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Résumé

Au cours des quinze dernicres années, le retournement tout optique a impulsion unique a été
principalement observé et étudié dans des films minces a base de métaux de transition et de
Gd, avec un grand potentiel pour permettre de nouvelles applications de stockage de données,
de mémoire, de logique magnétique rapide et économe en énergie. Pour se rapprocher de la
nanotechnologie ou de la microtechnologie, il faut concevoir d’autres matériaux contenant peu
ou pas de terres rares et réduire latéralement la taille des échantillons.

Dans ce travail, nous démontrons expérimentalement le retournement tout optique de
I’aimantation des disques de GdFeCo pour des diametres allant de 3 um a 400 nm en utilisant
des impulsions laser de 35 femtoseconde polarisées linéairement. Deux différents états mag-
nétiques sont observés en fonction de la fluence laser : soit un renversement déterministe de
I’aimantation des disques, soit des disques orientés de facon aléatoire. Nous rapportons que les
fluences requissent pour observer ses deux états magnétiques présentent un comportement non
monotone avec le diametre du disque, et que les plus petits disques nécessitent la fluence seuil
la plus faible pour obtenir un retournement tout optique indépendant de I’hélicité avec une seule
impulsion. Une évolution différente des fluences seuils pour les deux phénomenes est observée
en fonction de la taille du disque.

Ensuite, nous démontrons qu’en partant d’une bicouche Co/Pt avec une forte anisotropie per-
pendiculaire, le saupoudrage de Gd a I’interface est suffisant pour induire un retournement tout
optique bien définie avec une seule impulsion. Une analyse minutieuse de I’impact de I’interface
Gd/Co et de la composition de I’alliage GdCo sur le reversement tout optique est présenté. La
démonstration qu’une tres petite quantité de Gd est nécessaire pour provoquer le retournement
de I’aimantation d’une couche ferromagnétique ouvre non seulement de nouvelles possibilités
d’application, mais remet également en question la description théorique du mécanisme de re-
tournement tout optique.

Enfin, nous présentons une étude systématique du renversement de 1’aimantation des dis-
ques de Pt/Co/Pt saupoudrés de Gd dont le diametre varie de 1.5 pm a 400 nm avec des im-
pulsions laser a polarisation linéaire de 35 fs. En faisant varier le nombre d’impulsions, il
apparait que la seule probabilité de retournement peut décrire le comportement du renverse-
ment de ’aimantation. La variation de cette probabilité est mesurée avec précision dans la

gamme de 90% a 99,99%. De plus, la probabilité de retournement se dégrade lorsque le di-



ametre des disques est réduit. La variation "exponentielle" de cette probabilité de retournement
avec le diametre du disque ne peut pas €tre expliquée par des effets thermiques spécifiques. Au
contraire, un processus de renversement hautement non-uniforme avec une faible probabilité
de retournement microscopique explique nos données expérimentales. Un modele probabiliste
simple, analogue au théoréme du jury de Condorcet est proposé et comparé aux simulations

micro-magnétiques.

Mots-clés: Renversement de 1’aimantation, effets de taille, impulsions laser femtoseconde, re-

tournement tout optique.

Abstract

In the last fifteen years single pulse all-optical switching has mainly been observed and stud-
ied in Transition Metal- Gd based thin film with high potential for enabling new application for
energy efficient and fast magnetic data storage, memory, and logic. To move closer to nano or
micro technologies, other materials with no or less rare-earth need to be engineered and lateral
sample size must be reduced.

In this work, we experimentally demonstrate single pulse toggle switching of the magnetiza-
tion of GdFeCo disks with perpendicular to film plane anisotropy which diameter ranges from
3 um to 400 nm using 35 fs linearly polarized laser pulses. Two different magnetic states are
observed depending on the laser fluence: either deterministic switching of the disks magnetiza-
tion or randomly oriented disk. We report that the fluence required to observe both magnetic
states show a non-monotonic behavior with disk diameter, and that the smallest disks require the
lowest minimum fluence for achieving single pulse all-optical helicity-independent switching.
Different evolution of the fluence thresholds for both phenomenon as a function of the disk size
is observed and discussed.

Then, we demonstrate that starting with a Co/Pt bilayer showing strong perpendicular
anisotropy, Gd dusting at the interface is sufficient to induce well define single pulse all op-
tical switching. A careful analysis of the impact of the Gd/Co interface and the CoGd alloy
composition on all optical switching is presented. The demonstration that very little amount of
Gd is needed to induce the magnetization reversal of a ferromagnetic layer not only open new
possibility for application, but it also questions theoretical description of the toggle switching

mechanism.



Finally, we present a systematic study of the magnetization reversal for Gd-dusted Pt/Co/Pt
ferromagnet disks whom diameter ranges from 1.5 pm to 400 nm with 35 fs linear polarization
laser pulses. By varying the number of pulses, it appears that a single toggle switching probabil-
ity can describe the behavior. The variation of this switching probability is precisely measured
in a range from 90% to 99.99%. The switching probability degrades as the diameter of the disks
is reduced. The "exponential" variation of the switching probability with the disk diameter size
cannot be explained by specific thermal effects. On the other hand, a highly non uniform switch-
ing process with a weak microscopic switching probability explains our experimental data. A
simple probabilistic model, analog to Condorcet’s jury theorem is proposed and compared to

micromagnetic simulations.

Keywords: Magnetization reversal, size effects, femtosecond laser pulses, all-optical switching.
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Introduction

The possibility to manipulate magnetization deterministically with a single femtosecond laser
pulse under no applied field has attracted great attention for application on high-speed and
energy-efficient magnetic data storage, memories, and logic. In 2011, the first observation
of ultra-fast single pulse all optical helicity independent switching (AO-HIS) was reported'.
Since then, AO-HIS has been achieved in various ferrimagnetic Gd based sample such as
Gd,(FeCo);_, thin amorphous films'~, Gd,Co;_, thin amorphous films®, Gd/Co multilayers’
and Gd;_,_,Tb,Co, alloys®’. Moreover, in 2016, by taking advantage of the exchange
coupling between a Co/Pt multilayer and GdFeCo, it has been demonstrated the switching
of the Co/Pt magnetization induced by a single femtosecond laser pulse!’. Two years later
(2018), AO-HIS has also been reported in more complex heterostructure such as Gd,.(FeCo);_,
based spin valves''. Investigations of single thermal AOS in spin valves for different magnetic
materials remains a major area of interest for the research community, as the physics is rich
in these complex structures'?~'*. In 2020, the first observation of AO-HIS mechanism without
Gd has been reported for two types of structure without Gd: in half-metallic ferrimagnetic
Heusler alloys MnyRu,Ga which possesses two inequivalent Mn sublattices'” and in Co/Tb

16,

multilayer'® !’ The latter recent work demonstrates that the mechanism is very different to the

one observed for Gd based samples.

Experimental results obtained on various magnetic materials demonstrating AO-HIS show
the presence of common criterion. First the sample are made of two magnetization sublattice
antiferromagnetically coupled resulting either an alloy or a multilayer. In 2017, it has been
showed that for the case of alloy samples, the composition showing AO-HIS are close to
compensation for which the net magnetization of the sample is close to zero’. In addittion,
the laser fluence needed to obtain AO-HIS is found to be minimum around compensation®.
Theoretical studies and modeling have demonstrated that the exchange coupling between
the two magnetization sublattice play a crucial role in the angular momentum transfer be-

tween the sublattices'®. The two main approaches to describe the magnetization dynamic
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of the sublattices are the microscopic three-temperature model (M3TM)'” and the atomistic

Landau-Lifshitz-Gilbert equation®">2.

Those models can predict that the optimal ratio of
transition-metal atoms to rare-earth atoms for successful switching is close to the ferrimagnetic
alloy compensation®. In 2019, experimental and theoretical studies on Co/Gd bilayers™ show
that contrary to rare-earth transition-metal ferrimagnetic alloys, the bilayers can be switched in
the absence of a magnetization compensation temperature. Likewise, it is demonstrated that
by changing the intermixing between Co and Gd at the interface the thickness range at which
AO-HIS can be observed change drastically as well as the threshold fluence?*. However, for
future application the presence of rare-earth elements is not recommended because of very low

TMR ratio that can be obtained in rare-earth based Magnetic Tunnel Junction®%°.

This thesis manuscript is separated into five chapters. First, a state of the art of all-optical
switching will be presented, focusing on the results of the size effect on magnetic materials that
exhibited AO-HIS mechanism. In the second chapter, the experimental methods used for the
fabrication of the micro- and nano-disks arrays, for the realization of AOS experiments and for
the characterization of the studied samples after/before these AOS experiments are detailed. In
the third chapter, we investigate the size effect on single pulse AO-HIS in GdFeCo disk array.
The behavior of thresholds fluences on disk size highlights the importance of the specific light
absorption in nanostructures. In the fourth chapter, we investigate and demonstrate that a [Co/Pt]
doped with an infinitesimal amount of Gd at one of the Pt/Co/Pt interfaces show single pulse
AO-HIS. This study highlights the dependence of AO-HIS properties with the Gd position and
magnitude. Finally, in the fifth chapter, the size effects of AO-HIS in Gd-dusted Pt/Co/Pt disks
are studied. The variation of the switching probability with the disks size is precisely measured

and explained by a non-uniform switching process.



Chapter 1

State of art

Achieving control of the magnetization at smaller length scale and faster timescale is the
horizon of research in magnetism. This interest stems from the ever-increasing need to de-
crease the reading and writing rate of magnetic memory devices which are made of nanosized
magnetic bits. For the manipulation of magnetism in 100 ps range, several efficient techniques
(spin-polarized charge currents®’-?%, electric fields**, Terahertz pulses’'...) have been devel-
oped. However, the ultrafast control of the magnetization of a magnetic material by laser pulses
with no external magnetic field appears to be another method to manipulate magnetic mediums.
Indeed, from the observation in 1996 of the demagnetization of a continuous Ni film by fem-
tosecond laser excitation to the reversal of the magnetization of Gd;_,—,Tb,Co, alloy using a
single laser pulse in 2022°, many advances in the understanding of the control of magnetic or-
der in magnetic materials have been made. This increasing research activity around All Optical
Switching (AOS) makes sense through its potential for new technologies such as Heat-Assisted
Magnetic Recording (HAMR)*. Although the ferrimagnetic GdFeCo alloy was the first mate-
rial to have its magnetization manipulated using multiple femtosecond laser pulses in 20074, El
Hadri et al.*> clearly demonstrate ten years later that magnetic material that exhibit AOS should
be divided in two categories with different mechanism. However, to go for magnetic recording
application, it is the Single Pulse All Optical Switching Helicity Independent Switching (SP-
AOHIS) mechanism that turned out to the best candidate. If ferrimagnetic materials is the most
common magnetic material showing SP-AOHIS, Vomir et al. demonstrated surprisingly single-
shot AOS in a Pt/Co/Pt film by using focused laser beam spot of 800 nm in size*®. Nevertheless,
since this switching requires only one laser pulse, its read-write time is very fast (a few picosec-
onds'?"). It is on magnetic materials that exhibit this type of all-optical switching that we will

study the size effect in this thesis. Therefore, in this chapter 1, we aim to give an overview
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of recent experimental results and theoretical approaches to all-optical switching with a focus
on the size effect in the GdFeCo alloy. In this thesis, we will firstly continue this size study
in this ferrimagnetic alloy and then in a new interface-engineered ferromagnet whose full film
will also present SP-AOHIS. In section 1.1, we focus on the historical results of laser-induced
demagnetization in Ni and the different theoretical approaches to understand ultrafast magneti-
zation dynamics. In section 1.2, we present chronologically different works on light inducing
ultrafast magnetization switching in GdFeCo, then to other ferrimagnetic materials. Section 1.3
is devoted to the second category of optical switching observed in ferromagnets, and a discus-
sion of possible mechanisms that may explain this helicity-dependent optical switching is made.
Section 1.4 is dedicated to the possibility to observe helicity-independent optical switching in a
ferromagnet with the help of a spin current through spin valve. Finally, we review several studies

of the size effect on all optical switching performed mainly on ferrimagnetic alloys.

1.1 Laser induced dynamics in metals

1.1.1 Ultrafast demagnetization in Ni film

The study of short timescale magnetization dynamic by instantaneous excitation such as
laser pulses presents challenges for fundamental understanding of magnetization processes in
the non-equilibrium state and for promising technological applications that need ultrafast control
of magnetic materials and devices. In 1991, this investigation field relatively increases with the
estimation of the gadolinium demagnetization time, 75, ~ 100 + 80 ps by Vaterlaus et al.*8
using time- and spin-resolved photoemission (TSPE) experiments. However, it’s in 1996 that
the field of light-induced ultrafast magnetization dynamics really started with the discovery by

1.2, who demonstrated that a Ni thin film can be demagnetized in less than 1

Beaurepaire et a
picosecond. Indeed, they performed TR-MOKE pump-probe experiments on a polycrystalline
thin Ni films of 22 nm thickness with the help of a femtosecond laser pulse of 60 fs for a laser
fluence of 7 mJ/cm?. Figure 1.1 displays the variation of the TR-MOKE signal as a function
of the delay At between the laser pump and the probe. A quick decrease of the magnetization
is observed in the first 2 ps, followed by a slower recovery. As this signal was thought to be
proportional to the magnetization, this behavior was attributed to a fast increase of the spin
temperature 7 during the first picosecond and followed by the partial reconstruction of the
magnetization after 15 ps. Moreover, by using a pump-probe transmission experiments, they

also measured the electronic temperature 7, as a function of At and correlated the increase of
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T in the first picosecond to the augmentation of 7, up to 550 K in a characteristic time of 1
ps. A phenomenological model that will be presented in the section 1.1.2.1 of this chapter was
used by the authors to explain the behavior of these two temperature baths, with the help of the
phonon temperature. As lattice showed to be one of the thermalized reservoirs that exchange
energy with electron and spin. Several research groups confirmed this result*’~*> and others
ferromagnetic materials like CoPt; or Fe showed the same ultrafast demagnetization behavior

under the irradiation of a femtosecond laser pulses***.

1,0 T T v T v T

09

T
i

Normalized remanence

At (ps)

Figure 1.1: Variation of the Normalized transient remanent longitudinal MOKE signal with the delay At
between the laser pump and the probe of a Ni(20 nm)/MgFs (100 nm) film for a laser pump fluence of

7 mJ/cm?. Figure taken from>.

1.1.2 Mechanism involved in the ultrafast magnetization dynamics

Many interrogations have been raised to understand the ultrafast spin dynamics of metal com-
pounds. One of these questions was the identification of the microscopic mechanism involved in
the ultrafast demagnetization. The more difficult issue was the understanding of the difference in
demagnetization time scale between earth-rare ferromagnets (73, ~ 100 + 80 ps) and transition
metal ferromagnets (1), < 500 fs). Although these questions are still fully discussed today, in
this section we review several models and mechanisms that may be implicated in the dynamics

of ultrafast magnetization.
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1.1.2.1 Phenomenological three-temperature model (3TM)

This is the first model introduced by Beaurepaire et al.*” to describe the ultrafast demagne-
tization induced by a femtosecond laser pulse in a magnetic material. As showned in section
1.1.1, Beaurepaire and co-authors demonstrated the ultrafast demagnetization of a Ni thin film
due to the excitation by a 60 fs laser pulses. In this phenomenological approach, the material is
represented by three baths: electrons, spins and phonons as illustrated in Figure 1.2(a). These
three reservoirs interact with each other and are characterized by different thermal behaviors

after laser excitation. The total system is defined by three differentials coupled equations:

dT,

Ced_te = _Gel(Te - E) - Ges<Te - Ts) + P<t)
dT.

Csd_ts - _Ges(Ts - Te) - Gsl(Ts - ,I’l) (11)
dT;

Old_tl - _Gel(ﬂ - Te) - Gsl(ﬂ - Ts)

Where (1., C.), (T, C) and (1}, C)) are the couples (temperature, specific heat) for elec-
trons, spins and lattice, respectively. G;, G.s and G are the electron-lattice, electron-spin and
spin-lattice coupling, respectively. The laser source represented by P(¢) is only present in the
electronic equation because the electron bath is the first reservoir to be optically heated at these
ultrafast frequencies. Thus, the laser first brings the electron bath to high temperature in a few
hundred femtoseconds, followed by a redistribution of the stored energy in the rest of the system
due to the interactions between reservoirs. Then, a pure energy transfer takes place, resulting in
an increase in the spin and lattice bath until all three baths are thermalized as shown in Figure
1.2(b).

This simple model allows us to understand the increase of the spin temperature, which will
lead to demagnetization. Moreover, another pure energy transfer theory was introduced by

Kazantseva et al*

in 2008. This model is an atomistic approach based on the Landau-Lifshitz-
Gilbert equation, where the transfer of energy between electrons and spins is realized by a
phenomenological coupling constant. However, 3TM and this atomistic approach ignore the

conservation of angular momentum, which is the origin of magnetization dynamic.
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Figure 1.2: (a) Three temperature model represented by 3 baths in interactions. (b) Variation of the three

temperatures baths after the excitation by a femtosecond laser pulse (Delay Time above O ps).Figure taken

from?2.

1.1.2.2 Laser-induced demagnetization via spin-orbit coupling

One of the first attempt to explain the ultrafast demagnetization in ferromagnetic metal was
carried out by G. P. Zhang and W. Hiibner in 2000%°. In this model, they only consider the

external laser excitation and the internal spin-orbit coupling (SOC). Thus, the total Hamiltonian

is given by:
H = Hsys+Hex (12)
Where
Hsys = Z Uia,ja’,la’",ko” CIUC;U, Ck:a" Cla”' + Z E<K>n'/,0 (K) + HSO (13)
i,j,k:,l,a,a/,a”,am v,0,K
And
H,, = E(t).D = (E,(t) + Ey(t — 7).D) (1.4)
With
Ei(t) = Aie /T cos(w;t) (1.5)
In the Hamiltonian system Hyys, U;, ./ 1, o 1S the on-site electron interaction with the
orbital indices i, 7, k, [ and spin indices 0,0 ,0 ,o . The last two expressions are the band

47,48

structure and spin-orbit coupling™-*°, respectively. In H.,, E(t) and D represents the electric

field and the dipolar operator, respectively. Where 7,A4;,I"; and w; is the time delay between

7



CHAPTER 1. STATE OF ART

two pulses, the amplitude, the temporal width and the incoming laser frequency of the pulse
1, respectively. Then, by solving numerically, the Schrodinger equation, they can extracted the

transient magnetic moment M (¢), given by:
M(t) =< W(1)|S,|V(t) > (1.6)

Where |W(t) > is the electronic state at the time ¢, and .S, is the z component of the spin

operator. Figure 1.3(a) presents the evolution of M (t) in two different cases:

— For a suppression of the spin-orbit coupling (A = 0) and a laser field intensity of [ = 0.3
u.a, Figure 1.3(a) shows a high constant value of M () after the excitation of the system

by a laser pulse.

