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Abstract

Skyrmion nucleation and motion are at the core of the development of new
technologies such as racetrack memories or new-gen MRAMs, which feature larger
storage capacities and faster and more efficient operations. The objective of this project
is to take the first steps in design and development of 3D nanostructures capable
of hosting Skyrmions to investigate their nucleation and motion driven by thermal
gradients. Manipulating Skyrmions using thermal effects offers several advantages
over electrical methods, as it avoids complications such as the Skyrmion Hall effect,
which can disrupt stable trajectories. Additionally, using thermal gradients can lead
to lower energy consumption, making this approach more efficient and sustainable for
future spintronic applications. For this purpose, a series of thermal and micromagnetic
simulations are carried out using the COMSOL and MuMAX3 softwares to gain
knowledge about the thermal gradients that appear in different structures and predict
more reliably how these could affect the movement of Skyrmions. The modeling is
complemented by experimental characterization of the magnetic state of the fabricated

nanostructures, showing hystesis loops compatible with the appearance of Skyrmions.

La nucleaciéon y el movimiento de los Skyrmions estén en el centro del desarrollo de
nuevas tecnologias como las memorias de tipo "racetrack” o las MRAMs de nueva
generacién, que presentan mayores capacidades de almacenamiento y operaciones
mas rapidas y eficientes. El objetivo de este proyecto es dar los primeros pasos
para el diseio y desarrollo de nanoestructuras 3D capaces de alojar Skyrmions e
investigar su nucleaciéon y movimiento impulsado por gradientes térmicos. Manipular
Skyrmions usando efectos térmicos ofrece varias ventajas sobre los métodos eléctricos,
ya que evita complicaciones como el efecto Hall de Skyrmions, que puede dificultar
trayectorias estables. Ademas, el uso de gradientes térmicos puede conducir a un
menor consumo de energia, haciendo que este enfoque sea mas eficiente y sostenible
para futuras aplicaciones espintrénicas. Con este proposito, se llevan a cabo una
serie de simulaciones térmicas y micromagnéticas usando los softwares COMSOL y
MuMAXS3 para obtener conocimiento sobre los gradientes térmicos que aparecen en
diferentes estructuras y como estos afectan el movimiento de los Skyrmions. El
modelado se complementa con la caracterizaciéon experimental del estado magnético
de las nanoestructuras fabricadas, obteniendo ciclos de histéresis compatibles con la

apariciéon de Skyrmions.
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Chapter 1

Introduction

State of the art

In recent times, energy consumption associated with the processing and storage of
data has increased drastically and predictions state that it will keep on doing so as
device performance and specification demands grow [1, 2, 3]. This growing energy
demand has inspired the exploration of alternative technologies aimed at reducing
power consumption. The development of low-power, non-volatile magnetic memory
technologies [4] may produce a solution capable of bridging the gap between concepts

and large-scale applications.

Skyrmion-based racetrack memories have emerged as a promising alternative for this.
Skyrmions —topologically protected magnetic nanoscale quasiparticles —offer great
robustness against defects and external perturbations when compared to conventional
magnetic domain structures [5, 6, 7]. Their size, topological protection and low
depinning currents make them suitable candidates for high-density, energy-efficient

memory and logic devices.

Figure 1.1: Schematic representation of a racetrack memory. (Hoffmann et. al.)[5]

Figure (1.1) depicts the mechanism of a Skyrmion-based racetrack memory. A detector
is placed and reads the magnetic state of each one and assigns a 1 or a 0 (bit

information) depending on the direction of the measured magnetic moment, m, of
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each Skyrmion. This would allow us to read and write using them as carriers of digital
bit information. However, the entire process relies heavily on the ability to reliably

move the Skyrmions.

The topic of Skyrmion motion has been widely addressed, unraveling a series of issues
that need to be overcome to achieve controlled movement. For example, when driven by
electrical currents, Skyrmions bend their trajectories due to the Skyrmion Hall effect,
limiting reliable device operation [8, 9, 10]. Alternative driving mechanisms have been
proposed to tackle the problem of controlled motion —such as thermal and magnetic
property gradients—but their precise influence on Skyrmion dynamics is not yet fully
understood [11, 12, 13, 14].

Recent advances in skyrmion research have significantly deepened our understanding
of Skyrmion thermal motion and potential for novel device applications such as
unconventional computing[15], where they demonstrated that thermal fluctuations
can induce Brownian diffusion of Skyrmions in low-pinning multilayers. Theoretical
background to the fundaments behind these effects is also being developed[16] by
systematically studying temperature-gradient-driven Skyrmion motion in single-layer
ferromagnets and multilayers. Entropic torques, thermally generated spin-currents
and magnonicand torques compete and the resulting motion direction thus depends
on material parameters. Notably, Skyrmions move toward hot regions in single layers
but toward cold regions in multilayers according to this study. Regardless, a complete
experimental validation is still missing. Existing studies provide insight into Skyrmion
nucleation and motion in planar (2D) structures [8, 17, 18, 19], but their behavior
in three-dimensional ones remains largely unexplored, especially in regards to how
thermal effects will influence their dynamics and stability in these systems. 3D systems
are particularly interesting in this topic, since they allow for much higher thermal

gradients, opening new possibilities to explore these rich phenomena.

