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Summary

The evolution of computer memory has led to a multilevel hierarchy, balancing speed, storage
density, and cost. As complementary metal oxide semiconductor (CMOS) memory limits are ap-
proached, interest grows in nonvolatile alternatives like magnetic random access memory (MRAM).
Although perpendicular spin-transfer torque (p-STT-MRAM) is already in production, alternative
technologies such as spin-orbit torque (SOT) are explored for high-speed and fast cache operation.
However, SOT has drawbacks, such as a larger bit-cell area and the need for an applied magnetic
field for deterministic switching. In the pursuit of faster, more efficient memory, all-optical switch-
ing (AOS) technology seeks to achieve magnetization reversal through energy-efficient ultrafast
writing with single-femtosecond laser pulses. This Ph.D. thesis addresses the objective of merg-
ing helicity-independent HI-AOS with MRAM devices. The materials investigated are rare-earth
transition-metal multilayer systems, with a particular focus on Th/Co-based structures. Through
a combination of experimental investigations and numerical simulations, we unraveled the intricate
dynamics of HI-AOS and used them to develop functional nanometer-sized AOS magnetic tunnel
junctions (AOS-MTJs). These results not only deepen our understanding of HI-AOS but also explore
its applications in non-volatile data storage and energy-efficient computation at the nanoscale. The
exploration of HI-AOS in thin films of rare-earth transition metal multilayer systems lays the foun-
dation for reliable magnetization toggle reversal, exploring the response to different pulse durations
and fluences. Key new findings include the observation of concentric rings with opposite magnetic
orientations and the independence of fluence on pulse duration, challenging existing paradigms. A
hypothesis emphasizing the role of local anisotropy decrease that favors a precessional type of HI-
AOS is introduced. The development of a macrospin model, incorporating two-temperature model
(2TM) principles, explains the precession-driven switching mechanism observed in the Tb/Co-based
multilayer system. Simulations reveal dynamics influenced by parameters such as Gilbert damping,
anisotropy tilt angle, and the quality factor Q. Atomistic simulations further validate the model’s
predictions, emphasizing the significance of temperature-dependent magnetization and anisotropy
effects in the HI-AOS process. Practical applications require the fabrication and electrical char-
acterization of MTJ devices. Optimization of tunnel magnetoresistance (TMR) values, reaching a
maximum value of 74%, a significant improvement over previous demonstrations. The thesis main
achievement was demonstrating field-free HI-AOS on 100 nm diameter patterned [Th/Co] p-MTJ
devices, using 50 fs laser pulses with an estimated absorbed energy of approximately 68.6 fJ per bit
reversal. The research not only contributes to our understanding of HI-AOS but also opens future
research paths. Recommendations for future directions include using atomistic and LLLB models for
a more comprehensive understanding, exploring alternative materials beyond Tb/Co, investigating
deterministic switching using spin-transfer torque, and addressing device variability challenges. The
thesis offers a comprehensive exploration of HI-AOS, from its fundamental mechanisms to practi-
cal applications in nonvolatile data storage and energy-efficient computation. The optimized TMR
values and successful demonstration of AOS in nano-patterned devices are a first step toward a new
memory technology. The use of both experimental and simulated methods strengthens the impor-
tance of the obtained results for further progress in this area. In summary, this doctoral research
not only has expanded the knowledge of helicity-independent all-optical switching but has also laid
the foundation for innovative applications in nano-scale technology. The ongoing integration of pho-
tonic and spintronic elements has the potential to bring about significant progress in data storage
and computation.
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Résumé

L’évolution de la mémoire des ordinatreurs conduit a plusieurs niveaux des applications, po-
tentielles mariant vitesse, densité de stockage et cofit. A mesure que les limites des mémoires
CMOS (Complementary Metal Oxide Semiconductor) approchent, 'intérét pour les alternatives
non volatiles telles que la mémoire magnétique a acces aléatoire (MRAM) grandit. Dans la quéte
d’'une mémoire plus rapide et plus efficace, la technologie de commutation tout-optique (AOS)
cherche a réaliser le retournement de I’aimantation par une écriture ultrarapide a faible énergie avec
une seul impulsion laser femto- ou picoseconde. Cette these a pour objectif d’utiliser des dispositifs
AOS comme éléments mémoire MRAM. Les matériaux étudiés sont des systemes multicouches de
métaux de transition et terres rares, notamment les structures a base de Tb/Co. Grace & une com-
binaison d’études expérimentales et de simulations numériques, nous avons élucidé la dynamique
complexe de HI-AOS (écrtiture indépendante de 1'helicité de I'impulsion laser) et l’avons utilisée
pour développer des jonctions tunnel magnétiques AOS (AOS-MTJ) de taille nanométrique.

L’étude de HI-AOS dans des multicouches de métaux de transition et terres rares a démontré
le renversement fiable de ’aimantation, en explorant la réponse a différentes durées d’impulsion et
a différentes fluences. Parmi les nouveaux résultats clés, on peut citer notamment 1’observation
d’anneaux concentriques avec des orientations magnétiques altemantes et I'indépendance de la flu-
ence par rapport a la durée de 'impulsion, ce qui remet en question les paradigmes existants. Le
développement d’un modele de macrospin, incorporant les principes du modele & deux températures
(2TM), explique le mécanisme de commutation par précession observé dans le systéme multicouche
a base de Th/Co. Les simulations révelent une dynamique influencée par des parametres tels que
I’amortissement de Gilbert, I’angle d’inclinaison de I’anisotropie et le facteur de qualité Q. Les simu-
lations atomistiques valident égalment les prédictions du modele, soulignant 'importance des effets
de 'aimantation et de I’anisotropie en fonction de la température dans le processus HI-AOS. Pour
envisager des applications pratiques est nécessaire la fabrication et la caractérisation électrique des
dispositifs MTJ. L’optimisation des valeurs de magnétorésistance tunnel (TMR), atteignant une
valeur maximale de 74%, représente une amélioration significative par rapport aux démonstrations
précédentes. La principale réalisation de la these a été la démonstration d’un retournement HI-
AOS sans champ externe sur des dispositifs p-MTJ [Th/Co] de 100 nm de diametre, en utilisant
des impulsions laser de 50 fs avec une énergie absorbée estimée a environ 68,6 fJ par bit. Ces études
contribuent non seulement & notre compréhension du HI-AOS, mais ouvre également des pistes
de recherche a 'avenir. Les prospectives pour les orientations futures comprennent 1'utilisation de
modeles atomistiques et LLB pour une compréhension plus complete, ’exploration de matériaux
alternatifs au-dela du Tbh/Co, I’étude de la commutation déterministe & I’aide du couple de trans-
fert de spin, et l'investigation de la variabilité des dispositifs. La theése propose une exploration
complete de HI-AOS, de ses mécanismes fondamentaux a ses applications pratiques dans le do-
maine du stockage de données non volatiles et de la microelectronique a faible consommation
d’énergie. Les valeurs optimisées de la TMR et la démonstration réussie de ’AOS dans des disposi-
tifs nanometriques constituent un premier pas vers une nouvelle technologie mémoire. L’utilisation
de méthodes expérimentales et simulées renforce I'importance des résultats obtenus pour les progres
futurs dans ce domaine. En résumé, cette recherche doctorale a non seulement élargi nos connais-
sances sur la commutation tout-optique indépendante de I'hélicité, mais a également posé les bases
d’applications innovantes dans le domaine des technologies numérique a 1’échelle nanométrique.
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Introduction

Motivation

In the realm of computer memory, a complex hierarchy has emerged to address the ever-growing
demands of modern computing systems. This hierarchy takes into account factors such as operation
speed, storage density, and cost. These considerations have given rise to a diverse range of memory
technologies, each with its own set of advantages and limitations.

At the heart of this memory hierarchy are conventional complementary metal oxide semicon-
ductor (CMOS) memories. CMOS memories, such as dynamic random access memory (DRAM)
and static random access memory (SRAM), have long been the workhorses of computing because
of their remarkable speed and efficiency. However, they have a critical drawback: They are volatile,
meaning that they require a continuous supply of power to retain the data stored within them. As
a result, once the power is cut off, all the information they hold is lost.

In this hierarchy, the top-tier memories, which are accessed most frequently, are placed closer
to the processing unit, while the lower-tier memories, accessed less frequently, are located farther

from the processor and have different requirements.

Memory in the upper tiers of the hierarchy, such as RAM and cache, prioritize high speed, low
retention time rather than emphasizing memory capacity. On the contrary, the memories in the
lower tiers of the hierarchy need not be as fast but require very high retention times and greater
memory capacity. In terms of power consumption, the lower part of the hierarchy incorporates
non-volatile memory technologies. These technologies consume power only when reading or writing
data. In contrast, the upper part of the hierarchy utilizes the volatile memories mentioned that
consume power even when in standby mode to achieve the necessary speed performance.

Over time, the challenge of improving both speed and density while managing costs within the
CMOS framework has become more daunting. As technology has advanced and as the physical
limits of CMOS memories are reached, there is a pressing need to explore alternative memory
technologies capable of breaking through these constraints.

One compelling candidate that has garnered significant attention is magnetoresistive random
access memory (MRAM) [1-3]. MRAM represents a departure from traditional volatile memory
technologies. It possesses a unique attribute, nonvolatility. In other words, MRAM can retain
data even when the power source is disconnected. This characteristic addresses the fundamental
drawback of CMOS memories and opens up exciting possibilities for various computing applications.

MRAM relies on magnetoresistance principles to store and retrieve data. It uses the magnetic

properties of materials to encode and access information quickly and efficiently. This magnetic
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approach offers several advantages. In particular, MRAM can provide access times on par with
volatile memories such as DRAM, making it an attractive choice for applications where speed is

crucial.

The ongoing evolution of computer memory technologies has brought us to a pivotal point. The
limitations of CMOS memories, with their volatile nature, have prompted a search for innovative
solutions. MRAM, with its combination of nonvolatility and impressive performance characteristics,
emerges as a promising contender. As the pursuit of faster, more efficient, and cost-effective memory
technologies continues, MRAM remains a focal point in the quest for the next generation of computer

memory.

Perpendicular spin-transfer torque (p-STT) MRAM, due to advantages such as reliable switch-
ing, low energy consumption, and easy integration with CMOS technology [1], is the most widely
adopted spintronics-based memory adopted by the foundry [4-6]. High-performance STT magnetic
tunnel junction (MTJ) cells are among the first MRAMs to have recently been commercialized
as embedded flash memory and last-level cache replacements. The FeCoB/MgO/FeCoB system
has become the basis of most MTJ designs, due to its high tunnel magnetoresistance ratio ef-
fect (TMR) [7,8], improved readability and scaling of interfacial perpendicular magnetic anisotropy
(PMA) based devices [9,10]. Moreover, in STT cells the reading and writing paths are shared, en-
abling a compact design [11,12], however fast switching in the precessional regime requires switching

voltages close to the barrier breakdown voltage.

Alternative spin-orbit torque (SOT) technology is more suitable for high-speed and low error rate
operation [13,14]. The SOT three terminal devices with separate reading and writing paths enable
better endurance combined with fast switching, creating a potential replacement for SRAM [15].
Its main drawback is the larger bit-cell area, and although switching pulses as short as 100 ps are
possible, the application of a field is generally required to obtain deterministic switching, which

complexifies the cell design.

The all-optical-switching (AOS) technology envisions further acceleration of the magnetization
reversal process by enabling the cells to be written at femtosecond time scales. Single-pulse helicity
independent all-optical switching (HI-AOS) is a phenomenon by which the magnetization of a
nanostructure can be reversed by a single femtosecond laser pulse. The method is ultrafast and
does not require the use of any applied field. Since its discovery in GdFeCo ferrimagnetic systems
[16], single-pulse HI-AOS has been limited to Gd-based alloys or Gd/FM bilayers, where FM is a
ferromagnetic layer [17,18]. Only recently few other material systems have shown switching driven by
ultrashort single laser pulses: MnRuGa ferrimagnetic Heusler alloys [19], Th/Co multilayers [20,21].

The utilization of all-optical switching as a writing mechanism in MRAM offers the potential for
significantly faster write speeds, around two orders of magnitude quicker than electrical alternatives,
with extremely low energy consumption (as low as 16 fJ/bit [3]) while maintaining nonvolatility.
This advancement not only enhances speed and reduces power consumption, but also enables a
more compact two-terminal design for STT devices, all without compromising endurance.

The first successful demonstration of AOS operation in a micron-sized p-MTJ cell was carried
out by Chen et al., employing a GdFeCo alloy storage layer, resulting in a modest tunnel magne-
toresistance ratio of 0.6%. Subsequent improvements by Wang et al. achieved switching in Co/Gd

bilayer tunnel junctions with cell sizes as small as 3 pm lateral size and a remarkable TMR ratio
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SOT, HP STT

Fig. I.1: Memory hierarchy | Different memory types and prospective spintronic technologies
that could replace them. L1-4 stands for different cache levels, SRAM and DRAM for static and
dynamic random access memory, respectively, HDD for magnetic hard disk drives. HP and HD
STT are high-performance and high-density STT-MRAM, respectively, IMC stands for in-memory
computing. Adapted from [15]

of 34.7%. This enhancement was made possible by a clever design pioneered by Avilés-Félix et al.,
where an optically-switchable material is magnetically coupled to the FeCoB interface of the storage
layer.

The initial reports of a storage layer based on [Th/Co|x multilayers coupled to FeCoB showed the
ability to adjust the Co/Tb composition to control the effective perpendicular anisotropy of magnetic
tunnel junctions. Even after annealing at 250°C to achieve a 38% TMR ratio after patterning to
nanometer sizes, the perpendicular anisotropy remained stable. Thin-film experiments with the
same storage layer stacks confirmed HI-AOS of the magnetization using both 60 fs and 5 ps laser
pulses for incident fluences as low as 3.5 mJ/cm2. However, reliable field-free AOS demonstrations
on patterned devices and a comprehensive understanding of the switching mechanism in this system

are still lacking.

Objective

The main objective of this thesis was to develop a fully functional AOS-MTJ. Our investiga-
tion primarily focused on stacks optimizing MTJ in order to enhance TMR values and allow for
nano-fabrication at diameters below 100 nm. We explored the feasibility of achieving field-free,
helicity-independent all-optical toggle switching using ultra-short 50 fs single light pulses both at
thin-film level and on patterned [Tb/Co] based p-MTJ. During our experiments, we observed that
certain features of the physical reversal phenomena did not align with existing theoretical expla-
nations. Consequently, we delved deeper into these observations, employing both experiments and
simulations to gain a more comprehensive understanding. Furthermore, we gained a deep under-
standing of the physical processes involved in all-optical switching within [Th/Co| materials and

similar systems. We evaluated the impact of patterning on the preservation of high anisotropy in the
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Tbh/Co-based electrode by comparing patterned devices with continuous films. We also examined
the integration of a stable reference layer with minimal offset field to understand its influence on the
properties of the AOS stack. Our study aimed to establish a correlation between the AOS behavior
observed at the film level and the switching probability in the patterned device.

Outline This thesis is divided into five chapters and a conclusion chapter. Lists for all figures,
tables, symbols, and abbreviations are provided. All links (figures, equations, chapter and section

names, references) are clickable. The manuscript is organized as follows:

Chapter 1: Background: magnetic materials, spintronics, and all-optical switching
This chapter serves as an introductory overview of the diverse topics discussed in this thesis. Its
primary objective is to establish a groundwork in spintronics, ultrafast all-optical switching, and
cutting-edge opto-spintronics devices. Within this chapter, we will explore the fundamental princi-
ples that form the basis of spintronics, provide a brief overview of the critical physical phenomena
employed in this thesis, and provide a broader perspective on their relevance to MRAM technology.
Although each of these fields is extensive on its own, we will focus exclusively on the concepts and

findings pertinent to the systems and issues discussed in this thesis.

Chapter 2: Experimental techniques In this chapter, I present the experimental techniques
central to our research, both for the growth of the layers and their magnetic characterisation. These
methods are essential for understanding the magnetic properties and dynamics of the materials under
investigation. Magnetron sputtering is employed for precise material deposition, which offers control
over film thickness and composition. MOKE serves as a powerful tool for exploring magnetization
in thin films, allowing us to characterize in-plane and out-of-plane magnetization properties. Fur-
thermore, TR-MOKE, a cutting-edge approach, leverages ultrafast laser technology to investigate
rapid and transient magnetization dynamics, enabling the study of dynamic processes and material
responses to external stimuli. In the forthcoming chapters, I will unveil the results and insights
derived from the application of these techniques, shedding light on the magnetic characteristics and

behaviors of our system.

Chapter 3: All-optical switching in Tb/Co multilayer In this chapter, we explore the
fundamental properties of RE-TM systems, providing essential insights necessary to comprehend
the subsequent discussions on all-optical switching in Tbh/Co multilayer systems. Subsequently,
the results of HI-AOS in Tb/Co multilayer systems are presented, together with the magnetic

characterization as a function of the layers thicknesses.

Chapter 4: Modelling of HI-AOS in multilayer systems In this chapter, we present the
different theoretical approaches that have been used to understand the various physical phenomena
presented in this thesis. Starting by exposing a theory of laser pulse absorption which is approxi-
mated as a simple heating effect in the two temperature model (2TM). Then the developed model
that couples the 2TM to a macrospin algorithm is presented. It was utilized to phenomenologically
simulate the optically driven magnetization reversal. After showing the obtained results a second

investigation based on an atomistic spin solver is shown to complement the study.
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Chapter 5: Nano-patterned all-optical switching spintronics devices This chapter serves
a dual purpose: first, to provide an overview of the nano-fabrication processes central to the cre-
ation of these MTJ devices, encompassing the fabrication of magnetic pillars and the definition of
the transparent and conductive electrodes; second, to delve into the critical aspects of device char-
acterization and results. Particularly TMR values, coercivity mappings and the exciting potential
of femtosecond laser pulse irradiation to achieve all-optical switching in nano-patterned spintronics

devices.

Conclusions and perspectives In the concluding chapter, we distill the essence of our research
by summarizing its main findings. We take a look at the future of research, suggesting interesting

paths and directions that come from the knowledge gained in this study.
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This chapter serves as an introductory overview of the diverse topics discussed in this thesis.
Its primary objective is to establish a groundwork in spintronics, ultrafast all-optical switching,
and cutting-edge opto-spintronics devices. Within this chapter, we will explore the fundamental
principles that form the basis of spintronics, provide a brief overview of the critical physical phe-
nomena employed in this thesis, and provide a broader perspective on their relevance to magnetic
random-access memory (MRAM) technology. Although each of these fields is extensive on its own,
we will focus exclusively on the concepts and findings pertinent to the systems and issues discussed

in this thesis.



Chapter 1. Background: magnetic materials, spintronics, and all-optical switching

1.1 Magnetism

1.1.1 History

The exploration of magnetic properties in various materials traces its origins back to ancient
times, with historical references to stones exhibiting the ability to attract iron in both Chinese and
Greek cultures. Although it took physicists quite some time to develop accurate theories explaining
the magnetization of materials, practical applications of magnetism emerged early on. Around
200 BC, China saw the creation of rudimentary compasses fashioned from magnetite, marking one
of the earliest practical uses of magnetic properties [22]. However, it wasn’t until the late 19th
century that theoretical investigations began to provide qualitative and quantitative descriptions of
magnetic materials.

In 1820, in Denmark, Hans-Christian Oersted stumbled upon a groundbreaking discovery; he
accidentally found that a current-carrying wire could generate a magnetic field capable of deflecting a
nearby compass needle, demonstrating the connection between electricity and magnetism [23]. In the
wake of Oersted’s discovery, André-Marie Ampeére and Dominique-Frangois Arago, working in Paris,
rapidly followed suit. They wound wire into a coil and showed that a current-carrying coil acted
as a magnet. In 1821, Michael Faraday introduced the concept of electric and magnetic fields and
conducted experiments that led to the discovery of electromagnetic induction. He also demonstrated
the principles of an electric motor using a combination of a steel magnet, a current-carrying wire,
and a pool of mercury. Faraday’s investigations further extended to the realm of optics, where he
identified the magneto-optic Faraday effect in 1845, showcasing a connection between magnetism
and light. In 1864 James Clerk Maxwell formulated his iconic set of equations, famously known as
Maxwell’s equations [24]. These equations provided a comprehensive framework for understanding
the relationship between electric and magnetic fields in free space and their interaction with electric
charge and current densities. A remarkable prediction arising from Maxwell’s equations was that the
physical constants €g and pg, associated with electric and magnetic fields, respectively, are related
by \/éofto = 1/c, where c represents the speed of light in a vacuum (approximately 2.998 x 108 m/s).
This equation also establishes the ratio between the average values of electric and magnetic fields
within an electromagnetic wave. Maxwell’s equations exhibit an asymmetry between electric and
magnetic fields, reflecting the absence of a magnetic counterpart to electric charge in nature. Despite
these momentous achievements in electromagnetism, the enigma of ferromagnetism in solid materials
persisted. Iron, for example, exhibited magnetization (M) equivalent to an exceedingly high surface
current density. The idea of such colossal surface currents circulating around magnetized iron
seemed implausible within classical physics. Finally, this long-standing puzzle found resolution in
the twentieth century. George Uhlenbeck and Samuel Goudsmit’s discovery of electron spin in 1925

unveiled that electrons possess quantized angular momentum and intrinsic spin. [25]
1.1.2 Quantum description

Isolated atoms

The advent of quantum mechanics in the early twentieth century offered a comprehensive expla-

nation of electron dynamics and interactions. In this quantum framework, the mysterious behavior
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of electrons within atoms is revealed through a set of mathematical functions known as wave func-
tions. Solutions of Schrédinger’s equation Hi = E1, they describe the quantum state of a particle
or system, providing information about the probability amplitude of finding the particle in various
positions and states. For an electron in an atom, we call these wave functions atomic orbitals,
each representing a distinct region in space where electrons are highly likely to be found. Each

electron in an atom is described by different quantum numbers.

To understand how to evaluate the magnetic moment of an atom, one may start from the
classical expression of the magnetic moment and convert it into a quantum mechanical one. With g

representing the vacuum magnetic permeability and e, m, the electron charge and mass respectively,

€no
2me

but only the component along a quantization axis, say z, is defined by an alignment field. Thus,

L. In quantum mechanics the expectation value of L cannot be observed,

classically we get = —

we can only observe the expectation value (L,), which for a single electron (L,) = AL,. In the
last expression, we have specifically indicated that AL, is the eigenvalue of the operator L,. The

quantum mechanical expression for the measured magnetic moment along z is therefore given by

e
(1) = —2ZZFLLZ. (1.1)

The quantum mechanical relation 1.1 is used to define the so-called Bohr magneton, pup. We can

define the Bohr magneton as up = %, with a value pup = 0.927 x 1072 Am?.

As mentioned earlier the electron possess an intrinsic spin; therefore, the total magnetic moment

of an atom is given by the sum of the orbital and spin magnetic moments, and when neglecting the

anomalous correction to the g-factor, they can be expressed as

(ug) = —pp (Lz) , (1.2)

(Hs) = —2up (S:) (1.3)

respectively, and thus the sum is given by it is

<M§tom> = —HKB (2 <Sz> + <Lz>) = —HUB (gs <Sz> + g <Lz>) ) (1'4)

we can associate a g-factor gs = 2 with the spin moment and ¢g; = 1 with the orbital moment.
This sum depends on the filling of each subshell that is governed by Hund’s and Pauli’s rules.

In open shells, we need to consider rules for summing the spin and orbital angular momenta for
all electrons in the open shell. Hund’s rules allow us to describe the ground state multiplet and allow

us to calculate the components of the orbital L, spin S, and total angular momenta J = L + S [26].

It should be noted that fully filled subshells (J = 0) do not contribute to magnetism because,
in this case, all magnetic moments cancel out. In the case where the subshells are not fully filled,

the atom is magnetic. This is the case for 79 pure elements.
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Localized and itinerant magnetism

A material composed of magnetic atoms is not necessarily magnetic itself. We can define mag-

netization, M, as the average magnetic moment per unit volume:

12
M — ( at‘o/m>V (1.5)
where V is the volume of the material. Indeed, the moments carried by each atom within the
material can be ordered (ferromagnetism, antiferromagnetism, ferrimagnetism, etc.) or disordered
(paramagnetism). This ordering depends on the energy of interaction between the moments.
An intuitive and elegant way to describe the manifestation of magnetic order on a macroscopic
scale within a bulk material is the Heisenberg Exchange Theory [27]. It relies on the coupling of
these atomic magnetic moments with their neighboring counterparts. This coupling arises from the

quantum mechanical exchange interaction between electrons:

He = —Jox »_Si-S; (1.6)
12

In this equation, Jox represents the exchange coefficient and the sign of Jox dictates the relative
orientation of neighboring spins. When Jex > 0, it favors parallel alignment, resulting in ferromag-
netic ordering. On the contrary, when Jox < 0, antiparallel spins dominate, leading to antiferro-
magnetic ordering. There is also a unique category, known as ferrimagnets, where nonequivalent
ferromagnetic sublattices exhibit antiferromagnetic coupling, yielding a net nonzero magnetization;

see Fig. 1.1.

] > 0 Ferromagnet ] < 0 Antiferromagnet ] <0 Ferrimagnet

trettteettett IRARARARRE 2R Al tetetetotetet
trttetteetees AEARER AR R AR’ shetetetetety
tretetteeteet tititetetott tetetetetetet

M=0 M=M —-—M;=0 M=M —M,+0

Fig. 1.1: Visual representation showcasing the three predominant magnetic order phenomena:
ferromagnetism, antiferromagnetism, and ferrimagnetism. The symbol 'J’ symbolizes the exchange
interaction between adjacent magnetic moments.

When the coupling energy between magnetic moments exceeds the thermal agitation energy, the
material becomes ordered and exhibits magnetism.

Ferromagnetic materials can be categorized into two groups: those with magnetic atoms pos-
sessing localized electron-based magnetic moments, such as rare earth’s 4f electrons, and those with
itinerant electron-based magnetism, as seen in the 3d transition metals. In the latter case, the
electronic system is modeled by bands rather than orbitals.

In systems with significant atomic overlap of the electron wave functions, the energy and angular
momentum states for these electrons are no longer discrete. Instead, energy levels form a continuum
of states over a range of energies called energy bands; see Fig. 1.4(a). The distribution function for

these energy levels is called the density of states.

10
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The density of states (per unit volume), g(E), is formally defined as g(E) dE = %dd% dE such
that the quantity g(F) dE represents the number of electronic states in the energies range from (E)
to (E + dE).

We integrate each density of states separately to yield a different number of electrons per unit

volume in spin-up and spin-down bands, respectively:

Er N\L Er
0 0

The magnetization, net dipole moment per unit volume, is then simply:
M = (ny —ny)up (1.8)

The key to ferromagnetism lies in the existence of an energy shift between these two sub-bands,
driven by the Pauli exclusion principle. This shift can be attributed to a repulsive energy (U) that
arises because electrons with opposite spins repel each other more than electrons with the same spin.
The system will distribute electrons to minimize the sum of kinetic and repulsive energy. Depending
on the density of states at the Fermi level (g(Er)) and the value of U, the system may maintain two
symmetric sub-bands or exhibit a shift between them, see Fig. 1.4(a). The Stoner criterion [28,29]
dictates that a material is ferromagnetic if Ug(Er) > 1, typically observed in materials with a high
density of states at the Fermi level.

The asymmetry in spin-dependent density of states results in a disparity in population between
the two spin categories, ny — n |, giving rise to a magnetic moment of (ny —n|)ug, see Fig. 1.4.

In these cases, exchange energy is often defined in terms of the exchange stiffness (Aex) and

gradients of magnetization:

Fex :/ Aex [(VM,)? + (VM,)? + (VM,)?] AV (1.9)
|4

The magnetic properties of materials are not solely determined by exchange interactions, but
there is an array of energy contributions at play, and we will briefly discuss the main ones in the
following.

Zeeman energy: The Zeeman effect, named after Pieter Zeeman, describes how the local
magnetization (M) of a material aligns itself with an external magnetic field (Hey). The Zeeman

energy is expressed as a volume integral:

E7ceman = _NO/ M- Hext dVv (110)
14

Here, pg represents the vacuum magnetic permeability.

Magnetostatic interaction, (demagnetizing energy):

The concept of magnetostatic interaction, often referred to as demagnetizing energy, arises when
dealing with magnetic materials. In a vacuum, where there is no magnetization, the magnetic field
is simply described as B = pugH. However, in the presence of a magnetized material, we need to
consider the contribution from magnetization, leading to the equation B = po(H + M). When
the magnetization distribution within a material abruptly stops at its edges, it causes a divergence

in the magnetic field, expressed as V- H = —V - M. This phenomenon means that the material

11
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generates an additional magnetic field outside its physical boundaries as a result of its internal
magnetization, and this field interacts with the material itself.

This self-interaction of magnetization, known as magnetostatic interaction, results in an energy
term referred to as demagnetizing energy. With the Macrospin approzimation that considers uniform
magnetization such that the magnetic moment m of a given volume V is m = VM, one can express

the demagnetizing energy as follows:
1 1
Edem = _§MOM'Hd: §MOM(NM) (111)

Here, H; = — NM represents the demagnetizing field, and N is the demagnetizing tensor. This
formulation of N is valid for ellipsoidal shapes, which are used as an approximation to describe
the shape of uniformly magnetized materials for the purpose of applying the demagnetizing energy
equation.