— For zero laser field intensity and maintaining the spin-orbit coupling (A # 0) the magnetic
moment decreases by 2%-5%. This reduction is due to the coupling of triplet and singlet
states driven by the SOC.

RV
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Figure 1.3: Evolution of the magnetic moment M (¢) with time after one laser pulse excitation for the
case (a) without spin-orbit coupling (upper panel), (a) without laser field (lower panel) and (b) with the
presence of both spin-obit coupling and the laser field for various laser intensity of I(u.a) = 0.03 (long-
dashed line), 0.3 (dot-dashed line) and 1.5 (solid line). Inset: exponential trends of M (I) with the laser

intensity field /. Figure taken from*°.
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These two scenarios highlighted that no clear spin relaxation for the Hamiltonian H can
be obtained by considering the laser field alone and only the SOC is not sufficient to cause a
significant decrease of the magnetic moment. However, combining the two cases (I # 0 and \ #
0), for a given photon energy of 2el” and a Gaussian pulse distribution with a temporal width ' =
10 f s, results in a reduction of more than 40% of the magnetic moment for a laser intensity of / =
0.3, in a shorter timescale of 20 fs. In fact, as shows in Figure 1.3(b), ultrafast demagnetization
is observed for just one pulse (A; # 0 and A; = 0), and the reduction ratio of M (t) strongly
depends on the laser intensity. Indeed, the reduction ratio goes from 4% for low laser intensity
I = 0.03 to a maximum of 50% for high laser intensity / = 1.5. The authors identified the
mechanism involved in the ultrafast demagnetization as a cooperative process between the laser
field induced transitions from large-spin ground state to higher energy small-spin states, and
the action of spin-orbit coupling enabling the forbidden transition between triplets and singlets
on the femtosecond timescale. However, it has been shown that the required conditions are not

49,50

realized experimentally so far*”-”", which does not allow us to fully validate this model.

1.1.2.3 Microscopic three-temperature model (M3TM)

This model was introduced by Koopmans, B. et al."”

in 2010 and emphasizes that the
electron-phonon interaction is the main phenomenon responsible for the rapid laser-induced
demagnetization. Indeed, based on the Elliot-Yafet scattering, dissipation of angular momen-
tum was attributed to the probability a, that an electron flips its spin on emission or absorption
of a phonon. This type of electron scattering was also used by Koopmans, B. et al.’! to ex-
plain theoretically the rapid equilibrium of the magnetic order in a ferromagnet at a few hundred
femtoseconds after laser pulsed irradiation . Moreover, other experimental results conclude the
same necessity of the Elliot-Yafet model to understand the rapid demagnetization of Ni’*> and

Co’? film.

Figure 1.4 represents the microscopic three-temperature model (M3TM). Moreover, the evo-
lution of a/ is function of the temperature of the electron bath, and the decrease of the magnetic
moment appears when a, is high enough. After a characteristic time 7,4, the Elliot-Yafet mecha-
nism leads to an equilibrium, where demagnetization is achieved. In addition, the thermalization
mechanism leads to electron-phonon equilibrium after a characteristic time 75. Those two ef-
fects are encoded in a compact differential equation for the magnetization dynamic determined

by using a simple model Hamiltonian H (see all the hypothesis and calculation in'%>!):
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Figure 1.4: Illustration of the M3TM with an Elliot-Yafet mechanism inducing (a) ultrafast demagnetiza-

tion and (b) thermalization of the electrons bath after emission or absorption of phonons.

dm T, miIc 8kpTEVa
— =mR-2% (1 — mcoth ( )) where R = —-S% .\ (1.7)
T. (ttat /1) EZ 7T

Coupled at two other differential equations on electrons and phonons in quasi-equilibrium,

refered as two temperature model (2TM)>*

dT,
Ce% = VL(szTe) + )\ep(Tp — Te)

T (1.8)
de_tp = /\6p(Te - Tp)

The couples of parameters (1¢, C.) and (7},, C}) are the couples (temperature, heat capacity)
for electronics and phonons bath, respectively. 7 and « represent the Curie temperature and
the conductivity of the material. The spin variation is encoded inside two parameters: ., the
electron-phonon interaction and a; assimilated to the effective cross-section which drive the
demagnetization. s, is the atomic magnetic moment and R(s~!) in the dynamic equation is the
term that will characterize the type of demagnetization. In fact, since R is inversely proportional
to the characteristic time of demagnetization 7,;, two types of demagnetization occur. To find
out which type of demagnetization takes place, a comparison between R and the characteristic
time of electron thermalization 7z was used. Therefore, we have two limiting cases as shows in

Figure 1.5:

— R> 13" (Tm < 7g) ): the demagnetization is so rapid that it occurs before the equilib-
rium between electron and phonon is reached. Around 7,,, we observe a partial recovery

of the magnetization (Figure 1.5(a)).
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— R< 7" (13 > 7g) ): the equilibrium between electrons and phonons is reached before
the equilibrium of the spin reservoir. We have a first ultrafast demagnetization step in

about hundreds of femtoseconds, followed by a regime change around 75 (Figure 1.5(b))
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Figure 1.5: Evolution of the electron temperature 7, (red curve), phonon temperature 7;, (blue curve) and
the magnetization (green curve) as a function of time. These variations are obtained after using the mi-
croscopic three-temperature model and showed two different demagnetization behaviors in ferromagnetic

materials. Figure taken from'? .

This simulation result fitted well with experimental ultrafast demagnetization observed in
ferromagnetic materials. Indeed, the two-step demagnetization observed in the experiment on
Gd*® is well reproduced with M3TM with a demagnetization time of 100 ps. In addition, the
rapid demagnetization in Ni was also reproduced with this theory with demagnetization time
in a hundred of femtosecond. However, the microscopic origin of the conservation of angular
momentum during the ultrafast demagnetization is still an open question. In fact, by combin-
ing TRMOKE and time-resolved reflectivity measurements within an epitaxial Fe thin film, E.
Carpene et al.>> demonstrated that the laser-induced ultrafast demagnetization can be attributed
to the electron-magnon interaction which takes place in a hundred of fs. In this model, the dis-
sipation of angular momentum is correlated to the excitation of hot electron, leading to a rapid
reduction of the magnetization, mediated by the spin-orbit coupling. In addition, in this ap-
proach, the electron-phonon is only responsible for the partial restoration of spin order due to

the Elliott-Yafet spin-flip scattering process on a time scale slightly below the picosecond.

11



CHAPTER 1. STATE OF ART

1.2 All Optical switching in ferrimagnet

A ferrimagnetic material is a magnetic material composed of two sublattices of unequal mag-
netic moment and antiferromagnetically coupled. One of the most interesting ferrimagnets for
the study of All Optical Switching (AOS) turned out to be thin film of GdFeCo. Indeed, it is
an amorphous alloy with a Rare Earth “RE” (Gd) and transition metal “TM” (FeCo) sublattice,
exhibiting perpendicular magnetic anisotropy (PMA)>°, allowing a possibility of integration in
high storage density memories®’. Moreover, many research groups demonstrated the possibil-
ity to manipulate the magnetic characteristics of Gd,.(FeCo), _, either with the concentration of
both RE and TM or with the sample temperature”**°%. For < Zeom (T > Teom ), the dominant
moment contribution comes from the magnetic moment of the TM (RE) sublattice, resulting
in the orientation of the total moment m(m = mT M — m re) in the direction of FeCo (Gd)
sublattice, referred to as “TM-dominant” (“RE-dominant”). For & = Z.,, the two sublattices
have two equal opposite magnetic moments, resulting in a total magnetic moment of zero, re-
ferred to as “compensation point”. In this section, we will present in chronological order, the

experimental results that demonstrate AOS in ferrimagnetic materials.

1.2.1 AO-HDS in ferrimagnetic materials

With the first discovery of laser-induced ultrafast demagnetization in a metal’”, many re-
search groups have attempted to observe the reversal of the magnetization of magnetic materials.
It was in 2007 that Stanciu, C. D. et al.** reported for the first time a deterministic reversal of
the magnetization of a 20 nm thin film of GdssFe743Co34 by using femtosecond laser pulses.
In this discovery, the reversal depended on the helicity of the laser, called All-Optical Helicity
Dependent Switching (AO-HDS), and the authors demonstrated the need of several pulses to ob-
serve the switching of the magnetization, called Multiple Pulse All-Optical Helicity Dependent
Switching (MP-AOHDS). Figure 1.6 shows magneto-optical images that illustrated the effect of
the low sweeping (30 m.s~!) by an 800 nm-laser on the sample with a repetition rate of 1 kHz,
a fluence of 11.4 mJ/cm? and a pulse duration of 40 fs. The magnetic domain pointing “up”
(“down”) represented by the light (dark) contrast has its magnetization being reversed by the
sweeping of the o~ (0T) polarized laser. For linear polarization L, only demagnetization was
obtained, marked by the creation of multi-domains with a random orientation of their magne-
tization after the passage of the laser, whatever the initial direction of the magnetic domains.
In addition, the authors attributed the mechanism of AOS to the combination of a thermal ef-

fect with an inverse Faraday effect "IFE" (this effect will be discussed in more detail in section
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1.3.4.2). Indeed, the irradiation of a laser on a material brings both a temperature rise, causing
a decrease of the coercive field, and an effective magnetic field, due to circularly polarized light.
However, due to the Gaussian distribution of the laser, the power is higher in the center of the
laser, which leads to a demagnetization state, due to a loss of magnetic order when the tempera-
ture is above the Curie temperature. But, in a narrow fluence range, a thermal effect can decrease
the coercive field while maintaining magnetic order and the IFE produces a higher magnetic field
than the reduced coercive field, which ultimately leads to the reversal of the magnetization. This
theorical approach also explain the observation of a single pulse causes demagnetization and
AO-HDS at the center and ring of the laser spot, respectively (Figure 2 in**). More interest-
ing, by adjusting the power of the laser, they were able to reverse the magnetization of a single
magnetic domain with just one femtosecond laser pulse (Figure 4a in**). This Single Pulse All-
Optical Helicity Dependent Switching (SP-AOHDS) was clearly confirmed in another GdFeCo
alloy by Vahaplar, K. et al.”” and another mechanism was reported by Khorsand, A. R. et al.®’.
Indeed, this theoretical approach is based on the fact that a material with a given magnetization

absorbs more or less light depending on the polarization of the light, the so-called Magnetic

Circular Dichroism “MCD” (this effect will be discussed in more detail in section 1.3.4.1).

Before exposure After exposure

OCI wm

MP- AOHDS

—> Demagnetization

Direction of the sweeping laser beam

Figure 1.6: Magneto-optical images showing a) initial magnetic state before irradiation of laser on the
surface and b) MP-AOHDS in GdyoFe7.6Co3.4 induced by sweeping the laser over the sample with left
circular (¢~ ), right circular (o7 ) and Linear (L) polarization. The light (dark) contrast represents

magnetic domain with the magnetization pointing “up” (“down”). Figure taken from>*.
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Nevertheless, this AO-HDS was also later observed within various RE-TM materials such as
TbCo®' -3, DyCo®!, HoFeCo®', TbFe®'-** alloys, Ho/Co and Tb/Co multilayers®', as well as RE-
free Co-Ir-based synthetic ferrimagnetic heterostructures®'. Additionally, several criterions and
experimental conditions for the observation AO-HDS in magnetic materials were established:

two antiferromagnetically coupled sublattices®!®

, a wide range of fluences ranging from the
switching threshold to the damage threshold®', a suitable stoichiometric composition to obtain
two sublattices with comparable magnetic moment near or above room temperature, resulting in

a low remanence’® %

, and the magnetic domain size of the ferrimagnet should be equal or above
the size of the laser spot®’. However, the following sections and paragraphs of this chapter will

show that these rules are not general to all magnetic materials.

1.2.2 AOQO-HIS in ferrimagnetic materials

In 2011, a very surprising result has been demonstrated by Radu, I. et al.': a fascinating switch-
ing of the magnetization in 12 ps with a single 100-fs linearly polarized laser pulse. In fact,
Radu, I. and Co-authors performed ultrafast spin dynamic of the two Gd and FeCo sublattices
composing the GdysFegs.9Cog 4 alloy by using element-specific X-ray Magnetic Circular Dichro-
ism (XMCD). Figures 1.7(a) and 1.7(b) present the temporal evolution of the magnetic moment
of Gd and Fe at different time scale. The reversal of the magnetization appears to be the conse-
quence of a rapid demagnetization rate at different time scales of the two sublattices (300 fs for
the Fe sublattice and 1.5 ps for the Gd sublattice), followed by a ferromagnetic-like state (where
the magnetization of the Fe and Gd sublattices is oriented in the same direction) between 300
fs and 1.5 ps, and ending with the slow recovery of the magnetization of both sublattices in the
opposite direction. This type of switching referred as to Single Pulse All-Optical Helicity Inde-
pendent Switching (SP-AOHIS). One year later, Ostler, T. A. et al.®® confirmed these SP-AOHIS
mechanism in GdysFer4 6Cos 4 thin film using a single linearly polarized pulse. Indeed, after su-
turing the sample, causing the orientation of the magnetization in one of the two OOP directions,
the authors showed a toggle switching of the magnetization regardless of the initial direction of
the magnetization (Figure 3 in®®). Since then, many other groups have obtained a similar exper-

imental demonstration of the SP-AOHIS mechanism in GdFeCo amorphous alloy> %!,
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Figure 1.7: XMCD measurement of the magnetization dynamic of the Gd and Fe sublattice obtained after
the irradiation of a femtosecond laser pulse for (a) a short-time scale and (b) a long-time scale. Figure

taken from'.

Therefore, the conclusion of a laser-induced AOS by a pure thermal mechanism in GdFeCo
ferrimagnetic amorphous alloys was clear. Consequently, GdFeCo alloy both exhibit MP-
AOHDS, SP-AOHDS and SP-AOHIS mechanism. These experimental observations raise the
question of the microscopic mechanism responsible for the observation of AOS in GdFeCo
ferrimagnets. Indeed, the absence of angular momentum in linearly polarized light and the
observation of AOS regardless of the direction of a single magnetic domain negate the IFE
and MCD mechanisms respectively as the mechanism driving AOS. Moreover, the exhibition
of a ferromagnetic-like state is very surprising considering the strong antiferromagnetic cou-
pling between the sublattices in thermal equilibrium. Although we don’t yet know the micro-
scopic mechanism behind the experimental demonstration of SP-AOHIS in GdFeCo ferrimag-
netic amorphous alloys, the magnetization reversal mechanism in this material can be understand

like the excitation of conduction electrons by absorption of photons®’% 7>

allowing demagneti-
zation under different time scales for the two sublattices (transition metal and earth-rare) thanks
to Elliott-Yafet effect and exchange scattering above (conservation of spin angular momentum
by exchange between the sublattices). Indeed, the femtosecond laser pulse demagnetizes the TM
sublattice four times faster than the Gd sublattice due to the different type of demagnetization

they exhibit individually (as discussed in section 1.1.2.3) and a weak inter-sublattice exchange
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coupling’®7*. As the magnetization of the TM sublattice approaches zero, the exchange relax-

ation’>76

primes and angular momentum circulates between Gd and FeCo, maintaining the total
angular momentum of the system. This mechanism is maintained for a time scale related to the
exchange coupling between the two spin systems, leads to the magnetization of the FeCo sub-
lattice beyond zero, favoring the appearance of a transient ferromagnetic-like state, where FeCo
and Gd have a parallel magnetic moment. As the magnetization of TM increases, the magne-
tization of RE continues to decrease towards zero as total angular momentum is conserved. In
the end, the Gd switches, resulting in an antiparallel alignment for the two sublattices, and the
lattice and spins equilibrate on different time scales. Further cooling occurs to equilibrium at
a switched net magnetization””-78. A more detailed review of the literature has recently been
carried out by P. Scheid et al.”” on the different theoretical approaches to understanding AO-HIS

in ferrimagnetic alloys.

So far, most ferrimagnetic materials that exhibit SP-AOHIS are Gd-based RE-TM alloys,
spin valves or multilayers, as will be shown in Sections 1.5.3, 1.4 and 1.2.3 for GdCo alloys,
Pt/Co/Cu/ Gd,(FeCo); _, heterostructures and synthetic Co/Gd ferrimagnets, respectively. Nev-
ertheless, recent investigations performed by C. Banerjee et al.!> demonstrated Single shot AO-
HIS in a ferrimagnetic Heusler alloys Mny;Ru,Ga (MRG) without the presence of Gd. Indeed,
this RE-free ferrimagnet has two antiferromagnetically coupled sublattices occupied by the same
magnetic Mn atoms in two non-equivalent crystallographic positions (4c and 4a) within its cu-
bic F'43m structure, as showed in Figure 1.8(a).While, Figure 1.8(b) shows the toggle switching
of the magnetization in MnyRu; (Ga regardless of the initial direction of the magnetization ob-
tained after the irradiation of 5 consecutive linear laser pulses with a fluence of 11.6 mJ/cm? and
a pulse duration of 200 fs. Remarkably, static and dynamic MOKE measurements revealed that
single AO-HIS was only observed for MRG alloys having a compensation temperature T,
(where the magnetization of the Mn(4c) and Mn(4a) sublattice are equal but in opposite direc-

1.8 when

tion) above the room temperature. This remark was confirmed by C. S. Davies et a
they investigated the effect of the initial temperature of the sample, the pulse duration and the
wavelengths from a free-electron laser on the switching of MRG alloys. This experimental study
pushes the authors to suggest that the switching mechanism is like in GdFeCo, but with the ex-
change scattering favorizing a conservation of angular momentum within the spin systems, to be
the driving mechanism for switching in MRG. Moreover, the fact that AOS can not be achieved
for sample temperature above compensation temperature (where the magnetic moment of Mn
(4a) is larger than the magnetic moment of Mn(4c)) was explained by the fact that the intra-

sublattice coupling Mn(4a) is three time larger than Mn (4¢). Indeed, for Ji4o—4q0) = 3J(4c—4c)>
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Figure 1.8: (a) Inverted Heusler (XA) crystal unit cell of typical MRG film. (b) Magneto-optical images
of MngRu; (Ga full film obtained after the action of five consecutives single laser pulse of 200 fs. The
dark grey (light grey) area represents the out of plane magnetization of the Mn(4c) sublattice pointing
“up” (“down”) as represented by the circled dot (cross). Every single femtosecond pulse with a fluence
of 11.6 mJ/cm? and a spot diameter of 100 zm linearly polarized illuminates the same circular region of

the full film and reverses the magnetization within it. The length of the scale bar is 50 pm. Figure taken

from!”.

the sublattice with weaker intra-sublattice coupling Mn(4c) cannot drive the sublattice with a
stronger intra-sublattice coupling Mn(4a) across the zero net magnetization state, after the tran-
sient ferromagnetic-like state that occurred when Mn(4c) cross zero magnetization first. Conse-

quently, switching is impossible in MRG in this case.

