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Abstract
Three-dimensional (3D) magnetic nanostructures open a path for more complex, functional
and novel magnetic properties by allowing the magnetization to orientate itself out of a plane
in comparison to two-dimensional (2D) systems. Taking full advantage of the remarkable
properties, the possibility of creating complex 3D networks of nanomagnets will very likely
trigger the development and emergence of novel spintronics devices such as ultrahigh density memories that store information in three-dimensions. However, 3D nanostructuring
is highly challenging and constrained by existing capabilities in standard fabrication and
characterization techniques.
Here, an advanced combination of focused electron beam-induced deposition (FEBID) and
ultra-sensitive micro-Hall magnetometry based on a home-built GaAs/AlGaAs micro-scaled
sensor with a two-dimensional electron gas (2DEG) as an active layer was employed to directly engineer individual CoFe 3D nano-architectures and probe the 3D spin distributions.
Their magnetization reversal was investigated by comprehensive measurements in a wide
range of temperatures and angles of the applied magnetic field supported by corresponding
macrospin and micromagnetic simulations.
Firstly, for 2×2 arrays of nano-trees and nano-cubes, applied field and temperature protocols are employed to probe the effective thermal dynamics, which reveals thermally activated
processes originating from their intricate three-dimensional structure. Such findings enhance
the basic knowledge about the thermally-activated magnetization dynamics and may open
new avenues for research. Moreover, by investigating the angular dependence of magnetic
hysteresis loops supported by macrospin and micromagnetic simulations, it becomes possible to elucidate their overall switching behaviour. Highly complex switching process with
a vortex-like magnetization distribution across the magnetic elements is observed. Also,
advanced hysteresis loop measurements represented by first-order reversal curves (FORCs)
display signatures of nonuniform vortex magnetization states.
Secondly, for 2×2 arrays of nano-tetrapods (single-units of intricate diamond lattice) grown
in plus and cross arrangements, which was motivated by achieving different dipolar coupling, fine-truing of the applied field angle reveals that the resulting hysteresis loops show
a complex step-like switching and development of abrupt jumps around the remanence at
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higher angles of the applied magnetic field, i.e., close to parallel to the sensor plane. The
micromagnetic simulations are in favourable agreement with the experiment and unveil that
the switching process is mostly sequential from one shape anisotropy-dominated magnetic
element to another and generally proceeds by vortex states nucleation and annihilation scenarios promoting a circular path being initiated at the borders of the elements. Also, some
elements reverse their magnetization via the nucleation and propagation of vortex domain
wall-like structures. Noticeable differences in the shape of the hysteresis loops are observed
for both arrays. These results therefore need to be interpreted with caution that the source
of the variance may be somewhat linked to the dipole-dipole coupling formed between the
nearest-neighbour units in addition to the magnetic anisotropy effects. Moreover, with an
extensive analysis of FORC diagrams, in particular, characteristic ``butterfly´´-like signatures
are observed providing strong support for the interpretation of the reversal process by vortex
states nucleation and annihilation in nonuniformly magnetized elements.
The work presented in this thesis describes a comprehensive investigation of individual 3D
magnetic nanostructures. The insights gained from this study may be of assistance to facilitate
the advanced study and exploitation of the rapidly expanding field of 3D nanomagnetism
which is imperative for the development of modern computing, sensing, and biological
applications.
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Zusammenfassung
Dreidimensionale (3D) magnetische Nanostrukturen eröffnen einen Weg für komplexere,
funktionale und neuartige magnetische Eigenschaften, indem ein Magnetisierungszustand
ermöglicht wird, der im Vergleich zu zweidimensionalen (2D) Systemen außerhalb der Ebene
orientiert ist. Unter voller Ausnutzung ihrer bemerkenswerten Eigenschaften wird die Herstellung komplexer 3D-Netzwerke aus Nanomagneten voraussichtlich die Entwicklung und
Entstehung neuartiger Spintronik-Bauteile auslösen, wie z.B. Speicher mit ultrahoher Dichte,
die Informationen in drei Dimensionen speichern. Die 3D-Nanostrukturierung stellt allerdings eine große Herausforderung dar und wird durch die bestehenden Möglichkeiten der
Standard-Herstellungs- und -Charakterisierungstechniken eingeschränkt.
Hier wurde eine fortschrittliche Kombination aus ``focused electron beam-induced deposition´´, kurz FEBID und hochempfindlicher Mikro-Hall-Magnetometrie auf der Basis von
selbst hergestellten GaAs/AlGaAs-Mikrosensoren mit einem zweidimensionalen Elektronengas (2DEG) als aktiver Schicht eingesetzt, um individuelle CoFe-3D-Nanoarchitekturen
direkt aufzubringen und deren magnetisches Streufeld zu untersuchen. Die Magnetisierungsumkehr wurde durch umfassende Messungen in einem weiten Temperaturbereich und für
unterschiedliche Winkel des von außen angelegten Magnetfeldes untersucht. Unterstützt
werden die Messungen durch entsprechende Makrospin- und mikromagnetische Simulationen.
In einem ersten Experiment wurden für eine 2×2-Anordnung von Nano-Bäumen und NanoWürfeln zunächst verschiedene Feld- und Temperaturprotokolle angewandt, um die effektive Dynamik zu untersuchen, die thermisch aktivierten Prozessen zu Grunde liegt. Letztere
rühen von der komplexen dreidimensionalen Struktur her. Diese Beobachtungen erweitern das grundlegenede Verständnis der thermisch aktivierten Magnetisierungsdynamik und
könnten neue Wege für die Forschung eröffnen. Darüber hinaus wird es durch die Untersuchung der Winkelabhängigkeit der magnetischen Hystereseschleifen, unterstützt durch
Makrospin- und mikromagnetische Simulationen, möglich, das Umschaltverhalten der Magnetisierung im Detail zu untersuchen. Es werden hochkomplexe Schaltprozesse mit wirbelartigen Magnetisierungsverteilungen über die magnetischen Elemente beobachtet. Außerdem zeigen weiterführende Hystereseschleifenmessungen, die durch Umkehrkurven erster
Ordnung (``first-order reversal curves´´, kurz FORC) dargestellt werden, Signaturen von in-
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homogenen Wirbelmagnetisierungszuständen.
In einem zweiten Experiment wurde eine 2×2-Anordnung von Nano-Tetrapoden (Einzelelemente eines Diamantgitters), die in Plus- und Kreuzanordnungen aufgewachsen wurden, untersucht. Hier lag die Motivation in der Erzielung unterschiedlicher dipolarer Kopplungen.
In der Tat weisen die Hystereseschleifen ein durch die Feineinstellung des angelegten Feldwinkels verursachtes komplexes, stufenartiges Schalten und die Entwicklung von abrupten
Sprüngen um die Remanenz bei höheren Winkeln des angelegten Magnetfeldes, d.h. nahezu parallel zur Sensorebene, auf. Die mikromagnetischen Simulationen stimmen gut mit
dem Experiment überein und offenbaren, dass die Umschaltprozesse meist sequentiell von
einem durch die Formanisotropie dominierten magnetischen Element zu einem anderen verlaufen und im Allgemeinen durch die Nukleation und Annihilation von Wirbelzuständen
erklärt werden können, ausgehend von den Rändern und Endkappen der Elemente. Außerdem kehren einige Elemente ihre Magnetisierung über die Nukleation und Ausbreitung von
Wirbeldomänenwand-ähnlichen Strukturen um. Bemerkenswerte Unterschiede in der Form
der Hystereseschleifen werden für beide Anordnungen beobachtet. Diese Ergebnisse müssen
daher mit Vorsicht interpretiert werden, da die Ursache der Abweichung zusätzlich zu den
magnetischen Anisotropieeffekten mit der Dipol-Dipol-Kopplung zusammenhängen könnte, die sich zwischen den nächsten Nachbarn bildet. Darüber hinaus werden bei einer umfangreichen Analyse der FORC-Diagramme insbesondere charakteristische ``Schmetterlingsähnliche´´Signaturen beobachtet, die die Interpretation des Umkehrprozesses durch die Nukleation und Annihilation von Wirbelzuständen in ungleichmäßig magnetisierten Elementen
unterstützen.
Die vorgestellte Arbeit beinhaltet eine umfassende Untersuchung von einzelnen magnetischen 3D-Nanostrukturen. Die daraus gewonnenen Erkenntnisse können dazu beitragen, die
Erforschung und Nutzung des schnell wachsenden Gebietes des 3D-Nanomagnetismus zu
erleichtern, das für die Entwicklung moderner Computer-, Sensor- und biologischer Anwendungen vielversprechend ist.

X

Contents
1 Introduction and Thesis Overview

1

2 Magnetism Overview

3

2.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3

2.2

Magnetic hysteresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5

2.3

Micromagnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6

2.3.1

Magnetic energy terms in micromagnetism . . . . . . . . . . . . . . . .

7

Exchange energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8

Anisotropy energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9

Demagnetisation energy . . . . . . . . . . . . . . . . . . . . . . . . . . .

10

2.3.2

Dynamics in ferromagnets: LLG Equation . . . . . . . . . . . . . . . .

12

2.3.3

Ferromagnetic domains and domain walls . . . . . . . . . . . . . . . .

13

2.3.4

Magnetization process . . . . . . . . . . . . . . . . . . . . . . . . . . . .

14

2.3.5

Magnetism in small systems: Stoner-Wohlfarth model . . . . . . . . .

15

Nanomagnetism: towards a third dimension . . . . . . . . . . . . . . . . . . .

17

2.4

3 Micro-Hall Sensors and Experimental Details

23

3.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

23

3.2

Realization of a two-dimensional electron gas: 2DEG in GaAs/AlGaAs . . . .

24

3.3

Hall effect in Drude model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

25

3.4

Characteristic length scales and transport regimes . . . . . . . . . . . . . . . .

29

3.5

Hall response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

33

3.6

Magnetic field sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

35

3.7

Micro-Hall sensor fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . .

36

Sample cutting and cleaning . . . . . . . . . . . . . . . . . . . . . . . .

37

Hall cross array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

39

Planar contacts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

41

Extended planar contacts . . . . . . . . . . . . . . . . . . . . . . . . . .

45

Top-gate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

45

Wiring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

45

Micro-Hall sensor characterization . . . . . . . . . . . . . . . . . . . . . . . . .

45

Characterization at room temperature . . . . . . . . . . . . . . . . . . .

46

3.8

I

Contents
Characterization at lower temperatures . . . . . . . . . . . . . . . . . .

49

Cryostat and low-temperature measurements . . . . . . . . . . . . . . . . . . .

50

3.10 Magnetic measurements setups . . . . . . . . . . . . . . . . . . . . . . . . . . .

52

Hysteresis loop measurement setup . . . . . . . . . . . . . . . . . . . .

53

Magnetic flux noise setup . . . . . . . . . . . . . . . . . . . . . . . . . .

53

3.9

4 Multi-axial 3D Arrays of Nano-cubes and Nano-trees

57

4.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

57

4.2

Synthesis of 3D magnetic nanostructures . . . . . . . . . . . . . . . . . . . . .

57

4.3

Structural properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

58

4.4

Magnetic characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

60

4.4.1

Temperature dependence of magnetization switching . . . . . . . . . .

60

Thermal dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

63

Angular-dependent hysteresis loops . . . . . . . . . . . . . . . . . . . .

65

Hysteresis loops of nano-cubes . . . . . . . . . . . . . . . . . . . . . . .

65

Hysteresis loops of nano-trees . . . . . . . . . . . . . . . . . . . . . . .

73

First-order reversal curves (FORCs) . . . . . . . . . . . . . . . . . . . .

77

FORC diagrams of nano-cubes . . . . . . . . . . . . . . . . . . . . . . .

79

FORC diagrams of nano-trees . . . . . . . . . . . . . . . . . . . . . . . .

82

4.4.2

4.4.3

5 Individual Nanomagnets of Artificial Diamond Lattices

87

5.1

Geometric considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

87

5.2

Temperature dependence of magnetization reversal . . . . . . . . . . . . . . .

88

5.3

Angular dependence of magnetization reversal . . . . . . . . . . . . . . . . . .

94

5.4

Magnetic characterization based on first-order reversal curves (FORCs) . . . .

120

5.5

Magnetic flux noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

130

6 Conclusion and Outlook

133

Bibliography

139

Acknowledgements

165

Curriculum Vitae

167

II

1 Introduction and Thesis Overview
Magnetic nanostructures are the backbone of numerous current and future technologies. Extensive knowledge has been acquired during the recent years regarding understanding their
properties and behaviour down to the fundamental magnetic length and femtosecond time
scales, enabling the discovery of new phenomena and applications. The success story in
terms of transitioning fundamental science into applications is described by the fascinating
discoveries in spintronics [1, 2], the interaction between charge transport and magnetization
and its dynamics. Most notable is the discovery of giant magnetoresistance (GMR) [3, 4], a
strong reduction in electrical resistance of multilayers composed of alternating ferromagnetic
and nonmagnetic conductive in response to an applied magnetic field, which represents an
integral part in high-density magnetic data storage media. It has enabled ever-increasing
amounts of digital data to be stored where TBit/in2 has become pervasive in numerous computing systems of today’s world. These current applications rely on employing magnetic
nanostructures that are mostly patterned and confined to two dimensions, thereby restricting
the functionality to the substrate plane. Despite such a huge success, these 2D structures are
maturing and giving rise to demands for higher data storage densities towards integrating
three dimensional (3D) magnetic nanostructures. In such a new paradigm, the magnetization is free to orientate itself into three dimensions allowing new and exciting physics
comprising geometry, topology and frustration into the third dimension to emerge [5]. The
realization of 3D geometries is challenged by the fundamental limitations of the conventional lithographic approaches and therefore requires alternative fabrication strategies. So
far, the most promising advanced approach in terms of the achievable lateral resolution,
the simulation-assisted growth of complex geometries and the availability of ferromagnetic
materials, involves employing direct-write electron beam-induced deposition (FEBID) technique [6, 7], which is depicted in Fig. 4.2.1. The focused electron beam irradiation is employed
to decompose the precursor molecules delivered from a nearby gas-injection system. The
complex-shaped nanomagnets are grown by mimicking the conventional approach of macroscopic 3D printers. The extension of 2D nanostructures into the 3D geometries implies extra
challenges concerning their magnetic characterization as a consequence of inherent effects
related to surface inhomogeneities and uneven thickness [8]. Moreover, the shape complexity of the 3D geometry allows the shape anisotropy to attain complex spin configurations.
Therefore, high-resolution characterization techniques are required to probe and image the
complex spin texture precisely. For instance, an indirect method represented by micro-Hall
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magnetometry [9, 10, 11, 12, 13] is among the most advanced high-resolution techniques to
investigate the magnetic properties of individual small array of 2D and 3D nanostructures.
This technique is based on the detection of small local stray fields through a two-dimensional
electron gas (2DEG) buried inside a GaAs/AlGaAs heterostructure. A sensor consists of
six identical lithographically patterned micro-scale crosses which serve as substrates for the
magnetic structures to be investigated. The scientific and technological exploration of 3D
nanomagnetism has just launched invoking efforts to push the boundaries in addressing challenges with regards to synthesis approaches, characterization techniques and computational
methods to understand, realize and tune their properties [8]. In view of all these different
aspects, the capabilities of this field will very likely trigger future technologies, particularly
in information processing applications with improved efficiency, processing speed and functionalities.
The lens of this thesis is focused on investigating complex 3D arrays of nanomagnetic architectures via an advanced platform of FEBID as a 3D nanoprinting approach and a home-built
micro-Hall sensor as substrate and probing tool. The overall structure of this thesis has
been organized in the following way. Chapter 2 gives a brief overview of the magnetism
basics and related topics. Chapter 3 begins by laying out the fundamentals of semiconductor
heterostructures and their transport properties, and the remaining part deals with describing the fabrication steps of micro-Hall sensors as well as the experimental details of the
measurement setups. Chapter 4 is concerned with presenting the findings of the research of
investigating multi-axial 3D arrays of CoFe nano-cubes and nano-trees, focusing on their synthesis, the results of temperature and angular dependence of the magnetic hysteresis loops
before finishing off with further investigating their magnetization reversal process based on
first-order reversal curves (FORCs) measurements. Chapter 5 analyses the results of investigating another system of multi-axial 3D arrays in shapes of nano-tetrapods by focusing on
measurements undertaken in similar methodologies used in the previous chapter alongside
with examining initial results of studying their magnetic noise. Ultimately, conclusions and
suggestions for future work are provided in chapter 6.

2

2 Magnetism Overview
2.1 Introduction
In solid-state magnetism, the intrinsic magnetic properties are governed by the origin, magnitude, directions, and interactions of elementary building blocks known as atomic dipole
moments m. The latter essentially originate from electrons. They are associated with a spin
of each electron around its axis, termed spin angular momentum (S), and its orbital motion
around the nucleus, termed orbital angular momentum (L). Therefore, the net atomic magnetic moment is the sum of these contributions which are governed by the law of quantum
mechanics. The physical constant of the magnetic moment carried by a single electron and
caused by either its spin or -orbital momentum is known as Bohr magneton µB = e~/2me
where e, the electron charge, ~, the reduced Planck constant, me , the electron mass. The magnetization is a thermodynamic quantity that alters with external stimuli. It can be intrinsic
(without the application of an external field) or non-intrinsic (induced by the external magnetic field). On a mesoscopic average, the local magnetization M(r, t), i.e., the local magnetic
moment density, fluctuates widely on subnanometer and rapidly on subnanosecond scales.
Therefore, in a mesoscopic volume δV and time-averaged magnetic moment δm, it is defined
as:
M = δm/δV .

(2.1)

On a macroscopic average covering a ferromagnetic sample, it is represented accordingly:
M=

X
i

where

P

Mi Vi /

X

Vi ,

(2.2)

i

Vi is the volume sum of all individual volumes of domains of the ferromagnet.

i

There are other magnetic field vectors where each defines a sense of rotation: magnetic
induction B (the response to the applied field) and the applied field H (the magnetic field
strength). In SI units, the latter with the magnetization M existing in the matter, are related
according to:
B = µ0 (H + M) ,

(2.3)

where B is measured in Tesla and M, H in Ampere per meter. In free space, the magnetic
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induction is given by B = µ0 H.
Another quantity that defines the variation of the magnetization with the external field is
termed susceptibility χ which can be expressed as:
χ=

dM
dH

.

(2.4)

H=0

It is a dimensionless quantity and diverges from temperatures close to a critical point, called
Curie temperature TC , which determines the magnetic order of materials.
Below TC , ferromagnetic materials exceptionally exhibit spontaneous magnetization, even
in the absence of the externally applied field. Their behaviour is well-explained by the phenomenological molecular field theory of ferromagnetism which has been proposed by Weiss
in 1907 [14] before the advent of quantum theory. It postulates that neighbouring atoms of
the ferromagnetic material are strongly coupled by an internal field called molecular field
Hw that acts to line up the moments and to compete with the thermal agitation kB T leading
to spontaneous magnetization. The latter is split up into several numbers of small regions
averaged over a large volume, called magnetic domains to accommodate certain magnetic
moments alignment to minimize the stray field generated outside. These domains are rotated
and oriented almost along the applied field and grow in size at the expenses of unfavourably
oriented ones. The domain state strongly depends on the magnitude of the applied. The
molecular field theory also explains the transition to the paramagnetic state above TC where
the ferromagnetic order collapses, see Fig. 2.1.1.
In 1928 [15], Heisenberg treated the origin of Weiss molecular and the spontaneous magnetization in a quantum mechanical picture. In such a treatment, the atomic moments tend to
align by an exchange interaction between the neighbouring atoms leading to orient the spins
parallel to each other, which poses a long-range ferromagnetic order. Since then, the model
of the Heisenberg Hamiltonian Ĥ is at the heart of magnetism. The exchange interaction
term will be described later in Sec. 2.3.
Before proceeding to review some important basics, it is essential to highlight the relation
between B, M and H in a magnetic sample. Figure 2.1.2 shows a flat ferromagnetic sample
with a magnetization perpendicular to the large surface (inside) after turning off an externally applied field. It can be seen that there is a demagnetization field Hd inside which tends
to demagnetize the sample. This field is opposite to the magnetization itself and the stray
field emanating from the magnetic sample (outside). The lower inset of the figure shows an
example of the relative magnitude of the three magnetic vectors [16].
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Ferromagnetic

Paramagnetic

Figure 2.1.1: Temperature dependence of magnetization for nickel: Above TC , the material
losses its ferromagnetic order. Adapted from [17].

Figure 2.1.2: Characteristic three magnetic vectors B, H, M of a flat disk in the absence of
an applied field: The field emanating from the sample is called stray field Hs .
Lower inset: the field inside the sample is called demagnetization field Hd which
works against the magnetization. Reprinted from [16].

2.2 Magnetic hysteresis
A magnetic hysteresis, otherwise known as a hysteresis loop, is at the heart of the behaviour
and a unique fingerprint of magnetic materials. It is essential for the development of a wide
range of technologies and applications such as magnetic data recording and electric motors.
This fascinating phenomenon is a major area of interest within the field of magnetism and
central to the entire discipline.
It is obtained by cycling an external magnetic field Hext and recording the irreversible nonlinear response of the magnetization M. It depends on the history of the measured sample
(its initial magnetization). During this process, the domains are rotated and oriented almost
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along the applied field and grow in size at the expenses of unfavourably oriented ones by
a movement of regions that separate them, called domain walls. The domain state strongly
depends on the magnitude of the applied. A more detailed account of the domains, domain
walls and magnetization processes is given in Sec. 2.3.3 and Sec. 2.3.4.
Some prime characteristics are prescribed when measuring the hysteresis loop, as illustrated
in Fig. 2.2.1. The hysteresis loop in a ferromagnetic material starts by an unmagnetized
state (virgin state). The magnetization M appears when the external filed Hext is applied.
It saturates at a saturation magnetization M = Ms —the maximum magnetization where
possibly all the magnetic moments are aligned to the applied field Hext and eventually
eliminating the microstructure state of the ferromagnetic domains. When the applied field is
restored to zero, the remanent magnetization M = Mr remains. The state where M = 0 is at the
coercive field Hc —the field required to reduce the magnetization to zero. The hysteresis loop
can be epitomized either in terms of the magnetization M(H) or of the magnetic induction
B(H) (the primary magnetic field), and both are related by Eq. 2.3.

b

a

M
vers
i

ble

Saturation

irre

d
d ersible
Re

v

H
Figure 2.2.1: Characteristic ferromagnetic hysteresis loop: (a) A hysteresis loop is measured
when cycling the magnetic field that leads to modify the magnetic microstructure
of the virgin state d. (b) The reversal and irreversible parts of the hysteresis. From
[17].

2.3 Micromagnetism
There is a large volume of resources describing the theory of micromagnetism and its indispensable role for the fundamental understanding of the magnetic materials [18, 19, 20, 21,
22, 17]. This theory was introduced by Brown [23] in the late 1950s using analytic and semianalytic solutions for the underlying magnetism equations to understand magnetic domain
configurations, magnetization processes, and the interaction between magnetization and mi-
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crostructures. This theory assumes that the domains are a resultant of minimizing the free
energy of the system. To describe the magnetic structure on the nanoscale, it postulates that
the atomic structure is averaged away with respect to characteristic lengths and the modulus
of the magnetization | M |= Ms is constant at every point. In contrast, the magnetization
M(r, t) at every point r, is a directional variable only, i.e., it can only rotate. The atomic spins
are replaced by classical vectors to track all the relevant physics. The magnetization, the
density of the magnetic moments of a ferromagnetic sample, is given by:


 1 X



M(r, t) = lim 
µR (t) ,

V→0  V(r)

(2.5)

R∈V(r)

where µR is the magnetic moment at microscopic scale located at point R within the macroscopic volume V(r).
Interests in studying several phenomena such as static equilibrium and dynamic magnetization or non-equilibrium processes, e.g., magnetic switching (the system overcoming an
energy barrier under the applied field), are well-established approaches in this theory. The
dynamic equilibrium is described when the magnetization oscillates around the static equilibrium point after driving the system with continuous external periodic excitation with
constant frequency and amplitude. After removing the applied field, the magnetization relaxes over a certain period of time, and the energy absorbed by the system is equal to the
dissipated one. Nevertheless, such an ideal description is not adequate to treat such a process
since the magnetization relaxation is a rather complicated phenomenon when it is stimulated
by an external excitation [24]. Moreover, this theory is fundamental for studying a large
spectrum of aspects involving a lattices of interacting nano-magnets [25], reversal processes
[26] and complex spin textures [21].
In ferromagnetic materials, the minimization of energy responsible for domains formation is
hindered by many competing energies such as exchange, anisotropy and magnetostriction,
which are key aspects of this theory [24]. In the following section, the individual micromagnetic energy terms will briefly be described before discussing the magnetization dynamics in
Sec. 2.3.2.

2.3.1 Magnetic energy terms in micromagnetism
Central to the micromagntism theory is the nonlinear continuum expressions of the intrinsic
energy terms involved in the total free energy Etotal . There are five most important energy
terms besides the demagnetisation field Ed as follows [17]:
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Etotal = Eex + Ea + Ed + EZ + Estress + Ems .

(2.6)

The first three terms, always present in a ferromagnet, are the exchange, magnetocrystalline,
and the demagnetization field, i.e., magnetostatic (dipolar) self-energy. The fourth term is
the Zeeman energy which is due to the externally applied field responsible for the magnetization response, i.e., the hysteresis loop. The last two terms are owing to the applied stress
and magnetostriction that are often omitted as a consequence of their small values. The
micromagnetic energy as a volume integral over the sample is then expressed as:
Z
Etotal =

1
{A (∇M/ Ms ) 2 − K1 sin2 θ − · · · · − µ0 M · Hd − µ0 M · H} d3 r ,
2

(2.7)

where (∇M/Ms )2 is the square gradient sum of three components (∇Mx /Ms )2 + (∇M y /Ms )2 +
(∇Mz /Ms )2 . The terms A and K are the exchange stiffness and uniaxial anisotropy constants,
respectively. Hd and H are the demagnetization and external fields, accordingly. In the
following sections, some of these energy terms will briefly be described.

