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Abstract

Arrays of dipolar coupled ferromagnetic islands, arranged in specific geometries, provide an ideal
tool to directly study the behavior of frustrated systems mimicking those found in Nature. In
this dissertation, single domain ferromagnetic islands arranged in the two dimensional kagome
spin-ice geometry have been fabricated with electron beam lithography and the magnetic con-
figurations have been imaged employing x-ray magnetic circular dichroism in a photoemission
electron microscope. The kagome spin-ice arrangement is particularly interesting, not only be-
cause it is highly frustrated, but also because the three interactions at a vertex are equivalent.
This study begins with a bottom-up approach, starting with the three basic building blocks of
the artificial kagome spin-ice consisting of one, two, and three rings. Employing dipolar energy
calculations, the full energy characterization of the different magnetic configurations is possible.
In particular, the lowest energy states for the finite structures can be identified. After demag-
netization, involving rotation of the sample in a magnetic field, it was found experimentally
that, as the number of rings increases, there is a drastic decrease in the ability to achieve the
low-energy states. This behavior is also identified in the magnetization reversal. By changing
the shape anisotropy in selected islands in these finite systems, the control of the chirality in the
magnetic state achieved during in-situ magnetization reversal is made possible and the frequency
of states passing through the desired low energy state was found to be very close to 100%. Fur-
ther methods for achieving the lowest energy state, involving the lowering of the energy barriers
between different magnetic configurations, have been investigated. Tests on low Curie temper-
ature materials have been carried out, making use of the thermal transition. Starting from a
ferromagnetic phase, the sample was heated to reach the paramagnetic phase and then cooled
again, and new magnetic states were achieved. Attempts to reach the superparamagnetic regime
by lowering the size and aspect ratio of the islands are also presented in this thesis.

After setting the baseline with the building block structures, the magnetization reversal
processes in the infinite kagome spin-ice array were studied, but this time with different eyes:
the dipolar interactions were replaced with a magnetic charge model. With this model, it is
shown that magnetization reversal proceeds through the nucleation and avalanche-type disso-
ciation of emergent monopole-antimonopole pairs along one dimensional Dirac strings. With
x-ray magnetic circular dichroism images, the location of the monopoles at different applied
field values is traced directly in real space and at room temperature. The monopole densities,
the 1D Dirac-string avalanches, and the hysteresis loop, including the magnetic images recorded
at different field values as well as the associated magnetization curve, are experimentally deter-
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mined and the avalanche behavior quantitatively explained by Monte Carlo simulations. With
a probabilistic argument, the disorder present in the switching field distribution of the islands
in the infinite array is estimated for our experimental system, and the exponential decay of
the avalanche frequency as a function of the avalanche length is explained. The magnetization
reversal on infinite arrays with different properties has been studied using magneto optical kerr
effect measurements, and hysteresis loops are compared with the magnetic images measured
with x-rays. The dependence of the magnetization reversal on the applied field angle and dipo-
lar coupling strength has been investigated. A variety of reversal behavior is observed, which
can be explained by dipolar energy arguments extended over the next nearest neighbors.

The knowledge gained in this work lays the foundation for further studies of the behavior of
artificial kagome spin-ice systems. In particular this work sets the scene for investigations into
magnetic phase transitions, dynamic measurements and the study of freely moving emergent
monopoles.



Sommario

Le disposizioni di isole ferromagnetiche organizzate in specifiche geometrie offrono una piattafor-
ma ideale per lo studio diretto della frustrazione. Questi elementi interagiscono esclusivamente
via energia dipolare e la disposizione è scelta in modo tale da imitare la frustrazione di sistemi
naturali. In questa tesi, isole ferromagnetiche a singolo dominio disposte nella geometria a due
dimensioni kagome spin-ice sono state create mediante la litografia a fascio elettronico. La confi-
gurazione magnetica nei campioni è stata determinata mediante l’effetto del dicroismo circolare
magnetico per i raggi-x in un microscopio elettronico installato al sincrotrone. La geometria
kagome spin-ice è particolarmente interessante, non solo per il fatto di essere estremamente fru-
strata, ma anche perché le tre interazioni fra le isole ad ogni vertice sono tra loro equivalenti. Lo
studio inizia, con un approccio dal basso verso l’alto, partendo dai tre elementi costitutivi della
geometria kagome spin-ice e cioé l’uno, i due e i tre anelli. Per ciascuna struttura finita, mediante
calcoli di energia dipolare, è stato possibile ottenere una completa caratterizzazione dei livelli
energetici e di conseguenza individuarne lo stato fondamentale. In questi sistemi, successiva-
mente ad un processo di demagnetizzazione che coinvolge la rotazione del campione in un campo
magnetico, si osserva che la frequenza di strutture negli stati a basso livello di energia diminuisce
drasticamente con l’aumentare del numero di anelli, e questo comportamento è riprodotto anche
durante il processo di inversione della magnetizzazione. Cambiando l’anisotropia di forma in
specifiche isole di queste strutture finite, è stato possibile ottenere il controllo della chiralità
negli stati fondamentali durante il processo di inversione della magnetizzazione. Di conseguenza
la frequenza di stati che transitano attraverso il desiderato stato fondamentale risulta prossima
al 100%. Sono stati poi sviluppati nuovi metodi per raggiungere stati con il minimo livello di
energia che coinvolgono l’abbassamento della barriera energetica tra le diverse configurazioni, e
sono state effettuare prove con materiali caratterizzati da una bassa temperatura di Curie. In
queste leghe, partendo dalla fase ferromagnetica, è stato possibile osservare nuove configurazioni
magnetiche presenti dopo un processo di riscaldamento fino alla fase paramagnetica seguito
da uno di raffreddamento. Per raggiungere il regime superparamagnetico, invece, sono stati
effettuati tentativi tramite la riduzione della grandezza e del rapporto di aspetto delle isole.

Dopo aver impostato la base con le strutture fondamentali, il processo di inversione della
magnetizzazione nel sistema kagome spin-ice infinito è stato studiato da una nuova prospettiva:
le interazioni dipolari sono state sostituite da un modello con cariche magnetiche. In questo
modello, è dimostrato che il processo di inversione della magnetizzazione avviene attraverso la
nucleazione e la dissociazione a valanga di monopoli-antimonopoli magnetici emergenti connessi
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tramite una stringa di Dirac a una dimensione. Utilizzando il dicroismo circolare magnetico,
è stato possibile determinare nello spazio reale ed a temperatura ambiente la posizione dei
monopoli per diversi valori del campo magnetico esterno. Sono poi stati determinati sperimen-
talmente la densità di monopoli, la crescita a valanga delle stringhe di Dirac in una dimensione,
il ciclo di isteresi, comprese le immagini magnetiche a valori diversi del campo magnetico e la
curva di magnetizzazione ad esse associata. L’insorgere di valanghe unidimensionali è spiegato
quantitaivamente tramite simulazioni di Monte Carlo. Con argomenti probabilistici è stato pos-
sibile stimare il grado di disordine presente nel sistema sperimentale nella distribuzione della
commutazioni di campo delle isole nel sistema infinito, e infine fornire una spiegazione per il
decadimento esponenziale della frequenza di valanghe in funzione della lunghezza della valanga.
Il processo di inversione della magnetizzazione del sistema infinito con proprietà diverse è stato
studiato utilizzando l’ effetto magneto-ottico di Kerr, e le curve di isteresi sono state paragonate
alle immagini magnetiche misurate con i raggi-x. È stata investigata la dipendenza del processo
di inversione della magnetizzazione dall’angolo applicato e dall’interazione dipolare osservando
una varietà di comportamenti per i quali è stata trovata una spiegazione estendendo il calcolo
dell’energia dipolare fino al secondo-vicino.

La conoscenza acquisita in questa tesi pone le basi per studi futuri sul comportamento di
sistemi artificali quali il sistema kagome spin-ice. In particolare questo lavoro fornisce un punto
di partenza per studi sulla transizione magnetica, misure dinamiche e osservazioni di monopoli
liberi di muoversi.
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CHAPTER 1

The fabric of this work

Make everything as simple as possible, but not simpler.
Albert Einstein

One of the greatest challenges in particle physics for the last 60 years has been the cosmological
search of particles that show a net magnetic charge. This might be a surprising first sentence
of an experimental thesis about artificial kagome spin-ice systems. However, in this work we
will show how the concept of magnetic monopoles in particle physics can be transferred to the
condensed matter setting and specifically even further to artificial two dimensional frustrated
systems. The concept of emerging magnetic monopoles can be simply, but not too simply, applied
to the magnetization reversal behavior in the two dimensional array, providing a new insight into
the system. Let me first get back to the concept of monopoles that have been predicted to exist
since 1931 when Paul Dirac postulated their existence, originating from the quantum mechanics
[1]. Physics and philosophy co-exist in harmony in his paper; Dirac states that modern physics
should not solely be explained by mathematical theory, but rather the other way around: physics
should follow from predictions generated by mathematical theories. In this context, Dirac puts
forward a new idea: the existence of an object that shows a singularity in the vector potential
- the magnetic monopole. Actually, quantum mechanics does not preclude the existence of an
isolated magnetic poles, "on the contrary, the present formalism of quantum mechanics, leads
inevitably to wave equations whose only physical interpretation is the motion of an electron in
the field of a single pole." Under these circumstances, Dirac says about the monopoles: "One
would be surprised if Nature had made no use of it."

It should be pointed out that the monopole existence does not require the reformulation of the
Maxwell equations, as the monopole is connected to the Dirac string providing the necessary
flux, while the whole magnetic induction B remains source free: ∇B = 0. From the single
valuedness of the wave functions around the Dirac string, the quantization of the electric charge
would follow. The predicted monopoles have always a counter part with opposite sign of the
magnetic charge but the same magnetic strength. The positively charged one is refereed as
monopole (MP) while the negatively one is the antimonopole (AM). They reside at the end of a
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2 Chapter 1. The fabric of this work

solenoidal flux tube [1], corresponding to the line where the vector potential shows a singularity.
This connection, later called the "Dirac string" is purely a mathematical construct. The Dirac
string is tensionless so that there is no energy cost in extending its length, therefore monopoles
can move arbitrarily far apart from each other: they are deconfined and should be considered
as independent magnetic charges. Their interaction is solely given by the Coulomb interaction.

Since Dirac’s prediction of magnetic monopoles, particle physicists have made a tremen-
dous effort to search for their existence in cosmic radiation [2, 3]. Experiments with a stack
of Cherenkov film and Lexan sheets as detectors carried in a balloon in 1975 [4] produced a
single candidate, that was later regarded as inconclusive [5]. A single event was detected in a
superconductive detector in Stanford [6] on the 14th February 1982, sometimes referred to as the
"Valentine’s monopole". The achieved signal was initially interpreted as a magnetic monopole,
but, due to the low signal-to-noise ratio, the result is still under debate. In 2005 Shnir [7] sum-
marized all this effort, by saying that "the most important thing we know from experiment is
that there are probably no monopoles around". At least no monopoles conceived as fundamental
elementary particles.

Since 2008, an interesting development in the monopole research occurred when Castelnovo
et al. suggested that monopole analogues could be formed and studied in a condensed matter
setting, namely in spin-ice materials [8]. In order to bring the reader to this point, a description
of the spin-ice crystals and the fundamental properties of frustration will first be given.

Spin-ice crystals

Spin-ice compounds are insulating crystals with a pyrochlore lattice structure: i.e. a three di-
mensional structure built from corner sharing tetrahedra. Spin-ice is realized on this lattice
when spins placed on the vertices are constrained by crystal anisotropy to point radially into or
out of the tetrahedra centers. The magnetic interactions of these compounds are described with
good accuracy taking into account the nearest neighbor exchange and the long ranged dipolar
coupling [9–11]. These interactions would favor a co-linear alignment of the spins that is not
possible due to the constraints given by the crystal anisotropy of the system. The interaction
energies are now minimized by local arrangements of spins following the so-called "spin-ice rule":
two spins pointing towards the tetrahedra center, and two pointing away from the tetrahedra
(two-in/two-out) [9, 12]. This corresponds to the physics of the hydrogen ions arrangement in
solid water, where two protons sit close to each oxygen and two far away, see Fig. 1.1. The
most prominent spin-ice compounds are dysprosium titanate Dy2Ti2O7 and holmium titanate
Ho2Ti2O7 [12]. The spin-ice rule is not enough to impose magnetic long-range order, but in-
duces power-law correlations resulting in characteristic pinch-point features in neutron scattering
experiments [14, 15].

The noncollinearity of local anisotropy and the long range nature of the dipolar interaction
is the cause of frustration in spin-ice crystal. Before introducing the monopole concept in these
compounds, a short digression regarding frustration has to be made.
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(a) (b) (c)

Figure 1.1: Schematic of water ice and spin-ice system. (a) In water ice, each oxygen ion (large
blue circles) is surrounded by four hydrogen protons (black small circles) and tetrahedrally coordinated
with four other oxygen ion. The low energy configuration obeys the "ice rule" where each oxygen ion has
two near and two far protons. (b) Similar to water ice, but now the positions of the protons are replaced
by the spin directions, and the ice rule translates to "two-in/two-out". (c) Pyrochlore lattice of corner
sharing tetrahedra, as occupied by the magnetic rare earth ions in the spin-ice materials Dy2Ti2O7 and
Ho2Ti2O7 (image adapted from [13]).

Frustration

Frustration occurs when not all energy interactions can be satisfied simultaneously by a system1.
The concept has been applied broadly, not only in magnetism which will be discussed in this
thesis, but also in the negative expansion of solids [16], soft materials [17], the phase behavior
of liquid crystal structures [18] and the coexistence of ferroelectricity and magnetism in some
multiferroic materials [19] to cite a few. A characteristic of all frustrated systems is that the
ground state configuration is always highly degenerate [14], which is reflected in a non-zero
entropy at zero temperature. An early example of frustration study was carried out on ordinary
water ice. Maintaining the internal H2O molecule structure, the minimum energy position of a
hydrogen ion is not half-way between two adjacent oxygen ions, but either close to one oxygen
ion (near position), and further away from the other (far position) see Fig. 1.1 a. Pauling
computed the entropy at zero temperature [20], considering the ice rule as a constraint for the
position of the oxygen atoms and found a value which is in excellent agreement with the entropy
extrapolated experimentally [21].

In nature, two types of frustration exist: geometrical frustration and frustration originating
from disorder. In the first class, purely lattice properties forbid the simultaneous minimization
of the interaction energies acting at a given site. In simple terms, the topological properties
are responsible for the competing interactions in the system, the prime example being spins on
a triangle coupled antiferromagnetically. In the second case, the random disorder between the
nearest neighbor interactions, is the cause of frustration. This last class encompasses all spin
glass materials which have interesting properties such as no order in the presence of a field below
saturation, aging and memory effects in the susceptibility curve [22, 23].

Armed with a knowledge of spin-ice systems and frustration, we move on to the emergence
of monopoles in spin-ice crystals.

1In a similar way frustration is defined for the human case; e.g. when all the interactions among personal
needs and professional requirements can not be fulfilled, a person becomes frustrated.
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Emergent monopoles in spin-ice crystals

The emergence of magnetic monopoles is most clearly seen within a charge model [8]. In this
model each spin magnetic moment belonging to the crystal structure is stretched into a charge
dumbbell with the magnetic charges ±q residing at the centers of neighboring tetrahedra that
form the pyrochlore lattice of the crystal. The spin-ice rule (two-in/two-out) gives rise to a
zero net charge at each diamond-lattice site. Overturning a spin moment in the crystal leads to
nonzero and opposite charges Q = ±2q at the centers of neighboring tetrahedra. These charges
can easily be separated by flipping adjacent dipoles along a path in the pyrochlore structure, on
which the ice rule is maintained, and nonzero charges reside only at its ends. For these spin-ice
systems, it is at these vertices where the spin-ice rule is violated that monopoles emerge [8].
When these charges separate, they can be regarded as independent monopoles (antimonopoles).
Such monopoles embedded in a crystal lattice exhibit a genuine magnetic Coulomb interaction,
and should produce a Faraday electromotive forces as expected for elementary monopoles [8].
Their signature is a nonzero value of the ’smeared’ or ’coarse grained’ charge density ρm, which
is the convolution of a Gaussian with the divergence of the magnetic field ∇H (cf. Appendix).

In this new area of research, experiments have been carried out to detect signatures of
monopoles and Dirac strings. Morris et al. [24], for instance, have performed neutron scatter-
ing experiments on Dy2Ti2O7-compounds with a magnetic field applied along the [001] crystal
direction. In an applied field the crystal is magnetically polarized with the spin-ice rule sat-
isfied and the Zeeman energy term minimized at every vertex. In their experiment, the spin
correlations as a function of temperature, magnetic field strength and field direction were mea-
sured. The determined average length, direction and concentration of the Dirac strings agree
with calculation and indicate the existence of monopoles. Fennell et al. [25] determined the spin
correlations in Ho2Ti2O7 in the absence of an external field and studied the special signatures
that are characteristic of a fractionalized spin-ice phase: pinch points [14]. Also in this case
experiment and theory agrees. One of the most direct observation of monopoles in spin-ice to
date, is the one achieved by Bramwell et al. in Dy2Ti2O7 [26]. Using muon-spin spectroscopy
the density of magnetic monopoles inside the spin-ice compound can be extracted. The magnetic
monopole charge determined as a function of the external field agrees well with the theoretical
prediction. These signatures of monopoles and Dirac strings detected at sub-Kelvin tempera-
tures in spin-ice compounds [24–28] provide evidence that emergent monopoles exists in such
a correlated condensed matter system, but a detection in real space of such excitations is still
lacking. While the existence of magnetic monopoles in a condensed matter setting is exciting
in itself, such monopoles are a rare instance of a new three dimensional space fractionalization
phenomena [8].

In this work we mimic the bulk pyrochlore spin-ice system with a two-dimensional nanofabri-
cated artificial spin-ice and in the next section of this chapter, we introduce the specific geometry
under investigation, namely the kagome spin-ice. Here we describe how emergent monopoles
can be identified in this system, using the same description applicable to spin-ice crystals.

Artificial kagome spin-ice system

A simple, but not too simple, way to gain insight into spin-ice materials is carried out in this thesis
by artificially creating such systems from ferromagnetic islands arranged in a two dimensional
array. In such a scheme the magnetic moments of a quantum spin arranged in a 3D tetrahedral
crystal are replaced by a macroscopic magnetic moment placed on a two-dimensional lattice.
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The size and shape of each ferromagnetic island is chosen such that the magnetic moments inside
the particle are in a single domain configuration, and neighboring particles are isolated from
each other in order to avoid domain walls in the system at zero field. The islands can therefore
be approximated by point like dipoles. The energy is solely determined via long range dipolar
interactions in the absence of an external field.

Such a two dimensional spin-ice system offers several advantages over the three dimensional
counterpart. In particular, the system allows the control of various parameters such as: the
interaction strength, the configuration geometry, and the number of interacting elements. Only
in the artificial case can the system can be built from bottom up. This allows control over the
amount of frustration present. This permits the determination of the configurational energies
via dipolar calculations. By building the system up, we can therefore follow the evolution of how
increasing the frustration affects the system. In addition, the magnetic configurations in such an
artificial system can be imaged using various techniques that directly probe the magnetic state
without altering its configuration. Furthermore, artificial spin-ice systems allow the study of
frustration at room temperature because of the thermal stability of the relatively large islands.
In fact, the anisotropy barrier preventing the macrospin associated with an island from flipping
is several orders of magnitude larger than the thermal energy at room temperature, so dynamics
can only be induced by applying a magnetic field.

1 m

Figure 1.2: The fabric of the work: the kagome spin-ice geometry. The Japanese basket weave
pattern gives the kagome geometry on which sites we place the ferromagnetic islands pointing toward
the centers of the triangles, to give a honeycomb lattice geometry. This is shown together with an
SEM image of a finished sample fabricated with electron beam lithography. This particular hexagonal
frustrated geometry is the focus of our studies.

In terms of the spin-ice rule, the two-dimensional analogue of spin-ice is the artificial square-
ice system [29] where four islands interact at each vertex. Unfortunately in the square-ice
geometry the coupling between each of the four islands at a vertex has not the same strength
and therefore among the eight different two-in/two-out vertex configurations which satisfy the
spin-ice rule only two are energetically favorable lifting the ground state degeneracy. The same
coupling strength can only be given by a height difference among the two islands sublattices.
However, in this case, the four magnetic moments will no longer point toward the center of
the vertex, which results in a difference between the 2D system and the 3D spin-ice analogue.
For this reason we decided to study a different artificial frustrated geometry that overcomes
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these problems, while still displaying similar frustration to spin-ice crystals: the kagome spin-ice
geometry visualized in Fig. 1.2. Here, the center of the dipoles are placed on the kagome lattice,
so that the ferromagnetic single domain islands form a honeycomb lattice. The name kagome
comes from Japanese meaning a basket (kago) made of a pattern of holes (me-literally eyes),
and a typical kagome weave pattern can be seen in Fig. 1.2. The kagome geometry is a highly
frustrated geometry, and the three magnetic moments interact at every vertices with the same
coupling strength. The lowest energy state that minimizes the energy at each vertex is given
by the two-in/one-out or one-in/two-out ice rule, again similar to proton ordering in water ice.
This gives six possible configurations for each vertex.

In order to identify monopoles in this geometry, the dumbbell model has to be applied in
the same way as for spin-ice compounds. Each magnetic dipole m is replaced by two charges
residing at the end of the dipole, having a charge of q = ±m/h (h is the length of the dipole,
in this case the the distance between nearest neighbors on the honeycomb lattice). The total
magnetic charge residing at each vertex where three dipoles interact is defined as Q =

∑
i qi.

The spin-ice rule is obeyed at vertices where Q = ±q, and violated when Q = ±3q. Emergent
monopoles exist in this geometry at locations where the value of the coarse grained charge density
ρm is different to zero. It turns out that in this geometry, magnetic monopoles do not simply
correspond to a violation of the spin-ice rule. Instead, magnetic monopoles emerge during in-situ
magnetization reversal at vertices displaying charge defects with respect to the starting saturated
configuration. Within the coarse grained charge density description, the spin-ice crystal and our
artificial kagome spin-ice are equivalent for the identification of emergent monopoles.

With the artificial kagome spin-ice system we are therefore able to observe emergent magnetic
monopoles embedded in the kagome lattice. We show that monopole-antimonopole pairs are
nucleated during magnetization reversal and separate on increasing the external field value.
Their history is followed in real-space and their displacement is imprinted via the Dirac string
corresponding to a chain of overturned dipoles and the growth has a one-dimensional character.
In addition to the observation, this model gives us the ability to address the magnetization
reversal in an elegant way. By looking at the monopole density, the hysteresis loop can be
categorized into three regimes: mobile monopoles, trapped monopoles and condensed charge
defects. This provides a link between the magnetization reversal progress and the amount and
type of monopoles. We have therefore succeeded in mapping the monopole positions in real space
in the artificial kagome spin-ice and, in addition, observed that the growth has a one-dimensional
character.

1.1 Scope and outline of this thesis

Make everything as simple as possible, but not simpler, is in a way the motto of this project
while a better understanding of frustrated systems and the behavior of monopoles by direct
visualization of the magnetic configurations in artificial kagome spin-ice is the clear goal of this
piece of work.

The study of frustration is approached, in this thesis, by making use of an artificial mag-
netic system in which the dipolar interactions and anisotropies mimic the ones in a spin-ice
crystal. The experimental difficulties existing for measuring and controlling bulk systems are
here overcome by creating an arrangement of islands with in-plane magnetization using elec-
tron beam lithography. This allows fine tuning of the created geometry. The direct imaging of
the magnetization configuration is carried out employing synchrotron radiation x-ray circular
dichroism together with photoemission electron microscopy (see Fig. 1.3). With this technique
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Figure 1.3: X-ray magnetic circular dichroism image achieved in a photoemission electron
microscope. With this unique tool, the magnetic configuration in the artificial kagome spin-ice system
can be determined with a single image. Images taken at the beginning of magnetization reversal on both
branches of the hysteresis curve. The sample material is 30 nm permalloy and the scale bar corresponds
to 2 µm.

the unequivocal arrangement of the magnetic moments in a kagome spin-ice lattice can be de-
termined with a single image in real space at room temperature without altering the magnetic
state. In chapter 2 the fabrication process is described in detail, while in chapter 3 the magnetic
characterization techniques are presented, the focus being the x-ray magnetic circular dichroism
together with photoemission electron microscopy giving images such as those shown in Fig. 1.3.
Before looking for monopoles in an infinite array system, we begin our study by focusing on
the building block structures of the artificial kagome spin-ice geometry. Results achieved after
demagnetization, which involves rotation of the sample in a field, and comparisons with energy
calculations on these finite elements, are given in chapter 4. The dipolar energies are presented
for all the building blocks investigated (one-, two- and three- ring system). Difficulty in achiev-
ing the low energy state for the simple structures with a alternating magnetic field hints at the
impossibility to achieve the ground state in the infinite array with such a demagnetizing method
[30]. Further efforts have therefore been made to find a way to achieve the low energy states with
a high reproducibility. Methods focused on lowering of the energy barrier between the different
states were carried out and are presented in section 4.5. Attempts in this direction have been
carried out making use of the magnetic transition across the Curie temperature and also tuning
the particle geometry to approach the superparamagnetic regime. Additional studies presented
in section 4.4 on the building block structure have shown the ability to control the low energy
state and their chirality with a success rate close to 100% during in-situ magnetization reversal
[31]. This was achieved by selectively placing magnetic islands with a higher shape anisotropy,
i.e., higher switching field in the ring structure, while their single domain character and the
energy landscape was still maintained.

After studies were carried out on the building block structures, the behavior of the infinite
system was then approached. Here collective phenomena can be investigated and observation of
monopoles analogues was achieved during the in-situ magnetization reversal as reported in chap-
ter 5. Within a charge model map, the magnetization reversal begins via formation of emergent
monopole-antimonopoles pairs at neighboring vertices where the moment of the single islands
has flipped. On increasing the external field to higher values, the monopoles-antimonopole pair
separates, leaving in their wake a chain of overturned dipoles: the Dirac string. The growth of
the string occurs via a one-dimensional avalanche, and is explained with probability arguments
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[32]. Chapter 6 presents further properties of the infinite kagome spin-ice system occurring dur-
ing magnetization reversal. Here the dipolar coupling strength among the islands of the lattice
and the external field angle applied have been varied. Hysteresis loops measured employing the
magneto optical kerr effect were recorded for the different parameters and compared with x-ray
magnetic circular images. The explanation of the reversal behavior is achieved with dipolar
energy arguments extended over the next nearest neighbor magnetic islands. In section 6.4 the
control of the avalanche start and stop has been achieved making use of islands with a modified
switching field. In the final chapter 7, an outlook for the continuation of this project is given.



CHAPTER 2

Sample preparation - electron beam lithography

In this chapter, the processes employed for the sample fabrication are discussed in detail. The
final structures we want to achieve, are shown in Fig. 2.1. For building block structures, as
well as for infinite spin ice array, the samples consist of thin ferromagnetic elongated islands
arranged on a kagome lattice and placed on a silicon substrate.

L
W

2a

Figure 2.1: Lithographically produced kagome structures. SEM images of completed samples,
three ring building blocks and infinite kagome array. The exposure files in form of lines are shown in
the inset; the scale bar corresponds to 500 nm.

The sample fabrication is shown schematically in Fig. 2.2, the whole process can be divided
into two parts: first the patterning of a polymer resist, carried out with an electron beam writer
(step 2. to 4.), and second the transfer of the pattern from the radiation sensitive material layer
to the ferromagnetic thin film material, achieved here with sputter deposition and lift-off (step 5.
and 6.). In the first part electrons are used to locally deliver energy into a resist consisting of a
thin layer of sensitive material (step 3.) and its solubility properties are locally changed. During
the development of a positive resist (step 4.), the exposed region is removed, and the pattern (as
small as 10 nm in case of e-beam lithography) is ready to be transferred to the thin film material
of choice, using one of several possible processes, such as etching or lift-off. In our case, lift-off in
combination with sputter deposition of a metallic ferromagnetic thin film layer is employed (step

9
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5.). During the lift-off all unwanted resist and magnetic material that lies on top is removed
(step 6.). In the next sections the e-beam lithography system used during the realization of
this work is introduced together with the fabrication steps, presented sequentially. In the last
section the fabrication on membranes, needed for transmission measurements, is described.

1. Substrate 

Si(100)

2. PMMA spin coat

3. e-beam exposure

4. Developement

5. Deposition

6. Lift-off

Figure 2.2: Fabrication
steps.

2.1 Leica LION LV-1 E-Beam Lithog-
raphy System

The Leica LION LV-1, Lithography for Integrated Optics and
Nanostructures Low Voltage 1 keV, electron beam lithogra-
phy system installed at Paul Scherrer Institute - Laboratory
for micro- and nano-technology (LMN), was used in this work.
An SEM-like optical column allows electron energies ranging
from 1 to 20 keV, and provides a gaussian beam with spot sizes
as small as 5 nm at 1 keV, and 3 nm at 20 keV. The elec-
tron optical column is shown in Fig. 2.3. When the primary
electron beam has a high energy, many secondary electrons
are scattered form the surface in all the directions, this will
cause additional dose in the proximity of the primary beam.
Therefore, the exposed area is larger than that exposed by the
incident beam; this is called proximity effect. To address this
problem, the energy of the primary electron beam can be set
to a lower value. For our e-beam system we used 2.5 keV.
Here the energy of the secondary electrons is as small as 50 eV,
and their penetration depth in the resist is approximatively 10
nm. This gives the limiting factor for the final resolution, and
reduces backscattering from the substrate. The disadvantage
is that only a relatively thin resist layer (below 200 nm) can
be exposed at high resolution and only resist structures with
aspect ratios below 2 are feasible. The beam of electrons is
generated with a small metal tip in the electron gun. In our
system, the electron gun emitter is a tungsten (W) tip coated
with zirconiumoxid (ZrO) and can be seen in the left part of
Fig. 2.3. With gun alignment coils, the beam can be directed
through holes of 10, 17, 30, 60 and 120 µm on an aperture strip to control the beam current
which is related to the spot size on the sample .

