 nm.
The spectral parameters are extracted by fitting the calcu-
lated absorption spectra by single Lorentzian line shapes. In
qualitative agreement with the experimental findings shown
in Fig. 3, the extracted spectral parameters from the simula-
tions depicted in Fig. 4(b) show that B3™° and the signal
intensity increase with increasing dspacer, While the linewidth
0" remains almost unchanged.

However, despite good qualitative agreement of the simula-
tions with the experiments, quantitative deviations occur. For
example, the comparison of the resonance field and linewidth
obtained by experiment and theory for a 2D mesocrystal of

MNPs with dynp =9 nm and @peso = 20 nm in Fig. 4(a)
shows that the experimental spectrum (dashed green curve)
is much broader than the simulated one (continuous green
curve). In addition, the calculated resonance field is signif-
icantly lower than that deduced from the experiments. The
same holds for all other samples. At first sight, a likely reason
is the neglect of the magnetocrystalline anisotropy. However,
as we will show in what follows this is not sufficient. In fact,
it turns out that the material parameters, in particular of the
values of the magnetization Mynp and the magnetocrystalline
anisotropy constant Cynp of the MNPs, must be reduced with
respect to the corresponding bulk values of magnetite in order
to obtaining a satisfactory description of the experimental
data. In order to adequately account for the magnetocrystalline
anisotropy in the simulations, the random distribution of the
crystal orientations of the MNPs with respect to the direction
of the magnetic field has to be taken into account. For this
purpose, a set of simulations with different orientations of
B.x: with respect to the principal axis of the MNPs has been
performed. In each simulation, all MNPs exhibit the same
orientation of their principal axes. The resonance field B3
and the linewidth o™ in the presence of a random distribu-
tion of orientations of the MNPs can be estimated by the mean
value of all resonance fields and the corresponding standard
deviation of such a set of calculations. Furthermore, the cal-
culations were not only performed for the bulk values for the
magnetization My, and magnetocrystalline anisotropy Cyyik,
but also varied systematically assuming pairs of parameters
Myp and Cyinp.

Figure 5(a) shows the effective resonance fields BLS3™
and Fig. 5(b) the simulated effective linewidths o"*® for a
2D mesocrystal of MNPs with dynp = 9 nm and dgpacer = 11
nm obtained by the simulations. The ratios Myp/Mpux and
Cyinpe/Couik are both varied between 1/8 and 1. The values of
Bgﬁ’the(’ and o™ are plotted in dependence on Myp/Mpuik
and Cynp/Couik in the form of relief plots in Figs. 5(a) and
5(b). Both B'"° and " vary in a wide range as a function
of Myine/Mpuik and Cyne/Couik- The hatched regions in both
relief plots indicate where the theoretical values are in agree-
ment with typical experimental values, i.e., those of sample
1-4 [shown in Fig. 3(a)]. The widths of the hatched regions
in Figs. 5(a) and 5(b) are defined by the uncertainties of the
line-shape fitting of the experimental spectrum of sample 1-4.
For both quantities, Bl and o, there is a range of
value pairs (Mynp /Mpuix and Cyvnp/Couik) Where the simulated
values match the experiment, i.e., no decisive conclusion can
be drawn from the individual relief plots. However, there is a
much narrower parameter window of value pairs (Mynp /Mpuik
and Cynp/Couik) Where agreement with both experimental
values B, and o is achieved within the experimental
uncertainties. This parameter window is depicted in Fig. 5(c)
as the intersection of the two hatched regions of Figs. 5(a) and
5(b). It can be concluded that a good agreement with experi-
ment is obtained when the magnetization Myp of the MNPs
is reduced to approximately 40%—-60% and the anisotropy
constant Cynp to approximately 30%—65% with respect to
their bulk values.

Similar comparisons between experiment and simulations
have been carried out for a sample of set 2 with dyynp = 14 nm
and dgpacer = 11 nm and for a sample of set 3 with dynp = 18
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FIG. 5. (a) Effective resonance field B for different pairs (Mynp, Cunp) Of parameters for dynp = 9 nm. The magnetization

ext

Mynp /My 1s ranging from 1/8 to 1 and the anisotropy constant Cynp/Couk 18 ranging from 1/8 to 1. The hatched area corresponds to pairs
(Mynp, Cuvnp), Which are in concordance with the experimental findings shown in Fig. 3(a) for dynp = 9 nm. (b) Corresponding parameters for
0", Again, the hatched area corresponds to pairs (Myp, Cumnp), Which are in concordance with the experimental findings. (c) The intersection
of the hatched areas of (a) and (b) enables an estimation of the reduced material parameters for the investigated MNPs of approximately
40%—-60% for Mynp and 30%—65% for Cynp With respect to their bulk values. (d)—(f) depict the corresponding parameter variation of Mynp
and Cunp for dyne = 14 nm, indicating a reduction of approximately 55%—85% for Mynp and 35%—-80% for Cynp With respect to the bulk.

