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Summary

Today the scaling down of physical dimensions in CMOS devices is reaching
its end, and lots of research is devoted to explore other possibilities to perform
computation and memory functions. Magnetic devices enter in the beyond-CMOS
field as they offer the advantages of non-volatility and low power operation for logic
functions. This thesis focuses on magnetic skyrmions, which are particle-like topolog-
ical spin textures, nucleated by magnetic fields in thin films of magnetic materials.
The interface properties of the magnetic stack are modified with ion implantation
through Focused-Ion-Beam, with the intent of creating nucleation sites and tracks
for skyrmions, where they are moved through current. In FIB irradiated states,
skyrmions exhibit Brownian motion; indeed they are fluctuating and the random
motion is affected by the ion dose. In this thesis it is investigated the effect of ion
implantation on diffusion.
Fluctuations are essential for biological functions and exploiting the "richness" of dif-
fusion can be beneficial in a skyrmion device. Unconventional computing paradigms
present a good example of applications in which Brownian motion can be harnessed.
The future use of skyrmion diffusion is directly linked to this kind of applications and
the goal of this work is to find a way to modulate diffusion through ion implantation.

The study of skyrmions moving with Brownian motion is carried on sputtered
W/CoFeB/MgO/Ta thin film, where 80 × 80 µm2 squares are irradiated with Gallium
ions. The ion doses vary from 1 × 1012 ions/cm2 to 1 × 1013 ions/cm2 and the outcome
of irradiation is observed with a Widefield-MOKE microscope, as visualized in Fig 1.

3.3 4.7 6.4 7.2 8.4
Ion dose #1012 in ions/cm2

0

0.1

0.2

0.3

E
x
te

rn
a
l
-
el
d

in
m

T

Figure 1: Magnetic phase diagram of domain structures in Ga-ion-irradiated portions
in the sample.

Magnetic domains become smaller with higher magnetic fields, and this trend
is enhanced for higher ion doses. Indeed, for higher fluences domains shrink till



skyrmions appear and skyrmions in those irradiated states can be nucleated at lower
magnetic fields.
The next step of the study has been the investigation of Brownian motion and the
analysis of its dependence on the ion dose. Skyrmion motion is recorded through
the PCO camera on the WMOKE microscope and the obtained videos are collection
of frames take 0.05 seconds apart. These videos are processed with Fiji, an image
processing package of ImageJ and then skyrmions are detected and their positions
connected exploiting TrackMate, the tracking tool provided by Fiji. In this way
skyrmion trajectories are ready to be analyzed. The information on the kind of
motion and diffusivity are extracted from the trajectories thanks to the MSDanalyzer,
which is a Matlab class specialized to perform the Mean Square Displacement (MSD)
analysis. The latter is a widely used technique in colloidal science and biophysics
to identify the mode of motion of particles tracked over time. If the MSD follows a
linear trend, the particle is undergoing diffusion, and the slope of the line corresponds
to the diffusion coefficient.
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Figure 2: Analysis of skyrmion diffusivity for ion doses from 8.1 × 1012 ions/cm2 to
9 × 1012 ions/cm2 at 0.7 mT.

The plots in Fig 2 reveal an increase of the linear trend for higher ion doses. While
the MSD saturates and has a concave curvature for lower ion doses, which implies
that the skyrmion movement is impeded. Confined motion arises due to pinning
centers that act as traps for skyrmions. Ion irradiation increases the intermixing
between atoms at the interface of the magnetic stack, and this causes the reduction
of pinning. Hence, through ion irradiation, skyrmion diffusion can be enhanced.
The idea is to exploit Brownian motion to obtain directed motion by creating a
gradient of ion doses with FIB. The gradient is engineered to force skyrmions to
diffuse from low to high ion doses.
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Figure 3: WMOKE image at 0.7 mT of three rectangles patterned with gradients
of ion doses.

To achieve this goal, not only are gradients patterned, but the pattern is shaped
as a rectangle to favor the directionality of motion, as visualized in Fig 3. Also, the
density of skyrmions is modulated with the gradient, and this is clear by observing
Fig 3 and the squares with skyrmions in Fig 1. Analyzing skyrmion trajectories in
gradients, directionality is not achieved. However, the diffusivity is higher than in
the case with a single ion dose. The enhancement of diffusivity that happens within
gradients can be exploited in devices that rely on diffusion, like the reshuffler used for
stochastic computing. In the latter case, increasing the diffusivity positively impacts
the computational time.
This first attempt to tune the skyrmion Brownian motion through Gallium ions is
the starting point for future studies. It has shown the versatility of diffusion and how
the latter adds another layer of complexity to magnetic skyrmions, and if leveraged,
diffusion opens new functionalities for skyrmion devices.
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Chapter 1

Introduction

1.1 Emerging technologies beyond Moore’s law

Since the 1960s Moore’s law has dominated the information technology industry. It
states that the number of transistors on a microprocessor chip doubles every two
years. Together with the density of transistors, the performance has improved as
well, and the main driving force has been the scaling down of the circuit elements.
To make sure that the right upgrades were made, the semiconductor industry has
been coordinated through a research road map. In this way, what was an empirical
law actually became true and the industry itself reinforced this mechanism.
Today, the idea of scaling down poses many problems, such as leaking currents,
quantum effects, and heat dissipation, and the search for alternatives has begun. To-
gether with new physical mechanisms, there is a shift from the traditional computing
models to new ones like "in-memory computing", which performs fundamental logical
operations within the memory.
A possible realization is offered by skyrmion-based spintronics. Spintronics is a field
based on the interaction between the spin degree of freedom of an electric current
with a magnetic material. Specifically, this thesis harnesses magnetic skyrmions,
which are spin textures, as magnetic bits in memory and computing devices. In
1961 the concept of skyrmions was proposed by Tony Skyrme in a model describing
localized field configurations that behave like particles. Then this idea spread far
beyond nuclear physics and has been applied in a wide variety of systems. Their
theoretically existence in magnetic systems was predicted in 1989, and was experi-
mentally observed in 2009, thanks to neutron scattering experiments that revealed a
2D hexagonal skyrmion lattice in the MnSi chiral magnet. Later, magnetic skyrmions
have been demonstrated in thin films with heavy metals interfaces.
Today, these magnetic textures are attracting progressively more attention in the
scientific community.
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Figure 1.1: Yearly number of published papers related to skyrmions, since their
experimental observation in 2009.

The attention towards magnetic skyrmions is owed to several advantages that
they offer, such as low driving currents, nanoscale size, and non-volatility. Moreover,
their motion can be efficiently tuned to achieve high-speed operation. However, their
dynamics are complex and engineering skyrmions for transistor-like devices, pose
some challenges due to their thermal fluctuations and interactions with defects in the
magnetic thin films. Instead of overcoming the problems posed by these properties,
there is the opportunity to take advantage of them in unconventional computing
applications [1].

1.2 Magnetism

Magnetic skyrmions are hosted in thin-film systems with magnetic behavior. In order
to understand their origin, their characteristics and how they can be manipulated,
first a description of magnetism at the atomic level is necessary.

1.2.1 Magnetic interactions

A magnetic system consists of electrically charged particles with an angular moment
and a magnetic moment originating from their spin and their orbital angular mo-
mentum. Magnetic phenomena can be classified depending on the kind of alignment
between magnetic moments. If adjacent magnetic moments are aligned parallel to
one another, the magnetic ordered state is ferromagnetic. The positioning of the
magnetic moments is a complex processes, determined by the interplay of energies
able to arrange atomic spins; here, the focus is on the most relevant interactions for
magnetic skyrmions.

• The exchange interaction occurs between identical particles, it is a quantum-
mechanical effect that happens due to the overlapping wavefunctions of neigh-
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boring atoms. It leads to the alignment of atomic spins with respect to each
other.

• The Dzyaloshinskii-Moriya interaction (DMI), is a chiral interaction coming
from the lack or from the breaking of inversion symmetry. Its effect is the
canting of neighboring spins. This kind of interaction can be found in bulk
materials that present high spin orbit coupling (bulk DMI) or in thin films
at the interface between a heavy metal with large spin-orbit coupling and a
ferromagnetic material (interface DMI) [2]. In the latter case, it is the presence
of different atoms at the interface that creates this kind of interaction, as it is
visualized in Fig 1.2.
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Figure 1.2: Sketch of the Dzyaloshinskii-Moriya interaction. (a) The inversion
symmetry is not broken, so there is no DMI. (b) The green atom is no longer in
between the two atoms with spin, the inversion symmetry is broken, thus there the
DMI is not null.

• The anisotropy energy is a kind of energy that sets the favorable directions (easy-
axes) for magnetization, which is the magnetic moment per unit volume. For
example, the magnetocrystalline anisotropy arises thanks to the symmetry
of atomic spins in the hosting lattice. While the presence of an interface, as
it is in thin films, supports the interface anisotropy, which adds up to the
anisotropy energy.

• The Zeeman energy refers to the external field energy, given by the interplay
between the magnetization and the external magnetic field. This energy favors
the alignment along the field.

• When a body is uniformly magnetized, at any internal or external surfaces,
there are discontinuities in the magnetization. The latter are explained as if
there are "free poles", that are not balanced by poles of opposite kind in the
vicinity. So, they create a field, the demagnetizing field that has the opposite
direction with respect to the magnetization. This kind of magnetic field has its
own energy term, the magnetostatic energy.

1.2.2 Magnetic domains

By observing a magnetic body at the microscale, the magnetic texture shows sub-
regions with uniform magnetization. The latter are called magnetic domains. The
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concept of magnetostatic energy explains their formation.
In the absence of an applied field, the magnetostatic energy depends on the demag-
netizing field and if the single domain is split in more domains, the poles disappear
and the demagnetizing field is minimized, as visualized in Fig 1.3.

a) b) c) d)

Figure 1.3: Visualization of the division into domains to reduce the magnetostatic
energy. a) The magnetization is along one direction and the magnetostatic energy is
large; the reduction of the magnetostatic energy happens when there is the splitting
b) into two domains and c) into four domains, and d) closure domains minimize the
magnetostatic energy.

Anytime there is a change in the conditions, for example if an external magnetic
field is present, the domain structure rearranges itself as to balance all the magnetic
interactions. For low magnetic fields, the domains with the magnetization oriented
parallel to the field are enlarged, while those oriented antiparallel shrink. Increas-
ing the magnetic field when the saturation magnetization is reached, all opposite
magnetized domains disappear. Measuring the samples magnetization while cycling
results in a hysteresis loop, where the magnetization has different values depending
on whether the magnetic field is increasing or decreasing. This non-linear response
to an external field is typical of ferromagnets.

1.2.3 Domain walls

The change of the magnetization’s direction between two domains is not discon-
tinuous, it happens in a transition region, called the domain wall, where magnetic
moments rotate. The trend of increasing the number of domains by decreasing the
magnetostatic energy is limited by the presence of domain walls, because with the
creation of a domain wall the exchange energy as well as the anisotropy are increasing,
and app up to the energy balance [3]. This further justifies the idea for which all
magnetic interactions influence the achievement of the equilibrium structure, till
reaching the minimum energy configuration.
There are two types of domain walls, that differentiate from one another in the way
the atomic magnetic moments turn in the wall (Fig 1.4).
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• Bloch domain wall: where the magnetic moments turn in a plane perpendicular
to the line connecting two domains.

• Néel domain wall: where the moments in the wall are confined to the same
plane of the moments in the domain.

Figure 1.4: Types of domain walls: (a) Bloch wall and (b) Néel wall [3].

1.3 Magnetic skyrmions

Magnetic skyrmions are topological swirling spin configurations that exhibit unique
quasi-particle properties. As for domains, they are formed as a result of a competition
between different forces. The main interaction that allows skyrmion stabilization
in ferromagnetic systems is the DMI. The DMI makes adjacent magnetic spins to
have a preferential fixed angle between each other and the spin direction gradually
changes from the outer edge to the center, showing chirality. Generally there are two
types of magnetic skyrmions (Fig 1.5), that differentiate one from another for the
way that spins rotate and emerge from two different physical mechanisms.

• Néel-type skyrmion: the spins rotate in the radial planes from the core to
the outer edge. They are supported by interfacial DMI, so they are typical of
thin-films.

• Bloch-type skyrmion: the magnetic moments rotate in the tangential plane,
that is, perpendicular to the radial directions, when moving from the core to
the outer edge. They can be found in bulks of ferromagnets, due to the presence
of bulk DMI.

5



Introduction

Figure 1.5: Schematic picture of (a) Néel skyrmion and its mapping onto a sphere
(hedgehog configuration), (b) Bloch skyrmion (combed hedgehog configuration) [4].