Towards the end of my time at the LMN a new state-of-the-art electron beam writer machine
was bought for our laboratory. The new system has much higher spatial resolution as well as
faster writing times. One key difference compared to the old machine is that the electron energy
is now 100 keV. Because of the larger penetration power of these high energy electrons, high
aspect ratio structures in resist with values up to 20 can be achieved. Even dense thin lines
(65 nm) can be achieved in 1 µm thick PMMA [33]. Since, for the present work, there was no
need of faster writing time or smaller structures, we did not make use of the new machine.
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Figure 2.3: Leica LION LV-
1 e-beam lithography sys-
tem. (a) the tungsten extractor
tip. (b) schematic of the column
and (c) the optical column of the
e-beam system used with all its
component.

2.1.1 Exposure files

This used system has a unique exposure mode which allows the writing of curved lines without
stitching errors, referred to as continuous path control (CPC). In this exposure mode, the sample
stage moves under the electron beam, and inaccuracies of the mechanical movement of the stage,
which are measured by an interferometric laser system, are corrected in real time by deflection of
the electron beam. During the CPC mode exposure, a particular input data format is required.
Here, the pattern must be decomposed in rational Bézier curves of 1st, 2nd and 3rd order (linear
segment or curves) which will define the path of the electron beam.

In order to produce elongated islands oriented in a kagome geometry, the exposed file is
formed out of many Bézier files. Each Bézier file contains one start and a end point lines for
each island arranged in the kagome geometry (see inset of Fig. 2.1); then in the exposure file
the speed of the stage, the defocus of the electron beam as well as the doses exposed needs to
be given. These parameter, together with the resist properties and thickness, and the current
in the primer beam determine the final width and length of the achieved structures [34]. The
parameter used in this work for creation of elongated ferromagnetic islands together with the
achieved island dimension are given in Table 2.1.

E-beam parameters

Input parameters Output

Length Linear Dose Defocus Length Width
nm nC/cm µm nm nm
400 0.25 5.0 460 130
400 0.33 6.5 470 160
300 0.42 6.6 400 180

Table 2.1: Exposure parameters used for elongated islands together with the achieved dimensions
(width and length) measured with SEM.

A standard sample can contain more than 800 Bézier files, and in each of them many identical
kagome structures are defined. The writing time for a single chip can take more than 6.5 hours.
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This writing time depends on the exposed dose, the emitted current from the tip, the aperture
chosen, the most important being the number of lines involved in an exposure and their geometry.

2.2 Resist Layer Preparation

A general requirement for lithography techniques is the ability to prepare resists layers of uniform
and well-specified thickness with high reproducibility. A spin-coater is used to produce a resist
layer of constant thickness on top of a 1 by 1 cm2 silicon substrate. Here a drop of resist mixed
with solvent solution is placed onto the substrate, and immediately distributed by rotating the
substrate at high speeds. Most of the solvent evaporates from the spin coated layer and the
resulting resist layer is highly uniform. Its thickness is determined by the concentration of the
resist in the solution, the rotation speed, the acceleration and the spin time. Immediately after
spin-coating, the resist layers were baked on a hot plate. The temperature should be above the
boiling temperature of the solvent, so that residual solvent outgases from the thin layer. The
bake temperature should also be above the glass transition temperature of the resist, in order to
transform the resist from a policrystalline state to an amorphous one, giving a smoother surface.
The parameter used are given in Table 2.2.

Resist layer parameters

Substrate Si (100) chip 1 cm × 1 cm
Resist PMMA 600k 2.34 % Ethyl Lactate

Resist thickness 80 nm
Acceleration 4000 rpm/s

Velocity 4000 rpm
Time 45 s

Baking 1 min @170◦

Developer MIKB:IPA 1:3 60 s

Table 2.2: Parameters for the e-beam lithography resist.

After exposure, the resist layer is developed by dipping or spraying the sample with a suitable
solution. Either the exposed regions, or the non-exposed regions, can be removed during the
development process, depending on the resist properties. One distinguishes between positive
resists, when the exposed regions are removed, and negative resists, when the non-exposed
regions are removed. Polymethyl Methacrylate (PMMA) resist was used in the fabrication
of the samples for this work. It is an organic polymer that forms large molecules consisting
of chains typically composed of 10000 monomers, whose solid form is commonly referred as
acrylic glass or perspex. Exposure with an electron beam breaks the inter atomic bonds of
the extremely long molecules and, as a consequence, the exposed regions become soluble in an
appropriate developer. Therefore, for moderate doses, PMMA resist is a positive resist. We
used PMMA in a molecular weight of 600k dissolved in ethyl lactate (EL). A mixture of MIKB
with isopropyl alchohol (IPA) has been used for development. 1:3 MIBK:IPA solution produces
a very high contrast, which is very appropriate for high resolution patterning. The PMMA resist
was developed using a HAMATECH (Steag-Hamatech HME 500) developing machine, providing
a fully automated and highly reproducible processing. First the developer, 1:3 MIBK:IPA, is
sprayed into the sample while it is rotating at a moderate speed to ensure a uniform spreading
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of the developing liquid; then the developer is rinsed away with pure ispropyl alcohol (IPA) and
finally the sample is dried by high speed rotation. Any residues from the IPA on the sample
surface are then removed by rinsing the sample with deionized water for several seconds.

2.3 Sputter deposition

Figure 2.4: Sputter machine. The DC magnetron sputter facility installed at PSI.

Sputter deposition is used to deposit a thin layer of material on top of the patterned resist
layer. Here atoms are removed from a negatively charged target consisting of the desired thin
film material, by bombardment with positive gas ions generated in a glow discharge. If the
transferred energy is higher than the binding energy in the target material, a target atom is
released. Eventually after some elastic scattering process with the sputter gas, the released
atoms arrive and condense on the surface of the substrate or on the sputter chamber itself. In
the case of magnetron sputter ions, a static magnetic field is present in front of the target. The
magnetic field forces the ions to travel in spiral trajectories, which increases their density in front
of the target surface and their path length in the plasma. Direct Current magnetron sputter is
a fast process compared to molecular beam epitaxy or pulsed laser deposition.

Sputter

Thickness 10 nm Cobalt 20 nm Py 1 nm Al

Power 200 W 200 W 200 W
number of passes 5 4 1

Velocity 2.15 m/min 1 m/min 5.4 m/min

sputter rate 53.75 nm/min 62.5 nm/min 67.5 nm/min

Table 2.3: Sputter parameters used for the permalloy (Py = 20% Fe and 80%Ni), cobalt (Co) and for
the Aluminum (Al) cap layer.

The schematic representation in Fig. 2.4 shows the sputter machine at the Paul Scher-
rer Institut operated by Michael Horisberger. It is equipped with three targets which allows
the production of multilayer films. Here the power is supplied alternatively to the desired
target, and the substrate is translated below. Combined with each disc target there is a
magnet which provides the magnetic field. The pressure of the sputter gas can be adjusted
using mass flow controllers. The plasma is ignited by applying a voltage for the glow dis-
charge close to the desired target. In our case, Argon with a constant flow value of 4 sccm,
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was used as sputter gas due to its inert nature and relatively high mass. This results in
high sputter rates and gives the possibility to work at low pressure and at lower voltage1.

1. Substrate 1. Substrate 

Si(100)Si(100)

SiN

2. -6. Lithography2. -6. Lithography

7. ProTEK7. ProTEK

8. KOH – etching8. KOH – etching

9. ProTEK removal9. ProTEK removal

Figure 2.5: Fabrication steps
on membrane samples.

The samples are fixed on a translation plate which moves at a
given constant velocity below the targets. To ensure a homoge-
nous layer thickness perpendicular to the translation, an aper-
ture of 80 mm is placed below each target. For the evacuation
of the sputter chamber, a turbo molecular pump in combina-
tion with a membrane pump is connected to the system. The
whole process is completely computer controlled and, using a
constant deposition rate, the layer thickness is controlled by
the velocity of the translation table and the number of passes
of the sample under the targets. The parameters used for the
fabricated samples are given in the Table 2.3. The background
pressure was in the range of 10−6 mbar. On top of the desired
ferromagnetic thin film, 1 nm Aluminium as a cap layer was
always deposited to prevent oxidation.

2.4 Lift-off

Following the deposition of the desired thin film or multilayer,
the remaining resist is removed with a lift-off process, using
acetone as a solvent. The lift-off works best when the thick-
ness of the thin film is smaller than half the thickness of the
resist. While PMMA is soluble in acetone, the deposited metal
in contact with the silicon substrate is not removed during the
process. During lift-off, the sample is placed in a beaker filled
with acetone in an ultrasonic bath for three intervals of ap-
proximately 2-4 minutes, each with a break of approximately 1
minute. Here the acetone containing metal particles is decanted
and replaced with new acetone. It is critical that during this
process the sample does not dry in air. This would result in
adhesion of unwanted thin film material to the surface of the
sample. After the ultrasound bath, the samples are put for
few minutes in acetone of MOS2 quality. Later, the sample is
placed in a third beaker containing MOS isopropyl alcohol to
remove the acetone. Finally the sample is dried with a nitrogen
gun. Inspection with an optical microscope placing the sample
in a petri dish with isopropyl alcohol, reveals if the material has lifted-off properly. This must
be done before the drying of the solution, as explained before. Following the lift-off, a SEM
inspection is required to guarantee the quality of the sample.

1The pressure during sputter is in the 10−3 mbar range and the applied voltage for the glow discharge is
usually several 100 V

2MOS stands for Metal Oxide Semiconductor and indicates that the chemical fulfills high requirements for
purity and contamination with particles.
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2.5 Fabrication on membranes

For transmission electron microscopy, thin Si3N4 membranes are required to allow the transmis-
sion of the electrons. Therefore ultrasound can not be applied for the lift-off, since the fragile
membranes would break immediately [35]. Different strategies in this case have to be applied.
We employed pre-structured substrates containing a Silicon window in the back that is etched
in the final stage with a potassium hydroxide solution. The schematic of the fabrication process
used is shown in Fig. 2.5 starting with prepatterned substrates from Silson Ltd. (step 1.). The
Silicon Nitride (Si3N4) layer of 200 nm is covering both sides of the substrate and has an opening
of 500 µm2 on the back. The membranes are delivered in a multi frame array containing 4 by
4 membranes and a frame that after etching are separated (see Fig. 2.6). The whole frame size
of each membrane corresponds to 2.65 × 2.65mm2. After lift-off and SEM inspection (step 2.
to 6. as schematized in Fig. 2.2), the samples are covered at the top and on the sides with a
protection layer that will resist the potassium hydroxide KOH solution used to etch into silicon
(step 7.). This layer is few micrometers thick and it is commercially called proTEK B3 PRIMER
(B81611-12) and B3-25 (B81613-12). The PRIMER is required underneath for adhesion to the
substrate. To make sure the proTEK covers also the side of the substrate a pencil is used to
cover the edges and the sample is baked twice to ensure homogeneity of the protection layer. A
KOH solution is prepared with 200 g of KOH per 800 g water. At 70◦ the solution is effective
in a reasonable etching time of 4-6 hours. When the etching is concluded the membrane placed
in the solution becomes transparent. Later, the proTEK is removed in a remover (proTEK
Remover 100 ). During this final stage (step 8.) membranes often break.

Figure 2.6: Membranes samples. A multi frame array containing 16 membranes substrates to-
gether with a single membrane chip. The window consists of a 2.65 ×2.65 mm2, 200 µm thick silicon
frame which contains a single 0.5 × 0.5 mm2 silicon nitride membrane. The silicon nitride membrane
thicknesses correspond to 200 nm and is specifically designed for TEM. In the last drawing the etched
window with steep side walls is visible from the back.





CHAPTER 3

Magnetic characterization techniques

The focus of this chapter is to give a short introduction into the different magnetic character-
ization techniques employed within the framework of this thesis. Special emphasis is given on
magnetic imaging based on absorption spectroscopy at a synchrotron source. Using circularly
polarized x-rays and exploiting the x-ray magnetic circular dichroism (XMCD) effect, ferromag-
netic domains can be visualized. In this work, this is done in total electron yield mode measuring
the generated photoelectrons using a photoemission electron microscope (PEEM). For the ar-
tificial kagome spin-ice structures studied here, XMCD/PEEM is a suitable technique due to
the easy visualization of the magnetic moment in each island from a single image, high spatial
resolution, fast acquisition time, element specificity, and its non destructive nature. With this
non-standard imaging technique, the unequivocal information about the magnetization config-
uration in the kagome structures can be gained directly and in real time. Furthermore, magne-
tization reversal processes can be investigated by applying an in-situ magnetic field. Additional
and complementary techniques are presented later in the chapter, namely Lorentz microscopy
in Fresnel mode and magneto optical Kerr effect (MOKE) measurements. Electron holography,
has been employed as a complementary imaging technique to gain information about the flux
lines exiting the ferromagnetic islands and at a vertex where three islands interact. The right po-
sition on the sample before taking holograms was determined with Lorentz microscopy. MOKE
has been employed here to determine the precise value of the coercivity field, Hc, of different
infinite kagome systems and to achieve fundamental characteristics of the reversal process. In
the following sections, these techniques are explained in more detail.

3.1 XMCD/PEEM measurements

This section explains the concepts and experimental details of x-ray absorption spectroscopy
(XAS) and x-ray magnetic circular dichroism (XMCD) together with photoelectron emission
microscopy (PEEM). First, a brief description of the properties of the synchrotron light source
and the main features of the beamline employed will be given. The change in the x-ray ab-
sorbtion, as a function of photon energy and polarization, can yield detailed information about
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the chemical composition of materials, the relative positions of the constituent atoms, and the
magnetic properties of the material [36]. In this work, XMCD is used to investigate the mag-
netization orientation in ferromagnet single domain elements. A spectroscopy experiment is
performed using circularly polarized light and the changes in absorption as a function of polar-
ity are spatially resolved with a PEEM by collecting the secondary electrons, as explained later
in this section. In the final part of this section, some technical aspect of the technique will be
presented, with an emphasis on the data acquisition and sample holder characteristics that are
most relevant for the kagome structures studied here.

3.1.1 Synchrotron radiation and the Surface/Interface: Microscopy
(SIM) beamline at the Swiss Light Source

sample 

ring
vacuum storage

ring

focussing
optics

monochromator

wiggler, 
or undulator

Figure 3.1: Synchrotron facility. Schematic of
the electron storage ring and a belonging beamline.
Adapted from [37].

Synchrotron light is required to perform X-ray
Absorption Spectroscopy, due to the following
important properties that only a synchrotron
can fulfill simultaneously: tunable x-ray en-
ergy, intense parallel pencil beam, monochro-
matic light with a high flux, brilliance1 and
the potential for fast switching of polarization.
The XMCD/PEEMmeasurements in this the-
sis were performed at the Surface/Interface:
Microscopy (SIM) beamline of the Swiss Light
Source (SLS). A constant value of the current
(∼ 400 mA) in the storage ring is guaranteed
by the so-called top up mode of operation. In Fig. 3.1 a sketch of a typical beamline is illustrated.

Electrons extracted from a target are accelerated in a LINAC and a booster ring and then
injected into the storage ring. There, they are maintained in a closed path using bending magnets
at arc sections. Ultra high vacuum conditions are required to achieve an electron velocity very
close to the speed of light. At the SLS, the energy of the electrons in the storage ring is 2.4
GeV, and the emitted synchrotron light ranges from infrared to hard x-ray. The 19 tangential
beamlines use the radiation emitted from accelerating electron passing through insertion devices,
such as wigglers, undulators or bending magnets. The photon energy of the SIM beamline at
the SLS ranges between 90 eV up to 2000 eV [38]. The optical layout of the beam line consist
of two 3.8 m long undulators as insertion devices, located one behind the other (ID1 and ID2
in Fig. 3.2), followed by a collimating mirror directly after the shielding wall, a plane grating
monochromator and focusing mirrors [38]. Measurements with circular (left, right) and linear
(0◦-90◦) polarization can be performed and the switching is rapid thanks to the so-called tune-
detune operating mode. The undulators deliver the x-rays in harmonics with a specific energy
which depends on the gap and shift settings. Typically the monochromator is match to the 1st

harmonic since it is more intense, for higher energy higher harmonics are used. To deliver x-rays
to the experiments, the energy from the undulators needs to fit the small energy bandpass (width
∼ meV) of the monochromator setting i.e. they have to be tuned. Detuning one undulator by
changing the gap by a few millimeters will shift the center of the emitted photon energy away
from the energy bandpass of the monochromator such that nearly no intensity from the detuned

1The flux is defined as the number of photons per second per unit bandwidth (normally 0.1%) passing through
a defined area, and is the appropriate measure for experiments that use the entire, unfocused x-ray beam. The flux
is > 1012 photons/s/0.1% BW. Brilliance essentially states how the flux is distributed in space, and determines
the smallest spot onto which an x-ray beam can be focused.
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undulator will go to the endstation. A schematic of the undulators mechanism is depicted in
Fig. 3.2. Since the required mechanical movements are small, the polarization switching can be
performed within a few seconds [39].

In
te

ns
ity

Photon energy

tuned

ID1
Circ + Monochromator

energy

ID2
Circ -

tuned detuned

detuned tuned

detuned

Figure 3.2: Polarization switching scheme. Detuning one of the undulators shifts its maximum
photon energy intensity to lower values by ∼ 40 eV away from the acceptance energy of the monochro-
mator, which is matched to the intensity maximum provided by the other tuned undulator. Adapted
from [39].

3.1.2 X-ray Absorption Spectroscopy - XAS

In X-ray absorption spectroscopy (XAS), a core electron is excited into unoccupied states above
the Fermi level. XAS is divided into two regimes depending if one deals with resonant or non-
resonant absorption. The first is the study of resonances near the absorption edges and is called a
near edge x-ray absorption fine structure NEXAFS (or XANES) [40]. NEXAFS originates from
transition between a core state and the valence state, e.g. for transition metals this would be
the dipole transition from 2p to 3d, and contains information about the density of unoccupied
electronic states. The second type of spectroscopy is called extended x-ray absorption fine
structures (EXAFS) and occurs in the energy region above the rising absorption edge and
reflects information about the type and spatial location of neighboring atoms [41]. We deal here
only with NEXAFS, which is relevant for magnetic imaging.

Because of absorption, the transmitted intensity of x-ray light through a given material
exponentially decays as a function of the thickness x and absorption coefficient µ of the sample:

I(E, x) = I0(E)e−µ(E)x = I0e
−ρaσ

absx (3.1)

where µ(E) is the linear absorption coefficient[1/m], ρa is the atomic density [atoms/m3] and
σabs is the absorption cross-section [m2/atom], which is given by the number of photons ab-
sorbed per atom divided by the number of incident photons per unit area (Pfi

Iph
). The transition

probability per time can be described using Fermi’s golden rule:

Pfi α
∑
f,i

M2
f,i(1− n(Ef )) · δ(~ω − (Ef − Ei)) (3.2)

where (1 − n(Ef )) is the density of unoccupied final states, Mf,i is the transition matrix
(M2

f,i = | < f |e · P |i > |2) and the δ-function carries the energy conservation part. Within
this approximation, transitions are allowed according to the dipole selection rules:

∆ms = 0, ∆ml = ±1. (3.3)
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Therefore only spin-up electrons can be excited into spin-up holes and for instance, transitions
from the 2p states to d states at the L3,2 absorption edge are allowed. At certain energies, the
absorption makes almost discrete jumps, termed "edges" which represent the energy required
to excite an electron of a tightly bound shell to an empty state above the Fermi energy.

The most direct way of measuring x-ray absorption spectra is to measure the transmitted
photons through the sample (typically deposited onto a membrane) normalized to the incoming
photon beam, as a function of the incoming photon energy. There are two other methods
for the measurement of x-ray absorption: x-ray fluorescence and total electron yield (TEY).
Fluorescence works better in the hard x-ray regime, while TEY is particulary useful in the soft
x-ray regime due to the dominance of the Auger decay channel. Here the absorption of the
incident x-ray photons create core holes that are filled by Auger electron emission. The primary
Auger electrons cause a low energy cascade through inelastic scattering processes on the way
to the surface. The process is schematically shown in Fig. 3.3. Only those electrons that have
enough energy to overcome the work function of the sample contribute to the electron yield.
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Figure 3.3: Absorption process. Schematic of the total electron yield (TEY) geometry used for the
x-ray absorption spectroscopy. The TEY is measured with a picoameter that measures the electrons
flowing to the sample from ground. The absorbed photon leads to the production of Auger electrons that
trigger an electron cascade escaping the sample surface. The number of emitted electrons is proportional
to the probability of the Auger electron creation, that is the absorption probability. The electron yield
spectrum is proportional to the absorption coefficient. Left the characteristic L-Edge spectra of 3d

transition metals is shown. Adapted from [42].

The TEY signal drops exponentially with the distance from the surface plane. The measured
photocurrent is proportional to the absorption coefficient: I0 − I(E, x) = I0(1 − e−µ(E)x) ∼
µ(E)I0x. For L-edge absorption of Fe, Co and Ni, the TEY probing depth is about 5-10 nm,
although about 60% of the signal originates from the topmost 2 nm of the sample [42]. Such
surface sensitivity makes this technique well suited for the study of thin samples, interfaces close
to the surface, and samples with homogeneous magnetic properties over the whole thickness such
as those studied in this thesis. Using a PEEM, a laterally resolved image of the emitted electrons
from the surface of a sample is obtained. The intensity in the acquired image represents the
local TEY, and thus the local photon absorption cross section. The details of this microscopy
technique will be explained in section 3.1.4.
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Figure 3.4: L-edge absorption process of circularly polarized photons. The XMCD effect
illustrated for the L-edge absorption in the two-step model. First circular polarized x-rays generate spin
polarized electrons from the inner shell, secondly the spin-split in the 3d band act as a spin analyzer
(arrow width indicate the probability for the transition) adapted from [42]. On the right, spectra taken
on a 40 nm thick unstructured Permalloy sample at a 20 µm field of view with an integration time
per energy value corresponding to 5 s. The Iron L3 Edge is at 708.1 eV, while the L2 Edge is at 721.0
eV. Positive helicity values are shown in red while the negative absorption is shown in blue. Below the
spectra, the XMCD ratio ( σ+

σ−
) explained later is plotted.

3.1.3 X-ray magnetic Circular Dichroism - XMCD

Magnetic dichroism describes the dependence of the x-ray absorption on the x-ray polarization.
In a ferromagnetic material, the density of unoccupied states at the Fermi level is different for
the two spin directions since the valence shells are partially filled. Consequently, the frequency
of possible transitions, in probability terms, depends on the alignment of the light helicity with
respect to the direction of the magnetization. As stated ∆ms = 0, and therefore the probability
for a 2p core transition to a 3d "spin-up" hole transition exists only for the "spin-up" electrons.
Due to the spin-orbit interaction, the 2p core states are split into 2p1/2 (j = 1 − s) and 2p3/2

(j = 1 + s). Assuming an almost filled valence band for the spin-down electron and an almost
empty one for the spin-up electron, as shown in Fig. 3.4, we have that the transition probability
is higher in the case of negative helicity for the transition 2p3/2 to 3d i.e. L3 transition and for
positive helicity the probability is highest for the 2p1/2 to the 3d valence shell (L2).

This difference in absorption for opposite helicities is exactly the x-ray magnetic circular
dichroism effect illustrated in Fig. 3.4. Strong XMCD effects appear at the L-edges (2p − 3d
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transition) of the transition metal ferromagnets Fe, Co, and Ni. The XMCD effect is opposite
in sign at the L3 and L2 edge because of the opposite sign of the spin-orbit coupling in the 2p
states. The different coupling gives rise to a unique feature of XMCD; its ability to separate
spin and orbital moment.

XMCD is defined as the asymmetry of absorption between circular right (σ+) and left (σ−)
polarization:

σ+ − σ−

σ+ + σ−
(3.4)

In the XMCD image, the intensity is a measure of the angle α between the circular X-ray
polarization vector (~σ) and the magnetic moments ( ~M) [43] in the domains given by:

IXMCD = ~M · ~σ = | ~M | cos(α) (3.5)

If the orientation of the helicity and the magnetization are parallel to each other, the contrast
is highest. If they are antiparallel to each other, the contrast is lowest, and it is an intermediate
value if they are perpendicular.

To visualize magnetic domains and determine the magnetic orientation in a single domain
ferromagnetic material, the difference in the number of unoccupied states just above the Fermi
surface with spin-up and spin-down needs to be probed with spatial resolution. This is achieved
in our case by combining XMCD with a photoemission electron microscope (PEEM).

3.1.4 Photoemission electron microscope - PEEM

X-ray PEEM combines an x-ray source with a high-resolution electron microscope to provide
a spatial map of the absorption of the sample by imaging the secondary electrons generated in
the electron cascade that follows the creation of the primary (Auger) core-hole in the absorption
process, as explained in section 3.1.2. PEEM is a full-field photon-in/electron-out imaging
technique, and thus allows observations in real time without scanning. For an overview of
additional with x-ray microscopy techniques see e.g. [43].
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Figure 3.5: PEEM at SIM beamline. Schematic of the photoemission electron microscope installed
at the SIM beamline, together with a photograph of the whole instrumentation. The x-ray beam is
highlighted in yellow and the preparation chamber can be seen together with the manipulator where
the sample is placed, the microscope column and the imaging part with a detector and CCD.
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The principle of the PEEM technique, is illustrated in Fig. 3.5. All the PEEM measurements
presented in this thesis were performed using an Elmitec PEEM [44] at the SIM beamline [38, 39]
of the Swiss Light Source and the following description will be based on this particular setup.
The sample is illuminated with a monochromatic x-ray beam with a horizontal focus spot size of
∼ 100 µm, and angle of 16◦ with respect to the sample surface. The focus spot size is larger than
the typical fields of view considered, here 10-50 µm, thus guaranteeing a uniform illumination of
the sample surface. The emitted low-energy photoelectrons are accelerated towards the electron-
optics imaging column by a strong electric field (15-20 kV) applied between the sample and the
objective lens of the microscope. Deflectors and stigmators are used to optimize the electron
path through the microscope lenses and correct any image distortions. The lateral distribution
of the emitted electrons is magnified between one hundred and one thousand-times by a series of
electromagnetic lenses. For final detection, the emitted electrons are projected onto a imaging
unit consisting of an electron multichannel plate intensifier and converted to visible light by a
phosphor screen, from which the image can be readout by a standard, two-dimensional CCD
camera in real time. The sample manipulator allows a lateral positioning of the sample, while the
azimuthal rotation of the sample makes imaging at different incident photon beam orientation
with respect to the sample possible. This allows a full 3D imaging of the magnetic vectors,
as shown in Fig. 3.7. Accurate alignment of the sample and of the microscope are critical in
order to obtain focused and undistorted images. First, the alignment of the surface normal with
the optical axis of the objective lens is corrected. This is performed for the different fields of
view employed, by tilting the sample placed at a distance from the first lens of ∼ 2 mm, to the
appropriate angle position over a range of ±3◦. Second, an alignment of all the electromagnetic
lenses through the whole electron path is carried out by toggling the lenses (i.e. alternate with
a given frequency the current value) while correcting the deflectors until their optimal values
are found. Finally, the spherical and chromatic aberrations2 need to be reduced in order to
achieve the best spatial resolution, which is currently at best ∼ 50 nm, although isolated sub
6 nm nanocrystals can be detected as well [45]. This is carried out using an aperture in the back
focal plane and an energy selection slit placed at the entrance of the hemispherical analyzer (see
Fig. 3.5). While such apertures improve the spatial resolution, they reduce the transmitted
intensity [43, 46]. The best compromise of spatial resolution and intensity is obtained by tuning
the energy filter to a kinetic energy of the secondary electrons of about 1-2 eV.

In addition to the magnetic contrast explained above, PEEM provides quantitative infor-
mation of the chemical composition [47, 48], structural parameters [49] and electronic structure
[50], both static and time-resolved [51].

Measurement, data acquisition, and sample holder characteristics

In the following, specific details about the measurements performed in this thesis are presented.

Magnetic contrast

Images with XMCD contrast are obtained from the pixel-by-pixel intensity division, (σ+/σ−) of
two images sequentially recorded at the L3 edge with right (σ+) and left-handed (σ−) circular
polarization using the tune/detune polarization switching capability of the SIM beamline [39].
Such a fast switching mode is crucial for magnetic imaging to minimize drifts between images
taken with opposite polarizations. Since the XMCD contrast is small compared to the total

2A broad range of electron energies, from zero to the energy of the absorbed photons minus the work function
of the material, is emitted.
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image intensity (<10%), a simple division is equivalent to the asymmetry ratio given in Eq.
3.4 [52]. A ratio image has the advantage that it is normalized to the image intensity, hence
inhomogeneity in the sample illumination disappears upon division. In fact, the XMCD division
ensures that all contrast originating from non-magnetic origin are canceled out since they do
not depend on the photon helicity. Typical image acquisition times are between 5 to 40 seconds
per photon helicity depending on the field of view and on the size of the XMCD effect. As
an example, XMCD images of arrays of cobalt islands arranged in an artificial kagome spin-ice
configuration are shown in Fig. 3.6. The clear reversal in contrast of ratio images recorded
at the L3 and L2 Co edge (Fig. 3.6 c and d) confirm that the observed intensity in the ratio
image is truly of magnetic origin and not related to any measurement artifacts. The ratio
image obtained is referred as an XMCD image. If quantitative information is required, e.g. the
determination of spin and orbital moment is requested, then this would not be sufficient and
an appropriate asymmetry ratio needs to be evaluated [53]. Since the XMCD contrast reflects

a b c d
σ+/σ- @ L3 σ+/σ- @ L2σ+ @ L3 σ- @ L3

Figure 3.6: XMCD images. (a) (b) Absorption image for the two circular polarizations taken at
the L3-Edge, with ratio images at the L3 (c) and at the L2-edges (d). The contrast reversal between L3

and L2 images is a proof of its magnetic origin. The sample consists of 14 nm-thick Cobalt structures
and for each image, the integration time is 30 s. The scale bar is 2 µm.

the projection of the local magnetization ~M on the photon propagation vector ~σ (Eq. 3.5),
different XMCD gray levels correspond to different magnetization orientations. In panel c of
Fig. 3.6 this is well illustrated: islands with white and black contrast indicate magnetization
orientation parallel and antiparallel to ~σ, respectively, while islands with grey contrast have a
non-collinear configuration. A quantitative, unambiguous determination of the orientation of
the magnetization of the islands in 3D space can be performed by fitting Eq. 3.5 to the angle
dependent XMCD data recorded at a minimum of three different azimuthal sample orientations,
as shown in Fig. 3.7.