Exchange energy
Exchange energy is a consequence of the quantum mechanical behaviour of magnetic atoms
and realistically very complicated. According to that, Heisenberg described the Coulomb
interaction in quantum mechanics by the famous Hamiltonian Ĥ = −2JŜi .Ŝ j in which two
spins Si and S j are located on two adjacent atoms i, j and J is the exchange integral, see Fig.
2.3.1 (a). J > 0 implies that the two spins are parallelly aligned, leading to a ferromagnetic
order in three dimensions. Therefore, a nonuniform magnetization leads to a cost of exchange energy. Although such a pure quantum mechanical description is necessary for the
conceptual understanding, a semi-classical treatment is after required for real problems.
The semi-classical treatment, in other words, the continuous picture, appropriately considers
both the exchange interactions and the ever-present dipole energy. In this model, the spins
are now connected with magnetization vectors M(r) as following:
Z
Eex =

A(∇eM )2 d3 r ,

(2.8)

where eM = M(r)/Ms is a unit vector in the local direction of the magnetization (φ, θ), which
varies very slowly on the length scale, i.e., is continuous and A is the exchange stiffness.
Such an assumption is more realistic than the quantum mechanical description since the
magnetization would be uniform without the dipolar interaction, which acts to reduce the
net moment of the system by a continuous rotation of the magnetization. The competition
between both energies is indicated by an exchange length, i.e., magnetostatic exchange length,
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which is defined as the shortest length required to allow the magnetization to rotate in order
to reduce the dipolar energy of the system. It is expressed as follows:
s
lex =

A
.
µ0 M2s

(2.9)

Anisotropy energy
The magnetization M in a ferromagnetic material tends to align along one or several directions. It costs energy when rotating the magnetization from a preferred axis, called an easy
axe, to any different direction, e.g., a hard axis [16]. If the external field is applied along the
easy axis, it is easy to magnetize a demagnetized sample to the saturation and vice versa
along the hard axe where a large field is required, and the sample is then in a high energy
state. The anisotropy is temperature-dependent, i.e., it tends to be zero at T = Tc and zero
applied field. The sources of the anisotropy are mostly due to crystal structure, shape of the
magnet and micro-scale texture.
The energy density Ea linked with the anisotropy is expressed by:
Ea = K1 sin2 θ + K2 sin4 θ + K3 sin6 θ + · · ·,

(2.10)



where K1 is a phenomenological anisotropy constant with dimensions energy/volume and
h
i
units Jm−3 and θ is the angle between the anisotropy axis and the magnetization M. The
field required to align the magnetization with the easy axis is called anisotropy field that can
be deduced for a uniaxial anisotropy (K1 , 0):
µ0 Ha =

2K1
cos θ .
M

(2.11)

The anisotropy arising from a particular crystallographic direction is denoted as magnetocrystalline anisotropy which is an intrinsic property of the magnetic. This energy leads
to different magnetic properties when the field is applied along different crystallographic
directions, which depends on the symmetry of the crystal. It distinctly originates from
the spin-orbital coupling (SOC) and the interaction between the ions and the crystal-field
generated by neighbouring atoms. The difficulty in treating the SOC sometimes makes it
challenging to picture the microscopic origin of this anisotropy.
The anisotropy arising from the shape of the magnet is called shape anisotropy which is
purely from magnetostatic interactions. It is described by a demagnetization tensor N and
the demagnetization field Hd generated by the sample itself, and can be defined as Hd = NM,
see Sec. 2.3.1. This energy is effective in small samples that do not break up into domains
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where each creates its own demagnetization field. In a ferromagnetic ellipsoid, see Fig. 2.3.1
(d), the magnetostatic energy is defined as[17]
1
Em = µ0 VNMs 2 .
2

(2.12)

And the magnetostatic energy difference along the easy and hard axes is calculated as
h 0
i
1
∆Em = µ0 VM2s N − N ,
2

(2.13)

0

where N = 12 (1 − N) and N are the demagnetisation vectors along the hard and easy axes,
respectively. Therefore, the shape anisotropy Ks for a prolate ellipsoid can be calculated
according to:
1
KS = µ0 VM2s (1 − 3N) .
4

(2.14)

For an ideal sphere (N = 1/3), Ks is zero.
Another type of anisotropy arises when the ferromagnet undergoes a small change in its
length under the applied magnetic field, known as magnetostriction. Some ferromagnets
show a positive magnetostriction (elongating along the magnetization) like in iron while
others show a negative magnetostriction (contracting along the magnetization) as in nickel.
Mostly, such behaviour tends to be very small, but it is sufficient to affect the domain
structure, as shown in Fig. 2.3.1 (e) left, where the triangular and vertical domains try to
elongate horizontally and vertically, respectively. This elongation effect may not happen at
the same time. The small size of closure domains can lead to lower this effect by introducing
new domain walls at the expenses of other energies like the exchange and magnetocrystalline
energy. A compromise arrangement of the domains can reduce the total energy, Fig. 2.3.1 (e)
right [27].
Demagnetisation energy
Demagnetization energy, also denoted as magnetostatic energy or stray field energy, is described as nonlocal energy by which the ferromagnet generates a magnetostatic field allowing
all the magnetic moments to interact. It should be summed over the volume of the magnet and modelled by classical long-range dipole-dipole interactions. This energy allows the
ferromagnet to do work by dividing it into domains to reduce its demagnetization field, as
illustrated in Fig. 2.3.1 (b). In other words, it favours antiparallel magnetic moments, i.e., is
competing with short-range exchange interaction that favours parallel magnetic moments.
Consequently, the ferromagnet exhibits domains with different directions, and moments at
the boundary of two domains are not necessarily aligned parallel, which is the case in large
samples [27]. However, in submicron ferromagnets like nanoparticles, single-domain be-
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Figure 2.3.1: Magnetic free energies: (a) Exchange energy to allow two atomic spins to align
parallelly. (b) Magnetotactic energy to allow the magnet to do work and break
up into domains. (c) Magnetocrystalline anisotropy in a single iron crystal with
the magnetization easy and hard axes along certain crystallographic directions.
From [28]. (d) Shape anisotropy of an ellipsoid sample where the field inside
is in the opposite direction to the external one. (e) Magnetostriction in bcc iron
where the dotted lines refer to the possible shapes of the domains in the absence
of their neighbours. From [27].

haviour is expected in which the dipolar energy is very small in comparison to the exchange
contribution. The demagnetization energy is mathematically represented by integrating over
the volume of the magnet as following:
1
Ed =
2

Z
µ0 Hd Md3 r .

(2.15)

For example, in a uniformly magnetized ellipsoid, the volume integral is zero, and the
uniform demagnetization field due to the surface contribution is expressed as Hd = −NM
where N is the demagnetization vector defined by the shape of the magnet. Ed depends on
the sample size, shape, thickness and especially the configurations of the domain. Figure
2.3.1 (d) shows that the demagnetization field around a prolate spheroid created by its inside
magnetization with an opposite direction to the applied external field, Hext , is to demagnetize
the sample. Thus, along the long axis, N is small, and Hext is comparable to Hd contributing
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much in magnetizing the sample. Nevertheless, if N is large (along the short axis), most of
the external field Hext is dedicated to overcoming the energy barrier of the demagnetization
field Hd .

2.3.2 Dynamics in ferromagnets: LLG Equation
Mathematically, the time evolution of the magnetization is descried by Landau-LifshitzGilbert equation (LLG eq.) which is central to micromagnetism. It was first proposed by L.D
Landau and E.M. Liftshitz in 1953 [29] introducing the precession and damping terms of the
magnetization. Later in 1955, Gilbert [30] proposed an alternative derivation of this equation
by introducing a treatment of larger damping effect.
When a ferromagnetic sample is placed in a magnetic field H, its magnetization M experiences
a torque which can be generalised as
dM
= −γM × H ,
dt

(2.16)

where γ = qgµ0 /2me is the gyromagnetic ratio, the ratio of the magnetic moment to the
angular momentum. The torque equation can be related to any magnetic energy terms
descried in Sec. 2.3.1 by replacing the magnetic field H with an effective field He f f . The latter
can be expressed as a variational derivative of the energy density e(m, r, t) that considers all
the relevant contributions to the Hamiltonian as follows:
He f f = −

1 δe
.
µ0 Ms δm

(2.17)

Equation 2.16 is conservative and assumes that the magnetization precesses in a circular orbit
about its local effective field with precession alone which is not the case in real ferromagnetic
materials, see Fig. 2.3.2 (a). As a consequence of this, the system tends to minimize its energy


and reach a stable state after a certain time, dtd M × He f f = 0. The magnetic damping (energy
dissipation) term, α, has been introduced to allow the magnetization to relax towards a static
equilibrium point, see Fig. 2.3.2 (b). Therefore, the resulting equation of motion (LLG) can
be rewritten as
dM
α
dM
= −γM × He f f +
M×
.
dt
Ms
dt

(2.18)

The precession process of the magnetization M occurs within few pS to few hundreds pS,
which is faster than the relaxation process that occurs within sub-nS to tens nS [31].
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Figure 2.3.2: Magnetization Dynamics: Precession (a) and damping (b) of the magnetization
M around the effective field He f f . Adapted from [31] with permission of Elsevier.

2.3.3 Ferromagnetic domains and domain walls
Domain theory within micromagnetism aims to reduce the complexity of the magnetization
process to a controllable approach. In a macroscopic sample, it suggests that the magnetization vectors are uniformly aligned in one direction within small regions called domains. At
the demagnetization state, these vectors in different domains will have different orientations.
During the magnetization process, the domains tend to rotate in the same direction.
These domains are separated by planar boundaries–domain walls–where the magnetization
vectors change their direction either by 90◦ or 180◦ , i.e., from an easy direction to another.
During the magnetization process, the applied field attempts to either move the domain
walls or force the magnetization to rotate in its direction. A balance between the competing
micromagnetic energies determines the width of the domain walls. For example, wide walls
are favourable by the exchange energy, which allows parallel alignment of the magnetic
moments. Within these walls, the change in the angle between moments is kept as small as
possible. Nevertheless, narrow walls are favourable by the magnetocrystalline energy, which
allows the magnetization to align along an easy axis. These walls keep a sharp transition
between the domains to have fewer magnetic moments with unfavourable crystalline alignment.
There are two common types of the domain walls: Bloch and Néel walls. Bloch wall is
shown in Fig. 2.3.3 (a) where the magnetization rotates in the plane of the wall creating no
divergence (∇.M = 0), i.e., there is no source of a stray field on the wall. In Néel wall, the
magnetization rotates around an axis that is perpendicular to the surface, creating nonzero
divergence because of the associated stray field. Such domains tend to be stable in thin films
[17], see Fig. 2.3.3 (b).
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Axis of rotation

a

Axis of rotation

b

Figure 2.3.3: Two types of 180◦ domain walls: (a) Bloch walls favourable in thick films and
the magnetization vectors rotate in a plane parallel to the wall. (b) Néel walls
favourable in very thin films and the magnetization vectors rotate in a plane
perpendicular to the wall. Reprinted from [32].

2.3.4 Magnetization process
The key elements of a real magnetization process, for instance in a multidomain magnet,
are domain rotation and domain wall motion which involves reversal, pinning /depinning
and nucleation processes. Figure 2.3.4 reveals the changes in domain structure during the
magnetization process. At the initial stage, the domains are arranged in a way averaging the
magnetization to zero. As the field applied, the domain closely parallel to the field direction
starts to grow at the expense of its neighbours by a motion of the domain walls. This process
is reversible, and the domain structure can return to its origin once the field is removed,
i.e., there is no hysteresis. Continuing applying the field leads to an irreversible change in
its structure. During this stage, the motion of the domain wall encounters imperfections,
pinning sites inside the materials acting as strong local demagnetization fields. Therefore,
a higher field is required to overcome this energy barrier which is necessary to stretch the
boundary. The discontinuous movement of the boundary leads to a sharp change in the
magnetic flux density. This phenomenon is known as Barkhausen effect [33], see Fig. 2.3.4.
Eventually, the field is large enough to eliminate all the boundaries leaving the sample with
a single domain pointing into the field direction knows as the saturation state. If the field
is reversed, the domains start to nucleate and propagate towards the multidomain state that
has a minimum energy [17].
The magnetization process form depends on the size of the ferromagnet, see Fig. 2.3.5. For
example, very small magnetic particles create no domain walls, i.e., and single-domain;
therefore, the reversal process simply proceeds by a coherent mode where the magnetization
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vectors remain uniform everywhere. The energy cost of this mode is when the vectors
perpendicularly flip to the easy axis of the particle leading to an increase in the stray field.
When the particle size is larger than the coherent radius, the process is dominated by curling
mode, i.e., vortex-state, by which the vectors lie parallel to the surface costing exchange
energy as known in soft particles. Another behaviour is a bulky reversal process which is a
combination of those two modes. It is common in long prolate ellipsoids which create less
stray field than the coherent process of the single-domain particle. The latter is well-described
by the Stoner-Wohlfarth model, which will be discussed in the next section.
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Figure 2.3.4: Magnetization reversal process of a cubic ferromagnet in multidomain state:
The process starts from a version (reversible) state (1-2). By continuing applying
the field, the domain walls move encountering pinning sites and causing a
discontinuity in the their movement until they are approximately vanished at
the saturation state (4). From [17].

2.3.5 Magnetism in small systems: Stoner-Wohlfarth model
The magnetism of small particles is adequately described by a simple micromagnetic approach proposed by E.C. Stoner and E.P. Wohlfarth in 1948 [34]. It postulates that isolated
magnetic particles with elongated ellipsoid shapes are uniformly magnetized with a stable
single domain state, and their magnetization proceeds by coherent rotation of ensembles of
individual atomic magnetic moments. Since the magnetization is homogenous, i.e., ∇M = 0,
the exchange energy is zero as well. The inset of figure 2.3.6 shows an ellipsoid particle
with shape anisotropy and the field is applied at angle α to an easy axis (the anisotropy axis).
θ is the angle between the magnetization and the anisotropy. Because the magnetization is
subjected to two competing alignment energies, the total energy at T = 0 K can be calculated
as follows:
Etotal = Ku sin2 θ − µ0 MH cos(α − θ) .

(2.19)
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Figure 2.3.5: Phase diagram of magnetic states of a particle with different diameters : Below
the coherent diameter (D2 ), the particle shows superparamagnetic behaviour (i).
Above that (ii,iii,iiii), the particle enters the ferromagnetic regime and shows
different magnetic states from single- to multi-domain configurations.

The first and last terms represent the anisotropy (either shape or magnetocrystalline) and the
Zeeman energy, respectively. The switching process takes place only when there is a total
energy minimization with respect to θ. This process is irreversible by jumping from one
energy minimum to another. It occurs when d2 E/dθ2 = 0 in the second and fourth quadrants
of the hysteresis. In this model, the hysteresis loop for various values of α is illustrated in Fig.
2.3.6. If the field is applied along the anisotropy axis (α = 00 ), the hysteresis loop is perfectly
square, and the anisotropy Ha field equals the coercivity Hc . In addition, the latter is smaller
than the switching field at α > 450 . However, there is a lack of hysteresis when the field is
applied perpendicular to the easy axis.
The Stoner-Wohlfarth approach is linked to the most popular phenomenological hysteresis
treatment known as Preisach model [35]. The Preisach elemental operators are represented
by magnetic entities known as rectangular hysterons where each has positive and negative
switching fields. They are different for interacting stoner-Wohlfarth particles.
The coherent rotation is also possible in small thin-film ferromagnets where the easy axis is
confined to a plane. This anisotropy axis can be tuned to control the reversal process by either
magnetic annealing or off-axis deposition. A simple approximation in thin films is referred to
the Stoner-Wohlfarth asteroid which predicts similar switching fields in easy and hard axes,
and that depends on the aspect ratio of the ferromagnet, for more details, see [17, 36].

16

2.4. Nanomagnetism: towards a third dimension
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Figure 2.3.6: Stoner-Wohlfarth model of a single domain particle: The shape of the hysteresis loop depends on the angle of the applied field with respect to the easy axis
(α). Square hysteresis is obtained at α = 00 . Lack of hysteresis loop is obtained
when the applied field is perpendicular to the easy axis, α = 900 . Reproduced
from [17].

2.4 Nanomagnetism: towards a third dimension
Down into the nanoworld (1-100 nm), materials start to exhibit size-specific properties. A
branch from this world is the field of nanomagnetism that aims to understand the magnetic
properties and behaviour of magnets at the nanoscale and femto- to nanosecond temporal
regimes. At such levels comparable to the characteristic magnetic or electrical length scales,
novel magnetic phenomena emerge. This field has sparked tremendous research activity in
the past few decades and led to fascinating discoveries and applications mostly highlighted
in the newly emerging field of spintronics where the magnetization interacts with the spin
current, and the spins play a role as the main carriers of information. For example, the giant
magnetoresistance (GMR) effect [3, 4] has been observed in multi-thin film structures composed of ferromagnetic and nonmagnetic layers, and the few nanometer coupling between
them leads to a significant decrease (typically 10-80%) in the electrical resistance induced
by the application of a magnetic field. Nowadays, this technology is at the heart of many
high-density magnetic memories. In the realm of nanomagnetism, the nanomagnetic systems can be classified according to the physical proximity and geometric confinement into
zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D) and three-dimensional
(3D) systems[8].
Zero-dimensional nanosystems (0D) can be represented by nanoparticles. The magnetization
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reversal in such systems is governed by their size where the coherent diameter D2 represents
the critical size of the uniformly magnetized particle, see Fig. 2.3.5. Several methods have
been dedicated to synthesize the nanoparticles with controlled shape, size and magnetic
properties which can be found elsewhere [37, 38, 39, 40, 41, 42]. Such systems exist as separate and dispersed, and embedded into a medium with a versatile platform for a large number
of applications. For example, magnetic core-shell nanoparticles can be used in drug delivery
or remediation, tissue imaging for biomedicine research [43, 44, 45, 46]. In spintronics, they
can be employed as realistic candidates in point-contact geometry in spin transfer devices
such as microwave nano-oscillators [47, 48, 49] as well as in future applications, including
neuromorphic computing [50, 51].
One-dimensional nanosystems (1D) are most commonly defined by magnetic nanowires
(NWs), nanorods and nanotubes (NTs) [52, 53, 54]. Such systems can be fabricated by a
number of common techniques such as alumina membrane template method [55, 56, 57],
atomic layer deposition (ALD) [58] and direct-write by electron beam induced deposition
(FEBID) [6, 59, 60]. Considering soft nanowires (NWs), the magnetization vectors tend to
align longitudinally with a large shape anisotropy where the domain walls typically start at
the end of the wires, and any variation across the thickness is energetically expensive. The
typical domain walls are either head-to-head or tail-to-tail, which give rise to magnetostatic
energy that competes with the exchange one. The reversal mode in these systems is controlled
by the length and diameter of the wire. Moreover, instead of disk-shaped cross-section, flat
rectangular nanostructures can lithographically be patterned on top of an inert substrate in
the form of magnetic nanostrips with the plane magnetization. The domain walls can have
different configuration depending on the thickness of the strips such as transverse walls in
thin and narrow strips and vortex walls in wider strips. These intriguing geometries have
sparked an extensive investigation in nanomagnetism for numerous applications such as 3D
magnetic recording with so-called racetrack-memory [61, 62, 63] and as building blocks for
magnetic logic devices [64, 65, 66] where the domain walls propagation can be used to trace
the magnetic two logic states.
In two dimensional (2D) magnetic nanostructures, the magnetization vectors are confined
and restricted along two dimensions in single or multi-layer elements where the thickness is
in the order of some fundamental magnetic length-scale. Due to such geometrical restrictions,
the spin texture can be in vortex states where the shape anisotropy allows the magnetization
to follow a circular path whereas the spins closer to the core are antiparallel and pulled out of
the plane (up or down) due to the exchange energy. Such spin states have been investigated
in patterned nanoscale magnetic thin-film square [67] and disc-shaped structures where the
thickness is a few nanometers and the radii is in the submicron range [68, 69, 70]. Vortex states
structures are promising candidates in multibit memory cells [71, 72, 73, 74, 75, 76, 77, 78, 79].
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Furthermore, particle-like nanometre-sized spin textures know as magnetic skyrmions have
gained increased interest as fascinating topological structures that allow complex magnetic
states to emerge. These magnetic states are topologically protected in a sense that they form
exceptional stable spin textures against transitions into trivial spin states. A key ingredient in
forming them is Dzyaloshinskii–Moriya (DMI) interaction (DMI) [80, 81] which enables chiral
spin texture (asymmetric exchange interaction). DMI energy is induced by the spin-orbital
coupling (SOC) when there is a lack of inversion symmetry, e.g., at surfaces or interfaces. Such
an asymmetric phenomenon has been investigated in many systems such as magnetic single
nanodots [82] and ultrathin films [83, 84]. Magnetic skyrmions hold an ultimate promise as
new twist for transportation and storage of information for future magnetic memory and
logic applications [85, 86, 87, 88, 89, 90].
The quest for new magnetic phases is also triggered by the phenomenon of frustration in
spin systems. This phenomenon was firstly stated for the hydrogen-ordering in water ice
where there are two inequivalent O–H bond lengths that can lead to the impossibility of
satisfying all pairwise interactions ("bond") at the same time because of the symmetry [91].
This concept is now common in magnetism where the hydrogen positions correspond to two
states of spin (-1/2) and can be seen in naturally occurring bulk magnetic materials with pyrochlore structure, termed spin ice materials [92]. Artificially realising such systems offers an
unparalleled opportunity to investigate a range of complex phenomena experimentally such
as vertex-based frustration [93, 94], phase transitions [95, 96, 97], or magnetic monopoles
[98, 99]. This has been accomplished employing standard nanofabrication techniques to
arrange a two-dimensional array of magnetic nanoislands—called—artificial spin ice. The
latter can be engineered into various desired geometries to create geometrical frustration.
Some selected geometries have already been experimentally realized such as square ice [100]
and kagome ice [101] that represent a typical paradigm of 2D lattices with elongated nanomagnets. Alternatives adapted from these systems have also been designed and investigated
by rotating [102], adding [103], removing [93], or elevating nanomagnets [104], or by connecting lattices [105]. Since the useful functionality of these systems is restricted to the substrate
only, new directions should be invoked to engender more novel phenomena that can enable
technologies with low energy and new functionalities [106]. Figure 2.4.1 illustrates some
interlinked key directions for future studies on the artificial spin ice systems.
Improvement in fabrication and characterization methods will help to underpin research on
designing and probing new effects. For example, the expansion of nanomagnetism towards
the third dimension (3D) brings with it a new paradigm of novel spin configurations by
having additional degrees of freedom, see Fig. 2.4.2. This journey has just begun [108, 5].
The noteworthy properties of the 3D spin arrangement are, for example, the domain walls
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Figure 2.4.1: Interconnected research directions on artificial spin ice systems: Improvement
in design, fabrication methods can lead to novel phenomena and interesting
avenues for the future. Reprinted from [107] with permission of Springer Nature.
and their width, chirality, symmetry, movement, the magnetization reversal scenarios and
the noncollinear spin textures in the field of topology. This enhancement would be of great
importance for several fields, particularly, the evolving field of spintronics. That pushes the
experimental limits in view of several improvements such as sensitivity and spatial resolution to detect the arising complex phenomena [8]. So far, most of the emergent spin textures
within a 2D geometry show a deviation from the trivial towards asymmetric texture, e.g.,
Néel caps at the surface of the nanoelements [109, 110] or within 1D geometry, nanowires
which have been under experimental and simulation studies that the reversal process is mediated by 3D spin textures such as Bloch points and Bloch line [111, 112]. Therefore, it is
of fundamental interest to revisit all existing nontrivial textures into 3D geometry. Recently,
several exciting routes have been introduced for the current development of 3D magnetic
nanostructures and are briefly reviewed in the following.
Up to now, versatile methods combined with others are capable of realizing the 3D geometry.
Conventional lithographic techniques are capable to stack planar nano-arrays [113, 104, 114].
Hybrid two-photon laser lithography is used to create 3D nonmagnetic scaffold and coupled with electroreception or thermal evaporation to deposit magnetic phases representing
a unique platform to create many structures such as artificial buckyball [115], 3D magnetic
tetrapod nanostructures [116] and frustrated 3D magnetic nanowire lattice [117]. Moreover,
aluminium template anodization of 3D nanoporous geometry combined with electropora-
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tion is recognized as a fundamental approach to creating an array of high aspect ratio such
as 3D interconnected NiCo nanowire networks [118, 119]. Self-assembly methods are also
versatile approaches to fabricate inverse opal-like lattices for spin-ice systems[120, 121, 122].
However, some of these methods suffer from several inherent limitations, such as conformal
deposition and material shadowing [5]. Additionally, a complementary approach like roll-up
nanotechnology based on thin films fabricated by conventional lithographic techniques and
relying on strain engineering, provides straight-forward integrability to create 3D microtubular architectures, for example, tubular 3D magneto-impedance sensors [123].
With this in mind, among the remarkable methods with regard to resolution, reasonable
availability of ferromagnetic materials and capability of directly writing structures with few
tens of nanometre resolution is a mask-less technique known as focused electron beam induced deposition (FEBID) [124]. Recently, this technique has been developed in a way that
it is now capable of growing polycrystalline materials with a high metal content like Co and
Fe or Co-Fe alloys [125, 126, 6]. Furthermore, a nontrivial development was to control the
electron beam movement with simulation growth algorithms to map a purely geometrical
description into a 3D deposit of various complexity levels overcoming issues such as proximity effects and height-dependent precursor coverage [127]. In light of its recent development,
FEBID has been successfully demonstrated to directly write free-standing 3D building blocks
for spin-ice systems [13]. What is now needed for further development of this technique is
a continuous future work involving upscaling the growth to larger areas [128] and enhancement of the purification strategies [129, 130].
Developing 3D geometry can be accompanied by some constraints such as surface inhomogeneities, uneven thickness, etc., which might bring some challenges to the available multidimensional characterization methods. There are several complementary high-resolution
routes to image and probe the complex spin texture. Visualizing the spin distribution can
be achieved by some established methods such as advanced X-ray vector field tomography
[131, 132, 133, 134] or 4D transmission electron microscopies [135]. Furthermore, magnetometry methods are considered indirect characterization techniques to probe the spin
configurations such as magneto-optical Kerr effect (MOKE) magnetometry [136], customised
magnetic force microscopy (MFM) [137], nanoscale superconducting interference devices,
known as nanoSQUIDs [138] and micro-Hall magnetometry [9, 10, 11, 12, 13]. The latter is
the main characterization technique employed throughout the work of this thesis.
Taken together, 3D nanomagnetism with its remarkable capabilities is a young scientific field.
To date, it has thrown up many questions in need of further investigation. For example, there
is a definite need for continued efforts to expand into highly complex systems with more
accessibility to all three spatial dimensions. Years to come, it will undoubtedly have a
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footprint and important implications in a wide range of technologies, see Fig. 2.4.3. Further
reading about this field, the reader is referred to [5, 8].
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Figure 2.4.2: Towards a third dimension in nanomagnetism: Some examples of geometries
with their spin texture, from left to right. 0D nanoparticle with hard-core and
soft-shell (taken from [139] with permission of Elsevier). 1D nanowire with
four spin compositions placed in a parallel direction to the applied field (taken
from [53]). 2D nanodisc with vortex state (from [140]). 3D geometry as a nanocube with more degrees of freedom revealing 3D spin texture (micromagnetic
simulation conducted by Prof. Dr. Michael Huth, Institute of Physics, Goethe
University Frankfurt, Germany).