Skyrmions

A Skyrmion is a topological defect in the magnetization texture consisting in local
whirls of the spins in a magnetic material. Their utility comes from their particle-like
behavior, as they can be moved, created and annihilated. The fact that they also
have an overall collective magnetic moment (m,) makes them a suitable candidate for
applications in novel digital storage devices such as racetrack memories [20]. However,
as mentioned previously, there are still gaps to fill when it comes to an understanding
that would allow us to integrate them as a reliable mechanism that can be used and

reproduced at a large scale.



Ferromagnets, seen from the magnetic spins’ perspective, tend to form ordered
configurations, as they constitute energy-minimizing states. In a magnetic system
with an out-of-plane anisotropy, the typical magnetic configurations are those in which
all spins align uniformly (either pointing up or down). In certain conditions, depending
on the internal interactions and external influences, non-trivial spatial arrangements

can emerge.

For example, during the transition between ”all up” and "all down”, the so-called
reversal of the magnetization, the spin population in a magnetic material can break
into domains. These domains are regions in which the spins point in a specific direction,

different from neighboring ones.

Skyrmions, named after Tony Skyrme, who proposed their theoretical existence[21],
constitute one of these nontrivial configurations. These structures arise due a special
interaction, known as Dzyaloshinskii-Moriya interaction (DMI) [7]. DMI describes
an energy component in the overall Hamiltonian of the system that stems from the
interaction between two magnetic spins that are spatially close to a heavy atom with
strong spin-orbit coupling, and it favors a non-collinear alignment of neighboring spins
[22], playing a central role in the stabilization of these domains. This interaction’s

Hamiltonian is described as:

HDMI = —D12(Sl X SQ) (11)

Figure 1.2: Visualization of interfacial DMI, with a ferromagnetic layer (grey) on top
a heavy atom layer (blue). (A. Fert et. al.)[7]

As any magnetic texture, Skyrmions are found in magnetic materials, but the necessary
setup for their emergence consists in more than just a magnetic film. The usual
arrangement is done by stacking a trilayer composed of // Heavy metal / Ferromagnet
with out of plane magnetic anisotropy / Isolating layer // (i.e. Pt/Co/MgO). The

first two layers are critical, as they constitute the basic requirements for the DMI to
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take place. The third one acts as an isolating agent against oxidation, although it also
serves the purpose of creating a non-symmetric layer distribution, as DMIs arise only
in systems lacking inversion symmetry [22]. Different combinations of these layers and
multiple repetitions can modify the properties of the system (i.e. anisotropy, stacking
order, dipolar interaction, etc.) and provide an avenue to tune the properties of the
Skyrmions[23].

Skyrmion morphology varies depending on the system’s properties and conditions it is
subjected to, but without taking size into account, we can distinguish two main types
differentiated by how the spins are oriented within this domain and, more importantly,
how they rotate as their position reaches the wall. We therefore categorize the walls
(and subsequently, Skyrmions as well) as Néel or Bloch. In Néel configurations,
the spins’ rotation axis is perpendicular to the surface vector of the wall. In Bloch
Skyrmions, the rotation vector is parallel to the wall’s surface vector (Fig. 1.3).
Thin layering configurations (like the one shown in Fig. (1.2)) favor energetically
Néel Skyrmions (Fig. 1.4b) rather than Bloch Skyrmions (Fig. 1.4a), that are more

common in systems where instead of thin magnetic layers, there is bulk material [24].

\\\\\\\\% /| /] ] / [ /\\\\l////g \\\\ | | [ [/

Figure 1.3: Visualization of domain walls.

Figure 1.4: Types of Skyrmions. (a) shows a Bloch Skyrmion, whereas (b) shows a
Néel type Skyrmion. (A. Fert et. al.)[7]



This master’s thesis

This work contains the preliminary steps to the experimental phase of a project
dedicated to the understanding of Skyrmion-related phenomena. We aim to shed some
light on the question of the influence of thermal effects in Skyrmions by investigating
their behavior in nanofabricated 3D devices. The strategy to achieve this consists of
generating local temperature gradients in the order of VI' ~ 10s or 100s of K/um.
These gradients are greater than the ones obtained in 2D systems, where they are
found to be in the range of VI ~ 1K /um [17]. This will ultimately allow for a deeper
understanding on how thermal driving and dimensionality affect nucleation, stability

and motion.