What makes skyrmions unique is their topology and they are described by a topological
charge, which quantifies the "winding" of the magnetic spins of a skyrmion. A
topological feature is a characteristic of an object that remains unchanged under
continuous deformations, so the topological charge is a conserved quantity. Thus,
this characteristic is responsible for skyrmions increased stability, which is one of
their proprieties attracting research interest. The topological charge, or skyrmion
number, counts how many times the magnetic texture wraps a unit sphere. It can be
calculated based on the exact spin texture configuration according to the following
analytical formula

Q = 1
4π

∫
d2r · m(r) · (∂xm(r) × ∂ym(r)) (1.1)

where m(r) is the local magnetization. The skyrmions can be mapped to a sphere,
putting the spin of the core at the south pole, the spins at the boundary at the
north pole, and projecting all the other spins in between around the sphere. The
direction of the magnetization in the core of the skyrmion is called polarity. For
both Bloch and Néel type of skyrmions, when the polarity is pointing down and
at the boundary the spins are pointing up, the skyrmion number is Q = −1, since
the twisting of spins is negatively oriented. However, there are more possibilities
for spin textures arrangements, and some others, such as the antiskyrmion or the
bimeron, have Q = −1 as well. It is out of the scope of this thesis to describe these
kind of spin textures, but highlighting this shared feature poses the need for more
figures of merit. Thus, the topological spin texture is fully characterized by three
distinct numbers (Q, Qv, Qh) [5]. The vorticity number Qv for skyrmions describes
the in-plane spin texture. While, the helicity number Qh is determined from the type
of DMI that stabilizes the skyrmion, for Bloch skyrmions it could be π/2 or 3π/2
and for Néel skyrmions either 0 or π.
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1.3.1 Skyrmion dynamics

The skyrmions capacity to be efficiently manipulated even with ultra-low current
densities makes them excellent candidates for logic based spintronic devices. Moreover,
in thin films the integration of skyrmions intrinsic 2D nature enables for device
geometries that could be potentially more efficient than 1D tracks required for
domain wall motion.
When subjected to a current, in materials with strong spin-orbit coupling, like heavy
metals, occurs the Spin Hall Effect (SHE). It generates a transverse spin current,
since the current flow causes electrons with opposite spins to be deflected in opposite
directions. The movement of skyrmions by an electronic current is mainly controlled
by two mechanisms.

• Spin-Transfer Torques (STT): this effect occurs when a spin-polarized current
flows through a ferromagnetic layer. The electrons in the spin-polarized current
tend to align their spin with the magnetic material magnetization. As the spin
orientation of an electron is changed, the angular momentum is conserved and
this results in a torque that modifies the local magnetic configuration. This
affects the domain wall at the boundary of a skyrmion, causing it to push
skyrmions.

• Spin-Orbit Torques (SOT): this other mechanism works only in systems with
a heavy metal and adjacent to the ferromagnetic layer. Due to the Spin Hall
Effect, a current applied in the heavy metal generates a transverse spin current.
This spin current extends to the adjacent ferromagnet and produces a torque
on the magnetic structure. As for the STT, this torque moves domain walls
and consequently skyrmions.

1.3.2 Magnetic stack

The magnetic properties that arise in nanometric systems arise thanks to the broken
translational symmetry of the atoms that compose these systems. This happens
when magnetic moments experience different neighbors in their vicinity, thus at the
interface. Indeed, the system under study exploits interface effects in a stack of
different layers at the nanometric scale. Sputtered thin films made up of a heavy
metal layer, a magnetic layer and another heavy metal layer or an oxide have proved
to be optimal systems to host skyrmions. The magnetic stack chosen for this skyrmion
study is W(3)/CoFeB(1)/MgO(1)/Ta(3), the thicknesses of the layers are expressed in
nm in the subscripts.
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MgO (1 nm)

CoFeB (1 nm)

W (3 nm)

Ta (3 nm)

Figure 1.6: Illustration of the magnetic thin film stack employed in this study.

The materials in the stack are selected to have strong perpendicular magnetic
anisotropy (PMA), which means that the easy axis is in the direction perpendicular
to the surface. PMA arises at the ferromagnet-oxide interface, as for CoFeB/MgO,
due to the hybridization between the oxygen and the magnetic transition metal orbits
across the interface. Furthermore, to obtain strong DMI the seed layer made of W is
needed, because this metal shows high spin-orbit coupling, while the capping layer is
made of Ta.

1.3.3 Nucleating skyrmions in ion-irradiated states

One critical step for developing skyrmion-based devices is the nucleation of skyrmions.
The established nucleation methods are based on: electrical currents, laser pulses,
and electrical fields. Focused-Ion-Beam (FIB) irradiation offers the possibility to
finely tuning the magnetic properties of the system, with the effect of modifying
the magnetic field at which skyrmions nucleate. Ions are shot with high precision
in a defined region of the sample and they modify the crystalline structure of the
film, changing the magnetic properties. This technique enables nanometer-scale
manipulation of magnetic media. Moreover, the chosen magnetic stack is compatible
with CMOS technology and FIB is widely employed in the semiconductor industry
for subtractive processes [6], making this skyrmion-base system highly promising for
integration with existing technology and more convenient to be fabricated. Moreover,
as it is pointed out in [7], ion implantation can easily modulate magnetic properties
without etching, so introducing less defects.
When light ions like He+ travel in the material stack, they induce short-range atomic
displacements that lead to interface intermixing and alter interface driven properties,
like PMA and DMI. Increasing the irradiation fluence results in a reduction of
PMA. Using heavier elements, as Ga ions, the effects of irradiation are different [8].
Investigating the usage of Ga+ in Ta/CoFeB/MgO thin films, showed intermixing at
the Ta/CoFeB interface and this could be the reason for a decrease in the saturation
magnetization and the increase of DMI. Meanwhile, the accumulation of Ta at the
CoFeB/MgO interface could explain the reduction of anisotropy. Intermixing has
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been observed in a stack with a different seed layer, W in place of Ta. In the irradiated
part of the sample, larger domains appear and carefully choosing the applied magnetic
field they are shrinked and then compressed into skyrmions. With the application of
a current is possible to observe that skyrmions are moving as rigid objects and their
typical transverse motion, due to the Skyrmion Hall Effect (SkHE) that arises from
the topological nature of skyrmions [9]. The SkHE makes the skyrmion to move at
an angle with respect to the applied driving force and this affects the direction of
current driven skyrmions, eventually leading to their annihilation due to interactions
with the sample boundaries.

1.3.4 Tuning skyrmion density

The study of the magnetic structure is carried out with the home-built wide-field
magneto-optical Kerr effect (WMOKE) microscope (see appendix A.2).
On the thin film a series of 80 × 80 µm2 squares is irradiated with ion doses in a
range from 1 × 1012 ions/cm2 to 1 × 1013 ions/cm2 with Focused Ion Beam (see
appendix A.1). An ion dose is a term to define the impacted quantities of ions
onto the substrate through an area. In this magnetic stack before ion irradiation,
skyrmions were not obtained by field cycling. To each square corresponds a different
ion dose and the images with the WMOKE show the effect of Ga+ irradiation on
the magnetic layers.

1.7 3.3 4.7 6.4 7.2 8.4
Ion dose #1012 in ions/cm2

-0.2

-0.1

0

0.1

0.2

0.3

E
x
te

rn
a
l
-
el
d

in
m

T

Figure 1.7: Magnetic phase diagram of domain structures in Ga-ion-irradiated
portions in the sample. Each row shows squares with different ion dosages and at
the same magnetic field. On the columns it is possible to look at the evolution of
domains with the same ion dose and at different magnetic fields. An ion beam current
of 7.7 pA and accelerating voltage of 30 keV have been used in the FIB settings.

The domains structure evolves with the magnetic field, as shown in Fig 1.7. For
low ion dosages (from 1 × 1012 to 5 × 1012 ions cm−2), the domains shrink with
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higher magnetic fields, but there are no skyrmions. While, increasing the ion dose
the domains size reduces even more and for 7 × 1012 ions cm−2 domains start to rip
apart and skyrmions appear mixed together with domains. Finally, for 8 × 1012 ions
cm−2 and at 0.2 mT and 0.3 mT, the entire irradiated square is filled with skyrmions.
Here, it is visible how the skyrmion density can be sharply increased with a slight
increase of ion irradiation. The disorder introduced by Ga+ induces a decrease in the
nucleation energy barrier of skyrmions. Structural disorder modifies local magnetic
interactions, implying that less energy is needed to twist the spins into the skyrmion
configuration in those regions, effectively lowering the energy cost of nucleation.
Therefore, the magnetic field required to stabilize skyrmions in the breaking process
decreases with the increase in the irradiation dose [10]. The outcome is that the ion
dosage serves to tune the amount of structural changes in the magnetic layers and
thus the skyrmion density, which has a profound effect on the skyrmions mobility.
The evolution of domains has also been studied for higher ion dosages, but in that
case, no domain patterns could be observed.
In previous studies, exploring the opportunity of tuning the velocity and the angle of
current-driven skyrmions by high dose irradiation in W/CoFeB/MgO thin films, led
to the observation of skyrmion Brownian motion [11]. This is a diffusive motion that
can be detrimental for skyrmion applications. For example, if a skyrmion serves as an
information carrier in a memory device, it must be locked in a specific location, and
its Brownian motion can cause the displacement, hence the memory loss. Moreover,
when skyrmions are directed by a current, Brownian motion affects the direction of
motion and distorts the velocity.
Also in VLSI systems, noise and fluctuations compromise the reliability and today
suppressing those is becoming more difficult. One of the proposed solutions is to
exploit noise in circuits and use a random search to drive computation. The same
idea can be beneficial for circuits that use magnetic skyrmions, for example tuning the
Brownian motion for probabilistic computing purposes. Thus, it could be intriguing
to look into the Brownian motion of skyrmions in ion irradiated systems and the
possibility to exploit it for unconventional computing purposes.

1.4 Unconventional computing

The memory bottleneck of Von Neumann computing leads the search for uncon-
ventional computing architectures that process data more efficiently. Those com-
putational schemes exploit behavioral phenomena occurring naturally in complex
dynamical systems. Magnetic skyrmions possess a complex dynamics and rather
than trying to fit them in already existing technologies like racetrack memories and
logic gates, it would be beneficial to harness this complexity. Brownian motion makes
skyrmion dynamics unique and it has been demonstrated that it is advantageous in
several unconventional computing schemes.
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1.4.1 Stochastic computing

Stochastic computing deals with probabilities instead of binary numbers. This
probability is the number of times a 1 or a 0 appears in a random sequence of
binary units. The probability values can be used in standard logic operations, with
the advantage of low-energy cost implementations at the cost of less computational
precision. An example of the multiplication operation is depicted in Fig 1.8a. Within
the same example there is also illustrated the main limitation of stochastic computing,
signal correlation (Fig 1.8b). Feeding two identical inputs produces an output that
is not the product of the two signals. In stochastic computing to achieve a correct
logical operation, there must be a mechanism for signal decorrelation. The element
that allows to produce an uncorrelated copy of a signal with the same probability
value is called a stochastic reshuffler (Fig 1.8c).

At a device level, Skyrmionic applications are not
currently expected to compete significantly with present-
day CMOS implementations of Boolean logic circuits
whose strengths lie in the accuracy and precision of bitwise
operations. However, limits in the exponential miniaturi-
zation of transistor-based architectures expose bottlenecks
with regard to both speed and the architectures’ power
consumption. This limit is particularly relevant when
requiring hardware to enable software capable of perform-
ing fast inference over large amounts of data. As an
example, much attention has been directed towards the
development of artificial neural networks for the execution
of deep-learning techniques [40]. Such solutions typically
seek to draw inspiration from the probabilistic and mas-
sively parallel nature of biological information processing
[41], whose virtues have been explored for the past half
century [42]. In this context, we propose that greater focus
should instead be given to the use of Skyrmions as basic
elements in the design of probabilistic device architectures.
By leveraging Skyrmion number conservation, thermal
susceptibility, and ultralow power transport properties,
we believe that a fertile route towards disruptive applica-
tions can be achieved. Along these lines, our work presents
two alternative devices implementing basic building blocks
for probabilistic computing.
Starting from the collective coordinate dynamical theory

introduced by Thiele [43], this paper develops an N-body
framework capable of modeling the dynamics of Skyrmion
ensembles within their geometries and successively dem-
onstrate how they may be employed to perform probabi-
listic computing. To this aim, we first, in Sec. II, motivate
the deep technological challenges inspiring this work by
giving a general background on stochastic computing and
justifying the need for a compact and energy-efficient
stochastic signal reshuffler, which we propose for employ-
ing Skyrmions as information carriers. In Sec. III, we use
micromagnetic simulations to characterize the repulsive
Skyrmion-Skyrmion and Skyrmion-boundary interactions.

These interactions then enter phenomenologically into the
N-body Thiele model, where the ensemble dynamics
become numerically solvable out to long timescales.
These advantages permit us, in Sec. IV, to model the
Skyrmion reshuffler leveraging the full freedom of
Skyrmionic motion. We characterize the device functioning
performance and the expected energy consumption. Finally,
in Sec. V, we argue how our Skyrmion reshuffler, subject to
minormodifications, can serve amuchmore general purpose
by effectivelyworking as an analog integrate-and-fire neuron
[44]. These results lay the groundwork for the application of
Skyrmionic devices as bioinspired building blocks for non-
conventional computing strategies.

II. MOTIVATION: STOCHASTIC COMPUTING

A. Motivation

As feature sizes in semiconductor systems are scaled
down to the point where their deterministic behavior cannot
be guaranteed, the necessity for error-correcting codes [45]
and hardware redundancies [46,47] has become indispen-
sable for reliable data processing. In this context, stochastic
computing seeks to embrace probabilistic computing ele-
ments to bypass these issues by achieving tremendous
gains in signal processing efficiency at the cost of degra-
dation in computational precision [48–52]. Instead of
defining operations as precise bitwise manipulations of
stored finite binary numbers, one instead aims to encode
numerical values as the probability of seeing a 1 or 0 in a
random sequence of binary bits (bitstream, as in Fig. 2
[53]). This probability, known as the p value, can also be
thought of as the statistical ratio of up time to signal length
in a random telegraph noise signal. CMOS circuits con-
sisting of cascaded logic gates can then be shown to

FIG. 1. Bare-bones schematic of a generic Skyrmionic device
constructed with a thin-film ferromagnet–heavy-metal bilayer.
One or more Skymions are injected into the geometry where
manipulation occurs before readout.