For simpler shapes, such as spheres, the diagonal elements of the demagnetizing tensor are all
equal, e.g. Nyz = Nyy = N, = % On the contrary, for a thin film with dimensions that are much
larger in the lateral directions than in the thickness (t < L), we find N, = Ny, =~ 0 and N, ~ 1,
where the z axis is perpendicular to the film’s surface. This implies that in a homogeneously
magnetized thin film, the demagnetizing energy Fqen is minimized when the magnetization vector
M aligns along the longer dimension of the material, typically in the plane for an extended film.
This aspect becomes crucial for the systems analyzed in this thesis.

Spin-orbit coupling (SOC) is a quantum relativistic effect that can be understood in a sim-
plified manner as an interaction between the spin of an electron and the magnetic field created by
its orbital motion. For hydrogen-like orbitals, the spin-orbit coupling energy, denoted as A\g,. The
differing spin-orbit coupling energies observed for various elements, such as 3d transition metals and
4f rare earths, partly account for the variations in their magnetocrystalline anisotropy energies.

Spin-orbit coupling inherently links the electron’s spin with the angular momentum of hybridized
orbitals involved in atomic bonds within a crystal lattice. Consequently, magnetic moments tend to
align preferentially with specific crystallographic directions, a property known as magnetocrys-
talline anisotropy (MCA). The variation in spin-orbit coupling energies observed between 3d
transition metals (approximately Ao &~ 0.05 €V) and 4f rare earths (approximately Aso ~ 0.2
eV) partially accounts for the differences in the magnitudes of their respective magnetocrystalline
anisotropy energies. Despite its quantum-mechanical origin, MCA can be described phenomenolog-
ically. The functional form of MCA reflects the crystal’s symmetry and can be parameterized in
terms of anisotropy constants K;.

For example, a type of MCA often encountered in materials’ volumes and interfaces is uniazial

anisotropy. It can be defined in the first order as:

Eup = —Ki(m-1)* = =K\ sin(¢) (1.12)

In this definition, K7 represents the uniaxial anisotropy constant, 1 is the magnetization unit
vector, 7 is the unit vector along the symmetry axis, and ¢, is the angle between m and n. When
K is greater than zero, it results in an easy axis of magnetization along 7, known as easy-axis

anisotropy. On the contrary, if K7 is less than zero, n becomes the hard axis, and the magnetization

12
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lies in the plane perpendicular to 7, referred to as the easy plane anisotropy.

Interfacial anisotropy: Another form of anisotropy, which is extensively employed in con-
temporary research, arises at the interface between a nonmagnetic material with high spin-orbit
coupling and a ferromagnetic material. This type of anisotropy, originally predicted by Néel [30],
can have various underlying causes, including broken inversion symmetry at the interface, magne-
tostriction, or orbital hybridization. In a significant number of cases, it exhibits an energy minimum
oriented perpendicular to the material plane [31-33]. In these instances, this particular anisotropy
is known as perpendicular magnetic anisotropy (PMA), and it typically competes with the shape
anisotropy induced by the demagnetizing field, which results in an easy-plane bulk anisotropy. Due
to this competition between perpendicular interfacial anisotropy and bulk easy-plane anisotropy,
for film thicknesses below a critical value, the surface anisotropy components dominate over the
shape anisotropy, leading to a net effective anisotropy oriented out of the plane. To account for
this contribution, one can replace the term K in equation 1.1.2 with a term that incorporates both
contributions:

Keg= Ky, + % (1.13)

Here, t represents the thickness of the ferromagnetic layer.

This type of anisotropy has been observed in various systems, including metal/ferromagnet

combinations like Pt/Co or Au/Co [34,35], as well as oxide /ferromagnet multilayers such as Fe/MgO
136,37).

Ferromagnetic
Superparamagnetic
Paramagnetic
Diamagnetic

M, Saturation magnetization
M, Remanent magnetization
H_ Coercivity

Fig. 1.2: Hysteresis loops of most common materials.

Now that the magnetization and the main interaction have been described, we can introduce a
fundamental concept in the study of magnetism, the hysteresis loop. It describes the relationship
between the magnetization of a material and an external applied magnetic field. When an external
magnetic field is applied to a material, the magnetization of the material responds in different
ways depending on its magnetic properties, see Fig. 1.2. It includes key parameters such as
magnetization saturation (Mj), coercivity (H.), and remanence (M, ), which vary depending on the
magnetic properties of the material.

Ferromagnet: Ferromagnetic materials exhibit strong, spontaneous magnetization even with-
out an external field. When an external field is applied, the magnetization increases until it reaches

saturation (M;), and if the field is removed, a remanence magnetization (M, ) appears. The coer-
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Chapter 1. Background: magnetic materials, spintronics, and all-optical switching

civity (H.) represents the field strength required to reduce the magnetication back to zero.

Superparamagnet: Superparamagnetic materials consist of small magnetic particles with no
intrinsic magnetization. They align with an external field but lack coercivity or remanence because
of their small size and absence of intrinsic anisotropy.

Paramagnet:Paramagnetic materials possess weak magnetization, proportional to the applied
field strength. They lack spontaneous magnetization, have no coercivity, and exhibit a narrow,
elongated hysteresis loop.

Diamagnet: Diamagnetic materials weakly oppose an external field due to the orbital motion
of electrons. They do not exhibit spontaneous magnetization, have no coercivity, and display an
almost absent hysteresis loop.

The magnetic properties of materials are intricately influenced by a complex interplay of the
energy contributions presented earlier, each with its distinct role and characteristics. Understanding

these contributions is fundamental to harnessing magnetism for various technological applications.

1.1.3 Ferrimagnets: rare-earth transition-metal (RE-TM) Systems

Ferrimagnetic materials are composed of two or more magnetic sublattices with opposing mag-
netization directions. One such class of materials that exhibits ferrimagnetic behavior are the
Rare-Earth-Transition Metal (RE-TM) systems. Before discussing their properties, it is necessary
to give an overview of the RE and TM atoms. The magneticrystalline anisotropy of 4f RE and
3d TM differs because of the relative weights of crystal-field and spin-orbit interactions on valence
electrons. In RE, the 4f electrons are largely shielded from crystal-field effects by the outer shell,
resulting in minimal quenching of orbital momentum. The strong spin-orbit interaction in RE, due
to its high Z (atomic number), n (principal quantum number), and [ (azimuthal quantum number),
can be described using the single-ion model.

In this model, the anisotropy energy arises from the electrostatic interaction of the 4f shell charge
distribution (effectively a quadrupole) with the crystal field, approximated by a point-charge model.
The orientation of the magnetic easy axis is determined by the shape of the 4f orbital, which is
governed by the filling of the 4f shell in the trivalent ions constituting the RE solids. In particular,
the anisotropy constant can be written as K = —3Q2A49(2Vrg) ™!, where Vg is the crystal volume
per RE atom, @2 is the quadrupole moment (first non-vanishing anisotropic term describing the
charge distribution), and AY is the crystal field parameter, details of the model can be found in [38].
In transition metals, the anisotropy constant K; = (\//12—74/\30 - A) /Vrasr is small due to the
dominance of the crystal field effect on the spin orbit coupling. The crystal field effect arises from
the interaction between localized (3d) electrons and the surrounding crystal lattice, which causes the
(3d) orbitals to split in energy. This crystal-field effect quenches the orbital angular momentum (L)
as electrons preferentially occupy lower energy orbitals. Consequently, the anisotropy constant K;
is primarily determined by the crystal-field splitting term A, while the contribution from spin-orbit
coupling (As,) is relatively weak in 3d transition metals and treated as a small perturbation [38].

In RE-TM systems, the interaction between atoms is exchange-driven. There are three types
of interaction: TM-TM, RE-RE and RE-TM. Usually, for TM-TM and RE-RE interactions, the
exchange integral is positive, resulting in ferromagnetic coupling. Instead, for RE-TM interactions,

the exchange integral is negative, leading to antiferromagnetic coupling. It is worth noting that
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the TM-TM coupling is relatively strong, around 0.01 to 0.1 eV, compared to the localized electron
RE-RE which is an order of magnitude weaker. These systems can show complex magnetic behavior
due to this interaction and the combination of strong magnetocrystalline anisotropy of the RE and
the high magnetization (Mg) and Curie temperature (T¢) associated with the TM. They often can
be modeled using two spin sublattices where the total magnetization (M) is the sum of these

sublattice magnetizations:

Mtot = MTM =+ MRE (114)

The antiferromagnetic coupling leads to non-zero net magnetization due to differing magnetic

moments of the sublattices, see Fig. 1.3.

Magnetization

Temperature

Fig. 1.3: Schematic illustration depicting the temperature-dependent variations in net magnetiza-
tion (depicted by the green line), along with distinct sublattice-specific magnetization behaviors for
the RE (highlighted in red) and TM (indicated in blue) sublattices. Image adapted from [39]

In alloys, the exchange interaction is strong enough to generate a common (7Tcyrie) for both
sublattices, higher than the on one of the bulk RE. However, due to the distinct intrasublattice
exchange strengths, the temperature dependence of magnetization differs for each sublattice. Con-
sequently, the temperature-dependent magnetization of ferrimagnetic RE-TM alloys shows an im-
portant point: the Magnetization Compensation Temperature (Tcomp). Shown in Fig. 1.3,
the Tcomp is the temperature at which the RE and TM sublattices have equal and opposite mag-
netization (Mgg(T) = —Mr7yp(T)), resulting in zero net magnetization. Here, the coercive field
diverges and the system acts as an antiferromagnet. Additionally, another interesting point is the
angular momentum compensation temperature (74 ¢) that is the temperature for which the
RE and TM sublattices have equal and opposite angular momentum, resulting in zero net angu-
lar momentum, which can lead to interesting dynamics. Variations in the atomic environment of
RE and TM may result in notable differences in their effective gyromagnetic ratios. Consequently,
these differences could have an impact on the angular momentum compensation point. Effective

gyromagnetic ratio veg of ferrimagnets may be calculated following Kittel’s model [40]:
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My + MRE

Mty
YT M

Veft = (1.15)

In the presence of an external field that is lower than the antiferromagnetic RE-TM coupling,
the sublattice whose Zeeman energy and anisotropy energy sum are largest aligns parallel to the
field, while the other sublattice aligns antiparallel. Intermediate situations can occur when the
field is comparable to the interaction that couples the two sublattices, resulting in an inclined
magnetization of each sublattice with respect to the applied field.

Ferrimagnets often experience spin reorientation transitions (SRT) because of competing con-
tributions of RE and TM sublattices to magnetocrystalline anisotropy, affecting the magnetization
ground state based on temperature. The importance of this reorientation in multilayers containing
Tb or Dy will be addressed later in Chapter 4.

1.2 Spintronics

1.2.1 Spin-dependent transport phenomena

The theory that describes spin-dependent transport in ferromagnetic transition metals, initially
proposed by Mott [41], provides a simple model for the electrical conductivity of two spin popu-
lations, denoted as 1 for majority and | for minority spins. In a ferromagnetic material, the total

electrical resistivity is expressed as:

_ Pyt ey + o))
prtpy+dpry

PTOT (1.16)

Here, py| represents spin mixing resistivity, which accounts for the transfer of magnetic moments
between the two spin populations due to spin-flip scattering events. In the low temperature approx-

imation (7' << T¢), this term can be considered negligible, leading to the simplified expression:

1Py

: 1.17
prtpy (117)

pPTOT =

In this case, the resistivity of the ferromagnetic material results from the parallel combination
of the resistivities of the two spin populations, as described in the two-current model.

The Drude-Sommerfeld model [42] is used to model the resistivity of each spin population:

M)
(1) €2 ()

Here, m, 7, and n represent the effective mass, relaxation time, and density of states at the

PrY) = (1.18)

Fermi level for the majority (minority) spin population. Since the density of states at the Fermi
level differs for majority and minority spins in ferromagnetic materials, their resistivities also differ,
with pr < py.

This difference arises because s-electrons (conduction electrons) at the Fermi level have a higher
probability of scattering on d-electrons (localized electrons). Consequently, in a uniformly magne-
tized ferromagnetic material, majority spin electrons (aligned with the magnetization) experience

fewer scattering events than minority spin electrons.
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Fig. 1.4: Spin dependent transport | (a) Schematic of spin dependent DOS for a metal and a
ferromagnet. (b) Schematic of spin dependent transport for majority and minority spin populations.

The experimental results obtained by Fert and Campbell on iron- and nickel-based alloys sup-

ported this model, demonstrating its effectiveness in describing spin-dependent transport [43-45].

This free-electron model can be used to understand various spin-dependent transport phenom-
ena. One of these is the magnetoresistance effect, which refers to the change in resistance of a
magnetic object depending on the direction of an applied magnetic field relative to the current
direction. The anisotropic magnetoresistance (AMR) effect [46], first observed by Lord Kelvin in
1856, is a relatively small effect (a few percent at room temperature). Other magnetoresistance
effects include giant magnetoresistance (GMR), tunneling magnetoresistance (TMR), colossal mag-
netoresistance (CMR) [47], and extraordinary magnetoresistance (EMR) [48]. GMR and TMR are

commonly used in spintronics for various applications, including MRAM.

1.2.2 Tunnel magnetoresistance ratio (TMR)

The phenomenon of Tunnel magnetoresistance ratio (TMR), initially discovered by Julliére in
1975 [49], involves a trilayer structure consisting of two ferromagnetic materials separated by an
insulating layer, later referred to as magnetic tunnel junctions (MTJ). Initially, the TMR effect was
observed to be around 14% at 4.2K, and it did not gain much attention until the 1990s. It was
only after the discovery of Giant Magnetoresistance (GMR) that two independent research groups
in Japan and the USA measured TMR at room temperature in MTJ based on aluminum oxide
(AlOx) [50,51].

Julliére’s initial explanation for TMR involved the spin polarization of the two ferromagnetic
materials. As discussed in the previous section, the transport of electrons near the Fermi level in
ferromagnetic materials exhibits a significant difference in the Density of states (DOS) for the two
spin populations, as illustrated in Fig. 1.5. Considering that the probability of tunneling depends
on the density of final available states while the number of electrons available for tunneling depends
on the density of initial filled states, Julliére estimated the TMR effect as:
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TMR = RA;;RP x 100 = m x 100 (1.19)

Here, Pr1 and Py represent the spin polarization of the ferromagnetic materials F1 and F2,
respectively, as shown in Fig. 1.5.

Initially, MTJs based on amorphous AlsO3 achieved TMR values of a few tens of percent. These
values improved significantly through optimization of the composition of ferromagnetic materials,
including the use of polycrystalline CoFe and amorphous CoFeB, and improvements in the quality of
the tunnel barrier, leading to TMR values of 60% to 70% [52,53]. The introduction of post-deposition
annealing also played a role in improving barrier quality and, consequently, the TMR amplitude [54].
In Julliére’s model, the amplitude of TMR is primarily defined by the spin polarization of the

magnetic electrodes near their interface with the barrier.
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Fig. 1.5: Tunnel Magnetoresistance | a. Schematic of a spin dependent tunneling in a trilayer
system (two ferromagnets F1 and F2 and the tunnel barrier B) in parallel configuration. The red
arrows indicate the tunneling probability. b. As in a. but for the antiparallel configuration.
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Subsequently, the composition of the tunneling barrier itself started to garner attention in the
spintronics community. De Teresa et al. demonstrated that the choice of barrier material sig-
nificantly influences the TMR amplitude [55]. Higher TMR values were predicted for highly tex-
tured materials, and this was experimentally confirmed by Bowen et al. using a single crystal
Fe/MgO /FeCo(001) structure [56]. Soon after, a series of studies reported even higher TMR values
in MgO-based MTJs [57-59], with a sputtered trilayer combining amorphous CoFeB and crystalline
MgO(001) achieving the highest TMR value measured to date at 604% at room temperature [60].
These high TMR, values were predicted on the basis of theoretical work that considered the evanes-
cent Density of States (DOS) in the barrier [61-63]. In systems such as Fe / MgO, with nearly
identical crystalline symmetries of the Bloch states in the two materials, it was found that the
evanescent wave in the barrier decays much faster for certain electronic bands (specifically Ay and
Aj5) than for others (A;). This implies that tunneling events for A; electrons are much more prob-
able than for Ay and Ag electrons. Moreover, both the majority and minority states of Ay and Ajs
have some presence at the Fermi energy, resulting in relatively low polarization. This is not the

case for the A states, which have only one spin population at the Fermi level, leading to a 100%
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spin polarization. In a trilayer structure with two ferromagnets and a relatively thick tunnel bar-
rier, all these factors can yield expected TMR values higher than 1000% at room temperature [64].
Unfortunately, such high values have never been observed, probably because of imperfections in the
crystalline structure. Additionally, reducing the thickness of the tunnel barrier allows contributions
from electrons with As symmetry, which have lower spin polarization, leading to lower TMR, values.

In conclusion, TMR, with its large amplitude at room temperature and resistance values com-
patible with CMOS electronics (MTJ resistance typically on the order of a few kilo Ohms), is one
of the most widely used phenomena in spintronics, particularly in MRAM applications, as we will

discuss in Section 1.2.4.

1.2.3 Magnetization dynamics

Magnetization dynamics refers to the evolution over time of the magnetization vector within
a magnetic material when influenced by external factors. The dynamics and performance of most
spin-based devices are commonly described using the Landau-Lifshitz-Gilbert-Slonczewski (LLGS)
equation. This equation dictates how the magnetization vector (M) within a monodomain nano-
magnet changes over time due to the effects of magnetic fields, spin-transfer torque (STT), and
thermal fluctuations [4,65-68]. In 1935, Landau and Lifshitz established a formal framework to
describe magnetization dynamics, which was later refined by Gilbert in 1955 with an improved for-
mulation [69,70]. This equation depicts the magnetization’s precessional motion around an effective
field while accounting for energy dissipation in a manner reminiscent of viscosity.

The first term in the equation signifies a conservative, perpetual motion of the magnetization that
never reaches a stable state. The second term accounts for dissipation, which occurs in proportion
to the rate of change in magnetization over time [71].

The Spin transfer torque (STT) effect, predicted in 1996 by Slonczewski and Berger [4,5], de-
scribes the interaction between a spin-polarized current and local magnetization in a material. This
effect is based on the conservation of total angular momentum, where electronic spins and local
magnetizations exert reciprocal torques in opposite directions. As we will explore in the following
section, this effect is commonly utilized in the trilayer structures mentioned above in the context of
GMR and TMR.

The main idea of spin transfer torque theory is that the angular momentum must be conserved.
If a spin-polarized electrical current passes through a magnetic layer whose magnetization is non-
collinear with the current’s polarization, electrons will be polarized in the direction of magnetization.
The conservation of angular momentum implies the existence of a torque acting on the magnetic
layer, which tends to align the magnetization in the direction of the initial polarization. This torque

can be expressed as follows:

TSTT = —")/ajM X (M X P) + ")/bj (M X P) (1.20)

Here, M is the magnetization of the magnetic layer, and P is the spin polarization of the
electrons. The terms a; and b; are the spin transfer torque and the effective field coupling coefficients
induced by the current, respectively. Typically, b; is weaker than a;, so the exerted torque tends

to align the magnetization with the direction of polarization of the electron. The dynamics of
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magnetization under spin-polarized current can be calculated using the Landau-Lifshitz-Gilbert
(LLG) equation:
dM

o dM
IV (M x poHug) + - (M x B2 1.21
o v (M X pg H)+MS< X dt>+TSTT (1.21)

The first term describes the precession of magnetization M around the effective field Heg (com-
prising the applied field, dipolar field, and magnetic layer’s anisotropy field), with v being the
electron’s gyromagnetic ratio. The second term phenomenologically represents the damping term
(divided by the magnetization saturation Mg) that tends to bring the magnetization back in the
direction of the effective field, where « is the Gilbert damping parameter. Depending on the sign of
aj, the term 7grT can oppose or enhance the damping effect (see Fig. 1.18). a;, being proportional
to the current density, leads to a critical current Jo for which the spin transfer torque becomes

greater than the damping, allowing the reversal of the magnetization of a material [72].

Fig. 1.6: Magnetization dynamics | Trajectories of the magne-
tization induced by the LLG equation as in 1.21 with the adiabatic
term of spin transfer torque.

1.2.4 Magnetoresistive random-access memory (MRAM)

As we mentioned in the introduction chapter, magnetoresistive random-access memory (MRAM)
is an innovative and promising technology that has the potential to revolutionize the world of
computer memory. MRAM combines the advantages of both traditional volatile and nonvolatile
memories, offering a unique set of characteristics that make it a compelling choice for various
applications in the field of electronics and computing.

In a computer system’s memory, there are billions of bits, each capable of holding either a 0 or
a 1, forming the basis of digital data storage. MRAM operates by harnessing magnetoresistance
principles to efficiently encode and retrieve data. Instead of relying on the charge stored in capacitors
like traditional DRAM, MRAM stores information using magnetic states within individual memory
cells.

The core element of MRAM is the magnetic tunnel junction, as discussed in Section 1.2.2.

This junction consists of two ferromagnetic layers separated by a thin oxide layer. The relative
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Fig. 1.7: MRAM | Writing mechanisms in MTJ-based devices. From left to right: Oersted field,
thermally asistend/ spin transfer torque and, spin—orbit torque. Adapted from [15]

magnetization orientation of these ferromagnetic layers results in two distinct resistance states that
represent a single bit of data. To store information (write), it is necessary to control the alignment
of these layers, and reading the information involves a straightforward check of the resistance.

Regarding the writing mechanism in MRAM, various approaches have been explored over the
years in different MRAM generations, as summarized below:

1. Stoner Wolfarth MRAM: In the first generation, each MTJ was placed between two
perpendicular current lines (bit and word lines) as shown in Fig. 1.7. The switching mechanism
relied on a field-driven effect generated by the current passing through these lines. Synchronized
fields from both lines were necessary to switch the MTJ’s magnetization. However, this approach
had high writing error rates due to dot-to-dot variability and did not reach the market.

2. Toggle MRAM: The Toggle MRAM, introduced later, incorporated a synthetic antifer-
romagnet as the free layer and used a rotating field created by properly designed current pulses
to switch the magnetization. This technology was the first to be commercialized, but it required
relatively large currents, resulting in high power consumption and limitations in downsize scalability.

3. Thermally assisted MRAM (TA-MRAM): TA MRAM featured a free layer with a high
energy barrier in standby mode, reduced during writing by Joule heating generated by an injected
current through the MTJ. It offered good power consumption, selectivity, and high retention time
but was eventually replaced by current-induced switching MRAM technology.

4. Spin transfer torque MRAM (STT-MRAM): STT-MRAM, the most advanced
technology, employs the Spin Transfer Torque effect for writing (as described in Section 1.2.3). It
offers low power consumption and high integration density since the same current path is used for
both writing and reading, as shown in Fig. 1.7. This technology is now commercially available
and has been adopted by major microelectronics companies, including Samsung, Sony, Avalanche
Technologies, Everspin Technologies, TSMC, and IBM. These major players have already introduced
or released MRAM products using manufacturing nodes of 40 nm, 28 nm, and/or 22 nm. In
particular, TSMC was the first to unveil MRAM devices based on the 22 nm node, and subsequently
Avalanche Technologies, Everspin Technologies and Samsung are planning to follow suit [73].

5. Spin orbit torque MRAM (SOT-MRAM): A more recent MRAM generation utilizes
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spin orbit torque switching, as shown in Fig. 1.7. Although it has a larger cell size due to the
integration of a three-terminal device, it offers shorter switching times and higher endurance, making
it suitable for L1 or L2 cache applications.

These methods have facilitated the scaling of magnetic devices to sub-nanometer dimensions

and large-scale integration with capacities reaching gigabytes.

1.2.5 Performance metrics of MRAM

When evaluating the performance of MRAM memory, it is crucial to consider four key func-
tionalities simultaneously. These functionalities include ensuring high retention, writing speed,
high readability, and low writing energy.

The ability of memory cells to retain information over time is tied to its thermal stability factor,
denoted as A. This factor represents the ratio of the activation energy required for state switching

to the available thermal energy and is mathematically expressed as:

_ B
kT

Here, Ej represents the energy barrier needed for transitioning between AP-to-P or P-to-AP

A (1.22)

states, and k; is the Boltzmann constant. It is important to emphasize that A is determined at
operating temperatures. Effective non-volatile operation requires A > 60 for a 10-year retention in
a 1 Gbit memory chip at room temperature.

Moving forward, writing speed is a vital metric that measures how quickly data can be written
into the MRAM. Faster writing speeds contribute to improved overall system performance and
responsiveness.

Additionally, high readability is imperative, indicating the ease with which data can be re-
trieved from the memory cells. High TMR values ensure enough resistance difference between high
and low states, thus avoiding reading errors. A memory technology with high readability ensures
swift and reliable access to stored information.

Lastly, low writing energy is another critical aspect of MRAM performance. This refers to
the amount of energy required to write data into the memory cells. Minimizing the writing energy
is essential for energy-efficient operation and overall performance optimization.

Balancing these four functionalities is essential for achieving optimal MRAM performance in
various applications. However, the fastest magnetic switching involving spin precession, where an
electric current stimulus must persist for at least one-quarter of the precession period, sets lower
limits on switching speed and energy consumption.

In fact, according to the principles of angular momentum conservation and the macrospin model,
the switching current is related to the switching time (7 or the duration of the current pulse) as

follows:
te
I(r) = Lo(1+ ) (1.23)

where .9 represents the characteristic time scale of switching dynamics, and I, is the static

switching current. The energy required for switching can be calculated using the following formula:

te
U(r) = I’R7 = Uy <2 + tl + TO> (1.24)
c0
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where Uy = I% Rt is the static switching energy. This expression reveals that the switching
energy (U(7)) exhibits different scaling behaviors with time in fast and slow regimes characterized
by the time constant t.9. On significantly longer timescales than ¢y, the switching energy increases
proportionally with the switching time 7, while on much shorter timescales, it becomes inversely
proportional to 7. Fig. 1.8 presents data sourced from Kimel and Li’s research [3], which compiles
findings from various studies on switching MTJs and spin valves. This graphical representation
effectively shows the connection between switching time and energy, highlighting that electrical

switching faster than 1 nanosecond results in a high energy cost.
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Fig. 1.8: MTJ spin transfer switching energy and time | Summary of switching energy
and time of magnetic tunnel junction (MTJ) memory devices and spin valves using mechanisms of
spin-torque transfer (squares) [74-77], spin-orbit torque (SOT) (triangles) [78-83], and electric-field-
induced switching (circles) [84-86]. The red line the plot of equation (1) with t.o = 1 ns and Uy =
10 £J. The shaded area indicates the specifications targeted by future technologies. Fig. from [3].

This suggests that to create faster and more energy-efficient memory systems, a fundamental
change in the writing mechanism is necessary. An exceptionally promising approach that could help

us attain this objective is the concept of all-optical magnetization switching.

1.3 Ultrafast all-optical switching

In 1996, a groundbreaking discovery by Beaurepaire et al. [87] unveiled a remarkable timescale
for manipulating magnetic order. The researchers observed the rapid reduction of magnetization in
a thin nickel film within picoseconds, achieved through laser pulses lasting only 60 femtoseconds.
This extraordinary finding sparked extensive discussions and debates concerning the underlying

mechanism responsible for this ultra-fast demagnetization process. It implied the transfer of energy
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and momentum to magnetic spins on a timescale significantly shorter than those associated with
spin-orbit interaction (1 - 10 picoseconds) or magnetic precession (100 - 1000 picoseconds) [88].
These processes are described by the longitudinal spin dynamics, where the magnitudes of the
magnetic moments are not conserved [87]. This ultrafast demagnetization is explained within a
phenomenological three-temperature model, wherein laser energy is initially absorbed by electrons,
leading to an instantaneous excitation of the electrons within the timescale of the laser pulse.
Subsequently, there is an exchange of energy and angular momentum among the electron, phonon,

and spin reservoirs, characterized by electron-phonon and spin-lattice relaxation parameters.

Various mechanisms for transferring angular momentum to the surrounding environment have
been explored, ranging from phenomenological descriptions [89] to first-principles calculations [90].
These demagnetization rates have been observed to scale inversely with the magnetic moment and
are influenced by the spin-lattice coupling [91-93]. In multi-sublattice systems, the demagnetization
rate can also be affected by the nature of sublattice exchange [94]. This means that the same
magnetic moment can exhibit different demagnetization rates depending on whether it is coupled
ferromagnetically or antiferromagnetically to another moment, as confirmed experimentally [93].

Following the initial discovery of subpicosecond demagnetization in nickel, researchers observed
similar ultrafast demagnetization phenomena in various other systems. However, it wasn’t until
2007 that scientists made a significant observation in the ferrimagnetic multi-sublattice Rare Earth
Transition Metal (RE-TM) alloy GdFeCo [16]. They achieved a remarkable outcome: the complete
reversal of magnetization and its stable maintenance in the opposite magnetic orientation using a
single 40 fs circularly polarized laser pulse.

The laser pulse rapidly excited the electrons into highly non-equilibrium states within a few
hundred femtoseconds. Interestingly, it seemed that the helicity of light played a pivotal role in
determining the subsequent magnetization direction, leading to all-Optical Switching (AOS). At
the time, there was a prevailing belief that circular polarization of light was crucial for achieving
AOS because it disrupted time-reversal symmetry due to the inverse Faraday effect.