This master thesis comprises the results of a series of finite element simulations that
generated the thermal (and field) gradients subsequently used in the micromagnetic
simulations to study the Skyrmion motion. It also includes details of the fabrication

process of the studied structures, as well as the characterization methods used.



Chapter 2

COMSOL Thermal simulations

In this chapter we will study the thermal profiles of different Skyrmion racetracks. We
aim to find an optimal geometry to maximize the thermal gradients while minimizing
other spurious contributions such as the Oersted field. The complexity of the
configurations involved limits the use of analytical results and requires specialized tools
such as finite differences calculations. In our case, we have used COMSOL multiphysics
for this purpose. In particular, we will experimentally explore two distinct systems:
2D microdevices and 3D nanodevices. In the case of the 2D devices, the heat is always
produced by an electrical heater whereas in the 3D nanodevices it is provided by a laser.
In all the cases, we will study the thermal profiles and then, for the 2D devices, we
will also look at the Oersted field distribution generated by the current injected in the
heater. This will be critical for the design of optimal devices using both micromagnetic

simulations and experiments.

(a) (b)

Figure 2.1: (a) 2D microdevice for nucleation and motion of Skyrmions. Adapted from
[17]. (b) 3D structure
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2.1 Finite differences calculations in 2D and 3D
geometries

2.1.1 2D microdevices

An example of a 2D device is shown in figure 2.1a. In this device, the active bar
with the magnetic stack is placed between two metallic heaters providing the option to

change the directionality of the temperature gradient by using one heater or the other.

This setup is designed for different transport and thermal transport measurements. It
is possible to perform longitudinal and transversal (Hall) resistivity measurements with
four probes to avoid contact contributions to resistivity, allowing to measure changes in
the magnetization produced by the existence of magnetic domains. It is also possible
to use the heaters in combination to observe how the Hall resistivity is affected by
these domains, since it is proportional to the z-component of the magnetization[25].
Similarly, it also allows to perform thermo-magnetic measurements, such as the Nernst
effect, using the two heaters to produce a thermal gradient and the different electrical
contacts to measure the thermo-spin voltage (see figure 2.1a). An electrical current
is passed through one of the heaters to generate a thermal gradient and subsequently,
the combination of heat flow and magnetic field leads to the generation of a voltage

perpendicular to both[26].

In this work, we compare two devices with different heater geometries and then
estimate the temperature and Oersted field profiles. Our goal is to create a platform to
study nucleation and motion of Skyrmions in planar structures by finding the optimal
conditions of operation by maximizing the temperature gradient as much as possible
while minimizing the Oersted field building on previous studies in similar systems|[17].
For this, we model two different gold conductor geometries of section (2 x 0.05 um?)
on top of a SiOy (0.09um) + crystalline Si (9.91um) substrate in order to have the
closest possible system to the real devices that we will show later in this manuscript. A
current of 0.161A is passed through the conductors and the heating of the surrounding

area takes place by Joule effect.

Temperature profiles

Fig.(2.2) shows the temperature distribution at the substrate’s surface and Fig.(2.3)
shows the temperature profiles at the line cuts showed as dashed lines in figure 2.2. In
the final devices, the multilayer sample will be placed at 1um distance from the heat
source. The active bar’s width is around 10pm. Due to the higher thermal gradient,

the nucleation occurs at the region of the active bar closest to the heater and thus we
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Figure 2.2: Temperature distribution along surface for two conductor geometries, zigzag
(ZZC) (a) and sinusoidal (SNC) (b).

define a region of interest (ROI) of the first 2 um of the bar. The resulting temperature

gradients for such region are shown in Fig.(2.3).

In the ROI the temperature gradient is in the order of -5 K/um for ZZC (Fig. 2.3c)
and -6 K/um for SSC (Fig. 2.3d). This is consistent with the reported values from
Wang et al. [17] of 1-3 K/um. The slight differences appear due to slight changes in the
material, geometry and applied current used. The higher thermal gradient obtained

for the SSC device is a good indication of an improvement over the ZZC geometry.

QOersted Field distribution

Oersted field is generated by electric currents and is highly dependent on the geometry
and density of the electric current. The interaction between Skyrmions and the Oersted
field is a very active topic[27] since it offers a versatile mechanism for Skyrmion
manipulation without the need for direct current injection into the magnetic layer,
reducing Joule heating in the sample and preserving Skyrmion stability. Previous
studies have demonstrated that Oersted field can efficiently control Skyrmion size
[28, 29], and motion [30]. Since we aim to study the effect of thermal gradients
in Skyrmions, we need to minimize the Oersted field, as well as know their
values to account for them in future estimations[17]. The current density distribution
is different for the two selected geometries for the conductors in 2D microdevices, as

shown in Fig. (2.4) and thus the Oersted field generated (see figure 2.5).