(a)

(b)

(c)

FIG. 2. (a) AND-gate implementation of the multiplication
operation under the stochastic computing paradigm. The p value
of the output signal is equal to the product of the input signals’ p
values. (b) Whenever correlations exist between the input signals,
the AND gate does not perform the expected multiplication.
(c) Forcing the input signals through a Skyrmionic reshuffler
allows for a correct multiplication operation even in the presence
of strong correlations between the input signals.
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dation in computational precision [48–52]. Instead of
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stored finite binary numbers, one instead aims to encode
numerical values as the probability of seeing a 1 or 0 in a
random sequence of binary bits (bitstream, as in Fig. 2
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operation under the stochastic computing paradigm. The p value
of the output signal is equal to the product of the input signals’ p
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At a device level, Skyrmionic applications are not
currently expected to compete significantly with present-
day CMOS implementations of Boolean logic circuits
whose strengths lie in the accuracy and precision of bitwise
operations. However, limits in the exponential miniaturi-
zation of transistor-based architectures expose bottlenecks
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FIG. 2. (a) AND-gate implementation of the multiplication
operation under the stochastic computing paradigm. The p value
of the output signal is equal to the product of the input signals’ p
values. (b) Whenever correlations exist between the input signals,
the AND gate does not perform the expected multiplication.
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Figure 1.8: AND-gate implementation of the multiplication operation under the
stochastic computing paradigm [12].

The idea of realizing a skyrmion reshuffler has been proposed in [12]. This
device converts an input bit stream into a sequence of skyrmions whose order is
reshuffled thanks to skyrmion diffusion. There are two chambers, each with input
and output channels. Skyrmions out of the up chamber are read in the output
signal as 1, while skyrmions from the down chamber are read in output as 0. In the
chambers the skyrmions can diffuse, in this way the exiting order of 1 and 0 becomes
random and the probability remains the same, since it depends only on the number
of skyrmions in the system. Skyrmions are driven in the chambers by current and the
decorrelation power of this device is inversely proportional to the time of reshuffling,
hence the amount of current used. The experimental demonstration of this device
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with thermally diffusive skyrmions has been achieved in [13].

perform mathematical operations on the p values of distinct
random streams in real time. We refer to telegraph noise
signals and bitstreams interchangeably throughout this
paper. Complex circuits have already been proposed to
perform operations such as square rooting [54], polynomial
arithmetic [55–57], and matrix operations [58], as well as
the “tansig” transform function employed in neural net-
works [59]. The output of such operations results in an
output bitstream whose p value can be read out and,
possibly, operated on successively. Last but not least,
stochastic computing circuitry is inherently tolerant to
faults such as soft bit flips [60,61]. Consider the act of
randomly flipping one binary bit from a sequence of N bits
(e.g., 010001101 → 010011101): the binary number
encoded changes drastically, while the p value encoded
is altered only by a factor of oð1=NÞ.
A very attractive property of stochastic computing is that

it enables low-energy cost implementations of arithmetic
operations using standard logic elements. As an example,
consider the effect of feeding two indefinitely long random
streams with p values of pA and pB into an AND gate [see
Fig. 2(a)]. The AND gate’s properties produce an output
signal with a p value pC ¼ pApB, thus implementing the
stochastic computing equivalent of multiplication. Whereas
the result of the multiplication is produced in real time as
the input signals are fed to the AND gate, the accuracy of the
result depends on how much of the output signal one
wishes to sample. This trade-off of speed vs accuracy is
central to the development of integrated circuits performing
stochastic computing. A detailed description of the initial
encoding and tuning or setting of the input p values goes
beyond the scope of this work. We note, however, that,
aside from the traditional shift-register-based techniques
[62,63], a compact and energy-efficient approach for
generating suitable stochastic signals can be achieved
through current-biased superparamagnetic magnetic tunnel
junctions [64–67], whose individual use in neuromorphic
computing architectures has also recently been explored
[68–70]. This approach ties in well with the spintronics-
based toolbox that can already be used for the nucleation
and readout of Skyrmions [14,15], thus allowing for the
development of technologically consistent devices [71].
A major issue has, however, impeded the blossoming of

stochastic computing as an industrially viable competitor.
Namely, cascading gates operating on not fully random
signals propagate unwanted correlations rapidly, even after
a few elementary operations [52,63,72–75]. In Fig. 2(b),
one can immediately see that feeding two identical copies
of the same input signal produces an output signal whose p
value does not represent a product operation in any way. It
is, therefore, crucial to be able to regularly reshuffle signals
so that they stay uncorrelated. We call this element a
stochastic reshuffler, capable of copying an input stream
into an uncorrelated new one while preserving the original
p value. By prefixing such devices to each gate in a circuit

[see Fig. 2(c)], inconvenient correlations can be washed out
effectively.
At this time, no efficient hardware stochastic reshufflers

are known to exist. In CMOS, reshuffling signals can be
done by combining a pseudorandom number generator
with a shift register or counter (both requiring long-term
memories) [76]. This means that each reshuffling operation
has a large area imprint (a typical integrated shift register
has a linear size of about 10–100 μm) and consumes a lot of
energy. It is, therefore, impossible to insert these reshufflers
after each calculation stage in a stochastic computing
circuit, preventing the realization of any large-scale dem-
onstration of stochastic computing on chip. To overcome
these technological obstacles, we propose an alternative
reshuffler design as the first low-energy, compact device
proposal of its kind: the Skyrmion reshuffler [77].

B. Skyrmion reshuffler

Our original concept converts an input bitstream into a
sequence of Skyrmions whose order can be thermally
reshuffled due to the diffusive two-dimensional dynamical
nature of interacting Skyrmions at finite temperature. If the
order of this sequence can be altered enough by the thermal
noise affecting Skyrmion motion inside the device geom-
etry, the new Skyrmion sequence can then be read as a new
uncorrelated output signal with a p value identical to that of
the input signal.
The device (depicted in Fig. 3) consists of two circular

chambers with input-output conduit tracks capable of
ushering Skyrmions into and out of the chambers. The
net drift of Skyrmions is achieved by a static current
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FIG. 3. The proposed device consists of two magnetic chambers
into which Skyrmions are injected depending on the state of an
input telegraph noise signal. The net drift of the Skyrmion particles
due to a constant current flow along with the thermal diffusion in
the chambers leads to an exit order that canbe significantly different
from that of entry. This behavior is employed to reconstruct a new
outgoing signal with the same statistical properties as the first, as
well as being uncorrelated from it.

SKYRMION GAS MANIPULATION FOR PROBABILISTIC … PHYS. REV. APPLIED 9, 064018 (2018)

064018-3

Figure 1.9: Skyrmion reshuffler device concept proposed by [12].

1.4.2 Neuromorphic computing

Neuromorphic computing emulates the physical nature of the human brain, designing
devices with the same capabilities of synapses and neurons. A synapse acts as a
switching medium to pass an electrical or chemical signal from one neuron to another.
Skyrmion-based artificial synapse mimics the potentiation/depression process of a
biological synapse for example by taking advantage of the current-driven motion of
skyrmions.
A biological neuron can be divided into three functionally distinct parts, called
dendrites, soma and axon. The dendrites collect signals from other neurons and
transmit them to the soma. The latter processes the signal through a non-linear step.
Finally, the axon takes the output signal and delivers it to other neurons. Neuronal
dynamics are based on the registration of an input signal with a voltage increase
and a mechanism that generates an output when a certain threshold voltage is
triggered. However, in between incoming signals and before the threshold is reached,
the neuron’s voltage decays towards its resting potential. Therefore, the neuronal
activity is described with the so-called "Leaky Integrate and Fire" (LIF) model.

12



Introduction

Figure 1.10: Schematic representation of how a neuron collects neuronal spiking
activity from nearby neurons [12].

An artificial neuron can be designed according to the LIF model, having its typical
three functionalities: integration, leaking, and firing. In the skyrmion-based artificial
neuron, proposed in [12], they employed the same concept of a chamber with input
and output channels of the reshuffler. This time, there is a voltage gate at which
skyrmions accumulate before exiting the device. The neuron fires when a critical
skyrmion density is achieved and the gate voltage is switched. Skyrmion diffusion
is responsible for the "leaking". Within the same framework, both the neuron and
the reshuffler exploit skyrmions Brownian motion, and it is evident how resourceful
the diffusive behavior of skyrmions can be. Moreover, the characteristic feature of
neurons, leaking, has also been obtained by leveraging the other competing forces
typical of magnetic skyrmions [1].

1.4.3 Reservoir computing

A Recurrent Neural Network (RNN) has a similar structure to the human brain.
Indeed, it is a network of nonlinear processing units (as neurons in the brain) with
weighted connections between them (as the synapses) characterized by a flow of
information in feedback loops. The latter is its main advantage but it is also the
main limitation because training such complex network is computationally expensive.
Reservoir Computing (RC) solves this issue because it trains only the output weights.
The goal of RC is not to solve a complex problem, but to map it into a linearly
solvable one. To do so, the reservoir projects different spatial-temporal events into a
sparsely populated high dimensional space, where they become easier to recognize and
categorize (Fig 1.11). Indeed, RC is suited for applications that involve recognition
and classification of spatial-temporal events, like speech recognition or sensor fusion
type applications. The requirements for a system to be the reservoir are non-linear
response to input and previous state, and short term memory as to allow temporal
input correlations.
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FIG. 2. Schematic of the reservoir computing operational princi-

ple. (a) Unstructured data from an input space is (b) nonlinearly

projected by the reservoir’s transient dynamics onto its higher di-

mensional state space. Due to the similar evolution of the reservoir

when driven similarly correlated input data samples (represented

by similar colors), (c) a single linear regression step can be used to

define hyperplanes in the reservoir’s state space such that di↵erent

input data categories become separated. The task of the reservoir

is to project di↵erent spatial-temporal events onto a sparsely popu-

lated high dimensional space where they become easier to recognize

and categorize.

read-out layer39. A related mechanism has also been ob-
served in the modelling of sequence processing 40,41 and
temporal input discrimination of biological neural net-
works42.

Reservoir Computing – These early works were
the first to explicitly suggest the principle of read-
ing out target information from a - mostly - randomly
weighted RNN. They imply that a su�ciently large
RNN can be potentially initialized with static random
weights. Its training is then solely performed on a
smaller set of weights associated with feed-forward con-
nections between the bulk of the network and the output
layer12,43–46. Since such output weights consist of only
a single layer connecting to the static RNN bulk (known
as the reservoir), the training is reduced to a linear re-
gression performed on the reservoir state. The advantage
of this method, now commonly referred to as Reservoir
Computing (RC), is not earned for free as the reservoir
network has to typically be topologically more complex
than an equivalent RNN fully trained to perform an iden-
tical task.

The principle supporting the feasability of this scheme
lies in the purpose served by the large, static reservoir.
Tasks such as pattern classification require the neural
network to emphasize the data separation of, initially am-
biguous, input patterns. A reservoir e↵ectively performs
a high dimensional nonlinear projection of the input data
onto a large state manifold where the partitioning of the
projected states is simplified via the introduction of hy-
perplanes (see Fig. 2 and Appendix A). The non-linearity

of this transformation, coupled with the RNN’s fading
memory, will guarantee that the reservoir’s response to
a given input will be sensitive to temporal correlations
present in the input data which are comparable to the
memory’s timescale. Distinct, but similarly correlated,
input patterns will induce evolutions of the reservoir
along similar trajectories. These trajectory bundles –
known as phase tubes – corresponding to di↵erent input
categories, rapidly separate from each other. The feed-
forward output layer e↵ectively partitions the reservoir’s
manifold via appropriate hyperplanes such that each in-
dividual phase tube can be unambiguously separated.
Furthermore, since the network’s reservoir is not mod-
ified after initialization, a su�ciently complex reservoir
can be used to process di↵erent input datasets indepen-
dently of how they are structured47. Each dataset will
then solely require the training of a new, dedicated, out-
put layer without modifying the reservoir itself.

Whereas the RC approach appears to significantly sim-
plify the training complexities of RNNs, the need for a
potentially much larger network reservoir will exacerbate
the computational resources and inference time require-
ments needed for proper modelling to take place. How-
ever, since the reservoir is only a static complex nonlinear
dynamical system, it is not necessary for it to be imple-
mented in the form of a DNN. Any su�ciently nonlinear
and high dimensional analog physical system can in prin-
ciple perform the same role48. This paradigmatically dif-
ferent approach to computing - known as in-materio com-
puting - seeks to overcome the digital limits of neural net-
work modelling by leveraging the vast amounts of readily
accessible physical complexity already present in nature
(for a review see22). Following initial demonstrations in-
volving single non-linear dynamical nodes with delayed
feedback49, recent work has explored the RC approach
using physical systems ranging from liquid crystals50, to
water buckets51, bacterial colonies52, memristors53, op-
tical resonators54–57 and poly-butyl-methacrylate mix-
tures58–60. In magnetic systems, single spin-vortex nano
oscillators have been used to demostrate spoken digit
recognition within the RC framework61 and skyrmions
suggested for further RC development10,11. The reservoir
computing paradigm provides scientists with a generic
and powerful tool to tackle tasks that require temporal
dependencies, without employing hand-crafted data rep-
resentations.

Generally speaking, a performant reservoir has the fol-
lowing properties:

1. The dimension of the reservoir’s phase space must
be much larger than size of the input category set.

2. To guarantee reproducibility of its dynamical re-
sponses to identical inputs, the reservoir has to re-
lax or be resettable to the same initial state once
all inputs are removed.

3. To ensure that memory of features fully a↵ects the
reservoir’s evolution, any temporal feature correla-
tions present in the input data must be of the same

Figure 1.11: Schematic of the RC operational principle. (a) Unstructured data
from an input space is (b) nonlinearly projected by the reservoir’s transient dynamics
onto its higher dimensional state space. Due to the similar evolution of the reservoir
when driven similarly correlated input data samples (represented by similar colors),
(c) a single linear regression step can be used to define hyperplanes in the reservoir’s
state space such that different data categories become separated [14].