(g)—(1) depict the parameter variation for particles with dywp = 18 nm.

nm and dgpacer = 11 nm. The results of the former compar-
ison are given in Figs. 5(d)-5(f) and those of the latter in
Figs. 5(g)-5(1).

In the case of the sample of set 2 with dynp = 14 nm,
we also find a reduction of Myp and Cynp, but not as pro-
nounced as observed for the sample of set 1 with dyp =9
nm. Best agreement is obtained for a magnetization ratio
Mynp /Mpuik of approximately 55%—-85% and of Cyvinp/Couk
of about 35%—-80%.

In the case of the sample of set 3 with dynp =
18 nm, the best agreement is obtained for a magnetiza-
tion ratio Mynp/Mpux of approximately 20%-30% and of
Cune/Couik of about 80%—100%. Although a reduction of
both Myinp /Mpuik and Cyne /Couik 1s somewhat expected even
in ideal structures, since atoms close to the surface of the
MNPs are expected to behave differently than atoms close
to the center of the MNP as the surface-to-volume ratio is
size dependent, the results are at first sight surprising. In ideal

structures, both parameters Mynp and Cynp must approach
the corresponding bulk values with increasing dynp and the
ratios Mynp/Mpuix and Cyinp /Couik should approach 1 and not
decrease again as observed for the 18 nm MNPs. Thus, the
observed behavior of Mynp/Mpuk and Cynp /Couix must reflect
structural defects. For example, it is suggested in Ref. [49] that
misfit dislocations within the individual MNPs may cause a
reduction of Myp with respect to M-

The investigations presented here not only reproduce the
findings of Ref. [49] for dynp = 9 nm, but also provide ad-
ditional insight into the dependence of the parameters Mynp
and Cynp on the particle diameter dynp and deviations from
structural ideality. A detailed consideration of the effect of
the variation of the surface-to-volume ratio as a function of
particle diameter dynp in ideal structures is given in the Sup-
plemental Material [51]. The results for Mynp and Cynp for
the samples with dynp = 9 nm (set 1) and dyinp = 14 nm (set
2) are in good agreement with the anticipated dependence
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on the surface-to-volume ratio, whereas the values for the
MNPs with dynp = 18 nm (set 3) strongly deviate from the
expectation. The observed deviations for MNPs with dynp =
18 nm strongly suggest increased structural differences com-
pared with MNPs of a smaller diameter. Unfortunately, we
cannot clarify the origin of the lower structural quality of the
samples prepared from MNPs with diameters dynp > 14 nm.
Possible reasons are a higher fraction of MNPs with misfit
dislocations, more point defects, i.e., iron ions of other oxi-
dation states [37], or the onset of magnetic domain formation
within the MNPs. However, we can state that accounting for
dipolar interactions between the MNPs, magnetocrystalline
anisotropy, and surface-to-volume ratio effects in the model-
ing gives a good description of ordered MNP monolayers for
dyne < 14 nm, but is not sufficient for MNP monolayers with
dMNp 2 18 nm.

IV. CONCLUSION

In summary, our results show that magnetic nanoparticles
deposited into highly ordered mesocrystals exhibit a distinct
dependence of their collective magnetic properties on the
size of the magnetic nanoparticles and the spacing between
them. This confirms that the dipolar coupling between the
nanoentities on the mesoscopic scale has an impact on the
macroscopic dynamic properties of the whole mesocrystalline
film. Performing simulations, in which point dipoles represent

the MNPs, confirm the experimental findings. Such studies
carefully conducted, from both the experimental and theo-
retical points of view, provide insight into deviations from
the material parameters in nanoparticles with respect to the
corresponding bulk material. Such studies are helpful for
evaluating the internal structural quality of the employed mag-
netic nanoparticles and their spacing-dependent interactions
and constitute important steps towards the fabrication of 3D
mesocrystals out of MNPs. In particular, this holds for MNPs
with dyne < 14 nm, which only exhibit moderate effects of
disorder induced by dislocations and grain boundaries. Thus,
FMR in conjunction with micromagnetic simulations proves
to be a powerful tool for the evaluation of MNP mesocrystals
and shows distinct advantages compared to other (dc) tech-
niques.
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I. GENERAL ASPECTS OF THE SIMULATION SOFTWARE