Local changes in current densities contribute to the overall field distributed along the

surface. We have used the current profiles to calculate the corresponding magnetic
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Figure 2.3: Temperature values with respect to the distance from the conductors, with
the zero positioned at its edge, where (a) and (b) show the values obtained for each of
the drawn lines in Fig. 2.2a ZZC and Fig.(2.2b) SSC, respectively. Graphs in (c) and
(d) correspond to the ROI in both systems (a-c;b-d), that is between 1 - 3 um away
from the conductor’s boundaries in both cases.
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Figure 2.4: Electric field norm distributions along each conductor, in V/m ZZC (a) and
sinusoidal SNC (b). Higher values of this norm indicate higher charge concentrations,
pointing an uneven distribution of electric charge in the system.
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Figure 2.5: Oersted field distribution in the z direction (Out of plane) for each setup
along the surface. (a) ZZC, (b) SSC. Color scaling is in logarithmic scale for contrast
purposes. For that reason the right side of each conductor does not display values, as
the field in this region is Bz<0.

fields and gradients that will be used later to analyze their influence on motion and

stability.

The same way we plotted temperature along a line perpendicular to the y axis in the
region of interest, a measurement of equal characteristics has been performed to gain
a clear picture of the Oersted field variation in the ROI (Fig. 2.6), complementary to

the information shown in Fig. (2.5).

By looking at Figs. (2.6¢; 2.6d) we can estimate that there is a magnetic field gradient
of about VB = —0.002 T/um for both systems’ ROIs. This, in the end makes it easier
to choose a conductor geometry for an experimental setup as the objective of this field’s
analysis is to determine which configuration would minimize this component. Having a
similar gradient for both, we pay attention at the maximum and minimum field values
and we can see that, as the ZZC (Fig. 2.6¢) has a maximum of 8.5 mT and a minimum
of 4.5 mT, the SSC (Fig. 2.6d) shows a maximum of 7.5 mT and a minimum of 3.5
mT. In conclusion, the sinusoidal conductor geometry SSC yields a lower Oersted field,

although the gradient would be similar as in the other case.
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Figure 2.6: Oersted field distributions along dotted lines in Figure 2.5. (a) corresponds
to the ZZC system and (b) to the SSC one. The (c-a) and (d-b) graphs represent the
field distribution in the whole region, as well as their respective ROIs.

2.1.2 3D device simulation

We now move to the second main system, 3D nanostructures. In these structures it is
possible to gain larger temperature gradients than the ones expected in 2D as heat flow
is more confined and has fewer available dissipation paths. Here, heating will be done
using an optical source due to the complexity of fabricating electrical devices in 3D
nanostructures. We use similarly COMSOL heat transfer package, implementing the
geometry of the nanostructures itself and using the thermal conductivity of platinum
[31, 32]. We use realistic values for continuous laser beam of a power of 3 mW focused
with a 10x objective into a beam width with 10 ym of diameter we obtain a fluence
of 3.8:10" W/m? We can simulate the input heat flux in the surface considering
an absorption of the TaOx surface of the multilayer of about 88%][33]. In this case,
we will only obtain the temperature gradient distribution along the structure, as we
don’t expect a magnetic field distribution along our sample. The desired structure is
showcased in Fig (2.1b).

The simulation has been carried out by modelling an energy flux entering the system

from the top-most surface that is then distributed through the whole system. With
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this, we expect to gain a larger temperature gradient than the ones obtained for 2D

systems. The heatmap for such structure is shown in Fig. (2.7)

A 353

350
340
330
320
310

300

-5 ¥ 293

Figure 2.7: Optically heated temperature map of "horseshoe” 3D structure. Additional
figures (b), (c), (d) have been included to have a more complete view of the structure
in its entirety.

A line along one of the ramps has been selected to track the variation of temperature

and obtain the precise gradient, shown in Fig. (2.8).

350
345
340
335-
330y
325¢
320r
315¢
310y
305
300¢
295
0

Temperature (K)

2 4 6
Line length from up to down point (um)

Figure 2.8: Temperature variation along the line drawn in Fig. 2.7. In the x axis, 0
represents the upper most point, and the end point of the line is located at around
6um from there.

The measured temperature gradient in this region is approximately 10 K/um, which is

about an order of magnitude larger than the gradients obtained in the 2D simulations
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presented earlier. It is important to note that only about one-tenth of the laser
beam’s total power (around 0.3 mW) is absorbed by the device due to its smaller
area compared to the focused beam, whereas the power injected into the heater in
the 2D simulations is about 1 W, four orders of magnitude higher. This comparison
highlights that 3D nanostructures are significantly more efficient at generating thermal
gradients and, additionally, laser heating does not produce any Oersted fields making

the study simpler.
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Chapter 3

MuMA X3 simulations

The collective state of a system of many spins is expressed, macroscopically, through
the quantity known as magnetization (M[A/m]). The total magnetization of a system
is computed by integrating the magnetic state of each of the individual spins in all the
system’s volume (see Equation (3.1)), where m(r,t) is the normalized vector field that

represents the state of each spin for a given moment t.