An example of a RC component is realized in [15], exploiting geometrically
confined skyrmions that are diffusing with Brownian motion. In this device the states
of the system are the skyrmion positions, which result from the interplay of current
induced motion due to SOT, the skyrmion edge repulsion and thermal diffusive
dynamics, as it is visualized in Fig 1.12. The advantage of exploiting diffusion resides
in the possibility to operate at low current densities.
These study cases open the path to more applications of Brownian motion in the
context of unconventional computing, since each of them exploits the skyrmion
fluctuations in a different way, and this underlines the versatility of diffusion, especially
since it is driven at room temperature and is already embedded in magnetic skyrmions.

Figure 1.12: Three-dimensional schematic of the device. The dark gray spot in the
triangle represents a skyrmion. It is pushed into the lower right corner [15].
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Chapter 2

Brownian motion of magnetic
skyrmions

2.1 Brownian motion

Brownian motion is a process strongly related to biology, indeed its name comes from
the botanist Robert Brown. In the late 1820’s, Brown observed under a microscope
pollen grains suspended in water and noted that pollen grains ejected minute particles
with erratic motion.
At the end of the century, Léon Gouy proposed that this perpetual motion is caused
by thermal motion of the solvent molecules. Diffusion was an already known process,
but only years later Einstein discovered the link between diffusion and Brownian
motion. In his 1905 paper, Einstein stated that particles immersed in an ambient
medium experience chaotic collisions with its molecules, that in turn cause their
perpetual irregular motion. Einstein proposed a probabilistic derivation of the
diffusion equation, based on the random walk model. From this framework come the
equations necessary to analyze the Brownian motion of skyrmions.
Indeed, even though in the original context the medium is a fluid and the particle are
in the micrometer range, the fluctuations in systems with nanometer scale features
are described by Brownian motion as well.

2.2 Theory of the Mean Square Displacement

A random walk is a process by which objects move randomly and wander away from
where they started. It is more common that objects experience a random walk in 2D
or 3D systems, however to better understand this process, we start in a 1D system. At
each movement step, the object has equal probability of moving forward or backward.
After N steps, since the two displacements are equally likely to happen, the average
displacement of the object would be zero. Nonetheless, to know how far the object
moved in total, instead of the average traveled distance, the average of the square of
the distance is employed, because it can’t be averaged to zero. Consequently, the
average of the square of the distance is equal to the number of steps, N.
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Now, knowing that the mean square displacement (MSD) encodes the description of
the random walk, we continue the analysis with a 2D system, which is also our case
of interest. In a system with diffusing objects, whose positions are recorded in time,
the MSD is the ensemble average of the time average of the single object MSD. The
latter is calculated as

MSDi(τ) =
∑

t

(ri(t + τ) − ri(t))2 (2.1)

ri is the position of the particle, and τ is called the delay, which spans from the
smallest time difference between two positions to the total time of the random walk.
This quantity expresses how long is the distance covered by that object with Brownian
motion in a time τ . For the whole ensemble the MSD is

MSD(τ) = 1
N

N∑
i=1

MSDi(τ) (2.2)

which highlights that the MSD, being an average, depends on the number N of
objects in the system. According to Einstein theory for an ensemble of objects
(particles) undergoing Brownian motion, the expression of the MSD has a linear time
dependence

MSD = 2Dtd (2.3)

in the 2D case d = 2, since it denotes the dimension of the system and D is the
diffusion coefficient. Therefore, the diffusion coefficient is calculated from the slope
of the MSD. The diffusivity appears also in the probability distribution function of
particles with Brownian motion

ρ(r, t) = ρ0√
4πDt

e− r2
4Dt (2.4)

where ρ(r, t) indicates the density of diffusing particles. This Gaussian distribution
becomes broader as D increases, which means that with higher diffusivity more
particles can diffuse far away from the initial position. Due to its meaning, the
diffusion coefficient serves as an indicator of the particles mobility. Evaluating
the MSD doesn’t only give a measure of the diffusivity, it is used to classify the
dynamics of the system. Indeed, thermal effects lead to diffusion regimes and the
time dependence of the MSD reveals the kind of motion, as visualized in Fig 2.1.
Normal diffusion refers to the type of motion described by Brownian motion, so the
MSD has linear time dependence. While in directed motion, particles are subject
to an external force, which causes particles to move with a constant velocity and
the MSD to be quadratic with respect to time. The other two regimes that can be
distinguished with the MSD plot are the anomalous subdiffusion and the confined
motion. In the former, particles move more slowly than in the normal diffusion case
due to obstacles. Whereas if the movement is limited to a finite space, the MSD
reaches a plateau over time, and the motion is identified to be confined.
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Figure 2.1: Mean Square displacement as a function of time for normal diffusion,
anomalous subdiffusion, directed motion, and confined motion [16].

To analyze the particle trajectories, we have used a MATLAB class, the MSDan-
alyzer [17], that computes automatically the MSD and the D from the tracks. In
each track are stored the positions in time of skyrmions, and the MSDanalyzer also
allows plotting the tracks, as visualized in Fig 2.2. The stochastic nature of skyrmion
motion is clear, and to better understand it, the MSD is extracted for each track.
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Figure 2.2: Plot of the skyrmions tracks in a 40 × 40 µm2 irradiated square,
extracted using the MSDanalyzer [17]. On the right there is a zoom on the tracks, as
to appreciate the random nature of the skyrmion motion and the uniqueness of each
skyrmion’s displacement. Indeed, one skyrmion is moving less than the others.
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Figure 2.3: Plot of the time averaged MSD for each skyrmion trajectory in the
irradiated square of Fig 2.2.

The heterogeneity of skyrmions movements is visible in Fig 2.3, some tracks are
shorter in time but with large displacement, while others that are lasting longer have
very little displacement. Extracting the average of the MSD curves, as in Fig 2.4,
means describing the motion of the ensemble, and the resulting behavior comes from
the dominant trait of the whole. In the following sections, the reasons for the effects
of irradiation are concluded on the mean of the MSD curves.
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Figure 2.4: Plot of the ensemble average of the MSD of Fig 2.3.
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2.3 Recording skyrmion motion

A high temporal resolution camera integrated with a wide-field magneto optical Kerr
microscope WMOKE has been used to capture skyrmion motion. The PCOcam
software records the movie, which is a sequence of images with a pixel size 51.2 ×
51.2 nm2, determined by the 50x objective lens of the WMOKE. We have tuned the
camera exposure time. It is the time of light exposure for the camera’s sensor when
capturing an image. If it is short, the light may be insufficient to capture the contrast
of the image. Whereas, if the exposure time is longer the contrast is improved, as it
appears in Fig 2.5.

Figure 2.5: The frame on the left is of a movie recorded with an exposure time of
100 ms, while on the right an exposure time of 200 ms is used.

Contrast enhancement comes at the cost of losing time resolution, since with
long exposure time the details of the motion could be missed between frames. For
the sake of the dynamics accuracy, a short time exposure of 50 ms is chosen, and
the movies are recorded for 15 seconds, which corresponds to 300 frames. Due to
the low contrast, the movies have been processed using Fiji, an image processing
package distributed by ImageJ [18]. The first amelioration consists in subtracting
an image of the saturated magnetic structure to the images in the video. Hence,
better contrast and the cancellation of defects on the thin film are achieved. This
is fundamental because the tracker could mistake the defects for skyrmions. Then
a band pass filter is applied, which removes high spatial frequencies (blurring the
image) and low spatial frequencies (similar to subtracting a blurred image).

2.4 Tracking with TrackMate

Manipulating the image quality is important because the tracking tool provided by
Fiji, TrackMate [19], has to identify a skyrmion in one frame and link it to skyrmions
in the preceding and successive frames. Therefore, the skyrmions features should be
as pronounced as possible, in order to avoid false linking between frames.
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The tracking scheme is divided in two separated steps: detection and particle-
linking. The detection algorithm that is best suited for Gaussian-like particles such
as skyrmions, is the DoG (Difference of Gaussian) detector. It works by applying two
Gaussian filters with different standard deviations to the image and then subtracting
the results. In this way it returns smooth images with sharp local maxima at skyrmion
locations.
Whereas the chosen particle-linking algorithm is the Linear Assignment Problem
(LAP). The reason behind this choice is the possibility of tuning gap closing events
that the LAP offers. A skyrmion can disappear for one or more frames and with this
feature the tracker manages to reconnect reappearing spots. To exclude physically
unreal connections, we must introduce limits that exclude every skyrmion to link to
every other skyrmion or track segment. These cutoffs are based on the distance that
a skyrmion can cover and are set to values coherent to the observed motion. The
tunable parameters for this algorithm are three.

• The frame to frame linking distance is the maximum distance that an
object can cover between two consecutive frames. Its value has to be carefully
chosen because if it is either too short or too long, one obtains fake tracks.

• The gap closing distance defines the spatial range for detections across
multiple frames as to allow the tracker to close the gap between them.

• The maximal frame interval accounts for the duration of disappearance
events. It sets the maximum number of frames to use for bridging two skyrmions.

2.4.1 Tuning TrackMate parameters

The DoG has estimated that in our magnetic thin film the skyrmion diameter is
circa 1200 nm. Observing the skyrmion motion, their average displacement between
two frames is circa equal to their diameter. To decide which value to use for the
gap closing distance, movies of skyrmions with different ion doses are recorded,
processed with TrackMate and then the tracks with different gap closing distance
are extracted. The idea is to get the diffusivity of skyrmions tracks that use different
gap closing distances, compare them and verify which parameter gives results closer
to the observed motion.
Increasing the gap closing distance, skyrmions with higher diffusivity are less often
lost in the tracking, thus we expect higher diffusivity for high gap closing distances.
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Figure 2.6: Comparison of diffusion coefficients for different gap closing distances
at different ion doses.

From Fig 2.6, it is clear that for gap closing distances lower than 1600 nm

skyrmions at higher ion doses result a lower diffusivity. This is not what we expected,
since we have observed that for higher ion doses, skyrmions exhibit greater mobility.
Hence, we assumed that with short gap closing distances, the tracker can not properly
follow the faster moving skyrmions. When increasing the gap closing distance beyond
1600 nm, a more precise tracking is evident and the diffusivity values follow the
trends observed by inspection. Gap closing distances higher than 1800 nm were
considered as well; but inspecting the tracks we found false connections between
tracks belonging to different skyrmions.
On the other hand, the choice of the particle linking distance was made evaluating
the variation in the measurements with a ±20% change of the frame to frame linking
distance. The result is that the diffusivity changes less than 4%. This is a reasonable
variation because it is in the same order of magnitude as the change of diffusivity
belonging to skyrmions of different ion doses. Because of this, we employed a linking
distance equal to the estimated skyrmion diameter.
Moreover the skyrmion density in the irradiated square depends on the used ion dose.
For low ion doses there are few skyrmions, sometimes also mixed with domains, while
at high ion doses the skyrmion density increases a lot. When the density of objects to
be connected is high, the number of potential assignments increases as well, making it
more difficult for the tracker to not create false linking. According to [20], the tracker
performs best for the lowest-density simulation and the efficiency decreases with
higher densities. They have checked the goodness of the LAP algorithm concerning
the density of particles with five simulations of increasing particle density. By looking
at the percentage of true and false particle linking in Fig 2.7, even though the fifth
simulation (highest particle density) has circa 40% of particles with nearest neighbors
closer than twice their average displacement, only 10% of the links are false. The
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percentage of wrong gap closing events is higher, but still acceptable. This proves
the power of the tracking approach and that we can trust the skyrmion trajectories
for both low and high ion doses (low and high skyrmion densities) conditions.

Figure 2.7: Five simulations of increasing particle density have been used to validate
the tracking algorithm. On the left, there is the percentage of true and false positives
in particle linking, and on the right in gap closing [20].

2.5 Skyrmion motion type analysis

The investigated skyrmion motion was observed in the W(3)/CoFeB(1)/MgO(1)/Ta(3)

stack, where 80 × 80 µm2 squares were irradiated with varying ion doses and beam
currents. We focused our analysis on the squares patterned with a 7.7 pA ion beam
current, and recorded skyrmion motion in five squares with ion doses ranging from
7.8 × 1012 ions/cm2 to 9 × 1012 ions/cm2.

2.5.1 Evaluation of the MSD

First, we investigated the behavior of skyrmions at the same ion dose with different
magnetic fields. The range of magnetic field is not the same for all the ion fluences,
since for higher doses skyrmions are more stable against higher magnetic fields, while
at lower doses they annihilate with lower magnetic fields.
As it shows in Fig 2.8a with an external field of 0.5 mT, the mean MSD evolution
in time has a linear development, and it is similar to the case of normal diffusion
shown in Fig 2.1. Whereas, at 0.6 mT, the MSD profile suggests that skyrmions
move in a confined way. Confined diffusion behaves as normal diffusion at short times
but at long times the MSD approaches a plateau. Indeed, with the microscope, we
observed that skyrmions’ motion is restricted to a certain region. What stands out in
Figs 2.8b–2.8d is the same trend described above but occurring more pronounced at
higher fields as the higher ion doses allows. Thus, skyrmions motion passes from freely
diffusive to confined when the external magnetic field is increased for different ion
doses. Our interpretation is that at high fields more diffusive skyrmions annihilate,
while the pinned skyrmions at pinning centers dominate the system dynamics. In
addition to the field effect, we must consider also that higher ion doses return a more
diffusive behavior, which will be discussed in more detail in section 2.5.2. This higher
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diffusivity might stem from a reduction of pinning, so to understand this trend, we
must delve more into the nature of pinning centers and the behavior of skyrmions in
their presence.
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Figure 2.8: MSD curves for different magnetic fields and at the following ion
doses: a) 7.8 × 1012 ions/cm2, b) 8.1 × 1012 ions/cm2, c) 8.4 × 1012 ions/cm2, and
d) 8.6 × 1012 ions/cm2. For each ion dose skyrmions’ motion is analyzed for the
magnetic fields at which they appear, and for lower magnetic fields a more diffusive
behavior (corresponding to linear MSD(t)) is consistently retrieved changing the ion
dose.