More details about XMCD imaging by using a PEEM can be found in [42, 43] and [53].

Sample holders

Some of the PEEM results presented in this thesis involve in-situ heating and application of
magnetic fields in the sample plane. It is therefore worthwhile to mention a few technical
details about the characteristics of the sample holders used for these experiments, some of them
developed specifically for this work.

The sample holders for PEEM measurements (Fig. 3.8) need to fulfill different requirements,
in particular they need to be compatible with high voltages and ultrahigh vacuum conditions.
The sample holder material needs to be non-magnetic in order to minimize any unwanted stray
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Figure 3.7: 3D map of the magnetization. By taking images of the same region with different
orientations of the x-ray beam with respect to the sample, the reconstruction of the orientation magne-
tization in 3D can be achieved. The magnetization contrast in each XMCD image, top row, ranges from
black (parallel to the x-ray direction) to white (antiparallel) and has a uniform grey contrast at 90◦.
On the bottom row, the strength of the magnetization (uniform over all the structure) together with
the out-of plane component is shown (zero). With the reconstruction of the 2D magnetization (color
image) we can confirm that the magnetization in each island points along the long axis direction of the
island. The ferromagnetic material in this seven-ring kagome structure is 10 nm-thick cobalt. The field
of view is 4 µm.

fields that could affect the emitted electrons. A typical material choice is Titanium, Molybdenum
or Copper doped with Beryllium (1%). The whole sample holder body is set at -20 kV, while
the four contact points (which can be seen in the back of the sample holder view in Fig. 3.8b)
are held at small offset to the high voltage to allow the control of the experiments such as
applying a current through the filament to create a magnetic field, or increasing the temperature
and measuring the temperature value with a thermocouple on the other two contacts. For
heating experiments, the standard Elmitec sample holders have been used. These holders have a
thermoelement and a Tungsten winded wire used for heating built in the holder a few millimiters
under the sample chip position. The sample temperature is homogenized using a tantalum disc
placed above the filament.
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Figure 3.8: Sample holders to generate a magnetic field in the sample plane direction. (a)
and (b) Two parallels winded coils design in (a) the visible coil part is high lighted in orange while in
(b) the four springs electrical contact are visible from the back. (c) The core part of the new "U" coil
design. The produced field directionality shown with a red arrow.

Figure 3.9: Generated magnetic field.
The linear relationship between the current
and the produced field measured at the sam-
ple position saturate at a current above 2.5 A.
The resistance measured for both the coils at
the contact point equals to 1.8 Ω and the re-
manent field value corresponds to 0.4 mT.
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For magnetization reversal experiments shown in subsequent chapters, magnetic fields in the
sample plane were applied in-situ. For this, special magnetizing holders have been developed
throughout this thesis in collaboration with technical stuff at PSI. The magnetic field was
produced by passing a selected amount of current through a long copper wire wound in a coil.
The wire material is copper isolated with a suitable kapton polyamide material. The diameter
corresponds to 250 µm, the length to ∼2 m and the number of turns >140. In the original
design, the two cylindrical steel coils are placed parallel beside the sample. A drawing of this
holder is shown in Fig. 3.8 (a, b) with the coil highlighted in orange. The PEEM power supply
can supply a maximum of 3 A of current through the coils, which corresponds to fields up to ∼30
mT with this holder design. For higher magnetic fields, a different kind of holder was designed,
based on a "U"-shaped steel core with dimensions 15 mm x 9 mm x 6 mm, as shown in Fig.
3.8 c. The wound coil was then connected inside the sample holder and the sample chip was
placed just above the core surface. With this improved design, a maximum field of ∼70 mT can
be achieved. In the PEEM, the current passing through the coils was applied for the shortest
time required to reach the desired value (about 2 s), in order to avoid overheating of the coils.
For every sample, the magnetic field was always measured ex-situ before each experiment using
a Hall sensor placed in the sample position. The relationship between the applied current and
the generated magnetic field for both types of magnetizing holders, is shown in Fig. 3.9. Due to
variation of the measured field value with the Hall sensor position (variation of a factor of 2 over
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distances of ∼1 mm), it is highly recommended to reproduce the field measurements achieved
in the PEEM holder with MOKE hysteresis curves.

3.2 Transmission Electron Microscopy

Figure 3.10: Electron holography. Schematic illustration of set-up used for generating off-axis
electron holograms in the TEM. The sample occupies approximately half the field of view and is coher-
ently illuminated by the field emission electron gun. The positively charged electrostatic biprism causes
overlap of the object and (vacuum) reference waves. The resulting holographic interference pattern is
recorded digitally (from [54]). Electron holography image showing the magnetic flux lines on a one-ring
kagome structure. The sample, fabricated on a silicon nitride membrane, consists of 36 nm-thick cobalt
islands. The scale bar corresponds to 500 nm.

Transmission electron microscopy (TEM) measurements allowed us to double check the single
domain character of the islands. In addition, from the flux line configuration achieved with
electron holography, the actual spin configuration at the short edges of the islands can be resolved
spatially due to the high resolution of this technique. For TEM, a high energy electron beam
(200 keV) is incident on a thin specimen and the electrons transmitted through the sample are
detected. This imaging technique comprises several different modes, which all make use of the
fact that electrons traveling through a sample with an in-plane magnetic component experience
a deflection.

Transmission measurements presented in this thesis were performed with the microscope
TECNAI T20 installed at Center for Electron Nanoscopy - CEN (Denmark), which has a point
resolution of 2.4 Å, and a line resolution of 1.5 Å.

Electron holography imaging is carried out through a two-step process. In the first step, a
hologram is formed, whereby an object wave passing through a specimen interferes with a refer-
ence wave passing through the vacuum. In off-axis electron holography, the holography method
used here, an electrostatic biprism is used to give an overlap of the electron wave scattered by
the sample and the reference wave, which usually passes through vacuum [55]. In a second step,
the phase shift of the electron beam is extracted from the hologram by applying a complex
algorithm that makes use of the Fourier transform. In fact, from the interference pattern, the
amplitude and phase shift of the electron wave that has passed through the sample can be recon-
structed. The phase shift can be used to provide quantitative information about electrostatic
and magnetic fields within the sample to a resolution that goes beyond the nanometer scale
under optimal conditions [56]. More details about electron holography can be found in [57] and
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[58]. The schematic principle of electron holography and a reconstructed hologram of a one-ring
kagome structure in the vortex state can be seen in Fig. 3.10.

Figure 3.11: Fresnel mode in Lorentz microscopy. A lens converges the electron beam and an
aperture blocks parts of the electrons. Underfocused images are obtained simply by placing the image
axis closer on the vertical line; the image contrast obtained which is shown at the bottom would be
in that case exactly reversed compared to the overfocus version. In the specific case of our studied
system where no domain walls are present, the black or white shadow on the long island side contain
the information about the magnetic moment configuration as shown in the right example. Schematic
adapted from [59]

.

Lorentz microscopy is necessary before performing electron holography in order to locate the
adequate sample position. The Lorentz force acting on the electron can be written as

~F = e

∫
L

~v(x)× ~B(x)dx

where e and ~v(x) are the charge and velocity of the electrons and ~B(x) is the magnetic induction
along the electron trajectory x. The electrons transmitted through the sample experience a
Lorentz force according to the above equation, which at domains of opposite magnetization acts
in opposite directions. The propagation paths of electrons after transmission through the sample
are therefore tilted into different directions corresponding to the local magnetization directions.
The Lorentz deflection angle is very small and depends on sample thickness and electron energy.

The two main measurement modes are the Foucault mode and Fresnel mode. The latter
was employed for the work presented here and a schematic of the contrast mechanism behind
this imaging mode is shown in the left part of Fig. 3.11. Here, an out of focus imaging of the
sample is taken. Under these conditions, the domain walls appear as bright (convergent) or dark
(divergent) lines [59]. This mode is often used for real-time studies of magnetization reversal
in any in-plane geometry. In the kagome spin-ice structures studied here, a black and white
contrast is obtained in this mode, along the long edge of each ferromagnetic element as shown
in Fig. 3.11. From this contrast the magnetic configuration in the structure can be determined.
The disadvantage of this mode is that defocusing slightly reduces the spatial resolution, which
is anyway not crucial for our measurements.
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Figure 3.12: Schematic diagram of MOKE setup. Abbreviations used are: BE, beam expander;
CL, collimating lens; Pol, polarizer; L, lens; BS, beam splitter; λ/4, quarter-wave plate; PD, photodiode
(adapted form D.S. Eastwood).

3.3 MOKE measurements

The magneto-optic Kerr effect (MOKE) is widely used to study magnetic materials. At its heart
is the analysis of polarized light reflected from a magnetic surface. While MOKE magnetometry
was originally developed for thin film analysis, the sensitivity, spatial resolution and temporal
resolution of MOKE instruments have steadily improved so that the technique remains at the
forefront of magnetic nanostructure research. For example, MOKE has been used to study
the behavior of nanodot chains [60] and hysteresis of selected regions of individual nanowire
structures [61]. The magneto optic response of magnetic materials is well understood and
described in the context of either macroscopic dielectric theory, in which the magneto optical
effect arises from the antisymmetric off diagonal dielectric tensor, or microscopic quantum theory,
in which the description is based on the coupling between the electric field of the light and the
electron spin. Several publications and reviews have appeared over many years with details on
the magneto-optic response [62].
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Figure 3.13: MOKE hysteresis loop. Typical
measurement on an infinite kagome spin-ice array.
Repetition rate: 20 Hz, integration time: 2 min,
sample: 30 nm Py.

Here we focus on the particular MOKE
setup used in this thesis which is placed in
Durham University - Nanoscale Science and
Technology group. The optical diagram for
the longitudinal MOKE setup used is shown
in Fig. 3.12. Before being reflected on the
sample, the laser beam passes through a beam
expander, a collimating lens, a Glan-Taylor
polarizing prism to improve the beam polar-
ization, and a focusing lens to give a minimum
laser spot size on the sample of 5 µm × 7 µm.
The reflected beam is then collected using
identical achromatic doublet lenses. The sam-
ple is mounted at 45◦ to the optical axis and
the position is controlled with XYΘ, with a
lateral precision of 55 nm and 0.1◦ in the rota-
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tion. The setup is equipped with two optical
systems: one for hysteresis recording and one
for imaging the sample thus allowing the location of the nanostructures on the chip [63].

The polarization optics are set up for measurements by first minimizing the Kerr signal by
iteratively rotating the quarter-wave plate and analyzer followed by rotating the analyzer by the
appropriate angle φ. The sample imaging optical path uses white light that is brought collinear
with the laser optical axis using a beam splitter placed between the polarizer and objective
lens. Another beam splitter placed immediately before the quarterwave plate allows the sample
surface to be imaged onto a CCD camera. A suitable dichroic mirror (attenuator) protects the
CCD chip from the intense laser beam component.

MOKE was employed to achieve a precise determination of the coercivity field value Hc and
the shape of the hysteresis for samples of infinite arrays with different properties. The signal
dynamic range and the signal-to-noise ratio of the setup has been maximized to improve the
magnetic sensitivity to a magnetic moment µ ∼ 6 × 10−12emu [63]. In Fig. 3.13 an example
of hysteresis loop of a kagome spin-ice infinite array is shown. With this technique, important
hallmarks in the hysteresis loops of infinite kagome spin-ice arrays as a function of different
parameters were characterized and, in addition, a precise dependence of Hc vs. field angle was
achieved. This technique is therefore complementing the XMCD/PEEM measurements.



CHAPTER 4

Building blocks of the kagome system: 1,2 and 3 ring structures

The properties of a large system can sometimes be elegantly rationalized by considering only
simple concepts that govern the system as a whole. A deeper understanding might, however,
require details of how its smaller subsystems behave and how they interact. A case in point is
the study presented in this chapter.

Figure 4.1: The artificial kagome spin-ice
building blocks. The three basic building blocks
consisting of one-, two-, and three-rings extracted
from the infinite array. The three-island vertices
where frustration is present are highlighted in red.

Here we approach the effect of frustration
by investigating the structural building blocks
of an artificial kagome spin-ice system. We
extract the one-, two- and three-ring kagome
structures from the infinite system as shown
in Fig. 4.1 and look at their behavior un-
der different external conditions such as tem-
perature and applied magnetic field. Dipolar
energy calculations carried out for the finite
kagome building blocks systems (section 4.1)
enabled us to determine the energies and de-
generacy of the possible magnetic configura-
tions and most importantly, to identify the
lowest energy states. Such calculations set
the groundwork to interpret the experimen-
tally observed magnetic configurations (sec-
tion 4.2). The shape and size of the fabricated
islands is chosen in order to ensure that they
are in a single-domain magnetic state and are
isolated from each other, in contrast to other
kagome networks of interconnected, multidomain islands [64–66], where our dipolar energy model
would no longer be valid. In order to access experimentally the lowest energy states, we used
various demagnetization protocols involving rotation of the sample in a magnetic field [67, 68].

By employing different demagnetization geometries, and by repeating statistics on different
samples, we determined the frequency achieved for low energy states presented in section 4.2. We

31
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observe that the spin ice rule is always obeyed at the three-islands vertices, even at low dipolar
coupling strengths. In addition, we find that the field orientation influences the resulting states
and, as a consequence, achieving ground state will be impossible in an infinite kagome system by
demagnetizing with alternating magnetic fields. These results are also mirrored by the ability to
switch via the low energetic states during magnetization reversal observed in-situ in the PEEM
(see section 4.3). Furthermore, we developed a strategy to control the chrality of the low energy
states achieved during magnetization reversal, by modifying the shape anisotropy of selected
islands, as shown in section 4.4. Finally, an alternative demagnetization procedure based on the
thermal heating of the islands above their magnetic transition temperature was employed in an
attempt to achieve reproducibly the ground state in the structures. First exploratory attempts
in this direction are presented in section 4.5.1.

The sections 4.1 and 4.2 are adapted and extended from [30]: E. Mengotti, L.J. Heyderman,
A. Fraile Rodríguez, A. Bisig, L. Le Guyader, F. Nolting and H.B. Braun , Phys. Rev. B, 78,
144402 (2008).

4.1 Dipolar energy characterization

The elongated islands we investigate here are single domain in the remanent state, and can be
approximated by a single macroscopic spin. The shape anisotropy of each island is large enough
to force its magnetic moment to be aligned along the long axis, making the islands effectively
Ising-like. Moreover, they are isolated and thus inter-island exchange coupling is absent. The
total magnetic energy of the system, which allow us to determine the energy landscape, can
therefore be represented by the dipolar energy contribution alone. The dipolar energy between
two islands is given by in S.I. units:

E(~r1, ~r2, ~m1, ~m2) =
µ0

4π
1
|~r|3

[ ~m1 · ~m2 −
3
|~r|2

( ~m1 · ~r)( ~m2 · ~r)] (4.1)

where ~m1 and ~m2 are the magnetic moments of two interacting islands and ~r is the distance
vector between the centers of the islands (~r1 − ~r2 6= 0). The moment of each island in our
experiment is of the order of 1 · 108 Bohr magnetons. This gives an interaction energy between
nearest neighbors of 10−18 J (corresponding to 7.2 ·104 K) for a lattice parameter a=500 nm.
Taking into account the shape anisotropy, the orientation of the moment in each islands is set to
point in one of two directions parallel to the long axis of the island. For each of the 2N possible
configurations, where N is the number of islands in the structure, the energy value per island,
is calculated and plotted in the Figs. 4.2-4.4. The states with the same energy are grouped
together in the same level and ordered with increasing energy from left to right.

For the one-ring kagome structure, six islands are present, resulting in 26=64 possible states,
and it is seen that the energy levels are grouped in four ’bands’ (Fig. 4.2). Each pair of
neighboring islands is oriented at 120◦ to each other and the minimum (maximum) dipolar
energy occurs when neighboring moments are aligned head-to-tail (head-to-head or tail-to-tail).
Therefore the ground state of a single ring consists of moments circulating in either a clockwise
or an anticlockwise direction. We refer to this energy state as the vortex state due to the
similarity with equivalent states in ferromagnetic discs [69] and rings [70]. With its two-fold
degeneracy, the vortex state corresponds to the lowest energy level of the energy plot, labeled
level 1, which is simply the first band. Here, there is no frustration and the nearest neighbor, the
next-nearest-neighbor and the next-next-nearest neighbor interactions are all satisfied. We label
the levels 1 to 8 in order of increasing energy and we designate a state as (n−m), where n refers
to the highest number of neighboring magnetic moments pointing in the same direction around
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Figure 4.2: Energy characterization of the one-ring structure. (a) Calculated dipolar energies
of the 64 possible configurations. The energy values refer to 10 nm-thick cobalt islands with a=500 nm,
L=470 nm, W=200 nm (island type II). (b) Schematic representation of one degenerate state for each
energy level is presented. The states are ordered as a function of increasing energy and labeled (n−m),
where n refers to the highest number of neighboring magnetic moments pointing in the same direction
around the structure, and m is the number of neighboring magnetic moments pointing in the opposite
direction, running clockwise from the indicated starting point. For higher states we use the nomenclature
(k − l −m− n) to indicate the number of neighboring moments aligned in the same direction.

the structure, and m is the number of neighboring magnetic moments pointing in the opposite
direction. For each energy level, a characteristic configuration, together with the energy value
and the degree of degeneracy, is shown in the bottom of Fig. 4.2. For the single ring n+m=6,
and the vortex state is simply the (6-0) state. In the next highest band, which is split into
three levels (2, 3 and 4), there are 30 possible configurations. The states in this energy band are
characterized by having two of the six vertices not in the head-to-tail configuration. Indeed, one
vertex is in the head-to-head and one is in the tail-to-tail configuration. These levels contain the
(5-1), (4-2) and (3-3) states as shown in Fig. 4.2. We refer to the (3-3) state as the ’onion state’,
which is equivalent to the state found in ferromagnetic rings with two domain walls [70]. The
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next highest band, encompassing levels 5 to 7, contains states with two head-to-head vertices
and two tail-to-tail vertices. In the highest band (level 8), all vertices have the unfavorable
head-to-head or tail-to-tail configuration.
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Figure 4.3: Energy characterization of the two-ring structure. (a) Calculated dipolar energies
of the lowest 70 energy states of the two-ring structure with the same parameters used in Fig. 4.2.
The energies of all of the 2048 possible states are shown in the inset. (b) Schematic representation of
one of the degenerate states for each level up to level 12. In the first energy band, the islands in the
double-vortex state (level 1) are colored in blue, and for the external flux closure state (level 2), the
islands are colored green. The next highest energy states can be derived from these two configurations
by simply flipping moments (colored in red) in the individual islands, which are shown in green or blue
depending on the source configuration.

For the two-ring kagome structure, many more states are present (211=2048) and frustration
occurs at two vertices with three interacting islands oriented at 120◦ to each other. Here, 56.25%
of the total number of states (corresponding to 1152 configurations) obey the ice rule at both
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Figure 4.4: Energy characterization of the three-ring structure. Calculated dipolar energies
of the lowest 204 energy states of the three-ring structure with the same parameters used in Fig. 4.2.
The energies of all of the 32768 possible states are shown in the inset. The lowest two energy states,
which belong to the first energy band, are schematically shown at the top of the figure. As in Fig. 4.3,
the islands in the ground state are colored in blue, while the islands in external flux closure state are
green.

vertices. The energies of all of the 2048 possible states, shown in detail for the lowest 70 energy
states, are represented in Fig. 4.3. The ground state with a two-fold degeneracy consists of two
vortices (6-0/6-0) with opposite chirality, which we refer to as the double-vortex state. This
constitutes level 1 and is shown with the islands colored in blue in Fig. 4.3 b. The external-
flux-closure state, level 2 in Fig. 4.3 (colored in green), is very close in energy to the ground
state. Here the outer magnetic moments form a chain of moments circulating either clockwise
or anticlockwise around the whole two-ring structure, and the central island moment falls into
one of the two possible directions resulting in a four-fold degeneracy. Level 1 and level 2 both
belong to the lowest energy band. From these two basic configurations, the next highest energy
states can be derived simply by flipping moments in the individual islands, as shown by the red
arrows representing the flipped moments in Fig. 4.3 b. Interestingly, the energy is lowest when
the flipped moment is close to one of the two three-island vertices, excluding the island that
connects the two vertices. The energy increases when the flipped moment is further away from
the central part of the structure or when the number of flipped islands increases. Furthermore,
a signature of the lowest energy states is that one of the two rings is in a vortex-state. It should
be noted here that in total there are 126 energy states with one of the two rings in a vortex
state. Above level 11, an intermixture of vortex state and neither of the rings are in the vortex
state, is present. In addition, the lower energy states obey the spin-ice rule at both vertices, but
for higher energy states (n≥70) vertices with 3-in or 3-out moment configurations appear.

Finally, while two vortices are allowed for the three-ring kagome structure, it is no longer
possible to have three complete vortices due to frustration. Here only ∼ 32% of the total
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215=32768 states (corresponding to 10368 states) have all four three-island vertices in a spin-ice
configuration. The energies of all of the possible configurations, shown in detail for the lowest
204 energy states, are shown in Fig. 4.4. The increased number of available states in the three-
ring structure leads to an energy distribution that tends to a continuum. The lowest energy band
consists of two discrete levels. Level 1 corresponds to the ground state which consists of two
vortices with opposite chirality and a (5-1) state for the third ring, and level 2 is the external flux
closure state with the outer magnetic moments forming a chain of moments circulating either
clockwise or anticlockwise around the whole three-ring structure and the three moments in the
middle of the structure following the ice rule (inset Fig. 4.4, states colored in blue and green,
respectively). Both of these states have a twelve-fold degeneracy. The next highest energy states
contain either one or two vortices.

4.2 Type and frequency of magnetic states upon alternating
field demagnetization

Figure 4.5: Geometries for alternat-
ing field demagnetization. In-plane and
out-of-plane rotation axes for the demagne-
tization protocol and schematic for the in-
situ switching in the PEEM presented in
section 4.3.

In this section we present firstly the experimental ver-
ification of the single domain character of the fer-
romagnetic islands arranged in a kagome geometry.
Then, the frequency of magnetic states found after
the demagnetization protocol involving rotation of
the sample in an applied magnetic field (Fig. 4.5),
is shown. Demagnetization results are presented as
a function of number of rings in the building block
structure, as well as for different coupling strengths.
The latter has been varied by changing the lattice
parameter a shown in Fig. 2.1.

The experimental observations of the moment
configurations in arrays of kagome ring structures
is carried out by combining XMCD with PEEM as
described in sections 3.1.3 and 3.1.4. The images
with XMCD contrast are obtained from the division
(σ+/σ−) of two images sequentially recorded with right and left handed circular polarization at
the L3 absorbtion edge of the magnetic element. Typical image acquisition times are about 15 s
per photon helicity. This technique gives a high magnetic contrast with four distinct grey levels
associated with a kagome structure, allowing us to determine unambiguously the orientation of
the moments in all islands with a single image (Fig. 4.6). The uniform contrast measured in
every island confirms that they are single domain. A quantitative, unambiguous determination
in 3D space of the magnetization direction of the islands can also be made by fitting the angle-
dependent XMCD data recorded at three different azimuthal sample orientation, as shown in
section 3.1.4. Here it is confirmed that the orientation of the magnetization of the islands lies
in the sample plane along the long edge of the islands.

The single domain character of the islands was further confirmed by complementary elec-
tron holography imaging. In Fig. 4.7, electron holography images of the lowest energy states
of selected one-, two-, and three- ring building block structures are shown. While some minor
curling of the magnetization is observed at the edges of the islands, their single-domain char-
acter is preserved, which confirms the validity of the single dipole approximation in our energy
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Figure 4.6: XMCD images of the ground states of the artificial kagome spin-ice building
blocks. The single contrast associated with each island indicates that they are monodomain with
the magnetic moment aligned parallel to the island long axis. The x-ray propagation direction is
indicated (horizontal). Islands with moments parallel (antiparallel) to the x-ray polarization direction,
i.e. pointing to the right (left), have a black (white) contrast. Islands with moments at ±60◦ or ±120◦

to the x-ray polarization direction have one of two intermediate contrasts: dark grey or light grey,
respectively. The four contrast levels in a single XMCD image allow the unequivocal determination of
the magnetic states given schematically below each image.

calculations. Deviations at the edges of the islands lead to stretching or slight distortion in the
energy axis scale but the energy level distribution remains undisturbed.

Now we turn to the experimental observations of arrays of kagome ring structures following
demagnetization. Three different island types (I, II and III) having different materials and
geometries. (W=width and L=length as shown in Fig. 2.1) were observed:
Type I: cobalt islands, W=160 nm, L=470 nm, thickness=10 nm
Type II: cobalt islands, W=200 nm, L=470 nm, thickness=10 nm
Type III: permalloy (Py=Fe20%Ni80%) islands, W=200 nm, L=470 nm, thickness=20 nm. For
demagnetization, a magnetic field was applied to the sample while it is rotated about a given
axis at a frequency of ∼ 2 Hz as shown in Fig. 4.5. The field was then decreased slowly,
at ∼ 5 mT/sec, from a field value of 850 mT, well above the saturation field of the kagome
structures, down to zero. For each demagnetization run, we measured 100 identical one-ring
structures, 64 two-ring and 64 three-ring structures, which were placed on the same substrate
with sufficient separation between the neighboring structures (3.5 µm for the arrays of one-ring
structures and 4.5 µm for the two- and three-ring structures) so that the stray field interaction
between each structure is negligible. To determine the effect of the demagnetization geometry,
demagnetization runs were performed with an in-plane rotation axis as well as with an out-of-
plane rotation axis. The two geometries for the demagnetization are given in Fig. 4.5.

The frequency of observed states versus the coupling strength, m2/a3, for all of the island



38 Chapter 4. Building blocks of the kagome system: 1,2 and 3 ring structures

Figure 4.7: Electron holography images of the lowest energy band for the one- two- and
three-ring structure. With electron holography imaging the flux lines inside the islands as well as in
the non-magnetic part can be visualized.

types was measured after the samples were demagnetized as described above. For the one-ring
kagome structures, practically only the states belonging to the lowest two energy bands (levels
1 to 4 in Fig. 4.2) were observed following demagnetization. A representative analysis of these
states (island type I), including an XMCD image of part of the sample, is given in Fig. 4.8.
For high dipolar coupling strength (a = 500 nm), most of the one-ring structures fall into the
ground state, which not only has the lowest energy but also has a zero total magnetization.
As the dipolar coupling strength is decreased towards zero, i.e. as the lattice parameter a is
increased to a high value, we would expect the frequency of a given configuration to reflect
the random probability of the moment configurations. This is simply given by the degree of
degeneracy of each state divided by the total number of states, and indicated in Fig. 4.8 with
arrows. We do indeed see a reduction of the number of ground and (5-1) states towards the
random frequency as the coupling decreases. However, the (3-3) and (4-2) states increase to a
value significantly higher than the random expectation. Here the applied field direction governs
the behavior at low coupling strengths, favoring states with the moments aligned parallel to
the applied field, giving either a white or a black XMCD contrast, depending on the last field
orientation before the moments freeze in. We therefore only observe two of the six possible onion
states and four of the twelve (4-2) states.

For the two- and three-ring structures, due to the vast number of available configurations,
we do not present a full analysis of all the states present. Instead, it is more informative to
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Figure 4.8: Experimental frequency of states in the one-ring kagome structure following
demagnetization. XMCD image of twenty-five one-ring configurations following demagnetization
is given. On the right panel, the frequency of observed states is plotted against a measure of the
coupling strength, m2/a3, where m is the moment of each island and a is the lattice parameter. This
is a representative result for 100 one-ring kagome structures with island type I, and the standard
deviation of each measurement is represented by the error bars. The random frequencies for the different
configurations expected at zero coupling, given by the degree of degeneracy divided by the total number
of states, are indicated with arrows to the left. The geometry of the demagnetization setup, with the
sample rotating about an in-plane axis, is shown schematically in Fig. 4.5.

compare the frequencies of low energy states at high coupling strengths for the different numbers
of rings. We measured a sample with kagome structures with type II islands and a high coupling
strength corresponding to m2/a3 = 1.1 · 10−11A2m, following demagnetization with rotation of
the sample about an in-plane axis (see Fig. 4.9). For the one-ring kagome structures, 94±2%
fall into the vortex state corresponding to the lowest energy band. For the two-ring structures,
the percentage of states in the first energy band (including the double-vortex and flux closure
states) is 48±8%. For the three-ring structure the percentage of states in the lowest energy
band (ground state with two vortices and external flux closure state) is 31±6%. Since the
ability to achieve the ground state with our demagnetization method reduces significantly as
a function of the number of rings, it is likely that as the number of rings is increased to an
infinite value, the ground state will never be achieved using this demagnetizing method. At
low coupling (a=820 nm), the percentage of the low energy states for the two- and three- rings
was negligible (< 0.6%), thus tending to the random values but again with a directionality of
the magnetic configurations (preponderance of black or white XMCD contrast) given by the
applied field direction when the moments freeze in. The kagome spin-ice rule at the three-island
vertices is practically always preserved, notably even at low coupling strengths, with the number
of three-island vertices which do not follow the ice rule (two-in/one-out or vice-versa) on average
for both two- and three- rings less than 0.2% (i.e., 1 out of the 584 vertices observed). We have
determined the frequency of states for demagnetized samples with all of the different island
types, and found that the general behavior was the same. In addition, we demagnetized the
same sample four times (with island types I and II), to verify that the distribution of states did
not significantly change, and found that each structure did not necessarily fall into the same
magnetic state during each demagnetization run, proving that the process is not deterministic.