However, a surprising revelation challenged this previously held belief: All-Optical Switching
in GdFeCo was achieved using a linearly polarized femtosecond laser pulse [17]. To decipher this
AOS phenomenon, researchers delved into the ultrafast dynamics of individual magnetic sublattices,
namely Gd and Fe, using the element-specific technique of X-ray magnetic circular dichroism.

Initially, when pumped with a linearly polarized 60 fs laser pulse, GdFeCo experienced rapid
excitation, resulting in swift but distinct decreases in magnetizations for both sublattices. Fe mag-
netization collapsed within a mere 0.2 ps, while the Gd demagnetization process extended to ap-
proximately 1.5 ps (as illustrated in Fig. 1.9). This noticeable discrepancy in demagnetization
timescales between the two sublattices could be attributed to the fact that the Gd moment, pri-
marily contributed by 4f spins, is roughly four times larger than that of Fe.

Subsequently, as the electronic environment cooled down, the antiferromagnetic exchange inter-
action between the two sublattices became influential. This led to the continued gradual demag-
netization of Gd, accompanied by the growth of the Fe moment in the opposite direction, thereby
conserving the total angular momentum. This gave rise to a transient state resembling ferromag-
netism, characterized by parallel Fe and Gd magnetizations, occurring between 0.2 ps and 1.5 ps

after the initial excitation.
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Fig. 1.9: All-Optical Magnetization Switching of GdFeCo Using Linearly Polarized
Light — This figure displays the transient evolution of magnetic moments in Fe and Gd for the
first 3 picoseconds (a) and over a 12 picosecond timeframe (b). We investigated the element-specific
behavior of Fe (depicted as open circles) and Gd (depicted as filled circles) magnetic moments in
GdFeCo when subjected to a femtosecond laser pulse with linear polarization. These measurements
were conducted using time-resolved X-ray magnetic circular dichroism (XMCD), and the error bars
indicate the statistical standard error. The figure is reproduced from [17].

Ultimately, following the complete demagnetization of the Gd sublattice in the presence of a
finite reversed Fe magnetization, the antiferromagnetic exchange interaction prompted the Gd sub-
lattice to align antiparallel to the Fe magnetization over a longer timescale. This completed the
All-Optical Switching of GdFeCo using a linearly polarized laser pulse, a phenomenon known as
helicity-independent all-optical switching (HI-AOS) or light-induced toggle-switching. This dis-
covery underscores the pivotal role that distinct sublattices play in the achievement of AOS with
linearly polarized light. It should be noted that the described AOS mechanism is not applicable to
antiferromagnetic materials composed of identical magnetic atoms [95]. Also, keep in mind that a
laser pulse primarily excites TM 3d and RE 5d spins, not RE 4f spins, and the ultrafast demagne-
tization of TM 3d spins is transferred to RE 4f spins through the intermediary RE 5d spins. This
contributes to the relatively slower demagnetization of RE 4f moments. Moreover, the antiferro-
magnetic alignment between RE 5d and TM 3d spins at the Fermi level allows non-equilibrium
conduction electron spins to move through an effective antiferromagnetic order, characterized by
exchange fields with varying magnitudes and alternating signs on an atomic scale [95].

Therefore, ultrafast laser-induced heating of electrons in GdFeCo is capable of initiating mag-
netization reversal without the need for internal or external magnetic fields. In this mechanism, the
helicity-dependent nature of the switching seen in the previously mentioned experiment may also be
attributed to the reliance of laser-induced heating on optical absorption. Due to magnetic circular
dichroism (MCD), the absorption of circularly polarized light is contingent upon the polarization
helicity and the magnetization polarity. This helicity-dependent absorption, known as dichroism,
results in helicity-dependent laser heating and consequently leads to helicity-dependent all-optical
switching (HD-AOS). To comprehend the contributions of the inverse Faraday effect and MCD to
AOS in GdFeCo, investigations into the spectral dependence of the efficiency of laser-induced mag-

netization reversal needed to be compared with the spectra of the inverse Faraday effect and MCD.
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Initial attempts at these studies did not confirm or refute these two mechanisms due to the presence
of large error bars in the measurements [96]. These significant error bars might have originated from
the fact that the switching was not performed with a single pulse, but rather with multiple pulses.
Subsequent spectral studies [97] of the probability of magnetic switching in GdFeCo induced by a
single femtosecond laser pulse demonstrated that the switching probability correlates with MCD,
and the helicity dependence is a result of laser-induced heating dependent on the helicity [3].
Although HD-AOS will be preferred for recording application, for many materials the switching

occurs only after a large number of pulses, thus slowing down the process.
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Fig. 1.10: Magneto-optical images and all-optical helicity-independent switching state diagram for
a 20-nm Gdgy(FeCo)zg film. MOKE images after exposure to a single linearly polarized laser pulse
with pulse durations of 50 fs, 1 ps, 3 ps (a) and 4 ps (b) at various fluences. (c¢) HI-AOS state
diagram showing the switching fluence (Fiyiteh) and multidomain fluence (Fiyuii) as a function of
pulse duration. Fig. from [98]

On the other hand, HI-AOS requires one single laser shot making it much more energy efficient
and fast. Extensive research has been done on Gd-based systems to fully understand the nature
of this reversal. Wei et al. studied the state diagram for GdFeCo, which plots the HI-AOS laser
threshold fluences against its pulse duration. It is shown in Fig. 1.10, single-shot switching was
observed for short pulse durations, but the fluence range decreases as the pulse duration increases.
This maximum pulse duration for single switching is approximately 3 ps for the GdFeCo alloy.

In 2020, Banerjee and colleagues (Banerjee et al. [99]) achieved single-shot toggle switching in
MnsRu,Ga half-metallic ferrimagnetic Heusler alloys of Mn o Ru , Ga. This achievement marked
a significant advance by overcoming the previous limitation of achieving single-pulse reversal exclu-
sively within Gd-based materials. This limitation had persisted for more than a decade since the
initial observation of HI-AOS.

High-density data storage applications encounter significant challenges when utilizing materials
from the TM-Gd system. These challenges arise primarily due to the low perpendicular magnetic
anisotropy (PMA) of both the Gd and the transition metal (TM) systems, which is essential for

stabilizing relatively small data storage domains.

In the quest for materials with enhanced magnetic anisotropy, there has been considerable in-
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terest in compounds containing the rare-earth (RE) element terbium (Tb). However, achieving
complete magnetization reversal with a single laser pulse in TbCo alloy has been challenging be-
cause of the significant spin-orbit coupling in Th. Although this increased anisotropy is beneficial
for increasing storage density capacity, it has been observed that it leads to a considerably faster
demagnetization of the 4f orbitals compared to that of Gd. Frietsch et al. explained this phe-
nomenon by highlighting the transfer of angular momentum from the 4f moments to the magnon
and phonon systems, which is only feasible in the presence of spin—orbit coupling [100].

During approximately the same timeframe as Banerjee, Avilés-Félix et al. also documented Gd-
free single-shot switching. They accomplished this using femtosecond and picosecond laser pulses,
particularly in systems based on Tbh/Co multilayers [20,21]. The utilization of a multilayer structure
produced encouraging outcomes in achieving efficient switching, which was somewhat unexpected.

The majority of this thesis is a continuation of this research, with the primary objective of
uncovering the components, behaviors, and mechanisms involved in switching within multilayer
structures. We focus specifically on the phenomenon known as ”single-shot helicity-independent
all-optical switching” (HI-AOS).

1.4 Opto-spintronics state-of-the-art

Although ongoing exploration of novel materials for AOS persists together with discussions
on the details of each mechanism, it is evident that the application of ultra-short light pulses to
manipulate magnetism has demonstrated its effectiveness in a range of magnetic materials [101].

AOS presents promising prospects for magnetic devices that can be controlled through light,
thereby bridging the gap between photonics and spintronics.

The initial efforts to integrate AOS materials into spintronic devices took advantage of electrical
readout via the anomalous Hall effect. This was demonstrated during optical switching in a GdFeCo
film patterned with Hall cross structure [102]. Here, a near-infrared pulse lasting 200 fs effectively
switched the magnetization of the junction area, resulting in a subsequent reduction of the Hall
resistance after each pulse. Similar accomplishments were achieved in ferromagnetic Pt/Co/Pt
heterostructures [103], showcasing HD-AOS with multiple pulses.

The logical application of AOS in the realm of spintronics involves its utilization as a writing
mechanism in magnetic random access memory. Replacing the free layer in a conventional MTJ
with a layer of AOS material enables switching of the MTJ using light.

However, as mentioned in the introduction, Chen et al. [104] performed the first successful
demonstration of the functionality of AOS in a micrometer-sized p-MTJ cell using a storage layer
of a GdFeCo alloy, showing only a modest TMR ratio of 0.6%.

Subsequent advances by Wang et al. [105] enabled switching in Co/Gd bilayer tunnel junctions
with cell sizes as small as 3 um, achieving an improved TMR ratio of 34.7%. This progress was
made possible through a clever design pioneered by Avilés-Félix et al. [20,21], involving the magnetic
coupling of an optically switchable material to the FeCoB interface of the storage layer.

Initial reports on a storage layer based on [Th/Co]N multilayers coupled to FeCoB showcased the
ability to manipulate the Co/Tbh composition for controlling the effective perpendicular anisotropy

of magnetic tunnel junctions. Even after annealing at 250°C to achieve a 38% TMR ratio after
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Fig. 1.11: Wang et al. results from [105]: All-Optical ”Writing” and Electrical TMR Readout of
a3 pm MTJ. (a) Microscope image of the device fabricated with a 100-nm thick transparent ITO
top electrode, as well as four electrode pads to perform four-point TMR detection. (Inset) Zoom-
in of the pillar. (b) R-H magnetoresistance loop measured by sweeping an out-of-plane magnetic
field, showing a typical TMR ratio of 34.7%. (c) Schematic overview of the ”writing” of an AOS
device. A small current is applied through the device, while the resulting TMR voltage is measured
in real time. The pillar is excited by a train of linearly polarized laser pulses. (d) Typical TMR
measurement as a function of time upon laser-pulse excitation. The resistance toggles between P and
AP state upon every laser pulse excitation. No external field was applied during the measurements.

patterning, the perpendicular anisotropy remained stable. Thin film experiments employing the
same storage layer stacks confirmed HI-AOS using both 60 fs and 5 ps laser pulses, even at incident
fluences as low as 3.5 mJ/cm?. However, reliable field-free AOS demonstrations on patterned
devices and a comprehensive understanding of the switching mechanism within this system are still
forthcoming.

After examining the advancements in all-optical switching MTJ devices, it is crucial to shift
our focus towards a broader perspective, highlighting the pivotal role played by the integration of
hybrid photonic-spintronics for an ultimate memory solution.

Integrated photonic platforms, such as silicon-on-insulator (SOI) [106,107] and indium phosphide
(InP) membrane on silicon (IMOS) [108,109], have made significant progress in high-bandwidth and
energy-efficient data transmission.

In terms of directing light onto spintronic devices, Becker et al. [110] proposed a two-dimensional
grating coupler to project light pulses vertically into all-optical switchable MTJs [111]. However,
the requirement for interwafer integration presents additional challenges.

For multiplexing, Kimel and Li [3] introduced an integration scheme with AOS switchable MTJs
by using cross-coupled photonic waveguides, as illustrated in Fig. 1.12. This setup allows for

random access by employing optical waveguides and transistor selector circuits to address specific
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elements. In a time-domain multiplexing configuration, precise control over pulse timing ensures the
synchronization required for AOS switching. Alternatively, in a wavelength multiplexing approach,
word and bit lines are selected based on their optical wavelength, similar to wavelength-division

multiplexing (WDM) systems in communication.

|
Optical switch matrix
and WDM elements

Optical switch matrix
and WDM elements

Fig. 1.12: Schematics from [3] of large-scale integration of AOS devices in an array for high-
speed memory application. Random access can be achieved with a fabric of optical waveguides
and transistor selector circuits to address each individual element. The coincidence of two optical
pulses in the two waveguides provides enough energy to switch the AOS device at the junction. In
the time-domain multiplexing scheme, the arrival time of the pulse sequence in the word and bit
lines can be controlled with a tunable delay line so that two pulses arrive coincidentally only at
the AOS device to be switched. In the wavelength multiplexing scheme, the word and bit lines can
be selected by the optical wavelength in the same way as wavelength-division multiplexing (WDM)
communication.

However, directly coupling light energy to spintronic devices suffers from inefficient interaction
due to the substantial size mismatch between waveguide modes and the size of spintronic devices [1],
resulting from the diffraction limit. This issue not only compromises the energy efficiency of AOS,
but also poses scalability challenges for hybrid integration. Furthermore, the substantial transient
power needed for AOS can introduce additional losses in the waveguide due to non-linear absorption
[111].

Hence, a photonic design capable of focusing light beyond the diffraction limit while ensuring
efficient energy transfer becomes imperative.

Recently, Pezeshki and colleagues have designed an integrated hybrid plasmonic-photonic de-
vice for AOS and all-optical reading of nanoscale ferrimagnet bits with perpendicular magnetic
anisotropy (PMA) on an IMOS platform. They proposed a hybrid plasmonic nanoantenna (PNA)
and photonic crystal (PhC) cavity to address the aforementioned challenges [112].

The requirement for femtosecond laser excitation poses a hurdle in practical applications. Imple-
menting ultrafast magnetism principles with pulses of 10 ps or longer is more feasible, as these pulses

can be generated using less sophisticated lasers, and advanced electronics can produce sub-100 ps
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electric current pulses.

In conclusion, the fusion of all-optical switching with spintronics has opened exciting possibili-
ties for the development of advanced magnetic devices controlled by ultrashort light pulses. Recent
achievements in AOS materials, particularly in magnetic tunnel junctions, have demonstrated the
potential to revolutionize memory solutions. However, challenges persist, such as the integration
of photonic and spintronic platforms. Furthermore, advancements in hybrid photonic-spintronic
devices and integrated photonic platforms offering high-bandwidth, energy-efficient data transmis-
sion and innovative multiplexing techniques, overcoming limitations, such as size mismatches and
efficiency concerns, are crucial for the practical implementation of these technologies. As the field
continues to evolve, the merging of photonics and spintronics holds great potential for the develop-

ment of next-generation memory solutions with unprecedented capabilities.

1.5 Conclusion

In this chapter, an introduction magnetism unfolded, traversing through the historical backdrop
and evolution of our understanding of magnetism from its early discoveries to its contemporary
quantum description.

Within this realm, a spotlight was cast upon ferrimagnets, particularly the rare-earth transition-
metal (RE-TM) systems, showcasing their significance and the complexities they introduce to this
study.

Transitioning to the realm of spintronics, several pivotal concepts were presented. The discus-
sion of spin-dependent transport phenomena, shedding light on how spin influences the behavior
of electrons, where the tunnel magnetoresistance ratio (TMR) emerged as a crucial metric phe-
nomenon.

Further exploration centered around magnetization dynamics, reporting the processes governing
the behavior of magnetization in time. Magnetoresistive random-access memory (MRAM) emerged
as a pivotal technology, offering promising prospects for data storage and processing.

The field of magnetoresistive random-access memory has witnessed significant advancements in
recent years, with various generations of MRAM technologies offering unique features and benefits.
Spin transfer torque MRAM (STT-MRAM) and spin orbit torque MRAM (SOT-MRAM) have
emerged as leading contenders in the MRAM landscape, offering low power consumption, high
integration density, and potential for applications in various electronic and computing devices.

One of the key challenges in MRAM technology has been optimizing the writing mechanism
to achieve faster and more energy-efficient memory systems. The traditional methods of magnetic
switching in MRAM, such as the spin transfer torque effect, have limitations in terms of speed and
energy consumption, especially when trying to achieve sub-nanosecond switching.

The concept of all-optical magnetization switching, as demonstrated in groundbreaking research,
provides a promising avenue to overcome these limitations. Ultrafast AOS has been shown to enable
rapid magnetization reversal without the need for external magnetic fields. This approach has the
potential to revolutionize MRAM technology by offering faster switching speeds and greater energy
efficiency.

Recent studies have explored the mechanisms and materials involved in AOS, and researchers
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have achieved single-shot AOS in various materials, including GdFeCo alloys and Tb/Co multilayers.
These advances have paved the way for the integration of AOS into MRAM devices, offering the
potential for high-speed and low-power memory solutions.

Moreover, the integration of AOS with photonic and spintronic platforms has opened up new
possibilities for data storage and processing. By combining AOS with advanced photonic and
spintronic technologies, the aim is to create memory solutions that provide fast and efficient data
storage. This integration holds great promise for next-generation memory devices and computing
systems.

In conclusion, MRAM continues to evolve, and the emergence of all-optical magnetization switch-
ing represents a significant breakthrough in the quest for faster, more energy-efficient memory so-
lutions. As the field advances, the integration of AOS with photonic and spintronic platforms will
play a crucial role in shaping the future of memory technology, offering unprecedented capabilities

and performance for a wide range of applications in the field of electronics and computing.
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2.1 Introduction

In this chapter, I present the experimental techniques central to our research, both for the growth
of the layers and their magnetic characterisation. These methods are essential for understanding
the magnetic properties and dynamics of the materials under investigation. Magnetron sputtering is
employed for precise material deposition, which offers control over film thickness and composition.
MOKE serves as a powerful tool for exploring magnetization in thin films, allowing us to character-
ize in-plane and out-of-plane magnetization properties. Furthermore, TR-MOKE, a cutting-edge
approach, leverages ultrafast laser technology to investigate rapid and transient magnetization dy-
namics, enabling the study of dynamic processes and material responses to external stimuli. In the
forthcoming chapters, I will unveil the results and insights derived from the application of these

techniques, shedding light on the magnetic characteristics and behaviors of our system.
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2.2 Magnetron sputtering

In the studies carried out during my project, all materials were deposited using a technique
known as magnetron sputtering on wafers with a diameter of 100 mm by Stéphane Auffret. The
substrates were made of either thermally oxidized silicon or glass. Magnetron sputtering is a widely
adopted Physical Vapor Deposition (PVD) technique both in industry and research due to its high
deposition rates, efficiency, and relatively good material quality [113]. The process is based on ion
bombardment of the target material to be deposited. A brief description of the process is given in

the following section.

2.2.1 Sputtering process

The sputtering machine used is an Actémium tool, the process begins by injecting argon gas
into the chamber at 2 x 1073 mbar, which is then ionized and accelerated towards the target by a
direct current discharge between the cathode and the anode, creating a localized plasma near the
target, as one can see in Fig. 2.1(a) . The accelerated Art ions collide with the target surface atoms,
causing the removal and vaporization of the target material. This vapor then condenses as a thin
film on the substrate. The deposition rate of the target material depends mainly on the plasma

density and the energy of the Ar™ ions.
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Fig. 2.1: (a) Schematic of the magnetron sputtering process with two different possible geometries
: (b) on-axis deposition and (c) off-axis deposition, respectively.

A key characteristic of this technique is the use of a magnetic field parallel to the target surface,
which confines the generated secondary electrons and enhances the probability of Ar ionization.
As a result, highly dense plasma is created near the target surface, leading to increased target
sputtering efficiency and deposition rate. To achieve this, a low chamber pressure (10~ mbar) is
essential before initiating the sputtering process to stabilize the Ar plasma, maximize the target
sputtering process, and prevent the introduction of impurities during the growth of materials. Our
magnetron sputtering system is made up of three main components: a load lock, a main deposition
chamber that contains 12 different target materials, and an auxiliary chamber designed to carry
out natural oxidation treatments and surface etchings [114,115]. For the MgO barrier formation,

natural oxidation of metallic Mg is employed in the treatment chamber, and the magnetic stack

34



2.3. Vibrating sample magnetometer (VSM)

grows without breaking the vacuum to maintain interface properties.

2.2.2 Deposition geometries

Two geometries are available: on-axis deposition (Fig. 2.1(b)) and off-axis deposition (Fig. 2.1(c)).
On-axis deposition involves rotating the substrate at 600°/s, resulting in uniform material thick-
ness deposition, although inherent inhomogeneity between the center and edges due to the gradual
reduction of the deposition rate with distance from the target will be present. Off-axis deposition
induces a thickness gradient across the wafer along a specific axis direction. This effect is achieved
by depositing the material without rotation and offset the substrate center by 100 mm from the
target center. The ability to deposit these wedge samples is of utmost importance, as it signif-
icantly accelerates material optimization. In fact, the resulting thickness gradient facilitates the
investigation of thickness-dependent properties using a reduced number of depositions.

In my research, I consistently employed double wedge samples, featuring layers with thickness
gradients oriented perpendicularly. The fine adjustment of sample thickness, whether with single
wedge or double wedge, proved to be crucial allowing to effectively identify the thickness region of
interest. This approach accelerated the optimization of stack composition for the magnetic tunnel

junctions.

2.3 Vibrating sample magnetometer (VSM)

The Vibrating sample magnetometer (VSM) serves as a crucial instrument within the spintronic
community, leveraging Faraday’s law as its fundamental operating principle. Faraday’s law dictates
that a change in magnetic flux within a circuit induces an electromotive force. The basic principle of
a Vibrating Sample Magnetometer involves suspending a sample in a magnetic field and subjecting
it to small amplitude vibrations. As the sample vibrates, its magnetic response is measured. By
varying the magnetic field strength and direction, it is possible to gather information about the
sample’s magnetic properties, such as magnetization, coercivity, and susceptibility.

More precisely, the magnetized sample is situated in a constant magnetic field and subjected
to vibrational motion along the z-axis at a constant frequency (see Fig. 2.2). The resultant flux
variation generates a voltage in adjacent pick-up coils, which is quantified using a lock-in circuit
with the vibrating frequency as a reference. Magnetic hysteresis loops are obtained by sweeping the
magnetic field.

The MicroSense®) VSM utilized for the measurements detailed in this manuscript has a sensitiv-
ity of 1075 emu and a maximum applied field of 2 T. This technique facilitates precise determination
of magnetic parameters, including saturation magnetization, anisotropy field, and coercive field. The
flexibility to rotate the sample holder at various angles relative to the field direction enables the
acquisition of hysteresis loops in different planes, such as out-of-plane, in-plane, and at intermediate

polar and azimuthal angles.
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SAMPLE

PICK UP COILS

Fig. 2.2: Schematic of vibrating sample magnetometer tool | Diagram illustrating the
configuration of a vibrating sample magnetometer tool.

2.4 Magneto-optic Kerr effect

In this section a description of the magneto-optic Kerr effect (MOKE) is given as both MOKE
magnetometry and MOKE microscopy are key experiments of this thesis. The Kerr effect refers to
the phenomenon in which the plane of polarization of incoming light changes when it reflects from
a magnetically active material [116].

The rotation and ellipticity are linearly proportional to the strength of the applied magnetic field
or the magnetization of the medium. These effects allow to monitor changes in magnetization in the
studied sample. The microscopic description of magneto-optics involves the splitting of degeneracy
between multiple spin states due to the spin-orbit interaction and exchange interaction, resulting
in different transition strengths for left and right circularly polarized photons.

Based on the orientation of the magnetization vector relative to the sample surface and the plane
of incidence of the light beam, three types of MOKE are observed: longitudinal, polar, and transverse
MOKE. Each configuration yields distinct changes in the polarization state of light. For longitudinal
and polar MOKE, the light wave vector has a non-zero projection along the magnetization direction,
while the transverse Kerr effect results in a change of the reflected intensity.

In this thesis, we utilize the longitudinal and polar configurations to characterize the in-plane
and out-of-plane magnetization of our samples, respectively. For an in-depth exploration of this

phenomenon, a comprehensive study can be found in [117].

2.4.1 MOKE magnetometry

The MOKE magnetometry setup I used is NanoMOKE3®)from Durham Magneto Optics. Its
primary function is to measure hysteresis loops of the sample, providing crucial insights into mag-
netization behaviour, see Fig. 2.3(c).

One of the key advantages of this setup is its automation capability. By incorporating precise
automated controls, the setup can systematically move the sample with finite steps of just a few

millimeters in both the x and y directions. This automated scanning feature allows for efficient
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Fig. 2.3: (a) Schematics of the experimental setup of a magneto-optic Kerr effect magnetometer,
including laser source, polarizers, and magnetic field generators. (b) Coercivity mapping of 100 mm
wafer.(c) Kerr signal vs. applied field hysteresis loops recorded for several positions: x=21 mm and
y=(-9, -19, -29, -35) mm of the map shown in (b).

mapping of the entire wafer surface. When combined with the use of wedge-deposited samples, it
facilitates and accelerates the study of magnetic properties across a wide range of thicknesses.

The MOKE measurement process, depicted in Fig. 2.3(a), involves a linearly polarized light
beam from a laser directed onto the magnetic sample. Upon reflection, the polarization of the
light undergoes changes dependent on the magnetic properties of the material. Notably, the Kerr
rotation angle (fx) and Kerr ellipticity (ex ), as mentioned above, are linearly proportional to the
magnetization.

The laser used has a wavelength of 660 nm and spot size of approximately 300 pm. The
MOKE tool used in this setup has a maximum applied field limitation of 4000 Oe. Consequently,
conducting measurements may encounter challenges with certain material thicknesses where reversal
fields diverge, such as the central region of Fig. 2.3(b) in the MOKE setup. In this region, the
apparent coercivity appear to be 0 Oe, but it is, in fact, immeasurable due to the experimental
limitations. A detailed discussion on this matter is presented in Chapter 3.

Overall, MOKE magnetometry is a powerful tool that provides valuable insights into the mag-

netic properties of materials, enabling us to investigate magnetization behaviour efficiently.

2.4.2 MOKE microscopy with femtosecond laser pulse irradiation

The following setup is based in Nancy at the Institute Jean Lamour, thanks to our collaboration
within the UltraFast Opto-magneto-spintronics (UFO) project we were able to conduct all-optical
switching experiments on our samples. Below you will find a synthetic description of the setup and
methods adopted, more in depth information can be found in [118].

Using MOKE microscopy, it was possible to study whether a magnetic layer undergoes magneti-
zation reversal during single pulse irradiation and determine the threshold fluence for this process.
The setup configuration is illustrated in Fig. 2.4.

The process involves sending a single pulse through a pulse picker, half wave-plate, and polariser
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Fig. 2.4: MOKE microscopy setup with single femtosecond laser pulse irradiation.

to control the laser pulse fluence. The pulse is then focused on the sample using a lens, and
microscopy imaging is performed on the other side of the sample using a light-emitting diode (LED)
with a center wavelength around 628 nm. A Ti:sapphire femtosecond-laser source and regenerative
amplifier were used for the pump laser beam in AOS measurement. The wavelength and repetition

rate of the femtosecond laser are 800 nm and 5 kHz, respectively.

A collector (Fresnel lens) collects the light and sends it through a field diaphragm before col-
limating it with a lens. The collimated light is then linearly polarized by another polarizer and
directed to the microscope objective with a beam splitter and lens. After reflecting off the magnetic
sample, the light acquires Kerr rotation and ellipticity, which is then analyzed by passing it back
through the objective and lens. To prevent laser light from reaching the Charge-Coupled Device
(CCD), a filter is used, and an analyzer is placed before the filter to complete the MOKE mea-
surement. The crossed polarizer and analyzer ensure that only the light that has undergone Kerr
rotation reaches the CCD.

By computing the difference in light intensity for two opposite magnetizations at a specific pixel
of the microscope image, we obtain a signal proportional to the sample’s magnetization. Raw images
obtained from the setup reveal valuable information about magnetization behavior under various
conditions, such as applying an external magnetic field with a permanent magnet or after sending
femtosecond laser pulses on specific materials.

The acquired microscope images undergo background subtraction to remove non-magnetic con-

tributions, and image analysis is carried out using open-source software like ImagelJ; see Fig. 2.5.
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Fig. 2.5: (a-b): Raw images and (c-d): subtracted images observed by MOKE microscopy. The
images are recorded after being saturated by a magnetic field (a) and thus (c), after sending the
first (b) and thus (d) laser pulse reversing domain, dark gray and blue spot respectively.

Depending on the material’s characteristics and external stimuli, the observed magnetic domains can
exhibit various shapes and sizes, ranging from ring structures to multidomain states. Additionally,
as one can see in Fig. 2.4, depending on the configuration of the setup, reflection or transmission,
the blue on red processed reversal spot images will be either elliptical or circular, respectively. In
the reflection configuration, utilized with silicon substrates, the images are more elliptical, while in
the transmission configuration, used for glass substrates, they appear circular.

In summary, the MOKE microscopy setup with single pulse irradiation provides valuable insights
into the magnetization behavior of materials, revealing threshold fluences and domain patterns

during magnetization reversal processes.
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2.4.3 Laser spot size determination

The Gaussian beam size was assessed through two different approaches: one involved direct
observation of the beam at the focal plane of the microscope’s imaging lens, and the other utilized
a fitting method that correlated domain size with pulse energy.

When examining samples grown on glass substrates, it is possible to use the transmission config-
uration (see Fig. 2.4), in this case both of these methods yielded consistent results for determining
the beam size.

For samples grown on silicon substrates, the reflection configuration (see Fig. 2.4) must be used.

In this scenario, the beam size was exclusively determined by fitting the domain size to the pulse

energy.
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Fig. 2.6: (a) Beam spot observed with a microscope. The diffraction fringes come from dust on
the optics. (b) Spatial Intensity. (c) Reversed magnetic domain radius as a function of the incident
laser pulse energy. With illustration of the reversed domain above a threshold energy, when the
amplitude of the Gaussian intensity profile increases. (d) two-dimensional Gaussian laser beam.