Simulations of the dynamic properties of nanoparticle systems are performed with a scheme based on the approach
presented by Evans et al.". Here, a brief overview of our software and the essential calculations are presented.
The basis for simulating time-dependent properties of magnetic systems is given by the partial differential equation
describing the precessional motion of the magnetic moment m, the so-called the Landau-Lifshitz-Gilbert equation:

ot 1+a? ot
where Bcff = cht + de + Baniso + chc + ..

8m: v <mXBCﬂ+ame>7 1)

The variables are the time ¢, the gyromagnetic ratio =, the phenomenological damping parameter «, and the effec-
tive magnetic field Bog acting on the magnetic moment. The effective field Beg is a superposition of all magnetic
fields acting on the magnetic moment, such as the external field By, the dipole field Bgyq, the anisotropy field
Biniso caused by the magnetocrystalline anisotropy, the exchange field Bey., and other possible interactions such as
e.g. the Dzyaloshinskii-Moriya interaction. As the effective field acting on an individual nanoparticle is the same for
all nanoparticles within an infinitely extended, periodically arranged thin film, it is sufficient to simulate a single
nanoparticle and the effect of its magnetization on its neighbors in order to derive the dipole field acting on the
nanoparticle from its environment. An estimation of a truncation of the dipole interaction is useful for saving compu-
tational resources. The dipole field caused by a magnetic moment m(r) located at » = (x,y, z) acting on a magnetic
moment residing at the origin my is described by

Bl (r) =1 (3"(”‘ ) _ m) , @)

47 rd r3

where po is the magnetic constant, 7 the position vector and r = |r| its absolute value. Assuming a two-dimensional
hexagonal arrangement of point dipoles around the magnetic moment at the origin myg, each pointing in z-direction
(m(r) = {m,0,0}), and integrating over all magnetic moments up to a certain distance R leads to
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FIG. 1. (a) Schematic illustration of the scheme used for deriving the dipole field experienced by a nanoparticle within an
infinitely extended thin film of nanoparticles. As each nanoparticle experiences the same effective magnetic field, it is sufficient
to simulate an individual nanoparticle and consider the effect of its magnetization on its neighbors. As the dipole field converges
with increasing distance, a truncation of the interaction radius to Rmax is justified. Nanoparticles for which R > Rmax holds
are neglected. (b) Dipole field acting on a magnetic moment surrounded by a two-dimensional periodic, hexagonal arrangement
of point dipoles (see eq. 3). The truncation of the interaction radius to Rmax = 10ameso is sufficient, as the associated error is
only 1%.

Here the position vectors = are given in units of the lattice constant of the mesocrystal ameso and the integration is
performed in polar coordinates. As the distance between the point dipoles cannot be closer than ameso, the lower
integration boundary is 1. As mpug/8R? converges for R — 0o, a truncation of the interaction is justified and periodic
boundary conditions can be applied. Assuming, e.g., a maximal interaction radius of Ry ax = 10ameso, an error of 1%
for the calculated dipole field occurs which is sufficiently small to mimic periodic boundary conditions. A schematic
illustration for calculating the dipole field is given in fig. 1 (a) along with the integrated dipole field vs. R in eq. 3 in

fig. 1(b).

Since the individual MNPs are spherical, and thus do not possess any shape anisotropy, macroscopic demagne-
tization effects result from the arrangement of the MNP into 2D mesocrystals. The resulting symmetry of the
mesocrystal with respect to the external field is therefore appropriately modeled, since the individual dipole fields of
each MNP within a sufficiently large R,.x are taken into account.