1.2.3 AO-HIS in synthetic ferrimagnetic materials

1.2.3.1 Robust toggle switching

The first experimental demonstration of single-pulse helicity-independent toggle switching in
a synthetic ferrimagnetic multilayers was performed by M.L.M. Lalieu et al.” in 2017 on Si:
B(substrate)/Ta(4 nm)/Pt(4 nm)/Co(tc,)/Gd(3 nm)/Pt(2 nm). They focused their research with
tco =0.8, 1, 1.2 and 1.4 nm. In the case of 1 nm of Co thickness, they performed VSM-SQUID
and AOS measurements. Indeed, by using the VSM-SQUID measurement (Figure 1.9(a)), the
antiferromagnetic coupling between the Co and Gd layer was demonstrated with the presence of
a compensation temperature T.,,,, = 120 K. Below (above) this temperature the magnetic moment

of the Gd (Co) layer is larger. Furthermore, they estimated the value of the fully saturated Gd
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magnetic moment at room temperature to be 0.45 nm and assumed sharp Co/Gd interfaces. This
amount of magnetic Gd appears at 300 K due to the exchange interaction with Co near the inter-
face and it is antiparallel to this one. More interestingly, magnetization control in this synthetic
ferrimagnet was performed by a linearly polarized laser pulses with a central wavelength of 700
nm and a pulse duration of ~100 fs. Figure 1.9(b) presents the results of the magnetization state
after irradiating ten consecutive laser pulses for to, = 1.0 nm. For the two initial magnetization
directions, the homogeneous domain is written with the opposite direction of magnetization.
This demonstrates that we have SP-AOHIS in the Pt/Co/Gd stack. Furthermore, a strong Co
thickness dependence of the threshold fluence was observed. In fact, all Co thickness exhibited
AOS and the smallest threshold fluence was obtained with the lowest Co thickness to, = 0.8 nm.
They suggested that this threshold fluence behavior is the result of a reduction in the energy re-
quired to completely demagnetize the TM layer, which in turn depends on its Curie temperature.
For the biggest Co thickness to, = 1.4 nm, speckled domain is written by a single laser pulse
(Figure 2d in”), they proposed to be the result of a structure close to the spin reorientation limit,

observed by the change from a domain wall propagation dominated reversal.
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Figure 1.9: (a) VSM-SQUID measurement of the magnetic moment per unit area as a function of the
temperature. T, = 120 K represents an AF exchange interaction between the Co and Gd layers. Inset:
Polar MOKE measurement performed at RT. The square hysteresis loop with 100% remanence confirms
a well-defined PMA. (b) AOS experiments were realized for two opposite initial saturation directions.
The numbered areas (dotted circles) correspond to the spots where the structure was irradiated by the
laser, where the labels indicate the number of pulses each spot is exposed to. All measurements were

performed on Pt(4nm)/Co(1nm)/Gd(3nm) stack. Figure taken from’.
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1.2.3.2 Comparing AOS in synthetic-ferrimagnetic multilayers and alloys

The demonstration of the SP-AOHIS in both ferrimagnetic alloys and synthetic ferrimag-
netic multilayers open new questions on the unicity of the mechanism and conditions for the
observation of AOS in ferrimagnetic material. In 2019, M. Beens et al.”* answered this question
by studying the switching mechanism and condition of synthetic ferrimagnets. They identified
the switching mechanism as a front of reversed Co magnetization that propagates away from the
interface driven by exchange scattering and demonstrated that the magnetization compensation
temperature did not play a crucial role.

To achieve this result, they firstly confirmed experimentally a robust single AOS in Pt/FM/Gd(3
nm) stack, FM is a ferromagnetic layer composed of Co(0.2 nm)/[Ni(0.6 nm)/Co(0.2 nm)]y.
Indeed, for N=2,3,4 and 5 they obtained both PMA and SP-AOHIS. Remarkably, for five rep-
etitions, the FM thickness equal to 4.2 nm is much larger than 0.45 nm of fully saturated Gd
magnetic moment at room temperature. Indicating that the structure in this case is far from
compensated and emphasized that the switching mechanism in the bilayers is independent of a
possible compensation temperature. Secondly, they performed simulation in both Gd, _,Co, al-
loy and Co/Gd bilayers with an extension of the microscopic three-temperature model (M3TM)
(see section 1.1.2.3). Figures 1.10(a) and 1.10(b) shows the phase diagram extracted from the
calculation of ;_,Co, alloy and Co/Gd bilayers, respectively. Indeed, figure 1.10(a) and 1.10(b)
illustrate the variation of the laser pulse energy Py with the Co concentration x of a ;_,Co, alloy,
and the number of Co monolayers for a Co/Gd bilayer, respectively. In addition, depending on
the state of the Co magnetization after the relaxation (after 100 ps), they authors delimitated
these diagrams with different colors. The dark-blue areas indicate that the Co magnetization is
reversed after the relaxation, illustrating the AOS regime. The vertical dashed line in Figure
1.10(a) represents the compensation point Zcm, ~ 0.77 and is in perfect agreement with the
observation of AOS in ferrimagnetic alloys which can only occur for a narrow range of the Co
concentration close to the compensation point, as discussed in Section 1.2.1. A net difference
is observed when we compare the AOS regime for the bilayers, Figure 1.10(b). For example,
bilayers composed of 20 Co monolayers and 3 Gd monolayers can be reverse with high thresh-
old fluence. For this example, the total Co and Gd magnetic moment is jic,/figq ~ 4, while
AOS in alloys has been demonstrated in a narrow range fico/tga ~ 0.9 — 1.3 (tico/ tiga ~ 1
at the compensation point). Consequently, this model also demonstrates that the magnetization
compensation temperature does not play a crucial role in the switching of the magnetization of

synthetic ferrimagnets.
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Figure 1.10: Variation of the laser pulse energy Py with (a) the Co concentration x for Gd;_,Co,,, and
(b) the number of Co monolayers in a Co/Gd bilayer. The dark-blue areas indicate that the Co magne-
tization is reversed after the relaxation (c) and the light-blue areas indicate the exhibition of a transient
ferromagnetic state but followed by the relaxation of the magnetization back to its initial direction (d).
The white areas indicate the absence of a transient ferromagnetic state, then the magnetization relaxes
to its initial direction (e), (f) and the gray areas indicate that the maximum of the phonon temperature is
above the Curie temperature. The dashed line in (a) corresponds to the compensation point and the inset
in both (a) and (b) present the modeled system with the exchange parameters. (g) Magnetization dynamic
ina 5 Co /3 Gd bilayer for a fixed energy Py = 55 x 10® J/m—3. The inset present the time at which the
magnetization of each Co monolayer is reversed for a 14 Co / 3 Gd system for a fixed energy Py = 65 X

10® J/m~3. Figure taken from?>.

Furthermore, to investigate the mechanism behind the observation of AOS in synthetic ferri-
magnet, the authors performed a laser dynamic of the normalized magnetization of each Co and
Gd monolayer in a 5 Co / 3 Gd synthetic ferrimagnet as represented in figure 1.10((g)). Indeed,
by using the same extension of M3TM model, they clearly demonstrate the reverse of the Co
magnetization, beginning from the Co layer near the Co/Gd interface in a 14 Co / 3 Gd synthetic
ferrimagnet as showed in the inset of figure 1.10(g). The y- and x-axes of the inset in Figure
1.10(g) represent respectively the time at which each Co monolayer switches its magnetization
direction and the Co layer position adjacent to the interface. Although the first Co monolayer
need more than 2 ps to cross zero because of the change of its dynamics due to the presence of
the exchange field coming from slow Gd demagnetization, the second Co monolayer is switched
first. Consequently, the reverse of the others Co layer comes from the propagation of the switch-
ing driven by exchange scattering between neighboring Co monolayers. Hence, independently
of the number of Co monolayer in a synthetic ferrimagnet, AOS can be achieved, explaining why

the Co/Gd bilayer can be switched for a relatively large Co thickness.
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M. Beens et al.* continued investigation in Co/Gd bilayers with imperfect Co/Gd interface. In-
deed, they study the role of interface intermixing in switching Co/Gd bilayers by using M3TM
model for layered magnetic systems. The main conclusion of this simulation was the reduction
of the threshold fluence and an increase of propagation rate on AOS compared to the ideal Co/Gd
interface. Remarkably, the possibility to integrate AOS with spintronics was proven by M. L.
M. Lalieu et al.’' by exploiting thermal single pulse demonstrated in Pt/Co/Gd racetrack. In
addition, they were able to move these optically written domains by performing transport mea-
surements, using an electric current by exploiting the SHE in the Pt heavy metal seed layer of
the Pt/Co/Gd wire.

1.3 All Optical switching in ferromagnet thin films and mul-

tilayers

1.3.1 MP-AOHDS in CoPt multilayers

Experimental demonstrations of AOS were initially established on RE (Rare Earth) -TM
(Transition Metal) ferrimagnetic materials that exhibited antiferromagnetic coupling on the

1.34,61.62 Jike discussed in section 1.2. However, the possibility of changing

atomic and nanoscale
the magnetic order of ferromagnets possessing perpendicular magnetic anisotropy (PMA) was
first observed experimentally by C-H. Lambert et al.*? in 2014. The investigation was performed
on [Co (0.4 nm)/Pt (0.7 nm)] 5y multilayers, where N =3,5,8 represents the number of repeats. For
N=3 (Figure 1.11(C)), a complete reversal of the magnetization was observed by scanning the
surface of the material with a circularly polarized LASER, as evidence of AO-HDS. However,
for N=8 and 5 (Figure 1.11(A) and 1.11(B)), thermal demagnetization was observed, proving by
the observation of multi-domains. Moreover, the variation of the size of these multi-domains as
a function of N shows the influence of the dipole energy and the magnetic layers thickness in the
AO-HDS process. These results were confirmed by El Hadri et al.*> in 2016 thanks to electrical
measurements using the anomalous Hall effect®. Indeed, on a Pt/Co/Pt structure a quantitative

analysis of the AO-HDS could be done by fabricating this heterostructure on a Hall bar.
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Figure 1.11: Magneto-optical response in a zero applied magnetic field of [Co (0.4 nm)/Pt (0.7 nm)] v
multilayers at various laser polarization (A) N = 8, (B) N =5 and (C) N = 3. For each image, the laser
is circularly polarized (¢ or o) or linearly polarized (L). For (A) - (C), the laser beam was scanned
over a region of the sample with two opposite magnetic domains showing a black/white contrast in the

images. Figure taken from®’.

As both ferrimagnetic and ferromagnetic materials exhibit AO-HDS, the question of the
microscopic mechanism responsible for AOS was legitimate. In fact, the absence of antifer-
romagnetic coupling in ferromagnetic layers undermines the requirement for the presence of
antiferromagnetic coupling for the observation of AOS. In 2016, El Hadri et al.* distinguished
two types of mechanisms taking place during the AOS process for magnetic materials. The first
was the 1 s reversal of the magnetization for GdygFe 3Co24 continuous film using a single pulse
independently of the polarization of the incident laser (SP-AOHIS). On the other hand, for the
ferrimagnetic alloy of Tbo7Co73 and the Pt (4.5 nm)/Co (0.6 nm)/Pt (4.5 nm) heterostructure a
different dynamic was observed. Indeed, in the case of Pt/Co/Pt multilayer, the reversal of the
magnetization using several femtosecond lasers pulses (about 200) takes place in two steps on
different time scales: a demagnetization under 1 ms independent of the nature of the polarization
(Figure 1.12(a)), followed by a polarization-dependent reversal (MP-AOHDS) over a duration
of 120 ms (Figure 1.12(b)). In sum, a demonstration of AOS as a cumulative and multiple pulse
process for ferromagnets. However, for a single incident pulse, we observe only thermal demag-
netization marked by the appearance of multi-domains (Figure 1.12(c)). The authors evoked

the mechanisms of All Optical Switching Helicity dependent Domain Wall Motion (AOS-HD-
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DWM) and Magnetic Circular Dichroism (MCD) to explain this MP-AOHDS phenomenon.
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Figure 1.12: (a), (b) Variation of the normalized Hall voltage on the Pt/Co/Pt Hall cross as a function
of the number of pulses and the laser polarization: (a) polarization-independent demagnetization over
a duration of 1 ms and (b) polarization-dependent magnetization reversal under 120 ms. (c) Magneto-
optical image of Pt (4.5 nm)/Co (0.6 nm)/Pt (4.5 nm) after excitation by a single femtosecond laser pulse.
For both directions of magnetization saturation (M™ and M ™), thermal demagnetization is observed with

circular (ot and o) and linear (7) polarizations. Figure taken from®°.

1.3.2 Domain wall helicity dependent switching in CoPt trilayers and mul-

tilayers

This hypothesis was investigated in 2017 by Y. Quessab et al.** with the study of the laser-
induced domain wall motion on Pt/[Co/Pt]3/Pt multilayers using multiple picosecond laser
pulses. Then, as a function of time and number of laser pulses N, they performed a magneto-
optical faraday imaging technique. They realized all these experiments for fluence lower than
the switching threshold to avoid AOS and the most important beam position is the location of the
hottest region relative to the DW. Figure 1.13(a) presents the trends of the DW in Pt/[Co/Pt]3/Pt
after being irradiated with 2 ps circularly polarized light. The center of the laser beam spot is
placed 10 um from the DW on a domain with either magnetization up (M™) or magnetization
down (M ™). For the four possible combinations of: light polarization and position of laser beam,
only two combinations, (c,M ™) and (c~, M) presented significant DW displacement. In fact,
the Figure 1.13(a) shows the expansion of the M™ ( M ™) domain due to the shift of the DW after

the exposure the o~ (o) laser pulses. Moreover, the same laser induced helicity dependent DW
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motion in a Pt/Co/Pt layer illuminated with a 40 fs laser pulses when the center of the laser beam

was placed in the vicinity of the DW was also established.
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Figure 1.13: (a) Magneto-optical images of domain wall motion in Pt(5 nm)/[Co(0.4 nm)/Pt(0.7
nm)]3/Pt(2 nm) induced by 2 ps laser pulses with left (c7) and right-circular (o) polarization with a
fluence per pulse of 0.04 mJ/cm?. The white star and N represent the center of the beam spot and the
number of laser pulses, respectively. The dotted line shows the initial position of the domain wall before

the laser irradiation.(b) Variation of the DWD with degree of ellipticity. the Figure taken from®*.

More interestingly, Y. Quessab et al investigated the variation of the DWD in the Pt/Co/Pt
layer illuminated with a 40 fs laser pulses for different degree of light ellipticity . Figure 1.13(b)
shows the measurement of the farthest stable DW position versus the helicity angle 6 of the
quarter-wave-plate (QWP). The experiment was realized with the center of the laser beam ini-
tially placed on the DW and the angle of the QWP was set to 0°. The DWD behavior has been
fitted with a sinusoid and shows two opposite maximum values for the left (0+0r €= %) and
the (0~or e = —7) circular polarization. For linearly polarized light (7 or e=0), DWD is near
to zero, meaning that no motion is observed after the exposure with several laser pulses. The
authors attributed the small shift of the curve to the nonuniform distribution of pinning sites
on either side of the DW and found that the resulting DW displacement was a balance between
the helicity effect and the temperature gradient of the laser. Finally, the perfect agreement be-
tween the Fatuzzo-Labrune model®>%¢ with the experiment allowed the authors to suggest that

the inverse Faraday effect is a likely explanation for the helicity effect on the DW.

24



1.3. ALL OPTICAL SWITCHING IN FERROMAGNET THIN FILMS AND MULTILAYERS

1.3.3 State diagram of AOS

More recently, in 2019, G. Kichin et al.*’ studied the effect of fluence, laser spot size and pulse
duration on the AO-HDS of an ultrathin Co (0.6 nm)/Pt (0.7 nm) layer. Indeed, using magneto-
optical images obtained on the Kerr effect microscope, giving the magnetic configuration of
Co/Pt after laser excitations (600 pulses), a magnetic state diagram could be established (Figure
1.14(a)) for different laser parameters (Fluence, pulse duration and spot diameter). Three regions
can be distinguished: for long pulse duration and low fluence, the laser has no influence on the
magnetic order. In the case of short pulses and high fluence, multi-domains are observed. Be-
tween these two regions, there is a complete reversal of the magnetization of a magnetic domain
for specific fluence and pulse duration intervals. Furthermore, in order to achieve SP-AOHDS,
for a ferromagnetic layer, the authors performed anomalous Hall voltage measurements with the
Co/Pt magnetization OOP and initially patterned on a 5 um wide Hall cross. The center of the
cross is irradiated with a laser beam of 2 ps pulse duration, 11 mJ/cm? fluence and with a spot size
14 times larger than the width of the Hall cross. As shown in Figure 1.14(b), Vg is zero for lin-
early polarized incident light, characterizing demagnetization. In contrast, with Vg, = £0.1
for the two different circular polarizations, denoting a 10% reversal of magnetization. Finally,
by combining the previous experimental results with the three-temperature model (3TM), G.
Kichin et al. emphasized the need for the spin bath to approach a temperature close to the Curie
temperature, followed by angular momentum transfer from light to the magnetic material, to be
the mechanism responsible for the AO-HDS observation. Therefore, this criterion rules out the
MCD process in understanding AO-HDS.
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Figure 1.14: (a) Magnetic state diagram of Glass/Ta (3 nm)/Pt(3 nm)/[Co(0.6 nm)/Pt(0.7 nm)]/Pt(3 nm)
using circular LASER polarization as a function of fluence, pulse duration and LASER spot diameter (84
um for the triangle, 104 um for the square, and 168 pum for the circle). (b) Variation of the normalized
Hall voltage as a function of time, giving the dynamics of the Co/Pt magnetization. The sample, initially
having a saturated magnetization, is excited by a polarization pulse of o (red), o~ (blue) and 7 (black).

Figure taken from®’.

1.3.4 Mechanism of all-optical switching

In contrast with ferrimagnetic materials where it is established that AOS is driven by a pure
thermal effect (see section 1.2.2), the microscopic mechanism involved in the observation of
AO-HDS is still on discussion. In fact, initially discover in ferrimagnetic material®*, then in
ferromagnet, AO-HDS appears to be a mechanism independent of the presence of two sublat-
tices coupled antiferromagnetically in a magnetic material. However, as mentioned in previous
section IFE and MCD appears to be most of the 2 best candidates to understand the All-Optical

Helicity Dependent Switching mechanism in a ferromagnetic material.