Analysis of laser spot with a microscope

Using a microscope set-up to examine a laser beam spot at a fixed distance z, the intensity of
light can be extracted and depicted as a function of spatial distance, as shown in Fig. 2.6(a). This

spatial intensity profile can be accurately described by a Gaussian formula.
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This Gaussian fitting validates the laser pulse’s spatial distribution.

An ordinary two-dimensional Gaussian energy spatial distribution of an ultrafast laser pulse is
typically represented by the following equation, which defines the spatial intensity profile of the
laser beam:

I(z,y) = Ioe_(%)2_<%>2 (2.2)

Here is a breakdown of the variables in this equation:

- I(z,y) is the intensity at coordinates (z,y) within the beam profile. - Iy signifies the peak
intensity at the center of the beam. - 0, and o, are the standard deviations that determine the
width of the beam in the z and y axes, representing the long and short axes, respectively. The
beam appears round when o, = 0y, and elliptical when o, # 0.

When o, = o, the energy profile can be simplified to:

I(z) = Ioe‘(ﬁ)Q (2.3)

To compute the total energy of the laser pulse, you can integrate the energy distribution using

the Gaussian integral formula:

00
(= )2
Etotal = / I()e (f’w) dx = I()Um\/;T (2.4)

—0o0
This equation enables us to determine the total energy contained within the laser pulse.

The width of the beam is the following.

width = o,/ (2.5)

Considering a two-dimensional Gaussian profile, the area covered by the laser beam is:

S =mogoy (2.6)

For example, in the case of Fig. 2.6(b), the measured beam radius ¢ obtained from the camera

data is 46.9 £+ 0.4 micrometers.

Fitted threshold fluence and beam size

This method assumes that something happens once the energy is above a certain threshold
fluence (or threshold energy). Because of the spatial Gaussian beam profile, the material does not
receive the same amount of energy everywhere. Magnetization will only reverse where the local
energy exceeds its threshold energy.

Defining R = o the radius of the beam spot it equals £9HM where FWHM is the spatial full

2v/21n2”’ _
width of the laser of half maximum. Therefore, the measured fluence F' corresponds to the power

of the laser divided by a factor e? at a distance from the center of the beam:
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_ P
F= 2.7
The fluence profile has the following form:
_ ey2
F(r) = 2Fe (%) (2.8)

where 7 is the domain radius. The peak value is then twice its measured value.
A magnetic domain appears as soon as the fluence peak value exceeds a certain threshold value
Fy,. When this happens, one would measure fluence F = % = F;. The domain radius must verify

the following equation:

F(r)=Fy, < r=Ry/In (i) (2.9)

Considering equation 2.7, the threshold powers, as well as beam spot radius, can be extracted

P

For the reflection configuration, the domains and the beam spot are elongated because of an

as a fitting parameter:

angle of incidence of 45°. The following equation was used to extract the threshold powers and

beam spot area as a fitting parameter:

a=SIn <fSP1;th> (2.11)

where a is the domain area, while S is the beam area.

If our only objective is to determine the threshold fluence Fy,, we can employ either the magnetic
domain radius or the magnetic domain area and fit it using Equation 2.11. However, when aiming
to characterize the energy distribution, to fit the spot size, the magnetic domain radius must be
employed. Furthermore, in cases of an elliptical spot, such as in a reflection configuration, the

Equation 2.10 can be rewritten as follows:

P
= In| ———= 2.12
rety = Hal y\/ ' (wany - Fth> 212

where R, = 0,, R, = 0, correspond to the beam spot radius along = and y directions, respectively.

2.5 Time-resolved MOKE (TR-MOKE)

Time-resolved MOKE (TR-MOKE) is a sophisticated technique used to explore rapid and tran-
sient processes in materials. It relies on the pump-probe method, utilizing two precisely synchro-
nized laser pulses: an initial pump pulse and a delayed probe pulse. These pulses are fundamental
in studying fast changes within a sample.

TR-MOKE employs an ultra-fast laser source capable of generating both the ”pump” and
”probe” pulses. These pulses are exceedingly short in duration and precisely timed. The ”pump”

pulse is adjusted to either excite the material or trigger a specific event within it. Meanwhile, the
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”probe” pulse is intentionally delayed and directed onto the material to monitor the arising changes.

Detectors are employed to measure and record the modifications induced by the ”pump” pulse, as

detected through the ”probe” pulse. It is possible to vary the time delay between the ”pump” and

”probe” pulses. This parameter is crucial for generating time-resolved data, allowing for an in-depth

exploration of the material’s dynamic response.

(a)

Signal

(b) .‘I"ump :

Delay

Fig. 2.7: The idea of pump-probe technique for TR-MOKE. The magnetization dynamics can be
detected by changing the delay time (dt) between the ”pump” pulse and ”probe” pulse. Figure
adopted from [118]

In TR-MOKE experiments can be described as follows:

1.

Laser Pulse Generation: An ultrafast laser source continuously emits laser pulses at a high

repetition rate, typically around 5,000 pulses per second.

. Beam splitting: A beam splitter divides the laser pulses into two separate beams. One

beam is directed toward the sample, while the other is manipulated to introduce a controlled

time delay.

Pump and probe pulses: Laser pulses play different roles. One beam serves as the ”pump”
pulse, initiating dynamic changes within the material, such as altering its magnetization. The

other beam functions as a ”probe” pulse, capturing the evolving states of the material.

Optical control: Optical elements, including a half-wave plate and a polarizer, are utilized
to manage the power of both the ”pump” and ”probe” beams. The "probe” power remains

constant, while the ”pump” power can be adjusted as needed.

. Focused irradiation: Both beams are focused on the sample at almost normal incidence

using spherical mirrors. The "pump” beam has a much higher intensity than the ”probe”

beam to ensure uniform excitation across the probed area.

Signal detection and separation: The ”probe” signal is collected, collimated and directed
onto a balanced photodiode with the help of lenses and a Wollaston prism. A half-wave plate
is employed to balance the signal on the photodiodes.

Data collection: The output signal, after frequency-selective filtering through a lock-in

amplifier, is converted to a digital signal and collected for in-depth analysis using a computer.
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This setup allows us to investigate the rapid magnetization dynamics in materials with pre-
cision and control, making it a valuable tool for studying fast processes in various scientific and

technological contexts.

2.6 Conclusion

In this chapter, I have outlined the experimental techniques employed in this thesis, focusing on
magnetron sputtering, vibrating sample magnetometry, the Magneto-optic Kerr effect, and Time-
resolved MOKE. These techniques play a crucial role in characterizing the magnetic properties and
dynamics of the materials under investigation.

Magnetron sputtering is utilized for material deposition, providing a versatile and efficient
method for growing thin films with precise control over thickness and composition. The use of
different deposition geometries, such as on- and off-axis, allows for tailored film properties and
thickness profiles, enabling the optimization of material characteristics.

The Magneto-optic Kerr effect is a powerful tool for studying magnetization in thin films. By
measuring changes in the polarization of light reflected from a magnetic sample, we analyzed in-
plane and out-of-plane magnetization properties. MOKE magnetometry and MOKE microscopy
provide valuable insight into the magnetic behavior of materials, enabling the characterization of
hysteresis loops and domain patterns.

TR-MOKE is a cutting-edge technique that combines MOKE with ultra-fast laser technology.
By using synchronized pump and probe pulses, TR-MOKE can capture rapid and transient mag-
netization dynamics on femtosecond and nanosecond timescales. This technique is invaluable for
studying dynamic processes and exploring the response of magnetic materials to external stimuli.

In the following sections, I will show the results and findings applying these experimental meth-

ods to prove insight on the magnetic properties and behavior of the materials studied.
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3.1 Introduction

This chapter the results of helicity-indepentent all-optical switching (HI-AOS) in Tbh/Co multi-
layer systems are summarized. As discussed in Chapter 1 (Section 1.3), all-optical switching involves
manipulating the magnetization of a material using ultra-fast laser pulses. It has been observed in
ferrimagnetic materials in particular RE-TM systems, which include alloys and multilayers, where
"RE” stands for rare-earth elements such as terbium (Tbh) or gadolinium (Gd), and "TM” stands
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for transition metals like cobalt (Co), Iron (Fe) or Nickel (Ni). The combination of these elements
in alloys and multilayers results in intriguing magnetic properties that are crucial for understand-
ing all-optical switching phenomena. Before discussing the results, it is essential to briefly cover
the fundamental properties of these systems to facilitate a better understanding of the upcoming

discussions.
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3.1.1 Terbium vs. gadolinium for AOS applications

Although they have a similar electronic configuration, gadolinium and terbium exhibit signifi-
cantly different magnetic properties. In fact, terbium has a high magnetic anisotropy, whereas the
magnetic anisotropy of gadolinium is smaller by two orders of magnitude. This difference is due to
the singularities of the electronic structures of terbium and gadolinium. While the trivalent gadolin-
ium ion is characterized by being in the S state (with L = 0) and having a spherical 4f electron
arrangement, the trivalent terbium ion, having an additional 4f electron, exhibits an oblate elec-
tron configuration. This is the result of the extra electron added to the spherical 4f subshell of the
gadolinium ion, leading to the development of an orbital angular momentum of L=3. As a result, Gd
has a much weaker spin-orbit coupling compared to that of Th. This weaker coupling contributes to
substantially smaller perpendicular magnetic anisotropy, Gilbert damping, and spin-lattice coupling
in Gd compared to Th. Although successful integration into perpendicular MTJs was demonstrated
using Gd-based storage layers [104,105], the favorable anisotropic properties make Th-based systems
more suitable for storage applications. In fact, due to the inherently magnetically soft nature of Gd,
the lateral size achieved for MTJs was limited to a minimum of 3 pm [105], as stated in Chapter 1.
In another study, stable switched domains in Gd were shown to reach a minimum size of 200 nm
(not in MTJ devices) [119-121]. However, in a continuous ThFeCo alloy film, stable domains as
small as 50 nm were switched, with the help of a two-wire plasmonic nanoantenna [122]. Moreover,
variations can be observed in the laser-induced demagnetization between elemental Gd and Tb, as
investigated by Wietstruk et al. in their study [92]. This variation, as outlined in Chapter 1, is
explained by a greater transfer of angular momentum from the 4f moments to the magnon and

phonon systems, which is only feasible in the presence of spin—orbit coupling [100].

3.1.2 Sperimagnets

One aspect often overlooked is the influence of amorphous or polycrystalline systems, as well
as the presence of defects. In one of his research, Coey investigated systems consisting of 3d and
4f elements within amorphous solids and distinguished two magnetic sublattices based on their
chemical composition [25,123].

In such systems, the d — d exchange exhibits strong ferromagnetic characteristics, defining a 3d
ferromagnetic sublattice. Consequently, 3d — 4f interactions tend to align the 4f sublattice spins
antiparallel to the 3d sublattice. This results in parallel alignment of sublattice moments for heavy
rare-earths and antiparallel alignment for the light rare-earths. As a result, it is possible to have
an amorphous (a—) ferrimagnet where the RE and TM subsystems are distinguished on the basis
of their chemical properties. For example, consider the case of a — GdosCo75. In some instances,
there may be a magnetization compensation point at a temperature where M,y > M3g, similar to
that of crystalline ferrimagnets.

However, for rare earths with strong uniaxial anisotropy and weak exchange coupling to the
3d sublattice, such as Tb or Dy, their local easy axes are primarily defined by the local crystal-
field interaction. These local easy axes are random, resulting in the formation of sperimagnetic
structures, as illustrated in Fig. 3.1.

S
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Ferrimagnet

-4~

P(6)/sin(6)

Fig. 3.1: Possible two-sublattice magnetic structures in amorphous binary alloys. At the top
Ferrimagnet and sperimagnet atomic spin illustration (RE empty/white spins, TM filled /black
spins); at the bottom distribution of local easy axes direction for each sublattice (RE dashed line,
TM continuous line). Schematics from [25].

Our systems, although not strictly amorphous, can still possess defects and may exhibit poly-
crystalline characteristics. In fact, RE-TM alloys are known to be amorphous, but ferromagnets are
instead polycrystalline or textured when deposited at room temperature on amorphous layers, with
typical grain sizes of 20 to 30 nm. As our Th/Co multilayer system is composed of a repetition of
these layers with intermixed interfaces, this implies that at the grain level, the uniaxial anisotropy

can vary depending on the local crystal-field interaction.

3.1.3 Alloys and multilayers

We will now compare multilayers to alloys in order to understand the key differences between
them and the reasons to have chosen one with respect to the other.

For MRAM applications, it is essential to control the annealing resiliance of the magnetic layers
of the MTJs [124]. This because in order to obtain high TMR values, well-textured MgO barriers are
required. They can be grown either by molecular beam epitaxy (MBE) on bee CoFe or Fe magnetic
electrodes or on amorphous CoFeB electrodes followed by annealing to recrystallize the electrode
with the same texture as the crystalline barrier. Therefore, by growing multilayers instead of alloys,
a surface anisotropy is introduced at each interface of the multilayer. This helps to maintain per-
pendicular anisotropy and generally improves annealing resistance [20,21]. Our multilayer systems
consist of layers of Th and Co atoms stacked on top of each other. When the deposited layers are
thin, interdiffusion mixes the species, and the obtained deposit is an amorphous alloy [125]. If they
are thick enough, the obtained system is a multilayer with diffuse interfaces. In this second case,

for [Tb / Co] multilayers, Ertl et al. [126] measured an interface anisotropy of approximately 0.5
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erg/cm?.

In general in amorphous RE-TM alloys, by adjusting the RE and TM composition it is possible
to tune magnetic properties such as the Tcomp, Tcurie, total saturation magnetization Mg ;o and
the coercive field Heo. Similarly, in multilayers, one can tune the same properties by varying the
thicknesses of the RE and TM layers.

The primary distinction between alloys and multilayers, related to the anisotropy previously
mentioned, arises from the antiferromagnetic exchange coupling. In alloys, it is distributed homo-
geneously across the entire film; in multilayers, the coupling exists only at the interface between the
RE and TM layers.

Ertl et al. in addition to the measurement of the interface anisotropy, also reported an interesting
aspect. As the thickness of each layer increases, the behavior tends to resemble that of bulk
material. It is possible that for RE like Th, which has a bulk Curie temperature much lower than
the room temperature, the layers located farther from the interfaces might exhibit paramagnetic
characteristics. This could result in the ’effective’ magnetic thickness of the layer being less than its
actual physical thickness. However, this phenomenon was shown to occur in the Th / Co multilayer,
for thicknesses exceeding 3.0 nm for Tb [126], which is not a concern in our study, since the layer

thicknesses that we investigate are smaller.

3.1.4 Integration of Tb/Co multilayers in magnetic tunnel junctions

The research outlined in this thesis is an extension of a preliminary study conducted by Sébastien
Bandiera [125], followed by a more comprehensive investigation carried out by Luis Avilés-Félix
[20,21]. Both researchers explored the potential of Th/Co multilayers to enhance the performance
of Magnetic Tunnel Junctions.

In 2012, Bandiera focused on advancing MRAM through thermally assisted spin transfer torque
writing in perpendicular magnetic tunnel junctions [127]. The study demonstrated the benefits of
Tb-Co systems for use in magnetic tunnel junctions, owing to their distinctive properties such as high
coercivity and the capacity to create low magnetization structures. The authors also emphasized
the need for careful control of the composition based on the annealing conditions and total thickness
to counteract terbium diffusion and oxidation effects. Moreover, Th-Co alloys and multilayers were
found to be less suitable for spin-transfer torque switching applications because of the high Gilbert
damping resulting from the strong spin-orbit coupling of heavy-terbium atoms. The critical writing
current is proportional to the Gilbert damping, therefore the higher the damping the higher current
density required to switch.

Instead, Avilés-Félix and colleagues were pioneers in exploring Tb/Co multilayers for all-optical
switching MRAM applications, publishing two relevant papers [20,21], see Fig. 3.2. The work was
carried out by L. Avilés-Félix, A. Olivier, G. Li, C. S. Davies, L. Alvaro—G(’)mez, M. Rubio-Roy,
S. Auffret, A. Kirilyuk, A. V. Kimel, Th. Rasing, L. D. Buda-Prejbeanu, R. C . Sousa, B. Dieny
and I. L. Prejbeanu under the SPICE project (FET-Open Grant Agreement No. 713481, European
Union’s Horizon 2020 research and innovation program). They developed a multilayer stack based
on [Th/Co|n, coupled to a CoFeB layer, and examined how the annealing temperature affects the
magnetic properties of the multilayer. The thermal stability of [Tb/Co] multilayers was found to
be highly dependent on the thickness ratio of Tb / Co, and perpendicular magnetic anisotropy was
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preserved to annealing temperatures up to 275°C in [Th(0.9 nm)/Co(1.3 nm)|s or a Co/Tb ratio of
1.44, (Fig. 3.2a).
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Fig. 3.2: Summary of the main findings presented in [20,21]: (a) Evolution of the coercivity map-
pings of the CoFeB(13 A)/[Tb(try,)/Co(tco)]5 electrode after annealing at different temperatures
from 200°C to 275°C. (b) Single-shot AOS of the electrode after consecutive 5ps-long laser pulses
with an incident fluence of 4.7 mJ/cm?. (c¢) R(H) obtained from EHE experiments and x-ray reflec-
tivity measurements of [Th(10 A)/Co(12 A)]5 samples as-deposited and annealed at temperatures
Tx = 200, 250°C, and 300°C as indicated. (d) TMR versus RxA of nanopatterned junctions for
stacks with different repetition numbers N of the [Th/Co|N stacks as indicated, with 9.4 A and 18 A
MgO barriers. The wafer-level TMR potential for optimal processing is 38% and 28%, respectively.
For detailed information, please refer to the original papers [20,21].

They also investigated the impact of the number of [Th/Co]y bilayer repetitions, performing
current-in-plane tunneling measurements on full-sheet film samples with 5 and 15 repetitions fol-
lowing annealing at 250°C. They found through X-ray reflectivity measurements that the amplitude
of the oscillating peaks, which are related to the interfaces of the multilayer, decreases with an in-
crease in the annealing temperature, eventually disappearing completely after annealing at 300°C,
as shown in Fig. 3.2c. This trend suggests that the post-deposition annealing process affects both
the interfacial roughness and the long-range order within the multilayer. The degradation of these

characteristics correlates with a decrease in the coercive field and may explain the observed loss of
PMA.

The team showed for the first time ultra-fast all-optical switching of the FeCoB(13)/Ta(2)/[Tb/Cols
sample after annealing at 250°C, utilizing 5-picosecond and 60-femtosecond laser pulses. AOS was

observed exclusively in the Co-rich compositions of the storage electrode [20], (Fig. 3.2b).

They have managed to fabricate nanopatterned magnetic tunnel junctions, employing optically
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switchable FeCoB/Ta/[Th/Co]y multilayers as the storage electrode. Impressive TMR values of
approximately 38% and 28% have been achieved for repetitions of [Tb / Co] of 15 and 5, respectively
[21], see Fig. 3.2(d).

The work demonstrated that the multilayer system held promise for integration into spintronics
devices that allow optical switching. However, even with notable progress, achieving consistent and
field-free validation of AOS in patterned devices remained a persistent challenge. Additionally, a
comprehensive understanding of the underlying switching mechanism that governed this process
remained unclear, highlighting a goal that was yet to be achieved.

In the forthcoming sections and chapters, we will go deeper into the specific aspects of all-optical

switching in Tb/Co multilayers.

3.2 Magnetic and all-optical switching thin film characterization

3.2.1 Experimental Approach: investigating physical phenomenon and

application-oriented experiments

The approach undertaken in our study is focused on systematically exploring the underlying
physical mechanisms of HI-AOS in our system while simultaneously conducting experiments with
a focus on the application aspect. In other words, our experimental approach aims to understand
the fundamental physical phenomena and extrapolate these findings for MRAM applications.

In our efforts to understand how our type of reversal works, we performed a series of experiments
that focused on the physical mechanisms responsible for this process. Different approaches, such
as changing the laser fluence and pulse duration in a systematic way were tested and conducted.
These experiments helped us gather important information that led us to create a well-thought-out
hypothesis about the magnetization reversal.

In parallel, our study extends beyond fundamental understanding, embracing a pragmatic per-
spective by conducting experiments tailored to the MRAM application. We performed thin film
experiments on MTJ-focused stacks and then, as shown in Chapter 5, developed and tested AOS on
nanopatterned devices. By considering these application-driven experiments, we aimed to establish

a robust foundation for potential technological implementation.

3.2.2 Detailed thicknesses for AOS and reliability

Collaborative efforts with the Institut Jean Lamour at the Université de Lorraine, in partnership
with PhD student, now Dr. Yi Peng and the colleagues Michel Hehn, Gregory Malinowski and
Stéphane Mangin, in the frame of UFO project (ANR-17-CE24-0007), allowed systematic AOS
measurements in our samples. The first goal aimed to delineate the optimal thickness range for AOS
while investigating its behavior and verify that the switching occurs also without the coupled FeCoB.
Our exploration is centred around crossed-wedge samples, where both the thicknesses of the Th and
Co layers vary throughout the wafer; details on the deposition technique were presented in Chapter
2. Specifically, the initial stack investigated was Ta(30)/[Tb(t1s)/Co(tco)]s/Ta(20)/Pt(20), referred
as Sample 0 see Fig. 3.3(a), where all the thicknesses in brackets are expressed in the ranges A,

and wedges of 7 and t¢, are shown in Fig. 3.3(b).
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Fig. 3.3: Single shot switching in [Tb(1.06 nm)/Co(1.78 nm)]s multilayer (sample AV39- 05): (a)
Ta(30)[Th(trs)/Co(tco)]s/Ta(20)/Pt(20) investigated stack schematic. (b) Coercive field map of
[Tb(tT1)/Co(tco)]s. The coercive field values were obtained from the M (H) loops measured with
H applied perpendicular to the plane of the film. The superimposed blue region in the center
indicates the region in which H was not sufficient to saturate the stack. (c¢) Coercive field of the
multilayer [Th/Col; as a function of the Co thickness tco: 7 — 13, Awith the thickness of the Tb
layers fixed at ¢t = 10, A. Insets: R(H) for tc, = 8.1, Aand tc, = 10.9, Aas indicated, panel
from [21]. (d-e) Background subtracted images after each single pulse at 5.1 m.J/cm? laser pulse at
50 fs.

Our findings confirmed what Avilés-Félix et al. showed, namely the critical role of specific
thickness and ratios between the Th and Co layers for HI-AOS. In Figs. 3.3(d) and (e), we show
background subtract MOKE images after 50 fs laser pulse irradiation at a fluence of 5.1 mJ/cm?.
Recall that the fluence is calculated using F' = P/fS where P is the measured power in repetition
mode, f is the repetition rate of the laser and S is the beam spot area. The setup, described in
Chapter 2, in this case is in a reflection configuration, as one can infer by the elongated reversal
spots. In Fig. 3.3(d) the out-of-plane magnetization is saturated by applying a strong magnetic
field either up (red) or down (blue) background, regardless of the initial direction, the reversal is
obtained, and a domain with opposite magnetization direction is created. The resultant AOS region,

for the ”as deposited” sample mentioned above, was identified as follows:
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1.35nm < tc, < 1.9nm

0.8nm < t7p < 1.2nm

0.59nm < try < 0.63nm
7500

In Fig. 3.3(e), we show that the observed reversal continues up to 153,000 pulses when the
measurement was stopped. There is no clear indication of switching degradation within this range,
implying that the toggle switching exhibits high endurance and repeatability for the specified thick-
ness ranges. The outside ring visible on the MOKE images after a large number of pulses is due
to the vibrations of the laser beam, over time the laser does not hit the sample in the exact same
position every time.

Similar to the previous research, the AOS behavior appears exclusively in the cobalt-rich region.
It is important to note that the regions "rich” in terbium and cobalt are temperature dependent.
When we mention the cobalt-rich region, we are usually referring to room-temperature conditions
(300 K). Put differently, our systems allow for ultra-fast reversal only when the initial temperature
(usually RT) is slightly above the compensation temperature (Tcomp). In such cases, the total
magnetization increases as the temperature increases. This phenomenon is evident in Fig. 1.3 and
was also measured in our system using VSM by Mishra et al. [128] Fig. 3.4(a) where the black
curve for Tb rich sample shows a decrease of magnetic moment with increase temperature and the
opposite is true for the blue, red and green curves where Co is dominating. Fig. 3.4(b) shows the
hysteresis loops both out-of-plane and in-plane evidencing a clear reorientation towards the in-plane,
this measurement is coherent with what observed in the VSM measurements in section 3.4.

Although this aspect will be thoroughly discussed in Chapter 4, we will see that it plays a

significant role in the reversal process.

3.2.3 Complete study on AOS properties: ring patterns and state diagrams

After identifying the region for the complete and reliable reversal region at lower fluences, our
investigation expanded to observing the response of HI-AOS under higher fluence conditions and
across different pulse durations.

When dealing with materials like GdFeCo alloy, when AOS is observed, typically as the fluence
increases, the diameter of the reversed spot also increases, this is due to the Gaussian shape of the
laser spot. However, there is a threshold fluence above which the central area of the spot shows the
creation of multiple domains with non-uniform magnetization, known as "multidomain” [98], see
Fig. 1.10 of Section 1.3 . This phenomenon occurs because the temperature induced by the laser
becomes excessively high for HI-AOS, the TM sublattice remains demagnetized for too long, and
no transient ferromagnetic state can be observed, leading to a random-like remagnetization.

Interestingly, in our system something different is happening. When subjected to fluences greater
than 11 mJ/cm?, in addition to the increase in diameter, the reversed domains show a distinct

pattern of concentric rings with opposite magnetic orientations. This pattern can be observed in
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Fig. 3.4: Figure from [128]: (a) Temperature dependence of the out-of-plane magnetic moment
measured under 200 mT applied field (top panel) and in-plane magnetic moment measured under
1 T applied field (bottom panel) for different compositions of the Th/Co multilayers, measured
using a superconducting quantum interference device vibrating sample magnetometer (SQUID-
VSM). The colored arrows in the top panel indicate the compensation temperatures (Tcomp) of
each composition. (b) Evolution of the out-of-plane and in-plane magnetic hysteresis loops with
increasing temperature from 300 K (loops at the bottom of the plots) to 375 K (loops at the top of
the plots) for the composition Th(1.2 nm)/Co(1.7 nm), showing an increasing in-plane component
that emerges upon heating.

both Fig. 3.5 and Fig. 3.6. In Section 3.5, we explore how this phenomenon can be replicated in
other materials by adjusting their properties and thicknesses, leading to a varying number of rings.
From the outside inward fluence thresholds (TF1-TF4...), for the reversal or non-reversal, can be

identified taking into account the Gaussian profile of the laser spot.

The observed phenomenon has not been reported in gadolinium-based samples so far. And,
more importantly, the commonly accepted explanation for the reversal mechanism in Gd samples
does not seem to apply in this case. It is worth noting that the demagnetization rate of Th is
significantly higher than that of Gd, as shown by Wietstruk et al. [92], and is comparable to that
of Co. Even if we overlook this detail, if the magnetization reversal is attributed to differences in
demagnetization rates [93], it is puzzling how an increasing fluence value can result in a repeating

pattern of reversed and non-reversed domains.

One could speculate that there might be a competition between the demagnetization rate switch-
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3.2. Magnetic and all-optical switching thin film characterization
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Fig. 3.5: All-optical switching in [Tb(1.06 nm)/Co(1.78 nm)]5 multilayer (sample AV39-05). Back-
ground subtracted images after first single with 50 fs laser pulse of different fluence.

ing and some influence of hot electrons or spin currents [129] that could be driving the switching in
the opposite direction. Perhaps the observed ring patterns are the outcome of the ”"winner” in this
competition of effects. However, as we will see, this hypothesis does not hold when considering the
dependence on pulse duration.

Instead, an intriguing parallel can be drawn with a study conducted by Davies et al. [130] in-
volving iron garnet. Although the systems under investigation differ, and an in-plane bias is applied
in their study, a similar reversal pattern of magnetization is evident. Their work revealed that
the reversal process involves a precession of magnetization, which is triggered by transient thermal
modification of the growth-induced crystalline anisotropy in the presence of a fixed perpendicular
magnetic field. While a precession-like mechanism could account for the observed rings, it appeared
improbable at first because it cannot occur on an ultrafast time scale, such as subpicosecond, which

seemed to contradict our observations of switching with 50 fs laser pulses.

50fs

Fig. 3.6: All-optical switching in [Tb(1.06 nm)/Co(1.78 nm)]5 multilayer (sample AV39-05). Back-
ground subtracted images after each single laser pulse with fluence between 8.57 mJ/cmy and 10.54
mJ/cmg, pulse duration: 50 fs, 1 ps, 3 ps, 5 ps and 10 ps.