The resonance condition derived by C. Kittel for the external field Bey along the z-direction and the microwave field
B,, along the z-direction reads”:

w
- = 1B+ o (Ny = No) M,] - [B, + po (N — N) M, (4)
yielding for the in-plane measurement geometry (Ny = N, =0 & N, = 1)
w
- = VB, (B, + ko) (5)
and for the out-of-plane measurement geometry (Ny = Ny =0 & N, = 1)
w
— =B, — uoM,. 6
S 0 (6)

The magnetic field of the magnetocrystalline anisotropy acting on the simulated magnetic moment is represented
byf;, 1

2k,

M

Baniso = - : {mx(mi + mg)V my(m)z( + mg)’ mz(m?( + mf’)} ’ (7)



FIG. 2. Magnetocrystalline anisotropy energy surface for magnetite (Fe3O4) with k. = —1.1 - 10*J/m?® with respect to its
principal axes. The magnetic easy axes are along the (111)-directions.

where k. is the first order cubic anisotropy constant, My = mynp/Vunp the saturation magnetization of the MNP
with Vynp the volume of the MNP and mynp the total magnetic moment of the MNP, and m; the components
of the normalized magnetization m/m = {my, my,m,}. In order to adequately incorporate the magnetocrystalline
anisotropy, the random orientations of the MNP’s principal axes have to be taken into account in the simulations. We
make the following simplifying assumptions in order to be able to employ the modelling approach described above.
We assume in all calculations that the principal axes of all MNPs of the monolayer are alligned in the same direction
and perform calcultions for different orientations of the external magnetic field with respect to the orientation of the
MNP’s principal axes. Figure 2 depicts the magnetocrystalline anisotropy energy surface Faniso = —m - Bapiso for
kFesO4 = —1.1.10* J/m? of magnetite (Fe304) with its magnetic easy axes are along the (111)-directions’. Averaging
over the simulations (or the different orientations between Beyt and the principal axes) yields the impact of the
magnetocrystalline anisotropy on the position of the Ferromagnetic resonance and thus the line width and resonance
field of the total FMR spectrum.

The time evolution is then calculated by integrating the equation of motion (eq. 1) of each magnetic moment
numerically using the FORTRAN90 ODE-solver for ordinary differential equations®.

Il. DISCUSSION OF INDIVIDUAL VS. COLLECTIVE BEHAVIOUR OF MNP MESOCRYSTALS: INTERPARTICLE
DIPOLAR COUPLING VS. INTRAPARTICLE MAGNETOCRYSTALLINE ANISOTROPY

The discussion of individual vs. collective properties of mesocrystals composed of magnetic nanoparticles reflects
a crucial aspect of the samples investigated in the manuscript. In order to evaluate the associated energies of the
magnetocrystalline anisotropy and the dipole-dipole interaction, the following calculations are performed assuming a
diameter of the MNPs dynp =9nm and 18 nm, and a spacing dgpacer =6 n1m (corresponding to sample 1-1 and 3-1
as presented in table 1 of the manuscript):

e Dipole-dipole interaction: As in the manuscript, a maximum interaction radius of Ryax = 10+ @peso 1S assumed.
The magnetic moments of all the incorporated MNPs points in z-direction, since the externally applied field
aligns the magnetization of all MNPs. The resulting dipole fields for dynp =9nm and 18 nm are 280 G and
546 G in the x-direction, respectively. Thus, the corresponding dipolar energies are —32meV and —500meV,
for dynp =9nm and dynp = 18 nm respectively.

e Magnetocrystalline anisotropy: The MNPs investigated in this study consist of magnetite and thus exhibit
cubic magnetocrystalline anisotropy. The representation of a cubic anisotropy follows eq. 7 as described in
Ref.’. The lowest energy states correspond to orientations of the magnetization along the (111)-directions,
where |Baniso| = 305G along (111) for both diameters dynp =9nm and 18nm, as Bapiso is independent of the




volume. Thus, the corresponding energies Faniso = —M - Baniso are Faniso = —35meV for dynp =9nm and
FEaniso = —280meV for dynp = 18 nm. The state of the highest energy, i.e. the most unpreferred orientation of
the magnetization, corresponds to the (100)-directions of magnetite, where |Baniso| =0 G and thus the energies
are Faniso =0meV for both MNP diameters. Taking further into account that the orientations of the principal
axes of each MNP after its deposition on the substrate are random, the averaged contribution over all possible
orientations is even smaller (=41% of the values above).

It follows that the contribution of the dipole-dipole interaction is larger than that of the magnetocrystalline anisotropy.
Therefore, it can be assumed that the collective oscillation is mostly determined by the dipolar coupling of all MNPs
within the monolayer.