Microfluidic chip

Neuromorphic computing
via interconnected NWs

Substarte

Ultra-high-density
3D storage device

Figure 2.4.3: Future applications of 3D nanomagnetism: Some examples of futuristic applications integrating 3D magnetic nanostructures. The motion of fluid in microfluidic chip is mediated by 3D magnetic nanowires (NWs) acting as artificial cilia.
The separated nanoparticles are detected via a nanomembrane magnetic flexible
sensor. Ultra-high-density 3D storage device is based on vertical solitons where
the read/write operations are taken place on the substrate. Interconnected NWs
for neuromorphic computing promising for realizing high performance artificial
intelligence [5].
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Details
3.1 Introduction
When the size of ferromagnetic samples becomes smaller, their magnetic moments and/or
coercive fields also become smaller. Therefore, more sensitive and adaptable measurement
techniques are required. Various methods have been developed for that purpose. Some
of them are used to probe the volume by Lorentz transmission electron microscopy (TEM)
[141] or the surface magnetization by magneto-optic Kerr effect [142]. In contrast, others
are devoted to detecting the sample’s stray field locally. For the latter, the divergence of the
magnetization leads to surface and volume charges acting as the sinks and sources of the
magnetic stray field. Nowadays, few non-invasive magnetic measurement techniques are
available to detect the stray field of individual nano-scale magnets. Advanced superconducting quantum interference devices (SQUIDs) have been successfully used as magnetometers to
perform magnetization studies on individual nanomagnets with ultimate sensitivity as small
as a few thousand Bohr magneton (∼ 10−17 emu) [143, 144]. They have, however, a high level
of fabrication complexity and are limited to very low temperatures and small fields. Another
versatile alternative is magnetic force microscopy (MFM) and its natural combination with
atomic force microscopy (AFM) that can be used to detect the stray magnetic fields on a
sub-micron scale [145]. However, in this system, the tip scanned over the sample surface
can lead to disturbing the magnetization. On the other hand, Hall magnetometry technique
[146, 10, 147, 148, 149, 150] offers many practical advantages. It is based on microscale sensors that are compatible with standard semiconductor technology. The device is realized as
a self-contained, cost-effective magnetometer platform that can be integrated into the same
chip to achieve high signal-to-noise ratio (SNR) and throughput. It can be applied in wide
temperature and magnetic field range with ultra-high sensitivity (∼ 10−16 emu). The device
can be either mounted as non-invasive tips and scanned across a magnetic surface, namely
scanning Hall Probe Microscopy (SHPM) or as miniaturized local magnetometers to study
arrays and individual nanomagnets. For the current work of this thesis, the experiments
are completely based on the micro-Hall magnetometry technique that relies on detecting
the sample stray field through a high-mobility layer, namely two-dimensional electron gas
(2DEG) in a GaAs/AlGaAs heterostructure.
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This chapter focuses on the micro-Hall sensors and the relevant experimental methods and
setups concerning the investigation of FEBID-prepared 3D magnetic nanostructures. First, it
starts with a brief overview relevant to the physical basics of semiconductor heterostructures
and their transport properties. Subsequently, micro-Hall sensor fabrication steps with the
device characterization are reported. The remaining part focuses on the measurement setups
to probe the hysteresis loops.

3.2 Realization of a two-dimensional electron gas: 2DEG in
GaAs/AlGaAs
In conventional semiconductors, conduction electrons are distributed and capable of moving
in three spatial dimensions of the volume. Their movement is only restricted by scattering
effects within the volume and by a large potential difference created at the material edge,
which is modelled as a thermodynamic three-dimensional electron gas. Other materials,
for instance GaAs/AlGaAs heterostructures, show a triangular quantum well at an interface
between two different layers and the movement of the electrons is restricted in one spatial
direction. These electrons are free to move only within a plane, known as a two-dimensional
electron gas often abbreviated as 2DEG. In such a confinement, often only the quantum
mechanical ground state is populated, typically at low temperatures (T ≤ 100 K), making it
the best-known nature’s gift for band engineering of a 2D system. The remarkable 2DEG
behaviour is essential for a wide range of electronic and optoelectronic technologies [151, 152].
The 2DEG can be formed at the crystalline GaAs/AlGaAs heterointerface as will be demonstrated. GaAs material is a direct bandgap semiconductor with an energy gap Eg = 1.4 eV.
If part of Ga is replaced by Al refereed to a Alx Ga1−x As (0 < x < 1) where x represents the
Al mole fraction, the band-edge structure can be drastically deformed. When bringing GaAs
and AlGaAs in contact, the electrons will spill over from n-doped AlGaAs leaving behind
positively charge donors. Such a charge redistribution leads to bending the conduction band
of AlGaAs upwards due to the unscreened positive charges and that of GaAs downwards
owing to the accumulation of negative ones. This effect is known as band bending in order
to lower the system‘s energy and reaching equilibrium, see Fig. 3.2.1 (a) and (b). With this
process, the crystallographic structures of the system (Zinc-Blende) remain unchanged while
the lattice constant a varies only slightly with a = 5.6533 + 0.0078xÅ [153]. The scattering
from ionized impurities in the n-doped AlGaAs is greatly suppressed, creating extremely
high two-dimensional mobilities. This practice is known as modulation doping, separating
conduction electrons and their parent donor impurity atoms. It was first introduced by
Dingle, Störmer, Gossard, and Wiegmann in 1978 [154], and in a follow-up study, applied
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to transistors by Mimura et al. and Delagebeaudeuf et al. in 1980 [155, 156]. Types of
bi-stable, deep-level defects known as DX centres [157], have been observed in such n-doped
heterostructure at x > 0.2. They are responsible for an optical instability owing to persistent
photoconductivity (PPC) [158, 159, 160, 161], reduced conductivity at cryogenic temperatures and noise at temperatures higher than 100 K [162]. Therefore, the composition (x) of
Alx Ga1−x As alloy is speculatively chosen to be x ∼ 0.3 as a good compromise. At this value,
the carrier mobilities of the 2DEG can exceed 5 × 106 cm2 /Vs at a sheet carrier concentration
of 1.6 × 1011 cm−2 at cryogenic temperatures [163]. In like systems, some striking physical
phenomena have been investigated such as integer [164, 165] and fractional quantum Hall
effect [166].
The AlGaAs/GaAs material can properly be grown by molecular beam epitaxy (MBE) technique [167] that has an advantage to produce a high-purity smooth monocrystal, layer-bylayer growth of thin films, and to allow a very precise control over the thickness of each layer.
It should be mentioned that the wafer used for the fabrication of the micro-Hall magnetometers (Sec. 3.7) in this thesis is based on GaAs/AlGaAs 2DEG heterostructure. An example for
such a hetrostructure is depicted in Fig. 3.2.1 (c). It can be noticed that there is GaAs/AlGaAs
superlattice grown on a semi-insulating substrate before a sequential deposition of an undoped GaAs layer in order to prevent the impurities that might diffuse from the substrate.
This is grown thick to obtain a high quality transport. Moreover, the undoped spacer layers
of AlGaAs, is used to provide a proper separation of the 2DEG electrons from the: remote
ionized donors.

3.3 Hall effect in Drude model
The Drude model [168] treats the free electrons in a conductor like a gas, quasi-free particles
with charge e. Since the crystalline lattice is not perfect and in the absence of an applied
electric field, the electrons are in random directions colliding with random impurities and/or
lattice imperfections stemming from thermal motion of ions about their equilibrium positions without producing any current in any direction. The frequency of such collisions is
phenomenologically described by a mean free path l which is defined as the average distance
that an electron can travel between collisions. When an electrical field E is applied, the
electrons will drift in a direction opposite to that of the field with a drift velocity vd . In the
steady state, the rate at which the electrons will lose momentum due to scattering forces is
equal to the rate at which they receive the momentum force p:
"

dp
dt
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=
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Figure 3.2.1: Deformation of band-edge in a semiconductor heterostructure: (a) Bands-edge
diagram before charge transfer (nonequilibrium state). (b) The analogous band
diagram after charge transfer (equilibrium state). (c) Schematic of an example
for AlGaAs/GaAs 2DEG heterostructure used for the device fabrication in the
work of this thesis grown by MBE that was kindly provided by Dr. Jürgen Weis,
Max-Planck-Institute for Solid State Research, Stuttgart, Germany.
The equation above can be expressed as:
m∗ vd
= eE ,
τ

(3.2)

where vd is the drift velocity, τ is the relaxation time and from that the mobility µ is defined
as the ratio of the drift velocity to the electric field E:
µ=

vd
|e| τ
= ∗ .
E
m

(3.3)

The microscopic current density J is related to the carrier density n and drift velocity vd
(Ohm’s law). Therefore,
J = nevd =

ne2 τ
E,
m∗

(3.4)

J = σE ,

(3.5)

1
E,
ρ

(3.6)

J=

where σ and ρ are the electrical conductivity and resistivity, respectively.
The trajectory of the electrons‘ movement under the simultaneous influence of an electric and

26

3.3. Hall effect in Drude model
a magnetic field perpendicular to it, is usually referred to the classical Hall effect [169]. As
~ ext
~B exerted by the applied magnetic field, B
~ = µ0 H
depicted in Fig. 3.3.1, the Lorentz force F
on charge carriers produces a transverse Hall voltage VH , an increase in the electric resistance
by deflecting the carriers movement. In the following, the framework of Drude model for
this effect will be reviewed. The transport equation 3.1 at the steady state now becomes:
"

dp
dt

#
scatterning

"

dp
=
dt

#
.

(3.7)

E+B

The equation above can be expressed as follows:
vd
m∗ ~
~+~
~ .
= e(E
vd × B)
τ

(3.8)

Due to the tensorial nature of the resistance in two dimensions, the equation above can be
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Figure 3.3.1: Classical Hall effect, discovered in 1879 by E. H. Hall: The Lorentz force F
~ causes a deflection of the carriers movement.
induced by the applied field B

rewritten in the form of the relationship between the current density J and the electrical field
E (Ohm’s law):
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(3.9)

From the above equation, the following can be deduced:
ρxx = σ−1 =

1
,
|e| nµ

(3.10)
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ρ yx = −ρxy =

(µB)
B
.
=
σ
|e| n

(3.11)

For the geometry shown in Fig. 3.3.2, a uniform current can be applied along a well-defined
direction, J = (Jx , 0) and equation 3.9 can be simplified:
Ex = ρxx Jx =

Ey = ρyx Jx =

1
|e|nµ Jx ,

(3.12)

B
|e|n Jx .

(3.13)

Assuming the geometry parameters of a Hall bar with W and L (Fig. 3.3.2), and the relationships I = Jx W, Vx = Ex L and VH = E y W, the carrier density n (per unit area) and the mobility
µ can be obtained from the Hall experiment at low applied magnetic field. It should be noted
that VH = Vmax cos(θ) and if the field is applied at θ = 0◦ , i.e., perpendicular to the 2DEG
layer, the maximum Hall signal can be obtained (VH = Vmax ). Overall, the following relations
can be deduced:

VH =
n =
Vx =
µ =

B
I = RH I,
|e| n

(3.14)

B I
,
|e| VH

(3.15)

1 L
I,
|e| nµ W

(3.16)

1
L
I
·
·
.
|e| n W Vx

(3.17)

From the latter, it can be understood that the Hall response (VH ) is independent of the geometry parameters as well as the scattering time τ. Therefore, it should be linear with the
applied magnetic field in agreement with the predictions of the semi-classical Drude model,
see Fig. 3.3.2 (b).
However, the measurements at high applied magnetic fields and low temperatures show
a fundamental disagreement with the predictions of the Drude model. The Hall response
changes in steps and a plateau structure forms and becomes exactly quantized in units of
h/e2 . Simultaneously, the longitudinal resistivity ρxx remarkably drops to zero, see Fig. 3.3.3.
This effect is known as the Quantum Hall effect (QHE) [164, 165]. In the 2DEG system,
the eigenenergies of the electrons are quantized in discrete energy states, Landau levels,
causing the step-like behaviour that is also affected by the unavoidable disorder caused by
the impurities [170].
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Figure 3.3.2: Hall measurement in a cross geometry device: (a) The field can be applied at an
angle with respect to the plane and the current is in x-direction. The measured
Hall VH and longitudinal Vx voltages are in y- and x-directions, respectively.
(b) The former (black curve) is linear with the applied field and the latter (blue
curve) is independent of that.

Figure 3.3.3: Quantized Hall effect measured in a high-quality GaAS/AlGaAs 2DEG hetrostructure: At high applied magnetic fields and low temperatures (e.g.,
100 mK), the Hall response (right y-axis) shows quantum Hall plateau structure
while the longitudinal resistivity nearly drops to zero (left y-axis). Reprinted
from Ref.[171] with permission of Springer Nature.

3.4 Characteristic length scales and transport regimes
There is a large volume of published studies (e.g., [172, 173, 174, 175, 176]) describing the
dependence of the transport properties on the sample size of conventional conductors. The
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latter have small Fermi wavelength (e.g., Cu or Ag, λ f in the range of a few Å) where the size
effects are described classically. Understanding the underlying size-dependent phenomena
in such systems has been of great importance to infer the transport behaviour in materials
like semiconductor nanostructures which show both classical and quantum size effects. The
deviation from the classical transport properties can be approached in some systems like
high-mobility semiconductors when their sizes are within dimensions that are intermediate
between the microscopic and the macroscopic length scales. This plays a crucial role in
determining the transport behaviour of the carriers through the medium. For example, the
2DEG systems are ideal for studying known size effects like the specular boundary scattering
compared to metals where diffuse scattering dominates [177].
The characteristic length scales are the Fermi wavelength λF , the mean free path l and the
phase coherence length lϕ. The Fermi wavelength λF is related to the kinetic energy of
an electron and defines its wave-like nature where the quantum-mechanical effects become
important. The corresponding wavelength is expressed as follows:
λF = 2π/kF =

p

2π/n ,

(3.18)

where kF , n are the Fermi wave vector and the electron density per unit area, respectively.
At low temperatures, only electrons with few kB T close to Fermi energy contribute to the
transport.
The mean free path l describes the average travel distance of an electron before experiencing
an elastic scattering which demolishes its initial momentum due to some defects in the
lattice, such as electron-impurity scattering. The elastic term means that electron energy
is conserved, i.e., preserving the phase of electrons. The elastic mean free path le with a
characteristic time τe can be expressed as following:
le = τe vF .

(3.19)

Where vF is Fermi velocity that propagates until it is elastically scattered after some elastic
scattering time τe .
On the other hand, the inelastic scattering causes a random change in the energy and momentum of the electron which leads to losing its initial phase coherence. Such an effect
is associated with electron-phonon or electron-electron collisions. It is characterized by a
phase-breaking time τϕ . The latter is related to the phase-coherence length lϕ that governs
the phase-coherent transport in nanoscale systems. This characteristic length is measured
as the average travel distance of an electron that propagates coherently before its phase is
randomized and is indicated as following:
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lϕ = (Dτϕ )1/2 ,

(3.20)

where D is the elastic diffusion constant in two dimensions:
D=

v 2 F τϑ
.
2

(3.21)

The investigation of phase-coherent effects is limited to very low temperatures (few K)
owing to the phase-breaking scattering, which is relevant at elevated temperatures. In lowdimensional mesoscopic systems, the interference of electron phases can lead to numerous
interesting physical phenomena, such as negative magnetoresistance related to weak localization [178, 179], the Aharonov-Bohm effect [180] and universal conductance fluctuations
[181]. Therefore, such effects are critical for some potential quantum-coherent electronic
devices like quantum interference transistors [182]. When using a micro-Hall sensor with
cross area ≤ 5 × 5 µm2 , electron heating caused by a large applied current density (usually
more than 1 A/m) can likely reduce the implication of the quantum interference effects on its
performance even at cryogenic temperatures [148].
The elastic mean free path le of GaAs/AlGaAs 2DEG devices usually ranges from 1-100 µm
at lower temperatures, e.g., below T = 77 K [148]. If the device size is smaller than le (i.e.
smaller than 1 µm), numerous deviations from the classical 2D Hall effect are observed such
as negative Hall resistance [183] and quenching of the Hall effect [184]. For such anomalies,
the temperature dependence of their quantum phase coherence is rather weak and instead it
has been found that the geometry of the device dramatically controls the Hall signal, particularly in the ballistic regime [183]. This will be highlighted in the following paragraphs.
The transport regimes in 2DEG systems can be understood by comparing the mean free path
l with the dimensions of the active region of the device, length L and width W shown in Fig.
3.3.2. Firstly, if the mean free path is significantly smaller than the sample’s dimensions (l 
L,W), the motion of the carriers remains purely diffusive along the channel of the sample as
shown in Fig. 3.4.1 (a). In this case, the transport of the charge carriers follows Ohm’s law
and can be described by the Drude model. Hall magnetometers in diffusive transport are
convenient to allow an independent determination of various components of the resistivity
tensors. Secondly, if the width is smaller than the mean free path while the length is still much
longer (W < l < L), the regime corresponds to an intermediate state called quasi-ballistic, as
illustrated in Fig. 3.4.1 (b). In this case, the transport is quantized in one dimension, but
essentially diffusive in other directions. Thirdly, when the dimensions are shorter than the
mean free path (l  L,W), the transport in the system is purely ballistic. The charge carriers
are governed by wave-like behaviour of the particles, see Fig. 3.4.1 (c). Their transport is no
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longer due to the scattering of defects and impurities, and hence, the Drude model is not
applicable. The nonzero resistance is only due to backscattering at the connection between
the narrow channel and the wide 2DEG regions, i.e., it is solely caused by contact resistance
of the device. Consequently, the transport is described by conductance G = I/U instead of
conductivity σ as a local quantity. The conductance G is governed by the transmission and
reflection of the electrons as suggested by Landauer [185] or in Landauer-Büttiker formula
detailed in [177].
From equation 3.19, the effective mean free path Le,e f f linked to the carrier density and the
mobility of the Hall sensors, can be calculated according to the following formula:
~ √
Le,e f f = vF τ = µ 2πn .
e

(3.22)

It has been reported that for devices based on GaAs/AlGaAs at low temperature (T = 15 K)
and without an applied gate voltage (V gate = 0 mV), the effective mean free path Le,e f f is in
the range 4.5 - 7.5 µm at n ≈ 1.75 − 3.55 × 1011 cm−2 and µ ≈ 5.5 − 8.1 × 105 cm2 /Vs [186, 187].
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Figure 3.4.1: Carrier transport regimes governed by characteristic lengths: (a) Diffusive
when (l  L,W), many elastic scattering events. (b) Quasi-ballistic when (W < l
< L), both boundary scattering and internal impurity affecting the transport. (c)
Ballistic when (l  L,W), the backscattering at the connection between the narrow
channel and the wide 2DEG region causing a nonzero resistance. Reprinted from
[177] with permission of Elsevier.
In downscaled Hall sensors, the motion of the carriers are governed by the ballistic regime
where the scattering normally occurs at the junctions with the side contacts, and that is
affected by the geometry of the cross region. The generated Hall signal is accompanied
by various anomalies leading to deviation from the purely linear behaviour. In addition
to a quenched Hall effect (suppression of the Hall resistance around zero applied field)
[184, 188, 183, 189], there may be a negative Hall resistance [183] as well as the appearance of
the so-called last Hall plateau which is a reminiscent of quantum Hall plateaus occurring at
much lower fields [184, 190, 191, 192], see Fig. 3.4.2 (a). These effects can readily be considered
when taking into account the Hall device geometry, described by so-called ”Electron-Billiard
Model“ [193, 183, 177]. The classical trajectories assumed in this model are shown in Fig.
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3.4.2. The generic quenching effect in a small external magnetic field can be attributed
to collimation. The latter means that the corner shapes do not allow the injected electron
from the main lead to enter the voltage probe directly, see Fig. 3.4.2 (b). Instead, it will be
undergoing multiple reflections in the cross area; the trajectory is thus scrambled, see Fig.
3.4.2 (c). In case of a widened cross, the electron reflected at the corner edge will have a
large probability of entering the opposite side probe, as depicted in Fig. 3.4.2 (d). This is
called a rebound trajectory responsible for the occurrence of a negative Hall effect. At higher
magnetic fields, the electrons are guided along the cross edge through so-called guiding
trajectories, see Fig. 3.4.2 (e), and causing what is known the last Hall plateau.
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Figure 3.4.2: Hall response for a ballistic cross structure and classical electron trajectories:
(a) The Hall signal is quenched at a low magnetic field with the classically
expected linear behaviour represented by dashed line and at slightly elevated
magnetic fields, there is the so-called last Hall plateau. Reprinted from Ref. [194]
with permission of AIP Publishing. Left: classical trajectories in the electron
billiard model. (b) Collimation. (c) Scrambling. (d) Rebound. (e) Magnetic
guiding. Reprinted from Ref.[195] with permission of Springer Nature.

3.5 Hall response
Evaluating the actual response of the Hall device is crucial to interpret and relate the experimental data to the local flux. The Hall signal is hampered by many influences such as the
inhomogeneous stray field Bz (x, y) emanating from the magnetic sample through the active
area (cross geometry) and the mean free path of the electrons. In case of the ballistic motion
of the carriers (cyclotron orbit diameter is larger than W) and in low applied magnetic fields,
the flux is evenly distributed over the area, see Fig. 3.5.1 (a). In this regime, the influence of
the inhomogeneous stray field and the mean free path of the electrons in the 2DEG yields in

33

3. Micro-Hall Sensors and Experimental Details
a correction factor α [196]. According to that, the Hall response can be expressed as follows:
VH = α

1
IhBz i .
ne

(3.23)

The Hall correction factor α = RH /Bz is a constant and assumed α ≈ 1 for the ballistic regime
[197, 198, 199, 200]. Also, it can become > 1 for an extended Bz [201, 202]. However, in a quasiballistic Hall magnetometer, the effective mean free path Le,e f f is larger but still comparable
to the size of the Hall cross [203, 204, 205]. A general model for its Hall response is absent and
this can lead to remarkable uncertainties in estimating the observed flux in absolute units
[196]. In the diffusive regime, there is no longer a simple relation between the Hall signal and
the stray field inhomogeneity. The sensitive area is approximately twice the cross-sectional
area (larger than in the ballistic regime), the stray field partially diffuses into the Hall voltage
probes leading to an increase in the active area [206], see Fig. 3.5.1 (b) and (c). There are
several quantitative studies that have analysed the response function of the Hall sensors in
this regime considering both symmetric, asymmetric crosses sizes, and the corner radii of the
channel [207, 208, 209]. In general, the Hall response can be indicated as follows:
VH
1
RH =
=−
I
ne

R

dxdyFH (x, y)Bz (x, y)
R
dxdyFH (x, y)

(3.24)

Where FH (x, y) is the Hall response function [209] and assumed FH (x, y) ≈ 1 in case of a
constant stray field. Figure 3.5.2 shows the effect of the probe geometry on the response
function of a magnetic dot. It can be seen that the response function is constant only near
the centre of the Hall cross and decreases with circular corners where the charge depletion
phenomenon occurs. Such results indicate that the sensitivity is variable within the Hall
cross and can be enhanced by adapting some special cross geometries and high-resolution
lithographic process for patterning Hall crosses [209]. Difficulties arise, however, when an
attempt is made to implement the effect of the response function and determine the absolute
stray field values. Therefore, throughout the work of this thesis, the measured Hall resistance
RH ≡ VH /I as a very good approximation is proportional to the actual stray field hBz i and
averaged over the active area of the Hall sensor. Generally, it is considered that the sensitive
area is influenced by the rounded corners and extends into the current and voltage leads.
Thus, in arbitrary units, RH represents the ratio of the sample magnetization to its saturation
value M/Ms .
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Figure 3.5.1: 2D analytical calculation of a response function for Hall device with four identical leads showing the magnetic field distribution: (a) Ballistic regime where
the field distribution is similar across the active area, from [210]. (b) Diffusive
regime where the stray field partially diffuses into the Hall voltage probes. (c)
3D view of the Hall response in diffusive regime. (b) and (c) reproduced from
[211] with permission of AIP Publishing.

Figure 3.5.2: Effect of circular corners on the Hall response for a magnetic dot in the diffusive regime: The response function clearly decreases with the more rounded
corners and appears only constant near the centre of the Hall cross. Reprinted
from [209] with permission of AIP Publishing.

3.6 Magnetic field sensors
Magnetic field sensors play a crucial role in numerous current and future technologies including medical applications, instrumentation circuitry, multifunctional process calibration, as
well as nanoscale magnetic imaging employing scanning Hall probe microscopy (SHPM) and

35

3. Micro-Hall Sensors and Experimental Details
magnetic susceptometry [212, 211, 213, 214, 215, 216, 217]. To-date, due to the rapid progress
of micro- and nanotechnology, a wide range of magnetic sensing approaches exploiting a
broad range of ideas and phenomena from the fields of physics and material science, have
sparked intensive research activity, see Fig. 3.6.1. In fact, Hall-effect sensors dominate many
applications due to their high magnetic field sensitivities, large linear sensing regime, noninvasive performance and cost-effective production linked to fabrication versatility [216].
Also, their compact design and simplicity make them a unique alternative to, for example,
magnetic force microscopy (MFM) cantilevers which represent semi-quantitative and potentially invasive nanoscale sensor types [218], or the recently developed diamond Nitrogen
vacancy (NV) centre magnetic microscope[219].
Miniaturized Hall sensors with cross-architecture represent a fertile platform for measuring
highly inhomogeneous magnetic fields such as those emanating from small clusters of ferromagnetic nanoparticles [200, 9, 220], vortex states in superconducting films [221, 222, 223],
ferromagnetic domains [224, 225], MFM tips [211] and high-density recording media [226].
Furthermore, central to the development of these sensors for different operation conditions
is the optimization of the active sensing material employed in the fabrication process. Several materials have been reported such as Bi [227, 228], GaAs [229], heterostructures such
as GaAs/AlGaAs [221, 230], InGaAs/InP [231], Si/SiGe [232] In/(Al, Ga)Sb [203], InSb [233]
and InAlAs/InGaAs [234]. In a recent work [216], sub-micron graphene Hall sensors with
85 nm cross size have been reported to display an excellent room temperature resolution of
√
59 µT/ Hz at an applied current of 12 µA. There are, perhaps, more materials with even better
properties that should go through extensive engineering to the point where they are pushing
the limits of physics alongside with improved processing and manufacturing. With this in
mind, considerable scope for further optimization is inevitable for the exploration of new Hall
sensor materials and designs in order to attain higher spatial resolution of state-of-the-art
instrumentation, e.g., advanced benchtop Hall magnetometry technique, which is essential
to precisely characterize the complex behaviours of different magnetic structures. In the
sections that follow, the fabrication and characterization of semiconductor-based micro-Hall
sensors will be demonstrated.

3.7 Micro-Hall sensor fabrication
The fabrication of micro-Hall sensors is based on standard procedures in semiconductor processing [236]. It involves several steps summarised in Fig. 3.7.1. Based on such a conceptual
framework, the sensor fabrication in this thesis follows five preparation phases according to
their purpose, including patterning the Hall crosses, contacts, top-gate and finally the wiring
process. Some steps, such as the cleaning, lithography, spin coating, etc., were conducted
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Magnetic field sensor technologies

Figure 3.6.1: Reported sensitivity of various magnetic field sensor technologies: The effective linear dimension denotes the size
of the sensitive region, planar sen√
√
3
sors with area, volumetric ones with volume. The abbreviations refer to the
following: SQUID, superconducting quantum interference device, SQUIPT, superconducting quantum interference proximity transistor, SKIM, superconducting kinetic impedance magnetometer, OPM, optically pumped magnetometer,
FCOPM, OPM with flux concentrators, CEOPM, cavity-enhanced OPM; COPM,
OPM with cold thermal atoms, BEC, Bose-Einstein condensate, RSC, Rydberg
Schrödinger cat, NVD, nitrogen-vacancy center in diamond, RFNVD, radiofrequency NVD, FCNVD, NVD with flux concentrators, YIG, yttrium iron garnet, GMR, giant magnetoresistance sensor, GRA, graphene, PAFG, parallel gating fluxgate, MFM, magnetic force microscope, WGM, whispering-gallery mode
magnetostrictive. The number on each symbol denotes the citation of the reference for each reported sensor technology which can be found in the conducted
survey. Reprinted from Ref.[235] with permission of American Physical Society.
in a clean room environment. Attention must be paid in all the manufacturing steps that
the sensitive surface of the wafer is not damaged. As indicated previously, the modulationdoped 2DEG GaAs/AlGaAs heterostructure wafer used in this procedure was grown by MBE
technique and kindly provided by Dr. Jürgen Weis (Max Planck Institute for Solid State Research, Stuttgart, Germany). The sandwich structure is depicted in Fig. 3.2.1 (c), and it can
be noticed that the 2DEG sensitive layer is buried 70 nm below the surface. The following
section will describe the standard fabrication steps.