We have also addressed the question of whether the geometry of the demagnetization process
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Figure 4.9: Experimental frequency of low-energy states (band 1) for strongly coupled
islands with increasing number of rings. (a) XMCD images of nine of the one-, two-, and
three-ring configurations following demagnetization about an in-plane rotation axis, and (b) the fre-
quency of observed states plotted against the number of rings. These are three representative results
of experimental runs where the efficiency (number of single rings in the vortex ground state) was
high. The sample and demagnetization geometries for the three runs are as follows: island type I with
m2/a3 = 9.8 · 10−12A2m following demagnetization about an out-of-plane rotation axis (red), island
type II with m2/a3 = 1.1 · 10−11A2m following demagnetization about an in-plane rotation axis (blue)
and island type III with m2/a3 = 1.2 · 10−11A2m during switching in-situ in the PEEM (green). The
demagnetization geometries are given in Fig. 4.5.
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will affect the frequency of states, specifically whether rotation about an out-of-plane axis in
the applied magnetic field will increase the ability to achieve the ground state. It turns out that
the results do not significantly differ from those found with an in-plane rotation axis, namely,
on increasing the number of rings there is a significant decrease in the number of achieved low
energy states (see Fig. 4.9). At low coupling, again a directionality in the configurations is
introduced given by the applied field direction before the moments freeze in. Here we observe a
high proportion of onion and (4-2) states in the single ring structure. For example, in one run
with type II islands and a coupling of 2.6 · 10−12A2m, more than 60% of the structures were
in the onion or (4-2) state which is significantly higher than the random expected value of 28%
and as before, we only observe two of the six possible onion states and four of the twelve (4-2)
states.

Finally, we have also tried to increase the frequency of low energy states by applying a
large out-of-plane field. The idea behind this experiment is that with a magnetic component
exclusively out of the plane, the field is too strong such that dipolar interaction are suppressed.
Reducing the perpendicular field should let the states fall into a low energy configuration. Ex-
perimentally, this was performed with samples sitting on membranes in a transmission electron
microscope (TEM section 3.2) using the magnetic field produced from the first imaging lens.
Although Lorentz microscopy indicates that the field was large enough to pull the moments
completely out of the plane (> 1.5 T), the resulting states were always found to be saturated
along a given in-plane direction. This is because it was not possible to completely remove the
sample misalignment with respect to the applied field direction. By tilting the sample we were
able to change the directionality of the in-plane field, but it was not possible to completely
remove it.

4.3 In-situ magnetization reversal

During the demagnetization process the moments in the ring structures essentially switch back
and forth, i.e. between two opposite onion states, when the applied field is above the switching
field. In order to observe if this switching occurs via states in the lowest energy band, we directly
examined the switching process in an applied field via in-situ hysteresis loops varying the in-plane
field in the PEEM. The reversal data were analyzed while looking for any preferential switching
path or particular reversal hallmark. The orientation of the applied field is equivalent to that
used in the demagnetization with an in-plane sample rotation axis, see Fig. 4.5. The material
of the structure was permalloy since it is softer than cobalt, and the geometry of the islands
was W=200 nm, L=470 nm, thickness=20 nm. Following saturation of the magnetization, we
recorded XMCD images of the switching process on applying a reverse field, increasing its value
from zero in steps of approximately ∆H ' 6 Oe, and recording images at remanence after
reducing the field between each step to zero.

We observed that 88% of the one-ring structures switch via the vortex state. About one
third of the switching events (26%) occurring by direct reversal to the vortex state without
passing through any other state (onion)-(vortex)-(onion). For this case, more than half of the
structures (54%) stay in the ground state configuration for more than one field step, indicating
that the ground state is a rather stable configuration. The other switching possibilities are more
complex with an additional state occupied during the reversal; 37% switch via (onion)-(vortex)-
(4-2)-(onion) states and 11% switch via (onion)-(vortex)-(5-1)-(onion) states. The remaining
14% of the one ring structures switch via three or more states, with 86% of them passing
through a configuration that belongs to level 5, a (3-1-1-1) state, which is higher in energy than
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Switching Path for the one-ring structure Observed Frequency

(3-3)↔(6-0)↔(3-3) 26%
(3-3)↔(6-0)↔(4-2)↔(3-3) 37%
(3-3)↔(6-0)↔(5-1)↔(3-3) 11%
(3-3)↔X ↔(6-0)↔ X ↔ (3-3) 14%
(3-3)↔ X,X: not in (6-0)↔(3-3) 12%

Table 4.1: The observed frequency for the different switching paths for the one-ring kagome structure.
88% of the structures pass through the vortex state. X indicates one of the states belonging to levels
higher than level 4 in Fig. 4.2. For all the given frequencies, the statistical error is lower than 4%.
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Figure 4.10: In-situ reversal for kagome building blocks structures. The overall energy average
is represented for each field value in different building block structures. The energy values have been
normalized to the starting energy configuration i.e. the onion or saturated state.

the starting onion configuration. These results are summarized in Table 4.1. For the two-ring
structure, the percentage that switch via an energy state in the lowest energy band containing
the double-vortex or external flux closure state corresponds to 48%, although the simple path
double-onion state to low energy state to reverse-double-onion state is never followed and always
includes a few other states. For the three-ring structure the observed frequency passing through
a state belonging to the lowest energy band was 14%. The frequency of structures that passes
through the low energy states in the in-situ switching experiment is shown in the green histogram
of Fig. 4.9. Again the same behavior for demagnetized states is seen: drastic decrease of the
frequency of low energy states as the number of rings increase. For the two- and three-ring
structures the full analysis of the switching path becomes too complex to be described succinctly.
Therefore we now introduce a new description based on the averaged energy. For each field value
observed during reversal, we have a given magnetic energy level distribution among the different
structures. From the dipolar energy distribution, the average energy < E > can be determined.
By normalizing < E > to the starting point of the hysteresis loop i.e. the onion state, the
evolution of the energy as a function of the field can be analyzed as in Fig. 4.10. The structures
switch to the low energy state at different field values, in a range spanning ≈40 Oe. So at a given
field during the switching process, different structures have different magnetic states. Switching
through higher configuration states can occur as shown by the points where < E > is bigger
than 1. The average switching field value for the building block kagome structures corresponds
to 135 Oe.

Notably, the decrease in frequency of observed low energy states for increasing number
of rings in the kagome building blocks during in-situ magnetization reversal, is comparable
to the decrease in frequency of low energy states observed following demagnetization. This
supports that the magnetization reversal forms the basis of the demagnetization process. The
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oscillating field during the demagnetization process simply allows us to collect all the low energy
states which occur during switching. A measurement of the ratio of anti-clockwise to clockwise
vortex states indicate that a chiral dependence during the magnetization reversal is not present.
Complementary Magneto Optical Kerr Effect (MOKE) hysteresis loops have been performed in
a large number of structures placed in an array of identical building block structures. While
the hysteresis loop were very noisy, it was possible to determine the switching field, although no
obvious changes in the coercivity were observed as a function of the angle.

4.4 Chirality controlled experiment

The chirality (handedness) is a property of asymmetry important in several branches of science.
In the context of magnetic systems, the chirality allows the ability to differentiate among de-
generate states with the same energy, and the control over the vortex chirality of our kagome
spin-ice building blocks may become an interesting property for logic applications or data stor-
age. One possible approach to control the chirality is achieved by modifying the properties of
selected islands in the structures. The building block structures studied until now, which we
will term in this section normal structures, were composed of identical islands and no control of
the chirality of the low energy state achieved was achieved [30]. For instance, for the one-ring
structure this means that the frequency of the achieved vortex state with a given chirality dur-
ing in-situ magnetization reversal was purely random. Now we go one step further and modify,
with the help of lithography, the width of some islands in the building block structure to give
so-called controlled structures.

The final goal is twofold: firstly, we want to achieve in a reproducible manner a particular
selected low-energy state during magnetization reversal; secondly, we aim to achieve an increase
in the frequency of low energy states upon demagnetization and in-situ reversal. In this new
experiment, the switching behavior of the islands in the resulting controlled structures is changed,
while still preserving the dipolar interactions and the energy landscape. The switching field of
the single islands follows a gaussian distribution and is given by the random anisotropy caused
by disorder in the system, which may be caused by grain size distributions or fabrication issues.
In the controlled structures the switching field distribution becomes differentiated in two ranges:
higher switching field distribution for narrower islands (magnetically harder) or lower switching
field distribution for the wider ones (magnetically softer). By choosing the right position of
the thin islands inside a ring structure, we can create a distinct preferential channel for the
demagnetization process and control the reversal process completely. In Fig. 4.11 some chirality
controlled structures are shown schematically. In the first column (red) the normal structures
studied so far are given and in the second column, one island in each ring is made thinner (one
island thin structures - orange). Finally, in the third column, three islands for each ring are
made thinner to give the so called chirality controlled structures, shown with a blue background
together with SEM pictures of some structures. The size difference corresponds to a 23% in the
width reduction i.e. 170 nm vs. 130 nm. By selecting the position of the thinner islands in
the building block structures, different distribution of states were generated upon magnetization
reversal and demagnetization as compared in the next sections.

4.4.1 In-situ magnetization reversal

Magnetization reversal on controlled structures was observed in-situ in the PEEM following
the same protocol as that for the normal structures, which is described in section 4.3. The
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Figure 4.11: Chirality controlled building block structures. Schematic of a few of the different
modified structures investigated. The black islands are thinner and thus give a higher switching field
due to the higher shape anisotropy. States 2a, 2c and 3a, 3c should give a ground state configuration,
while 2b, 2d and 3b, 3d should give the external flux closure state. SEM images are given for few of the
chirality controlled building blocks studied. The width of normal islands is W=170 nm; W=130 nm for
the thin islands indicated in black. Scale bars correspond to 500 nm.

magnetization reversal was performed with the field applied in both directions for 200 one-ring
structures and 128 of the two- and three- ring structures. Images of different chirality controlled
structures taken during magnetization reversal can be seen in Fig. 4.12, where the external
field value corresponds to µ0H '21.8 mT. One immediately sees that nearly all the states are
in the desired low-energy configuration for the same external field. In the histograms in Fig.
4.13, the total percentage of structures that pass through the low energy state are shown. The
normal and one thin island structures reproduce the already observed behavior; namely on
increasing the ring number the frequency of low energy states (ground state plus external flux
closure) decreases (see for details section 4.2). Comparing the normal with the one thin island
structures one can notice that, while there is still a decrease as a function for the number of
rings, there is a significant increase in the frequency of low energy states achieved; in details, for
the one-ring structures 70% vs. 31% were achieved for one thin island vs. normal structures.
For the two-ring structure, the frequency achieved was 53% vs. 32%, and finally for the three-
ring 30% vs. 8%. The increase of frequency is even more clear when analyzing the states with
the chirality controlled structures. Here independent of the ring number, a success rate very
close to 100% was achieved (Fig. 4.13). It is also interesting to note that all the controlled
building blocks reverse their magnetization in a small field range: namely at a given field value
(µ0H '21.8 mT) all the structures that reverse their magnetization passing through a low energy
state are actually in the desired configuration which is stable for the next two field steps. This
does not occur in the normal structure, were different building blocks structures pass through
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H
Figure 4.12: States achieved during magnetization reversal for chirality controlled struc-
tures. XMCD images taken during in-situ reversal process. In the starting configuration all the
moments were pointing to the right to give a white/light grey XMCD contrast. A field of µ0H=21.8 mT
was applied to the right and images were taken at remanence. It can be seen that at this field value
most of the structures are in the desired low energy state configuration. The latter being induced by
the chirality controlled structures schematically shown in the inset of each XMCD image. The scale bar
corresponds to 4 µm.

the low energy state at different field values.

OOMMF simulations [71] have been carried out to confirm the validity of the experimental
results. As in the experiment, permalloy islands with the same geometry and size as the experi-
ment were employed, with the simulated field value reduced to zero after each applied field step.
At zero field, the system was able to relax to its equilibrium and images were captured when the
equilibrium was reached. In doing so the real experiment is better mimicked than having always
the presence of a field, while, simultaneously, the simulation time was optimized. At zero field,
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Figure 4.13: Frequency of low energy states achieved on magnetization reversal. For the
normal and the one thin island structures (red and orange histogram respectively) a decreases in low
energy frequency as the ring number is increases is observed. For the controlled structures (blue) a
success very close to 100% is present independent of the number of rings. The error bar is at maximum
±4%. The layout of the normal building block structures investigated is schematically shown at the
bottom.

each island tends to reach an equilibrium magnetization which corresponds to the absence of do-
main walls and magnetization along the island’s long axis. This makes the interpretation of the
simulated data straightforward, as can be seen in Fig. 4.14 where the intermediate state during
reversal is given for each configuration. The states are in the desired low energy configuration
and domain walls are expelled from the islands.

Our studies on in-situ magnetization reversal have shown that the probability of controlling
the vortex chirality of a building block can be significantly increased. The frequencies of low
energy states occupied during magnetization reversal are independent of the ring number and a
success rate very close to 100% was achieved. The same frequency values for the one thin island
and the normal structure were significantly lower. Our experimental data reveal a reduction in
the switching field range of the building blocks between the normal and the controlled struc-
tures, which is an important property for any future applications. With the help of OOMMF
simulations we were able to reproduce the experimental result, proving the success in going
through the low energy state upon magnetization reversal exclusively for the controlled building
blocks.

4.4.2 States achieved upon demagnetization

During the in-plane rotation axis demagnetization procedure described in section 4.2, the mo-
ments in the ring structures essentially switch back and forth between two opposite onion states,
as long as the applied field is above the switching field. From the high success during magneti-
zation reversal presented in the section 4.4.1, we expect a high frequency of low energy states
also in the demagnetized state. The overall result is a partial increase of frequency of low energy
states. For both the one thin island and the controlled structures, we observe that, on increasing
the number of rings, there is a decrease of low energy state frequency after demagnetization.
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Figure 4.14: Simulations of chirality controlled structures. We start from a saturated con-
figuration where all the magnetic moments point to the left (blue) and apply increasing opposite field
values ~H until the complete reversal occurs (red) collecting images at remanence. For the one-ring
structure the start/end configuration is also shown while for all the other states exclusively the low en-
ergy configurations achieved during magnetization reversal are given. All the desired low energy states
are achieved during reversal for the chirality controlled structures. gs=ground state; ext=external flux
closure state.

By comparing the controlled state with the normal ones, see Fig. 4.15, we observe an increase
of the frequency of achieved low energy states for the two- and three-ring structures, while a
slight decrease is found in the one-ring case. In contrast to the normal structures, where the
oscillating field during the demagnetization process allowed us to collect all the low energy states
which occur during switching, we achieve higher frequency of low energy states during the in-
situ reversal for the chirality controlled structures. This is induced by the two different island
geometries with two separated switching field distributions. However the picture is less clear for
demagnetized samples, because the whole process is more complex in an oscillating field.

We also address the issue of whether the frequency of achieved low energy states depends
on the specific position of the thinner islands in the structures and/or the demagnetization
geometry. In fact, in contrast to the other building blocks studied, the two-ring structures in
the chirality controlled form gave a wide range of results depending on the position of the thin
islands and and on the field orientation as illustrated in Fig. 4.16. The two-ring structure with
long axis at 60 ◦ (the configuration presented so far) has a good response for the external flux
enclosure with a frequency of external flux closure achieved equal to 75% and 59% depending
on the position of the thin islands with respect to the whole two-ring structure. Simultaneously,
the two-ring structure at 60 ◦ does not achieve a high success rate in getting to the ground
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Figure 4.15: Frequency of low energy states achieved after demagnetization. On increasing
the ring number the frequency of low energy states is lowered in all the structures types. The standard
deviation error is a maximum of ± 4%.

states 33− 35% for different position of the thin islands as shown in Fig. 4.16. In contrast, the
two-ring structures with long axis at 90◦ (therefore having three islands parallel to the field),
will favor the two ground states with a success rate of 81 − 34%, but with a low frequency of
the external flux closure states of only 16 − 6%, again depending on the thin island position.
The different frequency together with the particular chirality controlled two-ring structure are
shown in Fig. 4.16. The discrepancy between the structures that should give the same state
is highest for the two-ring with a long axis at 90◦ that favors the ground state configuration
(orange histogram in Fig. 4.16). This can intuitively be explained by the position of the harder
(thinner) islands compared to the rest of the structure. When harder islands are surrounded by
softer ones (wider), the success rate increases, compared to the opposite case, although further
investigations are required to understand the discrepancy. However after the demagnetization
procedure, the overall success rate in achieving the lowest-energy states is only slightly higher
than for the normal structures. The analysis of the demagnetized states shows an inhomogeneous
frequency distribution. In fact, some chirality controlled structures have a high frequency of low
energy states but some do not. We believe that this strongly depends on the position of the
controlling islands and the final state is highly affected by the whole geometry.

By changing the size of some islands placed on the sites of the kagome geometry we open
the possibility to observe a large amount of the low energy states. In particular for the two- and
three-ring structures, up to 6 energy configurations of the 2N possible ones could be achieved
reproducibly in a very small field range during magnetization reversal: two desired vortex states
with opposite chirality, two external flux-closure with opposite handedness, and, of course, the
two saturated configurations.

Within this work a first step toward the control of dipolar coupled island structures for future
spintronic applications, either for memory applications or to perform logic operations [72], is
achieved.
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Figure 4.16: Two-ring demagnetization results. Average frequency of low energy states achieved
after demagnetization for the two-ring with long axis at 60 ◦, to give external flux closure (dark green)
and to give a ground state configuration (light green) and at 90 ◦ to give external flux closure (red) and
to give a ground state configuration (orange). This result is obtained for 32 identical chirality controlled
structures. The error bars represent the standard deviation in each measurement while the average
frequency is given by the color bars.

4.5 Thermal fluctuations in geometrically frustrated ferro-
magnetic islands

We have seen that for artificial kagome spin-ice structures with increasing number of rings the
demagnetization procedure presented so far, did not show high frequency of achieved low energy
states. There is the need, therefore, to explore other methods to achieve the ground state, and
intuitively it would be better to avoid a magnetic field that leads to a directionality in the
structures.

Here, we concentrate our efforts on lowering the energy barriers between different magnetic
configurations. It should be noted that the magnetic configurations presented so far were very
robust due to the huge energy barrier between the different magnetic configurations, i.e. the
energy required to flip the moments. This energy barrier is determined by the anisotropy energy
of each island and estimated to be 105 times bigger than the dipolar energy of the state itself. Two
approaches were followed to lower the energy barriers. First, heating and cooling of the islands
across the magnetic phase transition temperature Tc was performed. In this case, the island
aspect ratio is preserved but the islands are made of a material with a lower Tc so that a heating
across the transition temperature becomes feasible in-situ in the PEEM. The second approach
consists of changing the island aspect ratio and size so that the superparamagnetic phase is
approached. Details of both types of experiments are presented in the next two subsections.

4.5.1 Thermal demagnetization

In an attempt to increase the frequency of the lowest energy states, we applied a thermal
demagnetization protocol by alternate heating and cooling the kagome spin-ice building blocks
around their ferro-paramagnetic phase transition. The experiment involved in-situ resistive
heating of the sample to above the Curie temperature (Tc) and a slow cooling down. XMCD
images of the magnetic states acquired during the experiment allowed us to evaluate the evolution
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Figure 4.17: NiCu
sample: loss of mag-
netic contrast as a
function of the temper-
ature. Magnetic contrast
measured from XMCD
images as a function of
sample temperature. In
this NiCu sample the
TC can be estimated as
just below 100◦C. PEEM
images taken at different
temperatures are given.
During heating (T=83◦C
and 121◦C) the contrast is
lost and following cooling
(T=32◦C) the contrast
is regained and new
magnetic states are seen. T = 83°C T = 121°C T = 32°C
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of the magnetic contrast and, determine the initial and final magnetic states across the phase
transition. Different alloy materials were tested beforehand in order to find a material with a
suitable Tc reachable in-situ in the PEEM. By looking at unstructured thin films, deposited by
DC magnetron sputtering in collaboration with the University of Leeds UK, two promising low
Tc alloys for this type of experiment were selected: nickel copperNiCu, and iron tantalum FeTa.
Gadolinium (Gd) and cobalt palladium (CoPd) were discarded due to low XMCD contrast even
at temperatures well below Tc.

Samples with different kagome structures were fabricated out of 20 nm thick alloy material
with different alloy composition. For all the fabricated samples, a twin unstructured thin film
was also deposited, from which the Tc value was estimated using MOKE. Tc turned out to be
depended on the alloy concentration and was controlled to be lower than 120◦C. Prior to the
thermal demagnetization experiments, the structures were demagnetized as explained in section
4.2. Different results were achieved with the different low Tc alloys tested, and in the following
a summary of the different thermal demagnetization experiments is presented.

NiCu
By heating the sample with a filament heater while measuring the temperature with a thermo-
couple, we observed a decrease of the magnetic contrast as the temperature increased: confirmed
by the decrease in the asymmetry ratio (see Eq. 3.4). From these values we were able to deter-
mine the transition temperature at which the contrast vanished and the transition temperature
was found to be different for every sample. In Fig. 4.17 we can see the loss of magnetic contrast
on increasing the temperature. While the magnetic contrast in the first image before heating is
difficult to see for all the islands, it is clear that the four islands with dark contrast highlighted in
red have changed their magnetization direction following heating above Tc to 121◦C and cooling
back to 32◦C. The characterization of the whole magnetic configuration across the transition is
challenging due to the low signal to background ratio of the XMCD images. In order to address
this point, we also took images at room temperature for different x-ray direction as shown in
Fig. 4.18. Here below Tc, some islands did not show any magnetic contrast, irrespective of the
x-ray orientation. Such unexpected behavior needs to be understood before attempting further
experiments with these kinds of thin film alloys.
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Figure 4.18: XMCD images of NiCu structures taken at different x-ray angles. The same
two-ring structures fabricated from 20 nm NiCu alloy thin film with a TC of 60◦C was measured in
the PEEM at different x-ray angles at room temperature. The colors indicate the islands which should
produce the highest magnetic contrast i.e. parallel to the x-rays. However, independent of the x-ray
orientation, the islands indicated in blue in the first image are the only islands with a strong magnetic
contrast.

FeTa
A promising magnetic contrast at room temperature was found for unpatterned FeTa thin film
samples. However, we were not able to reach the paramagnetic phase in the patterned samples
even upon heating to 400◦C, i.e. well above the nominal Tc of about 50◦C determined by MOKE
on the continuous films. A plausible explanation for this observation is that a recrystallization
or diffusion of the alloy species occurs during heating, an example shown in Fig. 4.19, leading
to a change in the material properties such as an increase of the Tc. In order to overcome such a
recrystallization process, a different type of alloy doped with boron, FeCoTaB, was investigated.
We hoped that doping interstitial boron atoms would help the alloy to remain amorphous upon
heating [73]. However, we still did not observe a change in the magnetic contrast close to the
predicted Tc and there were no changes in the magnetic states. On reaching a temperature
of 480◦C the magnetic properties of the islands finally changed, but multidomain states were
observed.

To summarize, patterned samples of NiCu, FeTa and FeCoTaB alloys are not suitable can-
didates for these thermal demagnetization studies, due to crystallization or other structural or
chemical defects, and a new class of low Tc materials needs thus to be found.

4.5.2 Approaching the superparamagnetic limit

In this type of experiment, we made a first attempt to investigate the dynamic properties of
dipolar coupled ferromagnetic islands close to the superparamagnetic limit. By decreasing the
volume and shape anisotropy of the islands and/or by increasing the observation temperature,
the system should get into a superparamagnetic regime [74], i.e. the energy barriers will be
decreased and it should be possible to achieve magnetization fluctuations on the order of seconds
to minutes. This provides a means to create a system of dipolar coupled ferromagnetic islands
displaying Boltzmann statistics1. Ultimately, at the right island geometry, only the ground states

1In a Boltzmann energy state distribution, the occupancy of different energy levels is simply given by the size
of the energy gaps and the degree of degeneracy of the given level.
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Figure 4.19: Transmission electron mi-
croscopy measurements on kagome sam-
ple. In the top row bright field images at dif-
ferent temperature are shown (the inset showing
the whole islands). In the bottom row diffrac-
tion data from Low Electron Emission Diffrac-
tion are presented. At room temperature the
material is poly-crystalline with a crystal size of
typical 5 nm. While heating, crystal growth can
be seen via transmission peaks in the diffraction
pattern. At these conditions the single domain
property is lost. The sample was 40 nm-thick
Co.
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Room Temperature T=700° C

should be accessed and therefore a flipping between the degenerate ground states is expected.

The superparamagnetic limit describes the critical size below which small magnetic par-
ticles may continually reverse their magnetization direction due to thermal agitation. The
relaxation time, under assumption the switching occurs via coherent rotation, is given by the
Néel-Arrhenius law [75]:

τ = τ0 · e−
E

kBT (4.2)

τ0 is the attempt time (∼ 10−10 s), E is the energy barrier that separate two degenerate mag-
netization states, kB is the Boltzmann constant, and T the temperature of the experiment. For
the permalloy and cobalt islands studied so far, the relaxation time τ approaches infinity and
dynamics are not observed. By decreasing the E (energy barrier) or increasing the temperature
T , it should be possible to see fluctuations and achieve a slow-dynamic regime. The energy
barrier in the islands investigated is given by the magnetic anisotropy energy:

E =
1
2
µ0M

2
SV N (4.3)

where µ0 = 4π · 10−7 Vs/Am, MS the magnetic saturation, V the volume and N the anisotropy
factor which for an ellipsoidal particle can be approximated to N = Nx−Ny. We estimate that
permalloy ellipsoidal islands (MS = 0.8 · 106A/m) with a width of 50 nm, a length of 90 nm,
and a thickness of 3 nm should give a relaxation time of ∼2 minutes, which lies in the ideal
range for our experiment.

We started by looking at small isolated islands with different geometries that allow the
visualization of magnetization fluctuations of the islands at (or close to) room temperature at
adequate time scales for real-time magnetic imaging in the PEEM (seconds to minutes). The
material chosen was permalloy with a thickness of 3 nm, the island width ranged from 40 to 110
nm and length varied from 55 to 350 nm. Due to technical problems in the PEEM (vibrations)
and oxidation of the islands, a clear image of the structures could not be achieved for the
interesting island sizes.
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Figure 4.20: Fabrication reg-
ularity issues. At small islands
sizes, regular patterns becomes dif-
ficult to achieve. Sample made out
of 3 nm-thick permalloy.)

Nevertheless, it should be mentioned that, despite tech-
nical problems, the approach to generate thermal fluctua-
tions at observable time scales in the PEEM has the poten-
tial to work, as demonstrated in previous experiments on
3 nm-thick Co dots of 90 nm in diameter and 400 nm period
placed in an infinite honeycomb geometry, where the ther-
mal switching of the islands on the scale of minutes could be
observed by recording a sequence of XMCD images. More-
over, future experiments will benefit from a better regularity
of the kagome patterns, as the one shown in Fig. 4.20, and an
improved spatial resolution in the PEEM to measure sub-100
nm islands that can now be fabricated with state-of-the-art
electron beam writers. The right island parameter choices
have to be made such that the dipolar character is main-
tained together with enough magnetic contrast, and, at the
same time, relaxation occurs in a time comparable to the XMCD imaging time at a temperature
close to the room temperature (at the Blocking temperature TB , τmeasuring = τrelaxation).

4.6 Conclusions

By focusing on the building blocks of an artificial kagome spin-ice, we have been able to fully
characterize the possible energy states employing dipolar calculations and, in particular, we
were able to identify the lowest energy states. The single ring is not frustrated and following
demagnetization with an alternating field, a high percentage of structures fall into the vortex
state demonstrating the high efficiency of the demagnetization procedure. Adding rings intro-
duces frustration at the ensuing three-island vertices where the ice rule is preserved, even at low
coupling strengths. We find that as the number of rings increases there is a dramatic decrease
in the ability to achieve the low energy states, a behavior also identified in the magnetization
reversal. When the number of rings is larger that two, the system gets trapped in one of the
large number of available states and at low dipolar coupling strengths, the orientation of the
applied field strongly influences the resulting configurations [76]. Extrapolating these results,
we draw the important conclusion that regardless of the demagnetization geometry, achieving
the ground state will be practically impossible in an infinite system using a demagnetization
method involving rotation of the sample in a magnetic field.

By changing the shape anisotropy of selected islands in the the kagome building block struc-
tures, we achieve a frequency of low energy states close to 100% during in-situ magnetization
reversal. In addition to this increase, the chirality of the degenerate states was also controlled and
the field range for the switching was small. All these properties, together with their simplicity,
make the studied chirality controlled structures interesting for storage and logic applications.

Exploratory experiments to lower the energy barrier of the islands have also been performed
by following two approaches to demagnetize the structures, neither involving the presence of
a magnetic field. First, thermal demagnetization of the islands across their Curie temperature
was pursued. The experiment did not succeed due to changes in the patterned material during
heating. Therefore the search for a suitable alloy continues, possibly also with a Tc lower
than room temperature. In addition modification of the island aspect ratio and size have been
carried out to approach the island superparamagnetic limit. Resolution problems in the PEEM
associated with vibrations and oxidation issues in the sample did not allowed the success of the
experiment.
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The knowledge we have gained about the behavior of the kagome spin-ice building blocks
paves the way for future fascinating studies of these highly frustrated artificial systems and,
armed with the complete knowledge of the energy states, we open the door for use of these finite
multistate kagome structures in future spintronic devices, either for memory applications or to
perform logic operations [72].



CHAPTER 5

Monopoles and Dirac string formation during magnetization reversal

Magnetic monopoles have inspired the imagination of physicists ever since Dirac’s observation
that their existence can be reconciled with quantum mechanics [1]. These Dirac monopoles reside
at the ends of an infinitesimal flux tube corresponding to a singularity of the vector potential,
the so called Dirac string. Despite an intense search [2, 3], such monopoles have not been found
to date in the form of elementary particle.