1.3.4.1 Magnetic circular dichroism

As experimentally demonstrated by El Hadri et al.*

, the effect of the laser heating is to rapidly
demagnetize a ferromagnet within 1 ms, followed by a polarization-dependent reversal (MP-
AOHDS) over a duration of 120 ms. This implies that within a hundred of ms after the laser
pulse, the magnetization can thermally jump the energy barrier of anisotropy. This energy barrier

is reduced at high temperatures due to the fluctuations in magnetization that are included in the
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atomic model®®. In 2016, Ellis et al.*” proposed a multiple pulse stochastic all thermal model
of AO-HDS in ferromagnets, taking the example of an ensemble of FePt granular media. This
theoretical approach is based on the fact that the absorption in a magnetic material depends
on the orientation of its magnetization and the helicity of an incoming laser pulse, due to the
MCD. Since this differential absorption will be small (the final magnetization change will be
small) with a single pulse, many incident laser pulses will lead to a continuous acquisition of
magnetization following each laser pulse. Indeed, considering that each grain is a single domain
with a fixed out of plane magnetization (two possible magnetization directions) and by using a
two-state Master equation, the time evolution probability of each grain in the ensemble to occupy

high (n.) or low (n_) absorbing orientation is given by:

On
ot

= —neTy !+ ngT (1.9)

Where 71 ' are the transition rates of the grain switching from the high (+) or low (—) ab-
sorption states to the other state. These equations describe the behavior of the net magnetization
m (m = n_ —ny) as it is subject to a series of pulses. In the case of multiple pulse at a fluence

F and a repeat frequency f;, the transition rates of the grain are described by:

P, F — F
7. F = fiP(Fd.), where P(F)= ?’o {1 —|—tanh( AT O)} (1.10)

Where P(F'd.) is the probability of the grain switching by a single laser pulse and 0. =
1 + A/2 is the value representing the difference in the absorbed fluence due to the magnetic
circular dichroism (A). The Eq 1.10 gives the expression of the switching probability P(F')
extracted from the atomistic spin model”, with P,,, Fy and AF as fitting parameters. Figure
1.15(a) shows the behavior of the switching probability of a single grain that was used to extract
these fitting parameters, for an average of 50 separate pulses in a zero field and with a zero
constant external field and &= 1 T. Moreover, in equilibrium the states will satisfy detailed balance
and the using the conservation of the total probability (n_ 4+ n, = 1), allowed to extract the net
magnetization reached after a sufficiently long series of laser pulse m>:

7' =7 P(Fé_)— P(Fé,)

oo _ T- _ 1.11
" 'yt P(Fé_)+ P(Féy) (1.11)

Solving 1.9 allows to obtain m>

m(t) = m* — (m™ — m(0)) exp (—;) (1.12)
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With the time ¢ and switching time 7 given by
1
t=Nf, and —=—+ — (1.13)
T

Eq 1.12 can be solved numerically for an initial state with equal numbers of grains up and
down, m(t = 0) = 0 (like the initial state of the experimental performed by Lambert et al.®’
in granular FePt). Figure 1.15(b) shows the variation of the net magnetization induced by the
thermal switching with the laser fluence for MCD value between 1% and 5%. The solid, dashed
and dotted lines represent the net magnetization after 100, 1000 and infinite laser pulses, respec-
tively. Since the values of the magnetization are positive, this implies that the system will move
towards the low absorption orientation. In particular, around 9.5 ml/cm?, a peak is reached,
independently of the MCD value, followed by a reduction of the magnetization due to the in-
creasing thermal instability at high temperatures. For fluences below 9.5 mJ/cm?, magnetization
is acquired or not, depending mainly on whether the laser heating can induce thermally activated
transitions over the energy barriers. More interestingly, a direct comparison with the experimen-
tal results where the laser is scanned over the FePtAgC granular film sample for both helicities
and different applied field strengths®, is shown in figure 1.15(c). As observed by Lambert et al.,
increasing the field strength improves saturation for o but for o, it decreases saturation until
it completely counters optical switching at 0.1 T.

In the same years, Gorchon et al.”! arrived at the same conclusion using the same framework.
To simulate the probability of switching from one state to the other due to thermal activation and
the grain temperature, Gorchon and co-authors used the Néel-Brown formula®” and a steplike
profile”!, respectively. As Ellis et al.*’, they showed the reversal of the grain occupying the low
absorbing state, while in their case they fully switch the magnetization with just 10 pulses. Sev-
eral others work reported MP-AOHDS in Co/Pt multilayers and Fe/Pt granular described by a
purely thermal effect based on MCD?*>. In addition, in a thin film of Co7yTbs (20 nm) ferri-

1.96

magnetic alloy, Quessab et al.”® gave evidence of the possible role of MCD to the explanation

of helicity—dependent domain wall displacement (see section 1.3.2)
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Figure 1.15: (a) Computed probability of a single grain switching over a range of laser fluences in a zero
field and with a constant external field + 1 T. The lines show a fit to the data. (b) Evolution of the net
magnetization after a series of multiple pulses over a range of laser fluences and MCD ratio in a zero
field. The solid, dashed and dotted lines represent the net magnetization after 100, 1000 and infinite laser
pulses, respectively. (c) Simulations when sweeping the laser with a constant speed and a peak fluence of
20 mJ/cm? on a granular structure for different applied fields. A MCD of A = + 2 % is used to model the

laser polarization and each grain is switched following the probabilities given in Eq 1.10. Figure taken

from®’.

1.3.4.2 Inverse faraday effect

Since magnetic moments have angular momentum, the possibility of controlling the magne-
tization in a magnetically ordered material by means of circularly polarized light was firstly
predicted experimentally by both Beth et al.”’ and Holbourn et al.”® in 1936. Prediction that
was established clearly for the first time by Kimel et al.”” in 2005 when they demonstrated that
spins can indeed be controlled with a circularly polarized fs-laser pulses. These spectacular
experiments result where attributed to the creation of a stationary magnetic field due to the exci-
tation with circularly polarized light, referred as Inverse Faraday Effect (as illustrated in Figure
1.16(a)). However, this effect has been predicted firstly by several works'’*~'? in the 1960s.
Notably, Van der Ziel et al.'°" described the observation of an optically induced magnetization

in a non-absorbing material within a zero magnetic field:
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aF * *
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Where y, er and ¢, are the magneto-optical susceptibility, the amplitudes of the right and
left circularly polarized light, respectively. From this phenomenological relationship, we can
observe that the intensity of M;rg depends strongly on the polarization of the light. In the case
of linearly polarized light, marked by the superposition of a circularly left and right polarized
light, Eq 1.14 result to M;rr = 0. While M, is maximized in the case of a purely circularly
Left or right polarized light, and its sign is polarization dependent. More interesting, Eq 1.14

can also be described as follows:

Mips = %[ﬁ(w) x E*(w)] (1.15)

Where is ﬁ(w) and E*(w) are the electric field of light and its complex conjugate and
w the electromagnetic wave frequency. Eq 1.15 shows a proportional relationship between
the induced magnetization and the intensity of the light, leading to a zero optically induced
magnetization for a vanishing light. Moreover, in recent investigations, quantum theories of IFE
supported by an analytical solution of the second order Liouville-von Neumann equation'% %4

and by ab initio calculations have been developed'®.

However, since Eq 1.14 was initially experimentally verified in non—absorbing materials and
in the absence of a magnetic field or a permanent magnetization, the use of the inverse Faraday
effect to explain the origin of the AO-HDS in dissipative and magnetized materials is counter-
intuitive. Nevertheless, several works have demonstrated that the combination of micromag-
netic simulations with an effective "optomagnetic field" can be sufficient to generate AO-HDS
in various magnetic materials® %1% The table 1.1 below provides an overview of the differ-
ent micromagnetic approaches, the magnitude and the minimum duration of the inverse Faraday
effect allowing to reproduce experimental switching results. The most common model appears
to be the coupling of the ultrafast demagnetization induced by laser heating (see Section 1.1.2)
with the addition of an effective H;rp magnetic field considering the effect of the polarization
of the light. Moreover, the minimum duration of the effective ;g should be around 0.2 ps and
20 T is needed to generate the switching in a ferri- or ferromagnetic full film. For the case of
granular FePt, the field required for AO-HDS is larger than in other materials, but the duration is
comparable. This gap in intensity can be attributed to the differences in the uniaxial anisotropy

observed within full film and grains.
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Materials

model

HIFE(T>

Minimum

trre(ps)

Ref

Ferrimagnetic
GdFeCo alloy

The heating effect of the laser is in-
corporated using the two-temperature
model (2TM) and the spin dynam-
ics was calculated using the Landau-
Lifshitz-Bloc (LLB) equation under a
macrospin approximation in which a
phenomenological expression of the
IFE was used.

20

0.25

Vahaplar et a

Ferromagnetic
Co/Pt

multilayers

The heating effect of the laser, the
ultrafast spin dynamics and the im-
pact of IFE was implemented using the

microscopic three-temperature model
(M3TM).

20

0.15

Cornelissen et

al. 103

FePt granular

media

The laser heating effect is incorpo-

rated using the two-temperature model

60

0.2

Ellis et al.®”

1 106

(2TM) and the spin dynamics has been
calculated using a Landau-Lifshitz-
Gilbert (LLG) atomic equation in
which a flat Gaussian with variable
central time has been introduced and

representing the IFE.

Table 1.1: Different IFE model to explain all optical switching in magnetic materials.

Although IFE is a good candidate to explain AO-HDS in ferromagnets, many issues are still
under discussion. Firstly, it is not clear whether one should consider the IFE as an induced mag-

netization (case 1) as initially proposed by Van der Ziel et al.'’!

or as an effective magnetic
field (case 2) as suggested in several recent works. Indeed, depending on each case, the induced
magnetization dynamics leads to a variation of the longitudinal component of the magnetization
for the case 1 or to a purely processional process for case 2. Secondly, the very high values of
the effective field strength are difficult to justify or to explain, unless properties such as the ex-
change interaction are involved. Furthermore, it is not clear why the duration of the IFE would

be longer than the femtosecond laser excitation itself. Finally, although Cornelissen et al.'®?
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predicted the SP-AOHDS by incorporating the effect of dipole fields in their model (see Figure
1.16(b)), so far, no experience has been reported SP-AOHDS in Co/Pt multilayers or any other
ferromagnetic material. However, new theorical models to explain AO-HDS emerge from the
IFE and MCD effect. Indeed, John et al. presented a model including both effects to reproduce
the magnetization switching of FePt nanoparticle'”’. More recently, P. Schied et al.'”® demon-
strated the existence of a dissipative phenomenon, whose contribution grows linearly with both
the intensity of the light and with time, when absorbing circularly polarized light. Unlike the
IFE, this contribution is due to absorption, so the angular momentum transferred from light to

matter is conserved even after the light has disappeared. This makes it one of the most realistic

approaches.
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Figure 1.16: (a) Illustration of the IFE for normal incidence light with right (o) and left (0 ™) circular
polarization, generating an effective magnetic field H+ and 6 H~ , respectivelly. (b) Reproduction of
the magnetization profile after single-laser pulse irradiation on [Co (0.4 nm)/Pt(0.7nm)]3 and obtained
from M3TM simulations. A multi-domain state is observed in the center and a single switched domain

is clearly visible in the rim of the laser spot. Figure taken from®” %3,
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1.4 All-Optical magnetization switching mediated by spin

transport: spin valve structure

1.4.1 Spin current induced AOS in ferromagnetic layer

In order to move to ultrafast-spintronic application, we need to understand complex structure like
spin valve that will allow magnetic storage and multi-level memories'*!'°. This objective led
Satoshi lihama et al.'' in 2018 to study the single femtosecond light effect on a Gda3 3FeCorg 7
(5 nm)/Cu (9.3 nm)/[Co (0.6 nm)/Pt(1 nm)], spin valve structure. Indeed, they demonstrated the
accessibility of four possible magnetic configurations in this spin valve with the use of a single
laser pulse. These magnetic configurations were firstly obtained by using the variation of MOKE
signal (6) with a magnetic field (H) applied out of plane. Figure 1.17(a) allows to distinguish
four out of plane magnetic configurations: P+ and P— for the magnetization of both GdFeCo
and [Co/Pt] parallel and pointing in the positive and negative field direction, respectively. Then,
two antiparallel states where the magnetization of GdFeCo and [Co/Pt] are antiparallel, with
the magnetization of [Co/Pt] pointing in the positive and negative field direction, named AP+
and AP- respectively. Moreover, small loops in blue and red demonstrate that both GdFeCo and
[Co/Pt] are magnetically decoupled.

Secondly, four remanent magnetic configurations (P+, AP+,AP—, and P—) can be achieved
using single 35 fs light pulses without applying a magnetic field. Figure 1.17(b) shows MOKE
image with different contrast related to the direction of the magnetization of both GdFeCo and
[Co/Pt] layer. In fact, authors reported that 0.5 uJ pulses switch both layers from P+ (dark red
contrast) to P— (dark blue contrast) and vis versa while 0.2 uJ pulses are sufficient to only switch
the GdFeCo layer leaving the [Co/Pt] layer unchanged corresponding to the transition between
the P+ to AP+ (light red contrast) or P— to AP— (light blue contrast) and vis versa. However,
the transitions P+ to P— and P— to P+ clearly demonstrate the single thermal AOS of the
[Co/Pt] layer. This manipulation of a ferromagnetic magnetization by a single femtosecond
pulse inside a spin valve appeared to be a combination of optical excitation and the transfer of

spin-polarized currents generated by the demagnetization of the GdFeCo layers.
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Figure 1.17: (a) Variation of the normalized MOKE (6 ) with the magnetic field (H) applied out of plane.
The reversal which appears at low magnetic field is assigned to the GdFeCo reversal and is represented
by the red and blue open symbols. (b) four magnetic configurations obtained consecutively by using high

or low pulses energy. Figure taken from'!.

1.4.2 Influence of the ferromagnetic Curie temperature

In 2020, Junta Igarashi et al.'?> investigated the effect of the ferromagnet Curie temperature
T on the single thermal AO-HIS for different ferromagnetic layers (FM) in Gdss 3FeCozg.7 (5
nm)/Cu (10 nm)/FM spin valves. In fact, using magneto-optical images obtained on the substrate
side, they gave the magnetic state of both Gds3 3FeCor.7 (FeCo rich) and [Co,Ni;_,/Pt] layers
after shooting one, two, three, and four 35 fs single laser pulses beginning from a saturated P+
state for different Co concentration x. This variation of x allows to tune T~ from 400 K to 850
K and all the four possible magnetic configurations have the same definition as mentioned in
the previous work of Satoshi lihama et al.''. Figure 1.18(a) shows MOKE image for a range of
fluence between 14 and 21 mJ/cm?, where three magnetics configurations can be distinguished:
P+ represented by a dark red contrast, P— represented by a dark blue contrast and AP+ state
represented by a light red contrast. Although all the samples concentration exhibit AO-HIS for
the GdFeCo layer (transition from the P+ to AP~ state and vis versa), only = equal to 0.4,
0.6 and 0.8 can achieved single thermal AO-HIS for both GdFeCo and [Co,Ni;_,/Pt] layers
(transition from the P+ to P— state and vis versa). For z = 1.0, the authors reported partial
switching of both GdFeCo and TM layer. Particularly, at high fluence, a white contrast was
observed prove of the formation of multidomain state due to high energy density in the center

of the laser.

34



1.4. ALL-OPTICAL MAGNETIZATION SWITCHING MEDIATED BY SPIN TRANSPORT: SPIN

(a)

Initial 2nd

1st 3rd

® Fogreco * Foom & Fr(1ps) v Fug

2. 20
o 30 . ey ™
§ 5
20 ' 2
gﬂ s A%
ol . i 4 o«
¢ s @ e o ®
We | —g
o 15 Ginl
5 e 5
£ 10 2
w 0 i
¥ P 2
us " w
0 A> i " D
400 600 800
T (K)

Figure 1.18: (a) MOKE images obtained after exposure of 1 then 2, 3, and 4 fs-laser pulses starting from
a P+ initial sate. (b) Threshold fluences for: the only GdFeCo magnetization switching, AOS of both
GdFeCo and the ferromagnetic layers, and multidomain states plotted as a function of the FM layer Curie
temperature T¢. (c) Experimental (calculation) variation of Fiu; — Fhom as a function of T represented

with closed (opened) symbols. Figure taken from'?.

Moreover, figure 1.18(b) presents the variation of different threshold fluence with the curie
temperature of TM. Although the threshold fluence Fggrec, to reverse the GdFeCo is constant,
the critical fluence for the switching of both layers Fi.q and the observation of multidomain
states Fiug increases with the augmentation of the TM curie temperature. Figure 1.18(c),
demonstrates a fluence window for the observation of AOS in both layers regarding the increase
of the Flui — Fhom difference with increasing T up to ~ 800 K. Theses experimental results
can be reproduced with a three-temperature model (3TM) where they calculated the fluence
to switch the first CoNi layer at the interface with Cu Fint after 1 ps (time for which FM is
sufficiently demagnetized, then the spin current generated and polarized by the Gd reaches
the FM layer) and to fully demagnetize at the end of the FM layer F., .In sum, this work
illustrated the need of the full demagnetization of the FM to allow its switching when the spin
current generated by GdFeCo demagnetization reaches the FM layer. Moreover, Fyon and Fiyyg
behavior can be explained by the fact that demagnetized states of the FM can be obtained with
less energy as T of the FM layer is lower. Similar argument was used to explain the behavior
of Fyom and Fiyg in Gdag 3sFeCorg.7(5)/Cu(10)/Co(te,)/Pt(1)/[Co(0.6)/Pt(1)]3/Pt(3) spin valves

with the increasing of the thickness of the first Co layer at the interface with the Cu layer.
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Other parameters like The Cu thickness'?, the insertion of a layer of Pt within the Cu
layer'! the pulse duration of the laser'? and the chemical composition of the GdFeCo layer'?
has been demonstrated to play a role on the observation of the single thermal AOS of a ferro-

magnetic (FM) layer within GdFeCo/Cu/FM spin valve.

1.5 All Optical switching in magnetic micro and nanostruc-

tures

Manipulation of the magnetization at smaller length scale and faster timescale is the horizon
of research in magnetism. This interest stems from the ever-increasing need to decrease the
reading and writing rate of magnetic memory devices which are made of nanosized magnetic
bits. Therefore, the study of the size effect on AOS appeared naturally. In this section, we will

focus mainly on several studies that reported AOS of GdFeCo in OOP smaller microstructures' "

12,111,112

or structures at nanoscale size by using a single femtosecond laser pulse.

1.5.1 Highly efficient AOS in GdFeCo

Even though L. Le Guyader et al.''> demonstrated the reversal of the magnetization of an
OOP domain with sizes down to 200 nm in GdFeCo nanostructures by using a single femtosec-
ond laser pulse, the first investigation of size effect on AOS was realized at microscopic scale.
Indeed, in 2012, M. Savoini et al.!'! reported a strong effect of light within GdFeCo microstruc-
tures, resulting in an enhanced energy absorption for smaller regions. To reach this conclusion,
they carried out pump-probe measurements in various patterned microstructures realized in a
glass/Ti(2 nm)/Pt(8 nm)/SiN(5 nm)/GdsgFegs.5C0g.5(20 nm)/SiN(20 nm) full film. In fact, they
used a 60 fs laser pulses generated by a Ti-sapphire to perform pump-probe magnetization dy-
namics. Then, they divided this laser in two linearly polarized laser beams with different wave-
length (400 and 800 nm of wavelength for the pump and probe beam, respectively) and spot
size (5 um and 800 nm of diameter for the pump and probe beam, respectively). Figure 1.19(a)
shows the behavior of the pump-probe dynamics for a fixed 1.9 & 0.2 mJ/cm? of pump fluence
and for various structures size. Although bigger structures of 50 x 50 um? and 15 x 15 um?
(larger than the pump and probe beam sizes) exhibit the same magnetization behavior with the
magnetization relaxes back to the initial state, they measured 50% and almost complete demag-
netization in the smaller structures of 5 x 5 um? and 2 x 2 um?, respectively. Furthermore, all

optical switching is observed in the smallest structure of dimension 1 x 1 um?.
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Figure 1.19: (a) pump-probe dynamics for a fixed pump beam fluence of 1.9 + 0.2 mJ/cm? for various
structures size. (b) Variation of the fluence to achieve 100% demagnetization, all optical switching, and
the damage with the structure dimension. Inset: Experimental conditions reproducing in scale the di-
mensions of pump and probe beams. (c) Absorbed energy profiles of the electric field intensity taken at
the center of the structures. (d) Normalized simulated energy distribution as a function of the structure
size (red squares), compared to the expected behavior in the absence of interference effects (blue circles.