Yet, the other main finding that differs from previously reported HI-AOS studies is the fact
that the fluences required to reverse and stabilize a given number of rings depend little or not at
all on the duration of the laser pulses investigated, see Fig. 3.6. In fact, single-pulse reversals
have been obtained for long pulse durations, up to 12 ps (the maximum pulse duration available
on our measurement lasers), and the threshold fluences for each transition remain mostly constant.
This finding already helped to realize that the reversal was occurring on a longer time scale and to

reevaluate the precession comparison to explain the reversal. On the basis of the MOKE observation
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Chapter 3. All-optical switching in Th/Co multilayer

upon varying the laser pulse duration, it was possible to draw a complete state diagram of pulse

duration versus fluence, as reported in Fig. 3.7.
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Fig. 3.7: All-optical switching and state diagram in [Tb(1.06 nm)/Co(1.78 nm)]5 multilayer (sam-
ple AV39-05). State diagram pulse duration versus laser fluence. TF1 is the border for switching;
TF2 is the border to two domains state, one ring; TF3 is the border to three domains state, two
rings; TF4 is the border to four domains state, three rings;TF5 is the border to demagnetized state
at the center and four rings. Red filling refers to unchanged magnetization direction compared to
the initial saturated one, blue opposite magnetization direction, and grey is the multidomain state.

The state diagram serves as a clever method to comprehend the overall system behavior. It
compiles data from the previous measurements conducted at varying pulse durations and plots them
relative to corresponding threshold fluences. These measurements are static, allowing sufficient time
for magnetization to fully recover after the laser pulse stimulus. To aid readers in identifying the
threshold fluences and establishing a connection to the reversed spots in Fig. 3.6, a color code
has been implemented. Red signifies an unchanged magnetization direction compared to the initial
one, blue indicates the opposite magnetization direction (AOS magnetization reversal), and grey
represents the multidomain state. The state diagram is evidently different from the state diagrams
shown in the case of HI-AOS in GdFeCo, Fig. 1.10 [98] and of multiple pulse HD-AOS [131]. This
must be evidenced by the fact that in our system the magnetization reversal process is different

with respect to the GdFeCo or MnsRu,Ga alloys.
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3.2. Magnetic and all-optical switching thin film characterization

3.2.4 AOS with ITO and SAF for MTJ development

Alongside our investigation into the mechanism of the HI-AOS, we also took a practical approach
by carrying out experiments to combine all-optical switching with MRAM technology. We repli-
cated the AOS experiments described earlier, this time focusing on MTJ structures within thin-film
stacks. In Chapter 5, we further advanced this by developing and testing AOS on nanopatterned
devices. Avilés-Félix and his colleagues have successfully developed and demonstrated the imple-
mentation of all-optical switching on a [Th/Co]x multilayer stack that is coupled to a FeCoB storage
layer, as described in their work [20,21]. Now, to create a fully functional MTJ memory device,
the establishment of a stable reference state is crucial. This is often achieved using a synthetic
antiferromagnet structure (SAF), which not only enhances stability but also reduces magnetostatic
stray fields. Moreover, for the purpose of both optical access to the device and simultaneous reading
of the junction resistance, the integration of a transparent and conductive electrode (TCE) is nec-
essary. In Chapter 5, a detailed description of the fabrication process with the material chosen for
this TCE is provided: Indium Tin Oxide (ITO) has been selected for this role. The experimental
investigations were then carried out with the aim of understanding how the all-optical switching
behavior varies when 1. FeCoB is present (referred to as half-MTJ stack with and without ITO),

and 2. with a reference layer incorporating a SAF structure.

Sample 1 (half-MTJ stack)
Ta(30)/FeCoB(3)/MgO(22.8) /FeCoB(13)/Ta(2)/[Th/Co(14)] x 5/Ta(20)/Pt(20)(/ITO(1500)).
Sample 2 (full-MTJ stack)

Ta(30) /P(250)/[Co(5) /P(2.5)] x 5/Co(5)/Ru(9)/[Co(5)/Pt(2.5)] x 2/
Co(5)/W(3)/FeCoB(10)/MgO /FeCoB(14) /W (2)/[Th/Co(14)] x 5/W(20)/Pt(50).

The numbers within parentheses represent the respective layer thicknesses in angstroms (A),
comprising the entire stack. The samples were annealed at 250°C, a necessary step to enhance
TMR in the final MTJ application. A MOKE mapping for the half-MTJ stack is shown in Fig. 3.8.

The results are presented in the following figures. In the case of the half-MTJ sample, see Fig.
3.8(a), we have included the results with the ITO capping layer, as we did not observe significant
differences, except for a slight increase in fluence due to the absorption of the TCE. This outcome
was anticipated, as it had been thoroughly investigated by Sobolewska et al. in their study, which
will be discussed in Chapter 5.

As depicted in Fig. 3.8(b), a notable observation is the slight shift towards lower values in the
thickness range for HI-AOS compared to the previously reported sample:

1.19nm < to, < 1.69nm
0.61nm < t7p < 1.06 nm

0.51 < T < 062
tCo
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Fig. 3.8: All-optical switching in half-MTJ with ITO stack annealed at 250°C for 10 min (sam-
ple AV39_ 09): (a) half-MTJ with ITO investigated stack schematic. (b) Coercive field map of
[Tb(tT1,)/Co(tco)]s. The coercive field values were obtained from the M (H) loops measured with H
applied perpendicular to the plane of the film. The superimposed blue region in the center indicates
the region in which H was not sufficient to saturate the stack. (c) Background subtracted images
after each single pulse at 9.62 mJ/cm? laser pulse at 50 fs, in Position 1 [Tb(0.9nm)/Co(1.56nm)]..
(d) State diagram pulse duration versus laser fluence in Position 1. Red filling refers to unchanged
magnetization direction compared to the initial saturated one, blue opposite magnetization direc-
tion, and grey is the multidomain state.

This shift in the thickness range may be attributed to the new presence of the coupled FeCoB.
The FeCoB layer is antiferromagnetically coupled to the Th sublattice, thus helping the Co sublat-
tice; as a result, the HI-AOS switching region has shifted to lower values of Co. The HI-AOS region
seems to be very sensitive to the balance of magnetic moments of the sublattices. A second aspect
important to mention is the effect of annealing, and as can be seen from MOKE mappings in Figs.
3.3(b) and 3.8(b), the sample’s anisotropy is reduced. This is evident by looking at the reduction of
the compensation region and from the appearance of in-plane magnetization regions and low Th and
high Co thicknesses. Both Bandiera and Avilés-Félix reported that Th diffusion occurs during the
annealing process. Still, PMA is mostly preserved because of the additional anisotropy coming from

the MgO/FeCoB interface that counterbalances the loss due to the interdiffusion just mentioned.

Note that the thermal conductivity of the sample might be affected by the MgO barrier, which

could consequently alter the temperature distribution when laser heating. Despite these alterations,
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3.2. Magnetic and all-optical switching thin film characterization

it appears that the core switching mechanism remains unchanged. In Fig. 3.8(c) the magnetiza-
tion reversal spot appears to maintain the external ring (TF1-TF2), however, the threshold for
transitioning to a multidomain state is lowered to smaller energy levels, as if the barrier is more
proficient in retaining heat, making it easier to get to the Curie temperature (T¢). The pulse du-
ration dependency also remained the same, as shown in Fig. 3.8(d); this is of extreme importance
for the application point of view, as having a large pulse duration window allows for much easier
integration with laser technology. As discussed in Chapter 1, ps lasers are far more simpler than
fs lasers, thus for the short term, being able to switch with ps pulses makes future integration to
complete memories less complex.

Moving to the results for the sample containing the SAF structure, we see in Fig. 3.9 and Fig.
3.10 that the reversed domain shows again multiple rings but at higher fluences. The variations

from the half-MTJ stack are mainly two:

1. the metallic volume is much greater in this case; the increase metallic volume will increase the

heat capacity of the system and thus allowing to withstand higher fluences.

2. The second is a possible increased roughness; this impact was observed mainly in the Th-
rich region, where no perpendicular anisotropy was seen after annealing. Despite this loss
of anisotropy coming from both the roughness and the annealing, it was concluded that the

switching region is the same as for the half-MTJ stack, where strong PMA is still kept.

To further understand what are the ingredients for AOS, namely anisotropy and magnetization,
the coercive field vs net magnetization are reported in Fig. 3.10(a) with a colorcode on the Th/Co
thickness ratio. To calculate the net magnetization, we used the thickness of deposited Th and Co
layers and Mg, co = 760 kA/m, Mg 11, = 1350 kA /m from references [132,133]. MOKE mappings
were used for the calculations, which allowed to pinpoint the magnetization compensation point and
address possible fluctuations in the deposition rate and disparities from established Mg values from

sources in the literature. In the figure it is highlighted the region where AOS occurs (gray area).
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Fig. 3.9: All-optical switching in bottom-pinned AOS-MTJ stack annealed at 250°C for 10
min (sample AV68-23): (a) AOS-MTJ stack with bottom-pinned and [Th/Co]ML storage layer
schematic. (b) Pulse duration vs fluence experimental state diagram of the magnetization reversal.
Threshold (ring) boundaries: TF1 outer-border red to blue; TF2 blue to red border; TF3 second
red to blue border; TF4 center demagnetized multidomain. Red filling refers to unchanged magne-
tization direction compared to the initial saturated one, blue opposite magnetization direction, and
grey is the multidomain state.
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Chapter 3. All-optical switching in Th/Co multilayer

In order to have HI-AOS, the system needs to be close to the compensation point where the net
magnetization is relatively low and anisotropy, which is proportional to the coercive field, is high.
In this AOS thickness region we expect a strong reduction of anisotropy and a slight increase of net

magnetization with temperature [128].
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Fig. 3.10: All-optical switching in bottom-pinned AOS-MTJ stack annealed at 250°C for 10 min
(sample AV68-23): (a) MOKE magnetometer measured coercive field vs net magnetization, Mg co
= 760 kA/m, Mg 11, = 1350 kA/m [132,133]. (b) Background subtracted images after first single
with 50 fs laser pulse of different fluence.

The observations of Fig. 3.10(b) highlight that different thicknesses within the same sample’s
HI-AOS region can show different reversal patterns, for almost identical fluence values. This means
that there must be some physical parameters that influence the final outcome. For positions PS8,
P1, and P2, the threshold fluences TF2 and TF3 are present defining the second ring having the
same magnetization as the initial state (red contrast). The dependency of the threshold fluences is
illustrated in Fig. 3.11 as both Tb and Co layer thicknesses increase. This data is the elaboration
of the reversals shown in Fig. 3.10(b) plus the additional positions that were measured. As the
thickness of Tb and Co increases, these thresholds converge, progressively nearing each other. At
P3, with Th: 0.86 nm / Co: 1.45 nm, they merge to create a unified reversed domain. In the next
chapter we correlate this behavior to a possible increase in Gilbert damping due to the increased
Tb content [134,135].
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Fig. 3.11: All-optical switching in bottom-pinned AOS-MTJ stack annealed at 250°C for 10 min
(sample AV68- 23): Tb and Co layers thickness vs Threshold fluence state diagram of the magne-
tization reversal. Red filling refers to unchanged magnetization direction compared to the initial
saturated one, blue opposite magnetization direction, and grey is the multidomain state, P1 (tcy:
1.37nm,tpp: 0.76 nm), P2 (tco: 1.41 nm,t7y: 0.80 nm) and P3(tc,: 1.45 nm,t7p: 0.86 nm).

3.2.5 HI-AOS dynamics in Tb/Co multilayers

In this section, we present the work on the Th/Co multilayer dynamics conducted by Kshiti
Mishra from our collaboration with the Radboud University of Nijmegen. The effort on the sample
from Avilés-Félix et al. [21] resulted in the publication entitle "Dynamics of all-optical single-shot
switching of magnetization in Th/Co multilayers” published in Physical Review Research (June
2023) [128].

The analysing of magnetization dynamics give key insights to better understand the mechanism
at play during a reversal process. Using pump-probe MOKE spectroscopy, it was possible to examine
the spatio-temporal aspects of the HI-AOS process, also known as toggle-switching, shown in Fig.
3.12.

The magnetization dynamics of the multilayers was analyzed for both Tbh- and Co-rich composi-
tions. In Fig. 3.12 (c¢)-(e) the magnetization dynamics are shown on a timescale of 200 ps for three
distinct compositions, where the Tb thickness is fixed and the Co layer thickness varies. Common
to all compositions is the ultrafast demagnetization occurring within 1 ps, succeeded by a also fast
partial recovery of magnetization within the subsequent 10 ps. However, beyond this point, the
magnetization dynamics diverges for the Th- and Co-rich compositions. In the case of the Tb-rich
composition [Th(1.2 nm)/Co(0.9 nm)]| shown in Fig. 3.12(c), the magnetization eventually stabilizes
to a constant positive value, representing a partially demagnetized state. On the contrary, for the
Co-rich compositions, namely Th(1.2 nm)/Co(1.7 nm) in Fig. 3.12(d) and Th(1.2 nm)/Co(1.8 nm)

in Fig. 3.12(e), the rapid partial recovery of magnetization is followed by a slower reorientation
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Fig. 3.12: Th/Co magnetization dynamics [128]. The figure highlights (a) Magnetic stack schemat-
ics; (b) Coercive field Hc mapping of the Tb/Co multilayered sample. The Tbh-rich region shows
thermal demagnetization in response to a laser pulse, whereas the Co-rich region shows HI-AOS;
(c)-(e) Calibrated magnetization dynamics measured for (c) [Th(1.2 nm)/Co(0.9 nm)|s showing
laser-induced thermal demagnetization; (d) [Tb(1.2 nm)/Co(1.7 nm)]5 showing HI-AOS; and (e)
[Th(1.2 nm)/Co(1.8 nm)]5 with a thicker Co layer, also showing HI-AOS. The different points were

measured with different incident pump fluences as indicated, and the solid lines are a guide to the
eye.

62



3.3. Description of the magnetization reversal mechanism

step, ultimately stabilizing at a constant negative value after approximately 75-100 ps (depending
on composition). This final value corresponds to a homogeneously switched magnetic state, which
tends to stabilize more rapidly for multilayer configurations with thicker Co layers.

Upon increasing the pump fluence, both the degree of ultra-fast demagnetization and the final
magnetization value show an increase.

Given that the probe spot has a radius of approximately 20 pm, the measured signal integrates
over spatially varying magnetization dynamics, that takes into account the whole Gaussian spot,
thus all the distribution of fluence. This may result in trends that do not correspond to the local
behavior at each fluence value, and we will come back to this point in Section 3.5.

Nevertheless, it seems natural to categorize the magnetization dynamics during HI-AOS into
three steps: (i) ultrafast demagnetization, (ii) rapid partial magnetization recovery, characterized by
an upturn in the detected signal, and (iii) a slower magnetization reorientation leading to eventual
stabilization in the switched state. Notably, compared to the switching dynamics observed in
GdFeCo alloys and Gd/Fe bi-/multilayers, the distinctive feature for the Tb/Co multilayer dynamics
is the observed upturn in step (ii), regardless of what happens in the ultrafast step (i), where for
some fluences a complete reversal is measured temporarily and for others not.

As anticipated from the state diagrams results, indeed the reversal of Th/Co multilayer is
slower than the sub-picosecond timescale, more specifically depending on composition and fluence,

the reversal occurs between 50 and 120 ps.

3.3 Description of the magnetization reversal mechanism

The data we have presented thus far have enabled us to formulate a hypothesis regarding the
underlying mechanism responsible for the optically induced reversal in our system. This mechanism
appears to differ from what is observed in GdFeCo. Several key observations have led us to this
hypothesis:

1. Multilayer structure: When terbium-cobalt (Th-Co) forms an alloy, it does not exhibit
the single-shot helicity-independent all-optical switching (HI-AOS) phenomenon. However, when
Tb-Co is deposited as a multilayer structure, this unique phenomenon becomes evident.

2. Resemblance to precessional driven domains: The type of reversed rings we observe in
our system bears a striking resemblance to the precession-driven domains seen in iron garnet [130].
However, in our case, there is no external field around which precession can occur. Thus, we need to
identify the source of an effective field that breaks the symmetry and enables the switching process.

3.  TR-MOKE measurements: Time-resolved magneto-optical Kerr effect (TR-MOKE)
measurements reveal a clear magnetization reorientation following the initial ultrafast response,
suggesting a slower dynamics that supports a precessional-type switching.

4. Sperimagnetic behaviour: As discussed in section 3.1.2, it is expected that Tb in combi-
nation with Co exhibits sperimagnetic behavior. Therefore, our system, compared to Co/Gd (which
does not exhibit ring formations, as reported in [136]), is expected to have a uniaxial anisotropy
that varies depending on local crystal-field interactions within the polycrystalline grains. This local
anisotropy could be the missing element that breaks the symmetry and enables this type of reversal.

According to our hypothesis, the magnetization reversal is induced by a rapid decrease in the

63



Chapter 3. All-optical switching in Th/Co multilayer

local anisotropy due to the temperature rise caused by the laser pulse. This temperature increase
creates an imbalance between the demagnetization field and the uniaxial anisotropy. Before the
pulse, the uniaxial anisotropy dominates; however, at high temperatures, the demagnetization field
becomes dominant. As the system cools down, the uniaxial anisotropy gradually reestablishes itself.
The high Curie temperature of cobalt is crucial in maintaining magnetization and enabling it to
precess around this ever-changing effective field.

It is important to note that the precession occurs for a duration determined by the cooling time
and, thus, the energy absorbed, which is related to the laser fluence and not on the pulse duration.
As the fluence increases, more time is needed to re-establish the anisotropy, and consequently, the
number of rotations made by the magnetization during precession increases. Depending on whether
the number of half-rotations is odd or even, the magnetization will end up either reversed or not
reversed, resulting in the formation of concentric rings.

A more detailed analysis of this mechanism is presented in chapter 4. In the following section,
we provide an overview of the experiments that have contributed significantly to our understanding

of this process, further supporting the mechanism described above.

3.4 In-plane remanence and temperature dependent hysteresis

loops

The magnetic properties of our systems were investigated through vibrating sample magnetorme-
try (VSM). The goal of these measurements was to evidence the high temperature dependency of
the anisotropy in Th/Co multilayers and investigate the presence of in-plane anisotropies originating

from the sperimagnet nature of the system.
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Fig. 3.13: Out-of-plane VSM hysteresis loops vs temperature of [Tb(1.0 nm)/Co(2.0 nm)]5 multi-
layer.

In Fig. 3.13 it is shown the out-of-plane hysteresis loop at three different temperatures of Th/Co
multilayer sample in the Co rich region, in particular, the thicknesses of each layers are Tb 1.0 nm,
Co 2.0 nm. As you can see the square loops for 40°C and 80°C with high coercivity are typical

of out-of-plane magnetization, however, at 150°C the hysteresis loop shows a hard-axis behaviour
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3.5. Generalizing HI-AOS in RE-TM multilayers

evidencing an in-plane magnetization, thus a magnetization reorientation has occurred within less

than a hundred degrees.
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Fig. 3.14: Remenance magnetization extracted from VSM measurements of [Th/Cols multilay-
ers. In black the sample deposited off-axis without rotation (wedge sample) at thicknesses [Th(1.0
nm)/Co(3.1 nm)]s, the red line and blue line for samples grown uniformly (on-axis with rotation) for
thickness of [Tb(1.2 nm)/Co(3.0 nm)]5 red points and [Th(0.8 nm)/Co(3.0 nm)]5 the blue points.

Instead, Fig. 3.14 represents the in-plane angular remanence of Th/Co multilayer samples
with thicker Co layers. In this case the out-of-plane anisotropy is not sufficient to overcome the
demagnetization field and the magnetization of the sample is in-plane at room temperature. In
the graph there are three distinct samples: the black line show the sample grown throw the wedge
technique (off-axis without rotation) with thickness of Co and Tb of 3.1 nm and 1.0 nm respectively,
the red line and blue line for samples grown uniformly (on-axis with rotation) for thickness of Co
3.0 nm and Tb 1.2 nm and the blue Co 3.0 nm and Tb 0.8 nm. It is evident that the type
growth is influencing the in-plane anisotropy. The sample when grown off-axis shows a strong
uniaxial remanence. However, what is remarkable is the fact that even for the samples uniformly
deposited large remanence is observed with a small preferential direction. Indeed for pure Co layer
no anisotropy is present and the observed remanence is 0 regardless of the angle of the applied
field, but the presence of Tb drastically changes this aspect. However, the origin of this preferential

direction is not fully understood.

3.5 Generalizing HI-AOS in RE-TM multilayers

This section presents the previously seen single-shot HI-AOS switching generalizing it to various

multilayer, bilayer, and trilayer systems. We found that the helicity-independent switching is a
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general phenomenon in Th- and Dy-based multilayers, which have sperimagnetic properties coupled
with transient metals. These results have been possible thanks to ANR (ANR-17-CE24-0007 UFO
project) and the work of Yi Peng and colleagues; a thorough description of all the measurements
and detailed stacks investigated (including more than 200 samples) can be found in her thesis [118]
and in our published article: Peng et al., ”In-plane reorientation induced single laser pulse magneti-
zation reversal”, Nature Communications 14(1):5000, 2023 [137]. The samples were deposited and

measured at the Institut Jean Lamour, in Nancy.
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Fig. 3.15: Single pulse reversal in Th32C068(4)/Co(1.52nm)/Th32C068(4) trilayer. (a) Back-
ground subtracted images after first and second pulses with 50 fs laser pulse with different fluences;
(b) State diagram which is plotted by pulse duration as a function of fluences. TF1 is the border
for switching; TF2 is the border to two domains state, one ring; TF3 is the border to three domains
state, two rings; etc. ... TF7 is the border to demagnetized state at the center. The dotted lines are
guide for the eyes. TR-MOKE measurements performed on the different multilayers showing single
pulse reversal. (c) 300 ps time scale; (d) zoom-in of the first 20 ps time scale. The description of
the stacks and conditions for TR-MOKE measurements have been show in Fig. 3.1. [137]

We limit ourselves to the main findings that were essential to verify the explanation and the
model used to describe the observed phenomena in Th/Co multilayers, details can be found in Peng’s
dissertation [118]. As HI-AOS switching was observed with Th/Co multilayers, the first reasonable

system to be investigated was Tb/Fe multilayers as Co and Fe have similar properties. Where the
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3.5. Generalizing HI-AOS in RE-TM multilayers

exact same switching was achieved for a specific thicknesses with pulse-duration independent state
diagrams and rings reversals. The investigation continued undergoing the path of analyzing the
interfaces. A diffused interface is expected in our system, this means that somehow our multilayers
could be seen as a RE/RE-TM alloy/TM where the RE-TM alloy is the interface between the layers.
What happens if we expand this ”interface” and shine a system composed of RE-TM alloy/ TM
layer? The findings, as depicted in Fig. 3.15, confirmed that the reversal previously observed in Th
/ Co multilayers extended to these new systems, exhibiting even more distinct rings and threshold
fluences. In another experiment, Tb was replaced with Dy, a rare-earth element with with atomic
number of 66 (compared to Th’s 65) which shares similar electronic configuration and thus similar
properties, including high SOC, low Curie temperature, sperimagnet behavior. The results showed

the same reversal features.

(a) (b) (c)

Th;,Cogg (4 NM) Co (2.27 nm) Co (2.27 nm)
Co (2.27 nm) Th3,Cogg (4 Nm) Th3,Cogg (4 Nm)

Pt Pt Pt

Th3,Cogg (4 Nm)

Substrate Substrate Substrate

Pulse 1  Pulse 2 Pulse 1  Pulse 2 Pulse 1 Pulse 2

Fig. 3.16: Single laser pulse measurements in: (a) Pt/Co(2.27 nm)/Tbs2Cogg bilayer, PMA from
Pt/Co interface leads to only demagnetization; (b) Pt/Tbs2Cogs (4 nm) /Co(2.27 nm) bilayer,
AOS starting appearing; (c¢) Pt/Tb3aCogs (4 nm) /Co(2.27 nm)/Th32Cogg trilayer, ring pattern
AOS. [137]

The pivotal experiment that illustrates the significance of anisotropy in these systems is presented
in Fig. 3.16. This experiment investigates the response to laser pulses in three distinct systems
comprising Pt, Co, and Th32Cogg alloy, with carefully adjusted layer configurations. In panel (a),
we observe that Co is directly grown on Pt, a known setup that gives perpendicular magnetic
anisotropy to Co. However, this anisotropy persists at higher temperatures, preventing the system
from undergoing precession reorientation. The only result that can be obtained is the formation of
a multidomain state when the sample is fully demagnetized.

On the contrary, in panel (b), we witness a different scenario where the anisotropy of the Co
layer is induced by its interface with Th32Cogg alloy. In this configuration, the reversal starts to
manifest itself. The most favorable situation occurs when both interfaces are with Th3oCogg alloy,
facilitating the rapid reduction of anisotropy, panel (c).

This experiment underscores the critical role of anisotropy in these systems and highlights the
conditions necessary for achieving the desired all-optical switching behavior.

Fig. 3.1 provides a comprehensive overview of the samples studied in the investigation, in-

cluding their thickness variations, and highlights the specific thickness range where HI-AOS was
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1 |[Tb(wedge)/Fe(wedge)]*4

, |[Tblwedge)/Colwedge)]*S (Cross wedge)
3 x=1

< x=2

3| [Tb ,Cog,(x)/Co(wedge)]*3 ==

6 x=4

- x=5

o x=7,5
9 y=25
10 |[D¥Coin, (4) /Co(wedga)]*3  |y=30
" y=35

1y [Pt(S)/Colwedge)/Tbs,Cogs (4)
13 |Pt(5)/Co(wedge)/Tb;,Cogs (8)

14 _|Pt(5)/Co(wedge)/Tb;,Co.q (16)

15 |PvasCoss (4) /Co(wedge) / DyssCoss (4)
Tb,.Fe,; (4) /Co(wedge)/ Th.Fe . (4)

16
17 Tb,,Co.g (4) /Co(wedge) / Tb;,Co,s (4)
18 |TPszCose (4) /CoFeB(wedge)/ Ths;Cogs (4)

Thickness of the TM layer 08nm 1.2nm 1.6nm 2.0nm 24nm 2.8nm
19 Tb;,Co.g (4) /Permalloy (wedge)/ Tb;,Co,s (4)

3.2 nm

20nm 2,6nm 3,2nm 3,8nm 44nm 5,0nm 5,6nm

Table 3.1: Stacks that have been studied in this paper. 1-11 are multilayers, 12-14 are bilayers
and 15-19 are trilayers. Light pink color shows the TM layer (including Co, Fe, CoFeB, Permalloy)
thickness range that have been studied in this paper, while blue color shows the region of TM
thickness where single shot switching occurs in different stacks. Note that stack 1 is a double
wedge-sample in the same direction, while stack 2 is a cross-wedge sample. Numbers in parenthesis
are the layer thicknesses in nanometers. [137]

observed. The investigation extended to trilayer structures like ThCo/X/TbhCo (with X being Co,
Py, and CoFeB), all of which exhibited the intriguing single-pulse magnetization reversal behavior.
The presence of in-plane reorientation in these structures was identified as a crucial contributing
factor. The study delved into exploring how film thickness, material composition, and anisotropy
characteristics influenced the HI-AOS behavior.

This extensive study revealed that all these multilayer combinations exhibited a similar behavior
when subjected to femtosecond to picosecond laser pulses, resulting in a magnetization reversal with
a distinct ring-shaped pattern triggered by a single laser pulse. The perpendicular anisotropy in
materials such as ThCo, DyCo, or TbFe alloys diminishes as the lattice temperature increases after
the laser pulse. Consequently, the easiest multilayers to investigate were the ThCo/X/TbCo (X
= Co, Py, CoFeB) and Y/Co/Y (Y = DyCo, TbFe) trilayers, where the perpendicular magnetic
anisotropy was induced by the proximity to TbhCo, DyCo, or TbFe alloys.
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3.5. Generalizing HI-AOS in RE-TM multilayers

The key ingredient for the reversal is the persistence of the magnetization of the ferromagnetic
(FM) layer due to its high Curie temperature (T¢), which arises from being composed of pure Co,
Fe, Py, or CoFeB materials. In a scenario where magnetic grains or a couple of grains (identified as
"magnetic” grains) behave independently, the magnetization exhibits precession around the local
anisotropy axis, which is distributed from grain to grain.

To verify the presence of these grains, and thus a local distribution of easy axis orientations, a
Magnetic Force Microscopy (MFM) image was recorded in the region of the layer that had been
saturated before the experiments (see Fig. 3.17). A detailed examination of a magnetic force
microscopy image (Fig. 3.17 a) shows how the ring-shaped structures form. To understand this
process, we need to look at it on a smaller scale, focusing on a few grains in the TM layer.

First, the rings in the image do not have clear, sharp boundaries like in Fig. 5.25b. Instead,
the separation between the domains in the rings is made up of many small domains that are tightly
packed together, especially near the center of the separation (as shown in Fig. 3.17e). If we compare
this with a domain wall in the middle of Fig. 3.17a, which existed before laser treatment, it has a
much clearer and well-defined boundary (Fig. 3.17c).

Second, within the rings, we can see the presence of small domains, which range in size from
100 to 300 nm (as indicated by red circles in Fig. 3.17b and 3.17c¢). The number of these small
domains increases as we move toward the center of the spot, especially when we increase the fluence
(Fig. 3.17e). The rapid decrease and subsequent recovery of anisotropy within the transition metal-
rare earth alloy (TM-RE), attributed to the notably low Curie temperature (T¢) of the rare earth
component, led to reorientation of the magnetization of the FM layer in the plane and its subsequent

precession.