2.5.2 Skyrmion pinning

Pinning is a trapping force that strongly reduces the skyrmions mobility and forces
skyrmions into energy minimizing regions, the pinning sites. This inhomogeneous
energy landscape of skyrmions happens when different interactions on similar energy
scale appear [21].
It is produced by variations in anisotropy, exchange interaction or DMI, missing spins,
atomic impurities or surface adatoms that make the crystalline structure disordered.
Defects can be either attractive or repulsive for the skyrmion [22]. The pinning
interaction strength also depends on the difference in size between the skyrmion
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and the defect, if the defect radius is larger than the one of the skyrmion, the dwell
time of the skyrmion at the defect is increased. In the presence of pinning sites, the
motion is a hopping diffusion, since the skyrmion moves between pinning sites.
Ga+ irradiation is a powerful tool to tune the strength of pinning sites. Indeed, in a
magnetic stack like the one under study, a plausible cause for the presence of pinning
centers is the formation of atomic steps. Those originate at the W/CoFeB interface
during the deposition process.
Thanks to ion irradiation, atomic steps are partially substituted by intermixing of
atomic species [23]. The interface disorder doesn’t disappear, but after irradiation it
is lowered, producing a reduction of pinning effects at higher ion doses.

Date of Download:  6/5/2025 Copyright © 2025 . All rights reserved.

From: Enhancing domain wall velocity through interface intermixing in W-CoFeB-MgO films with 
perpendicular anisotropy 

Appl. Phys. Lett. 115, 122404 (2019)

Figure 2.9: Schematic of the interface structure in (a) pristine and (b) irradiated
W/CoFeB/MgO films [23].

By plotting together the MSD curves ofof skyrmions in a film treated with
different ion doses at the same magnetic field, a transition from confined to free
diffusion for higher doses occurs (as in Fig 2.10a). The MSD is more linear, proving
that skyrmions can move with Brownian motion once the ion dose is high enough to
contrast pinning effects. In Figs 2.10b–2.10c skyrmions at high doses keep showing
more diffusive behaviors, and it also clear the increase of magnetic field at which
skyrmions annihilate. Especially for 0.8 mT (Fig 2.10d), only in three of the five
probed squares skyrmions are present and their motion is confined since only pinned
skyrmions are left.

25



Brownian motion of magnetic skyrmions

0 2 4 6 8 10 12 14 16

Delay in s

0

0.2

0.4

0.6

0.8

1

1.2

1.4

M
ea

n
M

S
D

in
7
m

2

Applied magnetic -eld = 0.5 mT

7.8#1012 in ions/cm2

8.1#1012 in ions/cm2

8.4#1012 in ions/cm2

8.6#1012 in ions/cm2

9#1012 in ions/cm2

(a)

0 2 4 6 8 10 12 14 16

Delay in s

0

0.2

0.4

0.6

0.8

1

1.2

1.4

M
ea

n
M

S
D

in
7
m

2

Applied magnetic -eld = 0.6 mT

7.8#1012 in ions/cm2

8.1#1012 in ions/cm2

8.4#1012 in ions/cm2

8.6#1012 in ions/cm2

9#1012 in ions/cm2

(b)

0 5 10 15

Delay in s

0

0.2

0.4

0.6

0.8

1

1.2

1.4

M
ea

n
M

S
D

in
7
m

2

Applied magnetic -eld = 0.7 mT

8.1#1012 in ions/cm2

8.4#1012 in ions/cm2

8.6#1012 in ions/cm2

9#1012 in ions/cm2

(c)

0 5 10 15

Delay in s

0

0.2

0.4

0.6

0.8

1

1.2

1.4

M
ea

n
M

S
D

in
7
m

2

Applied magnetic -eld = 0.8 mT

8.4#1012 in ions/cm2

8.6#1012 in ions/cm2

9#1012 in ions/cm2

(d)

Figure 2.10: MSD curves at different ion doses for fixed magnetic fields. a) By
looking only at the effect of changing the ion doses and keeping the same magnetic
field (0.5 mT), it is clear that at higher ion doses skyrmions are freely diffusing and
at lower ion doses their motion is restricted. The same trend is retrieved in b) at
0.6 mT and c) at 0.7 mT. Whereas in d) for 0.8 mT skyrmions’ motion is confined for
all the analyzed ion doses, since at this magnetic field only pinned skyrmions are left.

The comparison between the shapes of the tracks in Fig 2.11 and in Fig 2.12,
which are respectively at 7.8 × 1012 ions/cm2 and 9 × 1012 ions/cm2, serves as another
indication of the diffusion enhancements obtained with more ion irradiation. Indeed,
when the highest ion dose is used (Fig 2.12), skyrmion tracks are overlapping because
while diffusing, skyrmions cover longer displacements and explore the space previously
occupied by just one skyrmion. Meanwhile, at lower ion dose in Fig 2.11, the tracks
of skyrmions are well separated, suggesting that they diffuse in a smaller area and
most of them are pinned, since skyrmions remain fixed at the pinning center.
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Figure 2.11: Plot of the skyrmions tracks in a 80 × 80 µm2 square irradiated with
7.8 × 1012 ions/cm2 and at 0.6 mT. On the right there is a zoom on the tracks, which
allows to see that skyrmions are diffusing with small displacements.

Figure 2.12: Plot of the skyrmions tracks in a 80 × 80 µm2 square irradiated with
9 × 1012 ions/cm2, and at 0.6 mT. On the right there is a zoom on the tracks, which
is included to visualize the greater displacement of skyrmions when those are in a
state irradiated with higher ion dose.

2.5.3 Odd diffusion

Another aspect to consider is the increase of skyrmion density related to higher ion
doses [10]. In these conditions, the space available for skyrmion motion is reduced and
more skyrmion-skyrmion interactions are expected to limit the skyrmion movement.
Therefore the enhancement of free diffusion for high ion doses is counter-intuitive with
respect to the increase of skyrmion density. Not only pinning reduction is responsible
for this unexpected trend, indeed another probable explanation is a dynamic effect,
known as odd diffusion. When odd-diffusive particles collide, rather than hinder
their motion, they move around each other. It is called "mutual rolling effect". Thus
the increase in diffusion for higher density systems suggests that the mutual rolling
effect counteracts the slowing down due to many-body interactions. This kind of
motion is studied by [24] in systems with broken time-reversal, and might also apply
to systems that are hosting skyrmions.
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2.5.4 Motion type analysis through log-log fitting

The MSD curve for confined motion is situated below its tangent, which represents
the curve in case of free diffusion. Therefore, if the MSD curve is modeled by a power
law

MSD(t) = Γ tα (2.5)

we could extract the exponent α and differentiate the motion by its value: with
pure diffusion α = 1 as it is clear from the MSD linear time dependence in Fig 2.1,
while for confined motion α < 1. The MSDanalyzer tool offers a log-log fitting to
determine α: the power law can be turned in a linear law through a linear fit of
log(MSD) with respect to log(t)

log(MSD) = α log(t) + log(Γ). (2.6)

Before fitting, the tracks are filtered, because some of them are too short and to
obtain a good enough fit, we use only tracks with more than eight points.
This analysis was conducted only for the skyrmions that showed confined motion
from the MSD plots, as an additional proof. For each of these measurements, the
mean α and the standard deviation are calculated, and then the distribution of the
α values is plotted as in Fig 2.13. Since α < 1, the motion of skyrmions in a film
treated with 7.8 × 1012 ions/cm2 at 0.6 mT is indeed confined.
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alpha = 0.78 ± 0.24 (mean ± std, N = 140)
Significantly below 1, with p = 6.1e-20

Figure 2.13: Alpha values distribution for skyrmions moving in an irradiated square
at 7.8 × 1012 ions/cm2 and 0.6 mT. The extracted mean alpha value and its standard
deviation are: 0.78 ± 0.24.

Having identified two other cases of confined motion from the shape of the MSD(t),
for those, the motion type analysis has been conducted through log-log fitting. The
results are presented in the Table 2.1, and in both cases α < 1, confirming the results
of the previous evaluation.
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Magnetic field in mT mean(α) ± std(α)
0.6 0.78 ± 0.29
0.7 0.83 ± 0.30

Table 2.1: Table of the α values for skyrmions moving in an irradiated square with
8.1 × 1012 ions/cm2 at 0.6 mT and 0.7 mT, which are showing confined motion.

2.6 Calculation of the diffusion coefficient

Before proceeding with the discussion about the diffusivity values, it is crucial to
reflect on the method used for estimating the diffusion coefficient. Indeed, the latter
is obtained fitting the MSD curve, which is not a trivial object since it is an ensemble
average of time averaged curves. In the time average for each delay τ , the square
displacement is averaged over all the time combinations that give that delay. For
short delays there are more points to average than for longer delays, and this is even
more accentuated for our tracks that are short. Taking as example the tracks of
skyrmions in an irradiated state and producing the histograms of Fig 2.14, it is clear
that most of the tracks start from the first frame but are not as long as the whole
sampling time. Indeed for this case under analysis, there are 2018 tracks and 745 of
them are just 0.5 seconds long.
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Figure 2.14: Histograms showing how many tracks start from the first frame and
how long the tracks are. These tracks belong to skyrmions in films irradiated with
8.4 × 1012 ions/cm2 at 0.8 mT.

Consequently, the MSD can’t be trusted for long delays and the recommended
strategy to extract correct data is to fit only the first 25% of the MSD curve [25].
Another indication that the behavior for long delays is inaccurate can be found in Fig
2.10, for any applied field the MSD curves at long delays have ripples that deviate
from the trend at lower delays.
As suggested in the MSDanalyzer [17], when dealing with confined motion the fitting
of the MSD curve should be even more restricted. For this reason, when we identify
from the MSD plot that skyrmions are moving with confined motion, the diffusivity
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is evaluated using only the first 15% of the curve, which corresponds to the linear
part of the curve.
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Figure 2.15: Bar plot of the calculated diffusivities at different ion doses and
different magnetic fields.

In Fig 2.15 it is visible that for each magnetic field the diffusivity increases for
higher ion doses. Also the transition from free diffusion behavior to confined motion
that happens at higher magnetic fields is reflected on lower values of diffusivity.
The changes of the diffusion constant indicate the effects of ion irradiation on
skyrmions, indeed at higher ion doses pinning centers are reduced, thus skyrmions
are more free to diffuse, and their diffusivity increases. With respect to other studies
on magnetic skyrmion diffusion, the same method has been used to retrieve the
diffusivity but the conditions of the system are different.
In [13], they have carefully tuned the density of skyrmions as to avoid skyrmion-
skyrmion interactions, and obtained D = 0.27 µm2/s. It is one order of magnitude
higher than our best results, probably due to the possibility of tracking fewer
skyrmions and not dealing with an ensemble. Another study [26], dedicated to the
control of skyrmion bubbles diffusion through bias voltage, obtained D = 0.11 µm2/s.
It follows that skyrmions in ion irradiated states with Brownian motion show less
diffusivity with respect to the other studies, but in this case there is the advantage
of tuning the diffusion with the amount of implanted ions, which is yet not explored
in research.
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2.7 Current driven skyrmion motion

After the characterization of Brownian motion, we proceeded to analyze the directed
motion of skyrmions, passing a current through the sample.
Clamping the sample with metal contacts, a DC current is applied. The goal is to
observe the transition from diffusive motion to a transported one and to distinguish
this kind of movement employing the MSD curve. The Fig 2.1 shows that for directed
motion the MSD must have a clear positive curvature. Comparing the shape of
the tracks when a current is applied (Fig 2.16) and without current (Fig 2.2), it is
apparent that the tracks are longer, indicating that skyrmions motion is no more
just random; there is directionality.

Figure 2.16: Plot of the skyrmion tracks in a 80 × 80 µm2 square irradiated with
7.2 × 1012 ions/cm2 when a DC current of 8 mA is applied.

The motion was recorded applying both 8 mA and 10 mA for 15 seconds; with 8
mA skyrmions acquire more speed and transported motion is replacing the erratic
Brownian motion, while directionality is fully achieved with 10 mA. Indeed, the
typical parabolic behavior of transported motion is evident in the MSD plot for 10
mA in Fig 2.17, while for 8 mA the MSD curve is slightly different than the diffusion
case, especially because here the behavior is consistent also for long delays. We
have not analyzed higher currents because then skyrmions were very fast and both
the optical resolution of the system and the time resolution of the camera were not
enough to follow the skyrmion trajectories. For the same reason, the investigation
was restricted to skyrmions in squares with lower ion doses, in which the skyrmion
density is reduced and tracking skyrmions is achieved with more accuracy.
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Figure 2.17: MSD curves when DC currents of 8 mA and 10 mA are applied.

Using a DC current of 10 mA is enough to achieve directionality, thus to study the
relation between ion doses, applied magnetic fields and current we stick to this value.
As prior to current application, for higher ion doses the motion is less constrained by
pinning. In Fig 2.18d even though the ion dose is higher, the MSD curve shows a lower
slope than the one of skyrmions at the same field and lower ion dose (Fig 2.18c). This
data tells us that skyrmions are moving less with an ion dose of 8.1 × 1012 ions/cm2

and it is not coherent with what we observed at the microscope, because we clearly
perceived that the current transports skyrmions. The reason behind this result is that
at 10 mA skyrmions acquire more velocity and at 8.1 × 1012 ions/cm2 the density of
skyrmions increases to a point that tracking is unreliable even with the best time
resolution achievable in the setup.
All in all, the data that we have collected is enough to state that employing a
current, on top of the fluctuation typical of Brownian motion, in ion irradiated states
skyrmions can be moved and that transported motion is controllable by ion dose.