Sample cutting and cleaning
The sample size was chosen to be 6×5 mm2 owing to the limitations imposed by the size of
the wafer holder as well as the mounting stage of the complete device inside the cryogenic
system. In the initial stages, the wafer was cut with special care using a diamond scriber
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µ-Hall sensor fabrication steps
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Figure 3.7.1: Full chart for fabrication processes of a micro-Hall sensor: The fabrication steps
involves five preparation phases according to their purpose [236]. It should be
mentioned that at the beginning, the wafer is cleaned in Acetone, Isopropanol
and DI water, within each 20 s in an ultrasonic bath, respectively. Later, within
some steps, the necessary cleaning procedure is accomplished in Isopropanol
and dried with N2 stream only to avoid breaking up the wafer with ultrasonic
bath.
through making a slight scratch along the crystalline direction and then flipped over a lens
tissue to apply gentle pressure on the backside by rolling a glass rod. Subsequently, filtered
ultra-high-purity N2 was used to blow away any contaminations, small pieces of the wafer
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material due to the cutting process. Following that, the cleaning process was achieved in
glass beakers, each filled with Aceton, Isopropanol, and deionized water to prevent crosscontamination. An ultrasonic cleaner was used to clean the wafer in each solution for about
20 s, respectively. It should be mentioned that the N2 stream was employed after each
cleaning step. Following these exact cleaning steps is only prerequisite before the first UV
lithography step of the main structure (Hall cross array).

Hall cross array
The schematic diagram of the fabrication process for the Hall crosses is illustrated in Fig.
3.7.3. Prior to the patterning process with photolithography, the cleaned wafer was fixed
on a cover glass substrate for better handling. For this purpose, few drops of a positive
photoresist (Ar-U 4060, Allresist company) were injected on the side of the wafer to cover
the backside, followed by hard baking of the wafer at T = 110◦ C on a heating plate for
approximately 30 min to ensure fixing the wafer on the slide firmly. Next, a spin coating
process was achieved by applying drops of the positive photoresist on the substrate surface
followed by spinning at high speed 5500 revolutions per minute within t = 40 s. After that,
soft baking was performed at T = 94◦ C for 2 min to evaporate the residual solvent and
anneal the mechanical stress. The UV exposure ordinarily used in the patterning process,
was carried out in a mask aligner (MA 45 Karl Süss) using a chromium-silica photomask
layout (see Fig. 3.7.2) with an exposure dose of D ≈ 50 mJ/cm2 [237]. The time for this
process was directly calculated from the time control of the machine. It should be mentioned
that the ideal process parameters were previously determined by means of some GaAs test
pieces. However, they are subjected to change as a consequence of the ageing process of the
used chemicals (the photoresist and the developer) alongside with the diminishing exposure
strength of the mercury vapour lamp. After the exposure process, the patterned wafer was
transferred into a dilute developer (AR300-26, in a ratio 1:5 with DI water) in Petri dish for
roughly 25 s and then directly stopped into DI water. The correct time to stop the development process depends on the inspection by the naked eyes, whether the previously exposed
areas were completely detached or not. Following this, a post-development inspection was
carried out under the optical microscope to ensure a correct patterning of the Hall crosses.
Later, a hard-bake of the photoresist was accomplished on the hot plate for 5 − 10 min at
T = 110◦ C in order to increase the thermal, chemical, and physical stability of the developed
resist structures for subsequent processes, such as a wet-chemical etching.
The process by which permanently transferring the pattern into the wafer material, restricting
the 2DEG area to a specific geometry in the plane, is called a wet-chemical etching. It was
performed by using pre-calibrated master etching solution consisting of H2 SO4 : H2 O2 :H2 O
in ratio 1:8:40 diluted in 400 ml DI-water. The calibration process was achieved by varying
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the etching time to obtain different depths on test samples of GaAs, and then the scanning
force microscopy (AFM) was used to measure the etching depth. For current work, the
etching rate was approximately 2 nm/s and the target etching depth was 50-60 nm. The latter
depends on the distance of the buried 2DEG in the heterostructure wafer from the surface.
For wide Hall crosses, "deep mesa confinement" is employed to etch below the 2DEG layer,
limiting the lateral extent of the AlGaAs/GaAs which might lead to edge depletion from the
two etched sides and hence making the narrow channels insulating [238, 239, 240]. On the
other hand, "shallow-mesa depletion" is widely used to etch only a thin layer of the AlGaAs
above the 2DEG layer. Such a process is already sufficient to suppress the conductivity to
the 2DEG plane [210, 186, 241, 242]. The uniform etching process takes place only in the
developed areas. Before that, the wafer was cleaned in an expanded tabletop oxygen plasma
cleaner (Harrick Plasma company) for a short time to remove any chemicals left from the
development process. Then, the wafer was etched and left for a few hours in Acetone to
strip off the resist. Following this, the wafer was rinsed with Isopropanol before drying it
with the N2 stream. Eventually, the etching depth was checked with AFM before any further
processing. Figure 3.7.4 shows AFM scans of etched 2DEG GaAs/AlGaAs structure with
∼10 × 10 µm2 Hall cross size.

~ 6 mm
500 µm

Wafer

~ 5 mm

Mask

W

W

Figure 3.7.2: Wafer dimensions and a proper mask layout used in photolithography process: Illustration of the wafer dimensions and the mask layout consisting of six
identical Hall crosses with the leads and the contact areas. The 2DEG is limited
to the mask region after etching. The feature size of the Hall cross is represented
by the dimension W. Adapted from [236].
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Photoresist

a

2DEG
6 mm

Hall crosses
mask

b

5 mm

UV

500 µm

c
Top-view

10 µm

d
Developed wafer with six identical micro-Hall crosses

Etching solution: H2SO4 , H2O2

e

Figure 3.7.3: Fabrication steps of the Hall crosses: (a) Spin-coated layer on the wafer. (b)
Photolithography. (c) Chemical development. (d) Etching process. (e) Finished
etched wafer ready for contacts fabrication.

Planar contacts
After structuring the Hall crosses, the next step in the the sensor fabrication was the preparation of planar contacts to obtain an electronic connection from the wafer surface to the
underlying 2DEG and to serve as voltage probes for the measurements. This is schematically
shown in Fig. 3.7.5. It should be mentioned that the contacts with a planar geometry are
necessary for precise Hall measurements later on the magnetic nanostructures and therefore,
special care should be taken while fabricating them. The contacts areas were firstly patterned
by repeating the same photolithography steps achieved for the Hall crosses mentioned in
Sec. 3.7. However, the positive lift-off photoresist used here was AR-P 5350 from Allresist
company. The wafer was spin-coated at speed 5500 revolutions per minute within t = 40 s.
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a

b

10

µm

10
µm

Figure 3.7.4: AFM images of the etched 2DEG GaAs/AlGaAs Hall structure: (a) Two ∼10 ×
10 µm2 Hall crosses. (b) 3D image revealing the depth of the etched structure.

Then, it was softly backed at T = 110◦ C for 4 min. The alignment and the UV exposure steps
were performed with the same mask aligner machine used for the Hall crosses. Also, the
mask used in the lithography process has a proper designed pattern for the contacts. The
exposure was accomplished at dose D ≈ 70 mJ/cm2 [237]. Subsequently, the patterned wafer
was transferred into a dilute developer (AR300-26, in the ratio 1:7 with DI water) in a Petri
dish for 25 s and then directly stopped into the DI water. Following this, for reproducible
and reliable contacts, the developed areas were cleaned by the following routine reported in
[243, 244, 236]. In this routine, the wafer was: (1) cleaned into the oxygen plasma cleaner for
t = 2 min to remove any remaining resist on the surface of the contacts areas, (2) dipped into
SemicoClean 23 solution (Furuuchi Chemical Corporation) for t = 2 min, (3) rinsed with DI
water for t = 5 s before (4) exposing it to HCl (30%) solution for t = 5 s and again rinsed with
DI water for t ≈ 1 s. Following that, the wafer was dried by the N2 stream and immediately
transferred to a thermal evaporator (Edwards AUTO 306) chamber.
Electrically contacting the 2DEG embedded in GaAs/AlGaAs heterostructures is crucial not
only for technical applications as in electronic and optoelectronic devices but also for various
aspects of basic research as in quantum Hall effect measurements [245]. A series of studies
have been conducted in this field, particularly, realizing and investigating Au/Ge/Ni alloyed
ohmic contacts [244, 246, 247, 248, 249, 250]. Au and Ge together (as a first layer) tend to
behave as a eutectic alloy in the weight ratio of 88%Au:12%Ge (Kurt J. Lesker company).
Ni (as a second layer) is of critical importance to affect both contacts resistance and their
reproducibility as it acts as kind of catalyst in the chemical formation of the ohmic contact
enhancing the diffusion of Ge into the surrounding GaAs/AlGaAs heterostructure down to
the 2DEG plane and making exceptional electrical contact. Additionally, it was observed
that Ni provides a high quality of surface morphology and contributes to overcoming the
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so-called balling-up process (separated islands) in the contacts layer [251]. The contacts
recipe adapted in this thesis was from [244, 236]. The evaporated metal layer thickness is
scaled by an empirical scaling factor s = (D + 30 nm)/110 nm where D is the depth of the
2DEG embedded into the heterostructure ensuring enough available metal that can deeply
penetrate. Therefore, for the current used wafer with D = 70 nm, dAuGe and dNi equal
145.45 nm and 40 nm, respectively. The AuGe alloy was thermally evaporated as a first layer
in a high vacuum condition (∼ 10−7 mbar) followed by Ni layer without breaking down the
vacuum. After that, a lift-off procedure was undertaken in Acetone by which removing the
metal layers in all areas excluding the contact pads. Also, a syringe was used to forcibly
speeding up the process. Next, the sample was rinsed with Isopropanol and dried with
the N2 stream. Further, the wafer was momentarily transported into a diffusion furnace
before performing the alloying treatment, which was carried out under forming gas N2 /H2
condition to avoid any oxidation process. It comprises the following steps, see Fig. 3.7.5 (h):
(1) quickly heating the sample to 370 ◦ C and holding for 120 s, (2) heating up to 420 ◦ C and
holding for 50 s before (3) quenching down to the room temperature. To expedite the cooling
process, the wafer was under a continuous gas flow with constant pressure. Figure 3.7.5 (i)
shows a microscopic image of the annealed contacts. The next step was the fabrication of the
extended contacts.
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Figure 3.7.5: Fabrication steps of planer contacts: (a) Spin-coated layer. (b) Photolithography. (c) Chemical development. (d) Deep cleaning of developed contacts.
(e) Thermally evaporated layers of AuGe alloy and Ni metals. (f) Lift-off process. (g) Finished planar contacts and (h) Alloying sequence of the evaporated
metallic layers. (i) Microscopic image taken directly after the alloying process
revealing the annealed contacts.
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Extended planar contacts
The extended contacts are beneficial in case of contacting wires to the device employing an
ultrasonic bonding machine as well as to avoid damaging the annealed regions of the planar
contacts. In like manner to produce the planar contacts, the extended contacts were fabricated
by another photolithography process using a certain mask layout designed for that purpose.
After defining the extended contacts, two metallic layers: Cr (5 nm) as a first wetting layer
and Au (200 nm) as a second layer, were thermally evaporated onto the developed areas, see
the complete steps illustrated in Fig. 3.7.6. Next section briefly demonstrates producing a
top-gate layer of the sensor.
Top-gate
The top-gate layer was defined employing the corresponding fabrication steps described
above. The major advantages of this layer are not only controlling the properties of the 2DEG
embedded in the device such as the charge carrier density n and the mobility µ but also serving
as a substrate for the magnetic samples. It was fabricated with another photolithography
step using a specific mask layout. After developing the wafer, two metallic layers: Cr (5 nm)
as a first wetting layer and Au (40 nm) as a second thin layer, were thermally evaporated
on top of the device before the lift-off process. The accomplished procedure is schematically
represented in Fig. 3.7.7. The sensor was then prepared for the wiring process and fixing it
on the holder.
Wiring
To prepare the sensor for the next Hall measurements at different temperatures, the device
should be electrically contacted by gold wires on a standard 14-pin socket made from copper
which can properly fit into holders of various cryogenic systems. Gold wires (Ø 25 µm)
were carefully bonded to the extended contacts using ultrasonic bonding machine. Next, the
device with the bonded wires was fixed onto the copper block using GE-Varnish. Finally, the
gold wires were conveniently connected to the 14-pin socket using some conductive silver
paste under the optical microscope. Furthermore, the sensor was left at the fabrication room
overnight to dry out the silver paste before conducting any electrical transport measurements.
Figure 3.7.8 shows the final product of the micro-Hall sensor prepared for the required
measurements. What follows is an account of the characterization of the micro-Hall sensor.

3.8 Micro-Hall sensor characterization
Before employing the micro-Hall sensors for subsequent magneto-transport measurements
on various samples, the device should be characterized at room temperature and in a cryostat
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Figure 3.7.6: Fabrication steps of extended planar contacts: (a) Spin-coated wafer. (b) Photolithography. (c) Chemical development. (d) Evaporated layers of Cr and Au
metals. (e) Lift-off process. (f) Finished extended planar contacts. (g) Microscopic image showing the extended contacts (yellow arrow).
at low temperatures with the ability to test it under an applied magnetic field. This section
attempts to discuss the characterization procedure of the micro-Hall sensor.

Characterization at room temperature
Before employing the sensor for a specific task, it should be characterized at room temperature
by measuring the I-V characteristics using DC two or four-point measurements (see Fig. 3.8.1
(a) and (b)) with a source meter instrument (Keithley 2400), simultaneously sourcing and
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Figure 3.7.7: Fabrication steps of top-gate layer: (a) Spin-coated wafer. (b) Photolithography.
(c) Chemical development. (d) Evaporated layers of Cr and Au metals. (e) Liftoff process. (f) Finished extended planar contacts. (g) Microscopic image taken
directly after evaporating Au layer showing the top-gate (yellow arrow).

measuring. The appropriately applied current is in the range I = 1 − 5 µm. Because of the
sensor sensitivity to light, achieving the measurements at dark environment by covering the
device with a box is recommended. The sensor can also be characterized by AC measurements
using a lock-in amplifier device (SR830), as shown in Fig. 3.8.1 (c). It is also recommended
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Figure 3.7.8: Contacted micro-Hall sensor: (a) Schematic depicting the final product of the
device. (b) Anatomy of one Hall cross. (c) Image showing the finished microHall sensor fixed on the copper block and contacted to the 14-pin socket with
gold wires.

that the top-gate covering the whole crosses is grounded to a defined potential to reduce
the charge carrier fluctuations and uncertainty of the measurements since it strongly affects
the local density of the electron gas. According to that, a DC source meter (YOKOGAWA
7651), was utilized for that purpose where the positive and negative probes are contacted
to the top-gate and one of the sensor contacts, respectively. Alternatively, it can only be
connected to one of the sensor contacts. The functional contacts typically should show
a linear I-V characteristics. For instance, a typical voltage value measured between two
neighbouring contacts at room temperature was approximately 5.5 mV at 1 µA and doubled
with the distance.
a
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Figure 3.8.1: I-V characteristic curves measurement setups: (a) DC two-point. (b) DC fourpoint. (c) AC four-point measurement using SR830 Lock-in device.
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Characterization at lower temperatures
Testing the performance of the Hall devices in a wide magnetic field and temperature range,
particularly, optimizing for T .100 K, is of great importance for the high-resolution magnetometry measurements. To characterize the micro-Hall sensor at lower temperatures, the
device was loaded into a cryogenic system, and the resistance of the contacts was measured
utilizing lock-in four-point resistance measurement setup during the cooling process from
room temperature down to T = 10 K. Figure 3.8.2 (a) shows characteristic cooling down
curves of a 3 × 3 µm2 Hall sensor. Regardless of the Hall cross size, the resistance curve of
a functional device should show a behaviour where there is a steep decline in the resistance
before levelling off at very low temperatures. It can be seen that the strong temperature
dependence of the resistance occurs during the cooling process until T = 75 K. Below that,
the behaviour is weak, which is the optimal working range of the sensor. Moreover, some devices show a slight increase (maxima) in the resistance at the early stages of the cooling down
process (curves not shown here). This behaviour can be understood that the semiconducting
material becomes increasingly insulating at the beginning before the metallic behaviour of
the 2DEG starts to dominate [236]. It has been observed that below about T = 100 K, the
carrier concentration n is essentially constant implying the complete dominance of the 2DEG
conduction in this regime, and very high mobilities µ can be achieved [230], supporting
earlier studies [252, 253, 254].
Another characteristic behaviour is the Hall effect which is typically linear, and its slope
depends on the installation direction of the sensor inside the cryostat, i.e., the direction of
the applied magnetic field. Figure 3.8.2 (b) demonstrates characteristic Hall effect curves at
T = 10 K of the corresponding device for two crosses a and b. The curves represent the maximum Hall signal; the field is applied perpendicular to the sensor plane (θ = 0◦ ). Changing
the angle of the externally applied field is of great importance to assess the angular dependence of the magnetization reversal of the studied 3D magnetic nanostructures which will
be discussed in detail in Ch. 4 and 5. Figure 3.8.3 (a) reveals angular Hall effect behaviour of
3 × 3 µm2 Hall device where the slope of the signal systematically decreases with increasing
the angle of the applied field, i.e., approaching parallel direction (the field parallel to the
2DEG). The angle of the applied field is determined at each position, depending on the first
maximum signal observed at θ = 0◦ . It can be seen in Fig. 3.8.3 (b) that the signal follows a
cosine function VH = Vmax cos(θ). The measured and calculated angles of the applied field
should be comparable, thereby ensuring the hysteresis loop measurement conducted at the
required angle.
Further characterization of the device involves investigating its fluctuation properties, in
particular, the energetic signature of 1/ f noise level. The noise properties of the micro-Hall
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devices have been comprehensively investigated in [148, 230]. According to F.N. Hooge [255],
as the active area of the Hall sensor decreases, specifically, for submicron Hall structures, the
noise level increases. Their temperature- and frequency-dependence are predominantly
attributed to thermally-activated switching processes of deep donor levels (DX centres) that
are weakly coupled to the 2DEG layer. These investigations provide a better knowledge
of enhancing the quality and reliability of the micro-Hall devices as well as wafer growth
parameters.
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Figure 3.8.2: Resistance and Hall effect curves of 3 × 3 µm2 micro-Hall sensor: (a) Simultaneous resistance measurement performed during the cooling down process of
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3.9 Cryostat and low-temperature measurements
As mentioned before, the optimal performance of the the micro-Hall devices is mostly at T
.100 K. Therefore, most of the magneto-transport measurements presented in the work of
this thesis were achieved at low temperature inside a highly vacuum-insulated container, a
so-called cryostat. It is fundamentally equipped with highly combined sensitive electronics
required for measurements of this nature. The most common is liquid helium-4 with boiling
point 4.5 K. The cryogenic systems can be categorized into both bath and continuous flow
cryostats. The former usually has a large superconducting magnet and self-contained reser-
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to the 2DEG (sensor plane) and vice versa at θ = 90◦ . (b) Measured and calculated angles of the applied field versus Hall signal where θ = 0◦ determined
from the maximum Hall response that is used to estimate other angles. Clearly,
both show a cosine function behaviour with comparable values.

voir that is enough for a convenient period of operation. The latter can be fitted into a small
space, e.g., on a laboratory scale, and remotely fed with cryogen through a transfer tube.
Both types are shielded from room temperature radiation by a cooled shield, mostly using
multi-layer superinsulation, many thin layers of low emissivity material in the vacuum space.
The vacuum space inside allows a very good thermal insulation. Therefore, the helium is
held effectively, boiling up and cooling down the thermal shields outside the bath.
The bath cryogenic system utilized in the work of this thesis is Janis cryostat equipped with a
superconducting solenoid essentially free of magnetic flux jumps and rotating sample holder,
depicted in Fig. 3.9.1. Its cryogen atmosphere is Helium-4 with volume approximately
36 inches. The cooling power of the He4 enables accessing a temperature range between
4.2 K and 300 K. This is controlled by a provided heater near the mounted sample, which is
usually guided by a proportional-integral-derivative (PID) temperature controller. There is
an internal vacuum chamber (IVC) surrounded by the helium reservoir. Inside this chamber,
the sample is mounted and thermally coupled with the bath by means of introducing a
controlled amount of He exchange gas, and hence providing a good temperature stability.
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Figure 3.9.1: Schematic representation of a bath cryostat depicting Janis instrument model
HE-3-SSV: The sample (S) is mounted inside an internal vacuum chamber (IVC)
surrounded by the helium reservoir. Left image: The micro-Hall sensor sitting
on the rotating sample holder is fixed on a yoke geometry, and its direction is
conveniently controlled by an outside knob.

3.10 Magnetic measurements setups
The experiments throughout this thesis are based on the micro-Hall magnetometry technique
employing the electronic readout of a high-resolution micron-sized Hall sensor with an array
of six nominally equivalent crosses, see Fig. 3.7.8 (c). On top of the crosses, the magnetic
nanostructures are grown and later the device is mounted inside the cryostat. Two sorts of
magneto-transport measurements were conducted in this work: magnetic hysteresis loop
characterization of two generations of FEBID-prepared CoFe nanostructures reported in
Ch. 4 and Ch. 5 and characterization of low-frequency magnetic flux noise associated with
detected magnetization fluctuations employing another measurement setup. The magnetic
field is externally applied at an angle θ covering a range ≈ ±100◦ facilitated by the rotating
sample holder.

52

3.10. Magnetic measurements setups
Hysteresis loop measurement setup
The hysteresis loop measurements were performed with a lock-in amplifier (SR830, Stanford
Research Instruments) which uses digital signal processing (DSP). It measures very small
alternating current (AC) amplitudes and phases compared to a reference signal at a defined
frequency, e.g., f =13 Hz. The current through the amplifier is defined by Ohm‘s law I = V/R
using a high limiting resistor of R ≈ 1 MΩ compared to a relatively small resistance of the
sensor.
The measurement setup shown in Fig. 3.10.1 (a), is chosen when the externally applied
field Hext is parallel to the sensor plane (θ = 90◦ ) and the current is longitudinally applied.
Therefore, the detected signal is immune to the background contribution of the field. The
transverse Hall response in each targeted cross is simultaneously measured with multiple
lock-in amplifiers. The hysteresis loop data for the magnetic crosses (No.1 and No.2) is later
deduced by subtracting the measured Hall voltage from the empty cross (No.3). The benefit
of this setup is that it is particularly convenient to measure the signal of multiple crosses with
various magnetic samples concurrently.
On the other hand, if the external field Hext is applied at an angle θ with respect to the sensor
plane, it exceedingly contributes to the measured Hall voltage. Therefore, the current can
be applied in the Hall crosses in two different directions to allow for the large Hall effect
background signal being linear in Hext to be in situ cancelled, so-called gradiometry setup
[148], see Fig. 3.10.1 (b). The opposite currents are transversely applied along the magnetic
(No.1 or No.2) and empty (No.3) crosses, whereas the Hall signal VH is longitudinally measured using one lock-in amplifier. A custom-built gradiometry box shown in the schematic
diagram allows to adjust both opposite currents by the small difference between the two Hall
signals, i.e., ∆VH ≈ 0, using two resistors R1 and R2 .

Magnetic flux noise setup
The dynamics of the domain walls oscillating in a magnetic field in nanosized systems is
a subject of practical importance and fundamental interest, providing information about
the reversal process. The work presented in this thesis is also related to measuring magnetic flux noise as a consequence of fluctuations in the magnetization of the studied 3D
magnetic nanostructures. The investigation was by recruiting the conceptual framework of
the micro-Hall magnetometry with a slightly different setup. The systematic low-frequency
Hall noise measurements involve magnetic field sweeping in small increments and detection of transverse Hall voltage fluctuations generated in the sensor plane. This is achieved
by employing a phase balanced gradiometry circuit, i.e., zero voltage offset, connected to a
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Figure 3.10.1: Schematic representation of the hysteresis loop and magnetic flux noise measurement setups based on micro-Hall magnetometry: (a) Basic setup in which
the external field is parallelly applied with respect to the sensor plane and the
transverse Hall response is measured along the magnetic (No.1 and No.2) and
empty (No.3) crosses. (b) Gradiometry measurement setup in which the external field is applied at an angle (θ) with respect to the sensor plane. In such
configuration, the background signal is eliminated by applying current in opposite directions along the magnetic (No.1 or No.2) and empty (No.3) crosses.
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AC gradiometry setup where the low-frequency noise is preamplified with
SR560 preamplifier and processed through SR785 signal analyzer. This setup
is employed when conducting measurements at different angles of the applied
field.

dynamic signal analyzer (SR785, Stanford Research Instruments) to process the preamplified
Hall signal passed through the SR830 lock-in device. The seven-terminal gradiometry setup
is depicted in Fig. 3.10.1 (c). It should be mentioned that this setup is not immune to external
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fluctuations, such as the measurement bath temperature. Later in Sec. 5.5, initial results on
magnetic flux noise will be presented. It will be shown that the first contribution to expect
is the intrinsic dominant 1/ f noise coming from the 2DEG GaAs/AlGaAs Hall device itself
(noise of an empty cross) as has been investigated in [148, 230]. However, clearer evidence of
high noise level as a consequence of fluctuations in the magnetization can be observed when
investigating the magnetic crosses.
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4 Multi-axial 3D Arrays of Nano-cubes and
Nano-trees
4.1 Introduction
Magnetic nanostructures exhibit some enhanced properties over their bulk counterparts.
They have many attractive applications in our day-to-day lives, particularly in magnetic
information storage. So far, many of the investigated systems have simple geometry such as
ferromagnetic nanoparticles [256, 257], nanowires [258] and artificial spin ice systems (singledomain 2D nanomagnets) [259]. From a fundamental point of view, they represent a unique
arena for testing theoretical models of magnetization reversal paving the way to understand
the switching scenario of more complex systems. In particular, when the geometry changes
to a three-dimensional (3D) arrangement, the magnetization is free to orientate itself in three
dimensions facilitated by additional degrees of freedom, allowing complex spin textures and
enabling the emergence of novel nanoscale magnetic phenomena. In the 3D structures, the
detailed mechanisms responsible for the magnetization reversal remain open for challenging
investigations.
In this chapter, investigations of 3D arrays of CoFe nanostructures grown as nano-cubes and
nano-trees, are presented. It begins by giving a brief overview of electron beam-induced
deposition (FEBID) as an advanced technique to grow free-form 3D magnetic nanostructures
followed by discussing their structural properties. Then, the temperature dependence of the
hysteresis loops and thermal dynamics of the corresponding structures are examined and
discussed. The remaining part of the chapter proceeds by comparing the angular dependence
of the hysteresis loops supported by both macrospin and micromagnetic simulations before
finishing off with further investigating the magnetization reversal process based on first-order
reversal curves (FORCs) measurements.