M(t) = Ms/vm(r, t)dr (3.1)

For large systems on the order of hundreds of nanometers to a few micrometers,
atomistic spin dynamics become inadequate due to their high computational cost
and time requirements. At this scale, micromagnetism is more suitable for studying
magnetization dynamics. MuMAX3 [34] is a simulation tool for micromagnetism. It
works by modelling the state and evolution of a system of individual spins, influenced
both by internal (such as exchange effects, and magnetic anisotropy) and external
factors (including electric currents and external magnetic fields). It does this by
using the Landau-Lifshitz-Gilbert (LLG) equation (3.2), that describes magnetization
dynamics at microscopic scale.

Som(r,t) = 1iv = ——— (m X Hogy + am x (m x Heyy) ) (3.2)

dt 1+a?
Where v is the gyromagnetic ratio (1.76 - 10! rad/s) and « is the damping parameter
(adimensional). This last parameter is essential as it accounts for the system’s
"flexibility” when accepting domain deformations. Lastly, H.ss (the effective field)
is a combination of the external magnetic field, the demagnetizing field, and internal
magnetic interactions that arise from quantum effects of the system, which, as explained

before, depends on the present interactions, both internal and external.

Energetically speaking, every system tends towards stability. The time evolution of a

system is driven by this tendency and the reported changes e.g. motion, deformation
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or nucleation of new magnetic textures, constitute steps directed to the achievement of
a stable (or metastable) state of minimal energy. The effective field used in the LLG
equation (3.3) is obtained from the energy functional described in (3.4) and accounts
for all interactions present in the dynamics landscape of the system. It is possible thus
to include other sources of effective magnetic field such as spin polarized currents to

study its effects on the local and global magnetic state of a system.

1 OE
H. = — —
s oM om

(3.3)

E[m,t] = /V {A(Vm)? — poM H .y — %MHdemag + Hpar + Hops + .. 3P (3.4)

Where the terms of the energy functional represent (from left to right):

— The exchange energy

— The associated energy to an external applied magnetic field

— The demagnetizing field energy

— The interfacial DMI energy, as shown in the introduction, in equation 1.1
— The anisotropy energy

In this section we show the results of a series of micromagnetic simulations where some
of the input parameters come from the data extracted from thermal and field gradients
(see 2).

The objective is to analyze the motion of Skyrmions in Pt/Co/Al and Ta/CoFeB/MgO
multilayers exhibiting out-of-plane magnetic anisotropy. However, due to the absence
of specialized hardware required to run fully detailed simulations, we will focus on a
simplified system and consider only the Pt/Co/Al trilayer. The results presented in the
previous section regarding temperature gradients and Oersted fields are incorporated
into this analysis to simulate the Skyrmion properties and motion. The influence
of temperature is significant, as temperature gradients cause variations in saturation
magnetization, uniaxial anisotropy, exchange stiffness and DMI strength, among others,
as reported in various studies [13, 16]. Their dependences with temperature are shown

in Equations (3.5), (3.6), (3.7), (3.8) [16, 35].

Mol T) = M) (1= 1) (35)
Kuy(T) = Kui (0) (1 - %)3 (3.6)



AulT) = A1 - 7) (3.7)
DMI(T) = DMI(0) (1 - %)” (3.8)

Where M, (0), Kuq(0), Aer(0), DMI(0) are the values of the properties at 0K.

Methodology

We model a 2D layer of cobalt where a temperature gradient is defined according to
the results obtained in chapter 2 for all structures. In all the cases the simulation
was carried out using a stripe of 256x48 nm. The specific magnetic and geometric

parameters for the simulations are shown in Table 3.1

Parameter Value
Number of cells: Nx x Ny x Nz | 256 x 48 x 1
Cell volume = Ix x ly x Iz (nm?) | 252 x 48 x 1
Damping () 0.05
Anisotropy direction OOP (0,0,1)
Periodic boundary conditions (5,0,0)
DMI (0) (J/m?) 2.1073
Aex (0) (J/m) 1.1-1071
Ms (0) (A/m) 10°
Kul (0) (J/m) 1.2-10°

Tabla 3.1: Parameters used in the MuMAX3 simulations for skyrmion motion.

After setting the initial values for the cobalt film and finding a relaxed state with
Skyrmions in the system, we proceed with establishing the temperature gradients based

on the results obtained before.