32



Brownian motion of magnetic skyrmions

0 2 4 6 8 10 12 14 16

Delay in s

0

2

4

6

8

10

12

M
ea

n
M

S
D

in
7
m

2

Ion dose = 7.2#1012 in ions/cm2 and current = 10 mA

Magnetic -eld = 0.6 mT
Magnetic -eld = 0.7 mT

(a)

0 2 4 6 8 10 12 14 16

Delay in s

0

2

4

6

8

10

12

M
ea
n
M
S
D
in
7
m
2

Ion dose = 7.5#1012 in ions/cm2 and current = 10 mA

Magnetic -eld = 0.6 mT
Magnetic -eld = 0.7 mT
Magnetic -eld = 0.8 mT

(b)

0 2 4 6 8 10 12 14 16

Delay in s

0

2

4

6

8

10

12

M
ea
n
M
S
D
in
7
m
2

Ion dose = 7.8#1012 in ions/cm2 and current = 10 mA

Magnetic -eld = 0.5 mT
Magnetic -eld = 0.6 mT
Magnetic -eld = 0.7 mT
Magnetic -eld = 0.8 mT

(c)

0 2 4 6 8 10 12 14 16

Delay in s

0

2

4

6

8

10

12

M
ea
n
M
S
D

in
7
m

2

Ion dose = 8.1#1012 in ions/cm2 and current = 10 mA

Magnetic -eld = 0.6 mT
Magnetic -eld = 0.7 mT
Magnetic -eld = 0.8 mT
Magnetic -eld = 0.9 mT

(d)

Figure 2.18: MSD curves at different magnetic fields for fixed ion doses when a direct
current (DC) of 10 mA is applied. a) 7.2 × 1012 ions/cm2, b) 7.5 × 1012 ions/cm2,
c) 7.8 × 1012 ions/cm2 and d) 8.1 × 1012 ions/cm2. For all ion doses the MSD slope
reduces with increasing fields. While for increasing ion doses the MSD slope is higher,
however this is not seen for d) because the tracker is no longer able to follow the
skyrmion motion.
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It is interesting to inspect the change in diffusivity when skyrmions are driven by
a current. In this case, given the change to a parabolic shape of the MSD

MSD(t) = 2dDt + v2t2 (2.7)

the average MSD curve is fitted with a polynomial.
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Figure 2.19: Bar plots of the calculated diffusivities at different ion doses and
different magnetic fields, when a DC current of 10 mA is applied. The diffusion
coefficient without current is taken for 0.6 mT, which represents the highest diffusivity
for these ion doses and it is shown in this bar plot with the intent of highlighting the
improvement in diffusivity with the current applied.

The high diffusivity values reflect the larger spatial extent of skyrmions dis-
placement. What is striking in Fig 2.19 is the dominance of skyrmions with higher
mobilities at lower magnetic fields, which are the same showing more directionality
with applied current in the MSD plots in Fig 2.18. Moreover, the high difference
in diffusivity with respect to the case without current, highlights the advantages of
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tuning skyrmions mobility in several ways.

2.8 Conclusions

This chapter investigated the Brownian motion of skyrmions and its variation upon
ion irradiation in W(3)/CoFeB(1)/MgO(1)/Ta(3). We have shown that ion irradiation
can be used to improve the diffusion of skyrmions thanks to the reduction of pinning,
because FIB induces intermixing at the interfaces of the stack. Our view is that
ion irradiation can be used to change the diffusion regime, indeed by tuning the
amount of ions skyrmions motion shifts from confined to diffusive. However, we
have not explored the possibility of enhancing the diffusion of magnetic skyrmions
through defects, as it was simulated in [27]. It could be the starting point of another
analysis, to generate with the FIB inhomogeneities in the magnetic materials that
have strengths near the depinning threshold, and use the same specific conditions, in
order to record skyrmion Brownian motion and prove that it could be enhanced by
defects.
Another interesting aspect, considered in this analysis, has been the increase of
skyrmion density upon irradiation. It appeared to us that the increase of the density
could have a part in the increment of diffusion, and the data reflect this assumption.
Anyway, the high skyrmion density of our system makes more difficult to compare
the results to previous studies that have evaluated the diffusion of skyrmions [13, 26],
since those record the track of fewer skyrmions. Consequently, we conclude that since
we are considering an ensemble, the extracted figures of merit, like the MSD and the
diffusivity, are describing the most prominent behavior of the system. In the same
irradiated squares, pinned skyrmions and high mobile ones coexist; a higher ion dose
increases the number of diffusive skyrmions while for low ion doses pinning dominates
the forces acting on the ensemble. Thus, the possibility of tuning the Brownian
motion with irradiation makes the future use of diffusion as the driving force in a
skyrmion device very interesting, because it works at room temperature, and the
used fabrication techniques make it compatible with existing CMOS technologies.
Our set-up could be easily changed to apply a DC current, and the implemented
method to record and then analyze Brownian motion was also ready to measure
how the motion changes with a current and if it is directed. The reason why we
conducted this analysis is that one of the best qualities that makes skyrmions suitable
for logic devices is the possibility to induce their motion with a current, and it is
interesting to explore the effects of irradiation on skyrmion transport. The result
showed that skyrmions did not stop the fluctuations while the current passes through
the sample, and on top of fluctuating, skyrmions moved thanks to the current until
annihilating at the irradiated square edges. High current density also means an
increase in temperature due to the Joule effect. In this thesis, the latter effect is
not inspected, but it would be fascinating, since Brownian motion is dependent on
temperature as well, and it may be another way to tune skyrmion diffusion.
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Chapter 3

Gradient engineering

3.1 Fluctuations as a computing mechanism

In the previous chapter, we pointed out that the Brownian motion of magnetic
skyrmions can be tuned with ion irradiation. The next step is to make use of Brown-
ian motion as a driving force to dynamically modulate and redistribute information
to change state, in other words, to perform some computation.
Brownian motion is inherent in biological organisms and it offers a free search mech-
anism, essential to increase routes, improve information transfer, assist in response
trigger, and ensure variability. Digging more into biological examples that harness
fluctuations to achieve their functions offers an opportunity to find a way to exploit
diffusion as a useful resource also in our magnetic framework.
Among the biological activities aided by thermal diffusion, there is muscle contraction
[28]. Myosin is a protein structure in muscle cells that diffuses while searching for
the next binding site. The directional movement of muscle myosin is achieved thanks
to an energy potential created by the interaction between actin and myosin. These
two reacting molecules are brought closer by diffusion, so the random motion aids
the directionality of the reaction.
Another example is found in the study of genetic regulatory circuits, which highlights
that the stochastic production of proteins is the reason why subpopulations express
alternative phenotypes, even in genetically homogeneous populations in identical
environments, as it is pointed out by [29]. These two examples show that in different
biological functions, random fluctuations are essential to achieve a purpose, and in
both cases, noise is harnessed when it is biased. So, the potential function of the
system must be modulated by a driving mechanism [30].
This concept, proposed in [31], is exploited for a Brownian motor driven by tempera-
ture oscillations. The potential’s cycling, which provides the energy input, allows the
directed motion of particles when combined with structural asymmetry and diffusion,
as shown in Fig 3.1.
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Fig. 2 Working principle of a Brownian motor driven by temperature oscillations [19]: Consider suspended

noninteracting particles in a viscous medium moving along an asymmetric saw-tooth potential of period L

and height ∆V which are subjected to a temperature that changes in time between the values “hot” and “

cold” , T ∈ [Tcold, Thot]. For simplicity, let ∆V/(kBThot) " 1, and ∆V/(kBTcold) # 1. The dashed line

in the middle panel indicates the level 2kBT below which circa 95 % of the particles are found at any given

time. Initially, when the temperature is cold, the particles are pinned at a potential minimum. Then, when

the temperature is switched to “hot”, the particles effectively do not feel the potential and begin to diffuse.

In the middle illustration the thin red line indicates a Gaussian-like shape for the corresponding particle

distribution. When the temperature is low again, any particles that have diffused the short distance L1 = aL,

with a < 1/2, to the right are caught in the well to the right; likewise, any particles that have diffused the

long distance L2 = (1 − a)L towards the left are caught in the well to the left, and the rest are pinned again

in the original well from which they started out. Because the chance for a particle to diffuse over the short

distance L1 during the time when the temperature is high is much larger than the chance to diffuse over the

long distance L2, a net motion to the right is induced by such cyclic temperature fluctuations.

When the temperature is varied very slowly during a cycle (and restricting the discussion to the case that
the potential V (x) has only one minimum and maximum per period L, like in Fig. 2) it is quite obvious
that if the local minimum is closer to its adjacent maximum located to the right, a positive particle current
〈ẋ〉 > 0 will arise. Put differently, upon inspection of Fig. 2, it is intuitively clear that during the cool-down
cycle the particles must diffuse a long distance to the left, but only a short distance to the right. This in turn
induces a net transport against the steeper potential slope towards the right. All these predictions rely on our
assumptions that T (1∓A) are much smaller/larger than ∆V , and that the time-period T is sufficiently large.

The Brownian motor effect (8) occurs for very general temperature modulations T (t), as well. For the
same reason, the ratchet effect is also robust with respect to modifications of the potential shape [19] and
is recovered even for random instead of deterministic modulations of T (t) [22], with a modified dynamics
on a discrete state space [23], and in the presence of finite inertia [24].

The directed particle current is clearly bound to vanish in the so termed adiabatic limit (i.e. for asymptot-
ically, very slow temperature modulations), when thermal equilibrium is approached. A similar conclusion
holds true for asymptotically fast temperature modulations. By use of a correspondent, perturbative Floquet
analysis one finds the noteworthy result that the current decays to zero in both asymptotic regimes remarkably
fast, namely like T −2 in the slow modulation limit, and T 2, in the fast modulation limit, respectively [19].
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Figure 3.1: Working principle of a Brownian motor driven by temperature oscil-
lations [31]. The asymmetry of the potential function allows the overall motion to
be towards the right, because particles that diffuse towards the left should cover a
larger distance, which is less likely to occur.

To sum up, the role of stochastic processes in biology is accomplished thanks to
a bias that guides the randomness. On the account of this, to achieve an alternative
driving mechanism based on the diffusion of magnetic skyrmions, our system must
experience an asymmetry. Given the effects produced by different ion doses on the
diffusion of skyrmions, we propose a gradient of ion doses to engineer the Brownian
motion of skyrmions. Along the gradient, skyrmions should experience different
conditions that lead to their net directed motion.

3.2 Tuning magnetic properties with Focused Ion Beam

To design the gradient, it is essential to understand which magnetic properties change
upon ion irradiation, because their change influences skyrmions.
Gallium ions in Pt/Co/Pt samples show a reduction of crystalline anisotropy [32].
We assume that the same happens using our magnetic stack. The effect of irradiation
on the interface DMI is studied with Helium ions irradiated on the Ta/CoFeB/MgO
stack [33]. Enthalpy favors diffusion of Fe, Co, and B into Ta rather than MgO,
making the Ta/CoFeB interface more exposed to intermixing. Therefore, the two
interfaces have two different rates of intermixing, and this difference increases upon
irradiation. The outcome is that DMI, which is an interface dependent phenomenon,
increases with the ion dose. This result is considered valid also for irradiation with
Gallium, paying attention that being heavier, Ga+ ions are stopped more efficiently
and produce less damage to the underlying layers. Indeed, in our study of the
magnetic phase for different ion doses (Fig 1.7), for higher doses there are more
skyrmions, proving higher DMI and reduced anisotropy.
Both gradients with anisotropy and DMI have been simulated as the driving force for
skyrmion motion [34]. The results of this study are of interest for this thesis because
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they show the skyrmions’ behavior with respect to these changes and can help to
predict how skyrmions diffuse in the gradient. The simulations show skyrmions
moving in a straight line, similarly to Néel skyrmions driven by SOT, from regions
of high anisotropy to regions with lower anisotropy. From this evidence, the gradient
is designed to start with low ion doses (high anisotropy) and gradually change up to
high ion doses (low anisotropy).

3.3 Ion doses maps

The sample where we conducted most of the irradiation with the gradients is slightly
different than the one where we documented the Brownian motion of skyrmions. It
has a different thickness of the Ta capping layer: W(3)/CoFeB(1)/MgO(1)/Ta(2). This
changes the ion dosages at which skyrmions appear and the range of magnetic fields
that stabilize skyrmions. Since the gradients span over a range of ion doses, we
irradiated ion dose maps to find this range where the effects of irradiation are suitable
for the gradient. The input parameter that has to be inserted in the FIB and that
allows tuning the amount of implanted ions is the dwell time. It represents the time
that the ion beam remains in one spot. Moreover, we used the FIB with different
combinations of ion beam currents and blur to control the dose and the homogeneity
of irradiation. To finely inspect the ion doses, we employed the smallest ion beam
currents of our instrument: 7.7 pA and 1.1 pA. Beam diameters of 7 nm and 5 nm
(Fig 3.2) correspond to the selected currents.