A different, more modest approach has been followed in this thesis. We, in fact, investigate
emergent monopoles in a condensed matter setting which share similarities with the monopoles
envisioned by Dirac. Such monopoles have been predicted to occur as emergent fractional
quasiparticles inside pyrochlore spin-ice [8], a frustrated magnetic insulator. These systems are
characterized by the ice rules where, in the tetrahedral coordination of the pyrochlore structure,
two of the four Ising type spins on the vertices point towards its center while two spins point
away [9, 12, 77], reminiscent of proton ordering in water ice [20]. The emergence of magnetic
monopoles is most clearly seen within a charge model [8], where the spin magnetic moment is
stretched into a charge dumbbell with the charges qm residing at the centers of neighboring
tetrahedra that form a diamond lattice. The ice rule ground state is then characterized by zero
net charge at each diamond-lattice site. Overturning a dipole leads to nonzero and opposite
charges ∆Q = ±2qm at the centers of neighboring tetrahedra. These charges can easily be
separated by flipping adjacent dipoles along a one dimensional path in the pyrochlore structure,
on which the ice rule is maintained, and nonzero charges reside only at its ends. If these charges
separate, they may be regarded as independent monopoles (antimonopoles), their signature
being a nonzero value of a ‘smeared’ or ‘coarse grained’ charge density ρm [8] averaged over
distances larger than the lattice constant and defined in the appendix.

The decay of a dipolar excitation into constituent monopoles provides an example of frac-
tionalization in three dimensions [8, 13, 78]. Such a phenomenon is well known in both one
dimension, for example as charge solitons in polyacetylene [79], or the decay of magnons into
spinons in spin chains [80–82], and as fractionally charged excitations in the quantum Hall effect
[83, 84] in two dimensions.

In pyrochlore spin-ice, the monopole-antimonopole pairs are connected by a string of over-
turned dipoles, which is often called a Dirac string [8, 24, 25, 27] a schematic example is shown

55
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Figure 5.1: Pyrochlore spin-ice crystal: dipoles represented as dumbbells. A pair of separated
monopoles (large red and blue spheres). A chain of inverted dipoles (‘Dirac string’) between them is
highlighted in white, and the magnetic field lines are sketched. From [8].

in Fig. 5.1 from Ref.[8]. The Dirac string is, in this context, understood as a physical 1D object
that feeds magnetic flux into the volume elements where the monopoles reside. The string was
originally conceived by Dirac as a singular line in the vector potential, in order to describe the
quantum motion of an electron in the (classical) field of a magnetic monopole. Invoking the
single-valuedness of the electronic wavefunction, Dirac inferred that the string must carry an in-
teger multiple of the flux quantum, implying the famous quantization of the monopole strength
[1]. It should be emphasized, however, that while ‘invisible’ to electrons surrounding them, such
strings carrying one (Cooper pair) flux quantum are not invisible per se in a condensed matter
setting. They may very well be observed, for example as flux lines in superconductors via neu-
tron scattering [85]. Reciprocal space signatures of such Dirac strings and associated monopoles
have recently been detected in the pyrochlore systems Ho2Ti2O7 and Dy2Ti2O7 [24, 25, 28] at
sub-Kelvin temperatures, and monopole-type defects have been reported in artificially produced
connected honeycomb networks [86]. However, a direct, real space observation of the interplay
of Dirac strings and monopoles has not been reported to date.

In this chapter, containing the central results of the thesis, the magnetization reversal in a
2D kagome spin-ice is addressed using the charge model. The real space observation of emergent
monopoles and their associated Dirac strings is achieved at room temperature using synchrotron
x-ray photoemission electron microscopy. It will then be demonstrated that magnetization re-
versal occurs via creation and avalanche-type dissociation of emergent monopole-antimonopole
pairs, leaving a Dirac string of overturned dipoles in their wake. This is an entirely one dimen-
sional process, which is in sharp contrast to conventional domain growth in 2D systems. Thus
it provides a striking example of dimensional reduction due to frustration [13]. The observed
magnetic hysteresis, monopole densities, and 1D Dirac string avalanches are presented in the
next sections and are quantitatively explained by Monte Carlo simulations. Our results open
the way to manipulate magnetic charges in the same fashion as electric charges, a concept that
could lead to novel types of logic and spintronic devices.

In the first section 5.1, the visualization and characterization of emergent monopoles are
explained in the case of our kagome system; followed by the phenomenological observation of
the reversal process together with the extracted hysteresis and monopole density. In section 5.2
the strength of the monopole in our system is extracted by comparing the dipolar and dumbbell
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energy of the same magnetic configuration. The chapter concludes with a probabilistic approach,
section 5.3, to the magnetization reversal which confirms the one dimensional character of the
process involved. This chapter is adapted and extended from Ref. [32]; E. Mengotti, L.J.
Heyderman, A. Fraile Rodrìguez, F. Nolting, R.V. Hügli and H.B. Braun, Real space observation
of emergent magnetic monopoles and associated Dirac strings in artificial kagome spin-ice,Nat.
Phys 7, 68-74, 2011.

5.1 Visualization of monopoles and Dirac string with PEEM

An elegant way to directly visualize monopole-type defects and Dirac strings is to study an
artificial frustrated system, namely an array of lithographically fabricated isolated single do-
main nanomagnets that mimic pyrochlore spin-ice systems. In such an artificial system, the
dipolar interactions create a two dimensional analogue of pyrochlore spin-ice [29] and the mo-
ment configurations can be observed directly employing various magnetic microscopy methods
[29, 30, 87]. While nanomagnets arranged on the links of a square lattice require inequivalent
heights in order to demonstrate strict spin-ice behavior, we choose to study an artificial kagome
spin-ice with the nanomagnets centred on the sites of a kagome lattice, where no height offset
is necessary [88]. Here the nanomagnets form the links of a honeycomb lattice and the ice rules
now dictate a two-out/one-in or two-in/one-out configuration on a vertex of the honeycomb
lattice [76].

The artificial kagome spin-ice realized comprises a quasi-infinite nanolithographic array of
individual elongated permalloy islands [30], providing an analogue of the spins in the pyrochlore
compounds. The Ising anisotropy is simply realized by the shape anisotropy in the single
domain ferromagnetic islands. With photoemission electron microscopy (PEEM), we were able
to directly follow the creation and separation of monopole-antimonopole pairs in real space at
room temperature and image the Dirac string of overturned dipoles that are left in their wake.

In close analogy to the 3D pyrochlore spin-ice, the charge model is obtained by stretching
each dipole with magnetic moment m into a dumbbell with two opposite magnetic charges of
magnitude q = m/h residing at its ends at the two neighboring vertices of the honeycomb lattice,
separated by h (Fig. 5.2). At each vertex α, three charges coalesce, enforcing a nonvanishing
vertex charge Qα =

∑
n∈α qn that is composed of the individual charges qn = ±q residing on

one vertex. The charge model then predicts an NaCl-type charge ordered ground state that is
twofold degenerate with respect to the sublattice parity in the absence of an external magnetic
field [89, 90] as it minimizes both the intrasite and intersite Coulomb interaction. In such a
configuration +q and −q charges are ordered on neighboring vertices of the kagome sublattices,
which is different to the square-ice system [29] where a total zero charge net at each vertex
can exist. Note, however, that the ground state of the charge model may also be realized by
magnetically disordered states [90]. For these ground states, the ’smeared’ or ’coarse grained’
charge density ρm defined as the convolution of the total charge Qα with a Gaussian becomes
exponentially small when averaging is performed over distances larger than h (FWHM=2h).
Such a coarse grained charge density would describe, e.g., the response of a low resolution
MFM-type measurement. Within a coarse grained charge description (Fig. 5.2 right panel), our
system is equivalent to the 3D pyrochlore system.

Charge excitations and monopoles in the artificial kagome ice are now created analogous
to 3D pyrochlore spin-ice. For definiteness, we consider the experimentally relevant situation
where the system is initially saturated in an external magnetic field as carried out also in 3D
pyrochlore spin-ice [24]. This initial state constitutes one particular realization of the charge
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ρm

Figure 5.2: Emergent monopoles and associated Dirac strings in artificial kagome spin-
ice. Schematic view of the nanolithographic array of Permalloy islands with anisotropy axes along
honeycomb links and the magnetization indicated by arrows. Initially, the sample is magnetized to the
left and applying a reversed field induces the formation of a Dirac string with two monopole defects
residing at its ends. The island color corresponds to the contrast in the XMCD image. On the right,
corresponding charge distribution with magnetic moments replaced by dumbbells carrying charge q
(−q) in red (blue) and located at neighboring vertices of the honeycomb lattice. At each vertex, three
charges coalesce, and the saturated state with moments pointing to the left is characterized by an
alternating NaCl-type charge ordering. Along the Dirac string (dark contrast), the charge dumbbells
are overturned, resulting in two charge defects with charges ∆Q = ±2q at the ends of the string.
The two charge defects manifest themselves as distinct peaks in the smeared charge density ρm which
characterizes the two defects as a well separated monopole-antimonopole pair shown in the lower sheet
of the right panel.

model ground states. Such a kagome spin-ice phase also arises when a 3D pyrochlore spin-ice
is exposed to a magnetic field along the [001] direction [25, 91]. After removal of the field, all
moments point towards the applied field direction (Fig. 5.4, panel 1). Upon applying a reversed
field, the flipping of a single dipole leads to an inversion of a charge dumbbell and induces an
incipient monopole-antimonopole pair at two neighboring sites. The monopole or antimonopole
corresponds to an excess charge ∆Qα = Qα − Q0,α = ±2q, above the charge configuration
Q0,α of the initial state, shown in Fig. 5.3, column I. Each applied field step in the opposite
saturation direction, triggers the growth of the Dirac strings in the form of a 1D avalanche, with
several adjacent dipoles flipped until the avalanche comes to a rest as illustrated by Fig. 5.4,
panels 2-5. The created monopole-antimonopole pair can be separated by flipping dipoles along
a continuous path leaving a Dirac string of overturned dipoles between them which does not
alter the original charge order (Fig. 5.3 column III) except at the positions where the monopole
or antimonopole reside. When a monopole of a given charge, say ∆Q = +2q, sweeps across
the sample, it passes sites with charge ±q, thus raising the local charge to either +3q or +q,
depending on the sublattice. These charge defects give rise, in general, to nonvanishing ρm
(see Fig. 5.4) confirming that they may be regarded as a monopole-antimonopole pair. The
equivalence between the definition for monopoles of ∆Q 6= 0 and the coarse grained charge
density is valid for almost all the hysteresis loop (H < Hc) and this is proven mathematically
in the appendix.

The schematics associated with the XMCD images in Fig. 5.4 and Fig. 5.5 highlight the
position of the monopoles (antimonopoles) with red (blue) dots, corresponding to ∆Q/q = +2
and -2, respectively. In the XMCD images, islands in the initial state (moments pointing towards
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Figure 5.3: Identification of monopoles during magnetization reversal. Schematic overview
over all vertex configurations, the corresponding dumbbell representation, and their association with
monopole defects. The grey scale indicates the corresponding XMCD contrast. The total charge Qα is
shown for each vertex configuration, together with the charge difference ∆Qα = Qα −Q0,α relative to
the initial charge configuration Q0,α which is realized here by the initial state where all moments point
to the left (column I). Upon application of a reverse magnetic field, individual moments will reverse as
highlighted in yellow. A (mobile) monopole exists when one moment around a vertex is reversed (column
II). When two head-to-tail magnetic moments are reversed, the total magnetic charge associated with
the vertex does not change (∆Qα = 0) and a configuration encountered in the interior of a Dirac string
is obtained (column III). The reversal of two head-to-head (tail-to-tail) moments shown in column IV
is never observed as explained later in the text. Column V shows a state with all moments reversed.
This state describes a charge defect that sits on a Dirac string and is trapped, i.e. can no longer move
upon further increase of the applied field.

the left) have a bright contrast and islands where the moments have reversed to the right have
a dark contrast. It should be noted that we never observe, either in our experiments or in our
simulations, defects with ∆Q = ±4q (cf. Fig. 5.3, column IV), a fact that is explained in section
6.1.2.

Note that in contrast to the pyrochlore spin-ice [8, 24, 25], where the monopoles form a gas
and the Dirac strings are dynamically fluctuating, in this artificial spin-ice system the shape
anisotropy associated with each magnetic island has an energy of the order of 104 K. We are
thus effectively dealing with a low temperature situation where, after each field step, disorder
in the form of random variations in the switching field leads to pinning of the monopoles. This
permits imaging of the dipole configurations at zero field before increasing the field at the next
step.

At fields smaller than the coercivity Hc and in a field range extending over more than half
the hysteresis loop, the behaviour of artificial spin-ice closely resembles that of 3D pyrochlore
spin-ice: The charge defects defined with respect to the initial saturated state are mobile (see
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Figure 5.4: Creation and separation
of monopole-antimonopole pairs and
growth of Dirac strings. XMCD images
(left panels) together with the associated
∆Q map (right panels), are shown in the
initial saturated state and at four evenly
spaced field values. The initial configura-
tion has all moments pointing towards the
left (bright XMCD contrast) and exhibits
no charge defects (∆Q = 0) as indicated
by white dots in the schematic. On ap-
plying a magnetic field in the positive di-
rection, the island moments switch, with
the XMCD contrast changing from bright
to dark, and monopole-antimonopole pairs
(∆Q = +2q and −2q indicated with red
and blue dots) are created and propagate
in opposite directions due to their opposite
charges. The history of the propagation of
monopole-antimonopole pairs is delineated
by Dirac strings consisting of chains of dark
islands with reversed moments shown as a
continuous line in the schematic. The ∆Q

map is shown together with the dimension-
less coarse grained magnetic charge density
ρ̃m (ρ̃m = (∆x)2ρm/q). Note the excellent
agreement between the ∆Q and ρ̃m maps
which both serve as signatures for nonvan-
ishing monopole density in this field regime.
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Figure 5.5: Observations of
monopoles and charge defects at
the final stages of magnetization
reversal. XMCD images together with the
associated ∆Q map and the dimensionless
coarse grained magnetic charge density,
ρ̃m = (∆x)2ρm/q based on the total charge
Qα convoluted with a Gaussian with
FWHM ∆x = 2ah. The ∆Qα map ade-
quately describes the coarse grained charge
density within the plateau region at the
field value of H = 1.46Hc. As illustrated
in the schematic (top right panel) this
field value corresponds to a phase where
Dirac strings form predominantly diagonal
stripes. In the very final stages of the
hysteresis at M/Ms = 0.95 (cf. Fig. 5.6),
and very close to saturation (H = 2.19Hc),
regions with nonzero coarse grained charge
density ρ̃m correspond to charge defects
defined relative to the state saturated
to the right with charge distribution
Q̄0,α ≡ −Q0,α, which corresponds to the
time reversed version of the initial state.

Fig. 5.3, column II) and, as they give rise to nonvanishing ρm, they can be considered as free
emergent monopoles. For H > Hc, the monopoles, while generally still leading to nonzero ρm,
become increasingly trapped on the ever-proliferating Dirac strings and only in the very last
stages of the hysteresis do the charge defects actually ‘condense’ into the time reversed state of
the initial state which has again zero smeared charge ρm. Monopole-type defects in this regime
should then be described as charge defects with respect to the time reversed state as shown in
the lower panel of Fig. 5.5. The charge defects are defined in this regime via ∆Q̄α = Qα− Q̄0,α

and are related to ∆Qα as follows: ∆Q̄α = 2Q0,α + ∆Qα. The coarse grained charge density
ρm describes the density of well separated charge defects (monopoles) over the entire field range
including the high field limit.

From the XMCD images we can directly determine the hysteresis curve M(H)1, the number
of mobile and trapped monopoles, and avalanche statistics as shown in Fig. 5.6. The analysis
has been performed on a 25µm × 30 µm area containing 2550 islands. The XMCD images, the
extracted hysteresis curve and the probability results shown later have been normalized to the
Hc value which is then determined by MOKE hysteresis curves. Three distinct regimes of the
hysteresis can discerned: A steep rise followed by a plateau-like feature and a final slow saturation
towards the completely reversed state. The initial part of the hysteresis is characterized by the
nucleation of incipient monopole-antimonopole pairs, with a concomitant rise in the charge
defect density, ν. Upon nucleation, these monopole-antimonopole pairs dissociate and expand
the Dirac string in an avalanche-type fashion, causing a sharp increase of the magnetization,
while remarkably, the monopole density shows a plateau, remaining at a small value. This regime

1The magnetization value of the state at a given field H is obtained by counting the number of reversed islands
in the array with a weight of 1 for horizontal islands and 1

2
in the tilted case.



62 Chapter 5. Monopoles and Dirac string formation during magnetization reversal

-3 -2 -1 0 1 2 3

-1.0

-0.5

0.0

0.5

1.0

H/HC

ν

0.0

0.5

1.0

Monopole (MP) dominated regime

m
ob

ile
  M

P

νm

M/MS

tra
pp

ed
   

M
P

co
nd

en
se

d
ch

ar
ge

de
fe

ct
s

Nm

H/H C
0.6 1.41

0

0.1

0.05

Nm

 

Figure 5.6: Hysteresis and monopole densities. Hysteresis (black), charge defect density ν (red),
and fraction of mobile monopoles νm (green). Purple circles indicate field values where the images of
Fig. 5.4 are taken, while the orange circles indicate the high field data shown in Fig. 5.5. During the
onset of the hysteresis, incipient monopole-antimonopole pairs are created. Subsequently these mobile
pairs dissociate, while the monopole density shows a plateau in the red curve. Towards the end of the
initial steep rise of the hysteresis, many Dirac strings extend over large distances, making it likely that
monopoles get trapped at neighboring strings, leading to the loss of mobile monopoles (cf. last panel in
Fig. 5.4). The plateau is characterized by a stripe phase of Dirac strings, leaving mainly the one-island
bridges between strings unflipped. Inset: Number of mobile monopoles per site, Nm, as a function of
applied field. Mobile monopoles occur predominantly within the sharp rise of the hysteresis.

persists up to field values above the coercivity Hc and hence over more than half the hysteresis
loop. Slightly above Hc, the increasing number of Dirac strings makes it likely that mobile
monopoles hit another Dirac string and thus become trapped. This is evidenced by the sharp
drop in the number of mobile monopoles in this regime (cf. inset in Fig. 5.6 and the green νm
curve in Fig. 5.6). The plateau in the hysteresis corresponds to a stripe phase of Dirac strings
where chains of overturned dipoles run parallel to each other and thus one of the three sublattices
of the kagome lattice remains predominantly unswitched, giving a magnetization M/Ms = 1/2.
In this regime, nearly all monopoles have met their fate and end up pinned on a neighboring
string. The final stages of the hysteresis are characterized by a flipping of individual islands
corresponding to the remaining sublattice that connect ("bridges") two parallel chains. This
regime involves the condensation of charge defects, resulting in a sharp rise in their density ν.
Shortly before this condensation is complete, the remaining defects should be described relative
to the final saturated state as done in the lower charge map in Fig. 5.5.
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5.2 Monopole strength

In this section, a detailed derivation of the dumbbell Hamiltonian used extensively for the
monopole interaction is presented. In addition, the strength of the monopoles in our system
is given. Disconnected ferromagnetic islands, as we have in our system, contain no exchange
energy term; therefore in the absence of an external applied field the dipolar energy is the only
term contributing to the Hamiltonian in S.I. unit as:

Edip =
µ0

8π

∑
i,j (i 6=j)

1
r3
ij

[mi ·mj − 3(mi · r̂ij)(mj · r̂ij)] (5.1)

where mi = σimei is the magnetic moment at site i. m is the magnetic moment of an island and
the Ising pseudospin σi = ±1 denotes the projection of the spin onto the anisotropy (local Ising)
directions ei (directed along the links of the honeycomb lattice). In the (x, y) plane the basis
vectors are: e1 = (1, 0), e2 = (1/2,

√
3/2), and e3 = (1/2,−

√
3/2). r̂ij is the vector connecting

the center of the two dipoles and for nearest neighbors interactions has an absolute value of the
lattice parameter rij = a (see Fig. 5.7).

Within the charge model [8], each dipole is replaced by a dumbbell of two opposite charges
of magnitude q = m/h which are situated at the neighboring vertices of the honeycomb lattice,
separated by h. The dipolar energy term is then exactly reproduced in the limit h→ 0.
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Figure 5.7: Kagome geometry and mapping from dipoles to dumbbell. Geometry of the
kagome lattice and dipole vs. dumbbell representation for the two discussed configurations. Every
dipole is replaced by a pair of magnetic charges with opposite sign.

Given a configuration ofN dipoles, there will be 2N charges qi in the dumbbell representation
of the same state. The energy takes the form of magnetic analogue of the Coulomb law:

V (rij) =

{
µ0
4π

qiqj

rij
, rij 6= 0

µ0
4πv0q

2
i , rij = 0.

(5.2)

When rij = 0, the upper energy term diverges, therefore the charging energy coefficient v0 is
introduced in the case of overlapping charges. This value gives a measure of the strength of
the magnetic interaction between two overlapping charges. This energy term reproduces the
interaction between two dipoles exactly in the limit of large separation between them2 [92],

2 In the far field regime one cannot distinguish whether the magnetic field is produced by a dipole or whether
it comes from two separated magnetic charges.
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modulo a "self energy"- term described below. In order to determine the value of v0 for our
system, we can use the fact that energies of identical configuration in the two models, dipolar
vs. dumbbell, have to be equivalent. We chose the length of the dumbbell to be equal to the
hexagonal lattice site: h. In doing so charges overlap at the vertices on the kagome lattice and
the value of v0 is maximized. We have h = 2√

3
a, and therefore we fix the value of q = m/h. The

magnetic configuration we look at is shown in Fig. 5.7 and consist of two neighboring dipoles
(four magnetic charges) placed on the kagome lattice. The rij distance between the two dipole
centers corresponds to a. In Configuration I, the angle between mi and mj corresponds to π/3
(60◦), while the angle with rij for both magnetic moments is π/6 (30◦). Starting from Eq. 5.1
we obtain the energy for such a configuration:

EIdip =
µ0

8π
1
r3
ij

[mi ·mj − 3(mi · r̂ij)(mj · r̂ij)] · 2 (5.3)

=
µ0

4π
1
a3

[m2 cos(π/3)− 3m2(cos(
π

6
))2]

=
µ0

4π
m2

a3
(
1
2
− 3 · 3

4
)

= −µ0

4π
m2

a3

7
4

= −7
4
D

with D .= µ0
4π

m2

a3 being the coupling constant of the dipolar interaction. For Configuration II we
reverse the magnetic moment mj which will change the values of the involved angles to give:

EIIdip =
µ0

4π
1
a3

[m2 cos(2π/3)− 3m2(cos(
π

6
))(cos(

5π
6

))] (5.4)

=
µ0

4π
m2

a3

7
4

=
7
4
D

We now do a series of calculations that compare energies in the different models to determine
the value of v0. In the dumbbell representation the two dipoles are replaced by 4 magnetic
charges which give in total 6 Coulomb energy terms that descend from Eq. 5.2. In the case of
two neighboring spins pointing into and out of the shared vertex (Config. I) we have:

EIcoul = −v(0)− 2Eself − v(r13) + v(r12) + v(r23) (5.5)

= EI
dip = −7

4
D

where v(r) = |V (r)|, and Eself = v(r12) = v(r23) is the self energy of a dipole in the dumbbell
picture. For the second configuration (Config. II) it is valid that:

EIIcoul = v(0)− 2Eself + v(r13)− v(r12)− v(r23) (5.6)

= EII
dip =

7
4
D

Taking the difference between the two equation above, and using the fact that r12 = r23 and
therefore v(r12) = v(r23), we obtain:

EIIcoul − EIcoul = v(0)− 2Eself + v(r13)− 2v(r12)− (−v(0)− 2Eself − v(r13) + 2v(r12))

= 2v(0)− 4v(r12) + 2v(r13) (5.7)

=
7
4
D − (−7

4
D) =

7
2
D

Therefore we get a relation for v(0):

v(0) =
7
4
D − v(r13) + 2v(r12) (5.8)

where for the case of charges residing at the vertices we have:
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• r12 = h = 2√
3
a

• r13 = 2a

• q = m
h =

√
3

2
m
a

With this information and from Eq. 5.2:

v(r12) =
µ0

4π
q2

r12
=
µ0

4π
m2

a3
· 3
√

3
8

=
3
√

3
8
D (5.9)

and

v(r13) =
µ0

4π
q2

r13
=
µ0

4π
m2

a3

3
8

=
3
8
D (5.10)

Hence Eq. 5.8 becomes:

v(0) =
7
4
D − v(r13) + 2v(r12) (5.11)

=
7
4
D − 3

8
D + 2

3
√

3
8
D

=
14− 3 + 6

√
3

8
D

' 2.674D

The experiment was carried out with Permalloy islands. The experimental magnetization sat-
uration is Ms = 800 Oe = 0.8·106 A/m. The island length corresponds to L = 470 nm, the
width equals to W = 200 nm, and a thickness t = 20 nm ending with semicircle, we obtain a
volume of V = 1.71 · 10−21 m3. Therefore the strength of the magnetic moment corresponds
to m = 1.37 · 10−15Am2. In the high coupling case the lattice parameter a corresponds to
a = 500 nm. Thus we obtain D = 1.4942 · 10−18[Nm = J ] so giving an energy in the 104K

range.

With q = m
h =

√
3

2
m
a and therefore m2

a2 = 4
3q

2 we obtain:

v(0) ∼=
µ0

4π
m2

a3
2.674 (5.12)

=
µ0

4π
4
3
q22.674

1
a

=
µ0

4π
q2 3.56

a

From Eq. 5.2 we have that:

v(0) = |V (r = 0)| = µ0

4π
q2v0 −→ v0 =

3.56
a

(5.13)

Finally the charging energy coefficient v0 resulting from the interaction of charges at the same
site equals to v0 = 3.56/a. By taking into account the realistic particle shape which consists of
elongated ferromagnetic islands with a separation of d = 60 nm, the interaction energy results
from the interaction between charges that are situated at the semicircular ends of different
permalloy islands around a vertex [89], rather than overlapping at the vertex. This results in
an interaction energy of v0 = 3.5/a, which is a value that agrees well with the above calculated
v0. Note that higher order multipole contributions of this charge distribution to the energy are
small [89], being of the order of (2d/h)2 ' 0.04, and play a negligible role.
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5.3 Probabilistic description of magnetization reversal

The magnetization reversal process of a kagome spin-ice infinite array can be understood by
looking at the behavior from a probabilistic point of view. By increasing the external magnetic
field from one value to the next, we can estimate the probability Ps(H) of observing a chain
growth with island-length equal to s. Two cases have to be considered for the presence of such a
growth: either a new chain is created in the array, or an existing string grows. The first process
is characterized by an unconditional event, with a given probability p0(H) for the first island to
reverse while, when a chain has already started, the probability to flip an islands adjacent to an
already reversed one is conditional, given by p(H).

The avalanche growth occurs via flipping of single islands in a domino fashion which has been
demonstrated with Monte Carlo simulations [93]. However, by simple observation we cannot
distinguish the growth between a simple growth or the coalesce of two independent avalanches
on the path of the original string: therefore the corresponding probabilities have to be added
together. By starting from the switching field distribution of single uncoupled islands (ρ0(H))
which is a-priori unknown, we describe the probability for the conditional and unconditional
mechanism and fit the experimental observation with theoretical predictions. In this manner we
can reconstruct the switching field distribution ρ0(H) and thus gain information about properties
of the system such as the width of the switching field distribution σ which gives and indication
on the disorder. The arguments presented in this section are valid at low field values namely
when islands nucleate and chains propagate freely in the array.
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Figure 5.8: Switching field distribution and flipping probability. The switching field distribu-
tion is given by ρ(H) (Gaussian curve), while the integration of the distribution gives the probability for
the switching plotted with a thick line p(H). The conditional distribution (red) has the same disorder
(given by σ) as the unconditional one (green); but is shifted to lower field value due to dipolar coupling
that favor string reversal once one island has flipped its magnetization.

The switching field distribution for islands in the array follow a normal distribution (Gaussian
curve), and the curve is characterized by its width (σ), and a mean value for the switching field
(Hs). In the case of a conditional mechanism, i.e. providing a neighboring island has switched,
the switching field distribution has the same disorder, since the same islands are involved, but is
shifted to lower mean field values (Hs − ε). The origin of this shift will be discussed in the next
chapter and comes from the fact that once an island has flipped, the reversal of its neighbors
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is favored by dipolar coupling. The probability for a single island to switch conditionally or
unconditionally is then the integral of the distribution curve and therefore follows an erf(H)
curve; saturation to p = 1 occurs for both cases for higher field values. A behavior sketched in
Fig. 5.8 is therefore expected. In summary we have:

cond. prob.: p(H) =
∫ H

0

ρ(h)dh; uncond. prob.: p0(H) =
∫ H

0

ρ0(h)dh (5.14)

where our assumptions holds in the interval ρ(h)� ρ0(h).

One possible refinement to this model is the inclusion of a different switching distribution
for horizontal vs. tilted islands. This is not essential since experimentally we did not observe
a preferred type of island for the chain start/end. In addition one could include more than
one conditional probability since each island has four neighbors; this is also not essential since
the first phase of the reversal occurs in a chain manner and thus only one type of conditional
probability is sufficient. One should also take care that at higher field values the avalanches can
not run free in the infinite array and therefore this approximation is not valid anymore. The
model presented is an adequate description of the low-field nucleation and propagation process,
i.e. up to the stripe phase.

We now start by describing the reversal mechanism, the nucleation of a new chain, the
growth of existing string and the coalesce of two strings; then discuss the number of avalanches
at different field values and compare predictions with experimental results.