To emulate the gradient the system is divided in N regions in the x axis. For simplicity,
the gradients are taken as linear. The temperature is then evaluated in each of the N
regions, and then used to compute the exchange stiffness, DMI strength, anisotropy and
saturation magnetization in them. We abstained from including thermal fluctuations,
since thermal noise disturbs the simulation significantly, to the point of annihilating the
Skyrmions. This poses difficulties to detect and measure the motion. These structures
have been observed as stable under these conditions experimentally [36, 37] allowing
us to make the assumption that disturbance due to this noise source can be neglected

from our model.
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Before simulating the Skyrmion motion, we first pre-nucleate a Skyrmion in the thin
film. The temperature is set at 350K and the applied field at B, = +20mT [17]. This
is done for both 2D and 3D. We then appropriately apply the thermal gradients by
adjusting the values of the magnetic parameters considering the temperature at each
point including a VI' = —6K /um for the 2D devices and aVT = —10K/um for the

3D ones.

Results

As the objective is to understand the effect of thermal gradients on the motion of
Skyrmions, here we present the behavior of Skyrmions under two different temperature
gradients. Since Oersted field distributions have also been obtained, I use them to
examine the influence of a field gradient on Skyrmion motion by comparing systems

with and without the field, while keeping the temperature gradient constant.

a) VT = 10K/pum t=0ns
L : > W
-3 -
E ) 256nm ! E

t=30ns
< <
s o
L 1T
A o
Z b) VT = 6K/um t=0ns Z
ki L
I:I_: ' '. -
o - =
E 256nm t=30ns ~

Figure 3.1: Diagram showcasing the difference in traveled length (in 30ns) for two
situations, both with no out of plane field components, but with different gradients;
(a) under a gradient of 10K/pum. vg,, = 2.033 £ 0.004 m/s; (b) under a gradient of
6K/pum. vgyy = 1.223 £0.001 m/s.

The simulations aim to mirror the reality as closely as possible. That is why the high

temperature region always corresponds to the maximum temperature reported in the
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systems where we obtained these gradients. In Fig. (3.1a) the maximum temperature is
353 K whereas in Fig. (3.1b) the maximum corresponds to the maximum temperature
in the SSC system gradient, 330 K.

The results show that the exposure of the sample to higher temperature gradients
causes an increase in the average speed of the Skyrmions which consistently travel
towards the hot region. By increasing the thermal gradient from 6 to 10 K/um
we obtain an increase in the average Skyrmion velocity of 60%. In this case, the
displacement of Skyrmions toward the hot regions is driven solely by entropic torques,
even though a more realistic scenario should include as well other terms such as
thermally induced magnon and spin currents caused by temperature gradients[13, 16,
38, 39]. These terms however are out of the scope of this work since they require
atomistic simulations to estimate more precisely the magnetic parameters. Magnonic
torques require the addition of thermal spin waves generated by a stochastic thermal
field in the LLG equation and thermal spin currents require an extensive material
characterization to know the real damping and field-like torques in the multilayer as
well as the thermal spin current generation. We thus focus here only in entropic torques,
i.e. we reflect temperature changes in the material parameters, (whose dependencies

have been shown previously in Equations (3.5) - (3.8)).
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Figure 3.2: Diagram showcasing the difference in traveled length (in 30ns) for two
racetracks under the same temperature gradient of 6K/um but; (a) in abscence of field
gradient v,,, = 1.233 £ 0.001 m/s; (b) under an Oersted field gradient of 2mT/pm.
Vapg = 1.013 £ 0.004 m/s.

256nm

256nm

HIGH TEMPERATURE
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The effect on motion of the Oersted field gradient can be visualized in Fig. (3.2)
where the traveled distance of the Skyrmion under the effect of Oersted field is slightly
lower than in its absence. The existence of a field in the direction of anisotropy causes
magnetic moments to be more "rigid” and less prone to accept the motion of domains,
therefore slowing them down. In the case of a change of the sign of the electric current

the Oersted field would flip and the speed would increase accordingly instead.

These results point to an opposite effect as observed in thermal stimulated motion
experiments, where the Skyrmion travels from the higher temperature regions to the
lower ones [17]. The key difference here is that with these simulations we are not
modeling the contributions to motion that result in the reported movement, such as spin
currents [16]. By simplifying the model, we have obtained the motion resulting from a
material property gradient induced by temperature, trying to reproduce a system that
resembles the real ones with the highest fidelity. The speeds reported also vary from
other studies of the same nature due to this very reason [13], since instead of simulating
a linear variation of properties such as uniaxial anisotropy or exchange stiffness, we

have used temperature-dependent expressions for the material’s parameters.
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Chapter 4

Micro, nanofabrication and
experimental characterization

In this chapter the focus is put on device characterization and fabrication. This has
not been the central part of my work in the project. However, I was actively involved
in conducting the experiments and discussions. For the sake of completeness, they are

included in this chapter.