4.2 Synthesis of 3D magnetic nanostructures
Expanding the fabrication from 2D to 3D is certainly a promising direction to access new
magnetic phenomena and functionalities. Recent advancement in direct-write electron beaminduced deposition (FEBID) technique makes it the best equilibrium to make a leap into 3D
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geometry in terms of the achievable lateral resolution, simulation-assisted growth of complex
geometries and availability of ferromagnetic materials. The basic principle of this technique
is depicted in Fig. 4.2.1 where the focused electron beam irradiation is employed to decompose the precursor molecules delivered from a nearby gas-injection system. The molecules
dissociation is mostly triggered by low-energy electrons, i.e., the secondary electrons induced
by the primary electrons in addition to the backscattered ones. This method can be adapted
inside a scanning electron microscope (SEM) with the possibility of utilizing more than one
precursor gas injection channel. For a review on the recent development of FEBID, the reader
is referred to [7].
Within the scope of this thesis, the studied 3D CoFe nanostructures were grown by FEBID facility at the research group of Prof. Dr. Michael Huth, Institute of Physics , Goethe University
Frankfurt. The precursor materials used for high metal content deposits were HCo3 Fe(CO)12
and Me3 CpMePt(IV) (Me: methyl, Cp: cyclopentadienyl). More details can be found elsewhere [126]. The controlled deposition of 3D lattice structures was carried out inside a dual
beam SEM/FIB (FEI, Nova NanoLab 600) equipment provided with individual gas injection
systems (GIS) for each precursor and under base pressure of about 2 × 10−7 mbar. The crucible temperature of the GIS was set to 65◦ C for Co-Fe deposit. By means of capillary action
of 0.5 nm inner diameter and injectors angle 50◦ in close proximity to the focused e-beam,
the precursor was injected inside the vacuum chamber. The distance capillary-surface was
approximately 100 µm. The voltage and current of the e-beam were 20 keV and 13 pA,
respectively. Other optimized FEBID parameters were the dwell time for 3D growth set to 1
ms and pitches. The latter depends on the inclination angle of the magnetic elements of 3D
structures. More details about the growth routine are described in [13]. Figure 4.3.1 shows
SEM images that were taken directly after writing the 2×2 arrays of CoFe nano-cubes (a) and
nano-trees (d) onto the top Au gate of 5 × 5 µm2 GaAs/AlGaAs micro-Hall sensor crosses (g).
It can be seen that the grown structures have many connected magnetic elements with three
and four vertices.

4.3 Structural properties
The structural properties of the grown structures are related to chemical and crystallographic
characterizations. The chemical composition analysis was performed by growing the CoFe
nano-cubes on transmission electron microscopy (TEM) grid with special care to reproduce
the nano-cube geometry already written on top of the micro-Hall sensor. This step was essential for developing an appropriate micromagnetic simulation model. The microstructural
information from the TEM-bright field image (not shown here) reveals homogeneous nano-
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Figure 4.2.1: Schematic of focused electron beam induced deposition (FEBID): The focused
electron beam locally dissociates the precursor molecules delivered from a gas
injection system. In a direct approach, this technique can write 3D complex
systems with high-purity and resolution. This setup is inside a scanning electron
microscope (SEM), and the substrate shown here is the Au surface of the microHall sensor, specifically the active area of the cross. The process is performed at
room temperature. Left box illustrates the activities accompanying the growth
process. Depicted from [7].

granular structures that consist of nano-crystallites with average diameter d = (3 ± 0.5) nm.
Moreover, the chemical analysis from electron energy loss spectroscopy (EELS) and energydispersive X-ray spectroscopy (EDX) indicates that the atomic element concentration consists
of 64 at% metal, 32 at% oxygen and 4 at% carbon. The small carbon contribution was caused
by residual gases coming from a substantial amount of carbonyl of the precursor adsorbed
on the surface during the EDX analysis. The enhanced oxygen content comes from the postgrowth oxidation while handling the sample before TEM characterization. It is assumed that
the atomic element concentration may vary depending on the position of the scanning line of
TEM-EELS. The concentration profile plausibly suggests that [Co] and [Fe] content increases
exponentially from the surface to the centre of the nano-cube edge and vice versa for [O].
Such a chemical analysis is assumed to be true for the nano-trees as they have been grown at
the same environments. Also, the microstructural analysis postulates that the core consists
of a metallic α-Co3 Fe (ferromagnetic phase) surrounded by a metal-oxide sheath (ferrimagnetic spinel phase). More dedicated details regarding the growth routes, microstructural and
elemental properties can be found elsewhere [260, 261, 262].
The geometrical properties of the nano-cubes and nano-trees are also of importance to highlight. According to SEM images shown in Fig. 4.3.1, two growth aspects can be noticed.
Firstly, the beam energy used in the growth process determines the cross-section of different
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edges, and apparently they have an elliptical shape. The degree of eccentricity (e) depends
on the angle between the electron beam and the edge growth directions. For the pillars
(stems), by symmetry, (e) is equal to 0. As the tilt angle of the edges becomes larger, (e) will
grow, i.e., high beam energy leads to larger (e), and the primary electrons penetration depth
exceeds the edge diameter. Secondly, it can be seen that there is a non-symmetric reduction
in the cross-section of the tilted edges connected to the stems, most pronounced at the lowest
position of the junction between the edge and the stem. It becomes stationary as the growth
of the edges is completed, see Fig. 4.3.1 (c) and (f). Moreover, it is assumed that the slight
e-beam deflection was caused by a stray field emanating from the stems. This effect becomes
negligible as the growth of the edges is completed. These geometrical effects are noticeable
for both geometries. For more details about the other than magnetic properties of the studied
structures, the reader is referred to [13].

4.4 Magnetic characterization
The lens of this section focuses on investigating the FEBID-grown CoFe nano-cubes and nanotrees by means of micro-Hall magnetometry measurements (see Fig. 4.3.1 (g)) supported by
macrospin and micromagnetic simulations. First, the experimental results in relation to the
temperature dependence of the hysteresis loops followed by thermal dynamics studies, are
presented and described in detail. Then, a full account of the angle-dependent magnetization
switching is examined and compared to both macrospin and micromagnetic simulations.
Finally, to gain further insights into the observed magnetic reversal processes, first-order
reversal curve (FORC) measurements supported by macrospin simulations are evaluated.

4.4.1 Temperature dependence of magnetization switching
The systematic temperature dependence of the hysteresis loops measured for the nano-cubes
and nano-trees are compared in Fig. 4.4.1 as RH ≡ VH /I ∝ hBz i vs. µ0 Hext . They were measured between T = 20 K and T = 60 K at a field orientation perpendicular to the sensor plane
(θ = 0◦ ), i.e., parallel to the stems of the structures. For nano-cubes, see Fig. 4.4.1 (a), there are
step-like transitions in the stray field response upon changing the magnitude of the externally
applied field, attributed to complex magnetic reversal mechanisms. At lower temperatures,
e.g., T = 20 K and T = 25 K, one can see that the hysteresis loops have a pronounced S-shape
with rounded shoulders and a slight opening which starts to grow at higher fields. This
behaviour is diminished at higher temperatures, e.g., T = 60 K, systematically reducing the
total width (coercivity) of the hysteresis loops, see the light blue arrows on Fig. 4.4.1 (a).
A quantitative analysis of the temperature dependence of the switching field (coercivity)
and the magnitude of the measured stray field is accomplished by evaluating the area of the
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Reprinted from Ref.[12].
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hysteresis loop which is calculated by subtracting the up- from the down-sweep curves for
selected angles of both arrays, see Fig. 4.4.1 (b). The most apparent finding from this analysis
is that the area curves for the nano-cubes and nano-trees have triangular peak-like and square
shapes, respectively. In essence, the geometric configurations of both structures consist of
elongated nanoscale magnets arranged and diversified into stems and many branches with
vertices, imposing easy-axis magnetization components parallel to the externally applied
field. An implication of this is the possibility that for the nano-cubes, the stray field coupling
at the junctions (three-branches vertices) leads to step-wise switching. Nevertheless, for the
nano-trees, this could be a major factor, if not the only one, causing gradual rotation of the
magnetization vectors before a sharp switching process that occurs comprising a considerable magnetic volume of the sample.
In further investigations of the area curves, one can determine the temperature dependence
of the coercivity and the remanence, see Fig. 4.4.1 (c). The former and latter are evaluated
by taking half the value of the full-width-at-half-maximum and the zero-applied field value,
respectively. It can be seen that the nano-trees with the triangular peak-like shape hysteresis
loops yield considerably larger coercive fields than the nano-cubes. There is a small but
significant decrease in the coercive field values for the nano-trees with increasing temperature.
Closer inspection of the curve shows that there is a marked decline at T = 30 K, i.e., a rounded
step highlighted by a shaded area which is more pronounced for the nano-cubes. It seems
possible that this behaviour is due to the change in the anisotropy of the magnetic elements.
Interestingly, at the same temperature, the remanence curves vs. temperature (right plot) for
both geometries exhibit also a change in the slope. A comprehensive explanation for this
behaviour is not very clear. A study on arrays of nanometre-scale iron particles of cylindershaped has observed a similar behaviour [263]. The nano-cubes with their large magnetic
volume unveil notably higher remanence values than the nano-trees. It is apparent that the
trend shows a dramatic drop in the remanent stray field, reduced to almost half at T = 60 K.
Whereas, this behaviour shows a slight decrease levelling off at higher temperatures for the
nano-trees. These findings raise intriguing questions regarding the nature and extent of
energetically different equivalent magnetization states occupying the discrete energy levels
of the systems. In general, therefore, it seems that the number of these states is much larger
for the nano-cubes than the nano-trees. It is possible to hypothesise that these configurations
of the accessible energy levels relatively are close in energy and excited (demagnetized) states
with smaller perpendicular stray field vectors are thermally populated.
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Figure 4.4.1: Temperature dependence of magnetization switching: (a) Hysteresis loops of
the nano-cubes revealing a systematic temperature dependence. Lower inset
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Reprinted from Ref.[12].

Thermal dynamics
Thermal activation of various magnetic nanostructures is being studied and present in all
stages of the development of magnetism. It is relevant for the magnetic stability, which may
allow following the thermal evolution of a multitude of different Ising-like real systems. For
the current studied CoFe nano-cubes, further examination of the temperature dependence of
the switching dynamics was achieved by following a temperature and field protocol inside
the bulk hysteresis loop, see Fig. 4.4.2 (a) and the labels A, B, C and D. It was examined by
preparing a state close to the occurrence of an expected switching event, e.g., µ0 Hext = 14 mT
inside the loop measured at T = 25 K and after the saturation at µ0 Hext = 200 mT (step B).
While keeping the external field constant, the sample was warmed up from T = 25 K to 40 K
while constantly monitoring its stray field (step C). Two distinct steps highlighted by arrows
1 and 2 were observed. After that, the system was cooled down from T = 40 K back to 25 K
at the same so-prepared state before subsequently completing the readout for the hysteresis
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loop (step D).
A further experimental investigation was proceeded by preparing the system multiple times
at event (1) highlighted by the red arrow at T = 30.866 K where the spontaneous transition
is expected to occur within an experimentally accessible timescale of a few minutes, see Fig.
4.4.2 (b). It is found that 40% of such time-dependent measurements (20 out of 50) show
switching to an energetically more favourable state within a timescale of 13 min, for instance,
see curves N and D on the plot. A likely explanation is that such transitions could be attributed to the switching process in which it might be possible that more than one magnetic
elements might be involved. Such a systematic behaviour was previously addressed on
FEBID-fabricated single Co nanoelements and 2D nanocluster as a building block of artificial
square spin ice (an ensemble of twelve Co nanoelements) [11, 264]. It was observed that for
the former, the switching process appears to show a complex scenario. The latter exhibits different paths of stable microstate configurations that are accessible during the magnetization
reversal process. These findings, while preliminary, may help to fundamentally understand
the dynamical properties and provide a useful framework for describing the magnetization
processes.
Further analysis is concerned with examining the so-called survival function P(t) which
describes the occupation number of the states, i.e., the probability of still finding the system
in the prepared state at a certain time t. It was obtained by a relatively small ensemble of 50
preparations of the event (1) within the observed switching time (13 min). The results are
presented in Fig. 4.4.2 (c) where P(t) of the thermally unstable corresponding state is reduced
by 1/50 of each observed switching behaviour. There is a clear trend of an expected dramatic
reduction of the probability of finding the system in the prepared state. During the observed
process, it might be assumed that more than one of the magnetic elements with different spin
texture may be involved in the switching process over the energy barrier variations of different
microstates. It is noticeable that there is an approximately similar reduction in the stray field
for each transition of the microstates. While this behaviour seems to be as expected, such
a simple analytical approximation fails to be consistent with the Néel-Brown model which
describes a single-energy barrier or complex energy landscapes under thermal perturbation
[265, 266]. This inconsistency may be due to the geometrical and microstructural properties
of the 3D nano-cubes. The latter have metal-core/oxide-shell structure which is expected to
lead to rather a complex switching behaviour including the frustrated interaction effects and
the highly degenerate states which may occur between the magnetic elements during the
magnetization reversal process and thereby producing different energy barriers.
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Figure 4.4.2: Temperature dependence of switching dynamics measured at θ = 0◦ for the
nano-cubes: (a) Temperature and magnetic field protocol of a single switching
event within the hysteresis loop. A: Saturation of the sample at µ◦ Hext = −200 mT
and T=25 K. B: Preparing a state in close the occurrence of an expected switching
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observed highlighted by arrows (1) and (2). D: Cooling down the system from
T=40 K to T=25 K at the same so-prepared state and completing the readout for
the hysteresis loop. (b) Time dependence of a repeatedly prepared state being
thermally unstable at T=30.866 K for the event (1). (c) Survival function P(t)
describing the probability of still finding the system in the prepared state at a
certain time t for the corresponding event. Reprinted from Ref.[12].

4.4.2 Angular-dependent hysteresis loops
As mentioned before, the spin arrangement in 3D magnetic nanostructures can lead to a
complex switching panorama through the reversal process. In this context, varying the angle
of the applied field with respect to the 3D geometry provides an influential route to examine
the reversal process. In this section, the angular dependence of the magnetization reversal
for the studied 3D CoFe nano-cubes and nano-trees is investigated in detail and compared
to macrospin and micro-magnetic simulations. For the data recorded from the micro-Hall
magnetometry, the z-component of the stray field emanating from the samples, hBz i, is given
by the measured Hall voltage difference ∆VH =

1
ne IhBz i.

The magnetic measurements are

presented as RH ≡ VH /I ∝ hBz i as a reasonable approximation, see Sec. 3.5. More details
about the measurement setups are discussed in Sec. 3.10.
Hysteresis loops of nano-cubes
The geometry of the CoFe nano-cubes (many vertices connecting the edges and stem) can
lead to competing magnetic interactions. The latter induce non-trivial spatial magnetization
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profiles with complex spin texture and various symmetries. In the following, the hysteresis
loops measured by micro-Hall magnetometry at selected inclination angles of the external
magnetic field will be compared with the macrospin model and micromagnetic simulation.
The macrospin model is based on an idealized theoretical approach using single-dipole
macrospin (SDMS) [267]. In this model, the stem and edges are approximated by macrospins
and all the microscopic magnetization vectors point in the same direction and rotate collectively. Therefore, the shape anisotropy is not taken into account, and the system is modelled
by an additional uniaxial anisotropy. The positions of the SDMS are at the centre of magnetic
elements assuming a prolate spheroid structure with a homogeneous magnetization which is
well-described by the Stoner-Wohlfarth model[34]. The model is lattice-based and mesh-free
making it very efficient for computing the mutual dipolar interactions of stems and edges of
the studied structures on fast timescales, see [13] for more details and the parameters used.
Figure 4.4.3 presents selected experimental hysteresis loops compared with the macrospin
model performed by Prof. Dr. Christian Schröder at FH Bielefeld. At θ = 0◦ , the applied field
is perpendicular (along z-axis) and parallel to the stems of the nano-cubes. At this angle,
the magnetization reversal appears to proceed rather contentiously, and step-like events in
the stray field response can be observed. The macrospin model reveals that the hBz i upand down-sweep curves are accompanied by rotation of the stems macrospins while the
smaller steps are related to the flipping and canting of the edges macrospins. Although the
qualitative agreement is satisfying, the experimental hysteresis loop exhibits rounded curves
with a smaller area corresponding to the nonuniform spin texture of the dominated magnetic
elements. At θ = 45◦ , the model accords well with the experiment, replicating most of the
observed features. As mentioned before, the large and small steps noticed on the hysteresis
loop are related to the rotation of the stems macrospins, and the flipping of the edges spins,
respectively. The staircase-like loop indicates a large coercivity that is observed when the
direction of the edges spins is closer to the orientation of the applied field. Approaching
θ = 105◦ , the field is almost perpendicular to the stems, and therefore a more complex and
strongly pinched hysteresis loop is obtained. For the corresponding angle, the model unveils
a remarkable qualitative agreement with the measured loop. The additional snapshots below
the hysteresis loop in Fig. 4.4.3 show the magnetic configurations assigned to the observed
switching processes. Upon lowering the applied field from a negative saturation, all the
macrospins relax towards their anisotropy axes. Approaching µ0 Hext = 0 mT, the edges spins
are still not in their local minimum energy state but their total moment has a large component parallel to the applied field axis while the stems spins point upwards. A sudden fast
downward switching by 180◦ of the stems macrospins is detected upon approaching small
positive field values causing sharp peaks which are observed in both the simulated and measured loops. The notable difference between both loops is very likely attributed to the fact
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that the experimental hysteresis loop is obviously smeared out due to finite temperature and
more complex reversal processes than the coherent rotation assumed in the macrospin model
which is based on an idealized single domain particle. It seems to hold the possibility of
identifying the relevant switching scenarios that occur at different angles of the applied field.
What follows is an account of a comparison between the experiment and the micromagnetic
simulations.
Micromagnetic simulations are a valuable tool to increase our understanding of different
magnetic nanosystems by visualizing the magnetization reversal process on a microscopic
scale. Within the micromagnetic calculations employed for the corresponding structures, the
magnetization was approximated by a continuous vector field with a constant magnitude,
and the simulation performed at T = 0 K by numerically solving the Landau-Lifshitz equation. They have been conducted by considering full-metal deposits of Co3 Fe and choosing
reduced diameter values than the actual geometrical diameter revealed by the SEM and TEM
imaging. Therefore, a better favourable correspondence with the experiment was observed,
see [12] for more details. Next, the measurements supported by the corresponding micromagnetic simulations in a wide range of different angles of the externally applied magnetic
field with respect to the surface are presented.
The full account of the angle-dependent magnetic hysteresis loops of the nano-cubes is illustrated in Fig. 4.4.4 for the experiment and in Fig. 4.4.5 for the micromagnetic simulations
performed by Prof. Dr. Michael Huth, Institute of Physics , Goethe University Frankfurt. It
can be clearly seen that there is a systematic change of the characteristic step-like switching
behaviour with varying the field angle. As mentioned above, at θ = 0◦ , the stems of the
nano-cubes are in magnetically easy axis (in parallel direction to the applied field), and the
magnetization proceeds rather continuously with step-like events seen in the stray field response. The micromagnetic simulation replicates some of the features, see Fig. 4.4.6 where
the magnetization distribution is revealed at each indicated event. At µ0 Hext = −150 mT, the
magnetization has an almost uniform spin texture pointing downwards along the anisotropy
axes of the nano-cube stem and edges. Once the applied field is increased, vortex states start
to nucleate preponderantly along the stems and at the three-leg vertices of the edges with
curled magnetization along the edges, resulting in a slight opening of the hysteresis loop. At
the demagnetized state, vortex (curled) spin texture is a general pattern of all the magnetic
elements with downwards pointing magnetization vectors. Upon further increase in the external field to positive values, close to µ0 Hext = 0 mT, a large upward jump is noticeable in the
simulation analogous to the marked kink in the measured loop highlighted by a blue arrow
in Figs.4.4.4 and 4.4.5 for the corresponding angle. Such a feature is a consequence of simultaneous switching of three edges alongside with considerable curled magnetization states of
the stem and the other three edges. Further increase in the field, another substantial jump is
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recognized in the simulated curve as well as in the experiment, highlighted by a green arrow.
The possible source of this is related to switching the rest of the edges except two of them.
With a successive increase in the field, vortex states propagate along the elements before a
complete switching accompanied by aligning all the spins along their anisotropy axes at positive saturation (µ0 Hext = +150 mT), see Fig. 4.4.6. The most obvious finding to emerge from
that is the development of the vortex states nucleation, propagation and annihilation through
the edges and stem of the nano-cube. It is natural to see that the experiment has more rounded
loop than the simulated one while the essential features can still be observed. Interestingly,
a pronounced plateau starts to appear at some selected positive and negative angles of the
applied field before the final large positive switching event occurring in the up-sweep curves
of the experiment. This is clearly seen for the angles θ = +30◦ , +45◦ , +75◦ , +90◦ , −55◦ and
−60◦ , highlighted by green arrows in Fig. 4.4.4, which is also evidenced in the simulations in
Fig. 4.4.5. The latter also captures some other features like the wide opening of the hysteresis
loop, e.g., for θ = +30◦ , −55◦ . According to the simulated hysteresis loop of θ = +30◦ and
at rather large external field values, the reversal process is dominated by vortex states along
the three upper edges and their anisotropy in the direction of the field at a small angle. In the
ascending curve, the vortex spin texture retains stronger curling with large negative magnetization vectors in comparison to the descending one at the same field values. At θ = +45◦ ,
the anisotropy axis of four edges is almost in the direction of the applied field. The most
obvious feature is the crossing of the up- and down-sweep curves which is likely caused by
the difference in the different vortex states of the neighbouring edges parallel to the applied
field, reproduced by the simulation. Approaching higher angles starting at approximately
±75◦ , fundamentally different patterns of the loops with a pinching effect corresponding to
the broad maximum and minimum on the down- and up-sweeps are observed. The magnetic
switching behaviour, with its configurations from the micromagnetic simulation at θ = +75◦ ,
is revealed in 4.4.7. The multiple vortex structures caused by irreversible magnetization
jumps are obviously witnessed through all the magnetic elements at different field values.
Figure 4.4.8 compares the angular dependence of the remanence Br (θ) (a) and coercivity µ0 Hc
fields (b) for the measured and the micromagnetically simulated loops of the nano-cubes. The
remanence field was obtained by taking the stray field/magnetization value at µ0 Hext = 0 mT
while the coercivity was determined by evaluating the hysteresis loops area curves (up sweep
minus down sweep) and taking half the value of the full-width-at-half-maximum (FWHM).
There is a remarkable qualitative agreement between the experiment and the simulation
for both quantities. For instance, the measured Br (θ) two-fold symmetry on the polar plot
accords well with the micromagnetic simulation despite being slightly narrower. Also, the
coercivity field µ0 Hc appears consistent with the simulation despite revealing larger absolute
values. It seems that the observed coercivity is markedly lower at small angles and vice versa.
This can be attributed to multiple inhomogeneous vortex structures nucleating, propagating
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and annihilating along the edges and stem of the nano-cubes as discussed above.
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Figure 4.4.3: Hysteresis loops at selected angles of the external magnetic field for the nanocubes: The hysteresis loops from the micro-Hall magnetometry measured at
T = 30 K and from the macrospin model at T = 0 K. The x- and y-axes represent
the externally applied field µ0 Hext and the Hall resistance RH referring to the
stray field of the nano-cubes, respectively. For θ = 105◦ , the characteristic
switching features from the model are indicated by circles, and the additional
figures show the magnetic configurations assigned to the observed processes.
Black and red arrows point to the direction of field cycles.
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Figure 4.4.4: Experimental hysteresis loops dependence on the angle of the applied field
for the nano-cubes: The loops were measured by micro-Hall magnetometry at
T = 30 K. The x- and y-axes represent the applied field and Hall resistance at
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curves are highlighted by black and red arrows, respectively. Some characteristic
switching features are indicated by green and blue arrows. The stray field loops
at angles 0◦ , +45◦ and +105◦ are already illustrated in Fig. 4.4.3.

70

4.4. Magnetic characterization
Micromagnetic simulation

+100°

+75°
0.2

+90°
0.2

0.2

0.2

+105°

Hext

-300 -200 -100

0

100 200 300

-200 -100

0

100

-200 -100

200

100

200

-200 -100

0

100

200

0

50 100 150

+15°

-200 -100

0

100

200

0

100 200 300 -300 -200 -100

0

100 200 300 -150 -100 -50

-30°

-15°

-55°

0.2

0.2

0.2

0°

0.2

0.2

-300 -200 -100

0.2

Bz(mT)

0.2

0.2

+60°

0

+30°

+45°

Hext

-150 -100 -50

0

50 100 150 -150 -100 -50

50 100 150 -200

-100

0

100

200 -200

-100

0

100

-85°
0.2

0.2

-75°

-300 -200 -100

0

0

100 200 300 -200

-100

0

100

200

μ0Hext(mT)

Figure 4.4.5: Simulated hysteresis loops dependence on the angle of the applied field for
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Figure 4.4.8: Angular dependence of the remanence Br (θ) and coercivity µ0 Hc fields for
the measured and simulated hysteresis loops of the nano-cubes and nanotrees: The remanence field is evaluated by taking the stray field/magnetization
value at µ0 Hext = 0 mT while the coercivity field is determined by evaluating the
hsyteresis loops area curves (up sweep minus down sweep) and taking half the
value of the full-width-at-half-maximum (FWHM). The polar plots are scaled to
the values at θ = 0◦ .

Hysteresis loops of nano-trees
Having discussed the angular dependence of the hysteresis loops for the nano-cubes, this
section focuses on the nano-trees as another geometry of interest. These structures also have
one stem and three edges connected by one vertex in a tetrahedral geometry. In order to
arrive at a picture of their magnetization switching, the hysteresis loops obtained from the
micro-Hall magnetometry will also be compared with the macrospin and micromagnetic
simulations at selected field orientations.
Firstly, a comparison with the macrospin hysteresis loops for the angles θ = 0◦ , −75◦ and
−90◦ , is presented in Fig. 4.4.9. It is apparent that there is a rich-variety of step-like events
dominated by the field orientation with respect to the stem and edges. At θ = 0◦ , the continuous progression of the stray field upon lowering the applied field from the saturation state
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implies a gradual rotation of the magnetization vectors before their switching comprising
the major part of the sample volume. This is qualitatively reproduced by the macrospin
model where the reversal process is accompanied by a gradual change in the magnetization
with a simultaneous upwards canting and rotation of the edge macrospins towards the field
orientation. This behaviour is followed by a sudden change in the magnetization attributed
to the fast switching of the stems spins, see the configuration of the magnetic moments in
the macrospin model in the lower panel of the hysteresis loop of the corresponding angle
in Fig. 4.4.9. At θ = −75◦ , the applied field is nearly parallel to one of the edges. The
hysteresis loop is markedly different narrowing at zero applied field and exhibiting a broad
minimum and maximum in the up- and down-sweep curves. This is partially reproduced by
the macrospin model, where only the broad minimum and maximum in the field cycle can be
observed. Thus, a more finely grained effective spin model would be suitable to replicate the
features, i.e., employing the micromagnetic simulation to consider the nonuniform reversal
mechanism of the spin texture. Approaching θ = −90◦ , the stray field hysteresis loop unveils
less pinched curves at zero applied field with sharper peaks in the up and down sweeps.
Noticeably, the macrospin model reproduces such features but with less pinching effect in
the middle. The pronounced peaks are related to the rotation of homogenous magnetization
vectors of the stems relative to the edges. At lower field values, the small kinks close to
the sharper peaks are due to oblique magnetization angles of the edges and stems. It is
obvious that the narrowing observed in the experiment over a wide range of external fields
at θ = −75◦ , −90◦ can not be reproduced with the macrospin model owing to the idealized
assumption of the homogeneous magnetization. Nevertheless, the micromagnetic simulation allows identifying the complex spin texture associated with the reversal process of the
corresponding structures which will be presented in the next paragraph.
The micromagnetic simulation results at selected angles of the applied field are shown in Fig.
4.4.11. At θ = 0◦ , the hysteresis loop exhibits a step-like behaviour displaying a reasonable
agreement with the experiment. It is apparent that the processes of magnetization reversal
occur via nucleating, propagating and annihilating of inhomogeneous vortex states through
the magnetic elements and the vertex of the nano-trees. This is illustrated in Fig. 4.4.12, which
shows marked positions of the magnetization states during the reversal process, unveiling
asymmetric vortices along the magnetic elements. At θ = −75◦ , the most relevant aspects, in
particular, the broad minimum and maximum as well as the narrowing at the zero applied
field, are well-reproduced in the simulation. When the external magnetic field is applied at
θ = −90◦ , the two sharp peaks (highlighted by green arrows) are also replicated taking place
at sufficiently different field values while the region corresponding to the slight kink in the
reversal process, is absent. In general, therefore, it seems that the aforementioned simulated
loops convincingly show a favourable agreement in terms of the shape and the coercive fields
with the measured ones. This is best exemplified in Fig. 4.4.8 which compares the angular
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dependence of the remanence Br (θ) (c) and coercivity µ0 Hc fields (d) for the measured and
micromagnetic simulated hysteresis loops for the nano-trees. It should be mentioned that the
noticeable observed variations are likely due to the fact that the micromagnetic simulations
were performed at T = 0 K while the experimental data were measured at T = 30 K, thereby
affecting the magnetization reversal mechanism.