Figure taken from''!.

More interestingly, they plotted the variation of the energy densities needed to induce 100%
demagnetization, AOS, and sample damage with the size of the patterned structures. Although
Figure 1.19(b) presents an independent trend of the energy requirements as a function of the
sample size for bigger structure, a clear reduction of this energy is observed for the smaller ones.
To explain this behavior, they performed Finite difference time domain (FDTD) simulations'"?
to study the lateral confinement and interference of the optical field distribution in the magnetic
stack. Figure 1.19(c) shows the intensity profile across a line through the center for structures
ranging in size from 15 x 15 ym? to 20 x 20 nm?. It appears that reducing the size of the struc-
ture below the pump beam size (5 um) results in the formation of a standing wave pattern due
to scattering of the beam by the structure edges. Based on these electric field distributions, they
calculated the absorbed energy density in the structure normalized by the area of the absorbed

energy distribution within the patterned structure. Figure 1.19(d) shows the trend of this simu-
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lated absorbed energy density (red squares), together with the integrated profile of a Gaussian
beam normalized by the area of a Gaussian profile matching the absorbed profile of the 15 x
15 um? structure (blue circles). While structure sizes above the pump beam wavelength (400
nm) show a decrease of the simulated absorbed energy with increasing structure dimension,
structure sizes below 400 nm show a constant absorption. Even though the integrated Gaussian
distribution exhibits a similar behavior with the pattern size, the saturation value of the absorp-
tion without interference effects appears for more bigger structure size of 5 x 5 um? (400 x 400
nm? for the absorption with interference effects). These trends led to conclude that considering
the interference effects, the absorption increases until the size of the structure is equal to the

wavelength and remains constant by further reducing the size of the pattern.

1.5.2 Nanoscale sub-100 picosecond AOS in GdFeCo

In 2015, L. Le Guyader et al.''"?> continued to study the size effect for structures smaller than
the free-space diffraction limit at 800 nm of wavelength. Indeed, they showed AOS in a region
of 300 nm within 1 um X 1 um microstructure and attributed this result to the fact that the wave-
length of light propagating inside the GdFeCo layer is about four times smaller than in vacuum
due to the GdFeCo refractive index. To achieve this result, they firstly investigated the propaga-
tion of an electromagnetic wave for a femtosecond laser pulse within a magnetic GdFeCo layer
by using FDTD simulation. Absorption profiles were obtained for a size range from 5 ym x
5 um to 5 nm x 5 nm for a small angle of 16° between the structure plane and the laser wave
vector k. Moreover, the direction of the laser entering the plane of the structure were defined by
the angle between the planar component of the laser wave vector k and an edge of the different
structures. Figure 1.20(c) and 1.20(f) show the Absorption profile inside the 5 um x 5 um struc-
tures for the 0° and the 45° incoming laser direction. These figures highlighted two behaviors
of the absorption A: the strong dependence of A with the angle of incidence and the inhomoge-
neous distribution of A within the structure whatever the angle of incidence. Likewise, these two
observations were established for all structures size. Remarkably, by evaluating the total energy
absorbed by the structure for all sizes, they confirmed M. Savoini et al.''" work presented in
the previous paragraph, according to which smaller structures are more absorbent and therefore
more energy efficient. Moreover, these coupled focusing and energy efficient effects arise from
the limitations of the structure and the interference between propagating and absorbing waves in
the sample. These effects were also demonstrated for a laser at normal incidence to the plane of
the sample.

Secondly, in order to observed AOS in a nanoscale region of GdFeCo structure, they per-
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62 6.7mdcm

Figure 1.20: Time resolved XMCD PEEM imaging as a function of the incident laser fluence F' and for
an angle between the planar component of the laser wave vector k with an edge equal to (a) 0° and (d)
45°. Absorption profile A obtained from the FDTD simulations for the (c) 0° and the (f) 45" incoming
laser direction. Threshold Fluence F}j, patterns obtained from the XMCD time-resolved experiments for

the (b) 0" and the (e) 45° incoming laser direction. The experimental observations and simulations were

carried out inside 5 um x 5 um GdFeCo microstructures. Scale bar 5 nm. Figure taken from'!?.

formed time-resolved XMCD PEEM. Figure 1.20(a) and 1.20(d) showed XMCD time-resolved
images of theS pym X 5 pm microstructure with a time delay ¢= 400 ps as a function of the
incidence laser direction. Indeed, these Figures give respectively the magnetic configurations
of this  structure with an incidence angle of 0° and 45° with respect to an edge of the sam-
ple. Moreover, at this timescale, the magnetization of the Gd and FeCo sublattices are again in
equilibrium with each other!. This allows the magnetization of the structure to be characterized
by measuring the magnetization of a single sublattice. Initially saturated with an applied OOP
field, the initial single magnetic domain state is characterized by a white homogeneous XMCD
image contrast. Remarkably, Figure. 1.20(c), (f) and 1.20(b), (e) shows a direct relationship be-
tween the absorption profile A obtained from the FDTD simulations and the threshold Fluence
F};, patterns obtained from the XMCD time-resolved experiments, respectively. In fact, a good
qualitative and quantitatively agreement was obtained, as a zone with a low F}; corresponds to
a zone with high absorption and reciprocally. Consequently, it is not the fluence threshold F;,
which changes within the microstructure, but the light absorption A.

Moreover, for a low fluence F'=4.1 mJ/cm?, a grey contrast in the center of the structure can be

seen in Figure 1.20(a) proving the partial demagnetization. As the fluence increases, the con-
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trast between the different areas of the microstructure changes from white to black and then from
black to grey. To understand this contrast behavior with the fluence, they performed dynamics
measurement of the magnetization by realizing time-resolved XMCD PEEM imaging in time-
resolved mode with a fix interval of time ¢ between the laser pump and the X-ray probe. There-
fore, the spatial resolution of the intermediate magnetic state in the structure can be recorded
during this time interval. They proved that the change in contrast from white to black and from
black to grey in Figure 1.20(a) corresponds respectively to the onset of AOS when fluence is in-
creased and the loss of deterministic reversal when you continue to increase the fluence (demag-
netization). This well know AOS state diagram with the threshold fluence® was also observed
in2um X 2 ym and 1 pm X 1 pm microstructures with a laser having a planar wave vector

making an angle of 45° with an edge of the sample.

1.5.3 AOS in nanostructure of GdCo

More recently, Amal El-Ghazaly et al.° demonstrated SP-AOHIS in amorphous GdCo
at nanoscale with OOP magnetization and switched 75% of the magnetization in 2 ps for
200 nm patterned dot. In fact, by using a lift-off technique they patterned Ta(3 nm)/Pt(3
nm)/Gd3oCo7o(10 nm)/Pt(3 nm) stack. This sample exhibited PMA and AOS at room temper-
ature. Then, they performed single shot experiment of ten consecutive laser as represented in
Figure 1.21(a). Indeed, this figure demonstrates a perfect toggle switching on an array of size 25
um x 25 um filled with equally spaced disks of spacing 2d, where d equal to 500 nm represent
the dot diameter. But clear toggle switching demonstration can’t be performed for small 200
nm disks due to the laser detection limit. Moreover, they realized TR-MOKE experiment within
micro and nanoscale, where they used a 70 fs laser pulses generated by a Ti-sapphire to perform
pump-probe magnetization dynamics. Then, they divided this laser in two laser beams of 95 um
and 15 um (lower than the magnetic array area) of spot larger for the pump and probe beam, re-
spectively. A fixed pumping fluence of 6.89 mJ/cm? was found to be sufficient to achieve AOS of
the smallest disks and Figure 1.21(b) presents the trends of the time to reach 75% of the opposite
magnetization as a function of dot size. This time decreases rapidly as the dot size is reduced,
from approximately 40 ps for dot of 15 um to 2 ps for dot of 200 nm diameter. They attributed
this faster rate in the smallest structure by the simultaneously increase of the electron-phonon
and spin-lattice couplings, allowing faster energy dissipation, thus causing faster spin stabiliza-
tion and magnetization in the reverse magnetization direction. However, various effects such as
the non-uniform absorption profile of the light in the case of oblique incident light on a pattern,

the interference patterns generated by the light hitting the nanodot array and the detection limit
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of the laser generate many spurious signals, makes the calculation of the fluence absorbed in the

nanostructure difficult.
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Figure 1.21: (a) Single shot experiment performed with a laser MOKE for dot diameter of 500 nm. Irra-
diation of 10 consecutive pulses causes the magnetization state to alternate up and down, demonstrating a
toggle switching behavior. (b) Variation of the time taken for the magnetization to cross a 75% switching
threshold with different dot diameters. The inset shows an extended view of the dot at the nanoscale.

Figure taken from®.

1.6 Goals and outline of the thesis

The reversal of the magnetization by one ultrashort femtosecond pulse presents a high interest
for the scientific community as showed in this first chapter. In particular, the study of the size
effect in magnetic materials that exhibit SP-AOHIS appears to be a great fundamental necessity,
due to a still insufficient understanding of the microscopic mechanisms involved in optical
switching. Therefore, the aim of this thesis is to study the behavior of the optical switching
when we are reducing the lateral dimensions from micro- to nanoscale of a magnetic material
that exhibit AO-HIS. To build this investigation, we divided our manuscript in 5 chapters, where
the first chapter give a state of the art in the field of ultrafast magnetization manipulation by a

femto- or picosecond laser pulses.

The second part will present the methods and techniques used to fabricate the full films and
nanostructures that have been investigated in this work. Moreover, the MOKE setup that we used

to perform AOS will be presented and the detail of the magnetic characterization that we realized
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using magnetic force microscopy (MFM) will be presented. At the end of this chapter, the reader
will fine the reasons why we characterize AOS ex-situ with MFM, and we will detailed our

method to identify the magnetization orientation extracted from the MFM images of our systems.

In the following chapter, we will focus on the size effect of the AO-HIS in GdFeCo periodic
structures. Indeed, a systematic study of the magnetization reversal for GdFeCo disks which
diameter ranges from 3 um to 400 nm with 35 fs linear polarization laser pulses will be
presented. Toggle switching will be observed for all sizes and a state diagram will be built
from fluence variation. The size variation of the threshold and random fluence will reveals a
non-monotonic behavior which highlights the importance of the specific light absorption in
nanostructures. Finally, the influence of the pulse duration and the period in 400 nm dot will be

particularly investigated and will allow us to open outlook.

The next chapter will carry out our investigation of the Gd thickness layer effect on the
SP-AOHIS in Pt/Co/Gd(wedge)/Pt, Pt/Gd(wedge)/Co/Pt, Pt/GdCo(wedge)/Pt stack and show
that it can be drastically reduced. In fact, in the case of the bottom and top Co/Pt interface,
a systematic study of all-optical switching for Gd thickness from 0.06 to 0.77 nm with 35
fs linear polarization laser pulses will be presented. Different regime will be identified: no
switching, multidomain state, switching and perfect toggle switching (PTS). Remarkably, the
perfect toggle switching will show to be maintained down to 0.1 nm Gd thickness. Surprisingly

the effect of Gadolinium will be very different on top and bottom interfaces.

The last part of this work will concentered our systematic study of the magnetization re-
versal for Pt(3.7 nm)/Gd/Co(0.7 nm)/Pt(3 nm) disks which diameter ranges from 3 um to 400
nm with 35 fs linear polarization laser pulses. In addition, laser parameters like polarization,
and the number of pulses will be changed to characterize the reversal in this new interface en-
gineering ferromagnet. Notably, by varying the number of pulses, it will appear that a single
toggle switching probability can describe the reversal behavior. The variation of this switching
probability will be precisely measured and will degrades as the diameter of the disks is reduced.
The "exponential" variation of the switching probability with the disk diameter size will be quite
particular and cannot be explained by specific optical effects. On the other hand, a highly non
uniform switching process with a small microscopic switching probability will explains our ex-
perimental data. A simple probabilistic model, analog to Condorcet’s jury theorem, will be

proposed and compared to micromagnetic simulations.

42



Chapter 2
Experimental methods

The study of the size effect on all-optical switching requires both ultrashort laser excitation,
magnetic materials exhibiting full-film all-optical switching, and the ability to reduce the lateral
size of these samples to the nanoscale. In this chapter 2, We will first describe the ultrathin film
samples that we used to investigate the size effect. Moreover, the nano fabrication process used
to fabricate periodic nanostructures that have been investigated in this work will be presented in
detail. Secondly, the femtosecond laser setup that we used to perform AOS will be described.
In addition, we will present the two static imaging systems (MFM and MOKE imaging) that
we used to magnetically characterize full film and patterned system after the AOS experiments.
At the end of this chapter, the reader will understand the reasons why we are probing the laser-
induced change in magnetization of ferromagnetic nanodisks with the MFM, and we will detail

the method used to identify the orientation of the magnetization extracted from the MFM images.

2.1 Full film deposition and nanofabrication

2.1.1 Full film deposition

In this thesis, we used two types of magnetic materials: GdFeCo ferrimagnetic alloy and
Pt/Co/Pt ferromagnet doped with Gd. If the SP-AOHIS mechanism of the first material has been
studied in several works (see section 1.2), the second magnetic material is a new engineering
material. However, for the sake of simplicity, in this chapter, we will focus on the samples that
was used in electron beam lithography. Other engineered ferromagnet stacks will be presented
in chapter 4. So, Figure 2.1 showss the stack grown by magnetron sputtering on glass substrate

(Thanks Pr. Michel Hehn). In fact, Figure 2.1(a) shows the stack of the ferrimagnetic alloy:
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glass/ Ta (5 nm)/Cu (5 nm)/Gdy4(FeCo)7¢(20 nm)/Pt (5 nm), where the Pt layer prevents oxida-
tion. While Figure 2.1(b) presents the composition of the ferromagnet: Ta (3 nm)/Pt (3 nm)/Co
(0.7 nm)/Pt (3.7 nm) doped with a small amount of Gd at the bottom Co/Pt interface. Where
The Ta buffer layer acts as an adhesion and facilitator of the [111] preferred crystallographic

orientation of the whole stack.

(a) (b)

Pt (3 nm)

Gd,,(FeCo),4,(20 nm)

Pt (3 nm)
Co (0.7 nm)
Cu (5 nm)

Pt (3,7 nm)

Ta (5 nm) Ta (3 nm)

Glass Glass

Figure 2.1: (a) Structure of the Gdo4(FeCo)76(20 nm) sample and (b) of the tri-layer Pt (3 nm)/Co (0.7
nm)/Pt (3.7 nm) doped with a small amount of Gd at the bottom Co/Pt interface.

2.1.2 Nanofabrication

As all the samples we used in this work were grown by PVD magnetron sputtering, the next
step for the elaboration of nanoscale periodic structures requires the use of a high-resolution
patterning technique, namely electron beam lithography. Although several other processes can
be used to reduce the lateral size of a material, it is this e-beam process that has been used
in this thesis. The interest of this technique lies in the use of a short wavelength beam (a few
picometers), which makes it possible to avoid the diffraction phenomena observed in photonic
optics for the fabrication of sub-micron objects. This microelectronic process consists of the
creation of a motif in an electrosensitive material, followed by the transfer of this pattern into

the active layer of which we want to make a nanostructure by etching. The specific step of this
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nanofabrication process is illustrated in Figure 2.2. In the following sections, we will present

the different steps that allowed us to realize these small-scale periodic magnetic structures.

(b) (d)

electron aluminium
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Figure 2.2: electron beam lithography process used in this thesis to realize periodic magnetic structures.

2.1.2.1 Sample preparation and spin coating

Before starting the process, we need to prepare our samples, by cleaning the surface of the stacks
with two solvents: acetone(first) and isopropanol. Then, by using nitrogen gas, we can dry the
surface of the sample. Then, we can start the first step which consists of depositing a bilayer of
PMMA on both Pt/Co/Pt and GdFeCo sample surface with two resist layers exhibiting different
molecular weights. Where PMMA (polymethyl methacrylate) is a positive electrosensitive re-
sist, that has been known for over 50 years''*. The use of this resist makes sense since it allows
working at high resolution'' (up to 10 nm) with high contrast. However, several other combina-
tions of two resists can be made using a copolymer''® or a LOR/PMGI resist'!”. During this first
step, we used a bilayer of diluted 33% PMMA/MA (bottom resist layer) and 2% PMMA (top
resist layer), leading to a good lift-off profile!'®. Indeed, after e-beam irradiation, the 2% PMMA
resist dissolves less quickly than the 33% PMMA/MA resist, which will allow the creation of
resist patterns in the form of a cap that will facilitate the lift off (see Figure 2.2(c)).

To achieve this bilayer deposition, we firstly deposited a small quantity of 33% PMMA/MA
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on the surface of the sample. Then, by applying a strong rotation of the sample on itself, thanks
to the initial deposition of the stack on a spinner, we can spread the resist radially on the surface
by centrifugation. This first spin coating step is done at a speed of 5000 rpm, during 90 s and with
an acceleration of 7000 rpm/s. This centrifugation operation is followed by an annealing at 180°
C during 5 min to remove the solvent from the resist, which is crucial for the next step. Indeed,
the next step is to perform the same deposition process (spin coating followed by annealing) for
the second layer of 2% PMMA. At the end, a (PMMA/MA) / PMMA bilayer is therefore made
with 200 nm and 100 nm of thickness, respectively (Figure 2.2(a)).