The multilayers used for the experiments follow a specific process to achieve the
conformal configurations necessary to harbor Skyrmions, as explained in chapter 1.
The multilayers are deposited by magnetron sputtering. Sputtering is a Physical
Vapor Deposition (PVD) technique that excels at thickness control (down to sub-nm
resolution), interface quality and composition. In this process, energetic ions (like Ar™)
are accelerated towards a target material. Upon impact, atoms of the target are ejected

towards a substrate where the materials are deposited.

This technique allows the fabrication of multilayers where properties such as
perpendicular magnetic anisotropy (PMA) and the DMI strength are enhanced so
that Skyrmion nucleation becomes favorable in the system, as well as guaranteeing a
certain stability of these magnetic textures. In this case, the fabricated multilayers,
[Ta(5)/CoFeB(0.8)/MgO(1.2)],5 , were done in collaboration with TU Wien’s Physics

of 3D Nanomaterials group. The numbers represent the thickness of the layers in nm.

Micro and nanofabrication of devices

2D Microdevices, similar to the ones simulated in chapter 2 have been fabricated using

a combination of UV lithography and ion milling.

The devices have undergone one-step lithography on the microwriter (ML3Pro), where

a the multilayer is covered with a resist is exposed to UV light following the pattern

24



that it was previously designed. The microwriter allows for geometry control without
the need for masks. In this case, the substrate was coated with positive photoresist that
was then exposed to the UV beam. Then, using a developer, we remove the necessary
parts of the photoresist to produce the desired pattern. Finally, to remove the excess
material and defects, the sample is subjected to the process of ion milling, where Argon
ions are accelerated towards the sample to remove the material which was not covered
by resist ensuring clean and well-defined devices. Fig. 4.1 shows a batch of devices
produced using this technique. The zoomed-in version of two of the devices, showing

a slightly different geometry of the heater, can be seen in Fig. 4.2.
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Figure 4.1: Batch of 2D microdevices fabricated by UV Lithography and ion milling.
The inscriptions indicate the batch tag - width - and shape of the conductor, where
77 refers to the ZZC setup and R to the SSC one, as shown in chapter 2.

=t

FENG

The 3D nanostructures were fabricated by Focused Electron Beam Ion Deposition
(FEBID). FEBID is a direct-write nanofabrication technique that enables the growth
of 3D nanostructures with high spatial resolution using a focused electron beam
to dissociate precursor gas molecules adsorbed on a substrate surface, leading to
localized material deposition. It offers advantages such as resolution of a few tens
of nanometers, vertical growth rates of hundreds of nanometers per second, and
compatibility with a wide range of precursor materials including metallic, organic,
semiconducting, magnetic, and superconducting compounds[40]. Recent developments

by the group of our collaborator, Prof. Fernandez-Pacheco enable the fabrication of
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Figure 4.2: (a) ZZC heater setup, labeled as "ZZ” in Fig.(4.1). (b) SSC heater setup,
labeled as "R” in Fig.(4.1).

complex-shaped 3D nanostructures directly from standard 3D files, accounting for
factors like beam-induced heating, defocusing, and gas flux anisotropy[41]. In this
case, instead of constructing the whole 3D setup we wanted to analyze, we started by
constructing a simplified version, consisting of only a ramp, as shown in Fig. 4.3. Here
we use a Pt precursor, the most used one in FEBID. After fabrication of the ramps, we
grow a similar multilayer as in the 2D devices by sputtering on top of the ramp[42] to

be able to obtain Skyrmions in the 3D system, since the ramp itself is not magnetically

active and cannot host them by itself.

Figure 4.3: (a) SEM visualization of 3D built ramp using FEBID (b) structure seen
from above, showing its width (425.5nm)
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Sample analysis using NanoMOKE

For the characterization of the 2D multilayer sample, we have used the NanoMOKE
setup to detect the presence of Skyrmion domains in the sample. Magneto-Optic
Kerr Effect (MOKE) technique uses polarized light that, when reflected on a magnetic
material, causes a rotation of the polarization depending on the magnetization’s
direction in the region illuminated by the light. The NanoMOKES3 equipment includes
a set of galvomirrors and lenses providing spatially resolved imaging of the Kerr
rotation and reflectivity with micrometer resolution. The measurements performed
with this setup have been done using the polar configuration (Fig. (4.4)) and the
quadrupole magnet, allowing us to measure hysteresis loops by sweeping along the
perpendicular-to-surface axis & (and therefore studying if the film exhibits PMA) as

well as introducing an in-plane field offset along ¢ to study how this affects the cycles.

Light source &
detection

Sample goes here
Polarizer lenses

Analysis & Visualization software

Magnet for Hy offset

X Magnet for Hx sweep

Figure 4.4: Visualization of the NanoMOKES3 setup in POLAR configuration.