-90°

-75°

0.02

0.05

Experiment
0.2 RH=VH /I (V/A)

0°

Hext

Hext

Hext

-75°

-90°

0.2

0.2
calc.<Bz> (103 μT)

Macrospin model

0.2

0°

μ0Hext(mT)

Figure 4.4.9: Hysteresis loops at selected angles of the external magnetic field for the nanotrees: The hysteresis loops from the micro-Hall magnetometry measured at
T = 30 K and from the macrospin model at T = 0 K. The x- and y-axes represent
the externally applied field µ0 Hext and the Hall resistance RH indicating the stray
field of the nano-cubes, respectively. For θ = 0◦ , the characteristic switching
features from the model are indicated by circles and the additional figures below
show the magnetic moments configurations assigned to the observed processes.
Black and red arrows point to the direction of the field cycle.
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Figure 4.4.10: Experimental hysteresis loops dependence on the angle of the applied field
for the nano-trees: The hysteresis loops were measured by the micro-Hall
magnetometry at T = 30 K. The x- and y-axes denote the applied external field
and Hall resistance at different scales, respectively, RH ≡ VH /I vs. µ0 Hext .
The down- and up-sweep curves are highlighted by black and red arrows,
respectively. Some characteristic switching features are indicated by green and
blue arrows. The stray field loops at the angles 0◦ , −75◦ and −90◦ are already
illustrated in Fig. 4.4.9.
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Figure 4.4.11: Simulated hysteresis loops dependence on the angle of the applied field for
the nano-trees: The hysteresis loops were simulated at T = 0 K. The x- and yaxes denote the applied external field and magnetic stray field at different scales,
respectively, hBz i vs. µ0 Hext . The down- and up-sweep curves are highlighted
by black and red arrows, respectively. Some characteristic switching features
are indicated by green and blue arrows.

4.4.3 First-order reversal curves (FORCs)
Identifying the intrinsic magnetic properties as well as the nature of interactions in many
magnetic systems is a challenging task that has been fundamental to the progress of nanomagnetism. In response to that, there has been an increasing interest in several advanced
characterization methods which have been introduced to study the ferromagnetic hysteresis
loop like the measurement of first-order reversal curves (FORCs) [268, 269]. This method exceptionally offers the possibility to provide detailed characterization and study the influence
of various effects taking place during the, often complex, magnetization reversal, which may
be inaccessible by just measuring the global hysteresis loop. Current research on FORC measurements recognizes its critical role to infer a phenomenological description of the switching
characteristics and its straightforward application to large ensembles of nanoscale magnetic
systems, such as nanoparticles and nanodots [269, 270, 271, 272], microdot arrays [273], patterned nanopiller arrays [274], nanowires [275, 276, 277, 278, 279], nanotubes [279] and GMR
devices [280]. However, due to the complexity of FORC diagrams, disclosing the magnetic
information contained in them is a persisting challenge. The applicability of this method for

77

4. Multi-axial 3D Arrays of Nano-cubes and Nano-trees
-10 mT

-65 mT

0 mT

10 mT

-87.5 mT

200 mT

0.2

-200 mT

Bz(mT)

θ=0°

-200

-100

0
100
μ0Hext(mT)

200
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the qualitative and quantitative analysis of the 3D nanomagnetic structures seems to be a
viable approach to probe the complex vectorial spin textures.
First-order reversal curve (FORC) diagrams are built from a set of partial magnetic hysteresis
loops known as first-order reversal curves. The FORC routine [268, 269] is schematically
represented in Fig. 4.4.13. The acquisition of the data begins by saturating the sample to a
large positive saturation field Hsat and then ramping down the field to a reversal value Hr .
The first FORC is obtained by tracing the magnetization as the applied field Ha is increased
back to saturation. This process is subsequently iterated for many values of approximately
evenly spaced Hr values, from Hr to Hsat . A Two-dimensional magnetization surface, M =
M(Hr ,Ha ) where Ha ≥Hr , is then obtained, and the FORC density ρ is calculated as mixed
second derivative of the magnetization data according to the following equation:
ρ(Hr , Ha ) ≡ −

1 ∂2 M(Hr , Ha )
.
2 ∂Hr ∂Ha

(4.1)

The FORC function ρ is a measure of the rate of irreversible change in the magnetization,
and it is zero when there is no hysteresis. For the purpose of presenting the FORC distribution, the results obtained from the measured data is conveniently represented by a rotated
coordinate system, the x-axis, representing the switching fields, given by Hc = (Ha − Hr )/2
and the y-axis, representing the interactions fields, given by Hu = (Ha + Hr )/2, see Fig. 4.4.13
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(c). The raw FORC data are processed with a suitable code (FORCinel) [281] that allows
for an effective smoothing, i.e., suppressing noise, and provides a broad range of qualitative
and quantitative information with data-correction tools. For the corresponding structures,
FORC distributions were analyzed with appropriate smoothing factors (SF) ranging from
6 to 10, see [281] for details. The specific objective of this section is to present FORC data
of the studied arrays of nano-cubes and nano-trees, employing the electronic readout of a
home-built micro-Hall sensor [282] supported by the macrospin simulation.
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Figure 4.4.13: Schematic representation of first-order reversal curves (FORCs): (a) Data
acquisition protocol. (b) FORC diagram represented in Hr and Ha axes. (b)
FORC distribution represented in Hc and Hu axes.

FORC diagrams of nano-cubes
Figure 4.4.14 shows the experimental FORCs family (a) and the corresponding FORC diagram (b) of the nano-cubes obtained at θ = 0◦ (the applied field perpendicular to the sensor
plane and parallel to the anisotropy axis of the nano-cubes stems). As has been highlighted
in Sec. 4.4.2, the step-wise events observed in the bulk hysteresis loops are dominated by
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the large magnetic volume of the nano-cubes consisting of many connected bistable rods,
enabling the emergence of complex vectorial spin textures. This can result in FORC signatures with high complexity. The corresponding FORC space unveils a central ridge feature
accompanied by circular loops of intensities forming around and closely attached to the
reversal side (µ0 Hc = 0), as shown in Fig. 4.4.14 (b). The central peak appears strong and
broad with asymmetric shape slightly offset to the µ0 Hu = 0 axis. Such a central feature
is a consequence of the magnetization switching of the dominant stems which are oriented
parallel to the applied field. A horizontal line scan at µ0 Hu = 0 shows that the coercive field
distribution is about µ0 HcFORC = 22.5 mT (see the back curve in Fig. 4.4.17 (a)) which is aphyst.

proximately equivalent to the coercivity of the major hysteresis loop µ0 Hc

= 22.1 mT. The

onset and endpoint of the central feature give it a stretched shape, which is likely understood
by the irreversible switching that is due to different orientations of the magnetic elements.
The shape of the coercivity distribution is likely attributed to multiple vortex nucleation
and annihilation states. Furthermore, the FORC distribution exhibits a predominant vertical
spreading (subsidiary overlapping peak-like features lined up vertically). Such a vertical
spreading reflects the value of the vortex nucleation and annihilation field distributions in
the nonuniformly magnetized edges as well as the interactions between the vortices of the
same or neighbouring edges. Quantitatively, such distributions can be deduced from the
FORC space by a vertical line projection and the full width at half maximum (FWHM), which
is approximately 33.3 mT, see Fig. 4.4.17 (b).
The experimental FORC data can be compared with the single-dipole macrospins (SDMS)
model data obtained at T=0 K, see Fig. 4.4.14 displaying the raw FORCs (c) and the corresponding diagram (d). It should be mentioned that this model merely assumes interacting
SDMS of the magnetic elements, i.e., reflecting the properties of simple Stoner-Wolfarth
particles [34]. The coupling between SDMS is induced by dipole-dipole interactions. This
idealized assumption with a homogeneous magnetization means that the FORC space results
in fewer features with narrow distribution on the central ridge. Therefore, the experimentally
observed complex FORC features originate from physical mechanisms beyond the capabilities of this model. In comparison to the experiment, it is obvious that the essential features
on the central ridge can be reproduced but are shifted further away from the reversal side.
The central ridge is peaked at negative and positive µ0 Hu values and coincides along the
horizontal line. The quantitative analysis of the coercive field distribution reveals that it is
roughly peaked at µ0 HcFORC = 29.94 mT which is comparable to the value obtained from the
major hysteresis loop, see the red curve in Fig. 4.4.17 (a). It is therefore likely that the distinct
features in the experiment with amplitudes larger than the simulated FORC space, should
be attributed to the switching of the nonuniformly magnetized edges and stems.
Changing the applied field angle with respect to the stem and edges to θ = 90◦ (paral-
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Figure 4.4.14: FORC of the nano-cubes at θ = 0◦ : Family of FORCs (a) and the corresponding
diagram (b) for the experiment. Family of FORCs (c) and the corresponding
diagram (d) for the simulation.

lel to the sensor plane and perpendicular to the stems) leads to a rich-variety of step-like
events noticeable in the FORCs, see Fig. 4.4.15 (a). Consequently, the corresponding signature appears more complex, as illustrated in Fig. 4.4.15 (b). The FORC space displays
superimposed prominent peak-like features that map on the upper and lower quadrants at a
distance from µ0 Hc = 0 mT beside weaker negative areas occurring at various positions. The
most pronounced features are the multiple circular peaks highlighted by the blue arrow (the
diagonal) in the upper and lower FORC space. Previous research on Co nanodots [270] has
experimentally demonstrated that the circular peaks can be a signature of magnetic vortex
states with distinct annihilation and nucleation paths. In other words, the magnetic vortices
can nucleate at a given field but not necessarily annihilate at the same absolute value along
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the ascending and descending FORC branches. Likewise, the circular peaks associated with
the current observed FORC distribution can offer evidence for such a behaviour. The geometrical design of the corresponding structures implies variations in the anisotropy axes of the
magnetic entities. It may be the case that these variations lead to a sequence of irreversible
intermediate magnetizations states in which multiple vortices tend to nucleate, propagate
and annihilate through the elements at different field values. This case is likely to offer a
possible explanation for the multiple peaks in the FORC diagram that are clearly seen shifted
at a distance from µ0 Hc = 0 mT towards higher coercivity values, see also the asymmetric
isolated peaks marked with C and M. In comparison to the FORC diagram at θ = 0◦ , the
coercive field distribution from the horizontal line scan is roughly peaked at a higher value
(µ0 HcFORC = 48 mT), see the black curve in Fig. 4.4.17 (c). The large shape asymmetry of the
structures mostly dominated by the stems is a significant contributory factor to the development of the inhomogeneous spin texture through the bistable rods. Another quite revealing
aspect to highlight is the vertically distributed asymmetric peaks, the connected two upper
and separated lower peaks of the diagonal which might indicate strong interaction effects of
multiple vortices.
The simulated FORC distribution for the corresponding selected angle, see Fig. 4.4.15 (d),
remarkably reproduces some of the essential features, however with lower peak intensity
sharing different positions than the experimentally observed ones. For instance, the diagonal
peaks are seemingly reproduced with the other sides features (C and M), however, with
lower peak intensity. As mentioned above, the FORC distribution of the SDMS simple reflects the properties of interacting idealized Stoner-Wolfarth particles, unlike the experiment.
Furthermore, the quantitative analysis of the coercivity and interaction distributions displays
a reasonable agreement between both, see Fig. 4.4.17 (c) and (d).

FORC diagrams of nano-trees
Figure 4.4.16 shows the experimental FORCs family (a) and the corresponding FORC diagram (b) of the nano-trees obtained at θ = 0◦ . What stands out in the FORC distribution is
that there is a dominant asymmetric fish-like positive central area that positions at a distance
from µ0 Hu along the horizontal axis. It is also accompanied by visible weak negative features. The horizontal line projection reveals that the characteristic central ridge is peaked at
µ0 HcFORC = 40 mT at µ0 Hu = 0 mT, see Fig. 4.4.17 (e). It is apparent that the broad horizontal
positive spread of the contours reflects a strong coercivity distribution analogous to a Gaussian distribution. As stated above, the magnetization reversal of the nano-trees develops by
inhomogeneous vortex states along the edges and the stems. The first to switch are the edges
before the reversal process of the stems which comprises a major part of the sample volume,
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Figure 4.4.15: FORC of the nano-cubes at θ = 90◦ : Family of FORCs (a) and the corresponding diagram (b) for the experiment. Family of FORCs (c) and the corresponding
diagram (d) for the simulation.

causing the sharp step in the major hysteresis loop, see Fig. 4.4.9 for θ = 0◦ . It is interesting
to note that there are two connected tails to the central ridge: z (shifted towards negative
µ0 Hu ) and p (shifted towards positive µ0 Hu ). It seems possible that such a vertical spreading
might be a diagnostic indicator for strong interaction effects reflecting the distribution of the
nucleation/annihilation fields. Further analysis of the vertical line scan at the coercivity peak
yields FWHM = 11.5 mT, which is commonly a measure of the possible interaction effects
between the magnetic entities of the nano-trees and the neighbouring geometrical units that
share a common edge, see the Gaussian profile in Fig. 4.4.17 (f).
It is somewhat surprising that the simulated FORC diagram, see Fig. 4.4.16 (d), is in a re-
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markable agreement with the experiment. The coercivity is peaked at µ0 HcFORC = 49 mT
slightly higher than the experiment. Furthermore, the tails (p- and z-zones) are found less
shifted along the µ0 Hu = 0 mT axis. As mentioned before, a possible explanation for this is
that the magnetization reversal is assumed to be dominated by coherent rotation of thermally
blocked idealized single domain stems and edges. The quantitative analysis of the interactions reveals FWHM = 12.5 mT which is consistent with the experiment.
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5 Individual Nanomagnets of Artificial
Diamond Lattices
The present chapter is concerned with studying the magnetization reversal of 3D arrays of
CoFe nanostructures grown in a tetrahedron geometry. The structures were investigated
employing measurements undertaken in similar methodologies that were previously applied to investigate the CoFe nano-cubes and nano-trees in Ch. 4. It begins by giving an
overview of the geometric characteristics of the corresponding structures. It will then go on
to examine their temperature dependence of the hysteresis loops and the thermal activation
processes. The remaining part presents findings in relation to the systematic angular dependence of the hysteresis loops followed by examining the first-order reversal curves (FORCs)
measurements.

5.1 Geometric considerations
The 3D nanostructuring via FEBID offers a new means to tune the spin arrangement and
harnessing geometry-dependent magnetic effects including the subtle curvature-driven ones
[108]. For instance, to design an artificial 3D geometry by mimicking 3D spin ice systems
[283], one would ideally like to grow a diamond-bond 3D nanostructured magnetic lattice
enabling high levels of magnetic frustration [117]. The building blocks of a diamond lattice
have tetrahedron geometry where four spins share one vertex. Therefore, developing a model
system of a diamond lattice with intricate structure requests a fundamental understanding
of the rich physics stemming from these single units. In this chapter, the structures under
consideration are individual CoFe nano-tetrahedrons grown by FEBID on top of the active
area of a 3 × 3 µm2 micro-Hall sensor. The structures were placed in two lattice configurations
differing in the relative orientation of the tetrahedral structures with respect to the field
orientation: 2 × 2 tetrahedrons as a plus array, see Fig. 4.4.13 (a,b,c), and 2 × 2 tetrahedrons
as a cross array (45◦ rotated plus array), see Fig. 4.4.13 (d,e). It is apparent that the plus array
was grown in a way that two upper elements of the neighbouring units closely face each other
(along with y-axis) in contrast to the cross array (c-line), see also the schematic representation
in Fig. 5.1.2. Therefore, in addition to the inter-element interactions, such a geometric design
may introduce additional dipolar interactions between the nearest-neighbour tetrahedrons
as well.
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Figure 5.1.1: SEM micrographs of CoFe nano-tetrahedrons grown via FEBID on top of
3 × 3 µm2 GaAs/AlGaAs Hall crosses: Top (a), front (b) and side (c) views of
a 2×2 array placed in a plus arrangement and the schematic representation in
(a) shows the micro-Hall magnetometry measurement setup where the detected
Hall voltage in the sensor plane is proportional to the stray field emanating
from the structures. Top (d) and front (e) views of a 2×2 array placed in a cross
arrangement. y- and c-lines demonstrate a distance between two upper elements
that face each other for both arrays. (f) FORC data acquisition protocol where
the raw data are processed by a calculation of a second-order mixed derivative
(ρ) for the magnetic signal with respect to Hr and Ha in the FORC distribution,
see also Fig. 4.4.13. SEM micrographs courtesy of Dr. Fabrizio Porrati, at the
research group of Prof. Dr. Michael Huth, Institute of Physics, Goethe University
Frankfurt.

5.2 Temperature dependence of magnetization reversal
Figure 5.2.1 compares hysteresis loops and their enlarged areas (up sweep minus down
sweep) as RH ≡ VH /I ∝ hBz i vs. µ0 Hext at an angle θ = 45◦ of the applied field for the plus
and cross arrays measured at different temperatures between T = 10 K to 60 K. At this field
direction, some of the elements of both arrays are in a magnetically easy axis and saturating at lower field values. The hysteresis loops unveil a rich-variety of distinct steps due to
complex magnetic reversal mechanisms. There is an overall decrease in width (coercivity)
of the measured hysteresis loops upon increasing the temperature (highlighted by lightly
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Figure 5.1.2: Schematic representations of individual tetrapods placed in plus and cross
arrays: (a) and (b) are side and top views of the plus array, respectively. (c)
and (d) are side and top views for the cross array, respectively. y- and c-lines
demonstrate a distance between two upper elements that face each other for
both arrays.

coloured blue arrows on the plots). For the plus array, see the hysteresis loops in Fig. 5.2.1
(a), one can recognize the opening difference of the hysteresis loops which tends to become
smaller with less rounded loops upon increasing the temperature. The enlarged areas in Fig.
5.2.1 (b) reveal variation in the sequence of the step-like events alongside with the steepening
behaviour of the curves. At T = 30 K and T = 50 K, more fragmentation of the transitions
into smaller ones is observed. At a very higher temperature T = 60 K, the preponderance
these events is reduced. It has been observed in a simple geometry of Co-based nano-islands
[264] that at higher temperatures, the number of the distinct events is reduced owing to
the simultaneous switching of more than one macrospins, i.e., so-called a grouping effect.
The current structures unveil somewhat a similar behaviour indicating a complex switching
encouraged by the intensity of the thermal perturbations. For the cross array, the hysteresis
loops in Fig. 5.2.1 (c) display ``pot-belly´´-like shape (spreading and slouching shoulders) and
abrupt magnetization changes observed nearby the remanence. A closer look at the enlarged
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areas in Fig. 5.2.1 (d) manifests that the path of the switching events preferred by the system
changes upon increasing the temperature, note the hysteresis loops at T = 50 K and T = 60 K.
A more complicated switching behaviour is observed at θ = −80◦ , see Fig. 5.2.2. For both
arrays, the hysteresis loops were systematically measured between T = 10 K and 80 K with
10K̇ increment. At this field orientation, the elements are in a magnetically hard axis and
saturating at higher field values. There is a slight decline in the width (coercivity) upon
increasing the temperature. What stands out in the curves is that the complex magnetization
switching behaviour is accompanied by distinct step-like events alongside with abrupt magnetization jumps close to the remanence, termed spikes. For the plus array, see Fig. 5.2.2 (a),
the hysteresis loops show a closing effect (wasp-waist shape) near the remanence and gradually open upon increasing the temperature. It is also noticed that the upcycle curve is located
below the down one. The enlarged areas in Fig. 5.2.2 (b) show a remarkable development of
the events at higher temperatures, e.g., at T = 60 K and 70 K, while the steepening of curves
remains steady. What can be clearly seen in the figure is that at T = 80 K, there is a marked
decrease in the number of the events. In terms of the cross array, the results in Fig. 5.2.2
(c) also show a characteristic switching behaviour where the spikes tend to faint at higher
temperatures. Noticeably, the up-sweep curve is located above the down one. In Figure 5.2.2
(d), it can be seen that the trend of the curves exhibits a rich-variety of distinctly identified
steps, e.g., T = 20 K and 40 K. At higher temperatures, e.g., at T = 80 K, a fewer number of
switching events are observed. On average, there is a phenomenal change in the quantity of
the steps upon changing the temperature while the steepening of the curves tends to level off.
All in all, at the selected angles of the applied field and at different temperatures, the hysteresis
loops of both arrays display a more complex behaviour which may not be anticipated at first
glance. There is a sequence of discrete steps with a variety of their heights. Some individual
events are grouped together and more or less switch simultaneously following subsequent
characteristic paths exhibiting some change in their number upon altering the temperature.
It is expected that depending on the exact configuration of the previously acquired initial
state, the system reveals its preferred subsequent switching events. This effect gives rise to
the evolution of different energy configurations which affect the reversal processes, clearly
reflected by the sequence of the steps. Furthermore, at the higher field angle θ = −80◦ , the
abrupt magnetization jumps, the spikes close to the remanence, are markedly evident, which
also tend to be influenced by the temperature variations. It is anticipated that such macroscopic jumps of the magnetization are likely related to inter-element competing interactions,
anisotropy effects, lattice arrangement and strength of the dipole-dipole coupling between
the neighbouring structures which is different for both arrays.
Encouraged by these findings, the temperature dependence of the switching dynamics based
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on investigating the fluctuations of the magnetization as a function of the temperature and
magnetic field was performed. It was conducted for the cross array at θ = −80◦ by following
the same protocol described before in Sec. 4.4.1, see Fig. 4.4.2, but at a different set of parameters. The findings of the corresponding structures are illustrated in Fig. 5.2.3. Its is apparent
that there are indications for a thermally activated reversal process by which the system
follows a distinct path during the warm-up cycle yielding three switching steps highlighted
by red arrows (i, ii, ii). The waiting-time measurements for the thermally unstable state (iii)
repeatedly prepared 50 times close to its switching field exhibit a transition to energetically
more favourable states, see Fig. 4.4.2 (b). The measured reduction of the stray field is always
found to be the same. It is expected that such a transition is closely related to a single switching
process in which more than one of the macrospin-elements may be involved [264]. Further
analysis based on the observed switching times was employed to estimate the probability
P(t) function, which as has been stated earlier as the probability of still finding the system
in the prepared state at a certain time t, see Fig. 4.4.2 (c). As anticipated, the P(t) function
reveals a steep decline in the stray field for each transition of the microstates at earlier times
before levelling off similar to what has been observed before for the CoFe nano-cubes in Ch.4,
Sec. 4.4.1. The results based on such a simple analytical approximation do not explain the
magnetization reversal of the structures by the thermal activation over a single-energy barrier
or in complex energy landscapes under thermal perturbation as originally proposed by the
Néel-Brown model [265, 266]. Since the key ingredient of this model assumes system with
uniform magnetization and uniaxial anisotropy (single-domain ferromagnet), it has been experimentally verified to study the magnetization of individual ferromagnetic nanoparticles
[284]. With this in mind, the corresponding FEBID-prepared arrays have edge and surface
roughness which is expected to play an important, if not dominant, role in the physics of the
complex switching behaviour.
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Figure 5.2.1: Temperature dependence of magnetization reversal measured at θ = 45◦ :
Hysteresis loops for the plus (a) and cross structures (c) reveal distinct switching
events due to the reversal of magnetic elements. An enlargement area (up sweep
minus down sweep) of the corresponding major hysteresis loops for the plus (b)
and cross (d) structures. Numbers on the curves merely refer to the steps.
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Figure 5.2.3: Temperature dependence of switching dynamics at θ = −60◦ for the cross
array: (a) Temperature and magnetic field protocol of a single switching event
within the hysteresis loop measured at θ = −60◦ . A: Saturation of the sample at
µ◦ Hext = −300 mT and T=20 K. B: Preparing a state in close to the occurrence of an
expected switching event at µ◦ Hext = 122.4 mT at same temperature. C: warming
up the sample from T=20 K to T=40 K, three major thermally activated switching
events are observed highlighted by red arrows (i, ii, iii). D: Cooling down the
system from T=40 K to T=20 K at the same so-prepared state and completing
the readout of the accessed state. (b) Time dependence of a repeatedly prepared
state being thermally unstable at a temperature of 32.50 K for the corresponding
event (iii). (c) Survival function P(t) describes the probability of still finding the
system in the prepared state at a certain time t.