All samples investigated in our study show collective behavior, as the spacing between the MNPs is smaller than
the diameter of the MNPs themselves. As shown in a previous study’, dipolar interactions become significant for
distances smaller than 5 times the diameter of the magnetic entity. In addition, it has been shown that for MNPs
with dynp =18 nm and dgpen = 1 nm, collective oscillations occur and that these are indeed present and detectable
using various spectroscopic techniques and micromagnetic simulations®.

Ill. SURFACE-TO-VOLUME RATIO OF MNPS

As the size of the MNPs decreases, the proportion of atoms close to the surface ngu¢ increases with respect to the
total number of atoms no, of the MNP. Since the translation symmetry of the crystal is broken at the surface, atoms
close to the surface are expected to behave differently from atoms close to the center of the MNP. Figure 3 depicts
the ratio ngus/ntor assuming different thicknesses of the surface shell s, ¢ (see inset in fig. 3). It can be seen, that
Nsurf/Ntot 18 = 1.5 times larger for dynp = 9nm than for dynp = 14nm and ~ 2 times larger than for dynp = 18 nm.
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FIG. 3. Ratio of atoms close to the surface ns,yf with respect to the total number of atoms niot for different thicknesses of the
surface shell sgurf. Here, are;0, is the edge length of the unit cell of magnetite.



IV. AVERAGE MAGNETIZATION OF A THIN FILM COMPOSED OF MNPS

As the average magnetization of the thin film Mg, depends on the packing density of the particles p and their
spacing, Mg, may be calculated by:

Mgim = p- Mynp

Vumnp
= . M
Voo MNP
4/3) 7 (dine /2)° 8
_ (4/3) (Ml;P/.) Map (8)
(dMNP + dspacer) * S <7T/3)
3
e
= —F———5 " Munp,
3v3-(1+e)’
where p = Vainp / Ve is the ratio of the volume occupied with magnetic material Vynp and Vic = ad ., sin (7/3) =

(dmnp + dspaccr)3 -sin (7/3) the volume of the unit cell of the hexagonal close packing and e is the ratio dyne /dspacer-
Figure 4 depicts My as a function of € = dyinp /dspacer, along with the corresponding averaged thin film magnetization
of samples 1-1 to 1-5. It can be concluded, that Mg, is only ~13% of Mynp for sample 1-1 and ~4% of Mynp
for sample 1-5. Taking into account that the magnetization of the MNPs Mynp is reduced with respect to the bulk
value, the simplification of the resonance condition in eq. (3) of the manuscript is justified.
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FIG. 4. The average magnetization of the thin film Mg, in units of the magnetization of the consituent MNPs Mynp as a
function of the ratio € = dvnp /dspacer. In addition, the average magnetizations for samples 1-1 to 1-5 are depicted (see table 1
of the manuscript).
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Conclusion and Outlook

Over the scope of this dissertation dipolar coupling phenomena within highly ordered
magnetic nanoparticle (MNP) arrangements have been systematically investigated. The
arrangements were composed of magnetite (Fe304) MNPs of sizes ranging from
dunp =9nm to dynp =20nm and spacings ranging from dspacer =2nm to
dunp =18nm. The experimental characterization of the corresponding samples has
been performed employing ferromagnetic resonance experiments (FMR) and Brillouin-
light-scattering microscopy (BLS). In corroboration with theoretical numerical modeling,
a detailed interpretation of the experimental findings has become possible which in sum-
mary contributed to a more detailed understanding of dipolar coupling phenomena at
the mesoscopic scale, which has been the main focus of this work. Thus, an understand-
ing of dipolar coupling phenomena at different length scales of a hierarchical magnetic
sample is provided. Since the sizes of the MNPs employed in this work are comparable
with the characteristics length of the exchange interaction of magnetite [143], a more
profound insight into the physical characteristics of MNPs at the border between classi-
cally dominated properties to quantum mechanical characteristics has been given.