Phase (°)

-0,37
0,11

Phase (°)

&
o

1

Fig. 3.17: Magnetic force microscopy investigation of a characteristic ring structure. (a) A ring
structure observed by MFM. (b) Zoom on the region that separates two rings. (¢) Zoom on a domain
wall. (d) Zoom on a region outside the laser spot that has been saturated before the experiment.
(e) Annular analysis of the small domain density. [137].

To eliminate the possibility that dipolar coupling is the cause of the reversed rings, we conducted
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Chapter 3. All-optical switching in Th/Co multilayer

a straightforward test by slightly shifting two consecutive pulses. As illustrated in Fig. 3.18, it
becomes evident that the magnetic state at a local level remains unaffected by the arrangement
of neighboring initial domains and is solely determined by the distance from the central spot,

specifically the local laser fluence.

Fig. 3.18: Domain pattern obtained by sending 2 successive pulses: a first one and then, after
moving the laser at a distance smaller than the spot size, a second one. The two spots are then over
lapping. Experiment done on [Tb(1.31 nm)]/Fe(1.89 nm)]4 multilayer. The color scale corresponds
to magnetization pointing out of plane: M+ (respectively M-) along the perpendicular to the film
plane, along +z (resp. -z) in red (resp. in blue). The sample is initially saturated along the M+
direction. The laser pulse has a fluence of 4.4 mJ/cm2 and a duration of 50fs. [137]

3.6 Optimization of annealing resilience

This section presents the results of our efforts to enhance the resilience of the annealing tem-
perature for our Th/Co multilayer system.

Annealing is a crucial process in the development of magnetic tunnel junctions (MTJs), as
discussed in Chapter 1. In conventional STT-MTJs, the efficiency of spin polarization plays a major
role in determining the final tunnel magnetoresistance ratio (TMR) and spin-torque efficiency. These
factors directly impact the readability of memory cells and the critical current required to switch
the magnetization of the storage layer.

One key to optimizing the properties of MTJs is achieving an epitaxial texture on magnetic elec-
trodes that matches the crystalline bee (001) structure of the MgO barrier, as highlighted by Yuasa
et al [138]. A significant breakthrough in sputtered MTJs was achieved by incorporating boron into
the composition of the MTJ electrodes. Typically, CoFe-based magnetic electrodes grow naturally
with fce (111) structures. However, when a CoFeB target is sputtered, the deposited electrodes ini-
tially remain amorphous on both sides of the tunnel barrier. Subsequently, the MgO barrier grows
with a rough (001) bece texture on top of the amorphous CoFeB magnetic electrode. To crystallize
the electrodes and improve the crystallinity of the MgO barrier, the electrode/MgO /electrode stack
undergoes annealing within the temperature range of 250°C to 400°C.

In our specific case, all magnetic electrodes in the MTJ stacks consist of an iron-rich Fe79CogBgg

alloy [139]. During annealing, boron atoms diffuse out of the FeCoB alloy and form boride com-
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pounds with the nonmagnetic layers in contact with the amorphous FeCoB electrodes [140]. These
non-magnetic layers typically consist of metals such as Ta, Mo, or W [141-144]. The already-
textured MgO barrier further crystallizes during this process, acting as a seed layer for the crystalline
growth of FeCo.

In our standard MTJ process, annealing involves maintaining the structure at 300°C for 10
minutes under a pressure of 10~% mbar, without the application of an external magnetic field. To
enhance the annealing temperature resilience in our Th/Co-based MTJ, we introduced a capping
MgO layer above the multilayer. This modification provided sufficient anisotropy to withstand
subsequent annealing steps, each lasting 10 minutes, at temperatures of 250°C, 275°C, and 300°C,
as illustrated in Fig. 3.19.

This approach allowed us to increase the resilience of the annealing process of our Th/Co-based
MTJ system while still keeping the HI-AOS properties.
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Fig. 3.19: MOKE mapping showing the perpendicular remanence magnetization of half-MTJ
stack (top row) and MgO-capping Stack (bottom) after subsequent annealing steps each of 10 min
at 250°C, 275°C and 300°C.
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3.7 Conclusion

This chapter showed a comprehensive exploration of the phenomenon of HI-AOS in RE-TM
multilayer systems. Through a series of experiments and analyzes, several key insights regarding
the mechanism and generalizability of HI-AOS in these unique multilayer structures were gained.

In conclusion, the investigation of the behavior of AOS in the [Th/Cols multilayer system has
revealed some intriguing and unexpected findings. The study began by focusing on identifying the
region for complete and reliable magnetization reversal at lower fluences, but it expanded to explore
the response of this system under higher fluence conditions and across different pulse durations.
Here are the key takeaways from the research:

1. Distinct reversal phenomenon: At high fluences, the reversed domains exhibit a unique
pattern of concentric rings with opposite magnetic orientations. This intriguing phenomenon is not
observed in gadolinium-based samples, and the commonly accepted explanation for magnetization
reversal in Gd samples does not apply to this case.

2. Pulse duration independence: Perhaps the most significant finding is that the fluences
required to reverse and stabilize a specific number of rings showed little to no dependence on the
duration of the laser pulses. This indicates that the magnetization reversal process occurs on a
longer time scale.

The investigation began by proposing a hypothesis to explain the underlying mechanism behind
HI-AOS in RE-TM multilayers. This hypothesis pointed to the significance of the local anisotropy
in these systems, which rapidly decreases as a result of the temperature increases caused by the
laser pulse. The subsequent reduction in the anisotropy compared to the demagnetization field
enables the magnetization of the ferromagnetic layer to reorient and precess, ultimately leading to
the formation of concentric rings in the magnetization pattern. This mechanism was supported by
various experiments, TR-MOKE measurements, and MFM images, all of which provided essential
insights into the behavior of these systems.

The exploration expanded to a broad range of multilayer configurations, including different
RE-TM alloys, bilayers, trilayers, and interfaces, to investigate the generality of HI-AOS. The
results consistently showed that the phenomenon extended to various multilayer combinations,
highlighting the role of anisotropy and the presence of a high Curie temperature in the ferromagnetic
layers. Furthermore, it was observed that these rings of magnetization domains were not primarily
influenced by dipolar coupling but were solely determined by the distance from the central laser
spot.

In the quest to develop magnetic tunnel junctions, annealing is a crucial step. The challenge was
to optimize the annealing process while preserving the HI-AOS properties of the Th/Co multilayer
system. A layer of MgO capping was introduced above the multilayer, allowing it to withstand
subsequent annealing at temperatures ranging from 250°C to 300°C. This innovation successfully
increased the annealing temperature resistance of the Th/Co-based MTJ, enhancing its performance
while retaining the unique HI-AOS characteristics. Moreover, complete MTJ stacks were studied,
comprising the reference layer and the ITO (transparent conductive electrode), showing the same

laser induced phenomenon.

This chapter has provided an overview of the mechanism of HI-AOS in RE-TM multilayers,
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its applicability to various configurations, and the issue of annealing resistance in the development
of RE-TM-based magnetic tunnel junctions. These findings not only deepen our understanding of
these special systems, but also create new opportunities for their use in the development of new

technologies and devices.
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Chapter 4

Modelling of HI-AOS in multilayer

systems
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4.1 Introduction

In this chapter, we present the different theoretical approaches that have been used to understand
the various physical phenomena presented in this thesis. Starting by exposing a theory of laser

pulse absorption which is approximated as a simple heating effect in the two temperature model
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(2TM). Then the developed model that couples the 2TM to a macrospin algorithm is presented.
It was utilized to phenomenologically simulate the optically driven magnetization reversal. After
showing the obtained results a second investigation based on an atomistic spin approach is shown

to complement the study.
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4.2 Laser absorption and numerical implementation of the

two-temperature model (2TM)

The two-temperature model is employed to simulate the rapid reaction of a metallic materials
to ultrafast laser pulses that cause heating. This model characterizes the system by dividing it into
two reservoirs: one for the electrons, referred to as the electron bath, and the other for the lattice,
known as the phonon bath, schematics in Fig. 4.1. More particularly, it involves rate equations to
describe how the temperatures of both electrons and phonons change over time. The semiclassical
two-temperature model was derived by Chen et al., based on the Boltzmann transport equation,
offering a proper description of non-equilibrium electron effects [145]. The usual method for ultrafast
magnetization dynamics involves integrating this model into atomistic spin models [146] or Landau-
Lifshitz-Bloch (LLB) simulations [147,148], thereby facilitating the simulation of the rapid magnetic
response when materials are heated by femtosecond laser excitation. However, as we will discuss,
our approach will diverge slightly as we leverage certain approximations made possible by the unique

characteristics of our studied phenomenon.

P(t)

Te Tph \\
electron bath G, = Ty] phonon bath
dTyn
= g
e dt coupling J

Ce
[T, - T
0= To]

Newton’s cooling

Fig. 4.1: Two temperature model schematics.

Each bath has its own heat capacity C; (i = e,ph) and exchanges energy through the coupling
parameter G, where e and ph stand for electron and phonon respectively. The laser pulse excitation
heats the electron bath and, neglecting thermal diffusion, the equations of the two temperature

model used to describe the ultrafast laser heating are:

€T — —GIT.(1) ~ 0] + PU6) — - [T.(0) ~ To ()] (4.1
O P20 _ 1, 4) - Ty(e) (42)

B (t — tg)?
P(t) = Py -exp _W (4.3)
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F
Py = Ha (4.4)
tPMTL

Here, P(t) represents the external power injected by the laser pulses, with key parameters such
as g, F, tpar, and 77 signifying the absorption coefficient, laser fluence, layer thickness, and pulse
duration, respectively. Equation (4.1) also incorporate a Newton’s cooling term, responsible for re-
turning the system to room temperature following the laser pulse, characterized by the characteristic

cooling time tg [149].

4.3 Analysing laser pulse duration effects and implications

Assuming that all-optical switching occurs due to a rapid temperature increase exceeding a
specific threshold, we can elucidate some intriguing insights. In fact, the unique characteristics
of the experimental state diagrams can be comprehended considering solely the framework of the
2TM.

In Fig. 4.2 it is shown the time evolution of the electron temperature T, and phonon temperature
Tpn upon varying the laser fluence and/or pulse duration. As expected, increasing fluence rises both
electron and phonon temperatures, Fig. 4.2(a) but, interestingly, with constant fluence the electron
temperature peak reduces drastically upon increasing the pulse duration, e.g. from 100 fs to 1
ps at F = 5.0 mJ/cm? the T, peak drops of ~500K. The HI-AOS mechanism in GdFeCo alloy, as
mentioned, has been related to a difference in the characteristic demagnetization time of the two sub-
lattices (Gd and Fe/Co) that have to demagnetize almost completely in order to switch. Because the
TM sub-lattice has the higher T and its magnetic properties come from the 3d electrons, it makes
sense that, to switch, the electron temperature T, needs to approach T¢ and thus due to dependency
on the pulse duration shown in Fig. 4.2, the resulting state diagram has a triangular shape Fig.
1.10 [98], where longer pulse duration need higher fluences to reach the same temperatures. In
contrast, for a precessional switching, it is not required to completely demagnetize the TM, or at
least it is not crucial. What seems to be important is the cooling time as we will discuss in the
following.

As outlined in the preceding chapter, the fluence required to reverse and stabilize a specific
number of rings in [Th/Co] multilayers shows little to no dependence on the laser pulse duration.
Single-pulse reversals was achieved for pulse durations ranging from 50 fs up to 12 ps, the maximum
available pulse duration on our laser setup. The possible origin of these peculiar AOS properties
point to an in-plane magnetization reorientation with a precessional switching mechanism and sim-
ilarities between the state diagrams observed in Th/Fe, and Ths2Cogs/Co/ ThbsaCogs trilayer [137]
and those of [Tb/Co] multilayers indicate a common magnetization reversal process.

Considering the two temperature model described earlier, at the short time scale up to a few ps
the behaviour of the electron temperature T, is highly dependent on the laser pulse duration, see
Fig. 4.2. Within few ps the T relaxes to the phonon temperature T}, and, from there on, the time
evolution of the two becomes indistinguishable. For longer times, in the order of tens/hundreds of
ps, the temperatures evolution are mainly influenced by the absorbed laser fluence and cooling of
the system to the thermal bath. Based on the experimental results, we understand that the key

dynamics for the reversal occur during this second time phase. This interpretation is based on the
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fact that super-diffusive spin currents [129], hot electrons and ultrafast demagnetization are effects
highly dependent on pulse duration. This is contrary to our experimental observations where the
final reversed state is essentially independent of the laser pulse length up to 12 ps and probably
beyond. The initial fast response phase certainly plays a role at the beginning of the reversal, and
may be more important for fs pulses, but does not determine the end-state. Hence, we developed
a phenomenological macrospin model based on the Landau-Lifshitz-Gilbert equation coupled to
the two temperature model to assess whether the above assumptions are consistent with the main
features of our observations, providing an insight into the underlying reversal process taking place

at the ps timescale.

4.4 Macrospin study of Th-Dy based multilayers HI-AOS

In this section, we present the theoretical framework used to simulate the precession-driven
switching observed in our samples after the application of a short laser pulse.

Our systems is expected to have a distribution of uniaxal anisotropy directions between what are
referred as magnetic grains. We assume that they respond independently to the laser heating based
on the MFM images (Fig. 3.17) where different outcomes are seen for neighbouring grains. With
these assumptions, each magnetic grain was simulated separately having a uniform magnetization
with its own uniaxial anisotropy. The magnetization dynamics of each grain is not influenced by
the other grains, they are independent (or isolated), see Fig. 4.3.

The model incorporates two essential features that are crucial for retrieving the physical phe-

nomena observed experimentally:

1. Temperature-dependent uniaxial anisotropy (K,): The uniaxial anisotropy, denoted as
K, exhibits a rapid decrease with temperature. This effect is taken into account to capture

the temperature-induced changes in the material.
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Fig. 4.3: Schematics of the system composed of individual grains. Each grain is simu-
lated as a individual isolated macrospin.

2. Tilted uniaxial anisotropy axis: The uniaxial anisotropy axis is slightly tilted relative to
the out-of-plane direction. This tilt is characterized by the unit vector u; = (sin6,, 0, cos,,),
where 6, is greater than 0°. Note that selecting the direction of the tilt along x was done
by convention, changing it does not affect the results. From grain to grain this direction is

expected to vary.

4.4.1 Model and material parameters

The dynamics of the unitary vector of the magnetization (m) are described by the Landau-

Lifshitz-Gilbert (LLG) equation, see 1.21 in chapter 1. Defining the reduced time as 7 = 1‘1’32 t, the

equation 1.21 for m becomes:

dm _
dr

Here, o represents the Gilbert damping constant, v is the gyromagnetic ratio, and ¢ denotes

— (m X Hegr) + a[m X (m X Heg)] (4.5)

time.
The effective magnetic field (Heg) is derived as the functional derivative of the Gibbs’ free energy

density (Fio) with respect to the magnetization (m):

,LLQMS om

Heff = (46)

The total Gibbs’ free energy density (Eiot) in our case is composed of three main contributions:
1. Demagnetizing energy density: This term incorporates the effects of the demagnetization

tensor (N, Ny, N) and the magnetization components:

1
Ey = §M0Mf (Ngm? + Nym + N.m2) (4.7)

Here, 19 represents the vacuum magnetic permeability and note that N, + N, + N, = 1.
2. Anisotropy energy density: This term accounts for the tilted magnetocrystalline anisotropy

(MCA) axis and the temperature-dependent uniaxial anisotropy (K, (T")):

Euni = — K, (uk : m)2 (48)

Here, uy is the unit vector representing the tilt of the MCA axis.
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3. Zeeman energy density: The Zeeman energy density, accounting for the externally applied

magnetic field Heyt, is expressed as:

E7ceman = _MOMS(m : Hext) (49)

The total energy density will read:

1
Brot, = — Iy (uge - m)* + oM (N3 + Nymy) + Nom?) — poMs(m - Hess) (4.10)

taking the tilt of the anisotropy along x we have uy = (ux 0 uz) and u2 +u? =1

Etot = — Ky (uimg + u?m? + Uzt mgm)
+ Ky [(Ng — Ny) m2 + (N, — Ny) m2 + N, | (4.11)
- ,U'OMS(m . Hext)

With Kq = $uoM2.

4.4.1.1 Continuous film approximation

In a specific case where N, = N, = 0 and N, = 1, the energy Ei and the effective field
H.s undergo simplifications. The energy density of the system, assuming this continuous film

approximation, is given by,
1
Eip = —Ky(ug - m)? + §MOM§m§ — poMg(m - Hey) (4.12)
Bt = —Kuu?cm?C — Keff,zmg — 2K uguymemy — poMg(m - Heyy) (4.13)

Kuug,mm + K, ugu,m,
0 + Hext (414)
Kyugu,my + Keff,zmz

2

Hgs=
¢ poMs

With Ky, defined as Kesr,. = [Ku? — Kq (N> — Ny)].
According to the reference [151], the phenomenological relation used in our model for the

anisotropy temperature dependency is:

s

Ku(T) = Kupr [1 a <TCm't

(4.15)

where K, rr is the uniaxial-anisotropy at room temperature (300 K) and T, = 450 K is a critical
temperature that was determined both by the measured blocking temperature, and supported by
VSM measurement of Chapter 3. As a first approximation the simulations were performed with M
independent of temperature, and consequently constant shape anisotropy. This strong approxima-

tion is backed up by the atomistic spin simulations shown in the following, where net magnetization
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is shown as a function of temperature. For the specific Co rich region where AOS is observed, we
see that the magnetization is not reducing but actually increasing, see Fig. 3.4, but as this increase
is not pronounced in the simulated temperature range this seems to be a reasonable approximation
for the model. Furthermore, the fact that the Co rich region is expected to increase M with tem-
perature would further promote the in-plane reorientation. This instead is not true for the Tb rich
region where the M is expected to drop fast with temperature, and no AOS is observed.

It’s crucial to emphasize that the simulation simplifies the system by representing it as an
effective single macrospin. While this simplification is quite strong and may raise questions, the
simulation’s primary aim is to elucidate the reversal dynamics of transition metals undergoing
rapid changes in anisotropy. These changes occur due to the interface between RE and TM and
the low Curie temperature of the RE. Unlike the RE, the TM has a high Curie temperature. As
the temperature increases, the anisotropy diminishes and then begins to recover during the cooling
phase. During this process, the TM, which has not fully demagnetized, undergoes a reorientation
driven by the evolving balance between the demagnetizing field and the anisotropy field. This results
in precessional dynamics that ultimately lead to magnetization reversal, depending on the energy

of the laser pulse. The parameters used during the simulations are reported in Table 4.1.

Table 4.1: Material parameters used in macrospin simulations

Description Parameter Standard Value Range
Uniaxial anisotropy tilt angle from z O 5° (0° - 45°)
Magnetization saturation M 760 kA /m [133] -
Q factor = K, /K4 = 2K, /poM2 Q 1.1 1.0-1.3
Uniaxial Anisotropy Ky Rrr Ky rr=11Ky4 Ky rr = Q(300K) Ky
Temperature To 300 K -
Critical temperature Torit 450 K -
Bohr magneton B 9.274 x 10724 J/T -
Permeability constant 1o 1.2566 x 1075 Tm/A -
Demagnetizing tensor (Ng, Ny, Ny) (0,0,1) -
Gyromagnetic ratio ~y 1.760859 x 10 1/Ts -
Electron-phonon coupling G 2.5-10" W -m 3K ! -
Phonon heat capacity Cph 2.6-10° Jm3K~! -
Electron heat capacity (at 300K ) C. 225T, Jm 3 K1 -
Characteristic cooling time to 50 ps 20 — 50 ps
Pulse duration TL 1 ps 0.1 — 10 ps
Absorption La 0.2 -
Gilbert damping «a 0.1 0.05 - 0.2
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4.4.2 Simulation results

4.4.2.1 Magnetization reversal dynamics and critical threshold fluences

Simulations were performed investigating the impact of a the laser fluence, and the corresponding
anisotropy drop, to a system with perfectly out-of-plane anisotropy, hence axis along z. The results
are shown in Fig. 4.4. Furthermore, we introduce the the Q factor (Q factor = % = #20%5 ) that
value will determine if the systems uniaxial anisotropy is dominating the demagnetizing field or not.

The results show that after the laser pulse, the demagnetizing field overcomes the anisotropy, the
magnetization starts precessing towards the plane. If 6, = 0° the precession occurs only around the

z axis and no crossing of the x,y plane is possible.
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Fig. 4.4: Time traces of my, m,, Heg «, Hegr, », and K, for 6, = 0° fluences 4.0 mJ/cm?,
6.0 mJ/cm?, 8.0 mJ/cm?, 18.0 mJ/cm?. Simulations performed with M; = 760 kA/m
and Ky 300x = 1.1 Kg, Gilbert damping o = 0.1. [152]

The picture changes when a non-zero anisotropy axis angle with respect to the z direction is
present. In Fig. 4.5 the macropsin calculation for the same four fluence values are illustrated. This
time, a 6, = 5° was chosen for the simulations to compare to Fig. 4.4, both cases were using a
Gilbert damping o = 0.1. The small tilt introduces a x component in the effective field (Heg, «) that
strongly affects the trajectory of the magnetization and drives the reversal. The precession occurs
for a time that depends on the energy absorbed, i.e. the laser fluence. The anisotropy field recovers
during the precession due to cooling (Kgq < Ky). As the fluence increases, the number of rotations
made by the magnetization during precession increases, as you can see by the x component of the
magnetization in the last column of Fig. 4.5. Depending whether the number of half-rotations is
odd or even, the magnetization will end up as reversed or not reversed. As the laser spot has a
Gaussian profile, with lower fluence outside and increasing moving towards the inside, the resulting

reversed pattern will show concentric rings, as shown in Chapter 3.
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Fig. 4.5: Time traces of my, m,, Heg «, Hegr, , and K, for 6, = 5° fluences 4.0 mJ/ch,
6.0 mJ/cm?, 8.0 mJ/cm?, 18.0 mJ/cm?. Simulations performed with M; = 760 kA/m
and K, 300x = 1.1- K4, Gilbert damping o = 0.1.

Fig. 4.6: 3D trajectories of increasing fluences for 6, = 5° fluences 6.0 mJ/cm?, 8.0
mJ/cm?, 18.0 mJ/em?. Simulations performed with M, = 760 kA/m and K, 300x =
1.1+ Ky, Gilbert damping o = 0.1. [152]

To assist the reader in visualizing the trajectory of reversal, we provide a three-dimensional
representation in Fig. 4.6(a). The energy landscape of the system is also depicted for different
values of the Q factor in Fig. 4.7(a) with the corresponding time evolution of the Q factor, the
T, and Ty, upon 40.0 mJ /cm2 laser pulse. This includes the equilibrium state with a Q factor
of 1.1, where an axial energy minimum exists, as well as lower values corresponding to higher
temperatures induced by laser heating. The magnetization trajectories follow a precession towards
the local energy minimum, which transitions from an ”easy-plane” state (Q factor less than 1) to
an "easy-axis” state (Q factor greater than 1). The rings, and thus the reversal dependency on

fluence, are related to the point at which the anisotropy field recovers during a precession cycle.
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Fig. 4.7: (a) Energy landscape for Q factor of 1.1, 0.4, 0.8 and 1.1; (b) Q factor, electron
temperature T, and phonon temperature 7}, evolution in time upon 40.0 mJ/ cm? laser
pulse.

When changing the Gilbert damping to @ = 0.05 more ringing occur half-cycles occur, as shown
in 4.8, and the switching fluence thresholds get closer. In this case fluences 6.0 mJ/cm? and 8.0
mJ/cm? are already of two different fluence bands (or rings). A detailed damping analysis is shown
in Fig. 4.11(a).

To further understand the results and be able to compare them to the experimental measured
reversal spots, we perform calculations of the reversal dynamics as a function of fluence, Fig. 4.9(a).
Subsequently, these results were visualized by plotting them in accordance with the anticipated
Gaussian distribution of the laser pulse in the x-y plane. This visualization approach, as shown in

Fig. 4.9(b), will be consistently used moving forward.

In Fig. 4.10(a,b,d), we illustrate how varying the parameters of the Gaussian laser pulse in the
simulation — specifically, pulse duration and power, and consequently fluence — aligns exceptionally
well with the observed ring-shaped spots. It’s worth noting that when dealing with very short pulse
durations, on the order of hundreds of femtoseconds, the model exhibits certain limitations and does
not entirely replicate the experimental dependency. In cases with such short timescales, an LLB or
atomistic spin model is indeed necessary, as demagnetization and other phenomena may prove to

be influencing factors making the reversal faster.

The time required for magnetization reversal in this simple model is on the order of hundreds of
picoseconds, as demonstrated in Fig. 4.5. This value is slightly greater than what we presented in
Chapter 3. Once again, this discrepancy can be attributed to the basic nature of the simulation and
the approximations that were adopted (constant Mg). However, we anticipate that by integrating

our hypothesis into an atomistic spin model, this understanding of the reversal was verified and
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Fig. 4.9: (a) Gaussian fluence profile each blue (reversed) and red (not reversed) point
representing the final state of the simulation at that fluence; (b) 2D visualization of the
reversed spot calculated in (a).

alignment in reversal times was achieved. Furthermore, the most striking property of the reversal

state diagram, showing no dependency on pulse duration is seen also in the simulation, Fig. 4.10(c).
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Fig. 4.10: (a) Experimental spot observations when increasing fluence/power; (b) Sim-
ulated diameters of each threshold fluence when increasing power; (¢) Simulated state
diagram, no pulse duration dependency; (d) Visualization of the increased diameter as
calculated in (b).

4.4.2.2 Influence of parameters on threshold fluences

In this section, we dive into the influence of parameters on threshold fluences, including damping,

uniaxial-anisotropy angle, and the Q factor at equilibrium.
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Fig. 4.11: Threshold fluences as a function of: (a) Angle of the uniaxial anisotropy; (b)
Gilbert damping parameter; (c¢) Q factor at equilibrium, 300 K.

Specifically, we observed the distinct behaviour of the regions in the state diagram: switching
(blue) and non-switching (red) regions, depicted in Fig. 4.11. These regions align directly with the
switching ’rings,” or areas of the sample illuminated by a Gaussian-shaped laser pulse with varying
fluence, as previously illustrated.

The data clearly shows that increasing the tilt angle and having higher damping consistently
leads to a separation of the switching rings/bands along with an increase of threshold fluences. The
first threshold, TF1, varies linearly with MCA acis tilt and damping while the following thresholds
have a more complected dependency arising from the non-trivial magnetization trajectories. This
increase in fluences in turn expands also the width of these switching bands/rings. Although, even
at small angles, a reversal is expected, achieving the necessary fluence must be extremely precise.
The same applies to low damping, where the range of fluences that allow for AOS is very narrow
and could pose experimental challenges. In contrast, the Q factor exerts a different influence on
threshold fluences. Initially, there is a decline from values of 1 to 1.1, where a minimum is observed,
followed by an increase.

These findings underscore the impact of each material parameter on the characteristics of mag-
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netization reversal. Furthermore they point out the requirements needed to achieve this type of
reversal, revealing why it happens in systems with Tb and Dy based systems and not with Gd ones.
Indeed Thb and Dy with TM, as we said, behave as sperimagnets but also, very importantly, they
are known to increase drastically damping when introduced as doping in other materials [153,154],
contrary to Gd where the effect is less significant. This makes Tb and Dy ideal, as the have low T,

high damping and their local easy axes are primarily defined by the local crystal-field interaction.

4.4.2.3 Influence of applied external magnetic field on threshold fluences

Another adjustable factor in the AOS is the presence an external field, which can vary in
direction with respect to the tilted anisotropy axis. Our objectives encompassed two key aspects:
firstly, elucidating past laser switching measurements under external fields, showcasing shifts in
switching bands and a substantial influence of in-plane fields; and secondly, enabling a more accurate
representation of the material system, acknowledging a non-uniform anisotropy axis distribution
among different grains.

Three magnetic field orientations were studied: in-plane and parallel to the anisotropy tilt
(Hest,z), in-plane and perpendicular to the tilt (Heut,y), and out-of-plane (Heqy,.). The results for
the in-plane parallel field are shown in Fig.4.12(a). Clearly, a positive x-field caused a squeezing
of the switching bands and an increase in the first fluence threshold (black line), while a negative
field resulted in band expansion and a lower first threshold. Additionally, the dependence on the
in-plane component was pronounced, exhibiting a significant preference towards +m, (—m,) for
Heptw > 0 (Hegtpw < 0). The in-plane field influenced the moment when m, switches to positive,

with a large negative parallel field favoring switching and a positive field hindering it by pulling m,

towards -1.

(a) In-plane field (b) In-planefield (c) Out-of-plane field
parallel to tilt perpendicular to tilt
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Fig. 4.12: Threshold fluences as a function of applied magnetic field: (a) In-plane parallel
to the tilt anisotropy axis direction; (b) In-plane perpendicular to the tilt anisotropy axis
direction; (c¢) Out-of-plane direction.

Regarding the perpendicular in-plane direction, Fig.4.12(b) displays a reduction of the higher
thresholds when increasing the magnitude of the filed and an oscillating-type of effect on the first
switching band, reducing and increasing its fluence range. These results are difficult to interpret.

Meanwhile, the out-of-plane field H., . affected switching in a more symmetric manner, opening
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the first switching band at negative fields. However, this effect was less pronounced compared to
the impact of the Hey , field, as shown in Fig.4.12(c).