5.3.1 The different reversal mechanisms

The probability for a new chain with a length s to grow in an infinite array with the condition
that the chain did not exist at the previous field value is given by:

P new
s = p0p

s−1(1− p)2 (5.15)

Where p0 is the unconditional probability for an isolated island in the saturated array to flip,
0 < p < 1 is the probability of an island to flip provided that the neighboring island has already
been flipped, i.e. the conditional probability given by the red curve in Fig. 5.8, and (1 − p)2

arises from the fact that the islands next to the chains ends are required not to flip. Note that,
for the following notation, the conditional or unconditional probability p or p0 depends on the
applied field value: p(H) or p0(H). The chain nucleation starts with the flipping of an island
that has not flipped up to the previous field value H<. This implies that its switching field lies
in the distribution ρ0(h) to the right side of H<. On the other hand, a switching at the field
H = H< + ∆H requires then that its switching field lies exactly between these two values, i.e.
the probability for the first island to switch in the case of small field increments can be refined
from p0 with: ρ0(H)∆H3, where ρ0(H) is the unconditional switching field distribution shown
in Fig. 5.8. We thus obtain:

P new
s = ρ0(H)∆Hps−1(1− p)2 (5.16)

Avalanches may grow out of an existing string. For simple avalanche propagation growth
with length s, the probability for the extension is given by:

P ext
s = ps(1− p) (5.17)

3In the case of field increments that are not small compared to the standard deviation of ρ0(h), the following
generalization should be made ρ0(H)∆H →

∫H
H<

dhρ0(h), and the whole calculation does get more complex.
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p = p(H), 0 < p < 1 and (1− p) as before. However, the probability for the reversal of the first
island moment is not equal to its subsequent avalanche growth. This can be refined similarly as
above to give:

P ext
s = ρ(H)∆H ps−1(1− p) (5.18)

where ρ(H)∆H is the probability of not having switched until H< but switching in the sub-
sequent interval ∆H. Avalanches may also coalesce with an another growing string that has
been nucleated somewhere else on the observed path of the string. Thereby a MP-AM pair
annihilates. The total probability for an annihilation process is given by (only possible for
s ≥ 2):

P coalesc
s = p0(1− p)

s∑
n=2

ps−n(npn−1)

= p0(1− p)ps−1 1
2

(s+ 2)(s− 1) (5.19)
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1-p
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1-p

chain can continue
stopped
trapped

Figure 5.9: Probability diagram
for trapping mechanism. An exist-
ing chain either continues its propagation
with a probability p, or gets trapped in
an other Dirac string with a probability
q.

Here p0 = p0(H) is the unconditional probability for
nucleating a MP-AM pair on the path of the propa-
gating string (p0 ≤ p for all observed fields); the sum
term arises from the fact that the possible MP-AM nu-
cleation position can lye in any island n between the
two avalanches that coalesce n = 2, ...s. The term
ps−n arises from the fact that the MP-AM pair nu-
cleated around island n will trigger an avalanche of
length s − n to the propagation direction of the first
avalanche. To the opposite direction, n possibilities
may occur (for fixed n). All these n cases have the
same probability pn−1 as they all occur by conditional
flipping. Avalanche emanating from the nucleated pair
has to end at the end of the string, thus the (1 − p)

term.

Note that two MP-AM nucleations on a string would have a probability p2
0 and we have

assumed p0 � 1, thus this process can be neglected to first order. Similarly as above the term
p0 should be refined with ρ0(H)∆H. Eq. 5.19 becomes:

P coalesc
s = ρ0(H)∆H(1− p)ps−1 1

2
(s+ 2)(s− 1) (5.20)

The probability for coalescence of strings becomes relevant for long avalanches when 1
2 (N +

2)(N − 1)ρ0(H) ' ρ(H).

Finally one could introduce a probability q(H) for a chain to get trapped in an other existing
Dirac string. Including this probability term will give a phenomena as sketched by the probability
diagram shown in Fig. 5.9. An already existing avalanche (conditional mechanism) either grows
further, with the known probability p or does not by with a probability p − 1. In the case it
grows further the chain could get trapped in another Dirac string with the probability q (q � 1).
As a consequence the formalism presented so far remains valid and the conditional probability
for growth p should be substituted by a more adequate p̃. This is related to p via:

p̃ = p · (1− q) (5.21)

At low field values the trapping probability value of q is close to zero and the reversal is not
affected by this mechanism nor changes in the above discussions have to be made.
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5.3.2 Number of avalanches

As an aside, it is interesting to give an idea on the number of newly nucleated avalanches of
arbitrary length. In a lattice containing Λ nucleation sites at a given field step value this is given
by:

ν̄ = Λap0 = Λaρ0(H)∆H (5.22)

where Λa < Λ is the number of available nucleation sites since the last field step, and p0 is the
switching probability of an isolated island at the field value H. ν̄ refers exclusively to newly
nucleated strings which have not been visible in the previous field step, i.e. neither an extension
nor a coalesce event. Of those newly nucleated strings ν̄, the number of those which have length
s is given by:

ν̄s = ΛaP new
s s = ν̄ps−1(1− p)2s = Λaρ0(H)∆Hps−1(1− p)2s (5.23)

because a string of length s consists of one nucleated switched island and propagation (to the
left and right) that involves the switching of (s−1) additional islands. Since the two avalanches
emanating in the two directions have to come to a stop, there is a factor (1 − p)2, the new
nucleation center can lie anywhere in the string s, so there is an extra factor s in the ν̄s term.
Eq. 5.23 relates to Eq. 5.16 via: ν̄s = ΛaPnews s. Note that ν̄s is proportional to ρ0.

Now call ν< the number of string ends that have been preexisting at the previous field.
These strings can grow either via chain growth or coalesce with other strings. The number
of the corresponding avalanches of length s which arise through growth of existing strings is
therefore given by:

ν̃N≥2 = ν< · Ps = ν< · [P ext
s + P coalesc

s ] (5.24)

and for s = 1

ν̃N=1 = ν< · ρ(H)∆H(1− p) (5.25)

The total number of ‘avalanches’, is given by the sum of the newly nucleated ones plus the ones
that arise through growth:

ν(s) = ν̃s + ν̄s (5.26)

The experimental distribution of ν(s) is shown in Fig. 5.10.

5.3.3 Applying the probabilistic approach to the experimental data

Summarizing the three mechanism for a chain reversal we can then compare the theoretical
discussion with the experimental data. The probability Ps, independent of whether the string
nucleated during the applied ∆H or whether the s growth comes from an existing string, corre-
sponds to:

Ps = P new
s + P growth

s (5.27)

= P new
s + (P ext

s + P coalesc
s )

= ρ0(H)∆Hps−1(1− p)2 + ρ(H)∆H ps−1(1− p) + ρ0(H)∆H(1− p)ps−1 1
2

(s+ 2)(s− 1)

= ps−1(1− p)∆H[(1− p)ρ0(H) + ρ(H) + ρ0(H)
1
2

(s+ 2)(s− 1)]

= ps−1(1− p) · α



70 Chapter 5. Monopoles and Dirac string formation during magnetization reversal

ν(
s)

1 5 10 15 20 25 30
s

10
20
30
40
50
60
70
80
90

0.85 Hc

0.99 Hc
1.06 Hc

0.92 Hc

Figure 5.10: Avalanche growth distribution. For four different evenly spaced field steps (∆H =

0.07 Hc) the number of avalanches with a growth of a given length s, the number of reversed islands
in a Dirac string avalanche, is plotted as a histogram. This number ν is composed of newly nucleated
chains and avalanche growth of a length s.

Evidently,
∑∞
s=0 Ps = 1. α is a factor that depends on p, ∆H, s and this factor is small since

p� 1. Applying the logarithms on both sides we achieve:

log(Ps) = (s− 1) log(p) + log(1− p) + log(α) (5.28)

= s log(p) + log(
1− p
p

) + log(α)

= s log(p) + β

So when plotting log(Ps) as a function of s one should obtain a linear slope behavior for all
the applied H fields. The extracted value of the slope corresponds to log(p(H)), depends on H
but does not depend on the ∆H value which only appears in the α term, thus included in the
y-offset β. On increasing the applied field value one expects the slope to approach the horizontal
since at higher field values the probability for the switching tends to 1 (p→ 1).

We now compare this theoretical prediction with the experimental data, although before do-
ing so a few considerations have to be made. The observations are carried out with XMCD/PEEM
measurements after application of an external magnetic field with discrete field values. At low
field values, the statistics are rather low. At higher fields, where the statistics become signif-
icant, the approximation is not valid any longer since avalanches can not propagate freely in
the array as most islands moments have already switched. In addition, one has to be aware
that in the experiment, the field step ∆H may differ from one measurement to the next, but as
this is included in the β term, the slope of the log(P (s)) will not be affected. Finally at long
chain length, a "plateau" in the distribution exists due to few events with a large chain growth,
which is a common feature for a statistical distribution. The strong linear relation between
log(P (s)) and s is a hallmark for all the field values of the experiment; despite the limitation
in the statistics collected with our technique. Four field values are shown in Fig. 5.11. The
p(H)-value is extracted from the slope fitted to the experimental points excluding the plateau
for long chain growth, i.e. smax = 23 for H = 0.99Hc and smax = 12 for H = 1.06Hc. Note
that an s = 0 avalanche growth corresponds to a pinning of a MP-AM at a defect. An increase
of the slope value can be extracted for the first three field values applied shown in Fig. 5.11,
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Figure 5.11: Probability for avalanche events of a given length. For four of the applied field
values we plot the logarithms of the frequency (experimental probability) of an avalanche with a length
s to occur as a function of the avalanche length itself. At low values of the field, the statistics are rather
poor but the linear behavior is remarkably good. At higher fields, a plateau shows up for large s. Here
the p(H)-value is extracted from the slope fitted to the experimental points excluding the plateau. In
the last panel all the linear plots are shown together in order to demonstrate the slope dependence as
a function of H.

but when the field is larger than Hc the approximation assumed at the beginning is not valid
anymore and the slope does actually decrease. Information about p(H) is contained also in the
intersect of the linear relation with the y-axis, i.e. β, but here the extraction of p(H) is much
more difficult.

We use the slope data to now take a closer look at the conditional mechanism. When plotting
the probability, extracted from the slope relation, as function of the applied field value H, we
obtain as expected the erf(H) distribution shown by the red curve fitting the experimental values
of Fig. 5.12. The derivative of the conditional probability corresponds to the switching field
distribution (orange dotted curve in Fig. 5.12). This behavior follows the theoretical prediction
highlighted in Fig. 5.8. For the conditional mechanism, the mean value extracted corresponds to
x0 = 0.76Hc and the switching field distribution width equals to σ=0.22. This extracted value
of disorder is an upper limit to the one realized in the experimental sample, due to the fact
that all the experimental slopes which have a large variation, contribute to the erf fit of p(H)
for all the H experimental values. The broad variation in the slope, see bottom right panel of
Fig. 5.11, indicates that the assumptions made at the beginning that the motion of monopoles
is free and p� 1 are not completely fulfilled over the whole range of H.

In a regime where the probability does not vary too much, we sum all the events together in
order to increase our statistics. By doing so, we obtain again a linear relation between log(P (s))
and s the growth of the avalanche. The achieved relation is shown in Fig. 5.13. Since we
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Figure 5.12: Experimental conditional switching field distribution. The extracted p(H) are
plotted with black dots. The conditional probability (red curve) is obtained by fitting the experimental
data with an erf function. The Gaussian has values corresponding to x0 = 0.76 Hc and σ=0.22. See
for comparison theoretical expectation in Fig. 5.8.

have statistics with rare events we can apply a binning procedure described in Ref. [94] to
flatten the plateau region. The error bars correspond to the normal deviation error so 1√

ν(s)
.

In the inset the log(P (s)) vs. log(s) relation is shown, the missing of a scale invariance relation
becomes clear from this type of plot. The process is in contrast with other 2D and 3D systems
where magnetization reversal occurs via nucleation and growth of domains that are extensive
in system size [95, 96]. Our observed magnetization reversal via Dirac strings P (s) clearly
shows exponential decay with avalanche length s. The same type of relation captured here has
been simulated numerically in 1D Random Field Ising Model RFIM [97]. We have thus a novel
avalanche behavior in this frustrated system: the Dirac string avalanches have a 1D character.
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Figure 5.13: Probability for avalanche events of a given length. The probability P (s) to
encounter a Dirac string avalanche of length s decays exponentially. The avalanche statistics has been
obtained by summing over all avalanches occuring between the consecutive nonzero field values shown
previously and by applying a binning procedure [94]. Error bars are statistical, derived from the square
root of the number of events. In the inset the same data are plotted on a log− log scale to accentuate
the lack of power-law behavior, since in such a plot a linear curve should have been given.



5.3. Probabilistic description of magnetization reversal 73

Unconditional mechanism ρ0(h)

c

0

0.8 H

ρ 
(a

.u
.)

c1 H
H

Figure 5.14: Unconditional switching field distribution ρ0(H). From equation 5.30 we extract
the black points which follows a Gaussian distribution centered at H=0.92 Hc and with a width σ equals
to 0.11. See for comparison Fig. 5.8.

By considering solely the unconditional mechanism we are able to refine the disorder value
of σ that has been determined previously with the erf(H) fitting of p from the slope dependency.
The unconditional mechanism can be evaluated experimentally only when the new nucleation
avalanche has a length of N = 1 island. Exclusively in this case the unconditional event is
isolated from all of the other mechanisms. In all other cases, namely growth of existing strings,
monopoles annihilation, or even new chain nucleation with a length larger than 1, the conditional
probability has to be considered. We recall Eq. 5.23 that gives the number of newly nucleated
chain with a given length s and in particular we determine the equation for a length s = 1 which
is the mechanism interesting for the unconditional events.

ν̄s = Λaρ0(H)∆Hps−1(1− p)2s (5.29)

ν̄1 = Λaρ0(H)∆H(1− p)2

In order to obtain an equation for the unconditional switching field distribution we invert the
latter equation to achieve:

ρ0(H) = ν̄1(H)
1

(1− p)2

1
∆H

1
Λa

(5.30)

where ν̄1 is experimentally found, p(H) is extracted from the slope dependency of log(P (s)) vs.
s (Fig. 5.11) and given in Fig. 5.12, ∆H is the field interval and Λa the density of nucleation
sites. In the experiment Λa is ≈ 1. Plotting the data from Eq. 5.30 we obtain a distribution
as shown in Fig. 5.14, the fitted Gaussian distribution of ρ0(H) is centered at H=0.92 Hc and
has a width of σ = 0.11. This disorder value is a better representative for the one realized in
the experiment, since the assumption (i.e. free motion of monopoles) made at the beginning
is hold better for single switching events at all the applied field values (the single switching is
less hindered by the other growth). The error of p(H), while contained in Eq. 5.30, results in a
smaller error in ρ0(H) to give as a consequence a better σ estimation.

The data shown in Fig. 5.12 and Fig. 5.14 follow the predicted trends highlighted in Fig.
5.8, namely Gaussian curves for the switching field distribution are displayed and their center
is shifted to higher Hs value for the unconditional mechanism: this means that the model
applied to the data reproduces the important characteristics of the experiment. Refinements, as
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suggested at the beginning of this section, would make the data analysis more complex without
providing new insights. Here we have followed the theme "Keep everything as simple as possible
but not simpler".

5.3.4 Simulation results

In order to exclude the possibility that the linear relation between log(P (s)) and s presented
previously, simply results from high disorder in the system, we employed numerical techniques
which allow us to tackle the experimentally inaccessible low disorder regime. In addition, the
simulations allow us to give a precise estimate of the disorder realized in the experiment. The
simulation method together with the achieved results described in this section have been per-
formed by Hans-Benjamin Braun and Remo Hügli. With Monte Carlo simulations the role of
disorder in the system could be quantified and a more detailed insight into the dependence of
the avalanche statistics on this disorder has been gained.

The long range dipolar interaction has been implemented with the strength of the interaction
completely determined by the experimental parameters on a rectangular array consisting of 1020
islands placed in the kagome lattice geometry. Using Ewald’s summation technique, the dipolar
interaction has been summed over periodic replicas of the patch extending to infinity. The
random switching field for a particular island is given by Hs = H0ξ, where ξ is a dimensionless
Gaussian random variable with 〈ξ〉 = 1 and the disorder is characterized by σ = (〈(ξ−〈ξ〉)2〉)1/2.
Single spin flips were accepted when the projection of the local fields along the island axis
exceeded the random switching field HS of a particular island. The avalanche statistics per
field step were averaged over 16 different ‘samples’, i.e. 16 different realizations of the disorder.
The avalanche statistics were accumulated over equal field steps within the steep rise of the
hysteresis, although logP (s) was seen to be independent of the field step size ∆H, as mentioned
earlier as it is included in the β term of Eq. 5.28. In simulations, we verified that the string
growth proceeds island-by-island in an avalanche-type fashion. The agreement with experiment
is excellent at a given value of disorder σ, not only for the hysteresis magnetization but also for
the corresponding configurations (see for details ref. [32]). This confirms both the finely tuned
nature of the experimental system and the adequacy of the model.

We emphasize that in the system investigated here, both the observations and the simulations
reveal that the avalanches propagate island-by-island, coherently transporting the monopoles
along the path traced out by the Dirac string. This is in contrast to ‘popping-noise’ behavior
[98] at low coupling or high disorder [99], where islands flip randomly and independent of each
other. These 1D avalanches occur here in the strongly coupled regime of a system that is
characterized by well-isolated nanoislands with a finely tuned geometry.

The resulting relation between P (s) and s is shown in Fig. 5.15 for µ0H0 = 12.3 mT, as
for the experimental data presented in Fig. ?? a binning procedure has been used [94]. Note
that the toroidal nature of the boundary conditions and the 1D nature of the avalanches allowed
us to explore avalanche lengths exceeding the system size in the low disorder limit, as the
avalanches may wrap around the sample several times. From the simulations shown in Fig. 5.15
it turns out that the avalanche statistics are very sensitive to disorder and hence provide a more
accurate measure of σ, compared to the erf-fitting done previously. The exponential decay of
P (s) persists to disorder values as small as the experimentally inaccessible σ=0.025. Note that
this latter value of disorder corresponds to σH0/Hdip � 1, a regime where a higher dimensional
Random Field Ising Model (RFIM) [98] would have predicted power law dependence. This
strikingly demonstrates the 1D nature of the Dirac string avalanches and provides an example
of dimensional reduction due to frustration [13]. In order to estimate the disorder value in
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Figure 5.15: Disorder dependence of the avalanche statistics. Monte Carlo simulations based
on a random switching field HS = H0ξ with µ0H0 = 12.3 mT, and a dimensionless Gaussian random
variable ξ with 〈ξ〉 = 1 and standard deviation σ. The avalanche probability has been simulated.
P (s) is strongly sensitive to disorder σ, but always decays exponentially for a large range of disorder
including the very small value of σ=0.025 which is five times smaller than the disorder in the sample
and hence unattainable in an experiment. Agreement with experimental data is obtained for a disorder
corresponding to σ = 0.13. Error bars are statistical, derived from the square root of the number of
events. Courtesy of Hans-Benjamin Braun and Remo Hügli.

the experimental sample, simulations with different σ disorder realization were carried out.
Agreement with the slope dependency was found for σ=0.13. In the regime of the experiment
we have that the switching field distribution given by σH0 is in the same range as the dipolar
field component Hdip. In the simulations we can observe that at high disorder individual islands
flip without the formation of coherent avalanches which is equivalent to a ‘popping noise’ regime
[98]. This regime is already reached shortly beyond σ = 0.2 where σH0 & Hdip. In the low
disorder regime, the magnetization configurations reveal a behavior that is qualitatively similar
to the experimental case studied so far, namely the formation of 1D Dirac string avalanches.
For small σ, the avalanches rapidly propagate along a 1D string upon nucleation at some island.
The experimental observation of monopoles would be very difficult in a low disorder regime, as
the regime of mobile monopoles is confined to a very narrow field interval that is difficult to
access experimentally. The analysis reveals that there is only a very narrow window of disorder
where sensible experiments can be performed.

5.4 Conclusions

Magnetization reversal in an artificial kagome spin-ice infinite array has been studied in this
chapter and emergent monopoles have been observed in our frustrated lattice. Monopoles in our
system are simply charge excitations with respect to the background, and they share similarities
with the monopoles predicted by Dirac. The observed magnetization reversal starts via the
flipping of individual islands creating a monopole-antimonopole (MP-AM) pair at neighboring
vertices. After creation, on increasing the field further, monopole-antimonopole separate and
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the path followed by the monopoles, i.e. the history of their displacement, is imprinted as a
dark chain of islands with reverse moments, which corresponds to a physical version of a Dirac
string. When the external field is applied to the right, monopoles always propagate to the right
and the antimonopoles to the left, being attracted to the applied field poles of opposite sign.

All of these characteristics are analogous to those of the monopoles predicted by Dirac in
1931 [1], and our experiment has allowed the first direct visualization of monopoles in real space
and at room temperature.

Importantly, we have also shown that the probability P (s) for the occurrence of a Dirac
string avalanche decays exponentially with length s and the exponential decay, maintained even
at low disorder, implies the absence of critical behavior. This demonstrates that we are dealing
with a fundamentally new type of avalanche behavior, namely the propagation of a 1D avalanche
in a 2D system, providing an example of dimensional reduction due to frustration [13]. While
observed in numerical simulations of the 1D RFIM [97], such exponential behavior can also be
understood by the heuristic probability argument presented in section 5.3. With this simple
model, we are able to successfully describe the avalanche behavior in a kagome spin-ice and to
get an approximate value of the switching field distribution (related to the disorder) realized in
the experimental system. The switching field distribution width σ is simply the disorder value
with Monte Carlo simulation this value has been quantified.

In addition, we have shown in both our observations and our simulations that, in the strongly
coupled regime investigated here, the avalanches propagate island-by-island, coherently trans-
porting the monopoles along the path traced out by the Dirac string. We experimentally saw
that on repeating the first step of the reversal, islands which are characterized by low values of
the randomly modulated switching field switch first, indicating that the switching field distri-
bution is an important parameter defining the reversal process.

The magnetization reversal of an artificial spin-ice system was studied in this chapter, and
we have shown that the mechanism can very nicely be described within the charge model with
the nucleation and separation of monopoles-antimonopoles pairs. In addition, within this model,
the properties and the interaction of emergent monopoles in an artificial kagome spin-ice can be
studied. The charge model successfully describes the magnetization reversal process presented
here. However, as shown in the next chapter, this picture will become less useful in describing
the magnetization reversal for other cases; different field orientations, lower dipolar coupling
and minor hysteresis loop.



CHAPTER 6

Field response in artificial kagome spin-ice

In this chapter, the magnetization reversal process in an artificial kagome spin-ice infinite array is
analyzed from the perspective of the dipolar model. In this framework, the different stages of the
reversal process are explained for different applied parameters.

Estart

E f2

Ef3Ef3

Ef1

EgainEgain

Figure 6.1: Energy land-
scape for three possible flip-
ping events, f1, f2 and f3. f3
is the favored mechanism giving
rise to the lowest final total en-
ergy configuration Ef3. This cor-
respond to a maximum in energy
gain Egain.

In the presence of an external field, the total energy of the
system corresponds to the sum of the dipolar energy and the
Zeeman energy. The flipping of a given island moment occurs
if the applied field is larger than the switching field of that is-
lands and the energy is enough to overcome the energy barrier.
In particular, the predicted island to flip can be estimated by
looking at which flipped island gives the largest energy gain
with respect to the starting configuration, as schematically il-
lustrated in Fig. 6.1. The energy barrier is in the order of 105

times larger than the dipolar energy for all the investigated
flipping events and is not important for determining the final
energy state.

MOKE hysteresis curves and associated XMCD images
taken during magnetization reversal have been obtained for
different infinite arrays where variations in the geometry are
introduced and the results, coupled with the calculations, are
presented in this chapter. Changing the angle of the applied
external field, α, affects the Zeeman energy term. Changes in
a, the distance between the center of two nearest neighbor-
ing islands (both defined in Fig. 6.2) allow the modification
of the dipolar coupling strength D related to a via D ∝ 1

a3 .
The island shape and size is kept identical over the whole in-

finite array studied1 and among different infinite arrays investigated. This means that the
strength of the magnetic moment m remains constant over all the experiments presented here.

1Except in section 6.4 where isolated islands with a specific geometry are introduced in the infinite array.
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H

T1

T2

2a
α
Happ

Figure 6.2: Relevant parame-
ters and notations used in this
chapter. Islands belonging to the
horizontal sublattice H are shown
in red, the one belonging to the
tilted T1 sublattice in light blue,
while islands in T2 are orange. α
is the angle of the applied field
with respect to the horizontal lat-
tice direction and a is the lattice
parameter.

The different stages of the hysteresis loop for α 6= 0◦ are
studied in this chapter and discussed with the help of dipolar
arguments extended over the next nearest neighbor interac-
tions (section 6.2). With an applied field angle α 6= 0◦ (Fig.
6.2) the reversal occurs rapidly by forming parallel chains that
carry the charge defects to the border of the infinite array, and
the orientation of the formed one dimensional chains can be
controlled by varying the external field angle parameter: α.
While the chain orientation can be brought to be nearly hor-
izontal when the external field is perfectly aligned with the
horizontal axis of the structures, they can also be perfectly
aligned in one of the two diagonal direction running in the
±30◦ when α is not equal to zero. The dependence of the
coercivity field Hc as a function of the parameter α has been
studied qualitatively with MOKE hysteresis loops and com-
pared with XMCD images taken during the reversal.

At low dipolar coupling, high lattice parameter a, chains
do not form anymore and single, uncoupled events occur in
the array (see section 6.3). A first successful step toward the
control of the avalanche behavior is carried out in section 6.4. Here the switching field prop-
erties of selected islands are controlled by modifying the shape anisotropy. The start position
of an avalanche (low shape anisotropy) can be selected as well as the stop position (high shape
anisotropy). In section 6.5 the system response on performing a minor hysteresis loop is pre-
sented. Different behaviors observed with XMCD images are explained with next nearest neigh-
bors dipolar energy considerations. The monopole picture used extensively for α ∼ 0◦, is no
longer helpful in describing the processes here. In section 6.6 the different cases are presented
within the charge model. With the different experiments performed in this chapter we gain
further knowledge on the reversal processes in a dipolar coupled frustrated system.

6.1 Understanding magnetization reversal with dipolar in-
teractions

In this section, the response of a kagome spin-ice infinite array to an applied magnetic field
is analyzed with dipolar and Zeeman energy arguments. The reversal mechanism, i.e. which
islands flip in the infinite array, is governed by energy minimization. A test island with a
given dipole moment mi (Fig. 6.3) is surrounded by 4 nearest neighbors (n.n.), 8 next nearest
neighbors (n.n.n.) and 14 next next nearest neighbors (n.n.n.n.). Of those 14 n.n.n.n. only
two have a contribution that matters in the reversal process. Therefore there are in total 14
neighboring moments which we consider here and they form the so-called "surrounding magnetic
matrix". Further neighbors tend to cancel out their contribution or have a small contribution
to the total energy that can be neglected.

We define a set of correlation functions between distinct types of neighboring pairs. The
closest pairing is labeled "n.n." for the nearest neighbor interaction to the test magnetic moment
mi colored red in Fig. 6.3; "D" denotes the n.n.n. pairing with a diagonal direction to the test
island (orange); "L" denotes the n.n.n. which is in the longitudinal direction of the island
(yellow); and "T" denotes the n.n.n.n. in the transverse direction from the test island (green in
Fig. 6.3). The main contribution to the dipolar energy term comes from the nearest neighbor
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mi
n.n.

n.n.
n.n.

n.n.
L

L L

L

T

T

DD

D D

Figure 6.3: Dipolar nearest neighbor, next nearest neighbor and next next nearest neigh-
bor interaction. Our definitions of the nearest neighbor n.n. and next nearest neighbors n.n.n. pairs
from the dark grey central island is given by: "n.n." for the four nearest neighbor interaction (red), "D"
for the four magnetic moments arranged diagonally (orange), "L" for the two n.n.n. moments arranged
along the longitudinal direction of the island (yellow); and "T" denotes the n.n.n.n. in the transverse
direction from the island (green).

(n.n.) interaction, followed by the next nearest neighbor (n.n.n.) ones and so on. Since by
considering solely these interactions we can describe all the processes occurring in the infinite
array, higher order interactions with a weaker strength tend to cancel their contribution out
and/or have a weaker contribution and are therefore neglected here (blue islands in Fig. 6.3).
The flipping of the moment associated with a particular test islands depends on the total energy
minimization which consists of two terms: the Zeeman energy term, which is the scalar product
of the applied magnetic field with the magnetic moment, and the dipolar energy term2 which
consists of the sum of the dipolar energies over all the neighboring moments. Due to the latter
term, the magnetic configuration of the surrounding matrix is important for the resulting reversal
process. In S.I unit the Hamiltonian corresponds to:

H = HZeeman +Hdipolar (6.1)

= −µ0mi · ~Happ +
µ0

8π

∑
i,j (i6=j)

1
r3
ij

[mi ·mj − 3(mi · r̂ij)(mj · r̂ij)],

where ~Happ is the magnetic field applied to the system; mi the magnetic moment of the test
island i belonging to the infinite kagome spin-ice artificial lattice and rij is the distance between
the magnetic moments mi and mj . The strengths of the magnetic moments in the infinite array
are identical for all the islands |mk| = m, for all the islands k. This assumption is appropriate
since the islands are lithographically defined to have an identical shape.

With the definition D .= 4π
µ0

m2

a3 as the dipolar coupling constant we now compute the different
energy terms:

• 4 n.n. island moments interacting with mi, with a dipole center-to-center distance equal to
a. This dominant energy term, is responsible for chain formation during the magnetization
reversal. In the case of a favorable nearest neighbors configuration, i.e. mi and mj oriented

2This energy term is replaced with a Coulomb-like potential in the magnetic charge map view (dumbbell
representation) see section 5.2.
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head-to-tail, the dipolar energy corresponds to:

EId =
4π
µ0

1
r3
ij

(mi ·mj −
3
r2
ij

(mi · rij)(mi · rij)) (6.2)

=
4π
µ0

1
a3

(m2 cos(
π

3
)− 3

a2
(ma cos(

π

6
))2)

= −4π
µ0

m2

a3

7
4
.= −7

4
D = −1.75D.

• 4 n.n.n. diagonal "D" magnetic moments placed at a distance of rij =
√

3a with a dipolar
energy EII−Dd (orange island in Fig. 6.3). The dipolar energy is minimized when the
projection of mj along mi points in the opposite direction of mi. It will be shown later,
that this term is not relevant for any reversal mechanisms since this energies cancel out
for the different magnetic configurations investigated here. The minimal dipolar energy
corresponds to:

EII−Dd =
4π
µ0

1
(
√

3a)3
(mi ·mj −

3
(
√

3a)2
(mi · rij)(mj · rij)) (6.3)

=
4π
µ0

1
3
√

3a3
(m2 cos(

2π
3

)− 1
a2

(ma cos(
π

3
))2)

= D
1

3
√

3
(−1

2
− 1

4
)

= − 1
4
√

3
D ' −0.1443D.

We immediately see that this contribution is less than 10% of the one originated from the
n.n.