2.1.2.2 Exposition and design of the sample

The second step of the nanofabrication process is to create our periodic micro- and nanostruc-
tures. In fact, we drew the pattern on the sample with the help of a mask, thanks to the interaction
between the positive electrosensitive resist (described in the previous section) and a focused in-
cident electron beam exposition. This exposure will cause a degradation of the polymer chains
under electron irradiation in the exposed areas, leading to their easier dissolution during the de-
velopment phase than in the unexposed areas. The e-beam lithography equipment used in this
thesis is a Raith150-TWO system. Figure 2.3(a) gives an overview of this equipment. It consists
of an electron column composed of a cathode that allows work up to an acceleration voltage
of 30 kV, a series of magnetic lenses that focus and correct aberrations to obtain the smallest
electron beam, a beam deflector and blanker to scan and stop the electron beam over the target,
respectively. In addition, an interferometric stage is required to move the substrate from one
writing field to another, but also to stop the sample to allow the beam to irradiate the predefined
areas on the gdsii file (the e-beam being blocked during the displacement between each field).
Figure 2.3(b) shows the schematic diagram of a e-beam lithography (the reader will fine more

. . —122
119 and in various works'?%-12%).

details about the e-beam process in the Roland Salut thesis

To realize our pattern, key parameters like the number of electrons per unit area (the dose
in uC/cm?) which arrive on the mask, the electron acceleration energy (in kV), the aperture (in
um) and the working distance (in mm) can be adjusted to reach resolutions of the order of ten
nanometers. Then, we used in this nanofabrication process a combination of 100 uC/ch, 20
kV, 10 ym and 9 mm. Figure 2.4 shows the design we chose to pattern the sample. Indeed Figure
2.4(a) illustrate writing fields with the names A1, A2, A3, A4, A5, A6, A7 and A8 representing
areas filled with equidistant disks of diameter 400 nm, 600 nm, 800 nm, 1 um, 1.2 um, 1.5 um, 2
um and 3 um, respectively. For the case of 400 nm of dot diameter inside (Figure 2.4(b), we can

clearly represents the disk diameter D and the fixed spacing d equal to 300 nm (Figure 2.4(c)).
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Figure 2.3: (a) Picture of the Raith150-TWO station for the exposure of electrosensitive resist, installed in

the cleanroom of the Jean Lamour Institute. (b) Schematic representation of e-beam lithography. Figure

taken from'%3.
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(b)

100 pm ‘ o
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Figure 2.4: Design of the sample. (a) Illustration of the 8 different writing fields and (b) the case of D

equal to 400 nm. For each dot diameter D, an area of size 100 pm x 100 um is filled with (c) equally

spaced disks with a fixed spacing d equal to 300 nm.
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2.1.2.3 Development, Evaporation, Lift-off, and Etching

2.1.2.3.1 Development

After the exposition step, the sample is dipped in a developer. I used a combination of
developer (Methyl Isobutyl Ketone (MIBK) and Isopropanol (IPA) with a volume ratio 1:3.
Indeed, since the use of MIBK alone is too powerful and can dissolve unexposed areas (although
I used positive resist), I mixed with a less powerful developer, IPA. So, the sample remains in
the MIBK: IPA (1:3) resist development bath during 1 min, followed by a rinse with IPA for 30
s. After drying with nitrogen, I have the formation of cavities where the magnetic layer is bare

and has the shape of the desired patterns, as shows in Figure 2.2(c).

2.1.2.3.2 Evaporation

However, the resist mask over the magnetic layer is limited for the etching process. This is
because the PMMA resist will harden during etching, making it difficult to remove after this
etching step. For this reason, we evaporated 50 nm (resp. 80 nm) of Aluminum onto the resist
mask and the bare ferromagnetic layer (rep. Ferrimagnetic alloy), thus forming a hard metallic
mask (Figure 2.2(d) to Figure 2.2(e)). The choice of Al is based on its ease of removal after
the lift-off process. Furthermore, the value of the thickness Al was chosen for safety reasons.
Indeed, for a thicker Al, the cavity created during development can be blocked, resulting in a
partial removal of the Al during the lift-off. On the other hand, for a thinner mask, the Al layer
will not be thick enough to protect the magnetic layer from the ion beam during the etching
process. This evaporation step has been realized by using an e-beam evaporation from "plassys
MEB400S " and the thickness is measured using a quartz crystal microbalance at the IJL's CC

Minalor.
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2.1.2.3.3 Lift-off

The next step is to place the sample in a solvent, which causes the resist and the Al
deposited on it to dissolve. Only the Al directly in contact with the ferromagnet remains,
forming a mask for the next step, as mentioned in the previous step. In fact, due to the
formation of the resist cap (due to the use of the resist bilayer with different dissolution rates),
and a directional evaporation of the Al, the deposit will leave a gap between the resist and
the Al. As a result, the Al layer will not be continuous, allowing the remover to reach the
resist more easily and leaving only the metal deposit on the magnetic material (Figure 2.2(f)).
To perform this lift-off step, we first leave the sample in a hot bath of Remover 1165 (at
80° C) for two hours. The sample is then ultrasonicated for 5 minutes to remove the most

stubborn resist. This is done twice for better results, before finally rinsing the sample with water.

2.1.2.3.4 Etching

The last step of the Nanofabrication consists of irradiating the sample by an Argon ions (Ar™)
beam (Figure 2.2(g)). At the end of the etching, it remains the magnetic stack protected by the
thicker Al mask, a thinner Al hard mask, and collars at the edges of the structures. Figure 2.5
illustrates the evolution of the etching process with time and highlighted the redeposition process

during this step.

. Magnetic materials . Al layer

Redeposition occurs on the edges Difference of speed etching Final Nanostructure with collars

Etching time

Figure 2.5: Evolution of the etching process with time.

In this step, the most important parameter is the graved angle ¢,. Previous study in our
research group reported that the best profile of nanostructures was obtained for a graved at
10°?*, Indeed, this angle reduces the redeposition of atoms on the sides of the nanostructure

and in particular the formation of collars. However, the creation of these collars is inherent to
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the etching process and the use of Al. In fact, because the etching speed of Al is higher than that
of the magnetic stack, the collars are observable before the dissolution of the whole Al mask.
In addition, during etching step, the etched atoms are analyzed by a mass spectrometer, which
allows the progress of the etching process to be monitored in real time. Figure 2.6 shows an
example for the ferromagnet Pt/Co/Pt stack doped with Gd. We finish the etching process with
a chemical etch to remove the thinner Al hard mask on top of the magnetic stack. We placed
the whole stack in a MICROPOSIT MF-319 developer for 120 s at 20° C. Then we rinsed using

deionized water.
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Figure 2.6: Etching of the Gd-doped Pt/Co/Pt trilayer. The increase of the Ta signal marks approximately

the end of the operation.

We finally obtained periodic structures, as illustrated by an example of a Scanning Electron
Microscopy (SEM) images below. Indeed, Figure 2.7(a) shows an overview of the magnetic
GdFeCo dot arrays in a diameter range from 3 um to 400 nm. In addition, Figure 2.7(b) shows
GdFeCo nanostructures in good agreement with the diameter of nanodisks (400 nm) and the
pitch of the lattice (300 nm). The white contrast at the edges of each dot is the signature of
collars. However, more larger are the structure, smaller are the size of these collars compared to

the size of the magnetic disks.
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(b)

Figure 2.7: SEM image showing (a) an overview of GdFeCo magnetic dot arrays for all dot sizes and (b)

the good agreement of the lattice pitch and the dot diameter in the case of 400 nm of dot diamter.

2.2 Magneto-optical and magnetic characterization

The goal of this section is to present the different equipments that I used to characterize
our samples. Although I will show structural characterizations of a engineered ferromagnet in
chapter 4, I will not present the Transmission Electron Microscope that we used to perform high
resolution images. The reason is simple, all these structural measurements like Transmission
Electron Microscopy (TEM), High Resolution Transmission Electron Microscopy (HRTEM),
Scanning Transmission Electron Microscopy (STEM) or Electron Energy Loss Spectroscopy
(EELS) have been performed within the “CC 3M” at the Jean Lamour Institute by Dr Jaafar

Ghanbaja. Therefore, in this section, I will focus on techniques that I was the main user.
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2.2.1 MOKE magnetometry

The MOKE (Magneto-Optic Kerr Effect) is a phenomenon based on the interaction between
a magnetic medium and a electromagnetic field (light). This Kerr effect is the result of the
change in polarization of light after reflection from a magnetic material. Depending on the
magnetization orientation we have transversal or longitudinal MOKE configuration when the
magnetization is in the sample plane, and polar configuration when the magnetization is out
of plane. The reflected light has an elliptical polarization, causing an angle 6; between the
polarization and incidence plane. This angle 6 is called Kerr rotation and is related nontrivially
to the magnetization of the transition metal'>>. Indeed, Gd electrons (4f electrons) feel little of
the electric field generated by the incident light, due to its shielding by the other electrons of the
outermost orbitals. Whereas in the case of transition metals (such as Co and Fe) the 3d electrons
are in the front line of the incident electromagnetic wave. Therefore, the response of a Gd-doped
Pt/Co/Pt or GdFeCo sample to the exposure of light in a MOKE measurement comes mainly
from the Co and Fe atoms. Figure 2.8 depicts a picture of the Kerr measurement setup used
in a polar configuration as the Pt/Co/Pt trilayer have a high PMA (Perpendicular Magnetization
Anisotropy) and the GdFeCo sample has also exhibited an OOP (Out Of Plane) magnetization

after and before the annealing step during the e-beam process (see section 2.1.2.1).

photodetector I Photoelastic Electromagnet
modulator | ~ «

Analyzer

Figure 2.8: In situ picture of the MOKE magnetometry setup used in all this work.

The light source used is a helium neon laser emitting at 650 nm. The beam light coming out
of the laser diode then passes through a polarizer which allows the incident beam to be linearly

polarized. The beam reflected from the sample is analyzed by crossing successively through a
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photoelastic modulator (PEM) and an analyzer placed at 45° from the polarizer. A photodetector

then measures its intensity I(t) which can be written as'*:

I(t) ~ Io[1 + 20k Jo(Ao) — dex J1() sin(wt) + 40 Jo(Ap) cos(2wt)] 2.1

Where € is the Kerr ellipticity, Ag is the PEM modulation amplitude introduce at pulsation
w and J, are the Bessel functions. Experimentally, we used the PEM frequency (50 kHz) as
a reference frequency for a lock-in amplifier and Ay = 3.05rad is chosen for the optimization
of the second harmonic signal (40 J2(Ay) cos(2wt)) to give the Kerr rotation 0. The external
magnetic field is generated using an electromagnet and controlled by a power supply, which
allows us to make hysteresis loop measurements. The output signal of the lock-in amplifier is
given up to a certain phase. We choose in this work to calibrate the phase with a GdFeCo alloy
below its compensation composition (TM- dominant), such that the output signal be positive at

positive external magnetic fields.

2.2.2 MOKE microscopy with femtosecond laser pulse excitation

2.2.2.1 Kerr imaging set-up

To observe the magnetization state of both full films and patterned structures after exposure to
laser pulses, we used MOKE microscopy. Indeed, by using a Kerr imaging set-up installed within
the Nano-magnetism and Spintronics team at Institut Jean Lamour, we were able to control the
magnetization of the micro- and nanostructures by sending laser pulses. Figure 2.9 depicts the
static magneto-optical imaging set-up used in this work. The beam source used is a Ti-sapphire
laser emitting at 5 kHz repetition rate and a central wavelength of 800 nm. Before reaching
to the sample surface, the laser beam crossed several optics namely a Glan-Taylor polarizer, a
half-wave plate, and a convex lens (Lens 4). The Glan-Taylor polarizer linearly polarize the laser
pulse, while the half-wave plate induces a phase difference of © which allows us to vary the laser
power. In addition, the convex lens focuses the laser beam with a Gaussian intensity profile
onto the sample surface and its displacement allows the spot size of the beam to be changed.
Furthermore, the laser pulse duration can be changed by stretching or compressing the pair of
gratings in the pulse picker. Finally, the number of incident laser pulses and the repetition rate
can be modified by using a pulse picker.

The magnetic response of thin full films and periodic structures to the femto- or picosecond

laser pulses is probed in the other side of the sample (glass side), via a light (the probe) and a pair
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Figure 2.9: Kerr imaging set-up used for magneto-optical characterization of magnetic configuration
of patterned or full film samples. The orange color of the LED light has been used for the purpose of

representation

of polarizer-analyzer which are placed in Kerr configuration (reflection mode). The probe light
used is a diode emitting with a central wavelength around 630 nm and is linearly polarized by
the polarizer. This polarizer and analyzer are crossed in a such way that in absence of magnetic
sample, a full extinction can be observed (no light is transmitted to the CCD) which allows us
to obtain a maximum magneto-optical contrast by even the smallest Kerr rotation (in presence
of magnetic sample). Additionally, a filter is insert in front of CCD camera to prevent any laser
light and let only the reflected probe light go through. Finally, proper alignment is achieved to
overlap the pump (the femtosecond laser pulse) and the probe (the reflected LED) on the sample
surface, allowing us to image the magnetic domains directly with the CCD (Charge Coupled

Device) camera.

2.2.2.2 MOKE image acquisition

Experimentally, depending on the lateral size and thickness of the magnetic stack, the image
acquisition and analysis protocol on the CCD camera after laser pulse irradiation is quite dif-
ferent. However, for all MOKE images (patterned or full film samples), we took a background

image with the sample in a magnetic state before sending any laser pulse and we subtract this
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background image from any subsequent image. This imaging process avoids the presence of var-
ious non-magnetic contributions like surface morphonology in our MOKE images. Moreover,
the scale bars are obtained thanks to the calibration that we can realized by using our patterned
samples of known dimensions.

For full film case, an example of magneto-optical images is presented in Figure 2.10. Indeed,
Figure 2.10 shows the results of the exposure of the femtosecond laser in a single-pulse mode
linearly polarized on Pt (3.7 nm)/Gd/Co(0.7 nm)/Pt(3 nm) full film, initially in a single domain
state after applying a field of few hundred of mT out of plane (Figure 2.10(a)).The light grey
area corresponds to a single domain initially magnetized down. After the excitation of the light
grey area with the first pulse with a given fluence, one can see the formation of a dark grey circle
region (Figure 2.10(b)). Then, the second pulse with the same fluence reverses the magnetization
of the irradiated circle region and we observe a recovering of the initial magnetic state (Figure
2.10(c)). This image acquisition protocol was used in this thesis for the case of ferrimagnet,
ferromagnet, and Gd-wedge ferromagnet full film with the help of a magnet to apply the initial

magnetic field.

(a) (b) (c)

Figure 2.10: Magneto-optical images of Pt(3.7 nm)/Gd/Co(0.7 nm)/Pt(3 nm) full film obtained after the
action of (a) zero, (b) one, and (c) two consecutives single laser pulse. The light grey (dark grey) area
represents the out of plane magnetization of the film “down” (“up”) as represented by the circled cross.

The length of the scale bar is 40 pm.

For periodic magnetic structure case, an example of magneto-optical images is presented
in Figure 2.11. In fact, Figures 2.11(a) and (b) shows the results of the exposure of the fem-
tosecond laser in a single-pulse mode on arrays of 400 nm magnetic disks of Gdyy(FeCo)74(20
nm). Initially, each patterned nanostructures are in a single domain after application of an OOP
magnetic field of 1 T and a progressive return to zero (in steps of 100 mT). The application of
1 T using an electromagnet is essential to be shore that all structures of all sizes exhibited OOP

magnetization in the same orientation and the decrease of the magnetic field to zero is needful
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to obtain the direction of the magnetization of each magnetic structures at zero field. After the
excitation of the initial state (depicted by a light-grey region) with the first pulse, we see the
formation of a dark-grey area (Figure 2.11(a)). The second pulse then reverses the magnetiza-
tion of the irradiated region forming a light grey area (Figure 2.11(b)). This image acquisition
protocol was also used in this thesis for the case of Pt (3.7 nm)/Gd/Co(0.7 nm)/Pt(3 nm) disks,
as illustrated in Figures 2.11(c) and 2.11(d) for 400 nm of disk diameter.

(b)

(c)

20 pm

Figure 2.11: Magneto-optical images obtained after the action of (a)((c)) one and (b)((d)) two con-
secutives single laser pulse for 400 nm periodic magnetic disks of Gdas(FeCo)76(20 nm) (Pt(3.7
nm)/Gd/Co(0.7 nm)/Pt(3 nm)).

As we see with Figure 2.11, we can identify the entire array of disks on the CCD camera
with this Kerr imaging set-up. But quantitative analyses of the magnetization control of nanos-
tructures proved difficult. Indeed, as the diffraction phenomena start when the size of the object
studied is of the order of magnitude of the radiation wavelength (630 nm for the LED), the
magneto-optical images do not allow to distinguish the contrasts linked to the orientation of the
magnetic domains contained within the micro- and nanodisks. However, for our study of the
size effect in GdFeCo the resolution of the CCD camera (images of 2448 x 2048 pixels), will be
enough to qualitatively distinguished the different magnetic state after a femtosecond laser exci-

tation, as was illustrated in Figures 2.11(a) and (b). In the case of Pt/Gd/Co/Pt, magnetic analyses
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will be more complicated. In fact, due to the low magneto-optical contrast compared to GdFeCo,
which can be releated to the diffrence of Co thickness in the two samples (20 nm for the GdFeCo
ferrimagnet and just 0.7 nm for the Pt/Co/Pt ferromagnet), the MOKE microscopy is limited.
Nevertheless, several other characterization techniques can be used to observe the magnetiza-
tions behavior of magnetic nanostructures after exposure to laser pulses. For example, electrical
measurements using the Anormal Hall Effect (AHE) can give average information about an ar-
ray of magnetic disks. But if, on the contrary, we want to obtain individual information on the
magnetic state of each dot (monodomain or multidomain), Magnetic Force Microscopy (MFM)
is one of the best candidates to achieve this high-resolution characterization, since its spatial
resolution is 50 nm to 10 nm'?°. In the following section, we will focus on the MFM that we
used to obtain a sharper magnetic contrast in order to confirm the switching of the magnetization

of each micro- or nanodot in the area exposed to the laser.

2.2.3 Magnetic Force microscopy

To overcome the limitations of small-scale optical microscopy, we used MFM to character-
ize our Pt (3.7 nm)/Gd/Co (0.7 nm)/Pt (3 nm) periodic structures. All images presented in this
manuscript were carry out with Asylum Research microscope of type “ORIGIN+”, and allow
the acquisition of high resolution MFM images, with the possibility of making studies in room
temperature. Although, we can apply a planar or perpendicular magnetic field with this micro-
scope, all the MFM scan has been realized in a zero apply field. A picture of this equipment is

shown in Figure 2.12.

B -

Figure 2.12: MFP3D Asylum Research magnetic force microscope of type “ORIGIN+" used in this work.
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The aim of this section is to present the working principle of the MFM used in this work and
to give keys to understanding the process that has been used to extract the MFM contrasts for

arrays of disks that exhibited out-of-plane magnetization.

2.2.3.1 Working principle

Atomic force microscopy (AFM) is used to study the forces emitted by a sample in interac-
tion with a tip. This tip is placed at the end of a support called cantilever. To obtain MFM images
of our patterned sample, the standard AFM tip is covered with a ferromagnetic material (CoCr
in our case) which scans the surface of our sample. Indeed, the interaction between a magnetic
tip and the magnetic field radiated by a magnetic sample is the base of the magnetic force mi-
croscopy. However, several other elements are indispensable for the MFM measurement. In
fact, a laser beam is sent to the back of the cantilever, and it is reflected to two photodiodes
mounted as a difference signal. In tapping mode (the mode we used), the cantilever oscillates
(input signal) at a frequency wy close to its resonance. If there is no obstacle, the extremity of
the cantilever oscillates (output signal) in phase with the input signal. On the other hand, if the
tip approaches a field source, there will be a phase shift between the output signal and the input

signal. Figure 2.13 depicts the principle of detection of the vibration of the cantilever.