These findings underscore that because this mechanism involves a slower reversal, external fields
exert a significant influence on its behavior. This aspect is crucial from an application standpoint
as stray fields at the device level might influence the overall junction behavior. But also this might
be an interesting opportunity to exploit, indeed haveing to different threshold fluences may open
the possibility to move from toggle to deterministic switching.

Presently, this model offers a robust understanding of observed magnetization reversal behav-
iors, even without accounting for rapid partial demagnetization due to sudden rises in electron
temperature. Addressing this necessitates more detailed atomistic or Landau-Lifshitz-Bloch (LLB)

models, as explored in Section 4.6.

4.5 Distribution of anisotropy axis

In this section, we explore the influence of a distribution of the anisotropy axis between grains
in the x,y plane on the expected reversal pattern in magnetic grains. Previously, our results demon-
strated how the anisotropy angle and damping affects HI-AOS in grains with uniform magnetization.

Starting from the calculated expected threshold fluences as a function of the tilt angle of Fig.
4.11(a), we investigate the reversal rings of an ensemble of independent grains varying their dimen-
sions. The square grain dimension was calculated by dividing the FWHM of the Gaussian by the
number of grains to visualize. This was done in order to keep the radius of the expected reversal
pattern the same and study what impact does the grain size have on the end result. The angle
0, was randomly varied between grains following a Gaussian distribution. It’s worth noting that
the azimuth angle remains constant since the grains are independent, meaning they don’t affect
each other’s orientations. This lack of interaction ensures that the final outcome isn’t influenced by
changes in the azimuth angle. In Fig. 4.13 the results for 1.7 pm, 343 nm and 69 nm are shown for
a 0, = 5° £ 1°. The reversal pattern is highly influence by the tilt and the distribution, but in Fig.
4.13 it is already clear that to have experimental matching the grains must be at least below 400
nm.

Taking from now on the grain size as 70 nm with a normal distribution of tilted angles, the
results for different angles and standard deviations are presented in Fig. 4.14 and 4.15.

Fig. 4.14 illustrates the distribution of tilted anisotropy angles centred around 7° with different
standard deviations. The resulting reversal pattern, shown in the bottom row, closely aligns with
the experimental observations, as for 5° + 1°.

Conversely, Fig. 4.15 shows a distribution centered around 0° with varying standard deviations.
The resulting reversal pattern, while exhibiting a sort of probabilistic helicity-independent all optical
switching, it may resemble more a multidomain state rather than complete switching.

In Section 3.4, we saw that the remanence of a in-plane magnetized multilayer has an angular
dependency when deposited as a wedge but interestingly also when the sample was deposited in
rotation. Although, this is not a proof of an off-centred distribution, it indeed suggest an overall
slight preference along one specific direction. These results suggesting that the distribution can not

be much disperse and a preferential tilt must be present.

89



Chapter 4. Modelling of HI-AOS in multilayer systems

In summary, our investigation into the influence of anisotropy axis distribution on magnetic
grains has provided valuable insights into HI-AOS. The specific distribution of tilted anisotropy
angles significantly impacts magnetic behaviour, with non-zero centred distribution demonstrating
good agreement with experimental observations, while the 0° distribution yields a pattern resembling

multidomain states.
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Fig. 4.13: Normal distribution of tilted anisotropy around 5° with standard deviations
of 1° for grains of 2000 nm, 400 nm and 100 nm. (Left column) angular histogram of the
tilted axis distribution; (center column) visualization of the distribution of grains tilted
axis in x,y position, with color code for the tilted axis angle 6,; (right column) expected
HI-AOS reversal pattern for a Gaussian pulse, 5 mJ/em? and o = 0.2 [137]
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Fig. 4.14: Expected HI-AOS reversal pattern (bottom row) for a normal distribution
of tilted anisotropy around 7° with standard deviations of 0°, 1°, and 2° (top row) with a
grain size of 23 nm. Inset of MFM measurements [137]
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4.6 Atomistic spin simulations

Elizaveta Tremsina, a PhD student from Massachusetts Institute of Technology during a three-
month secondment at Spintec helped to validate the results obtained from our macrospin model.
Our joint efforts aimed to implement the AOS hypothesis in VAMPIRE [146], a fully atomistic
spin model. VAMPIRE was chosen for several reasons, including its increasing popularity in the
magnetism research community and its built-in support for laser pulses and a two-temperature
model with cooling mechanisms.

It’s worth noting that the macrospin model for simulations was chosen for its simplicity, speed,
and ease of conducting simulations. In contrast, atomistic spin models are highly time-consuming,
and given the slower nature of the magnetization reversal process we were investigating, the atom-
istic spin simulations were mainly employed to provide additional evidence for the validity of the

significant approximations made in the macrospin model.

4.6.1 Simulation overview

4.6.1.1 Model and material parameters

The atomistic spin model is crucial in studying the behavior of magnets at the atomic scale. As
thoroughly explained in [146], it utilizes the extended Heisenberg spin model to describe the atomic-
level physics of magnetic materials with the spin Hamiltonian, denoted as H. The Hamiltonian
encompassing exchange interaction (Heyc), magnetic anisotropy (Hani), and external magnetic fields

(Happ) as follows:

H= Hexc + Hani + Happ (416)

The exchange energy (Hexc) for interacting atomic moments originates from electron wavefunc-
tion symmetry and the Pauli exclusion principle. It is the most dominant term and is expressed

as:

Hexe = — Y JijSi - S, (4.17)
1#]

Here, J;; represents the exchange interaction between atomic sites ¢ and j, S; is the unit vector
indicating the local spin moment direction, and S; represents the spin moment direction of neigh-
boring atoms. The unit vectors are taken from the atomic moment S and given by S; = us/|us|. For
ferromagnetic materials (J;; > 0), neighboring spins align in parallel, while for antiferromagnetic
materials (J;; < 0), spins tend to align antiparallel.

The exchange interaction diminishes with distance, often involving only nearest neighbors due
to its strong distance dependence, although it can extend across several atomic spacings.

Magnetic anisotropy plays a crucial role in a material’s thermal stability, arising from various
physical effects, predominantly magnetocrystalline anisotropy. This preference for atomic moments
to align along specific crystallographic axes originates from atomic electron orbitals interacting with

the local crystal environment.
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Uniaxial single-ion anisotropy represents the simplest form, where magnetic moments prefer

aligning along a single axis, e, often termed the easy-axis:

Huni-ani = _ku Z (Sz : 9)2 (418)

For out-of-plane (PMA) anisotopry e corresponds to Z, in our case for Tb the easy-axis has a

tilt with respect to Z, as discussed later.

Another form of anisotropy is the Néel anisotropy, it describes the surface anisotropy:

ks
HNéel = — Z 5 (Sz . rij)2 (419)
i#]

where, kg is the surface anisotropy constant between atoms 7 and j, and rj; is a unit vector

between sites ¢ and j.

The interactions between the system and external applied fields, denoted as Heyt is given by:

Hexy = — Z Nssi - Hext (420)

where ps is the atomic magnetic moment.

Fig. 4.16: Schematic of modeled material system, showing the three separate magnetic regions
and anisotropy terms, with periodic boundary conditions in all three directions.

To describe the system in our atomistic spin simulations, several features into the system’s
structure were incorporated. Fig.4.16 provides a schematic of the structure simulated, with an
FCC unit cell of magnetic lattice sites and a global lattice constant of 2.5A (note that this is
not a full representation of the crystal structure of the material, but an approximation). A total
of three magnetic material layers were used, of various thickness: Tb, and Co, separated by an
interfacial PMA Co layer, the justification for which is provided below. The number of monolayers
of each material type was chosen to mimic a Co-rich system, which has been shown experimentally
to display AOS, unlike Tb-rich stacks. Periodic boundary conditions were used along all three
directions, thus, the bottom Tb layer also has an interface with the top Co. The atomistic input

parameters for the system are listed in Table 4.2 [149].
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Table 4.2: Material parameters used in VAMPIRE simulations of [Tb/Co] multilayers [149]

Description Parameter Value
Exchange ITb—Tb 82x 10722 ]
Exchange JCo—Co 5.9 x 10721 ]
Exchange ITb—Co —1.0x 10721 J
Magnetic Moment Wb 9.34up
Magnetic Moment Koo 2.0up
Magnetic Moment UCo 1.72up
Uniaxial Anisotropy Constant kgb 2.16 x 10722 J
Uniaxial Anisotropy Axis Tilt from 2 Oco 15°
Uniaxial ’Interface’ Anisotropy k’gol 8.00 x 10723 J
Néel Surface Anisotropy kgol 8.00 x 10723 J
In-Plane Anisotropy k:g ° —1.00 x 1072 J
Fractional Height hrp 0.375
Fractional Height heyi 0.125
Fractional Height hco 0.5
Number of unit cells N1 3
Number of unit cells Neoi 1
Number of unit cells NCo 5
Temperature Rescaling Coefficient | All materials 2.37
System Dimensions - 4 x4 x2nm?3
Unit Cell Size - 2.5A

4.6.2 Magnetisation vs temperature, anisotropy and role of interfaces

The Curie Temperature program was used to model magnetisation as a function of temperature,
using the Monte Carlo algorithm to equilibrate the system at each temperature point and then
extract statistics over a certain number of time steps. The modeled system shows magnetization
compensation around 250K, just below room temperature, with a transition from Tb to Co-rich
state. The normalized net magnetisation magnitude is given by |m| = |>", 1;S;|/ >, pi and is
reported as a function of temperature in Fig. 4.17. It shows a decrease until the compensation
point in the Tb-rich regime, and then slightly increase in the Co-rich. These results are in good
agreement with previously extracted values of saturation magnetisation versus temperature from
MOKE measurements [128].

The anisotropy energy is the most crucial component of the observed AOS process, as shown by
experiment and macrospin simulations. For this reason, it was necessary to replicate the temperature
dependence of effective anisotropy of the system, but instead of the phenomelogical law used in the
macrospin study (4.15), here the anisotropy had to be encoded intrinsically in the system, the
temperature fluctuations given by the stochastic temperature behavior itself, resulting in effective
parameters. Based on previous work and past evidence of the critical role of interface anisotropy,
this interfacial anisotropy causes the system to have net PMA at lower tempeatures. Above a
threshold temperature a spin reorientation transition occurs due to thermal fluctuations. Evans
et al. [146] applied MC simulations to a system with uniaxial bulk anisotropy, and Néel surface
anisotropy perpendicular to the thin-film plane, to model temperature-dependent spin reorientation
transition (SRT). Furthermore [155] modelled interfacial effects using a fictitious interfacial Fe layer,

with a higher magnetic moment, and perpendicular anisotropy axis.
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Fig. 4.17: Monte Carlo simulations of temperature-dependent net magnetisation length of Th/Co
multilayer stack. The compensation point occurs below room temperature, where there is a transi-
tion from Tb to Co regime.

Thus, based on both these studies, we chose the interface Co layer having PMA, and also
included Néel surface anisotropy of same magnitude in the bulk Co layer as well. The bulk Co layer
has easy-plane anisotropy, effectively providing the demagnetisation field. Note that this treatment
of the demagnetizing field, instead of performing the dipole-dipole calculations, was chosen due
to limitations of computational power and accuracy with this small system size, however, also
supported by the fact that the net Mg does not change significantly in the regime of interest
during the switching process, in which the main precessional dynamics takes place, according to the
macrospin model.

A sweep over different values of the interfacial anisotropy values, varying both the Néel surface
anisotropy constant kg, as well as the uniaixial PMA constant k! of the interfacial Co layer, while
maintaining the Co in-plane value constant at k;p = —1 x 10723.J. Fig.4.18 shows that depending
on the value of the interfacial anisotropies, the net m, shows different behavior with temperature.
The value of kg = 8 x 1072%.J was chosen for optical switching modelling, due to the fact that the
expected precessional switching occurs during the cooling phase, as the system temperature drops

to 300K, as opposed to during the pulse itself (high temperature regime).

4.6.2.1 Anisotropy extraction from constrained Monte Carlo method

In addition to normal Monte Carlo, the hybrid constrained Monte Carlo (HCMC) method
[146,156] allowed the explicit extraction of macroscopic quantities such as temperature-dependent
magnetic effective anisotropy, by performing a constrained number of Monte Carlo steps. In this
procedure, the system is initialized at various angles with respect to the easy axes (in this case,
the PMA easy axis), and then evolved according to the Monte Carlo steps and compute an average
torque value to then reconstruct an anisotropy value from the angle-dependent torque.

For the case of PMA, Fig. 4.19 illustrates the effective anisotropy scaled by the value at 0K (Kj).
Notably, this anisotropy demonstrates a linear reduction with rising temperatures. In Section 5.5
temperature dependent measurements will demonstrate a parallel linear relationship of coercivity

on temperature for patterned junctions. Considering that coercivity is proportional to the effective
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Fig. 4.18: Monte Carlo simulations of temperature-dependent net out-of-plane magnetisation
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Fig. 4.19: Hybrid constrained Monte Carlo (HCMC) method extracted effective anisotropy versus
temperature, normalized by K, the effective anisotropy at 0 K.

anisotropy, this comparison offers an intriguing correlation deserving attention. Such consistency

provides another compelling reason to support the validity of the model’s predictions in this context.

4.6.3 Laser pulse modeling and switching of multilayer stack

The laser-pulse program with the two-temperature model, including a cooling term with effective
time constant, are used to model the all-optical switching of the multilayer structure. First, the
system is equilibrated, then the laser pulse is applied starting at ¢ = Ops. Ultrafast demagnetization
occurs up to around 18.0 m.J/em? for 100 fs laser pulses, higher than what observed in the macrospin
model. Magnetization dynamics for 16.0 m.J/cm? are reported in Fig. 4.20. The simulation shows a

clear ultrafast demagnetization and then recovery in less than 10 ps. Up to around 25 ps the the non-
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zero in-plane components show a start of reorientation but not sufficient to drive the magnetization
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Fig. 4.20: Atomistic simulation results showing magnetisation evolution during and after the
application of a laser pulse with fluence of 16.0 m.J/cm?, and pulse duration of 100 fs, starting at t=0
ps according to the two-temperature model. Time evolution plots of: Net m, the total magnetisation
component m; Net m, and Net m, total in-plane magnetisation components; individual material
perpendicular magnetisation components m;

Fig.4.21 shows a magnetisation switching from the up to down state for fluence f = 18.5 m.J/cm?,
showing a spike in the total m, in few ps, and return to the m, ~ 0.5 state and subsequent zero-
crossing at around 30 ps and switching to the down state. The total in-plane components are
shown as well, evidencing the precessional type of reversal as in the macrospin model. The net
magnetisation of Co (the dominant magnetic material at room temperature), shows a huge drop in
magnetisation, following the spike in electron temperature during the pulse, and then a restoring
to the original value, as seen in Fig.4.22. The Tb magnetisation remains low in this regime. This
quantity represents the uniformity of the magnetisation, and is highly dependent on electron tem-
perature, through the stochastic temperature term. These simulations show that the short-term
dynamics which occurs during the laser pulse and the temperature spike, notably the demagneti-
sation, is followed by a cooling of the system, during which the Co moments go in-plane (as seen
by the increase in the m, and m, components and restoring of the Co magnetisation), followed by

switching to m, < 0.
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Fig. 4.21: Atomistic simulation results showing magnetisation evolution during and after the ap-
plication of a laser pulse with fluence f = 18.5 m.J/em?, and pulse duration of 100 fs, starting at
t=0 ps according to the two-temperature model. Time evolution plots of: Net m, the total mag-
netisation component m_; Net m, and Net m, total in-plane magnetisation components; individual
material perpendicular magnetisation components m;

Fig. 4.22 displays both switching and non-switching events resulting from laser pulses with vary-
ing fluence values. The net out-of-plane magnetization relates to the signal detected via MOKE
measurements, although the precise sensitivity of MOKE measurements to different magnetiza-
tions—whether it primarily captures the total magnetization or predominantly reflects contributions
from the Co or Tb sublattices—is not fully comprehended. In a study by Mishra et al. [128] con-
cerning a 600 nm wavelength, it was concluded that the signal correlates with a linear combination
of the two sublattices.

Notably, these findings align well with the three-step process observed in Chapter 3. Moreover,
the initial dip in the signal immediately following the laser pulse is observed here, contrary to the
macrospin simulations. Additionally, we have good correlation between the simulated reversal time
and the TR-MOKE measurements.

These preliminary results validate the hypothesis of our macrospin model, showing that it is
indeed possible to obtain the similar type of fluence dependent reversal with a more accurate an
extensive model that takes into account the ultrafast response of the system. Although, HI-AOS sim-

ulations using the atomistic spin model, we note that the Co sublattice appears to undergo complete
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Fig. 4.22: Atomistic simulation results showing magnetisation evolution during and after the
application of a laser pulse of various fluences 16.0 m.J/cm?, 18.4 mJ/em?2, 20.0 m.J/em?, and pulse
duration of 100 fs, starting at t=0 ps according to the two-temperature model. (a) Time evolution
of normalized net perpendicular magnetisation component m, showing both switching and non-
switching cases. The initial state is m, ~ 1; (b) Time evolution of temperature electron (7)

demagnetization during the ultrafast response (step 1). This aspect is not entirely comprehended
and deviates slightly from the macrospin representation of the phenomenon. This deviation impacts
the complete mapping of the fluence-pulse duration phase diagram, where the switching thresholds
are expected to be unaffected by pulse duration. It is hypothesized that adjusting material param-
eters like anisotropy values and structure thickness might resolve this discrepancy. Consequently,

further investigation is needed to assess the system’s behavior in contrast to macrospin dynamics.

4.7 Conclusion

In this chapter, we embarked on a comprehensive exploration of the two-temperature model and
its pivotal role in understanding the phenomenon of HI-AOS in multilayer systems. The 2TM served
as a foundational framework for our investigations, allowing us to simulate the rapid response of
our system to ultrafast laser pulses and gain valuable insights into the underlying physics.

One of the central findings of our study is the remarkable independence of HI-AOS from the
pulse duration, a characteristic that was consistently observed experimentally and can be attributed
to the unique dynamics of the system. This independence implies that the core mechanisms driving
the reversal process occur over longer timescales, primarily influenced by the absorbed laser fluence
and the subsequent cooling of the system to its thermal equilibrium.

Furthermore, we introduced a phenomenological macrospin model that incorporates the prin-
ciples of the 2TM. This macrospin model enabled us to delve deeper into the precession-driven

switching observed in our samples after the application of short laser pulses. It considered vari-
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ous parameters such as temperature-dependent uniaxial anisotropy and the tilted anisotropy axis,
shedding light on the intricacies of the reversal mechanisms within the system.

Our simulations have demonstrated how parameters like damping, anisotropy angles, and the Q
factor at equilibrium influence the threshold fluences necessary for HI-AOS.

While the 2TM provided the foundational knowledge, it is clear that the full complexity of
HI-AOS requires further investigation. The integration of detailed atomistic or LLB models will be
essential for a more comprehensive understanding, especially when considering intricate interactions
such as rapid partial demagnetization.

In conclusion, the macrospin model, building upon the 2TM, has illuminated the nuanced mech-
anisms behind precessional HI-AOS. Together, these models provide a solid foundation for future
research and applications in the realm of ultrafast magnetization control, making HI-AOS an excit-
ing avenue in the field of magnetics and spintronics.

We conducted atomistic spin simulations to validate the results obtained from our macrospin
model, particularly focusing on the AOS hypothesis in multilayer systems. We employed the VAM-
PIRE simulation tool, which offered built-in support for laser pulses and a two-temperature model
with cooling mechanisms, making it suitable for our investigation.

The atomistic simulations involved a system with a three-layer structure, incorporating different
magnetic materials and anisotropy terms. These simulations were carried out with careful consid-
eration of material parameters, including exchange interactions, magnetic moments, anisotropy
constants, and more.

We found that the temperature-dependent magnetization behaviour in the multilayer stack
agreed well with experimental measurements, particularly in the vicinity of the compensation point,
which is crucial for the AOS phenomenon. The role of interfacial anisotropy was highlighted,
showing its significance in influencing the system’s behaviour at different temperatures. These
results were instrumental in our understanding of the interplay between various anisotropy effects
and temperature-dependent magnetization.

Overall, the atomistic simulations provided valuable insights into the AOS phenomenon in mul-
tilayer systems. The results supported the validity of our macrospin model and shed light on the
complex interplay of anisotropy effects and temperature in the switching process. These findings
contribute to our understanding of magnetism and offer a solid foundation for future research in
this field.
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5.1 Introduction

The integration of all-optical switching into magnetoresistive random access memory technol-
ogy presents an exciting opportunity to greatly improve writing speeds, surpassing conventional
electrical methods by more than a hundredfold. Furthermore, this innovation promises to signifi-
cantly reduce energy consumption, with an anticipated level of less than 16 fJ per bit as predicted
by Kimel and Li in [3]. To make this approach feasible, the memory elements must be accessible
both optically and electrically, allowing for optical writing and electrical read-out. Therefore, the
incorporation of a top electrode that is both transparent and conductive becomes crucial.

Early explorations into AOS-MTJs were pioneered by Chen et al. [104] who successfully demon-
strated the operation of micrometer-sized p-MTJ employing a GdFeCo alloy storage layer. Although
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their initial attempt yielded a modest TMR of 0. 6%, Wang et al. [105] achieved subsequent refine-
ments. Their work involved manipulating Co / Gd bilayer-based tunnel junctions, resulting in a
good TMR ratio of 34.7% for cell dimensions of 3 pm in diameter. In particular, this substantial im-
provement of TMR was facilitated by the innovative design concept introduced by Avilés-Félix and
his team [20,21]. As we said previously, the approach focused on magnetically coupling an optically
switchable material to the standard CoFeB free layer, effectively amplifying the TMR ratio.

This chapter serves a dual purpose: first, to provide an overview of the nano-fabrication processes
central to the creation of these MTJ devices, encompassing the fabrication of magnetic pillars and the
definition of the transparent and conductive electrodes; second, to explore critical aspects of device
characterization. Particularly TMR, coercivity mappings, and the exciting potential of femtosecond

laser pulse irradiation in achieving all-optical switching in nano-patterned spintronics devices.
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5.2 Nano-fabrication process

The nano-fabrication methodology utilized in this thesis was developed by the Spintec MRAM
group and has undergone continuous refinement and adaptation to align with advances in cleaning
tool capabilities [114,115,157]. This standard process involves four distinct lithography steps: an
initial e-beam lithography step followed by three subsequent optical lithography steps. The primary
objective of this process is to create an array of nano-sized pillars, connecting them both at their
upper and lower ends to larger metallic electrodes, which serve as points for external connections.
The entire fabrication process takes place within the Plateforme Technologique Amont (PTA).

To enable the integration of all-optical switching capabilities with magnetic tunnel junctions,
Olivier et al. have explored the incorporation of indium tin oxide (ITO) as a transparent top
electrode [111,158]. Fig. 5.1 provides a visual representation of the main steps involved in the
process, highlighted in red indicating the modifications that were made to the standard MRAM
process to accommodate I'TO integration.

In the upcoming section, you will find a step-by-step explanation of the process. To keep things
concise, note that all lithography steps involve standard procedures like resist spin coating, hot
plate baking, manual mask alignment using SUSS MicroTec MJB4 for UV-insulation, development,

and resist removal. These steps are assumed in the following description.

5.2.1 MTJ patterning

The fabrication process begins with the deposition of the bottom contact material onto a 2” or 4”
SiO9 wafer, usually around 25 nm of Pt or Ta, and then the complete magnetic stack. Subsequently,
the sample undergoes annealing under optimized conditions to enhance its magnetic properties. A
hard mask (HM) layer deposition is essential for nano-patterning and later contact with the pillars.
For standard MRAM, the tipical HM is 150 nm thick layer of Ta, the integration of a transparent
electrode begins already at this step with the replacement of Ta with ITO [111,158], as shown in
Fig. 5.1 (a).

The initial lithographic step aims to define the shape of the nano-sized pillars. The diameters
range from 20 to 300 nm, depending on specific requirements. These small features are patterned
using an e-beam tool, resulting in an array of 168 pillars per die, on 163 dies per 100 mm wafer.
A 20 nm thick layer of Cr is deposited, followed by a lift-off process that creates a Cr pattern
on the ITO layer. This pattern serves as a mask for the subsequent reactive ion etching (RIE)
step, where an Induced Coupled Plasma (ICP) etching (Oxford Plasma Lab) based on CH4/Hj
chemistry, etches the ITO layer [159]. This process leads to the formation of nano-sized ITO pillars,
as observed in Fig. 5.1(b). The precise shape of these pillars is crucial, as they serve as physical
masks in the subsequent ion beam etching (IBE) step. The IBE tool employs an Ar-based plasma
to physically etch the magnetic stack. The angle at which the ion beam impinges on the substrate
is critical for achieving the desired shape, preventing the re-deposition of etched materials on the
pillar walls, and preserving the magnetic properties of the stack. Consequently, the recipe for this
step is continuously refined to optimize the results based on the specific magnetic stack under
consideration. The etching process, monitored by a secondary ion mass spectrometer (SIMS), halts

when the bottom contact material is reached, as shown in Fig. 5.1(c).
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5.2.2 Bottom electrode definition

A second lithographic step is used to create a 150 pm side plate for the bottom contact. In
this process, a UV lithographic tool is employed along with a positive AZ positive resist to define
the desired shape. Subsequently, the bottom contact undergoes etching in a subsequent RIE step,
resulting in the configuration depicted in Fig. 5.1(d). It is worth noting that the scale of this figure
is intentionally unrealistic, as the pad’s size is significantly larger than that of the pillars, as one

can see in the scanning electron microscopy (SEM) image of the completed device in Fig. 5.1(1).

5.2.3 Accuflo isolating layer

At this stage of the process, a protective insulating polymer called Accuflo is spincoated onto
the sample, as shown in Fig. 5.1(e). This polymer serves a dual purpose: it safeguards the pillars
from external damage and oxidation while also isolating the bottom contact from the top one. To
shape the polymer, two successive RIE etching steps are employed.

The first etching step defines a square shape around each pillar, as illustrated in Fig. 5.1(f).
The second step is critical to establish contact between the pillar and the top electrode. In this RIE
step, the polymer is thinned to achieve the desired configuration depicted in Fig. 5.1(g), where only
a portion of the top ITO layer is exposed. Precision is essential in this step, as over-etching of the
polymer could lead to a short circuit between the top and bottom electrodes, while under-etching
could result in an open circuit. The optimal thinned thickness target is approximately 100 nm.
To achieve this, the etching rate, that can fluctuate between 2.0 nm/s and 2.5 nm/s, is carefully
calculated based on profilometer measurements from the previous RIE step enabling precise control

over the amount of polymer to be selectively removed.

5.2.4 Indium tin oxide transparent conductive top electrode definition

The main deviation from the standard process [114,115,157] lies in the definition of the top
transparent conductive electrode.

To assess the feasibility of indium tin oxide (ITO) films, Olivier et al. conducted an extensive
examination of its optical and electrical properties. For more comprehensive information, please
refer to the work by Olivier et al. in [111,158]. Following the earlier Accuflo thinning step, a 150
nm ITO deposition is performed, followed by a lithography step and RIE etching to define the top
and bottom pads. At this stage, the junction is already operational. However, the contact between
the probe tip and the ITO pads during electrical measurements is not as efficient as that achieved
with standard aluminum pads. Typically, Al leads to lower series resistance and greater durability.
For this reason, few final steps are taken to ensure standard contact levels.

In the final stages, a final UV lithography step is employed, using a negative resist to define
the shape of the top electrode, which covers the magnetic pillar, as illustrated in Fig. 5.2(b-c).
Following this, a deposition of 10 nm of Cr and 150 nm of Al using an evaporation process is carried
out, and a subsequent lift-off procedure yields the final device. The resulting configuration can be
observed in Fig. 5.1(k-1). As you can see in Fig. 5.2 (b-c), the Al pads are intentionally designed
not to cover the ITO above the pillar. Moreover, from the detailed view in Fig. 5.2(b) it is possible
to glimpse the underlying 300 nm pillar, thanks to the transparency of the ITO layer. In contrast,
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in the SEM image (c), the pillar remains concealed as a result of the conductive properties of the

ITO.
)
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Fig. 5.1: Nano-fabrication process steps: (a) Deposition of ITO Transparent Conductive
Electrode (TCE) on top of the magnetic stack, marking the beginning of the fabrication
process. (b) E-beam lithography followed by reactive ion etching (RIE) after development,
defining the shape and position of nano-sized pillars. (c) Ion beam etching (IBE) of
the magnetic stack, removing excess material to form the pillars. (d) Etching of the
bottom electrode of the RIE, shaping the bottom contact. (e) Accuflo deposition, serving
as a protective and isolating layer. (f) RIE Accuflo window etching, further defining
the Accuflo layer. (g) Thinning of the RIE Accuflo window, creating openings in the
Accuflo layer. (h) TCE (ITO) deposition as the top electrode, enabling optical access
and electrical connections. (i) TCE etching, defining the shape of the top electrode. (j)
Cr electrodeposition and (k) Cr lift-off, creating a pattern for further better contact. (1)
Final result, ready for electrical characterization, showcasing the completed device.
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Fig. 5.2: (a) Schematic representation of the AOS-MTJ stack with bottom-pinned con-
figuration. (b) Microscope image of the final device with a close-up view of the transparent
ITO layer, revealing the underlying pillar. (¢) SEM image providing a closer look at the
Accuflo layer and ITO, with the underlying pillar not visible due to the conductive nature
of ITO.