5.3 Angular dependence of magnetization reversal
In chapter 4, Sec. 4.4.2, it has been shown that by biasing the applied field direction with
respect to the magnetic elements of the 3D arrays of the nano-cubes and nano-trees, the hysteresis loops unveil a distinct angular dependence with a rich-variety of step-like transitions.
Hence, the magnetization reversal routes can be manipulated. In this context, the geometric
configurations of the studied plus and cross arrays, see Fig. 5.1.1 and Fig. 5.1.2, are expected to
lead to reversal characteristics manifested by asymmetric magnetization distributions. Here,
the role of the angular dependence of the magnetization reversal for the corresponding arrays
is explored through a series of experimental measurements and micromagnetic simulations
(performed by Prof. Dr. Michael Huth, Institute of Physics, Goethe University Frankfurt).
Similarly, for the plus and cross arrays discussed here, the experimental measurements were
performed by means of micro-Hall magnetometry at variable applied field angles with 5◦
increments. The full picture of the positive angular range between 0◦ (perpendicular to the
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sensor plane) and 110◦ for the plus and cross arrays is presented in Figs. 5.3.8 and 5.3.17,
respectively. In addition, the full picture of the negative angular range between −5◦ and −90◦
for the corresponding arrays is presented in Figs. 5.3.9 and 5.3.18, respectively. It should be
mentioned that the lens of the discussions will be focused on a few selected angles from the
experiment and the simulations. For the latter, the magnetization M is simulated and shown
here in the calculated stray field Bz .
For the plus array, a comparison between the experiment and simulations for selected hysteresis loops is shown in Fig. 5.3.1. It can be seen that there is a systematic change of the
characteristic step-like switching behaviour with varying the angle of the applied field. At
θ = 110◦ , due to shape anisotropy, the plus array is obliqued along the magnetically hard
direction, and the hysteresis loop from the experiment is saturated at higher field values
displaying a ``wasp-waist´´-like shape (having constricted middles) with rounded shoulders,
and sudden magnetization jumps around the remanence (the spikes). To understand and
to visualize this behaviour, micromagnetic simulation is an indispensable tool to facilitate
identifying the relevant processes and assigning the switching characteristics. It is apparent
that the simulated loop is in reasonable agreement with the experiment, particularly the
constricted middles with some other features can be reproduced. Figure 5.3.2 shows the
simulated hysteresis loop (at θ = 110◦ ), where different positions are visualized to unveil
the reversal process with snapshots of the magnetic states. On the descending curve, at
µ0 Hext = 450 mT, the magnetic elements are in the positive saturation state, the magnetization vectors of three elements almost uniformly point downward along their anisotropy axis
and the fourth one has spins pointing upward, revealing states with 1-in/3-out, see the light
yellow arrows. Upon reducing the external field, e.g., at µ0 Hext = 200 mT, vortex cores start
to nucleate at the caps and borders of some elements. Alongside, curled magnetization along
the upper right and the lower elements can be captured, thereby giving rise to the opening of
the hysteresis. Approaching µ0 Hext = 50 mT, at the lower left and upper right rods, there are
fully nucleated vortices including the ones that are close enough to the vertex of the tetrapod.
Upon subsequent decrease in the applied field, e.g., to µ0 Hext = 10 mT, essentially all the
magnetic elements have curled and vortex states, causing a sudden downward jump of the
curve. Interestingly, hardly aligned vortices (rotated by 90◦ ) between two different senses of
the curling at the lower right rod, highlighted with the yellow arrow on the micromagnetic
state, are observed. Once the system reaches the demagnetization state (µ0 Hext = 0), they
annihilate. After that, a sequence of major irreversible events accompanied by switching
between different magnetic vortex states can be captured. These processes involve vortex
core reorientations, translations, and interactions, including merging of individual cores,
contributing to the decrease of net magnetization to a lesser degree, see the panels of the
micromagnetic states at µ0 Hext = −70, −115, −240 mT. At µ0 Hext = −275 mT, three of the elements have quasi-uniformly magnetized states while the lower-left one still exhibits vortex
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states, particularly, the hardly aligned ones which denucleate in a small reduction of the applied field (µ0 Hext = −280 mT), see the yellow squares shown for the later field. The vortices
switching processes are completed at µ0 Hext = −450 mT unveiling rods with a uniform spin
distribution.
At θ = 100◦ , the hysteresis loop also exhibits a ``wasp-waist ´´-like shape with multi-step
switching; however, it displays open lobes at high fields. The simulation shows a favourable
correspondence reproducing some of the features, see Fig. 5.3.3 with the panels of the micromagnetic states. At positive saturation (µ0 Hext = 450 mT), it can be noticed that the
upper rods are completely saturated while the lower ones show quasi-uniform magnetization states. As the applied field is reduced, the magnetic moments relax into local curling
configurations which act as nucleation sites for multiple vortex states across elements. The
nucleation process starts with the creation of close or open vortex cores at the caps of the
rods with the same or opposite chiralities. The remanence (µ0 Hext = 0 mT) is characterized
by circularly magnetized shell spanning the length of the rods and the vertex of the structure.
Reducing the applied field further, the vortices axial propagation continues and it can be seen
that at µ0 Hext = −30 mT, fully nucleated vortices being driven out along the elements can be
captured, marking the jump seen on the curve. When approaching certain field values, e.g.,
at µ0 Hext = −40, −45 mT, some of the magnetic moments flip showing a denucleation of some
vortices. At µ0 Hext = −360 mT, almost all the spins of the upper elements switch while there
exist vortex cores formed as a result of the merger of the vortex states on the lower rods.
They annihilate when approaching the negative saturation state, at µ0 Hext = −450 mT.
At θ = 70◦ , the experimental hysteresis loop exhibits ``rectangular´´-like shape with many
indistinguishable jumps around the remanent state. The simulation shows differences but
partially captures some of the features. The magnetization distribution at different positions
on the hysteresis loop is presented in Fig. 5.3.4. At the positive saturation, µ0 Hext = 450
mT, uniformly magnetized elements along their anisotropy axis can be identified with states
3-in/1-out highlighted by light yellow arrows. At µ0 Hext = 140 mT, vortex states span the
whole length of the lower rods. It is apparent that there are domain wall-like structures
at the interface between two vortices with opposite chiralities which are expected to lower
the demagnetization energy along the rods. The spins in the centre of the domain walls
are aligned parallel to the anisotropy axis of the rods. Such magnetic configurations (vortex
domain wall-like) disappear at the remanent state. At µ0 Hext = −40 mT, the upper rods are
partially switched with quasi-curling states while the lower ones are rich in vortex-like (curling) structures. Upon further ramping down the field, the spins reverse progressively, and it
can be seen that the upper rods exhibit a uniform magnetization distribution at µ0 Hext = −265
mT before the complete switching process of the rest of the elements is seen at the saturation
field. Furthermore, in a smaller angular range, θ . ±65, slightly different major loops with
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``pot-belly´´-like shape can be observed, see the positive and negative angular range in Figs.
5.3.8 and 5.3.9, respectively. The micromagnetic simulation remarkably replicates the switching characteristics for some angles of the applied field. For example, the hysteresis loops at
θ = 50◦ , 10◦ , −30◦ are well reproduced, see the overall qualitative comparison in Fig. 5.3.1.
Furthermore, the micromagnetic configurations at selected positions on the hysteresis loops
for the aforementioned angles show states at saturation where all the spins along the elements of the tetrapod point in the same direction (the magnetization reinforces the shape
anisotropy), highlighting states with 2-in/2-out represented by light yellow arrows in Figs.
5.3.5, 5.3.6 and 5.3.7. At such an angular range, the reversal mechanism involved during the
hysteresis loop is modified. The configurations with vortices of opposite chirality on the same
rod are not conserved. It can be seen from the micromagnetic states that after saturation, the
nucleation process starts by a circular path required for the formation of the vortices at the
border of the rods. As the applied field is decreased to zero, the vortex cores move toward
the centre of the rods. They continue their movement along the whole length of the elements
before being expelled at the saturation.
It is interesting to remark that the fine-tuning of the field angle in the positive and negative
ranges reveals that some of the measured hysteresis loops for the plus array are virtually
indistinguishable in terms of their shape, particularly, for θ . ±65, see Figs. 5.3.8 (the positive
angles) and 5.3.9 (the negative angles). However, the noticeable evolution of the hysteresis
cycles starts with a certain incident angle θ & ±65 where all the units are almost in their
magnetically hard direction and saturate at higher field values. It can be seen that the shape
of the hysteresis loops is strongly modified where the abrupt magnetisation jumps around
the remanence (the spikes) become more enhanced, see the highlighted blue areas on the
plots. At these angles, the tetrapods exhibit very sharp switching behaviour alongside with
the preponderance of stepwise events, see the hysteresis loops at θ = ±90◦ , ±80◦ , ±75◦ . Beyond θ ≈ 90◦ , the hysteresis loops display wasp-waisted character, and there is a reduced
amplitude in the spikes around the remanence. As has been mentioned above, the micromagnetic simulations for some large angles unveil that the direction of rotation of the resulting
asymmetrical axial vortices in some elements of the tetrapod is of opposite sense creating
vortex domain wall-like structures. In contrast, other elements display axial rotational symmetry of their vortex spin structures. With this in mind, due to the extended axial rods
dimension, a constriction is anticipated at the vertex, which may impact the vortex states
nucleation/annihilation processes within the tetrapod units. Additionally, the alteration in
the magnitude of spikes further supports the hysteresis loop sensitivity to the field orientation and the interplay between array ordering, dipole interactions between the neighbouring
units (each feels the interaction field from its neighbours), and inter-element dipolar interactions effects. As previously stated, the plus array has four tetrapods where their upper
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rods closely face each other, see Fig. 5.1.2 (a), along the y-axis. It is possible, therefore, that
such geometric features may influence the anisotropy barriers and the easy-axis directions,
thereby the mechanism of their switching.
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Figure 5.3.8: Experimental hysteresis loops at different positive angles of the applied field
for the plus array: The curves were measured at 5◦ increments between 0◦
(perpendicular to the sensor) and 110◦ . The data were recorded from the microHall magnetometry measurements at T = 30 K and shown as RH ≡ VH /I vs.
µ0 Hext . The red and black arrows denote the up- and down-sweep, respectively.
Green arrows depict the orientations of the applied field with respect to the
tetrapod structure. The hysteresis loops at the angles θ = 110◦ , 100◦ , 70◦ , 50◦ , 10◦
are also shown in Fig. 5.3.1.
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Figure 5.3.9: Experimental hysteresis loops at different negative angles of the applied field
for the plus array: The curves were measured at −5◦ increments between 5◦
and −90◦ (parallel to the sensor). The data were recorded from the micro-Hall
magnetometry measurements at T = 30 K and shown as RH ≡ VH /I vs. µ0 Hext .
The red and black arrows denote the up- and down-sweep, respectively. Green
arrows depict the orientations of the applied field with respect to the tetrapod
structure. The hysteresis loop at the angle θ = −30◦ is also presented in Fig.
5.3.1.
For the cross array, a comparison between the experiment and simulations for selected hysteresis loops is presented in Fig. 5.3.10. It can be noticed that the hysteresis loops display
characteristic step-like behaviour and abrupt transitions with unusual patterns at certain
angles. At θ = 110◦ , the experimental loop exhibits a smooth curve at the beginning before
the abrupt jumps (the spikes) around the remanence at which it narrows. Also, broad maximum and minimum plateaus at negative and positive fields for the down- and up-sweep
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curves, respectively, are observed. This behaviour is quantitatively well-reproduced by the
micromagnetic simulation. The simulated loop reproduces both plateaus in the down- and
up-sweep cycles, however, no abrupt jumps of the magnetization occur around zero applied
field. The micromagnetic snapshots in Fig. 5.3.11 demonstrate different visualized positions
to unveil the behaviour of the magnetization. On the descending curve, at µ0 Hext = 300
mT, uniformly magnetized elements along their anisotropy axis can be identified with states
2-in/2-out highlighted by light yellow arrows. At µ0 Hext = 100 mT, a preponderance of welldefined vortex states with same chirality at the upper-left (characterized by axial curling
magnetization with up polarity) and lower-left rods (characterized by axial curling magnetization with down polarity) can be observed while the rest of the elements have an almost
uniform distribution of the magnetization vectors except their cap. Upon further reducing
the field, at µ0 Hext = 50 mT, curling states propagate at the lower right and upper right
rods. The vortex cores are a little away from the centre of the rods and move toward the
vertex of the tetrapod as the applied field is reduced to zero. The spins rotate progressively
via propagation of vortex states along the whole rods and when approaching µ0 Hext = −40
mT, there are vortex states just nucleated at the vertex of the tetrapod. At the maximum
plateau (µ0 Hext = −70 mT), two rods (the upper and lower on the right side) switch to the
quasi-uniformly magnetized states while they still maintain curling states at their border.
When approaching µ0 Hext = −125 mT, see the continued snapshots in Fig. 5.3.12, hardly
aligned vortices (vortex-like domain walls) with opposite chirality nearby the vertex at the
lower and upper rods on the left side, are observed, marking the jump on the hysteresis loop.
They annihilate by a small reduction in the applied field (µ0 Hext = −155 mT), highlighting
the last jump on the hysteresis cycle before the saturation where all the vortex states are being
expelled.
At θ = 100◦ , the hysteresis representative loop displays pronounced jumps (the spikes)
around the remanence creating a closed-loop besides narrow plateaus and well-defined,
sharp steps before the saturation in the down- and up-sweep curves. The micromagnetic
simulation partially replicates the measured behaviour, where only the narrow plateaus can
be captured without the spikes. Different positions on the hysteresis loop are visualized in
Fig. 5.3.13. It can be noticed that the vortex states nucleation process starts early at some
elements before others at a still positive applied field. At the remanence, there are multiple
fully nucleated vortices with different chiralities highlighted by the plus and minus signs
on the yellow circles on the micromagnetic snapshot taken at µ0 Hext = 0 mT. At a certain
negative field, e.g., at µ0 Hext = −55 mT, the irreversible vortex-core switching starts, and
remains active for the rest of the process. It can be noticed that the spins in the vortex shell
progressively rotate towards the negative field direction. The narrow plateau (broad maximum) is caused by the partial switching of the upper and lower rods on the right side, see the
micromagnetic snapshots at µ0 Hext = −65, −85 mT. A closer inspection reveals that there is a

107

5. Individual Nanomagnets of Artificial Diamond Lattices
hardly aligned vortex-like state residing at the angle between the lower elements (close to the
vertex). A possible explanation for that might be related to the difference in the orientation
of their spins. The annihilation process of this and the curling states of the rest of elements
occurs at a small reduction in the field, e.g., at µ0 Hext = −90 mT, marking the abrupt drop on
the curve.
When changing the field orientation to θ = 80◦ , the plateaus are preserved with a slightly
different appearance alongside with the step-like transitions. It can also be noticed that the
down- and up-sweep cycles cross each other abruptly, thereby creating a closed-loop around
the remanence. The simulated loop exhibits a broad maximum (on the up-sweep) and minimum (on the down-sweep) before saturation. The micromagnetic states at different applied
field values are revealed in Fig. 5.3.14. At the saturation state (µ0 Hext = 300 mT), the applied
field is strong enough to induce a uniformly magnetized distribution along the anisotropy
axes of the rods with 2-in/2-out states. At µ0 Hext = 45 mT, the upper-left rod displays open
vortex states in comparison to the rest where each has its own sense of curling, i.e., the
chirality of the vortices. When passing the remanent state and approaching µ0 Hext = −45
mT, the spins curling around the centre of the vortex states still fill the entire elements of
the tetrapod. The broad minimum is a resultant of the switching process for the upper and
lower rods on the left side with quasi-uniform magnetization distributions, see the snapshot
at µ0 Hext = −65 mT. It can be noticed that the rest of the elements (the upper and lower ones
on the right side) still conserve their circular path similar to the curling states which almost
completely disappears at approximately µ0 Hext = −120 mT before the negative saturation
state.
At a lower angular range, e.g., at θ = ±50◦ , 20◦ , the shape of the experimental hysteresis
loops is markedly different exhibiting multiple switching characteristics. The micromagnetic
states of the hysteresis loops simulated at θ = 50◦ , 20◦ are demonstrated in Figs. 5.3.15 and
5.3.16, respectively. It is apparent that at the saturation field, the spins closely follow the
shape (local shape anisotropy) of the rods with 2-in/2-out states. The general trend of the
magnetization reversal proceeds by vortex states propagating from the border of the rods
towards the vertex. At a certain threshold field, some vortices are abruptly annihilated while
others are switched. This can lead to a shift in the vortex cores from the centre to the edges
(shell) of the elements. Further reducing the field, the spins uncurl along the rods axes and
subsequently achieving saturation.
The evolution of the size and shape of the hysteresis loops for the cross array at different
angles (with 5◦ increments) is shown in see Figs. 5.3.17 (the positive angles) and 5.3.18 (the
negative angles). Noticeably, when increasing the field orientation by 5◦ up to θ ≈ 60◦ , the
width of the hysteresis loops with comparable ``pot-belly´´-like shape (spreading and slouch-

108

5.3. Angular dependence of magnetization reversal
ing shoulders) increases and the number of occurrence of the switching events markedly
rises. At the angular range 65◦ . θ . 110◦ , the hysteresis loops exhibit distorted shapes and
start to narrow (having constricted middles) around the remanence and develop maximum
and minimum plateaus for the down- and up-sweep curves. Beyond θ ≈ 75◦ , a closed-loop
around the remanence is captured and its area depends on the amplitude of the abrupt jumps
(the spikes) which seem to be strongly enhanced, see the highlighted blue areas of the hysteresis loops at θ = 80◦ , 85◦ , 90◦ , 95◦ , 100◦ in Fig. 5.3.17. Similarly, the widening of the loops
at negative angles starting at θ = −5◦ up to θ ≈ −55◦ accompanied by the development of
well-defined switching events, is observed. At angles θ = −75◦ , −80◦ , −85◦ , −90◦ , the hysteresis loops display distinctly different shapes with sharp abrupt switching events (the spikes)
around the remanence.
In view of what has been mentioned above, the hysteresis loops of the plus and cross arrays
are strongly affected by the fine-tuning of the field angle. Despite the complexity of the
hysteresis loops, a favourable correspondence is obtained between the experiments and the
micromagnetic simulations. Noticeable differences, however, are visible along the field rang,
but the essential switching processes can be identified. Some jumps like the spikes in the
simulated hysteresis loops are not reproduced. This could be due to a uniform diameter
chosen for the simulated elements (full metal deposits of Co3 Fe) and considering only one
tetrapod so that the stray field effect is not fully taken into account in comparison to the experiment where the measured tetrapods are expected to have a larger geometrical diameter,
the rods are surrounded by a metal-oxide sheath (ferrimagnetic spinel phase). The magnetic
configuration in these elements, therefore, is very sensitive to shape fluctuations and edge
roughness inherent to FEBID products. This is expected to lead to inhomogeneity in the magnetization acting as nucleation sites for a complex nucleation propagation switching process,
where the magnetization passes through inhomogeneous intermediate states across the elements. The micromagnetic simulation provides evidence that the reported magnetization
process of the shape anisotropy-dominated magnetic elements generally proceeds by vortex
states nucleation and annihilation scenarios where the circular path starts to appear at their
border and propagates across the whole length. Depending on the relative orientation of the
applied field, the vortices start entering one rod with opposite/same cores polarity/chirality
in comparison to other rods. It is concluded that the remanent state is characterized by fully
nucleated vortex states. Also, vortex domain walls (hardly-aligned vortices with transverse
magnetization) separating two original vortices can be formed along some elements at notably higher angles, e.g., θ = 110◦ . Besides that, due to the different geometrical ordering of
the tetrapods, different qualitative behaviours of the hysteresis loops can be recognized, see
the hysteresis loops at θ = 85◦ for the plus array in Fig. 5.3.8 and for the cross array in Fig.
5.3.17. The loop for the former displays spikes that are large in magnitude in comparison
to the loop of the latter. This may be explained by the fact that the contribution from the
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dipole-dipole coupling between the magnetic elements of a single unit and/or the nearestneighbour interactions of the units (each feels the interaction field from its neighbours) can
lead to numerous jumps, and thereby a visible lack of singularities on the loop can be seen.
Notwithstanding the lack of information in predicting the difference in the strength of interactions for both ordered arrays, this would be a fruitful area for further work employing a
macrospin model (atomic spins reversing coherently) to estimate the behaviour by considering elements with a physically realistic shape anisotropy and dipole-dipole interactions.
Figure 5.3.19 shows hysteresis loops measured subsequently two times at the same experimental conditions for the plus and cross arrays. The general trend of the curves reveals
a sequence of switching characteristics all occurring more or less at the same field values
highlighting the switching repeatability. The magnetization jumps are essentially similar
going from positive and negative saturation and vice-versa when starting from saturation
even though the switching events occur at different field values. The hysteresis loop for the
plus array at θ = 40◦ reveals that almost all the features are reproducible. Albeit, the abrupt
switching events (the spikes) exhibit jump-down of the magnetization at the first run and
vice-versa for the second run, they almost share the same positions for both measured curves,
see the inset in Fig. 5.3.19 (a). This may be attributed to changes in the inter-element interactions and those generated between the neighbouring units along with the anisotropy effects,
which strongly influence the magnetization processes. Another example for the switching
repeatability is shown Fig. 5.3.19 (d), demonstrating the hysteresis loops for the cross array
at θ = −80◦ . Although some of the steps are displaced, it is evident that even the details of
the switching behaviour are well reproduced.
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Figure 5.3.10: Selected experimental hysteresis loops compared with micromagnetic simulations for the cross array: Left: Experimental hysteresis loops measured
at T = 30 K and shown as RH ≡ VH /I vs. µ0 Hext . Right: Hysteresis loops
calculated from the micromagnetic simulations at T = 0 K and shown as Bz
vs. µ0 Hext . The left and right arrows denote the up- and down-sweep, respectively. The up and down flat arrows represent positions of some selected
events. Tilted green arrows depict the orientations of the applied field with
respect to the tetrapod structure.
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Figure 5.3.11: Simulated hysteresis loop with micromagnetic snapshots at θ = 110◦ and
T = 0 K for the cross array: The coloured discs indicate different positions on
the hysteresis loop with their micromagnetic visualization panels. The plus
and minus signs on the yellow circles represent clockwise (CW) and counterclockwise (CCW) vortex states, respectively. Mz is represented by the colour
gradient. The letters F and B denote the front- and back-side of the tetrapod
structure. This figure is continued in Fig. 5.3.12.
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Figure 5.3.13: Simulated hysteresis loop with micromagnetic snapshots at θ = 110◦ and
T = 0 K for the cross array: The coloured discs indicate different positions
on the hysteresis loop with their micromagnetic visualization panels. Mz is
represented by the colour gradient. The letters F and B denote the front- and
back-side of the tetrapod structure. The plus and minus signs on the yellow
circles represent clockwise (CW) and counterclockwise (CCW) vortex states,
respectively.
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Figure 5.3.14: Simulated hysteresis loop with micromagnetic snapshots at θ = 80◦ and
T = 0 K for the cross array: The coloured discs indicate different positions
on the hysteresis loop with their micromagnetic visualization panels. Mz is
represented by the colour gradient. The plus and minus signs on the yellow
circles represent clockwise (CW) and counterclockwise (CCW) vortex states,
respectively.
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Figure 5.3.15: Simulated hysteresis loop with micromagnetic snapshots at θ = 50◦ and
T = 0 K for the cross array: The coloured discs indicate different positions
on the hysteresis loop with their micromagnetic visualization panels. Mz is
represented by the colour gradient. The plus and minus signs on the yellow
circles represent clockwise (CW) and counterclockwise (CCW) vortex states,
respectively.
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Figure 5.3.17: Experimental hysteresis loops at different positive angles of the applied field
for the cross array: The curves were measured at 5◦ increments between 0◦ (perpendicular to the sensor) and 110◦ . The data were recorded from the micro-Hall
magnetometry measurements at T = 30 K and shown as RH ≡ VH /I vs. µ0 Hext .
The red and black arrows denote the up- and down-sweep, respectively. Green
arrows depict the orientations of the applied field with respect to the tetrapod
structure. The hysteresis loops at the angles θ = 110◦ , 100◦ , 80◦ , 50◦ , 20◦ are also
shown in Fig. 5.3.10.
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Figure 5.3.18: Experimental hysteresis loops at different negative angles of the applied field
for the cross array: The curves were measured at −5◦ increments between 5◦
and −90◦ (parallel to the sensor). The data were recorded from the micro-Hall
magnetometry measurements at T = 30 K and shown as RH ≡ VH /I vs. µ0 Hext .
The red and black arrows denote the up- and down-sweep, respectively. Green
arrows depict the orientations of the applied field with respect to the tetrapod
structure. The hysteresis loops at the angles θ = −50◦ is also shown in Fig.
5.3.10.
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5.4 Magnetic characterization based on first-order reversal
curves (FORCs)
The FORCs measurements reveal a wealth of information on the reversal process that is not
recorded by the bulk hysteresis parameters, as discussed in Sec. 4.4.3. The present section
focuses on investigating the magnetization switching behaviour of the plus and cross arrays
by means of this method. The FORC acquisition protocol [268, 269] illustrated in Figs. 5.1.1
(f) and 4.4.13 was conducted at T = 30 K for different angles of the applied field with respect
to the sensor plane. The data were recorded with a resolution of ∆H = 2 mT, a sweep rate
of 30 mT/min, and at different saturation fields depending on the field orientation. Later, the
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raw data were processed into FORCinel 3.06 [281] with variable smoothing factors ranging
from 4 to 7. For clarity, the data for each array and field orientation are presented in three
figures as a family of coloured FORCs, FORC distribution in unrotated (µ0 Hb -µ0 Ha ) and
rotated (µ0 Hc -µ0 Hu ) coordinates.
Figure 5.4.1 (c) shows the experimental FORC diagram of the plus array obtained by applying
the field at θ = 10◦ with respect to the sensor plane. The diagram is occupied by three zones
labelled as (i), (ii) and (ii) characterized by a rich-variety of features mostly mapping on the
diagonal at µ0 Hu < 0 and appear asymmetric with respect to the horizontal axis. Zone (i)
unveils a broad central ridge signature (No. 6) flanked by a number of positive and negative
features that intersect the vertical axis (sequence of negative-positive-negative peaks). This
high-intensity feature is paired with two strong peaks (No. 3,4) intersecting the vertical axis
across approximately 40 mT. It is also accompanied by small negative regions: one (No. 7)
is above at a high coercivity, and one (No. 5) is below intersecting with µ0 Hu axis. Apparently, the central ridge area is stretched along the horizontal axis highlighting the gradual
main switching of the nonuniform magnetization states and the distribution of annihilation
fields of vortex states along the magnetic elements. It is likely that the peaks in the lower
and upper quadrants correspond to the distribution of the nucleation and annihilation fields
of the inhomogeneous vortex states by which the magnetization reverses in discontinuous
jumps. In this context, their vertical spreading can be explained as the value of the nucleation and annihilation fields [285]. Zone (ii) and (iii) map on the diagonal of the space and
are characterized by a mix of point and elongated features. It can be seen that most of the
positive features are accompanied by negative ones which can be attributed to the change in
the slopes of the FORC branches that result in interweaved pattern, see Fig. 5.4.1 (a). Such
features might be attributed to the subsequent irreversible events which tend to have variable
switching fields. This can be compared with Fig. 5.4.1 (f), which shows FORC fingerprint of
the cross array measured at the same angle of the applied field. It also exhibits three zones
labelled as (i), (ii) and (ii). It is apparent that zone (i) displays a less broad central area that
is slightly offset toward µ0 Hu >0 intersecting it across approximately 20 mT and flanked by a
few features. Moreover, zones (ii) and (ii) map on the FORC space with multiple features of
different shapes with less intensity and small sizes forming the characteristic diagonal. The
isolated peaks (No. 10,14,12,13) exhibit a so-called weak ``butterfly´´-like signature located
at higher µ0 Hc values. This signature is likely to be related to the distinct annihilation and
nucleation fields of the vortex states within the magnetic elements [270, 286]. That is, when
the field is decreased from saturation on the descending curve, the vortex states at a given
nucleation field will be nucleated. Similarly, when the field is reversed on the ascending
FORC, the vortex states will be annihilated but not necessarily at the same value of their
nucleation field. This leads to variations in the nucleation and annihilation fields which are
more likely if there are physical irregularities in the magnetic elements [285].
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Figure 5.4.1: FORC at θ = 10◦ : Representative family of coloured FORC measurements for
the plus (a) and cross (d) arrays showing different reversal points indicated by
dashed lines and for clarity, only every 4th FORC is plotted. The corresponding
FORC distributions in µ0 Hb -µ0 Ha coordinates revealing the numbered features
with the approximate reversal points and the major hysteresis loop masked on
for plus (b) and cross (e) arrays. FORC distributions and their zones labelled as
i, ii and iii in µ0 Hc -µ0 Hu plane for the plus (c) and cross (f) arrays. The numbers
on the space denote FORC features.
Changing the angle of the applied field to θ = 45◦ gives rise to different FORC diagrams
characterized by a defined number of features shaping the zones (i), (ii) and (ii). At this field
orientation, one of the upper elements for each building block of both arrays is approximately
parallel to the applied field, highlighting the effect of large shape anisotropy. Figure 5.4.2 (c)
illustrates the FORC diagram with its three zones for the plus array, and the inset shows the
FORCs family saturated at µ0 Hext = 250 mT. Zone (i) is dominated by a strong central peak
(No. 8) paired with other features (No. 7,5,6) parallelly mapping on as ``trough´´-like regions.
Such a cluster of features around the horizontal line can be attributed to the large annihi-
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5.4. Magnetic characterization based on first-order reversal curves (FORCs)
lation fields of vortex states. There is also a sequence of small positive and negative peaks
(No. 1,2,3,4) paired with the strong features and intersecting the vertical line. This vertical
spreading of the features might be related to the result of the local interaction field distribution. Below that, there is a negative area (No. 9,10) with an asymmetric ``boomerang´´shape
intersecting the µ0 Hu axis across approximately 20 mT and extending towards zone (ii). It is
related to sections of the FORCs where µ0 Ha <0. It has commonly been assumed that such a
horizontally stretched feature highlights the distribution of the switching fields when there
is a gradual change in the inhomogeneous magnetization states. That is obtained by different
return paths that are initially dominated by the anisotropy axes of the magnetic elements
with respect to the applied field. A weak ``butterfly´´-like signature with isolated peaks (No.
12,13,14,15) is observed at high µ0 Hc values in zone (iii). As has been mentioned before,
such a signature can be related to the distinct nucleation and annihilation fields of multivortex states through the magnetic elements. Interestingly, the FORC signature for the cross
array exhibits variations, see Fig. 5.4.2 (f). The positive broad central feature (No. 3) has a
``trough´´-like distribution which is almost centred on the horizontal line and detached from
a µ0 Hu axis. It is thought that such a feature can result from the predominant magnetization
switching corresponding to the main coercivity of the global hysteresis loop. It is also flanked
by one upper negative area (No. 2) at µ0 Ha >0 and two lower features (No. 4,6) at µ0 Ha <0.
Additionally, there is a positive area (No. 8,9) which has asymmetric ``boomerang´´shape
extending horizontally towards higher coercivity and then vertically. This appears similar in
shape to the negative area observed in the FORC space of the plus array, but shows reversed
polarity. In zone (ii) and (iii), there are a few weak peaks which may be attributed to irreversible intermediate states that have variable switching branches.
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Figure 5.4.2: FORC at θ = 45◦ : Representative family of coloured FORC measurements for
the plus (a) and cross (d) arrays showing different reversal points indicated by
dashed lines and for clarity, only every 4th FORC is plotted. The corresponding
FORC distributions in µ0 Hb -µ0 Ha coordinates revealing the numbered features
with the approximate reversal points and the major hysteresis loop masked on
for plus (b) and cross (e) arrays. FORC distributions and their zones labelled as
i, ii and iii in µ0 Hc -µ0 Hu plane for the plus (c) and cross (f) arrays. The numbers
on the space denote FORC features.
At θ = 80◦ , the applied field is almost perpendicular to the elements of the nano-tetrahedrons
imposing hard axes of the magnetization. Therefore, FORC fingerprints of both arrays are
spread out to higher field values and markedly more complicated with positive and negative
regions as compared to Fig. 5.4.3. For the plus array, the FORCs family, see Fig. 5.4.3 (a),
displays a sharp switching behaviour around the remanence state (the spikes) followed by
a sequence of irreversible discontinuous magnetization jumps. The FORC diagram, see Fig.
5.4.3 (c), exhibits a number of strong features distributed mostly towards the lower half plane
of the space. Zone (i) has ``trough´´-like regions (No. 1,2,3) which are closely attached to
the origin. These are related to sections of the FORCs where the spikes can be observed, at
µ0 Ha <0 and µ0 Ha >0. They are primarily around the horizontal axis but not centred on it. It
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is therefore likely that these features might represent vortex annihilation fields that do not
contribute to the central ridge [212]. Moreover, two ``butterfly´´-like features with different
polarity can be observed in zones (ii) and (iii) at higher coercivity values mapping on the
diagonal of the FORC space. As mentioned before, the change in the slopes of the magnetization curves results in obtaining an interweaved pattern of the FORCs, see Fig. 5.4.3 (a),
and thereby an alteration in the polarity of the observed peaks on the FORC space. As stated
before, the ``butterfly´´features are the unique signature for the uncorrelated annihilation
and nucleation fields of the vortices which highlight different intermediate magnetization
states on the FORC branches [270, 286]. On the other hand, the FORC branches for the cross
array, see Fig. 5.4.3 (d), reveal a characteristic steep decline in the magnetization leading to
markedly contrasting features mapping on the FORC space in Fig. 5.4.3 (f). It is apparent
that zone (i) has less pronounced features where most of them cluster close to the origin. The
strongest feature (No. 3) is detached at higher coercivity. Moreover, zones (ii) and (iii) lack
the ``butterfly´´features and instead, they have a few peaks that are distributed along the diagonal of the space. They are attributed to sections of the FORCs where µ0 Ha <0. These features
may be due to irreversible magnetization jumps via movement of the multiple vortices that
are translated into isolated peaks. Due to the large size of the magnetic elements, they can
adapt multiple micromagnetic states, i.e., multivortex states with nonuniform magnetization.
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Figure 5.4.3: FORC at θ = 80◦ : Representative family of coloured FORC measurements for
the plus (a) and cross (d) arrays showing different reversal points indicated by
dashed lines and for clarity, only every 4th FORC is plotted. The corresponding
FORC distributions in µ0 Hb -µ0 Ha coordinates revealing the numbered features
with the approximate reversal points and the major hysteresis loop masked on
for plus (b) and cross (e) arrays. FORC distributions and their zones labelled as
i, ii and iii in µ0 Hc -µ0 Hu plane for the plus (c) and cross (f) arrays. The numbers
on the space denote FORC features.