 RECENT ADVANCES IN FOCUSED ION BEAM TECHNOLOGY AND APPLICATIONS   
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The GFIS (combined with low mass ions) yields a small virtual 
ion beam diameter that correlates with excellent imaging and 
nanoscale milling and deposition characteristics. The Ga +  
LMIS source is a workhorse source that provides good imaging 
as well as nano- and micro-milling and deposition characteristics. 
At larger beam currents, sources with a small virtual ion beam 
diameter (i.e., GFIS and LMIS) suffer from spherical aberration 
effects that limit their usefulness for some micro- and macro-
milling and deposition. The ICP (and electron impact  51 , 52  ) 

sources offer smaller beam sizes at larger ion currents (i.e., better 
current density) compared to GFIS and LMIS and excel in the 
macro-length scale. The range of ions/sources commercially 
available enables milling and imaging at length scales over 
several orders of magnitude (1 nm to 1 mm).       

 Ion-solid interactions 
 To achieve the potential of FIB microscopy, a more thorough 
understanding of ion-solid interactions is necessary. Ion-solid 
interactions govern sputtering, redeposition, ion-induced 
deposition, image resolution, and contrast mechanisms.  53   The 
most common ions that are used in commercial FIB instru-
ments are, in order of increasing mass, He + , Ne + , Ar + , Ga + , 
and Xe + . The stopping and range of ions in matter (SRIM)  54 – 56   
Monte Carlo simulations of ion trajectories and collision 
cascades of each of these 30 keV ions impinging into Si at 
normal (0°) incident angle are shown in   Figure 4  . At 30 keV, 
electronic stopping dominates the light mass ions (particularly 
He + ), while nuclear stopping dominates the heavy mass ions. 
Thus, as seen in  Figure 4 , the ion range decreases, and the 
sputter yield increases with an increase in ion mass. He +  is 
unique in that the electronic stopping regime dominates, par-
ticularly at the surface, enabling the He +  ions to penetrate Si 
without much lateral surface straggle and resulting in a sputter 
yield <<1 close to the surface. The lack of He +  lateral surface 
straggle plus the small virtual source contribute to the excellent 
imaging, nanomilling (particularly for thin fi lms), and nanode-
position resolution.  57 , 58   As He +  progresses through the target, it 

  

 Figure 2.      Current and development-phase ion sources by various source technologies encompass a substantial part of the periodic table.    

  

 Figure 3.      Beam size versus beam current graph of ions from 
different ion sources. Adapted from data courtesy of Noel Smith, 
personal communication.    

Figure 3.2: Beam size versus beam current graph of ions from different ion sources
[35]. In the FIB we use a source of Gallium ions at 30 keV.
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However, the diameter is also affected by the focus of the beam on the surface of
the sample; to adjust the focus, the blur can be set. In the context of FIB, blur refers
to the additional spreading of the ion beam spot beyond the ideal focused point. We
chose to inspect the effects of 10 nm and 20 nm of blur.

Ion beam current = 7.7 pA - blur = 20 nm
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Figure 3.3: Magnetic phase diagram of domain structures in Ga-ion-irradiated
40 × 40 µm2 squares on W(3)/CoFeB(1)/MgO(1)/Ta(2). The images of magnetic domain
patterns are captured with a polar magneto-optical Kerr effect (MOKE) microscope.

Fig 3.3 depicts the evolution of magnetic domain patterns and skyrmions nucle-
ation with different magnetic anisotropy given by different ion dosages. Through this
evolution we checked the behavior upon irradiation and confirmed that at higher
doses domains shrink and skyrmions are stabilized for higher magnetic fields.
To highlight the dependence of the ion dose on the current and dwell time, we report
the analytic formula to calculate it

Dose = Current × Dwell time
Area × Elementary charge . (3.1)

Then, we inspected the ion dose range obtainable with 7.7 pA and 20 nm of blur
and that presents skyrmions.

Ion beam current = 7.7 pA - blur = 20 nm
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Figure 3.4: Evolution of skyrmion nucleation for different ion doses, using in the
FIB settings 7.7 pA of ion beam current and 20 nm of blur.

As shown in Fig 3.4, for lower ion doses, skyrmions are mixed with domains and
the density of skyrmions progressively grows with higher ion doses as well as the
stability against external magnetic fields. We decided not to use ion doses higher
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than 2.06 × 1013 ions/cm2 because then the density of skyrmions is too high and
their motion is dominated by skyrmion-skyrmion interactions.
As anticipated, we checked the effect of changing the ion beam current and the blur.

Ion beam current = 1.1 pA - blur = 10 nm
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Figure 3.5: Evolution of skyrmion nucleation for different ion doses, using in the
FIB settings 1.1 pA and 10 nm of blur.

With 1.1 pA, the range of ion doses has changed, our hypothesis is that a different
way of implanting ions affects intermixing; thus the magnetic structure is stabilized
by skyrmions with different amounts of ions. The different range of ion doses is
visible in Fig 3.5. Moreover analyzing the case of 7.7 pA and 10 nm of blur, we
noticed that for only three ion doses (1.64 × 1013 ions/cm2, 1.72 × 1013 ions/cm2 and
1.80 × 1013 ions/cm2) stable skyrmions are obtained.
Before moving on with the irradiation and analysis of gradients, we evaluated the
Brownian motion for the skyrmions in these ion dose ranges. The motif of repeating
this analysis is to have a direct comparison between skyrmions subjected to a gradient
and skyrmions moving in a region irradiated with a single ion dose. In addition, the
knowledge of the changes in diffusion induced by FIB allows to design a gradient
that maximizes the asymmetry of the system.
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Figure 3.6: MSD curves at different ion doses and for 0.5 mT of field. Each plot
has a different ion beam current and blur: a) 7.7 pA and 10 nm, b) 1.1 pA and 10
nm, and c) 7.7 pA and 20 nm. In each case, skyrmions are more diffusive when the
higher ion doses are employed.

From Fig 3.6 we evince that skyrmions diffuse with Brownian motion and this
behavior is accentuated with higher ion doses.
For the sake of completeness, we also retrieved the diffusion coefficient, which turned
out to be on the same order of magnitude as the diffusivity calculated for skyrmions
on the previous sample. The trend of increasing diffusivity with higher ion doses is
clear in Fig 3.7.
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Figure 3.7: Bar plot of the calculated diffusivities at 0.5 mT and with different
ion doses, in each figure there is a combination of the ion beam current and blur:
a) 7.7 pA and 10 nm, b) 1.1 pA and 10 nm, and c) 7.7 pA and 20 nm. Skyrmions’
diffusivity is higher when the highest ion dose is employed.

Both combinations using 1.1 pA - 10 nm and 7.7 pA and 20 nm allow us to
inspect skyrmions’ behavior with at least five different ion doses, and each dose has
a different effect on diffusion. Thus, gradients realized with these settings of the FIB,
enable us to exploit these variations and possibly direct the diffusion of skyrmions.

3.4 Gradient of ion doses

The first attempt to realize a gradient of ion doses was with the irradiation of 10
rectangles with dimensions 8 × 80 µm2 inside a square of 80 × 80 µm2. Each rectangle
has a different dose, chosen thanks to the previous analysis on the variation of
diffusion. We quickly understood that patterning rectangles next to each other means
that the contours of the rectangle are patterned and this impedes skyrmion diffusion
between regions with different ion doses. With higher magnetic fields (Fig 3.8d), most
of the outlines disappear but at the same time also skyrmions with more mobility
annihilate. Furthermore, at high fields only pinned skyrmions remain and their
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motion is confined; thus the next gradients are patterned using another method. The
best way to achieve a smoother change of ion doses with FIB is patterning through
bitmaps, which are grayscale image files that allow precise control of dwell times and
beam movements.

(a) 0.2 mT (b) 0.4 mT

(c) 0.6 mT (d) 0.8 mT

Figure 3.8: WMOKE images of irradiated gradients on W(3)/CoFeB(1)/MgO(1)/Ta(3)
magnetic stack. The gradient is realized patterning narrow rectangles next to each
other with ion doses ranging from 8.5 × 1012 ions/cm2 to 7.5 × 1013 ions/cm2, with
1.1 pA of ion beam current and 10 nm of blur.

3.4.1 Irradiation with bitmaps

The 24-bit bitmap files are created normalizing to a color value the dwell time for
each pixel of the ion beam location.

• The red component does not control anything in this case, and is set equal to
the blue component.
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• The green component determines if the beam is blanked. Any value other than
zero unblanks the beam.

• The blue component determines the dwell time per pixel. If the value is zero,
the pixel is skipped. If the value is 1, the dwell time of a pixel is the lowest,
while if the value is 255, the user-defined maximum value of dwell time is used.

The dwell time corresponding to the grayscale value is linearly interpolated on the
basis of the value between 0 and the maximum dwell time. An example of a bitmap
created for patterning gradients is given in Fig 3.9.

Figure 3.9: Example of a 24-bit bitmap file employed to pattern a gradient of ion
doses. The gradient is visualized in grayscale, and the lightest part of the image
corresponds to the highest dose, on the contrary the darkest part corresponds to the
lowest dose.

Patterning with bitmaps allows pixel by pixel control, enabling the complete
control of the ion beam movement and of the dwell time. Other than the dwell time,
in a bitmap also the pixel density has to be carefully chosen. From the latter derives
the scan pitch, which is the distance between two sequential beam positions, and the
overlap between two beams, which is the ratio between the scan pitch and the ion
beam diameter. Pixel spacing should be small enough to allow proper overlapping
between the adjacent pixels so that a smooth and uniform profile can be fabricated.
While we already discussed both the ion beam current and the blur that affect the
ion beam diameter, now we report in Fig 3.10 the dimensions of the pattern and the
pixel density.
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Pitch = 20 nm

W = 40 µm

H = 40 µm

Beam diameter

Irradiated region

Figure 3.10: Illustration of the dimensions of the pattern of the bitmap and scan
pitch. The size of the bitmap M × N is defined as: M = W/pitch and N = H/pitch,
thus the pixel density is 2000 × 2000.

Before figuring out how to set the pitch of the bitmap, we tried with lower pixel
densities. In Fig 3.11 there is the result of the bitmap patterning with a density
of 100 × 100 pixels, the irradiation is not uniform and the desired ion dose is not
achieved; however, there it is clear the "rastering" movement operated by the FIB
during the patterning. The pixels of the bitmap image are scanned horizontally, line
by line.

Figure 3.11: WMOKE image of a 40 × 40 µm2 square irradiated using a bitmap
with a density of 100 × 100 pixels.

Once we figured out how to successfully irradiate with bitmaps, and which is the
best pixel density to employ, we got the first results of gradients.

46



Gradient engineering

Ion beam current = 7.7 pA - blur = 20 nm

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

External -eld in mT

1.75 - 2

1.78 - 2.03

1.85 - 2.09

1.90 - 2.15

Io
n

d
o
se

s
x
10

13
in

io
n
s/

cm
2

Figure 3.12: Evolution with respect to the applied magnetic field of domains and
skyrmions in ion dose gradients realized with bitmaps in a 40 × 40 µm2 region. Each
row has a different gradient of ion doses, starting from the top row towards the
bottom row, the first gradient is from 1.75 × 1013 ions/cm2 to 2.0 × 1013 ions/cm2,
then the second from 1.78 × 1013 ions/cm2 to 2.03 × 1013 ions/cm2, the third
from 1.85 × 1013 ions/cm2 to 2.09 × 1013 ions/cm2, and the last gradient is from
1.90 × 1013 ions/cm2 to 2.15 × 1013 ions/cm2.

The first observation on the WMOKE images of Fig 3.12, is the change in size of
domains within the same irradiated square, this proves the effect of different ion doses
acting on the same square and the smooth irradiation profile achievable with bitmaps.
In the regions with higher doses, domains are smaller and rip apart into skyrmions
at lower magnetic fields as we expected. However, the goal was to observe a change
in the diffusion of skyrmions, and in this case is neither possible to appreciate from
the microscope nor to quantify. Skyrmions are present especially in the higher dose
regions, and there their high density impedes the diffusion of skyrmions nucleated at
lower doses towards the end of the gradient. To overcome this obstacle, we propose
an alternative design of the gradient; instead of irradiating gradients in squares,
we irradiate them in rectangular regions to force skyrmion motion along the same
direction as the gradient and to better control the density of skyrmions. The idea is
that adding confinement to the gradient it could be possible to guide their diffusive
motion. Before proceeding with the irradiation of gradient stripes, we must study
the effect of geometrical confinement alone on skyrmion diffusivity when irradiating
rectangles instead of squares.
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3.4.2 Skyrmion diffusion in confined geometries

The confinement analysis is carried out on rectangles of three different dimensions:
8 × 40 µm2, 10 × 40 µm2, and 20 × 40 µm2, as shown in Fig. 3.13.

(a) 8 × 40 µm2 (b) 10 × 40 µm2

(c) 20 × 40 µm2

Figure 3.13: WMOKE images of irradiated rectangles, realized with 7.7 pA of
beam current and 20 nm of blur. The images are taken at 0.6 mT, and the ion dose
is 2.02 × 1013 ions/cm2.

To explore the effects of the edge repulsions on the diffusion, we recorded the
skyrmion motion and used the MSDanalyzer to analyze it. Again, through the MSD
plots, we can identify which geometry does not impede diffusion when the MSD line
has a linear time dependence.
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Figure 3.14: MSD curves of skyrmions in rectangles with different aspect ratios at
different fields. a) 0.6 mT, b) 0.7 mT and c) 0.8 mT. The ion dose for this comparison
is the same for all the plots, it is 2.05 × 1013 ions/cm2. In a), the blue curve for the
8 × 40 µm2 is less steep than the others, and using higher magnetic fields in b) and c),
it approaches a plateau, reflecting the effect of geometry on skyrmions’ confinement.