Position- sensitive Laser diode

Photodetector

Cantilever

Figure 2.13: Principle of detection of the vibration of the cantilever.

In addition, depending on the type of interaction between the sample surface and the tip, the
tapping mode can also give us access to the modification of the amplitude and frequency of the

cantilever. The expression of the shift of frequency is given by:
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where m is the effective mass of the cantilever and F'(z) the forces acting on the cantilever.
Furthermore, the amplitude and phase shift also give the gradient of the total forces exerted
on the tip by the sample surface. Therefore, the link between the MFM measurement and the
magnetic configuration of the sample surface is indirect. Moreover, to consider only magnetic
forces (instead of electrostatic forces), we scanned the surface of the sample two times using the
lift height technique. This technique is based on the magnitude of the interactions between the
tip and the sample surface. A first closed-loop scan is performed closer to the sample surface
where the electrostatic forces (Van der Waals forces) are dominant. The purpose of this scan is to
measure the topology of the surface (AFM image). Then, a second closed-loop scan is performed
with the tip further from the surface, but at a constant height during the scan. This height,
called hy; ¢ considers the first topological scan and is implemented in order to have constant Van
der Waals forces during the second scan. Therefore, magnetic forces related to the magnetic
configuration of the surface are dominant. At the end, the change in frequency (Aw), amplitude
(A A), and phase (A¢) will then only be attributed to the gradient of the magnetic force. Figure
2.14(a) shows magnetic force microscopy mapping of an array of 1 um diameter disks after
exposure to a single laser pulse (Figure 2.14(b) is the corresponding AFM mapping). The light
contrast disks located at the edges of the MFM image are those that have not been magnetically
altered by the laser pulse. While the dark contrast disks located mainly in the center of the MFM
image represent structures with a magnetization totally reversed by the laser pulse excitation.
Indeed, when the tip passes over a dot, the measured signal is a light or dark contrast, depending
on the orientation of the magnetization and the convention adopted for signal processing. In
this work, all microscope images that will be showed in this manuscript were processed with
WSxM 5.0 Develop 9.0 software'?’. The reader can find more details about the use of MFM to
characterize ultra-thin full film or patterned disks in references'”* !?*-13% This section was only

dedicated to the working principle that we used in this work.

2.2.3.2 Extraction of the contrasts

In this section we will present the process we used to extract the MFM contrast from our
Pt/Gd/Co/Pt disk arrays of interest in this work. Briefly, the extraction starts with the determi-
nation of the coordinates of the centers of the disks from the AFM image. Then, thanks to this
list of coordinates and from the MFM image, the signal (average pixel) associated at each disk

is measured. Finally, the corresponding signals are translated into up or down magnetization
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(a) MFM mapping and corresponding (b) AFM of a 1 ym diameter disks array after exposure
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to determine the magnetic configurations of disks after exposure to one or more laser pulses.

In addition, Wolfram Mathematica 11 (version 11.3.0.0) was the software that we used to per-

form this extraction process. We focus here on array of 1 um diameter disks depicted in Figure
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sizes.
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2.2.3.2.1 Importation

In this step, it is important that the data is properly processed (e.g. flatten) and properly
imported. The images are converted to grayscale for processing, as illustrated in Figure 2.15.
The two images must be at the same size and the MFM image is rescaled to have signals (pixel)

between 0 and 1.

(@) (b)

Figure 2.15: (a) MFM mapping and corresponding (b) AFM of a 1 um diameter dot array obtained after

grayscale conversion.

2.2.3.2.2 Detection

In the first stage of this step, the grayscale AFM image (Figure 2.15(b)) is binarized (black
and white) to be able to detect the structures. Then, a combination of filters, erosion and bi-
narization is used to obtain a suitable image. Figure 2.16(a) presents the result of those two
operations. The second stage of this step is to recognize the disks. Three criteria are used to
recognize what is a dot and what is not (minimum area, maximum area, aspect ratio). These pa-
rameters may need to be adjusted and the images are displayed with the circles for verification,
as showed in Figure 2.16(b). Attention, the size of the displayed circles is completely arbitrary

for the graphical representation (only the center of the circles is used for the following).
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(a) (b)

Figure 2.16: (a) AFM binarized images and (b) graphic representation of the position of disks extracted

from AFM image. The size of the displayed red and green circles is completely arbitrary.

2.2.3.2.3 Signal measurement

Here, a small part of the grayscale MFM image (Figure 2.15(a)) is cut out around each dot
(using the list of disks coordinates obtained in the previous step). The only parameter is the size
of the (2" + 1) square used. This parameter must be adjusted to obtain the best possible separation
between the two expected signal levels. The histogram plotted in Figure 2.17 is used to determine
the threshold value that will be used to distinguish between up and down magnetizations. Indeed,
this histogram give the average pixel P of each identified dot. For values of P between [0.2-0.34]
and [0.38-0.62], the disks have upward and downward magnetizations, respectively.Additionally,
in this case, the threshold value is slightly less than 0.4.
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Figure 2.17: Histogram of the average pixel P of each identified dot corresponding to the grayscale MFM

image.

2.2.3.2.4 Conversion

In this last step, the preceding histogram makes it possible to determine the threshold to
be applied to discriminate the magnetizations orientations. For Py, equal to 0.38, Figure 2.18
depicts the results of this conversion process. In fact, the red circles shows the disks whose
magnetizations were not changed by the laser pulse (Figure 2.18 (a)). Whereas, the green circles
shows the disks whose magnetizations were completely reversed by the excitation of the laser
pulse (Figure 2.18 (b)). For the yellow circles presents in Figure 2.18, the value of the pixel
(signal) is too close to the threshold pixel Py,. In this case, we manually determine the orientation
of those disks directly with the MFM images.

At the end, the result is written into a text file and manually checked. Figure 2.19(b) illustrates
the resulting numerical image corresponding to the MFM image, where blue circles represent
the switched disks. The black circle inside the numerical image represents the limit of the action
of the laser on the dot array. The delimitation of this exposed area will be more detail in chapter
3.

63



CHAPTER 2. EXPERIMENTAL METHODS

(b)

Figure 2.18: MFM images with (a) red circles on unswitched (or unexposed) disks and (b) green circles

on switched disks.

—
©
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Figure 2.19: (a) Numerical image of the 1 um Pt/Gd/Co/Pt dot array obtained using the corresponding

(b) MFM image. The blue circles represent switched disks.

t
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2.2.3.3 Image acquisition I

Although the use of MFM imaging in this work was necessary to observe the magnetization

behavior of the disks at all size scales studied, this technique has several drawbacks. The first

disadvantage of using MFM to characterize our periodic magnetic structures quickly became
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the considerable time required to acquire the magnetic image after the laser pulse excitation.
Indeed, in the case of Kerr imaging, the acquisition of images is instantaneous. Whereas to scan
an exposed dot area of 80 um x 80 um with the MFM, we took 1024 points x 1024 lines and
a scan rate of 0.5 Hz, giving a scan time of about 136 minutes for each image. If we decided
to reduce the number of points (or lines) for a scan, we immediately reduce the resolution of
the image. Therefore, we have always used this number of points (and lines) and adjusted the
scanning speed so that the probe does not touch the structures at any time, thus preserving the
tip.

The second problem with the MFM imaging technique is the limitation of dot size. Indeed,
by using the same scanned dimension (80 um x 80 um) and points (and lines), we obtain a pixel
size around 78.1 nm. This resolution is too closer with the structures size if we used 200 or
100 nm of dot diameter. One solution may be to divide a large initial exposed area into smaller
scan areas (decreasing the pixel size at the same time) and reconstruct the initial image after.
This solution also seems delicate because of the huge stock of data resulting from this image
acquisition process. Indeed, for a 400 nm (200 nm) disks array with a period of 300 nm, inside
a scanned area of 80 um x 80 um, we should manually verify more than 13 000 (25 000) disks.
Therefore, we limited our study to 400 nm dot size, which we believe is a good compromise
between the high-resolution technique and the quantitative investigation of the size effect on
AOS.

The third issue with the MFM imaging technique is the dependence of the scanned image
quality with the roughness of the sample surface. Indeed, if the sample surface is too rough,
the tip will hit many dusts and the AFM and MFM images will not be useful for the extraction
process described in section 2.2.3.2. Moreover, the presence of collars can be also a problem
when characterizing the sample with the MFM, because of the possible interaction between
these collars and the MFM tip. Indeed, if the tip is too close to the sample surface, the tip-
collars interaction can saturate the signal, causing the tip to be destroyed. While, If the tip is far
away from the surface to avoid this saturation effect, a weak magnetic signal will result. To avoid
these collars, we can continue to tilt the sample in the etching step (see section 2.1.2.3.4) or use
another hard metal mask with a slower etch rate like Titanium'>* for the evaporation step (see
section 2.1.2.3.2). However, we saw in Figure 2.14 that the collars proved to be negligible for
Pt/Gd/Co/Pt disks as we were able to achieve excellent MFM images for 1 micron disks (Even

for disks ranging from 3 microns to 50 nm of diameter).
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Chapter 3

Size effect on GdFeCo ferrimagnetic alloy

3.1 Introduction

To move closer to magnetic recording application, single femtosecond laser pulse turned out
to a good candidate due to the demonstration of ultrafast Single Pulse All Optical Switching
Helicity Independent Switching (SP-AOHIS) in GdFeCo amorphous ferrimagnetic alloys. The
magnetization reversal in this ferrimagnetic materials, made of two antiferromagnetically cou-
pled sub-lattices of rare-earth and transition metal, can be understood as the excitation of elec-
trons by absorption of photons allowing demagnetization at different rates of the two sub-lattices
thanks to Elliott-Yafet effect and exchange scattering'’. The difference in demagnetization rates
leads to a transient ferromagnetic-like-state that end by a complete ultrafast reversal of the mag-
netization by conservation of angular momentum'-’’-’®. Those models based on angular momen-
tum conservation describe the purely heat-driven toggle switching. This phenomenon has been

23,34,68,69,131 but studies

intensively studied in GdFeCo full films with perpendicular anisotropy
on the influence of reduced lateral size remains limited® ''"-!' 12 Particularly, El-Ghazaly et
al.® demonstrated AO-HIS in amorphous submicrometric GdCo disks and showed that the re-
versing time is significantly reduced for disks below 500 nm compared to 15 um squares. They
explained this faster rate by the electron-phonon and spin-lattice interactions. In view of these
previous works, question like the behavior of the threshold fluence to observe switching (or
multidomain) in GdFeCo magnetic out of plane disks remains open.

We start this chapter by presenting a systematic study of the magnetization reversal for
GdFeCo disks which diameter ranges from 10 um to 3 um with 35 fs linearly polarized laser

pulses. This section will validate the UV lithography and MOKE image acquisition process.
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Indeed, for Gdy3(FeCo)77(20 nm) disks size between 10 um and 3 um, we will confirm that fem-
tosecond laser pulse can reverse the magnetization of GdFeCo microdisks. Moreover, a slow
switching dynamic will be presented and the limitations of studying AOS on larger patterned
structures with periods of the same order of magnitude as the laser beam diameter will be clearly
highlighted.

The second section of this chapter present a systematic study of the magnetization reversal
for GdFeCo disks which diameter ranges from 3 um to 400 nm with 35 fs linearly polarized laser
pulses. This section is nearly identical to the following summitted work: Size effect on single
pulse all-optical helicity-independent switching in GdFeCo disk arrays'*. Where I realized the
AOS experiments, I did the data analysis, and I wrote the first draft of the publication. Thus, for
Gdz4(FeCo)76(20 nm) disks, switching/random threshold fluence will be precisely determined.
The variation of both threshold fluences will reveals a non-monotonic behavior which highlights
the importance of the specific light absorption in nanostructures. COMSOL simulations will be
performed to reproduce this non-monotonic behavior and the influence of the period in 400 nm
dot will be particularly investigated. In addition, the reader will find additional data in this section
compared to the corresponding publication. Indeed, all MOKE images will be illustrated and the

influence of the laser pulse duration on the AO-HIS in this range of disk size will be discussed.

3.2 From 10 ym to 3 ym disk diameter

The purpose of this section is to introduce the reader to the starting point of our study of the
size effect on AO-HIS in periodic GdFeCo structures. Indeed, we began the observation of
the control of magnetization within larger and spaced disks. Although the size of these disks
is not interesting for a magnetic recording application, it allowed us to confirm AO-HIS and
to observe the dynamics of slow domains in this range of disk diameters. We will start this
section by presenting the characteristics of the GdFeCo full film used in this section. Then, we
will demonstrate the switching of magnetization at these large disk scales with the slow domain
dynamics observed at a disk size of 6 pm. We conclude this section by showing the limits

observed by using large and widely spaced disks.

3.2.1 Characteristics of the full film

In this part of our work, we used the multilayer presented in Figure 3.1(a). Each layer of the
stack is obtained by magnetron sputtering on a glass substrate. The material of interest is the

Gds3(FeCo)77(20 nm) layer sandwiched between two thin layer of Pt(5 nm). Where the top Pt
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layer prevents oxidation and the Ta buffer layer acts as an adhesion. In addition, with this Gd
concentration we are near the compensation'-°"-°®, Measurement of the hysteresis loop at room
temperature of the sample has been perform thanks to MOKE magnetometry setup presented in
section 2.2.1. Figure 3.1(b) shown the result of this measure and shows that this ferrimagnetic

alloys is FeCo-dominant and exhibited an out of plane magnetization.
(a)

Pt (5 nm)
(b)
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Figure 3.1: (a) Structure of the Gda3(FeCo)77(20 nm) sample and corresponding (b) hysteresis loop mea-

surement with the applied field out of plane.

In addition, to observe the magnetization state of the sample after exposure to laser pulses,
we used the Kerr imaging setup presented in section 2.2.2.1 and the MOKE images acquisition
process detailed in section 2.2.2.2. Figure 3.2 shown the result of this measure and allow us
to conclude that this ferrimagnetic full film exhibited a single shot AO-HIS. Indeed, this AOS
measurement is a typical toggle switching experiment realized with a femtosecond laser in a
single-pulse mode linearly polarized. The light and dark contrast represent the magnetization of

the FeCo-sublattice in opposite direction.
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Figure 3.2: Magneto-optical images of Pt(5 nm)/Gds3(FeCo)77(20 nm)/Pt(5 nm) full film obtained after
the action of four consecutives single laser pulse. Every single femtosecond pulse with a fluence of
19.1 mJ/cm? and a spot diameter of 50 ;um linearly polarized illuminates the same circular region of the

full film and reverses the magnetization within it. The length of the scale bar is 20 pm.

3.2.2 AO-HIS in GdFeCo microdisks

3.2.2.1 Design and magnetic characteristic of the patterned sample

The previous section confirms that Gdy3(FeCo)77(20 nm) full film exhibited both PMA and sin-
gle shot AO-HIS at room temperature. To study the size effect, we fabricated arrays of magnetic
disks in a diameter range from 10 um down to 3 um. The magnetic film has been processed by
ion beam etching through an positive resist mask defined by UV lithography and lift-off. This
microelectronic process is like the e-beam lithography technique detailed in section 2.1.2. The
main difference is the use of photon and photosensitive resist to draw the mask and to realize
spin-coasting step, respectively. Figure 3.3(a) shows an example of the optical microscope image
for 10 um of disk size obtained after microfabrication. For each disk diameter D, a hexagonal
networks of size 7 mm x 5 mm was filled with equidistant disks at a fixed spacing d (d=3D).
These patterned areas were sufficiently large compared to the laser diameter of the MOKE mag-
netometry (810 um), enabling us to perform hysteresis loop for all disks sizes studied. Figure
3.3(b) shown the result of the measure. Although this Kerr signal is an average of the exposed
areas, theses hysterics loop shows that the ferrimagnetic disks remains FeCo-dominant and ex-
hibited an out of plane magnetization, after the microfabrication. Moreover, the coercive fields in
this range of microdisks are 10 times higher than that observed in the Gdy3(FeCo0)77(20 nm) full
film (Figure 3.1(b)). This increase of H. by decreasing the lateral size of the magnetic material
is attributed to the reduction of the number of local defects and crystal imperfections, leading to
low domain nucleation mechanism. Indeed, the process of magnetization reversal by an applied
magnetic field in an OOP magnetic specimen often involves both domain nucleation and domain

wall propagation.
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Figure 3.3: (a) Optical images of Pt(5 nm)/Gda3(FeCo)77(20 nm)/Pt(5 nm) disk of size 10 pm and 30
pm of period, obtained after microfabrication. (b) Hysteresis loop of all the studied disk arrays with the

applied field out of plane.

3.2.2.2 AOS experiment on patterned sample

3.2.2.2.1 Single shot AO-HIS

The effect of the excitation by 35 fs laser pulses generated by a Ti-sapphire laser was in-
vestigated in-situ using the Kerr imaging setup. This laser, operating at 5 kHz, has a central
wavelength of 800 nm and is linearly polarized after propagating through a Glan-Taylor polar-
izer. A convex lens focused the beam with a gaussian intensity profile onto the sample surface
down to a full-width half-maximum (FWMH) of 50 ym. By using an electromagnet, we ini-
tially applied an out-of-plane magnetic field of 1 T. Then, we irradiated our disks arrays with
the femtosecond laser pulses. Figure 3.4 presents the results obtained for 10 um, 08 um and 06
um of disk diameters for linearly polarized laser in single pulse mode. The notation D/P depict
the diameter of the disk D and the period of the array P. The dark grey contrast corresponds to
disks TM- sublattice magnetized up. After excitation with a first pulse on an array of 10 ym and
06 um of microstructures sizes, one can see the formation of one and three dark-grey structures,
respectively. A second identical pulse subsequently, shined at the same position with a delay

of about one second, reverses the magnetization back to the initial state forming a light grey
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area. Thus, we were able to achieve toggle switching with four consecutive femtosecond laser
pulses for this two disk sizes. In the case of 08 um, we observe the AO-HIS mechanism for two
microstructures, plus a disk split into two magnetic domains after the first, third and fourth pulse
irradiation. The orientation of the dark contrast inside the encircle blue disk suggest that this
structure is on the edge of the laser spot, where the fluence is closer to the threshold switching
fluence. The orientation of the dark contrast within the blue circle suggests that this structure lies
approximately at the edge of the laser spot, where the fluence is close to the threshold switching
fluence. As we will see in the next paragraph, it is very difficult to follow the evolution of split

domains with the number of pulses.