The FORC diagrams for both arrays obtained by applying the field at θ = −60◦ are more
complex but also characterized by a number of positive and negative features that contribute
to all three zones (i), (ii) and (iii). At this field direction, one can see that some of the FORC
branches intersect the preceding ones and thereby protruding into the FORC space. For
the plus array, see Fig. 5.4.4 (c), there are two intense positive peaks (No. 2,4) in zone (i)
lined up vertically and do not essentially contribute to the central ridge. The source of these
features can usually be attributed to the distribution of nucleation and annihilation fields of
the vortices. It can be seen in Figs. 5.4.4 (a) and (b) that these features originate from the
reversal path (1‘ -4‘ ) between µ0 Ha <0 and µ0 Ha >0. Intriguingly, in zone (ii), there are two
adjacent positive (No. 9,8) and negative (No. 10,11) ``trough´´regions slightly offset towards
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5.4. Magnetic characterization based on first-order reversal curves (FORCs)
µ0 Hu <0. They feature with double peaks owing to different slopes of the successive FORC
branches indicating a distinct annihilation path of the vortex states on the way back to positive saturation. The elongated shape of such features may be explained by the fact that parts
of the magnetic elements undergo an irreversible gradual change in their nonuniform magnetization states. In zone (iii), there are multiple peaks with closed contours. The peaks (No.
13,14,15,16) with the ``butterfly´´signature result from the irreversible magnetization jumps
with variable switching fields. As mentioned before, this type of signatures will not originate
if there is no presence of the uncorrelated nucleation/annihilation fields of the multivortex
states. For the cross array, the FORC branches saturate at higher fields, see Fig. 5.4.4 (d). The
diagram, see Fig. 5.4.4 (f), is also dominated by three zones with multiple complex features.
In zone (i), two asymmetric intense positive features (No. 4,6) positioning at a distance from
the µ0 Hu axis can be observed. These features resemble those identified on the FORC space
of the plus array but are pushed to a higher coercivity by a negative feature (No. 2) that
intersects the vertical axis nearby the origin. There is another negative feature (No. 5) which
is located below the horizontal line towards µ0 Hu <0. The cluster of these features (4,6,5,2)
create a ``butterfly´´-like signature which originates from the reversal path (1‘ -4‘ ). Next to
that in zone (ii), a large asymmetric ``starfish´´-like feature slightly off the horizontal axis can
be identified. It is clear that such a local area does not contribute to the central ridge and
instead it can be related to large irreversible events corresponding to a distinct annihilation
of the vortices on the return to the positive saturation. In zone (iii) and at higher coercivity,
a ``butterfly´´-like signature consisting of connected negative and isolated positive circular
peaks (No. 12,16,13,14,15) is observed. This feature has a reversed polarity in comparison
to the one observed in the FORC space of the plus array. The spread out of these features
to higher coercivity values implies that they are strongly influenced by the relatively large
shape anisotropy of the differently-oriented magnetic elements.
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Figure 5.4.4: FORC at θ = −60◦ : Representative family of coloured FORC measurements for
the plus (a) and cross (d) arrays showing different reversal points indicated by
dashed lines and for clarity, only every 4th FORC is plotted. The corresponding
FORC distributions in µ0 Hb -µ0 Ha coordinates revealing the numbered features
with the approximate reversal points and the major hysteresis loop masked on
for plus (b) and cross (e) arrays. FORC distributions and their zones labelled as
i, ii and iii in µ0 Hc -µ0 Hu plane for the plus (c) and cross (f) arrays. The numbers
on the space denote FORC features.
At θ = −80◦ , the applied field is almost perpendicular to the magnetic elements of the
nano-tetrahedrons. For the plus array, the representative FORC branches unveil wasp-waist
shape with a characteristic interweaved pattern, see Fig. 5.4.5 (a). The corresponding FORC
diagram in Fig. 5.4.5 (c) is chracterised by three zones with multiple positive and negative
peaks mapping on the space. In zone (i), there is an accumulation of features with narrow
asymmetric shape intersecting the µ0 Hu axis nearby the origin. The more prominent negative area (No. 4,5) is almost centred on the horizontal line and flanked by two positive
features: one (No. 3) is above and one (No. 6) is below. These extended features are allocated to sections of the FORCs where µ0 Ha <0 and µ0 Ha >0. As has been mentioned before,
the shape of their coercivity distribution can be interpreted as inherent manifestations of
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5.4. Magnetic characterization based on first-order reversal curves (FORCs)
vortex states annihilation within the magnetic elements. In zones (ii) and (iii), there are
also multiple features shaping the diagonal of the space. These features can be attributed
to irreversible magnetization jumps associated with the vortex annihilation/nucleation along
different FORC branches at µ0 Ha <0. For the cross array, what can clearly be seen is a fundamentally different pattern of the FORC branches, see Fig. 5.4.5 (d). Zone (i) in Fig. 5.4.5, has
a number of features (No. 1,2,3,4,5 ) lined up vertically at a very low coercivity. They belong
to sections of the FORCs where µ0 Ha <0 and µ0 Ha >0. The vertical spreading of these features
across 100 mT reflects the distribution of the nucleation/annihilation fields. In zone (ii), the
isolated peaks (No. 6,8,7,9) display a ``butterfly´´-like signature that is slightly offset towards
µ0 Hu <0. There are additional features (No. 10,11,12,13) distributed below the horizontal line
at higher coercivity. These features can be related to the intermediate states of the inhomogeneous vortices developing through the differently-oriented magnetic elements. Moreover,
elongated features (No. 17,18,19,20,21) are observed in zone (iii) indicating a gradual change
of the inhomogeneous magnetization states.
Taken together, it is noted that all FORC diagrams at different angles of the applied field
are fragmented and approximately characterized by three main zones (i), (ii) and (iii) which
have a variety of defined but complex features with different intensities. In some FORC
diagrams, particularly in zone (i), the asymmetric central area distribution at low coercivity
can be identified alongside with subordinary positive and negative features. At some angles
of the applied field, FORC diagrams exhibit characteristic ``butterfly´´-like signatures which
consist of circular negative and positive regions mostly occurring at the lower half plane of
the FORC space. Such features are likely to be related to sudden magnetization changes and
refer to uncorrelated annihilation and nucleation fields of the inhomogeneous vortex states
[270, 286]. However, some features with elongated shape are observed owing to gradual
magnetization changes. Also, it is thought that the low and high coercivity vertical spreading
can provide a measure of the distribution of the inhomogeneous vortex states nucleation and
annihilation fields. It can be noticed that the present FORC diagrams of both arrays unveil
some differences in the three zones (i, ii, iii) which raises intriguing questions regarding
the effect of their geometric design and arrangement. The inter-element interactions and
the nearest neighbour coupling (dipole-dipole interactions) between the building blocks
are mainly considered. This may have implications on the broadening, spreading and the
polarity of the distributions. The presented FORC fingerprints are remarkably complex but
should nevertheless be taken as a diagnostic indicator for the vortex-related phenomena,
although it seems difficult to compare them with some reported studies of different systems.
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Figure 5.4.5: FORC at θ = −80◦ : Representative family of coloured FORC measurements for
the plus (a) and cross (d) arrays showing different reversal points indicated by
dashed lines and for clarity, only every 4th FORC is plotted. The corresponding
FORC distributions in µ0 Hb -µ0 Ha coordinates revealing the numbered features
with the approximate reversal points and the major hysteresis loop masked on
for plus (b) and cross (e) arrays. FORC distributions and their zones labelled as
i, ii and iii in µ0 Hc -µ0 Hu plane for the plus (c) and cross (f) arrays. The numbers
on the space denote FORC features.

5.5 Magnetic flux noise
As mentioned in Sec. 3.10, magnetic flux noise fundamentally originates from the fluctuation of the magnetic moments as a consequence of domain switching or other magnetic
instabilities, particularly when a large number of moments fluctuate together. Such an irreversible nonlinear behaviour is essentially associated with the hysteresis loop and traced as a
time- or frequency-dependent effect. It is linked to the well-known Barkhausen effect, where
upon slowly varying magnetic field, the sample responds through a sequence of metastable
states or jumps of the magnetization, indicating an irreversible domain wall movement. In
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5.5. Magnetic flux noise
this section, preliminary low-frequency magnetic noise measurements on the plus and cross
arrays, are presented. The setup of the measurements is based on the micro-Hall magnetometry by recording the transverse Hall voltage fluctuations (SVH ) at a bias current I = 5
µA as illustrated in Fig. 3.10.1. Figure 5.5.1 reveals noise spectra measurements at θ = 90◦ ,
which involved recording the signal while sweeping a representative magnetic field in small
increments as well as at a steady state value. Figure 5.5.1 (a) shows results measured while
sweeping the field from µ0 Hext = −50 mT to µ0 Hext = 50 mT around the abrupt magnetization
jumps (the spikes) revealing 1/ f β≈2 behaviour and 1/ f β≈1 at a stationary µ0 Hext = −50 mT of
the plus array. The 1/ f β≈2 noise persists while sweeping the representative field at different
intervals around this area, see Figs. 5.5.1 (b) and (c) and disappears at a field range that is
very close to the reverse saturation side, see Fig. 5.5.1 (d). Moreover, there was a small or
no change in the noise power spectral density when measured at different field sweeping
rates, as shown in Fig. 5.5.1 (e). Comparative measurements of the magnetic (plus and cross
arrays) and empty crosses over a wide field range are shown in Fig. 5.5.1 (f) revealing the
1/ f β≈2 for the former and 1/ f β≈1 noise for the latter.
In reviewing the literature, very little was found on the association between 1/ f β≈2 and the
magnetic fluctuations of nanostructures [287]. Evidently, in the present work, some of the
data measured at unsaturated sections of the hysteresis loops, close to the switching field
(the spikes), suggest that the 1/ f β≈2 noise provides a view of the magnetic fluctuations of the
corresponding arrays. Besides that, the source of 1/ f β≈1 noise of the non-magnetic cross was
already reported in relation to the GaAs/AlGaAs 2DEG Hall device itself, as a consequence of
the switching processes of deep donor levels (DX centres) [148, 230]. It should be possible to
extend these measurements by recording the time evolution of the magnetization at different
set points along the representative hysteresis loop in order to detect the magnetic relaxation
of the prepared states.
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Figure 5.5.1: Noise spectra recorded as SVH ( f ) at θ = 90◦ : The data were measured at
different magnetic field intervals along the the representative hysteresis loop.
The annotations in the plots demonstrate the measurements parameters and the
conditions. SR abbreviation refers to the field sweep rate.

132

6 Conclusion and Outlook
The aim of the present thesis was to investigate the magnetic properties of FEBID-grown
3D arrays of complex-shaped CoFe nanostructures as cubes, trees and tetrapods employing
home-built ultra-sensitive µ-Hall sensors as magnetometers. These devices have been successfully used as a substrate for the 3D nano-printing via FEBID and later as a probing tool
for the relatively small stray fields emanating from such structures. The feasible fabrication
and characterization routes reported for these devices demonstrate the ability to realize sensors with very high magnetic field sensitivity and nanoscale spatial resolution. With this in
mind, FEBID/micro-Hall sensing as an advanced platform showed the promise to engineer
and probe novel magnetic effects and, particularly, it will be of advantage for future work on
realizing 3D artificial lattice geometries.
The findings of the first investigations were concerned with 3D arrays of nano-cubes and
nano-trees. These multi-axial geometries have connected elements with three and four vertices implying geometry-dependent direction of the local anisotropy. In the experiment, the
investigation of the temperature dependence of magnetic hysteresis loops has shown distinct
step-like changes, unveiling a reduction of their coercive field with increasing temperature.
Also, in view of further developing the present structures towards a more Ising-like and thermal switching behaviour, for a selected event, the dynamic properties of the magnetization
reversal exhibits thermally activated switching dynamics within experimentally accessible
timescales with complex spatial magnetization distributions. It was pointed out that there
might be more than one of the magnetic elements involved in the switching process over the
energy variations of different microstates. These investigations reveal a lack of consistency
with the Néel-Brown model for magnetization reversal over an energy barrier due to thermal
excitation [265, 266, 284]. It is possible to hypothesize that the geometrical and microstructural
aspects of the studied structures may influence the magnetic response coupled with thermal
effects, particularly, the complex switching behaviour including the frustrated interactions
and the highly degenerate states of the magnetic elements. The findings have also shown
that when biasing particular directions of the applied field with respect to the geometry of
the studied structures, the reversal process is strongly affected by the anisotropy axes of the
differently-oriented magnetic elements. Distinctly different magnetic hysteresis loops were
obtained at the various angles of the applied field indicating complex magnetization switching scenarios. Albeit some of the loops were partially reproduced by a macrospin model
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assuming coherent rotation of the magnetization, catching the main features of the reversal
processes, the experiments point to a nonuniform switching of the magnetic elements. The
details of the magnetization distribution were revealed by micromagnetic simulations. The
simulated loops were, generally, in good agreement with the experimental data. For example,
the systematic change of the characteristic step-like switching behaviour with varying field
angle can be reproduced well. By evaluating the microscopic magnetization distribution at
different points within some of the hysteresis loops, it was concluded that the magnetization
reversal mechanism is due to the formation of magnetic vortex configurations through the
magnetic elements. Further analysis based on partial hysteresis curves, the first-order reversal curves (FORCs), has provided an understanding of the vortex-related phenomena in
the studied structures. The FORC fingerprints unveil complex coercive field and interaction
field distributions reflecting nonuniform magnetization reversal of the magnetic elements
dominated by multiple vortex structures.
The findings for the next investigations were concerned with a second generation of the
structures represented by 3D arrays of nano-tetrapods placed in plus and cross arrangements. These structures represent single-units of a diamond lattice which can ideally map
onto a spin-ice system. The results of the temperature dependence of the magnetization processes have revealed a behaviour similar to that observed for the 3D arrays of the nano-cubes
and nano-trees. The hysteresis loops exhibit a rich variety of step-like events that are altered
upon increasing the temperature. Some of the events tend to group and show a collective
switching behaviour at higher temperatures indicating a complex switching scenario of the
system excited by the intensity of the thermal perturbations. It may be the case that these
variations are linked to the geometric features and the lattice arrangement, which can directly
affect the anisotropy barriers and the easy axis orientations. Furthermore, the evidence from
the thermal dynamics measurements discloses their thermally-activated switching aspect
over the energy barriers. The detailed behaviour during the magnetization reversal was
shown to be very sensitive to fine-tuning of the applied magnetic field angle. The micromagnetic simulation has provided complementary information and unveiled a favourable
correspondence with the experiment. For both arrays, it was shown that the magnetization
process of the shape anisotropy-dominated magnetic elements generally proceeds by vortex
states nucleation and annihilation scenarios where the circular path starts to appear at their
border and propagates across the whole length. It was concluded that the remanence is
dominated by vortex states along the whole length of the magnetic elements with alternating
chiralities and the core is not necessarily located at their centres. At some higher angles,
some elements reverse their magnetization via the nucleation and propagation of vortex
domain wall-like structures. Also, for the influence of the geometric ordering, the plus and
cross arrays reveal different qualitative behaviours of the hysteresis loops. The most likely
origin of this variance is the strength of the dipole coupling of both arrangements, which ,
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however, was not identified from the micromagnetic simulations. It is worth mentioning that
a macrospin model can be used to estimate such a behaviour by considering elements with a
physically realistic shape anisotropy and dipole-dipole interactions. Additionally, a wealth
of information on the vortex-related phenomena was acquired from the first-order reversal
curves (FORCs) measurements at various angles of the applied field. It was concluded that
the gradual slope changes of the FORCs lead to the elongated features in the FORC space.
In contrast, the point peaks are observed as a consequence of the sudden slope changes
which are caused by the irreversible magnetization jumps. Particularly, the positive and
negative features associated with the characteristic ``butterfly´´-like signatures represent a
diagnostic indicator of the nucleation and annihilation of nonuniform vortex states along the
magnetic elements. In addition, the asymmetry observed in the upper and lower half spaces
of the FORC fingerprints is likely to be attributed to the multi-vortex nucleation/annihilation
events at multiple field values along different branches. The findings have also shown that the
abrupt magnetization jumps, the spikes, observed nearby the remanence translate into characteristic features intersecting the vertical axis. This raises intriguing questions regarding the
effect of the arrays arrangement, which can influence both the inter-element interactions and
the possible coupling between the building blocks (dipole-dipole interactions). Ultimately,
preliminary magnetic flux noise measurements at unsaturated sections, close to a switching
event, of the hysteresis loops, have revealed intriguing results on the association between
a 1/ f β≈2 power spectral density and the magnetic fluctuations. Further investigations in
similar measurements would be of assistance to disclose a solid explanation with regard to
the fluctuations of the magnetic moments of the studied arrays.
The transition from 2D to 3D within the field of nanomagnetism has just started. There is
abundant room for further progress in developing and understanding the magnetic properties of 3D nanostructures. This demands phenomenal combined efforts in relation to the
development of nanofabrication and characterization methods, modeling and theory. In
fact, the techniques and measurement protocols demonstrated in this work would be a fertile
ground to develop and study new 3D geometries envisioning new types of spin texture. Since
the uneven thickness and surface inhomogeneities inherent to the present FEBID-grown 3D
magnetic nanostructures lead to a complex switching behaviour, simplifying the design of the
systems is merited to ensure a ground state with uniform magnetization. One route involves
suppressing the occurrence of nonuniform magnetisation states by replacing the junctions
with non-magnetic material as well as modifying the diameter of the magnetic elements.
Moreover, the next steps are to focus on the experimental observation of the dynamical
properties of such systems, specifically the fluctuations across time scales. Besides that, Hall
sensors for state-of-the-art high-resolution magnetic sensitivity as quantitative tools can be
still further improved in terms of the architecture, materials, operating conditions and costefficient production.
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Moving forward, the possibility of creating complex 3D networks of nanomagnets would
pave the way to engender fundamentally novel magnetic phenomena including higher levels
of frustration towards the realization of 3D artificial lattice geometries and in particular, the
development of 3D magnetic memory devices with out-of-plane functionality. The related
future perspectives are shown in Fig. 6.0.1.
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Kwok, Jochen Krause, and Ján Maňka. Approaching the pT range with a 2DEG InGaAs/InP Hall sensor at 77 K. Microelectronic Engineering, 51-52:333 – 342, 2000.
36
[232] R. G. van Veen, A. H. Verbruggen, E. van der Drift, S. Radelaar, S. Anders, and H. M.
Jaeger. Micron-sized Hall probes on a Si/SiGe heterostructure as a tool to study vortex
dynamics in high-temperature superconducting crystals. Review of Scientific Instruments, 70(3):1767–1770, 1999. 36
[233] Y. Sugiyama and S. Kataoka. S/N study of micro-hall sensors made of single crystal
InSb and GaAs. Sensors and Actuators, 8(1):29 – 38, 1985. 36
[234] Y. Sugiyarna, K. Sano, T. Sugaya, and T. Nakagawa. Micro-Hall devices with high
resolution made of 6-doped InAlAs/InGaAs pseudomorphic heterostructures. In Proceedings of the International Solid-State Sensors and Actuators Conference - TRANSDUCERS ’95, Volume 2, pages 225–228, June 1995. 36
[235] Morgan W. Mitchell and Silvana Palacios Alvarez. Colloquium: Quantum limits to the
energy resolution of magnetic field sensors. Rev. Mod. Phys., 92:021001, Apr 2020. 37
[236] Merlin Pohlit.

Mikro-Hall-Magnetometrie: Streufeldmessungen an magnetischen

Mikro-und Nanostrukturen. PhD Thesis, Johann Wolfgang Goethe-Universität in
Frankfurt am Main, 2017. 36, 38, 40, 42, 43, 49
[237] AllResist data sheets. http://www.allresist.de/. Accessed: 2020-04-01. 39, 42
[238] K. K. Choi, D. C. Tsui, and K. Alavi. Dephasing time and one-dimensional localization
of two-dimensional electrons in GaAs/Alx Ga1−x As heterostructures.

Phys. Rev. B,

36:7751–7754, Nov 1987. 40

159

Bibliography
[239] K. K. Choi, D. C. Tsui, and K. Alavi. Experimental determination of the edge depletion
width of ahe two-dimensional electron gas in GaAs/Alx Ga1−x As.

Applied Physics

Letters, 50(2):110–112, 1987. 40
[240] A. D. C. Grassie, K. M. Hutchings, M. Lakrimi, C. T. Foxon, and J. J. Harris. Shubnikovde Haas effect in submicron-width GaAs/Ga1−x Alx As heterojunction wires. Phys. Rev.
B, 36:4551–4554, Sep 1987. 40
[241] Axel Scherer, ML Roukes, HG Craighead, RM Ruthen, ED Beebe, and JP Harbison.
Ultranarrow conducting channels defined in GaAs-AlGaAs by low-energy ion damage.
Applied physics letters, 51(25):2133–2135, 1987. 40
[242] H Van Houten, BJ Van Wees, MGJ Heijman, and JP Andre. Submicron conducting
channels defined by shallow mesa etch in GaAs-AlGaAs heterojunctions.

Applied

physics letters, 49(26):1781–1783, 1986. 40
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