• 4 n.n.n. magnetic moments arranged longitudinal "L" to the mi at a distance of rij = 2a
with a dipolar energy EII−Ld (yellow in Fig. 6.3). The dipolar energy is minimized when
the two islands are oriented in the same direction and corresponds to:

EII−Ld =
4π
µ0

1
(2a)3

(mi ·mj −
3

(2a)2
(mi · rij)(mj · rij)) (6.4)

=
4π
µ0

1
8a3

(m2 cos(0)− 3
4a2

(ma cos(
π

6
))2

=
D

8
(1− 9

4
)

= − 5
32
D = −0.15625D

• 2 n.n.n.n. magnetic moment placed transversal with respect to the test island in the same
hexagonal ring as mi at a distance of rij = 2a with a dipolar energy EII−Td (green in Fig.
6.3). The dipolar energy is minimized when the orientation of the two involved islands
points in opposite directions and the energy in such a configuration corresponds to:

EII−Td =
4π
µ0

1
(2a)3

(mi ·mj −
3

(2a)2
(mi · rij)(mj · rij)) (6.5)

=
4π
µ0

1
8a3

(m2 cos(π)− 3
4a2

(ma cos(
π

2
))2

= D
−1− 0

8

= −1
8
D = −0.125D
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(a) Starting configura-
tions

(b) Horizontal island
start

(c) Tilted island start

Figure 6.4: First steps of the reversal. Switching event (yellow arrow) at the beginning of the
reversal. Nearest neighbor moments favoring the reversal are marked with a green arrow and the one
not favoring the reversal are marked in red.

The mechanism behind the reversal process, at any stage of the hysteresis, is determined by
minimization of the Zeeman and dipolar energy contributions. The beginning of the reversal,
the chain formation, the final saturation as well as the unobserved mechanisms can be properly
understood within this model. The terms calculated above will be recalled later in the chapter.

6.1.1 Mechanisms behind the reversal

We start by applying a magnetic field that saturates the system with moments pointing towards
the left. In this case islands show a white-light grey contrast in XMCD images (schematic in
Fig. 6.4a). A field is then applied to the right in small steps until saturation in the opposite
direction is reached. A flip event leads to a black-dark grey contrast in the XMCD images
depending wether the reversed moment belong to the horizontal sublattice or the tilted one
respectively. For energy reasons, the reversal prefers to start at the edges of the array, but here
the boundary effects are not considered/investigated. Despite the definition of identical island
sizes in the lithography process, differences in the island properties are present. This is due to a
random distribution in the material grain size and orientation, and limitations in the fabrication
process. The disorder included in the sample is given by the width σ of the Gaussian switching
field distribution for uncoupled islands as described in the previous chapter. At the beginning of
the reversal, a particular island, or a few of them, with the lowest switching field Hk = Hk(min)
will reverse its magnetization. On repeating the first step of the reversal, we observed that
always the same islands reverse first (not shown), confirming the anisotropy dependence for the
reversal start. By selectively changing the shape anisotropy of given islands we can control the
start of the avalanches as shown later in section 6.4.

The total energy for any reversal process described in the following section is given by the
sum of the Zeeman energy and the dipolar energy terms. Due to the presence of a magnetic field,
the Zeeman term always gives a gain in energy: this term always favors the flipping of an island
moment. Responsible for the reversal is also the dipolar component. In fact, by looking at Fig.
6.1 where few possible energy levels are schematically shown, the reversal occurs if the final total
energy is lower than the starting one and the final state is simply the lowest energy configuration.
This is equivalent to saying that the selected state gives the highest Egain = Efinal−Estart (f3 in
Fig. 6.1) [100]. In the case of an horizontal island flipping in a saturated configuration matrix,
the energy gain is given purely by the Zeeman term: all the four nearest neighbors do not favor
this process. The magnetic moment of neighboring islands favoring the reversal are colored in
green, while the one which do not favor the reversal are red in Fig. 6.4b and subsequently. The
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total energy for the process schematized in Fig. 6.4b equals to:

EH = −µ0mHapp − 4EId = −µ0mHapp + 7D (6.6)

The reversal of a magnetic moment belonging to a tilted island in a left saturated case is
schematically shown in Fig. 6.4c. The total energy for a flipped tilted magnetic moment, has a
Zeeman contribution which is half the horizontal one, due to the projection cos(π3 ) = 1

2 of the
field along the island direction. Two of the four n.n. islands favor the reversal and two do not;
resulting in a zero dipolar energy gain. Thus:

ET = −1
2
µ0mHapp (6.7)

We observe experimentally a mixture between tilted and horizontal islands flipping occurring
at the beginning of the reversal in the middle of the infinite array with a preference for tilted
islands, see the first two XMCD images in Fig. 5.4. Therefore, at low applied fields value, the
two total energies are balanced via:

ET ≤ EH (6.8)

−1
2
µ0mHapp ≤ −µ0mHapp − 4EId

1
2
µ0mHapp ≤ −4EId = 7D

D =
4π
µ0

m2

a3
≥ 1

14
µ0mHapp

[
m

a3
≥ µ2

0Happ

56π
]

This is an important fact because it shows that for our kagome system the dipolar energy term is
responsible for the reversal. Observation of exclusively horizontal island flipping at the beginning
of the reversal process, occurs in a low dipolar strength regime, as shown in section 6.3.

(a) Chain propagation
via horizontal island

(b) Chain propagation
via tilted island

Figure 6.5: Chain forming. Beginning of the reversal process in a kagome spin-ice infinite. Chains
are favored to occur as indicated by the green arrows.

We now predict how the reversal process will continue in the infinite array, once the moment
of an island has flipped due to a low switching field property. Independently whether the
original flipped island was horizontal or tilted, the continuation of the reversal will occur via a
one dimensional chain growth. The original flipped island induces one of the nearest neighbors
to reverse its moment so that a chain consisting of two reversed islands is formed, at higher
field value this two-island chain is then extended further. In Fig. 6.5 the original process is
illustrated. When one moment belonging to a tilted island has reversed its magnetization (Fig.
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(a) Propagation around a corner (b) Branching

Figure 6.6: Non observed mechanisms. Reversal process not observed in the regime of our exper-
iment: high D and relatively low disorder.

6.4c) in a saturated infinite array, then the total energy for one of the two horizontal neighbors
to switch (Fig.6.5a) is:

EHchain = −µ0mHapp − 2EId = −µ0mHapp +
7
2
D. (6.9)

This energy (6.9) is lower than the energy given by an isolated horizontal event Eq. (6.6),
due to the fact that the n.n. tilted island that has switched previously favors the reversal
of the horizontal one (green arrow in Fig.6.5a). With this the chain propagation rather than
new isolated events in the array is explained. The gain in energy between these two processes
corresponds to: 7

2D. If the moment of a horizontal island has switched its magnetization first
in the array (Fig. 6.4b), then the energy for one of the four nearest neighbor tilted islands to
reverse (Fig. 6.5b) is:

ETchain = −1
2
µ0mHapp + 2EId = −1

2
µ0mHapp −

7
2
D (6.10)

Also here the energy gain with respect to an independent tilted moment event in the saturated
array (Fig. 6.4c) corresponds to 7

2D.

Since in both chain propagation cases, via tilted or horizontal islands, the energy in the chain
forming process is lower than new (isolated) nucleation, it is energetically convenient to form a
chain of reversed dipoles that then extend in length over the sample size, rather than isolated
flipping events.

6.1.2 Non-observed processes

We have never observed a chain propagation around corners, nor any branching phenomena such
as those shown in Fig. 6.6. When an isolated horizontal island has flipped in the array, then
one of four possible connected tilted islands will reverse and form a small chain that then grows
further with a one dimensional avalanche character. For every chain ending with a horizontal
flipped island one of the two connected islands in the propagation direction of the chain will flip,
but not both together. The chains therefore do not branch and if the ending is a tilted island,
the next one to switch has to be the adjacent horizontal one. The total energy for propagation
around the corner (Fig. 6.6a) is:

ETback = −1
2
µ0mHapp + 2EId (6.11)
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Eq. 6.11 will always have a value higher than a chain propagation (Eqn. 6.10 - 6.9) or even
a new start event (Eq. 6.7). Compared with the observed chain propagation, the propagation
around a corner involves both a higher nearest neighbor interaction energy and a smaller Zeeman
energy gain. For this reason, such an event is not observed in these samples. With a similar
argument, and by making use of the equation 6.8, we can explain why branching (Fig. 6.6b) is
not observed.

Finally, we can summarize that the magnetization reversal in a kagome spin-ice lattice begins
with single flip events. These particular starting islands have a low value of the switching field
distribution determined by the random anisotropy. Afterwards, chains of reversed dipoles are
formed and propagate to the edges of the infinite array. Increasing the field magnitude further
establishes single island reversal that connect the reversed chains. One has to note that the
reversal is governed by these steps only in a specific regime of the experiment. Varying the
system parameters such as the dipolar coupling strength D and the switching properties given
by the mean switching field Hk and the FWHM of the switching field distribution (σ), will lead
to different reversal behavior. A case, where D is decreased, is shown in section 6.3.

6.2 Field angle dependence

We now experimentally delve into the different properties of the magnetization reversal upon
variation of the applied field angle α, as defined in Fig. 6.2. The observed experimental results
are supported by the dipolar energy calculation as explained through this section. Experimen-
tally, different infinite arrays (size corresponding to 50×50µm2) on the same chip were designed
with a different orientation to the horizontal axis in the range of ± 5◦ in 0.5◦ steps. With the
chosen design, we are able to image and compare the behavior of infinite arrays with different
field angles after the application of an identical magnetic field strength. However, it should
be pointed out that we can not avoid differences between arrays that result from the sample
fabrication. To address this problem, the results obtained are confirmed on two different arrays
for each field angle and all results are reproduced with at least two different chips containing
the same design.

PEEM measurements are appropriate for the unequivocal determination of the magnetic
configurations obtained after application of a magnetic field (at remanence) and therefore this
technique is suitable for following magnetization reversal. Here the field values were calibrated
against hysteresis curves measured with MOKE. With the MOKE setup, hysteresis loops from
the same region in the same infinite array were measured on varying the applied field angle.
We assume that the comparison between PEEM measurements and MOKE hysteresis curves
remains valid even given the fact that XMCD images are recorded at remanence while MOKE
curves are measured in an applied magnetic field [101, 102].

Experimental control of the chain directionality

Changes in the field angle will affect the directionality of the chain of reversed magnetic moments
as shown in Fig. 6.7, where four different angles are shown together with a schematic view of
the two reversed patterns. Here, at α=-5◦ and +4◦, a regular pattern during the magnetization
reversal is achieved: perfectly parallel chains are formed along one of the two tilted sublattices
with an angle of 120◦ between the two chain directions. For a positive applied angle the sub-
lattices T2 and H (see for nomenclature Fig. 6.2) reverse in chains, while in the negative angle
case T1 and H flip their magnetization. Note that the experimental offset was determined by
assuring that the horizontal chain propagation occurs at 0◦ and was taken into account.
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-5° +4°-0.5° +0.5°H HHH

T1/H T2/H

Figure 6.7: Reversal behavior for different field angles. XMCD images for different field angles
during magnetization reversal starting with moment pointing towards the left (bright XMCD contrast)
and after application of a field in the right direction. The chain directionality is rotated by 120◦ from
T1/H when the applied angle has a negative absolute value (see schematic), and turn 120◦ to T2/H
when α is positive. The first three images are taken at a field value of µ0H ∼ 24 mT, the last one at
∼ 17 mT. The scale bar corresponds to 5 µm.

Hysteresis behavior as a function of the field

It is not only the chain direction that varies as a function of the external field angle, but also
the hysteresis loop shape itself and the coercivity value Hc depend on α [103, 104]. Indeed,
when performing hysteresis loops at different applied field angles, these differences are revealed.
In Fig. 6.8, six curves taken on the same array at different field angles reveal the differences
discussed above. The hysteresis curves were taken with MOKE at approximatively 20 Hz and
the loops were integrated for about 2 minutes corresponding to an average of 2400 loops per
shown curve. The coercivity value is highest for α = 0◦ : µ0Hc=24.5 mT where no plateau
can be seen. On increasing α, the plateau, highlighted with the red circle, appears at an M

value > 3
4Mtot and its shape gets more pronounced on increasing the field angle up to 30◦. In

addition, on increasing the field angle there is a decrease of the coercivity value and an apparent
increase of the saturation field value (Hsat). The latter occurs due to the highest field required
to reverse the moment in the remaining unreversed tilted sublattice as shown later in Eq. 6.14.

Fig. 6.9 shows the dependence of Hc, extracted from the MOKE hysteresis curves, as a
function of the applied field angle α. Our experimental data have been fitted to the absolute
value of a sine function with a given amplitude and phase. The choice of the trigonometric fit
originates from the structure geometry. The experimental data follow the function:

Hc = a · | sin(α · c+ d)|+ b. (6.12)

In Eq. 6.12, a is the amplitude of the oscillation in coercivity, within our experiment a=-2.8 mT;
b denotes the offset in the y-axis for α = 0◦ here we have b = 24.5 mT; c gives the symmetry of
the function and in the plotted curve c = 0.0507 which is a value very close to π

1803 = 0.05235
denoting the six-fold symmetry present here due to the sample geometry. In Eq. 6.12, d is also
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Figure 6.8: MOKE hysteresis loop. Normalized MOKE hysteresis loops of the same kagome spin-
ice infinite array taken at different field angles given above each curve. The plateau highlighted with
the red circle at a magnetization value of M ≥ 3
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Mtot gets more pronounced on increasing α, while the

coercivity value decreases until α = 30◦.
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Figure 6.9: Hc-value extracted from MOKE hysteresis loops. Hc as a function of the field
angle α. The trigonometrical fitted curve is shown together with the experimental data. The fitting
parameters correspond to: a=-2.8, b = 24.5, c = 0.0507 and d = −0.0089.
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included to be sure there was no other offset, but it turned out experimentally that the value of d
is very close to 0. All the fitting parameters are given in the caption of Fig. 6.9. The maximum
value of Hc measured with MOKE was obtained at 0◦ and corresponds to µ0Hc=24.5 mT. Note
that at +30◦ we measured µ0Hc =21.6 mT and at α=-30◦ µ0Hc=21.8 mT. Such differences in
coercivity measured at α angles separated by 60◦ are likely to originate from sample fabrication
issues and the presence of an intrinsic uniaxial anisotropy in the deposited thin film.

The coercivity dependence can also be observed qualitatively in XMCD images of infinite
arrays with different external field angles and taken after application of the same field value as
shown in Fig. 6.10. We notice that when α < 3◦, one of the two tilted sublattices is favored
more than the other for the reversal. For the aligned case (α=0◦) the magnetization value of
Fig. 6.10a is still close to zero: the reversal process is just about to start. While for α =-9◦

(Fig. 6.10f), almost all the islands belonging to the horizontal sublattice together with the ones
in T1 have reversed their magnetization in a chain manner to give a magnetization value of
M ' 3

4Msat.

0° -1° -3°

-5° -8° -9°

(a)

(f )(e)(d)

(c)(b)

Figure 6.10: Field angle dependence at the same value of the external applied field. XMCD
images for different field angles α, taken at the same field value during magnetization reversal when
starting from magnetic moments pointing to the left (white contrast). The applied field value for all
the images is µ0H ∼17 mT. The magnetization value increases on increasing α to reach M ' 3

4
Msat in

(f). The scale bar is 8 µm.
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Detailed magnetization reversal

In Fig. 6.11, the whole magnetization reversal for α = +4◦ is captured in XMCD images.
Looking at the different field values one notices that the nucleated chains rapidly propagate
along the favored diagonal direction (here T2/H) to the edges of the array. For few field steps
after µ0H ∼ 17.7 mT, the "parallel chain" configuration remains stable (not shown), this first
part of the reversal qualitatively corresponds to a sharp rise in magnetization at the beginning
of the hysteresis loop. Only at much higher field values, the missing sublattice (here T1) starts
to reverse, creating bridges between parallel chains. This phase corresponds to the plateau
region in the hysteresis loop highlighted with a red circles in Fig. 6.8, which can be seen only
at values of α 6= 0◦. The bridging occurs via a coupled mechanism between neighboring strings,
resulting in an additional chain-like property at 120◦ to the original formed strings. A few of
these chains are highlighted with red dotted lines in Fig. 6.11. This mechanism has a weaker
strength compared to the originally discussed string formation but the effect is perceptible.

Theoretical discussion of magnetization reversal at α 6= 0◦

With the help of the dipolar calculation presented earlier in this chapter, we now explain the
dependence of the magnetization reversal on the field angle α. This can be intuitively understood
as if a small field offset facilitates the islands of one of the tilted sublattices to reverse. Indeed,
just by looking at the Zeeman energy term, when α 6= 0◦, the degeneracy between the two
possible tilted directions is destroyed, and one of them is favored while simultaneously the other
tilted sublattice is unfavored. The dipolar energy component, independent of the external field,
is the same on both sublattices and therefore not considered here. As a consequence of this
unbalanced energies, chains will run through the sample perfectly parallel to each other in one
of the two directions as shown in Fig. 6.7.

The Zeeman energy due to switching of individual islands belonging to different sublattices,
using the fact that the Taylor expansion of the cosine function equals to cos(x) = 1− x2

2! + x4

4! −...,
is:

EHorZ = −µ0mHapp · cos(α) = −µ0mHapp · (1−
α2

2
+
α4

24
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Depending on the absolute value of α, reversal via one of the two sublattices either T1 or
T2 is favored by the Zeeman term. The Zeeman energy difference for two islands in different
sublattices (α > 0◦) is:

ET1
Z − ET2

Z = −µ0mHapp · (−
√

3α+
α3

2
√

3
+ o[α]5) (6.14)

With this energy difference we can explain the fact that the ordered configuration consisting of
parallel chains in one direction are favorable and stable when α 6= 0◦, although it is difficult
to define a cutoff value for the parallel reversal. We have seen in Fig. 6.10 that at α=8◦

exclusively two sublattices reverse in the stripe phase. The Zeeman energy difference in this
case corresponds to 232√

3
µ0mHapp ' 134µ0mHapp which is enough to stabilize the stripe phase

in one of the two tilted directions.
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Figure 6.11: Off-angle reversal. XMCD images of the reversal with a field offset of 4◦. The
measured value of the applied field is given for each image. The first part of the reversal, i.e. parallel
chain formation and propagation up to a magnetization value of 3

4
Mtot, occurs in a small field range

starting at 15.5 mT and ending at 17.7 mT (field range equal 2.2 mT). The bridging process between
parallel chains occur at higher field values and corresponds to the plateau in the hysteresis (red circles
in Fig. 6.8). A few of the connected bridging processes are highlighted with red dotted lines. The scale
bar is 5 µm.
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(a) Single bridge (b) Bridges between neighboring
pairs of chain

(c) Bridges between same pairs of
chain

Figure 6.12: Bridging processes. The final part of the magnetization reversal occurs via bridging
process, indicated by yellow arrows, connecting two parallel reversed magnetic chains. The bridging
process shown in (b) is favored over other configurations due to the n.n.n longitudinal and n.n.n.n.
transversal interactions. Magnetic moments that favor the reversal process of the test islands (yellow
arrow) are shown with a green arrow while those that unfavor the reversal are colored in red. Process
(b) give rise to the pseudo-chains formation highlighted with red dotted lines that run at 120◦ compared
to the original formed chains (highlighted with black to guide the eye).

Experimentally we observed in the XMCD images that for α 6= 0◦ the so-called bridging
process seem to be coupled via a next nearest neighbor interaction to give rise to a new pseudo
chain oriented at 120◦compared to the original formed chain and highlighted with red dotted
line in Fig. 6.11. Again this mechanism can be described with the dipolar energy argument. The
total energy in building a simple bridge between two parallel chains (see Fig. 6.12a) including
the next nearest neighbor dipolar interaction, equals to:

Ebridge = −µ0

2
mHapp + 2EII−Td − 4EII−Ld (6.15)

= −µ0

2
mHapp − 2

1
8
D + 4

5
32
D

= −µ0

2
mHapp +

3
8
D

note that we leave 1/2 for the cos-term even if there is a small angle offset that makes it slightly
deviated. Once one bridge is formed, the configuration matrix is changed and the favored next
step is the flipping of the longitudinal n.n.n. (see Fig. 6.12b). The energy for this event
corresponds to:

Ebridge−chain = −µ0

2
mHapp + 2EII−Td − 2EII−Ld (6.16)

= −µ0

2
mHapp +

1
16
D

= Ebridgetot − 5
16
D

The energy gain in this case is 5
16D lower than a new random bridge between stripes in the infinite

array. This gain in energy is less than 10% the gain in forming a chain via n.n. interactions
given by Eq. 6.9 or Eq. 6.10, but is nevertheless enough to cause the longitudinal n.n.n.’s to
flip in a sequential manner. Chains of bridges which run at 120◦ of the original formed chains,
as highlighted in few cases with red dotted lines toward the final part of the loop in Fig. 6.11
and in Fig. 6.12b are therefore favored. N.n.n. neighboring bridges between the same chain as
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shown in Fig. 6.12c have an energy of:

Ebridge−parallel = −1
2
µ0mHapp − 4EII−Ld = Ebridgetot − 2EII−Td = Ebridgetot +

1
4
D (6.17)

This energy is higher than a simple bridging event and the process is therefore not favored. For
all the presented bridging mechanisms, always two diagonal n.n.n moment are favored and two
of them are unfavored for a flipped test moment to give no energy contribution in the process.
It should be noted that this process of bridge formation has been described here for a field angle
α 6= 0◦ where the chain property of the bridging process via n.n.n interaction at 120◦ to the
originally formed chains can be easily distinguished due to the fact that the original chains are
ordered. For α=0◦, this mechanism is also valid, but it is simply harder to recognize.

6.3 Variation of the reversal for different lattice parameters

The lattice parameter a is the center-to-center distance of two neighboring islands in the kagome
geometry (Fig. 6.2). In the experiment presented here, a is varied while the island size and
material is kept constant: W=180 nm, L=470 nm, t=30 nm, Py. Unfortunately it is not
possible to go for higher coupling since a < 500 nm would lead to a touching of the islands,
therefore the dipolar coupling strength, which is proportional to 1

a3 , is decreased cubically in
this experiment. The lattice parameters have been varied from our starting value a=500 nm to

Figure 6.13: SEM characterization of infinite arrays with different lattice constants. SEM
images, taken with the same magnification, of part of the infinite system with different coupling con-
stants. The island geometry remains unvaried for the different arrays, while the lattice parameter (i.e.
the center-to-center distance between two island) is increased. The lattice parameter value is given in
each image, with the scale bar corresponding to 1 µm.

a=540 nm, a=580 nm, a=620 nm and finally a=820 nm. Part of the infinite arrays investigated
are shown in the scanning electron microscopy images in Fig. 6.13. The PEEM results presented
are confirmed on two different arrays with the same lattice parameter a, while MOKE results
presented are averages for different measurements on different array positions and also achieved
on different infinite systems with nominally the same coupling strength. In both cases the field
angle was not varied and kept approximatively equal to α ∼ 0◦.

By measuring MOKE hysteresis loops, we find that the coercivity value for an artificial
kagome spin-ice infinite array also depends on the coupling constant. The different MOKE curves
achieved are shown in Fig. 6.14. The coercivity value Hc decreases as the lattice parameter is
increased, so as the dipolar coupling is decreased. The relation betweenHc and lattice parameter
can be fitted with a linear curve:

µ0Hc(mT) = 31.1− 0.014 · a (6.18)

as shown in the last panel of Fig. 6.14. In the case of high lattice parameter a, the amount
of magnetic moment per area decreases and therefore the Kerr signal becomes noisier and thus
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Figure 6.14: Hysteresis curves for different lattice parameter and extracted coercivity
dependence. For each lattice parameter used a typical hysteresis curve is shown. One can see the
decrease of the coercivity value and the increase of the noise ratio. The Hc value has been averaged
over 8 MOKE curves taken in different spots of the same infinite and in different infinite arrays. The
error bars represent the standard deviation of the measurements and the linear fit has been achieved
with weighting the error bars. Please note that no plateau has been observed as a function of a.

the error bars larger. Typical XMCD images taken during the reversal for different lattice
parameters at the same external field value on both sides of the hysteresis loop are shown in
Fig. 6.15. PEEM measurements reflect the switching behavior observed in the MOKE hysteresis
curves. Indeed, one can notice in Fig. 6.15 that for both branches of the hysteresis loop in the
low coupling case (a=820 nm) almost all the horizontal islands have reversed their magnetization
to give aM value of 1

2Mtot, while at the same field value in the higher coupled case few chains are
present to give a significant smaller magnetic component. By extracting the total magnetization
value from the PEEM images after application of the identical external field value over the same
island area (360 islands), we obtain the values given in Table 6.1 showing the increase of reversed
magnetic moments, as the coupling decrease. Images of the reversal at this particular field value
are shown in Fig. 6.15.

From the XMCD images (Fig. 6.15) one can note that at high lattice parameters (a=820 nm),
pure single horizontal island switching events take place, while when a=620 nm short chains
are still present in the array, although many isolated islands have flipped their magnetization
independently, to give a co-existence between chain propagation and single flipping events. An
interesting value to quantify this property is extractable from the XMCD images and corresponds
to the ratio between horizontal vs. tilted switched islands given in Table 6.1. A value close to
1 indicates a perfect chain property while higher values implies the loss of the chain property.

The detailed reversal process for high lattice parameter in XMCD images is shown in Fig.6.16.
The reversal mechanism is govern by uncoupled islands flipping, occuring at low switching fields.
The first islands to switch are the one with a larger projection along the field direction (horizontal
ones) since they give a higher gain in the Zeeman energy. When almost all the horizontal islands
have reversed their magnetization, the tilted islands start to switch independently from each
other, as one can see in image 7 of Fig. 6.16. The transition between the two regimes: chain
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Figure 6.15: Reversal for different lattice parameter infinite arrays. Same value of external
field applied |µ0H| ∼ 18.2 mT on both direction of the reversal loop. Left part starting from left
saturated (white contrast), right part starting from right saturated (black contrast) with magnified
XMCD image of part of the low coupling infinite shown with a red box. The different lattice parameters
a are given above each image. Scale bar 5 µm for all the XMCD images.

Hor Tilted MTot Mnorm Hor/Tilted
a=540 nm 50 41 70.5 0.294 1.22
a=580 nm 57 36 75 0.313 1.58
a=620 nm 92 47 115.5 0.481 1.96
a=820 nm 115 5 117.5 0.489 23

Table 6.1: Coupling dependence Horizontal or tilted islands flipping events for different lattice
parameters at a given field value toward the beginning of the reversal process (Fig. 6.15). The normalized
magnetization increases as the lattice parameter increases indicating that the coercivity value decreases.
Also the ratio between horizontal and tilted islands increases as the coupling decreases indicating the
loss of the chain propagation in favor of single island switching.

formation vs. single flipping events is broad as a function of lattice parameter, but for sure when
a=820 nm the chain property is completely lost.

6.4 Start-stop control for the avalanche behavior

In this section, with a tailored choice of the geometry of particular islands in the infinite array, we
carry out a first experiment that allows the control of the avalanche behavior. Namely, we prove
that nucleation and pinning of reversed island chains can be obtained via nanolithographically
controlled variations in the shape anisotropy of selected islands. The artificial kagome spin-
ice lattice has been modified to contain selected islands with low and high shape anisotropy
compared with that of the regular islands (island length, width and thickness of 470 nm, 160 nm
and 30 nm). The modified islands have lateral dimensions altered to 400 nm by 180 nm and
460 nm by 130 nm, respectively. The single domain character is maintained as previously for all
three island types. New is here that three different switching field distributions co-exist in the
same infinite array. Islands geometry corresponding to 400 nm by 180 nm have a lower shape
anisotropy thus a lower switching field value than the regular islands and are therefore selected
to be the start of the reversal mechanism. In the same way islands with sizes of 460 nm by
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H

Figure 6.16: Magnetization reversal process for a low coupling infinite array. The lattice
parameter a corresponds here to 820 nm. The field is increased in ∼ 0.5 mT steps and α = −2◦. The
scale bar corresponds to 10 µm.

130 nm have a higher shape anisotropy, resulting in a higher switching field and will act as a
stop element in the infinite array.

Initially, the array is saturated with all moments pointing towards the left as shown in
Fig. 6.17a. In the presence of an applied reverse magnetic field, exclusively the magnetic mo-
ments with low switching field reverse, highlighted with a green circle in Fig. 6.17b. On
increasing the applied field, the chain originated from the low switching field islands will grow.
The high shape anisotropy islands (highlighted in red) always block the propagation of the
formed one dimensional chain, as shown in Fig. 6.17c. New nucleation sites other than the
green low anisotropy islands exist also elsewhere in the array. These additional nucleation sites
are characterized by particularly low values of the random anisotropy contribution to the shape
anisotropy in regular islands. The behavior of this specifically designed nanolithographic array
explicitly demonstrates that variations in switching field are crucial for nucleation and pinning,
which brings the avalanches to a rest. We have here proven that, the whole avalanche process as
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Figure 6.17: Start and stop control for the chain formation. Islands with low (high) switching
field are highlighted with a green (red) circle. The magnetization reversal starts exclusively with the
flipping of the islands with low shape anisotropy (shown in b. at µ0H ∼ 15.8 mT). The islands act as a
starting point for the avalanche. At a field of µ0H ∼ 17.7 mT (c. panel) and also at higher field values
(not shown), the high switching field islands remain unswitched acting therefore as a stopping point.

well as the selected path taken by the reversing islands moment, can be controlled by changing
the shape anisotropy in selected islands. A precise control of the reversal process could lead to
novel devices.