As the employment of MNPs arranged into mesocrystals introduces additional degrees
of freedom to tune the characteristics of a material, it is important to understand and
precisely control the associated properties at the different hierarchical levels. This is in
principle referred to (i) the scale of the individual MNPs, (ii) the scale of the arrangement
of the MNPs, and (iii) the shape of the whole MNP arrangement. The three publica-
tions developed over the course of this work address the characteristics on these different
levels. Publication 1 demonstrates the feasibility to arrange MNPs into assemblies of de-
fined shape possessing a distinct dependence on the distance between the assemblies and
thus addresses aspect (iii). The findings show that similar results may be obtained when
using monolithic magnetic nanostructures, but distinct differences most pronounced for
the damping are observed, since the MNPs in assemblies were randomly arranged and
did not show any ordering. In addition, the occurrence of multiple resonant excitations
within circular MNP assemblies has been demonstrated, which is further investigated in
Publication 2. Here, the origin of the different resonant excitations within an individ-
ual ensemble has been clarified, which covers central aspects of (ii). Furthermore, the
improvement of the deposition of the MNPs yielded highly ordered MNP arrangements
which have been investigated highlighting the importance of the MNP ordering on the
damping of the dynamic characteristics. In order to discuss the properties associated
with aspect (i), Publication 3 provides an investigation of the characteristics at the level
of the MNP ordering. Here, it was possible not only to contribute to a more detailed
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Figure 5.1: a) Schematic illustration of a hexagonal mesocrystal composed of two dif-
ferent species. Depending on the ratio of two particle diameters and the
ratio of the particle numbers in the dispersion, various lattices may form [5]
which introduce additional anisotropies and coupling phenomena between
the MNPs. b) Sketch of an artificial spin ice (dark gray bars) covered with
a mesocrystal (light gray dots). Adding the mesocrystal affects the coupling

between the magnetic bars and thus the collective properties of the whole
artificial spin ice structure.

understanding of the dynamic properties of MNP mesocrystals, but also to highlight that
the material parameters of MNPs in the range of dynp =9nm to dynp =20 nm may
deviate from those of their bulk counterpart.

The above-mentioned findings provide a basis for future investigations regarding the
dynamic properties of magnetic mesocrystals. These may be divided into three main
routes: (i) Continuing the investigations of the individual characteristics of the MNP by
studying differently shaped and sized MNPs, (ii) characterizing and collective properties
of MNPs arrangement in different mesocrystal lattices and potential effects of incorpo-
rating multiple species of NPs and (iii) employing MNPs to precisely manipulate the
characteristics of larger magnetic structures.

Concerning (i), it may be interesting to characterize the dynamic properties of MNPs
of sizes which are comparable to those employed in this work and to focus on proper-
ties which are dominated by quantum mechanical exchange interactions in more detail
as, e.g., suggested in Ref. [11], [17, 25| 26 32, [43]. In addition, as different shapes
of NPs introduce additional magnetic anisotropies, the associated characteristics of the
individual MNPs in the exchange dominated regime may also be of great interest. By
addressing (ii) and (iii), it is of high interest to exploit the advantages of the employment
of mesocrystals in a broader realm by fabricating highly ordered structures composed of
two or three nanoparticle species as schematically shown in fig.a). For example, by
adding diamagnetic nanoparticles to the MNPs in the mesocrystals will introduce addi-
tional anisotropies which are not possible to introduce in monolithic materials opening
up a vast platform to tune the characteristics of magnetic material.

On the other hand, by using MNPs it may be possible to modulate and control dipolar

84



Conclusion and Outlook

couplings within, e.g., artificial spin ice (ASI) structures as depicted in fig.[5.1]b). First
attempts to precisely manipulate the coupling phenomena in an ASI by depositing mag-
netic quantum dots have already been performed [144) [145, (146, [147], which may be
extended by the employment of MNPs. In principle, two strategies may be pursued here,
where (i) the ASI itself is fabricated from a structured MNP mesocrystal employing the
approach described in chapter "Patterning: Electron Beam Lithography", or (ii)
by precisely manipulating the dipolar interaction between a previously deposited, mono-
lithic ASI which has been fabricated from a structured thin film. Here, the employment
of polystyrene (PS) coated MNPs along with polymethyl methacrylate (PMMA) as the
electron resist offer the opportunity to precisely remove MNPs from specific areas of the
sample. This can be achieved by utilizing appropriate solvents for PMMA and the MNPs
during the deposition and the lift-off process [148]. For example, a previously fabricated
monolithic ASI may be covered by a MNP film using spin-coating. Subsequently, PMMA
may be deposited onto the same substrate using a solvent for the resist which does not
disperse the PS coated MNPs whereby the MNP film remains intact. Exposing the thus
fabricated stack with low electron doses, PMMA serves as a positive resist yielding open-
ings in the PMMA layer after the development using a solution of water and isopropanol.
In a subsequent step, the uncovered MNPs may be removed using an appropriate solvent
such as n-octane, which leaves the remaining PMMA intact.
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