Following this procedure we obtained information regarding the existence of PMA
and the presence of domains. In the second case, we could not confirm accurately via
imaging if the domains are Skyrmion-like, as the lateral resolution is in the order of 1 um
in optimal circumstances[43]. If Skyrmions are smaller, it becomes impossible to resolve
their structure using MOKE imaging and one must resort to other techniques like

synchrotron-based transmission X-ray microscopy (TXM) or X-ray magnetic circular
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dichroism combined with photoemission electron microscopy (XMCD-PEEM)[44]. The
fact that we could not obtain clear images of Skyrmions using this setup indicates that
their size is smaller than the lower resolution limit, although modifications can be done

to increase it, such as using specialized objectives for ultra-high resolution.

We have used NanoMOKE and Dark Field (DFMOKE)[45] to analyze the behavior of
2D and 3D samples by sweeping across field values in the perpendicular direction to
the substrate’s surface while applying an in-plane bias field component. DFMOKE;,
an adaptation of MOKE that uses specular reflections from different planes of a
3D magnetic nanostructure to separately analyze magnetic switching in complex
geometries, is particularly useful for the measurement of 3D nanostructures as

conventional NanoMOKE struggles at isolating the magnetic signals of a complex 3D

object.
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1.0} . 0.5 e+
—~ 0.0+ i(
3 —~~
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Figure 4.5: Hysteresis loops resulting from the sweeping across the x axis. Coercive
field values are around + 10 - 20 Oe. It is important to point out the fact that in
MOKE measurements the quantity detected is not the magnetization state but rather
the Kerr signal.

In figure 4.5 we show the hysteresis loop characterization of the [MgO/CoFeB/Ta/,3
multilayer using three different techniques, in panel a and b we show the MOKE
loops taken in the full film and the DFMOKE measured on top of the 3D ramp. In
panel ¢, we show the anomalous Hall resistance of one of the devices described in the

microfabrication section.

In multilayer magnetic films hosting Skyrmions, hysteresis loops typically exhibit low
coercivity, and gradual tails toward saturation. The formation and annihilation of
Skyrmions and chiral domains lead to a progressive magnetization reversal, often

producing plateaus or step-like features in the hysteresis loops (see e.g. [19]) as seen
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in figure 4.5. These signatures provide experimental evidence of topological magnetic
domains stabilized by the interfacial DMI. The loop in panel b, corresponding to the
multilayer grown on the ramp presents a higher coercivity, probably related with the
higher roughness of the FEBID surface compared to the one grown on silicon wafers.
It also shows small jumps during the reversal, consistent with domain injection due to

the small size of the ramp (0.4x3 pum), comparable to the size of the expected domains.
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Chapter 5

Conclusions

This master’s thesis focuses on thermal and micromagnetic modeling of 2D and 3D
micro- and nanostructures to generate preliminary data and support the design of

better devices to study thermal nucleation and motion of Skyrmions.

The thermal COMSOL simulations reveal, as expected, that the generated thermal
gradients are larger in 3D nanostructures as compared to 2D ones. I demonstrate that,
in contrast to the 1 W required to generate a 6/ /um, gradient in the 2D device, only a
small fraction of that power—just 0.3 mW-—is sufficient to produce a gradient twice as
large, reaching 10K /um in the 3D nanostructure. These results in combination with
the magnetic modeling obtained via MuMAX3 for the motion of Skyrmions support the
idea of a higher efficiency in motion and generation of Skyrmions in 3D nanostructures.
The average velocity obtained in the 3D devices was also higher by 60% compared to

the 2D ones using these parameters.

The MuMAX3 simulations give us insight on the effect of the thermal gradient on the
material parameters and their influence on Skyrmion motion. It is important to keep
in mind that in order to describe the whole physical picture of the system, a series of
interactions/effects that have been either predicted or observed experimentally should
be included, such as spin orbit and transfer torque or the influence of magnonic torques.
Thermal stimulated motion of Skyrmions points to a tendency of the domains to travel
from hot regions towards cold ones. Here I show that, by only considering entropic
torques (changes with temperature in exchange stiffness, DMI strength, uniaxial
anisotropy and saturation magnetization) into account, the Skyrmions travel on the
opposite direction. Not only that, but it is also shown that the speed at which it travels
increases with the imposed temperature gradient and that the presence of a magnetic
field gradient in the Z direction causes a reduction in such speed when traveling from

the cold regions towards the hot ones. These results point out as well that the Oersted
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field can play a sizable (although smaller) role and devices must be design accordingly

to minimize it.

In the final part of my thesis project, I actively participated in the experimental
work, including the fabrication and characterization of 2D and 3D devices. The
magneto-optical measurements reveal that our multilayers present a perpendicular
magnetic anisotropy which is preserved even when grown on the 3D ramps. The
hysteresis loops observed by optical and electrical measurements are consistent with

the existence of chiral magnetic domains.

The combined results from thermal simulations, micromagnetic modeling, and
experimental data highlight the strong potential of 3D nanostructures for achieving

low-energy and efficient Skyrmion motion.
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