The plots of Figs 3.14a–3.14b, show that for 8 × 40 µm2 structures skyrmions
are confined, while in the 10 × 40 µm2 case they are more diffusive. While for the
same geometries, the analysis at 0.8 mT (Fig 3.14c) points out that at this field, not
only are the remaining skyrmions pinned, but there is a strong effect from the edges
of the rectangle that untimely stops skyrmion diffusion. The study of the interplay
between the total number of skyrmions and the structure geometry that influences
skyrmion diffusion was conducted by [36]. They proved that when skyrmions saturate
all the available area, they create a more stable structure because skyrmions can
no longer fluctuate between empty positions. While for the 10 × 40 µm2 rectangles,
skyrmions have enough space to cover larger distances, indeed, the MSD does not
reach a plateau value (for short delays).
Another indication that in 8 × 40 µm2 skyrmions are confined by the geometry comes
from the evaluation of the diffusion coefficient (Fig 3.15).
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Figure 3.15: Diffusivity bar plot for skyrmions confined in rectangles with two
different dimensions: 10 × 40 µm2 and 8 × 40 µm2.

With both ion doses, skyrmions in the 10 × 40 µm2 rectangles exhibit diffusivities
with the same trend observed before. At lower magnetic fields, they diffuse more
and D is higher, while for higher fields they are pinned, returning a lower D. On the
other hand, in 8 × 40 µm2 skyrmions have a diffusion constant that doesn’t change
with the applied magnetic field or with the ion dose, confirming that the geometrical
effects are dominating.
From the observation with the microscope, skyrmions in the 20 × 40 µm2 case are
moving with Brownian motion, similarly to skyrmions in squares. Moreover, this
aspect ratio is not enough to induce any restriction on the direction of motion. Thus,
rectangles of 10 × 40 µm2 are chosen as the geometry for gradients.

3.4.3 Stripe gradients

The gradients are irradiated through bitmaps. On the sample, we patterned 20
bitmaps and in each bitmap there are three gradients whose shape is a stripe of
10 × 40 µm2, as it is visualized in Fig 3.16.

Figure 3.16: On the left, there is the bitmap realized to pattern three stripes with
dimensions 10 × 40 µm2, and on the right the WMOKE image capturing the result
of this irradiation.

50



Gradient engineering

Each gradient has a different range of ion doses, chosen on the basis of the previous
analysis. For some ion dose ranges, skyrmions are mixed with domains, and even
though we noticed high mobility of skyrmions, the presence of domains compromises
the tracking, because the DoG algorithm is not suited for distinguishing skyrmions
from domains. An example of such situations is in Fig 3.17, of these gradients, only
the one at the bottom is successfully analyzed with TrackMate, its ion dose range is
from 1.87 × 1013 ions/cm2 to 2.02 × 1013 ions/cm2.

(a) 0.6 mT (b) 0.7 mT

(c) 0.8 mT

Figure 3.17: WMOKE images of three gradients in rectangular shape, each subjected
to different magnetic fields.

Six ion dose gradients produce interesting results; of these, three have a larger
dose range, whereas the other three have been created with smaller dose differences.
We first show the results of gradients with the smaller dose difference and for each
gradient, we compared it with the result of the highest dose present in the gradient.
The choice of this comparison comes from the observed trend of better diffusivity at
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higher ion doses, so it is done to find out if the gradient engineering allows skyrmions
to acquire more mobility.
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Figure 3.18: MSD curves obtained with skyrmions moving in a gradient that ranges
from 1.93 × 1013 ions/cm2 to 2.08 × 1013 ions/cm2, compared to the MSD curve of
skyrmions at the highest ion dose (2.08 × 1013 ions/cm2), each at a different magnetic
field.

In the comparisons of Fig 3.18, it is clear that in the gradient skyrmions have
more mobility; indeed, their MSD curve is more linear than the one using only one
ion dose. The other striking feature of employing the gradient together with the
stripe geometry is that increasing the magnetic field, the behavior remains diffusive,
instead of switching to confined. The same trend is observed for the other two
gradients: one from 1.87 × 1013 ions/cm2 to 2.02 × 1013 ions/cm2 and the other from
1.90 × 1013 ions/cm2 to 2.05 × 1013 ions/cm2.
Passing to the other three gradients, with a larger difference of ion dose between the
minimum and the maximum in the gradient, we expect different results, because in
the same stripe, thus in less space, skyrmions experience more variations of ion doses.
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Figure 3.19: MSD curves obtained with skyrmions moving in a gradient that ranges
from 1.84 × 1013 ions/cm2 to 2.08 × 1013 ions/cm2, compared to the MSD curve of
skyrmions at the highest ion dose (2.08 × 1013 ions/cm2), each at a different magnetic
field.

Before (Fig 3.18), the gradient showed better results than a single ion dose
with a big margin; whereas, in Fig 3.19b skyrmions motion seems confined. Ac-
tually, looking at the results, each in its own scale, in the gradients skyrmions
motion is never restricted; it is the very large distances covered by skyrmions in
the case of Fig 3.19a to make the other curves look confined. The greater diffusion
experienced in the gradient is retrieved also for the other two gradients, one from
1.78 × 1013 ions/cm2 to 2.02 × 1013 ions/cm2 and the other from 1.81 × 1013 ions/cm2

to 2.05 × 1013 ions/cm2.
To have a direct comparison between which gradient, with lower or higher differences
of doses, has a better impact on diffusion, we examined the diffusivity.
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Figure 3.20: Bar plots of the diffusivity, (a) of gradients with lower ion dose
difference, and (b) of gradients with higher ion dose difference.

It is undoubtedly the gradient 1.84 × 1013 ions/cm2 to 2.08 × 1013 ions/cm2 shows
the best diffusivity, and it is not only greater than the one of skyrmions in a 10×40 µm2

rectangle at 2.08×1013 ions/cm2, but it is even higher than the diffusivity of skyrmions
in 80×80 µm2 squares. This shows the improvement of the Brownian motion achieved
by both the geometrical confinement and ion dose gradient.
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3.5 Conclusions

The research illustrated in this chapter was stimulated by the need to exploit the
"richness" of Brownian motion. From the example of other computing schemes, all
started with the study of biological functions that take advantage of fluctuations.
The evinced principle is that to process the information associated with a physical
entity, in our case the magnetic skyrmion, and using Brownian motion for doing so,
the latter must be modulated.
Therefore, the idea is to realize a gradient of ion doses that could affect the diffusion
of skyrmions and direct them along the direction of the gradient.
FIB is a very powerful tool to tune the ion density, and the best way to obtain the
gradient is to construct a bitmap of dwell time and pattern with it. We conducted a
detailed analysis of the FIB settings needed for the bitmap, the ion beam current,
the defocus diameter, and the pixel density. This work could be significant because it
can be integrated as the fabrication process in neuromorphic devices, such as for [37,
38]. In those artificial neurons, the domain wall motion along a gradient of anisotropy
is exploited to reproduce the leaking feature of neurons. By knowing the variation
in anisotropy related to ion doses, it can be created with FIB. Another aspect to
consider when using FIB is its compatibility with other CMOS technologies. With
the high demand of new devices, and thus of new expensive fabrication techniques,
it is valuable when a new technology opens up to new applications using the same
processes as the previous one. Completely changing all devices to spintronic devices
is very ambitious, while incorporating this technology with CMOS is more utilizable
in the near future.
This idea is validated by another biological example. Indeed, our brain is a highly
heterogeneous architecture, with specific functions being conducted in different
areas by different cells. The diversity in the components allows a reduction of the
computational cost [39]. On the other hand, von Neumann architecture, the dominant
computational model, uses small number of powerful computational units that take
in a lot of data. By analogy to the brain, exploiting heterogeneous devices that are
very specific and highly efficient, like magnetic devices together with scaled CMOS
devices, may be one possibility to answer the demand for new processing units.
Going back to the main topic, to achieve the goal of directing diffusion of skyrmions,
the gradient of ion doses alone is proved not to be enough. The strategy became to
change the shape of the irradiated structure in which there is a gradient. From a
square, we passed to a rectangle to guide the Brownian motion through a gradient
and through confinement. This opened the necessity to analyze first the confinement
effects on Brownian motion. We found the aspect ratio of the rectangle for which
the patterned edges don’t impede the skyrmion diffusion.
In the end, the combined effect of ion dose gradient and confinement led to an increase
in diffusion, but not to directed motion. The expected behavior was for skyrmions
to move from regions of high anisotropy (low ion dose) to regions of low anisotropy
(high ion dose), because this is more energetically favorable. However, the main
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limitation to the development of this idea is that skyrmions at the beginning of the
gradient don’t have enough space to move towards the other end, since it is occupied
by skyrmions nucleated at higher doses. Effectively tuning skyrmion density in the
gradient would be the next step to complete this analysis.
Eventually, skyrmions may be moved by current pulses and achieve directionality,
while the modulation of the diffusion through the gradient may serve as the leaking
mechanism for an artificial neuron. Or the rectangular gradient could be the chamber
where skyrmions diffuse in a reshuffler device, as the one proposed in [12]. Furthermore,
the precise control of movements and dwell times achievable while patterning with
bitmaps unlocks the possibility of creating more intricate patterns of ion doses and
thus of anisotropy, or, as suggested in this thesis, different diffusivities. An idea could
be to put near each other gradients with diverse variations of ion doses and different
directions, forcing skyrmion motion to happen in "bursts" (Fig 3.21).

Figure 3.21: 24-bit bitmap pattern for skyrmion "burst" motion. Darker areas
correspond to smaller dwell times and light areas to longer dwell times.

All in all, the engineering of the gradient produces a controlled diffusion of
skyrmions and highlights how versatile the modulation of skyrmion properties through
ion irradiation is.
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Appendix A

Experimental set-up

In this section, the instrument used to pattern the thin films, the Focused Ion Beam
(FIB), is illustrated. The patterning specifics, like the ion beam current and beams
overlap, and the realization of bitmaps are discussed in chapter 3. Then there is an
overview of the wide-field magneto optical microscopy (WMOKE) used to obtain
images for magnetic domains and skyrmions analysis.

A.1 Focused Ion Beam

Focused ion beam technology was developed as a result of research on the liquid-
metal ion sources (LMIS). Since its commercialization, it has been widely used for
nano-fabrication purposes, because it has four functionalities: milling, deposition,
implantation and imaging. The instrument that we have been using is a DualBeam
system, thus it incorporates both a FIB and a SEM (Scanning Electron Microscope).
In this way, it achieves tasks beyond the limitations of both systems. Indeed, the
electron beam is not suited for lithographic purposes; it has a slower deposition rate
and difficulties penetrating harder materials without suffering distortion effects due
to local charge build-up. The reason for these disadvantages arises from the electrons’
low mass. Therefore, using an ion beam has all the advantages coming from more
massive elements. When the FIB directs a stream of high-energy ionized atoms
towards a surface, ions collide with the atoms of the sample, and if the collisions
are elastic, the obtained effect is sputtering. The capabilities of removing atoms
for milling or deposition with high resolution, or implantation, are the mainly used
features of FIB. Aa a matter of fact for the study of this thesis, implanting ions in
the magnetic stack offers the possibility to tune the properties of the stack.
Moreover, if ions have inelastic collisions with the surface’s atoms, secondary electrons
are produced and these are exploited for imaging purposes. This implies that during
milling, secondary electrons allow imaging. However, this FIB can cause undesired
damage to the sample, especially considering that ions are larger and while penetrating
the surface, their size causes more interactions, breaking of bonds and even changes
in the chemical state of the material [40].
In a DualBeam system, imaging can be done with the electron beam, limiting the ion
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beam use to lithography and not damaging the sample. At the top of the ion beam
column there is the LMIS that produces Ga ions, then the ions are pulled out and
focused. Both the columns for ions and electrons are based on the same principle, as
it is shown in Fig A.1, the stream of charged particles is focused by a series of lenses
and apertures. Anyway, the control mechanisms between the two beams are different,
given that ions are more massive and usually positively charged, while electrons are
always negatively charged. The higher kinetic energy of ions requires greater fields
to be focused than electrons. Electron and ion optics employ magnetic and electric
fields to change the particles’ path, and ion lenses are exclusively electrostatic lenses.

1-7

Overview   DualBeam system components

Thermo Fisher Scientific, Limited Rights Data

signal, modulated by the detection system signal produces the 
onscreen imaging of the specimen surface. 

 Detection unit 
Particles striking the specimen react with atoms of the sample 
surface in various manners: 

– The electron beam produces electrons and photons (X-rays). 
– The ion beam produces ions, electrons, and photons (X-rays). 

The detector system picks up the particles or photons, converts 
them into a digital signal which is then sent to the control PC 
and shown on the monitor. 

Figure 1-1 Column Schematic Overview

SCAN GENERATOR M

DETECTOR

Electron/Ion Source

Lens System

Detection Unit

Scan UnitLens(es)

Condenser

Deflection 
System

Final Lens

Specimen

Figure A.1: Column schematic overview present on the user operational manual of
the Helios 5 DualBeam system.
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A.2 Magneto-optical microscopy

Magneto-optical effects arise from the interaction of electromagnetic waves and
magnetized materials. The magneto-optical Kerr effect is based on the rotation of
the plane of polarization of light during reflection from a magnetized surface. In this
way, the state of magnetization is detected and used to create the magnetic image.
Three different types of MOKE can be distinguished, which depend on the orientation
of the magnetization relative to the plane of incidence and the orientation of the
polarization of light. The configurations are illustrated in Fig A.2.

Figure A.2: The three basic configurations of the (a) polar, (b) longitudinal, and
(c) transverse magneto-optical Kerr effect. The unit vector of magnetization m lies
along the easy axis [41].

For this thesis, the imaging of magnetic domains and skyrmions is performed
through the WMOKE microscope. The wide-field MOKE microscope employs an
LED to illuminate a wide area of the sample and an analyzer to detect the reflected
light, which allows fast imaging of magnetic textures.
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