5.3 Electrical characterization setup

We will now detail the steps and equipment used for gathering and analyzing measurement data,
setting the stage for the main findings of our study.

The electrical characterization of the wafer was performed by using an electrical prober, which
has undergone optimization over several years at SPINTEC. This characterization process involves
the application of a magnetic field to the wafer from an electromagnet equipped with two coils linked
to a KEPCO generator. For generating hysteresis loops, we employed a waveform generator - the
Agilent 33500B - to control the magnetic field sweeping, which was synchronized with the KEPCO
power supply.

To determine the resistance states of the Magnetic Tunnel Junction device, we employed a Keith-
ley 2401 current generator to direct a current through an RF probe onto the contact pads. At the
same time, a digital multimeter, the Agilent 34411A, was employed to measure the resulting voltage.
This voltage measurement enables the direct calculation of the MTJ’s resistance in accordance with
Ohm’s law.

Fig. 5.3 shows a simple drawing of our experimental setup, highlighting the important parts
of the electrical prober configuration. For a clearer understanding of the setup and how it works,
interested readers can refer to the detailed explanation provided in the references [114,115,157].

The assessment of wafer yield is made easier through the use of automated stage movement,
which additionally provides the capability to regulate the sample temperature. A screening proce-
dure has been put in place to detect and skip devices with short or open circuits, which may result
from potential manufacturing flaws. This is a crucial step in identifying issues associated with spe-
cific critical stages during fabrication. As outlined in Section 5.2, short circuits could arise from
excessive polymer window thinning prior to top electrode deposition, while open circuits could re-
sult from pillar losses during patterning or insufficent polymer window thinning before top electrode

contact.
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Fig. 5.3: Electrical prober setup schematic on the top left, photo of electrical probe
at the bottom for contacting the devices. On the right a photo of 100 mm wafer after
nano-fabrication process with a zoom in schematic of a die.

5.4 MTJ nano-patterned devices based on [Tb/Co] multilayer:

yield and TMR measurements

In this section, we will investigate the results obtained from our nano-patterned MTJ devices,
which were fabricated as previously explained. Our experimental approach started creating two
distinct samples: one featuring a noncompensated soft reference layer, and the other incorporating
a synthetic antiferromagnet to stabilize and compensate the reference layer. The structures are as
follows:

Stack 1

Ta(30)/P(250)/W(3) /FeCoB(10) /MgO /FeCoB(14) /W (2) /[Th/Co(14)] x 5/W(20)/Pt(50).

Stack 2

Ta(30)/Pt(250)/[Co(5)/Pt(2.5)] x 5/Co(5)/Ru(9)/[Co(5)/Pt(2.5)] x 2/
Co(5)/W(3)/FeCoB(10)/MgO/FeCoB(14)/W(2)/[Tb/Co(14)] x 5/W(20)/Pt(50).

The numbers in parentheses represent the respective layer thicknesses in angstroms (A), com-
prising the entire stack.

Knowing the properties of AOS at the thin film level, as discussed in Chapter 3, our strategy
was designed to maximize our chances of achieving the desired thickness region of AOS at as many
junctions as possible. To achieve this, we reevaluated the composition of the double wedge formed
by the Tb and Co layers. Given that most of the investigated stacks exhibited AOS characteristics

with a Co thickness around 1.4 nm, and considering the stability of the Co deposition rate in our
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sputtering equipment, a decision was made to maintain a fixed Co thickness at this value. Instead,
we opted to implement the wedge solely on the Tb layers, which varied from 0.4 to 1.1 nm, as
its deposition rate could exhibit slight fluctuations. This modification allowed us to adjust to any
minor shift in the deposition rate, ensuring a higher likelihood of obtaining complete sets of dies
with the desired AOS characteristics.

Simultaneously, a perpendicular wedge of the MgO barrier layer was deposited on the sample,
with its thickness ranging from 1.1 nm to 3.0 nm. This was done to determine the optimal natural
oxidation thickness of the Mg layer, which would yield the highest Tunnel Magnetoresistance ratio.

The TMR ratio is a critical parameter for magnetic tunnel junction devices, as it significantly

influences their performance.

9600

(a)

(b) (c)

9400 i
AWS55_15_An250C_10min, X = 1.0mm, Y = -3.0 mm 4

Kerr Signal
Resistance R (@)
] 3
8 8

g

g

—3000 -2000 -1000 0

H field, Oe

10‘00

2 0‘00

3 0‘00

(f)

7600

3400

e

N, ‘\mr

-2000 0 2000

Applied field H (Oe)

AWS55_13_An250C_10min, X = 1.0mm, Y = -23.0 mm

60 1 WW

50

3200 “\\\
3000 \

404

304

Kerr Signal

20
104

. mLﬂ*‘-‘J
104

T T T T
—3000 -2000 -1000 0
H field, Ce

Resistance R (@
N N N
5 & @
o o o
o o (=]

2200+

2000+

.

-2000 o] 2000
Applied field H (Oe)

T T T
1000 2000 3000

1800

Fig. 5.4: Stack 1 and Stack 2: a) The device average TMR versus naturally oxidized
MgO thickness for nominal diameter between 100 nm to 300 nm and thicknesses tty
from 0.5 nm to 0.75 nm and tco,=1.4 nm, respectively compared to literature values
[21,104,105,158]. b) Coercive field vs Tb thickness comparison between thin film sample
and nano-patterned devices.

In Fig. 5.4, the hysteresis loops are presented at two points of the two samples, before and after
the fabrication process. The measurements for the thin-film samples were conducted using MOKE
interferometry, followed by a fabrication process, and then the measurements with the prober.
Notably, the sample featuring a soft "reference” layer exhibits two distinct transitions, indicating
that the magnetic field has the capacity to switch the two layers. On the contrary, in the second
sample, the coercive field of the reference layer is higher than the maximum field attainable in both

experimental setups. Consequently, this results in an observed hysteresis loop solely for the storage
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Fig. 5.5: Stack 2: (a) thin film double wedge coercivity map of full stack MTJ;
(b) processed wafer TMR in function of position. [152]

FeCoB layer, which is closely coupled with the Th/Co multilayer. Fig. 5.5 shows the same measured
loops that show coercive field values across the whole wafer. From these mappings one can see the
evident dependence of the coervicity with the Tb thickness. As shown already in Chapter 3 in this
Co rich region, the thicker the Th layer, the closer we move to the compensation point and thus
the higher the coercive field. Above the 20 mm Y position in the wafer, we can see that the field is
too low to be able to measure the hysteresis loop, showing 0 Oe as an artifact.

The fabricated MTJ devices had a range of diameters from 80 to 300 nm. Crucially, the nano-
patterning process did not compromise the expected properties of the AOS stack. This underscores
the robustness of perpendicular magnetic anisotropy at the film level, which was preserved even after
the intricate nano-patterning process, as demonstrated in the coercivity measurements illustrated
in Fig. 5.5. As we said, coercivity was found to depend on the thickness of the Th/Co but remained
comparable before and after patterning, with no significant dependence on the diameter size of the
pillars.

The quasi-static hysteresis loops are significantly affected by the system’s anisotropy. When the
anisotropy axis aligns precisely with the applied magnetic field, the resulting loops exhibit a square
shape, representing an easy axis configuration. Conversely, when there is an angle between these
axes, as seen when approaching the hard axis, the hysteresis loop adopts a more rounded form.
This roundness indicates a gradual alignment of the magnetization direction with the direction of
the applied field.

Our measurements, depicted in Fig. 5.4 and carried out using MOKE and prober techniques,
involved applying the magnetic field perpendicular to the system. We can observe a difference in the
loop shapes before and after patterning. In the latter case, the rounded loop we observe suggests that
the anisotropy is not perfectly oriented out of the plane, particularly noticeable in the soft reference
layer sample. Determining which of the two FeCoB layers has experienced a loss of anisotropy is
a challenging task, since the measured resistance depends on their mutual orientation. However, it
appears that the reference layer is mostly affected, since the coercivity of the Th/Co layer remained
largely unchanged, as previously mentioned. Moreover, in the uncompensated sample, a greater
"slope” compared to the SAF sample suggests that it may indeed be this layer undergoing the
gradual magnetization realignment to the field direction.

The stability of the reference layer also influences the spin polarization of the current, which, in

turn, impacts the TMR. In general, we observed that the TMR in uncompensated samples is lower
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Fig. 5.6: Stack 2: a) The device average TMR versus naturally oxidized MgO thickness
for nominal diameter between 100 nm to 300 nm and thicknesses tpp, from 0.5 nm to
0.75 nm and tco,=1.4 nm, respectively compared to literature values [21,104,105,158]. b)
Coercive field vs Tb thickness comparison between thin film sample and nano-patterned
devices. [152]

compared to samples with a SAF.

The highest TMR was achieved for the SAF sample on the low side of the Th and Mg thickness
wedges, as can be seen in Fig. 5.6(a).

Instead, in Fig. 5.6(b), we examined devices with nominal diameters ranging from 80 to 300
nm. We measured the device-average TMR, regarding the naturally oxidized MgO thickness while
maintaining a Tb thickness from 0.5 to 0.75 nm. The natural oxidation process followed a standard
procedure that involved two steps of 10 seconds each at 150 mbar. We found that the optimal Mg
thickness was 2 nm. Below this value, the tunnel barrier tended to be excessively oxidized, leading
to a decrease in TMR values.

The yield of the SAF sample, as illustrated in Fig. 5.5(c), is approximately 75%. This yield is
considered quite good, especially for a non-optimized process. Furthermore, this stable reference
layer, combined with the optimized natural oxidation thickness of Mg, allowed us to achieve the
highest TMR values, reaching impressive 74%. This represents a significant two-fold improvement
compared to the highest AOS-MTJ values reported in the literature [20,21,104,105,158], achieved

with MTJs featuring a diameter at least 30 times smaller.
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5.5 Coercivity vs temperature

This section serves as a complement to our discussion on AOS magnetic reversal presented in
Chapter 3. We examine the dependence of the coercivity on temperature, which is closely related to
the multilayer’s anisotropy and magnetization. A magnetic field sweep was applied and resistance

loops were taken at temperatures between 30°C and 80°C
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Fig. 5.7: Stack 2:(a-b-d-e) Coercivity vs temperature for junction nominal diameter sizes
of 80 nm, 100 nm, 150 nm, and 250 nm respectively; (c¢) Average linear fitted extracted
slope. (f) Average linear fitted extracted Blocking temperature.

The panels (a, b, d, and e) in Fig. 5.7, illustrate the evolution of coercivity with increasing
temperature for different diameter sizes, along with the calculated corresponding slope (Fig. 5.7
(c)) and blocking temperature (Fig. 5.7 (f)) obtained from the data fitting for each junction.
Despite the observed data dispersion and significant variability from one junction to another, it is
apparent that the junction dimensions have a minimal impact on both the slope and the blocking
temperature.

In general, a trend emerges of a slight increase in steepness and a non-negligible rise in the
blocking temperature as we move towards higher Y positions. This shift is associated with higher
coercive field positions and thicker Tb layers, spanning from 100°C to 150°C.

This sharp phase transition is coherent with the in-plane reorientation-driven reversal discussed
earlier. The increase in temperature resulting from an applied laser pulse dramatically reduces the
anisotropy while increasing the total magnetization. Because this transition happens at relatively
low temperatures compared to the Curie temperature of bulk Co (1388 K), one can expect that the
Co layers will remain magnetized. However, without anisotropy, they are forced to reorient towards

the easy-plane due to the demagnetizing field.
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5.6 Femto-second laser pulse device irradiation and electrical

readout: all-optical switching demonstration

Investigating the all-optical switching properties of nano-sized MTJ pillars was conducted through
collaborations with two prestigious institutions: the Lawrence Berkeley National Laboratory and the
Institute Jean Lamour, Nancy. Both experiments followed similar procedures, utilizing linearly po-
larized femtosecond laser pulses to irradiate the MTJ pillars while simultaneously measuring their
resistance, as depicted in the schematics of Fig. 5.2(b) and Fig. 5.9(a). The electrical readout was
achieved by connecting a digital multimeter to the top and bottom electrodes of the device using

wire bonding, with a continuous reading voltage of 10 mV applied to measure the resistance.

Fig. 5.8: Electrical detected AOS measurement setup. (a) Schematic of the
setup; (b) Photo of the sample holder, notice the cables for the electrical mea-
surement; (c-d) Die cut from the wafer with wire-bonding; (e) Microscope image
of a device wire-bonded.

Our initial attempts to achieve all-optical switching in Th/Co-based MTJs at the nano-scale
were carried out at the University of California, Berkeley, led by S. Mondal. These efforts, detailed
in [160], focus primarily on MTJs with a soft reference layer.

In this context, the larger anisotropy of the FeCoB/Ta/[Tbh/Cols layer, compared to the reference
FeCoB layer, and the nano-scale size of the MTJ, make magnetostatic coupling and magnetic
anisotropy critical factors influencing the equilibrium state and the switching rate. Our experiments
demonstrated for the first time the feasibility of optically driven switching operations in these
devices. However, it became evident that to at least approach 100% switching probability, a pinning
field larger than the saturation field of the reference layer was required. Without this applied field,
the reversal process exhibited stochastic behavior, as illustrated in 5.9(b).

The probabilistic nature of this switching was attributed to the stray magnetic field originating
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demonstration
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Fig. 5.9: [160] Stack 1: (a) For an MTJ cell of 300 nm diameter, the sequence of reading
the magnetic state electrically and switching the state optically in presence of the pinning
field is depicted. The high and low stand for high and low resistance states, respectively.
The drawings represent the final configuration at each stage of the write/read process.
(b) The change in the magnetoresistance value (R) recorded after the approach of each
optical pulse with fluence > 50 mJ/cm?. The energy of the pulse (E) was also recorded
simultaneously. The magnetic field sequence is plotted as a reference with the number of

events.

from the soft reference layer. As mentioned earlier, the reversal in our system [137,161] is slower

compared to the Gd samples [17], indicating that an external field could significantly influence the

switching process.
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Fig. 5.10: Stack 2: Without external field, TMR measurement as a function
of time upon laser-pulse excitation for (a) 80 nm junction, (b) 200 nm junction.

5.10(b) shows a significant improvement in performance when using a stack with a compensated
reference layer. These experiments were carried out in Nancy by the writer with the help of Yi
Peng, without the need for an external magnetic field on a 200 nm junction. Although one can see
that an incomplete reversal is taking place evidencing the presence of magnetic domains. Instead,
at 80 nm in diameter 5.10(a) it appears that the junction reversal is still affected by stray field
despite having an SAF.

However, in 5.11(b) we see how at 100 nm the junction appears to be small enough to switch
uniformly and large enough to reduce stray fields. In this case, the AOS-MTJ exhibited repeatable
toggling between parallel (P) and antiparallel (AP) states, displaying the 50% TMR resistance
change observed by the R-H loop, shown in Fig. 5.11(a).

To further investigate the behavior of these devices, we compared the fluence write levels between

115



Chapter 5. Nano-patterned all-optical switching spintronics devices

(a) (b) Number of 50 fs Laser Pulses
32O 2 4 6 8 10 12 14 16 18 20
&30 > R S W
=28
826
c
%24
@ 22
@ 20 s @R | &> W
18+ ' ‘ ‘ . 18 ‘ i - ‘ ‘ ‘ - v ‘ i~
-2000-1000 O 1000 2000 0 4 8 12 16 20 24 28 32 36 40
Field (Oe) Time (s)

Fig. 5.11: Stack 2: Measurements of 100 nm AOS-MTJ: (a) AOS-MTJ
hysteresis R-H loop, field applied out-of-plane. (b) TMR measurement as a
function of time upon laser-pulse excitation. [152]

the patterned tunnel junction and the equivalent AOS stack at the thin film level, as shown in
Fig. 5.12. The dependence of switching on fluence was preserved after patterning. During this
experiment, the laser was fired repeatedly at a 1 Hz frequency, incrementally increasing the laser
power every second by 0.01 mW. This allowed us to determine the minimum fluence required for the
reversal. At low fluence, no switching was observed, with switching events starting at 4 mJ/cm?.
In the region between 5-6 mJ/cm?, the switching probability reached 100%, as highlighted in blue
in Fig. 5.11.

However, at even higher fluences, represented by the red region, switching was no longer ob-
served, and then a last random switching region occurred before eventual device degradation. This
established device phase diagram closely correlated with the thin film phase diagram presented in
Fig. 3.9 in Chapter 3, indicating a similar mechanism governing the reversal process. In the frame-
work of our model, the same precessional switching reversal process determines the AOS properties
of the patterned device, despite the fact that some small stray field from the reference layer is acting
on the storage layer.

In this way, we elucidated the complex interplay of factors influencing the optical switching
behavior of nano-sized MTJ pillars, shedding light on the critical role of magnetic anisotropy and

stray fields in achieving reliable and efficient all-optical switching.
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Fig. 5.12: Stack 2: TMR measurement using constant 1 Hz laser frequency
and incremental laser power for each pulse. [152]

Another experiment was performed on a larger device (250 nm) in order to verify the presence
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of different magnetic domain. Shown in 5.13 the usual TMR measurement with applied pulses was
carried out but this time ”resetting” the junction with an external magnetic field. As you can see,
the resistance values of the AOS toggle switching varies upon exposure to field, but the overall TMR,
remains lower than what observed during an R(H) loop (57%). This means that the grains within

the junction have different threshold fluences and each pulse is not able to revers the whole storage

layer.
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Fig. 5.13: Stack 2: TMR measurement as a function of time upon laser-pulse excitation
for 250 nm junction while applying magnetic field rest pulses.

5.7 Emnergy consumption: significance and findings

As we said in the Introduction, in today’s rapidly evolving technological landscape, the quest
for energy-efficient solutions is paramount. One of the goals of merging AOS to MRAM, alongside
the speed potential, is to lower the energy needed to write data.

In this context of AOS, Sobolewska et al. conducted a pioneering study [111], investigating the
light absorption properties of full-sheet films within our unique ITO-Th/Co stack configuration.

Employing ellipsometry, they explored the stack’s properties both before and after annealing.
Subsequently, these parameters were incorporated into a theoretical Finite Difference Time Domain
(FDTD) model, enabling them to calculate absorption in fullsheet films and estimate the effective
absorption within the pillar. In particular, the results showed a remarkable convergence between
simulations and experiments, unveiling a maximum absorption of 17.5% at 1550 nm for MTJs with
a diameter of 300 nm.

On the basis of their insights, we calculated the energy consumption required for our AOS
demonstration experiments. By assuming a 17.5% absorption of the laser fluence (as reported
n [111]), and scaling this by the area of the pillar, we derived an estimated energy consumption of
68.6 £J/bit. Importantly, this figure already puts our technology well below the energy dissipation
levels of established technologies like hard disk drives (10-100 nJ) [162], FLASH memory (10 nJ) [?],
and cutting-edge STT-RAM (450 pJ-100 £J) [3,163].

Furthermore, for pillars with a diameter as small as 40 nm, our energy consumption would fall
to just 11 £J/bit. This represents a substantial 45% reduction compared to previous predictions [3],
marking a significant leap forward in the pursuit of energy-efficient data storage solutions. In Fig.

5.14 we re-present the data shown in Chapter 1 but adding the expected properties of our device;
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from [3].

indeed we are only able to give and estimate as no time-resolved measurements were performed on
patterned devices, but if one considers the reversal time scale as that of thin-film switching we can

expect somewhere around 50 to 100 ps, making the device extremely competitive.

5.8 Conclusion

In this chapter, I described in detail the fabrication of magnetic tunnel junction devices, concen-
trating on their electrical and optical properties at the nano-scale. The fabrication process consists
in a careful sequence of steps, beginning with the deposition of the initial material and ending with
the definition and patterning of the electrodes. The fabricated MTJ devices with top ITO electrodes
that are both transparent and conductive, forming the basis for a functional AOS-MTJ.

I then moved on to electrical characterization, methodically outlining our experimental setup
and procedures. The measurements focused on MTJ devices featuring a multilayer structure of
[Thb/Co], with particular attention to the influence of the Tb and MgO layer thicknesses on the
TMR ratios and coercivity. Our findings not only confirmed the robustness of nano-patterned
devices, but also revealed that the implementation of a stable reference layer and optimization of
natural MgO oxidation allowed for TMR values of 74%, the highest reported so far for AOS-MTJs.

Additionally, the temperature-dependent coercivity behaviors within were explored on nano-

scale MTJ devices of varying dimensions. This in-depth analysis sheds light on the relationship
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between coercivity in response to temperature for different device sizes, offering critical insights
into the dynamic nature of the reversal discussed in Chapter 4.

Our scientific investigation reached its pinnacle with an exploration of all-optical switching
in nano-patterned junctions. By subjecting MTJ pillars to ultra-fast laser pulses, we probed the
prospects of achieving non-volatile data storage and energy-efficient computation. Field-free helicity-
independent all-optical toggle switching was demonstrated on 100 nm patterned [Tb/Co] p-MTJ
devices, driven by 50 fs laser pulses for an estimated absorbed energy of 68.6 fJ/bit.

In conclusion, our thorough investigation has not only deepened the knowledge of these devices,
but has also furthered the quest for more efficient and sustainable data storage solutions. Inves-
tigation into nano-scale MTJ devices has laid the groundwork for further scientific investigation,
stimulating the development of spintronic devices that could potentially create a new form of storage

technology.
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Chapter 6

Conclusion and future research

directions

Key findings and contributions

This thesis illustrates an extensive and insightful study of helicity-independent all-optical switch-
ing in multilayer systems. The work carried out was aimed to gain a more comprehensive un-
derstanding of this physical phenomenon in Tb/Co multilayers and to develop a fully functional
nanometer-sized AOS-MTJ.

Across the thesis, we have revealed its mechanisms, exploring its dependence on fluence and pulse
duration in different samples and validating our findings through numerical simulations. Moreover,
we have applied this knowledge to the creation of functional Magnetic Tunnel Junction devices,
opening new horizons for non-volatile data storage and energy-efficient computation at the nano-
scale.

Chapter 3 laid the foundation for our exploration by investigating HI-AOS on thin films of rare-
earth transition-metal multilayer systems. The study identified the region for complete and reliable
magnetization toggle reversal and explored the response across different pulse durations and fluences.
The key takeaways from the observations were that, depending on the layers thicknesses, the reversed
domains exhibit a unique pattern of concentric rings with opposite magnetic orientations and that
the fluences required to reverse and stabilize a specific number of rings showed little to no dependence
on the duration of the laser pulses. This indicates that the magnetization reversal process is distinct
from previously seen single shot AOS and occurs on a slightly longer time scale.

The investigation lead to the hypothesis explaining the underlying mechanism behind HI-AOS in
(Tb or Dy)-TM based multilayers. This hypothesis pointed to the significance of the magnetic grains
local anisotropy of these systems, which rapidly decreases due to temperature increases caused by
the laser pulse and the low Curie temperatures of Th and Dy.

In terms of model, our work challenges existing paradigms surrounding HI-AOS by demonstrat-
ing the unique dynamics of the Th/Co-based multilayer system. In fact, Chapter 4 focused on
the numerical investigation of HI-AOS. We developed a macrospin model that incorporated the
2TM principles, providing a deeper understanding of the precession-driven switching observed in

our samples. The model incorporates two essential features that are crucial for retrieving the phys-
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ical phenomena observed experimentally: the first is a temperature-dependent uniaxial anisotropy
exhibiting a rapidly decrease with temperature thus temporarily ”loosing” to the demagnetization
energy after laser irradiation; the second a slightly angled axis relative to the out-of-plane direction
of the anisotropy, this is assumed to be due to local crystal-field interaction given the sperimagnet
nature of Tb and Dy.

As temperature increases, the anisotropy decreases and then begins to recover during the cooling
phase. Throughout this process, the partially demagnetized TM undergoes reorientation, influenced
by the changing balance between the demagnetizing field and the anisotropy field. These dynam-
ics result in precession, and due to the high damping, ultimately lead to magnetization reversal

depending on the energy absorbed from the laser pulse.

The simulations show how parameters like Gilbert damping, tilt angle and @ factor influence
the reversal patterns. Atomistic spin simulations further validated our findings, emphasizing the

significance of temperature-dependent magnetization and anisotropy effects in the HI-AOS process.

Additionally, our research addresses a practical challenge of enhancing annealing resilience. The
introduction of a capping MgO layer improved the annealing resistance of Th/Co-based MTJs to
a temperature of 300°C, while preserving HI-AOS characteristics, has clear implications for the
development of reliable and robust AOS-devices. This is particularly pertinent in the quest for
MTJs, which are fundamental components in various applications, including MRAM, sensors, and

spintronic devices.

Chapter 5 brought our exploration to the practical realm by detailing the fabrication and electri-
cal characterization of MTJ devices. The optimization of TMR values, a key factor in data storage
efficiency, is a significant contribution of our work. Achieving TMR values as high as 74%, the
highest reported thus far for AOS-MTJs, opens the door to more efficient and reliable data storage
devices. Our scientific inquiry reached its peak by demonstrating all-optical switching within nano-
patterned junctions. Through the exposure of M'TJ pillars to ultrafast laser pulses, we explored the
potential for non-volatile data storage and energy-efficient computation. The experiment showcased
field-free, helicity-independent all-optical toggle switching on 100 nm in diameter patterned [Tb/Co]
p-MTJ devices. This was achieved using 50 fs laser pulses, with an approximate absorbed energy
of 68.6 fJ per bit.

Our research methodology combines both experimental and simulation approaches, which, we
believe, allowed us to gain valuable insights into the phenomenon of HI-AOS. The blend of real-world
experiments and computational simulations was crucial in providing a comprehensive understanding
of the complex dynamics at play in HI-AOS. It is important, though, to acknowledge the boundaries
of our study. While our research provides valuable insights into HI-AOS, it does not provide a
complete and exhaustive investigation for all the different systems where the phenomenon was
observed. Moreover, HI-AOS is a multifaceted process with many physical processes and interacting
variables. The reversal due to femtosecond laser pulse may be a combination of several physical
processes, as a dependency on pulse duration can be found at high fluences. The complexities and
intricacies of HI-AOS may require further investigation, potentially involving more detailed studies
with atomistic models or Landau-Lifshitz-Bloch (LLB) models to capture the intricate interactions
at play.

Regarding MTJ devices, the characterization for AOS, needs still substantial work. Currently,
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there is no efficient measurement setup in place, as a result, the measurements necessitated wire-
bonding becoming time-consuming, thus leading to a lack of statistical data. While the ground-
breaking achievement of demonstrating fs pulse-driven switching is highly significant, it is crucial for
AOS-MTlJs to transition from toggle switching to deterministic switching. If it is necessary to read
the current state before writing to a memory cell, the advantages of speed will be lost. Therefore,
further technological advancements are needed.

Moreover, since the reversal process depends on the anisotropy axis of each grain, there is
an expected variability from junction to junction due to the inherent randomness of the system’s
sperimagnet nature. However, this variability may be addressed through material optimization.

The most challenging aspect in achieving AOS-MRAM remains the integration of photonic and
spintronic elements. Research in this field needs to advance to accurately predict the performance
of the final memory devices. However with this work we presented a new type of reversal that
allows for longer laser pulse duration that require laser technology much more feasible compared to

femtosecond laser pulses.

Future Directions

While our research has yielded significant insights, it has also illuminated several promising

avenues for future exploration:

e Atomistic and LLB models: Given the complexity of HI-AOS, future research can delve
into more intricate atomistic models or potentially explore the application of Landau-Lifshitz-

Bloch (LLB) models, offering an exhaustive understanding.

e Exploring alternative materials: Our research predominantly focused on Th/Co-multilayer
based MTJ devices. However, thanks to the collaboration with Yi Peng, we now know there
are many alternative systems with similar properties. Additionally, the understanding of the

phenomenon may open a door to new engineered materials that do not require RE elements.

e Deterministic HI-AOS with spin transfer torque (STT): An important ongoing study
is the possibility of combining Spin Transfer Torque (STT) with AOS to achieve deterministic
switching. This exploration takes advantage of the slower dynamics of the system and may

open new horizons for controlled switching in memory devices.

e Device variability: The development of an advanced setup that seamlessly integrates auto-
mated probing with AOS experiments holds the potential to significantly enhance our under-
standing of HI-AOS at the device level.

e Low-temperature applications: The investigation into harnessing Ohmic heating at low
temperatures presents a interesting prospect. It may enable the picosecond switching with
current pulses, potentially obviating the need for laser pulses and offering novel possibilities

for device applications.

In summary, this thesis has provided a comprehensive exploration of helicity-independent all-

optical switching (HI-AOS) in multilayer systems, uncovering the intricate mechanisms underpin-
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Chapter 6. Conclusion and future research directions

ning this phenomenon, its applications in data storage, and its transformative potential for nano-
scale technology. Our research has not only deepened our comprehension of HI-AOS but has also
laid the groundwork for innovative applications in non-volatile data storage and energy-efficient
computation. As we continue to chart this uncharted territory, the integration of photonic and
spintronic elements holds the promise of revolutionizing memory technology. With this work, we
have set the stage for further investigation and innovation, shaping the future of HI-AOS and its

profound impact on the landscape of data storage and computation.
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