6.5 Minor hysteresis loops

In this section we investigate the behavior of our kagome geometry around a minor hysteresis
loop. Experimentally, once chains are already formed in the infinite array, we reverse the direc-
tion of the applied field and record XMCD images up to the complete reversal as schematically
shown in the hysteresis loop in the first panel of Fig. 6.18. A new chain situation is formed: ex-
clusively the horizontal islands reverse their magnetic component while the tilted ones maintain
their original magnetization direction up to high applied reversal fields. We call this new phase
the "zebra tail". This process, supported by the dipolar calculations, confirms the fact that the
magnetization reversal is not a reversible process.

Minor hysteresis loops at high coupling with α=0◦

Experimental results in Fig. 6.18 show clearly that string contraction does not occur. A "zebra
tail" phase is instead formed where the magnetization of the horizontal islands is reversed while
the other tilted islands in the chain maintain their magnetization direction. The "zebra tail"
occurs at field values lower than the one needed to form the chain and seems to be stable over
different field steps.

Three types of horizontal islands moment reversal exist. These are shown in Fig. 6.19
and now energetically discussed by considering only nearest neighbor dipolar interactions. The
energy in flipping an isolated horizontal island as shown in Fig. 6.19a is:

EHisolated = −µ0mHapp + 4EId = −µ0mHapp − 7D (6.19)
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Figure 6.18: Minor hysteresis loops and zebra tails. Schema of the minor hysteresis loop shown
in red. In the first XMCD image (at µ0H ∼ 17.4 mT) strings with a dark magnetic contrast are formed
in the white saturated background. A reverse field is then applied and the horizontal islands reverse
their magnetization to give the zebra tails. This configuration remains stable up to high applied field
values. The scale bar is 5 µm, sample material 30 nm Py.

(a) Isolated (b) One end (c) Embedded

Figure 6.19: Miniloop reversal events. The three possible horizontal island reversal ordered as a
function of the energy gain: isolated (green), one end (red) and embedded in a chain (blue). In the top
raw the field is applied to the right, while in the bottom it is applied to the left.

this is an extremely energetically favorable process since all four neighboring moments favor the
reversal. When the chain ends with a horizontal island, the energy in reversing the magnetization
in that island (Fig. 6.19b) equals to:

EHend = −µ0mHapp + 2EId = −µ0mHapp −
7
2
D (6.20)

in this case three of the four nearest neighbor moments favor the flipping event. The energy to
flip one horizontal island embedded in the chain (Fig. 6.19c) is given by:

EHembedded = −µ0mHapp (6.21)

this last term, in particular, gives rise to the so-called "zebra-tail" phase. Turning to the tilted
islands we have that the reversal of an isolated tilted island has an energy of:

ETisolated = −µ0

2
mHapp (6.22)

and at the end of a chain it is:

ETend = −µ0

2
mHapp − 2EId = −µ0

2
mHapp +

7
2
D (6.23)
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and finally for an embedded tilted island the energy would be:

ETembedded = −µ0

2
mHapp − 4EId = −µ0

2
mHapp + 7D. (6.24)

The latter equation gives solely a Zeeman energy gain, due to the fact that for a tilted island
belonging in a chain of reversed moments the dipolar energy for all the four neighboring islands is
satisfied (all head-to-tail interaction). All the tilted and horizontal flipping processes presented
above, are ordered in increasing energy and separated by a value of 2EId = − 7

2D. The energy
difference between the most favorable tilted reversal process (Eq. 6.22 isolated case) and the
least favorable one for the horizontal case (Eq. 6.21 horizontal moment embedded in a chain)
corresponds to: ETisolated−EHembedded = −µ0

2 mHapp−(−µ0mHapp) = µ0
2 mHapp > 0. Therefore,

the reversal of the tilted moments during a minor hysteresis loop occurs only at a field value
where all the horizontal ones have switched.

A reversal field with small field steps has been applied experimentally, in the hope of seeing
one-by-one island reversal. Results on a fine minor hysteresis loop are shown in Fig. 6.20. We
notice that the reversal of horizontal islands occurs in a specific sequence. First the isolated
islands reverse their magnetization, highlighted with a green circle; secondly some of the hori-
zontal islands which are at the end of a chain reverse (red); and finally the horizontal islands
embedded in a chain flip their magnetization (blue). We never observe a tilted moment flipping
before all the horizontal ones reversed their magnetization, as supported by the nearest neighbor
dipolar energy considerations shown above.

In conclusion, the minor hysteresis loop reversal is characterized by the three horizontal
reversal processes occurring generally in the order presented (isolated→ one end→ embedded).
However, due to switching field distribution in each single island there may be a intermixing of
the different horizontal island reversals (see Fig. 6.20). The flipping of tilted islands occurs only
at higher values of the applied field Happ, when all the horizontal moments have reversed.

Minor hysteresis loop at high coupling with a field angle α=5◦

When following a minor hysteresis loop with the field angle value α 6= 0◦, ordered patterns
of moment configuration throughout the whole infinite array are achieved. In section 6.2, the
ordered parallel chain properties (stripe phase) during the reversal have been discussed. A minor
hysteresis loop starting from this configuration produce ordered patterns among the different
sublattices.

In Fig. 6.21 the results of this experiment carried out with an angle α = 5◦ are shown. The
starting point of the minor hysteresis loop reversal is the stripe phase consisting of chains that
run perfectly parallel to each other through the infinite array. In this configuration, two of the
three kagome sublattices are reversed (here H and T2 sublattice). Reversing the field in such a
configuration will cause the flipping of horizontal islands which are all embedded in the chain.
Rather than flipping randomly in the array, the reversal of the horizontal moments occur in a
coupled manner. Few examples are highlighted with red dotted lines in the forth panel of Fig.
6.21 (µ0H ∼ -13.9 mT). Again, as in section 6.2, this process is explained by the next nearest
neighbor dipolar interaction arguments.

At a given −µ0H value, all the horizontal islands in the array have reversed their magneti-
zation, and as a result, the magnetic configuration shows a perfect ordered pattern where only
one tilted sublattice has a different magnetization than the other two. This can be achieved
over large areas and was experimentally observed in 50 µm square infinite arrays with only few
defects in the pattern. In the central part of Fig. 6.21, this configuration is shown in the XMCD
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Figure 6.20: Minor hysteresis loop. Reversing the direction of the applied magnetic field before
saturation gives rise to zebra tails, where only the horizontal islands reversed their magnetic moment.
The horizontal islands which will flip in the subsequent field are highlighted with a circle. Green for
the isolated case, red for a chain end and blue in the case of a horizontal island embedded in a chain.
Up to µ0H ∼ −15.4 mT none of the tilted islands reverse their magnetization. Scale bar 5 µm, sample
material 30 nm Py.

images achieved at µ0H ∼ -15.9 mT, together with a schematic illustration of the magnetic
moments. In one ring of the infinite array the general magnetization direction is shown with
a green arrow. The change from the starting configuration consists of a 120◦ rotation of the
total sample magnetization. One tilted sublattice with moment flipped is a configuration that
remains rather stable over a few field steps (here until at least ∼16.4 mT). On increasing the
reversal field to higher values, the tilted islands in the missing sublattice (here T2) will start to
reverse their magnetization. This occurs again in a coupled manner as highlighted with few red
dotted lines at the field value of ∼ -17.0 mT in Fig. 6.21 again motivated by n.n.n. argument.

On a very similar line of thought as for the inter-chain bridging mechanism towards the end
of the reversal (section 6.2), we have here that the flipping of a horizontal island embedded in
a string changes the properties of the configuration matrix, to favor the flipping of the n.n.n.
horizontal islands belonging to one of the two adjacent parallel strings (longitudinal n.n.n.
interaction) or in the same string. Both cases are illustrated by the green moment in Fig. 6.22a
and Fig. 6.22b. As a result, a pseudo chain oriented at 120◦ compared to the original formed
chain is formed or reversal of consecutive horizontal islands within the chain itself occurs. The



6.5. Minor hysteresis loops 99

17.4 mT -12.9 mT -13.9 mT

-15.0 mT -15.9 mT -16.4 mT

-17.0 mT -18.4 mT

HH

Figure 6.21: Minor hysteresis loop at an offset angle. Starting by aligned chain formation
(µ0H ∼ 17.4 mT), the minor reversal occurs via horizontal islands reversal in a chain manner as
highlighted with a red-green dotted line at µ0H ∼ -13.9 mT. At µ0H ∼ -15.9 mT, exactly two sublattices
(here T1 and H) have reversed their magnetization to point in the white-light grey direction. Increasing
the reversal field to higher values will flip the remaining tilted sublattice (here T2), which again prefer
to reverse in a chain manner. The scale bar in the lower right panel is 5 µm, and the sample material
is 30 nm Py.

(a) Zebra tail coupled (b) Zebra tail coupled 2 (c) Final sublattice

Figure 6.22: Coupled zebra tail process. Zebra tails are favored in a coupled n.n.n mechanism
between parallel chains (a) or in the same chain (b). In (c) the final sublattice reversal process is shown.
The n.n.n. island magnetic moments that favors the reversal are highlighted in green.
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energy gain in these cases compared to an isolated horizontal event equals to: 2EII−Ld = − 5
16D.

The flipping of the missing tilted sublattice in the final part of the minor reversal also
happens in a chain manner. In Fig. 6.22c the process is illustrated. Again longitudinal n.n.n.
are responsible for this process. The chain directionality is highlighted with a red dotted line in
Fig. 6.22c as well as in Fig. 6.21. The diagonal n.n.n interactions are not relevant for any of
these mechanisms. The n.n.n. arguments presented are valid also for the minor hysteresis loop
reversal in the aligned field case. However, due to many strings intermixing, the observation of
chains of n.n.n. coupled islands is much more difficult than in the off-angle case.

6.6 The monopole picture for the different cases

The monopole picture, used to describe the reversal in the previous chapter, has so far been
set aside in this chapter and the different mechanisms have been fully described with dipolar
arguments. In this short section we briefly take a look at the charge model for the different
cases.

The monopole picture still holds when looking at the reversal with α 6= 0◦. Here, the
nucleated mobile monopole-antimonopoles rapidly dissociate along the favored diagonal direction
until they reach the array edges at a relatively low field value. The density of mobile monopoles
therefore remains low during the first part of the reversal process. Each three island vertex
where monopoles could reside are in a magnetic configuration corresponding to column III of
Fig. 5.3, thus having a ∆Q = 0. Only after the plateau phase at higher field values, trapped
monopoles-antimonopoles start to form on both ends of the one-island long bridges that connect
the parallel chains. The bridging process occurs in a pseudo-chain manner via n.n.n. interaction.
At this stage, i.e. towards the end of the hysteresis loop, charge defects condense in rows to give
a ∆Q map as the one shown in Fig. 6.23. For α = 0◦ where the field is aligned horizontally,

∆Q/qH
-2      0      +2

Figure 6.23: XMCD image together with ∆Q map at higher field with α = +4◦. XMCD
image toward saturation of the magnetization reversal for α 6= 0◦. At both ends of the formed bridges
a charge defect is formed to give a very dense ∆Q map.

we have nevertheless been able to observe that before saturation monopole-antimonopoles like
to condense in specific regions of the infinite array as shown in the last panel of Fig. 5.4. This
is a signature of the parallel bridging mechanism described above and characterized by the Eq.
6.16.

When the lattice parameter is increased, the magnetization reversal behavior can no longer
be described with the model of monopole-antimonopole nucleation and propagation with Dirac
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string formation. At low dipolar coupling, charge defects with opposite sign pairs (∆Q = ±2q)
form at every three island vertex associated with the isolated flipping events. This configuration
give rise to a coarse grained charge density ρm close to zero everywhere in the array.

The monopole-antimonopole picture presented in the previous chapter is not adequate to the
minor loop behavior either. Instead of Dirac string contraction, involving reversal of horizontal
and tilted islands in a sequential manner, so a moving together of the monopole-antimonopole
pair, a new "zebra tail" phase is formed where charge defects nucleate with a high density on the
formed chain at every point where a horizontal islands reverse, so forming a chain of monopoles.
Again, this would give rise to a smeared coarse charge density ρm tending to zero along the
chain of monopoles.

The MP/AM picture is useful to describe the magnetization reversal in a kagome spin-ice
system at high dipolar coupling, but it is not the unique tool to describe all events that happen
in an infinite system.

6.7 Conclusions

With the experiments performed in this chapter, we have now gained a better understanding
about the magnetization reversal process in an artificial kagome spin-ice infinite system governed
by dipolar coupling. Simple dipolar energy arguments extended to the next nearest neighbor
interactions provide a key in understanding the magnetization reversal process of an artificial
kagome spin-ice infinite array. With the arguments presented, the reversal process can be
explained up to higher applied field values as well as for different parameters (angle and coupling
dependency). In addition, considering the n.n.n. coupling, allowed us to explain the fact that
applying the field in one direction is always different than applying it in the opposite direction
i.e. the chain formation is not a reversible process. In fact we have shown that reversing the
direction of the applied field will create a new "zebra tail" phase where exclusively the horizontal
islands in the previously built chains reverse their magnetization.

In this chapter the reversal behavior has been studied for different parameters while keeping
the island geometry constant. We have proven, experimentally and from the dipolar calcula-
tions, that when the field angle α 6= 0◦, the reversal will occur via perfectly aligned chains
of reversed magnetic moments that will run parallel to each other in the array, turning the
magnetic moments of islands belonging exclusively to one of the tilted sublattices and to the
horizontal one. This give a chain propagation at either +30◦ or - 30◦ compared to the horizontal
direction. Performing a minor hysteresis loop in such an ordered phase, which corresponds to
the stripe phase in the plateau region of the hysteresis loop, will give rise to a reversal of all
the moments in the horizontal sublattice to give isolated reversed islands in only one sublattice.
Therefore, on varying the applied field angle, islands in any reversed sublattice can be achieved
over the whole infinite array. All the possible ordered magnetic sublattice configurations can be
obtained in the system. This particular property could be of potential use for future industry
applications.

We have presented here first attempts to control the reversal process in frustrated kagome
geometries. We succeed in controlling the chain directionality and the switching of the desired
sublattice. We also managed to select the island position for the reversal to start as well as
for the island position for the avalanche to come to a stop by modifying the island shape and
therefore its switching field. The principle applied here could be extended over more than three
different island shape anisotropy ranges to give a perfectly controlled reversal mechanisms, which
may lead to a device application after intensive studies.



102 Chapter 6. Field response in artificial kagome spin-ice

To summarize what was shown so far, we can confirm that chains form as the most energet-
ically favorable dipole configuration on increasing applied magnetic field. For α = 0◦, the chain
propagation direction is not known before the application of a field. At every three island vertex
two possible directions can be chosen with the same probability, so that at α = 0◦ horizontal
chains are also possible. Even for a small field angle, a symmetry breaking is introduced in
the system and a preferred chain propagation direction is observed. For the case of low dipolar
coupling, the reversal consists of single isolated switching events in the array and simultaneously
a lower switching field for the whole array is present.



CHAPTER 7

Conclusions and Outlook

The ultimate aim of this thesis was to achieve a better understanding of the behavior of an arti-
ficial frustrated magnetic system, namely the kagome spin-ice. Such a system can be interpreted
from a dipolar energy point of view or by considering a charge model, allowing the identification
of magnetic monopoles. In the work contributing to this dissertation we gained an understand-
ing of the interplay of frustration with the system by looking at the kagome spin-ice building
blocks and we were able to observe emergent magnetic monopoles during in-situ magnetization
reversal of an infinite array. The kagome spin-ice system response, for both the building blocks
and the infinite geometry, to an applied magnetic field has been investigated. In-situ magne-
tization reversal processes have been coupled with hysteresis loops, and the reversal processes
have been described with both dipolar energy arguments and with the charge model.

Since each experimental chapter presented in this thesis already contains a conclusions sec-
tion, it is not my intention here to repeat the achieved results. I will at this stage rather
summarize the main points in this dissertation and give an outlook for possible continuation of
this project.

In chapter 4, first the building block structures of the artificial kagome spin-ice system were
addressed. The sample was demagnetized with a procedure involving rotation of the sample
in a magnetic field and the frequency of states after demagnetization was determined. It was
found that the demagnetization process works fine for simple non-frustrated structures were the
dipolar coupling is high (D ∝ m2

a3 > 0.9 ·10−11 A2m ), such as the one-ring structure with lattice
parameter a = 500 nm. Here nearly all the one-ring structures fall into the lowest energy state:
the vortex state with moments oriented either clockwise or anticlockwise. Including increasing
numbers of rings, which means introducing frustration in the system, results in a drastic decrease
of low energy state frequency and, at a high lattice parameter, a moment directionality given
by the field is induced in the structures [30].

In order to achieve the lowest energy state for more complex structures, other methods that
do not involve a magnetic field need to be developed. Two possible ideas involving the lowering
of the energy barrier between different magnetic configurations are presented. Our attempts
unfortunately did not produce the desired result, but certainly set the path for future research.
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Achievement of low energy states by making use of a magnetic phase transition is for sure a
promising direction to follow for such artificial frustrated systems. The idea behind this method
is to heat the ferromagnetic kagome spin-ice sample through its phase transition, above Tc, so
reaching the paramagnetic phase. Cooling at this stage will restore the ferromagnetic phase
possibly in a new low energy magnetic configuration. Finding a suitable material is the first and
challenging step that has to be achieved. For this, the following material characteristics have
to be fulfilled simultaneously: The magnetic contrast has to be resolvable for all the islands
in the structure at room temperature, which was not the case for the investigated NiCu alloy.
The Curie temperature should not be too high in order to avoid microstructural transformations
upon reaching the transition point, and the Tc value has to be maintained even on patterning the
sample with electron beam lithography combined with lift-off or etching. This was clearly not
the case for FeTaCoB where the Tc measured in a thin film was not reproduced in the patterned
sample. In addition, care has to be taken that the material has a significant magnetization at
saturation, so that the dipolar coupling does not vanish in the kagome structures. This property
of the new alloy can not be underestimated since the dipolar coupling D ∝ m2

a3 is responsible for
the states achieved. Indeed we have seen at low coupling that the demagnetization procedure
involving rotation in the field does not work even for the one-ring structures with no frustration
(Fig. 4.8). A decrease in the magnetic moment m of the island will lead to similar results. In
particular, when keeping the islands size and lattice geometry in the range as the one investigated
here (length =470 nm, width=200 nm, thickness=30 nm and lattice parameter a=500 nm), the
estimated minimum value of Msat at room temperature to ensure a high success in achieved
low energy state in non-frustrated structures is 0.4 · 105 A/m. For the future, new thin film
materials or alloys need to be found fulfilling the above mentioned criteria.

Once a suitable material is found a wealth of experiments can be carried out. First of all, it
would be instructive to compare the behavior of the same systems following both methods: in
a field and thermal treatment. In this case a material with Tc above room temperature would
be preferable. This should be carried out for the building blocks and the infinite system. An
intriguing experiment would be to investigate the influence of the heating/cooling speed onto
the frequency of low energy states, which can be achieved by heating the system either slowly
via resistive heating or ultrafast using a femtosecond laser pulse. These experiments will provide
valuable infromation how low energy states can be achieved. Furthermore, they will give insight
into the influence of frustration onto the phase transition and might open the door to study
fluctuations in artificial frustrated systems.

It may also be possible to achieve low energy states by reaching a regime of moment fluctu-
ations with the appropriate island size and geometry. By approaching the superparamagnetic
regime, time evolution can be observed since islands magnetic moments change their magne-
tization direction via coherent rotation and still maintaining their single dipole property. We
believe that with the new state-of-art electron beam writer installed at the LMN, sample fabri-
cation can occur at smaller feature sizes (sub-20 nm) and with a high precision of positioning
the fabricated structures. With the right sample and imaging technique, the experiment should
give interesting results at feasible time scales. In such a superparamagnetic regime, not much
is known about the attempt frequency τ0 and therefore it is difficult to make a prediction of
the fluctuation times. A first step would be to look at uncoupled islands with different sizes
and geometry. Only later frustration in the system should be included by placing islands in a
kagome spin-ice geometry with dipolar coupling between the islands. Also here there are several
challenges. First of all the imaging optimization is an issue, including the right choice in the
imaging time: when the imaging time is too short the magnetic contrast will be very weak,
while when the imaging time is too long the magnetic element may have flipped several times.
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In addition, the right parameters of the islands have to be found in a large parameter space:
width, length, thickness, material. Following the energy barrier equation (Eq. 4.3) an increase
in the temperature of the experiment will reduce the energy barrier so it may help in approach-
ing the fluctuation regime. Observing moment fluctuations in the frustrated regime would be
extremely fascinating on different levels. First of all, any results achieved in the regime where
the moments are free to fluctuate will be in closer analogy to the bulk frustrated spin-ice systems
where spins are continuously changing their direction. The temporal evolution from a saturated
state to a lower energy configuration could be studied for a kagome spin-ice infinite array as
a movie, and the temporal position of monopole-antimonopole pairs observed. In this regime
the Coulomb interaction between the magnetic charges can be investigated more directly. The
collective behaviors, such as the avalanche growth for these low energy barrier systems could be
compared to the case where fluctuations are absent and new insights into the dynamic properties
of such a frustrated system may be gained.

Once a suitable demagnetization protocol is found with one of the proposed suggestions or
via a new method, it would be also very interesting to see whether the ground state in an
infinite array system can be achieved. The ground state of a kagome spin-ice structure presents
a fundamental difference to the square-ice system. The square-ice ground state is made up of
a series of local vortices [105] with opposite chirality. For our geometry a maximum of two
neighboring vortices is possible with opposite chirality. The dipolar ground state corresponds
here to a maximization of vortices, while one hexagonal ring shares islands with those vortices
resulting in all vertices with a head-to-head or a tail-to-tail configuration [89].

For a highly coupled infinite array, the experimental demagnetization protocol involving ro-
tation of the sample in a magnetic field did not succeed in producing a demagnetized array.
The configuration after a demagnetization run was in general found to have a uniform mag-
netization direction with few regions showing an opposite magnetic contrast compared to the
saturated background. It should however be pointed out that, on the same sample during the
same demagnetization run, one-ring kagome structures were properly demagnetized with high
frequency of structures in the vortex configuration. Therefore the interplay of field and dipolar
interactions, which depend strongly on the array geometry, are critical here. Indeed, while this
magnetized infinite array was observed reproducibly on four samples, for one particular sample
the demagnetization in a field resulted in a magnetic state with domains consisting of moments
pointing toward the left or right as shown in Fig. 7.1, where the total magnetization is approach-
ing zero. Here the spin-ice rule was always obeyed at the three-islands vertices. Unfortunately
the domain configuration shown in Fig. 7.1 could not be reproduced and its interpretation is
still missing. If magnetic configurations like the one shown in Fig. 7.1 could be achieved re-
producibly, a correlation study could be performed in the Fourier space, to define the average
domain size along different axis direction as a function of the dipolar coupling strength and the
demagnetization procedure.

In chapter 5 the in-situ reversal of an artificial kagome spin-ice system has been studied in the
PEEM. Here, we manage to observe emergent monopoles analogous to charge excitations above
the background at room temperature in real space. Their history as a function of the applied
field can be followed and their displacement is imprinted via the Dirac string corresponding
to a chain of overturned dipoles. With the help of the dumbbell model and the monopole-
antimonopole picture, the whole reversal process can be linked to the density of monopoles. The
final key result is that the chain growth occurs via a one-dimensional avalanche behavior, thus
providing an interesting example of dimensional reduction due to frustration. The probability
model presented agrees well with the experimental data and the simulations carried out worked
perfectly in describing the system. All these matching ingredients allow the full description of
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Figure 7.1: Demagnetized infinite array. XMCD image of the infinite array consisting of 10 nm
thick cobalt obtained after demagnetization involving rotation about an in-plane axis. In this domain
configuration, the spin-ice rule is obeyed at every three island vertex. Scale bar 5 µm.

the reversal process within the monopole picture [32].

The observed magnetic monopoles interact with the external fields, being attracted to the
poles of opposite sign. During magnetization reversal, monopoles moves always to the right
and antimonopoles to the left. Monopoles should also interact with each other via a Coulomb
interaction term: magnetic charges with opposite sign attract while charges with the same sign
repel each other. However, we did not see any obvious indication of monopole interactions in
our sample. This is likely due to the high energy barrier between the different magnetic con-
figurations. In addition, on increasing the external field value, new monopoles are continuously
created in the system and the Coulomb interaction for two selected magnetic charges is contin-
ually changing. Nevertheless, at higher field values, monopoles condense in specific regions of
the infinite array as shown in the last panel of Fig. 5.4. This condensation phenomena occurs
exclusively in specific regions of the infinite array, and is explained by next nearest neighbor
dipolar interactions as a possible bridging effect.

In the future, additional investigations could be carried out to understand further the mag-
netic coupling among monopoles. In particular when employing a system where the energy
barriers are lowered and moments are fluctuating, these observations becomes truly interesting
in terms of the time evolution as a function of the applied external field. Differences in the
relaxation phenomena and monopole interactions are expected in a regime where the magnetic
moments are free to flip.

Finally in chapter 6, different properties of the reversal have been studied via hysteresis
loops recorded employing the magneto optical kerr effect and XMCD images taken at remanence
during in-situ magnetization reversal in the PEEM. Dipolar energy calculations were used to
explain the observed magnetization reversal behavior for different parameters of the infinite
array (field angle α and lattice parameter a) and on performing a minor hysteresis loop. The
control of the start and stop of an avalanche has been achieved by selectively changing the shape
anisotropy of islands in the infinite system and one could imagine that this process could be
extended further to gain a complete control of the reversal process. During magnetization, it
was possible to create, with an applied field angle α 6= 0◦, regular moment arrangements for
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the different sublattices of the kagome spin-ice lattice over large infinite array size: the desired
magnetization direction in any type of the sublattice of the kagome spin-ice lattice was achieved.

Extending the study on the artificial kagome spin-ice reversal behavior, including defects or
missing islands in the infinite array will lead to a modified frustration in the system. Including
vertices where frustration is absent is likely to lead to different magnetization reversal phenom-
ena. Further investigation into the boundary effects [106], would also be of interest. In particular
it would be of interest to see how the shape of boundary affects the magnetization reversal. It
seams possible that the boundaries will affect the reversal of the magnetic moments close to the
boundaries, which may have a consequence for the whole reversal behavior. It would also be
educative to study and compare different two-dimensional geometries such as for instance the
square ice [29], Penrose lattice [107] or other modified geometries [108].

In this dissertation it has been possible to gain a better understanding of the behavior
of a two-dimensional artificial kagome spin-ice. While we are still far away from a complete
understanding of the mechanisms behind frustrated spin-ice compounds, it has been possible
to observe and explain the magnetic configurations appearing during magnetization reversal in
a fully tunable system. In order to get closer to the physics of the three-dimensional spin-ice
compounds, it will be necessary to get into a regime with fluctuating moments. This would allow
the observation of the behavior of freely moving magnetic monopoles and collective phenomena
such as avalanche behavior, which are likely to be modified in this dynamic regime.





Appendix

In this appendix the coarse grain charge distribution ρm map introduced by Castelnovo [8] which
define the presence of monopoles in a spin-ice crystal, is proven to be equivalent to the ∆Q map
introduced in chapter 5. The equivalence is proven mathematically.

The coarse grain charge density is defined as the convolution of the charge map with the
Gaussian curve. We start therefore in defining the (normalized) 2D Gaussian:

f(x) = f(x1, x2) =
1
πξ2

exp
{
−x

2
1 + x2

2

ξ2

}
(7.1)

f is normalized to one and the FWHM=∆x = 2
√

ln(2)ξ.

This allows us to introduce a coarse grained charge distribution function:

ρm(x) =
∫
d2y f(x− y) ρQ(y) (7.2)

which has the meaning of a coarse grained monopole density. Note that ρm has dimensions of
q/a2

0. In our lattice the charge density is given by

ρQ(y) =
∑
α

Qαδ(y −Rα) (7.3)

where Rα are the positions honeycomb lattice sites and where Qα = ±q,±3q are the real
charges at lattice site α. It is convenient to consider the normalized charge Q̃α = Qα/q and
correspondingly ρ̃Q = ρQ/q. Use now our definition of ∆Qα

.= Qα −Q0,α to express:

Q̃α = Q̃0,α + ∆Q̃α (7.4)

where Q̃0,α denotes the NaCl charge background, i.e. −1 to the left and +1 to the right of a
horizontal link. ρm can then be rewritten as:

ρm(x)/q =
∫
d2y f(x− y)

∑
α

Q̃αδ(y −Rα)

=
∫
d2y f(x− y)

∑
α

Q̃0,αδ(y −Rα) +
∫
d2y f(x− y)

∑
α

∆Q̃αδ(y −Rα)

=
∑
α

Q̃0,αf(x−Rα) +
∑
α

∆Q̃αf(x−Rα) (7.5)
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The sum over the NaCl charge background Q0,α nearly averages to zero (is of the order of 0.005
for ξ = 0.7a0 = 0.7

√
3ah). Therefore we have approximately:

ρm(x)/q '
∑
α

∆Q̃αf(x−Rα) (7.6)

The value of ρm/q at the location of an isolated charge defect Rβ with the characteristics of
|Rα −Rβ | > ξ)is then:

ρm(Rβ)/q '
∑
α

∆Q̃αf(Rβ −Rα) (7.7)

= ∆Q̃βf(0) +
∑
α 6=β

∆Qαf(Rβ −Rα)

' ∆Q̃β
πξ2

And therefore both signatures are equivalent for the locations of monopole in our sublattice.
Both definitions serves as signature in order for nonvanishing monopole density in the low field
regime.
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