D/P Fluence (mJ/cm?2)

10 um / 30 um

14.3
08 pm / 24 um 19.1
06 pm / 18 um 19.1

Figure 3.4: Magneto-optical images of magnetic disks made of Gda3(FeCo)77(20 nm) obtained after the
action of consecutive 35 fs linearly polarized laser pulses. Initial single domain of disks with magnetiza-
tions “down” (“up”) are represented by the cross (disk). Each laser pulse with a given fluence irradiates
the same region of the patterned structure. The scale of the image can be easily related to the diameter of

the microstructures and is equal to 40 pm in all the MOKE images.
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Figure 3.5 shows the results obtained for 05 pm, 04 um and 03 um of disks diameters for
linearly polarized laser in single pulse mode. The arrays configuration of the disks is the same
as for the previous larger structures with P being equal to 3D. For all these disk sizes, we ob-
served two main behaviors of the magnetization of the structures depending on their position
with respect to the laser spot. At the center of the laser spot, the reversal of the magnetization
is clear with disks successively showing upward and downward magnetization as a function of
the number of pulses. At the edges of the laser spot, it proved difficult to quantify the number
of switched disks. The final disks states after excitation reveal the stochastic nature of AOS in
this region of the laser beam. Indeed, at the edge of the exposed area, the laser pulse may have
no effect on the magnetization of the disks or may cause a multidomain state, and can even re-
verse the magnetization of the structures. An example of this issue is illustrated in the case of
the 05 um dots where we illustrated the center of the laser spot by an orange circle. Within this
circle, seven microdisks switch after each laser pulse. While a split domain is observed outside
the orange circle for the first pulse, and two microdisks possess the same dark contrast from
the second pulse to the seventh pulse (these two points are even split into domains for the third
pulse). Moreover, the enhancement of these edge phenomena and the increase in the number
of switched disks are not related to a size effects but are caused by the increase of the statistics
when we reduce the diameter of disks D and the period of the patterned array D (increase of the
area density).However, Figures 3.4 and 3.5 demonstrate that we can reverse the magnetization

of GdFeCo microdots with linearly polarized laser pulses like reported in several works'!! 112132
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Figure 3.5: Magneto-optical images of magnetic disks made of Gda3(FeCo)77(20 nm) obtained after the
action of consecutive 35 fs linearly polarized laser pulses. Initial single domain of disks with magnetiza-
tions “down” (“up”) are represented by the cross (disk). Each laser pulse with a fluence of 24, 25 and 22
mJ/cm? irradiates the same region of the patterned 5, 4 and 3 um structure, respectively. The scale of the
image can be easily related to the diameter of the microstructures and is equal to 40 pm in all the MOKE

images.

3.2.2.2.2 Slow domain dynamic
Although TR-MOKE (Time-Resolved Magneto-Optical Kerr Effect) experiments were not

performed in this work, the Kerr static imaging setup proved sufficient to record a slow (few
seconds) dynamic reversal. Figure 3.6 shows the response of the 6 um disks after the exposure
of a femtosecond single pulse linearly polarized, initially oriented in two opposite directions.
The first AOS experiment started with Figure 3.6(a) which is the MOKE image directly after the
exposure. Five switched disks are observed plus a structure with a dark ring which is highlighted
by the red circle. 26 s later, without applying any external magnetic field or laser pulses, this
ring slowly expands and approaches the center of the microstructure, as shown in Figure 3.6(b).
At the end, 4 s was necessary to see the ring disappears leaving a complete switched disk in
place, as illustrated in Figure 3.6(c). This slow switching dynamic was also observed when

the magnetization of the microstructure is initially pointing in the other direction, as illustrate
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in Figure 3.6(d) and 3.6(e). In this second AOS experiment, the switching reversal occurs in
only two seconds, but the structures exhibiting this slow dynamic are different in both AOS
experiments.

(a)

(b) (c)

t=30s

t=0s =28

Figure 3.6: Slow domain dynamic observed after the irradiation of 6 m disks by a single pulse Linearly
polarized. The red circle in (a), (b) and (c) represents the structure of interest when we initially applied a
magnetic field in the downward direction. The green circle in (d), (e) represents the structure of interest

when we initially applied a magnetic field in the upward direction.

It should be noted that this slow dynamic was not observed for the same diameter or even
for any disk size when we reversed the magnetization of the disk with a magnetic field using a
Kerr microscope. Furthermore, the fact that all the structures that showed this behavior were at
the edge of the laser spot, increases the stochastic nature of these dynamics. However, this slow
expansion observed in Figure 3.6 can be attributed to the desire of the domain wall to reduce
its energy by propagating progressively towards the center of the structure, thereby reducing
its size. While the formation of rings can be related to the sample microfabrication process
like thinning, oxidation, and modified anisotropy at the edge of the structures'!” or/and because

of the laser intensity distribution which is not homogeneous inside the structure due to laser
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interference within it'*?. Studding this slow domain wall dynamic by varying the disk diameter
around 6 um, by changing the microfabrication process (e-beam lithography), by performing X-
ray absorption to investigate the effect of oxidation, and by realizing several microscopies (MFM
or SEM) would surely help to understand this dynamic induced by a single femtosecond laser

dB3+135 electric

pulse and to compare it with other domain wall driving forces (magnetic fiel
field'** 137, current'**-'*!, thermal gradient'**'**). It would be very interesting to conduct these
different surveys, but we have not done so for various reasons which I will discuss in the next

paragraph.

3.2.3 Limitations

Although the previous paragraphs have allowed us to confirm that we can reverse the magne-
tization of GdFeCo microdisks, three main limitations arise in the study of the size effect on
AO-HIS in GdFeCo for these microstructures. The first issue in this diameter/period range is
that the period lengths (distance between structures) are comparable to the diameter of the laser
beam. This results in a different number of switched disks, depending on the initial position of
the laser beam. Secondly, the diameter of the disks is not much smaller than the diameter of
the beam, which leads to the appearance of disks split into domains due to the inhomogeneity
of the laser pulse irradiation (with a gaussian distribution) within a microstructure. Finally, the
presence of structures divided into domains with stable and/or unstable states did not allow, on
the one hand, to carry out MFM measurements after irradiation (due to a possible manipulation
of the DW by the ferromagnetic tip of the MFM), on the other hand, to carry out statistics for the
stochastic part of the laser beam (located at the edge of the laser spot). The first two limitations
are clearly highlighted in Figure 3.7 for 8 um disks. For the same fluence, we observed in Figure
3.7(a) one disk completely reversed plus one structure split into two domains, while in Figure

3.7(b) it is three disks which are divided into two domains and zero switched disk.

The consequences of the last limitation are on the one hand the observations of the slow
dynamics of the domain wall discussed in paragraph 3.2.2.2.2, and on the other hand the diffi-
culty of properly defining parameters such as the switching threshold fluence, the multidomain
fluence, the pulse duration limit, and the switching probability involved in the AOS mechanism.
To overcome these three limitations, we should reduce the size of the structures and move the
disks closer together (increase the areal density by reducing the period) in order to favor the
monodomain state after laser pulse irradiation and to increase statistic. This is the aim of the

next section.
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Figure 3.7: Two AOS experiments performed with the yellow circle representing the laser center at (a)
the center of a 8 um disk and (b) approximately the isobarycenter of the three exposed 8 um disks. Every
single femtosecond pulse with a fluence of 17 mJ/cm? and a spot diameter of 50 pm linearly polarized

illuminates the same circular region of the patterned array.

3.3 From 3 um to 400 nm disk diameter

The objective of this section is to present our investigation of the size effect on all-optical
helicity-independent switching in GdFeCo periodic disks. We will first demonstrate that toggle
switching is observed for all sizes and the switching/random threshold fluence will be accurately
determined. Then, the evolution of both thresholds fluence with disk size will allow us to plot a
state diagram and will reveal a non-monotonic behavior which highlights the importance of the
specific light absorption in nanostructures. COMSOL simulation will be used to reproduce this

non-monotonic behavior.

3.3.1 Characteristics of the full film

In this section, we used the sample consisted of a thin film of composition Ta(5 nm)/Cu(5
nm)/Gda,(FeCo)76(20 nm)/Pt(5 nm) grown by magnetron sputtering on a glass substrate. The
illustration of this stack was made in Figure 2.1(a). Moreover, at this Gd concentration we

are near the compensation'-°-8

. The measurement of the hysteresis loop at room temperature
of the sample was carried out using the MOKE magnetometry device described in detail in

section 2.2.1. While the observation of the magnetization state of the sample after exposure to
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laser pulses was performed using the Kerr imaging setup presented in section 2.2.2.1. Figure
3.8 shows the results of these two measures. Figure 3.8(a) shows that this ferrimagnetic alloys
is Gd-dominant and exhibited perpendicular magnetic anisotropy (PMA). Additionally, Figure
3.8(b) allows us to conclude that this magnetic full film exhibited a single shot AO-HIS with the

use of a femtosecond laser in a single-pulse mode linearly polarized.

—_
Q
~—

(b)

Normalized Kerr signal

300 K

—1;)0 —&';0 (I) 5I0 1(I)0
H(G)

Figure 3.8: (a) Hysteresis loop measurement and (b) AOS experiment performed on the Gdz4(FeCo)74(20
nm) sample. Every single femtosecond pulse linearly polarized with a pulse energy of 15.5 mJ/cm?

illuminates the same circular region of the full film. The laser beam diameter is around 70 pm.

3.3.2 AO-HIS of GdFeCo disks

3.3.2.1 Design of the patterned sample

To study the size effect, we fabricated arrays of magnetic disks with diameter ranging from
3 um down to 400 nm. The magnetic film has been processed by ion beam etching through
an aluminum mask defined by electron-beam lithography and lift-off (see section 2.1.2.2). The
remaining Al mask is subsequently removed by chemical etching. For each disk diameter D,
90 um x 90 um areas are filled with identical disks on a square lattice. The distance between
disks d, is fixed to 300 nm (the lattice period is therefore not constant and equal to D+d).The
periods of the arrays were chosen to increase the areal density and magneto-optical contrast
of the magnetic nanodisks in the MOKE images (to overcome the limitations observed in the
large structures). The effect of the excitation by 35 fs laser pulse generated by a Ti-sapphire

laser on the magnetic nanostructures is characterized in-situ by MOKE microscopy. This laser
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delivers 800 nm wavelength laser pulses, linearly polarized after propagating through a Glan-
Taylor polarizer. The number of laser pulses and the repetition rate can be modified by using
a pulse picker. In this work, we have only use single pulse exposition (two pulses results are
obtained manually with more than 1 s between the two pulses). Pulse energy can be changed by
rotating a half-wave plate and calibrated by measuring the average beam power. In addition, the
laser beam diameter was chosen to ensure a switching region smaller than the 90 pm magnetic
area to be able to measure the switching domain of a single array of disks. In paragraph 3.3.2.3.1
we will explain in depth the two methods that we used in this work to evaluate the size of the
laser beam. The reader can find more details about the nanofabrication process and the design

of patterned sample in section 2.1.2.

3.3.2.2 Single shot AO-HIS

The objective of this section is to show that single shot AO-HIS mechanism can be observed
in all the disks sizes studied using a static Kerr imaging setup. Figure 3.9 presents the AO-HIS
results for arrays of Gdsy(FeCo)76(20 nm) disks initially saturated. A 1 T out of plane applied
field is first applied such that initial magnetization in the disks is pointing down corresponding to
the light grey color (Figure 3.9(a)). After excitation with a first pulse, one can see the formation
of a dark-grey area (Figure 3.9(b)-(i)) independently of the disk sizes. A second identical pulse
subsequently, shined at the same position with a delay of about one second, reverses the magneti-
zation back to the initial state forming a light grey area (Figure. 3.9(j)-(q)). By starting from the
opposite magnetic direction (Figure. 3.9(r)), we observed the same behavior. Regardless of the
initial disk magnetization direction, after the second femtosecond laser pulse, a ring is formed.
These rings are obtained for all disks sizes and appear larger for smaller disks. These ring high-
lights that in an intermediate range of fluence, the reversing presents a stochastic aspect. This
stochastic aspect appears more important for smaller disks. Theses aspects are also reported for
larger disks in the previous section of this chapter but are beyond the scope of this work. Howw-
ever, these experimental results demonstrate AO-HIS for all the GdFeCo disk diameters ranging
from 3 pm to 400 nm after a single 35 fs linearly polarized laser pulse. Moreover, Figure 3.9
presents a non-monotonic behavior of the switched area size with the disk diameter for a given

pulse energy. This trend will be investigated more precisely in the next paragraph.
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Figure 3.9: Magneto-optical images of magnetic disks made of Gda4(FeCo)76(20 nm) obtained after the

action of one 35 fs linearly polarized pulse and then a second pulse separated by 1 s. Initial single domain
of disks with magnetizations “down” (‘“up”) are represented by the cross (dot). For (b)-(i) ((j)-(q)) the dark
grey (light grey) area represents magnetization of disks pointing “up” (“down”). Each laser pulse with an
energy of uJ irradiates the same circular region of the patterned structure and reverses the magnetization

within it. The length of the scale bar is 20 pm.

3.3.2.3 AO-HIS of GdFeCo disks as a function of the pulse energy

To investigate the impact of the laser energy on the switched area has been studied as function
of disk size, we systematically irradiated each array with 8 different energies and measured
the switching/random domain sizes by using a MOKE microscope. Figure 3.10 presents the
magnetic state of GdFeCo disks after excitation with a single femtosecond laser pulse. Initially,
the arrays were saturated perpendicular with a 1 T field, as previously done in Figure 3.9. On the
MOKE images one can observed up to three different magnetic states depending on the pulse
energy: no switching, deterministic switching, and randomly oriented disk. For example, in the
case of disks with 800 nm diameter, no effect of light on disks is observed for pulse energies
below 0.5 pJ (no switching state) (Figure 3.10(c)), magnetization reversal is achieved for pulses

energies between 0.56 and 0.74 pJ (deterministic switching) (Figure 3.10(i)-(1)) within a circular
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zone of diameter Dy,,. For larger energy around 0.8 pJ, at the center, the array of disk is no longer

uniformly magnetized (Figure 3.10(m)).

0.74

0.68

0.62

0.56

0.5

Figure 3.10: Magneto-optical images of Gda4(FeCo)76(20 nm) magnetic disks obtained after a single 35
fs laser pulse, linearly polarized. Depending on the pulse energy and the disk diameter, we observe three
different magnetic states: (c)-(h) light grey area for no switching at low pulse energy, (a)-(b) homogenous
dark grey area for AO-HIS at medium energy and (m) non-homogenous dark grey area for randomly

oriented disks at the center of the laser spot for high pulse energy.

This central zone of diameter D,., is marked by two possible magnetic configurations of a
disk depending on its size. Indeed, we only observed disks with a single uniform randomly
oriented domains for disks up to 1 um of diameter. While for disks larger than 1 pm single
uniform randomly oriented domains and multidomain states are observed. For each disk size,

the diameter of the switched / randomized region increases with laser pulse energy but for a

81



CHAPTER 3. SIZE EFFECT ON GDFECO FERRIMAGNETIC ALLOY

given laser energy, Dy, and D,,, depend on the dot size. Qualitatively, at the same pulse energy,
we observe a non-monotonic behavior of the switching domain surface with the disk size (For
instance, although 0.5 pJ is sufficient to induce AO-HIS in 400 and 600 nm disks, as shown in
Figure 3.10(a) and 3.10(b) respectively, this pulse energy is too low to affect the magnetization

of larger disks, as shown in Figure 3.10(c)-(h)).

To examine in depth this non-monotonic behavior of the switching domain area with the size
of structures, we measured the switching/random diameters and considered a Gaussian distri-
bution of the laser intensity to determine the threshold energies for AO-HIS and randomized
state. Figure 3.11 presents in details the analysis. Indeed, we extracted the switching (random)
diameter by measuring the circular size of homogenous (non- homogenous) dark-grey area after
the first (second) pulse as shows in Figure 3.11(a) (Figure 3.11(b)). Indeed, we manually mea-
sured the random diameter with MOKE images of the second pulse because it was much easier

to determine the non- homogenous area in those images.

(a) _ (b)

Switching diameter Random diameter
Figure 3.11: Manual determination of the (a) switching and (b) random diameters on MOKE images.

Nevertheless, the reader can see in Figure 3.12 the 128 MOKE images we recorded to show
the magnetic states of the Gds4(FeCo)7(20 nm) disks after the action of two consecutive single

35 fs linearly polarized laser pulses with different energies.
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Figure 3.12: Magneto-optical images of magnetic disks of Gda4(FeCo)7¢(20 nm) obtained after the action
of two consecutives 35 fs laser pulses, linearly polarized. Depending on the pulse energy and the disk
size, we observe three different magnetic states: light grey area for no switching at low pulse energy,
homogenous dark grey area for switching at medium energy and non-homogenous dark grey area for

randomly oriented disks at the center of the laser spot for high pulse energy.

3.3.2.3.1 Extraction of the laser beam diameter

To extract the diameter of the laser beam D}, the energy needed to observe AOS in each
disks array or the threshold energy to observe multidomain state or randomly oriented disks at
the center of the laser spot, we used the fluence profile given by (the reader can find more details

in the thesis manuscript of Quentin Remy.!'**):

o 2?
F(r)=2Fe »*® 3.1)
Where F is the measured laser incident fluence,  is the radius of the domain, and w is the
radius of the laser beam where the fluence is divided by e?. The switched (random) domain
starts to appear when the fluence peak value exceeds a certain threshold value F}j,. At this time,
one would measure a fluence F:

_ I

F= 7“1 (3.2)

Thus, for F(r) = Fy,, and by using equation 3.1 and 3.2, a domain radius r verified the
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following equation:

, =
F
== (3.3)
2 by
Moreover, the measured laser incident fluence F is calculated by:
P E 4FE
.S S aD?

Where P (respectively F) represents the measured pulse power (respectively pulse energy)

|

F =

(3.4)

divided by a factor €2, f equal to 5 kHz is the repetition rate of the laser, and .S (respectively D)
is the beam spot area (respectively the beam spot diameter). However, in this work we used the
FWHM to define the laser beam D;. Where FWHM is the diameter of the laser beam defined
here as the full-width half-maximum. By using Equation 3.1 and the definition of FMWH, we
can extract the relationship between D}, and w:

(FWHM)? D?

2 _
YT T ome T 2me (3-5)

Finally, by introducing Equation 3.5 and 3.4 in 3.3, we can extract the relationship between a

domain diameter x(x = 2r), the measured pulse energy F, the measured threshold fluence F};,
and the diameter of the laser beam Dy :

D! 4 F

2= "Ly 5=

In2  wD7 Fy,

In this context, we fit experimental data with Equation 3.6 for all disk sizes. Figure 3.13

(3.6)

present the result of this operation by using the switching diameter data. The slopes of all the

fitted lines are equal and we found D = 68.4 + 0.6um.
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Figure 3.13: Square of the switching diameter as a function of the logarithm of the pulse energy for disk

diameter equal to 3 yum, 2 pm, 1.5 pm, 1.2 pm, 1 gm, 800 nm, 600 nm, and 400 nm.

This value of the laser beam diameter is really close to D; = 69 + 0.5um obtained after
an average of six gaussian fits of the laser spot in six different directions. Figure 3.14 shows an
example of direct measurement of the laser beam diameter from an optical image taken with the

CCD camera of the Kerr imaging setup.
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Figure 3.14: Laser beam spatial profile plotted (black curve) and fitted with a gaussian distribution (red

curve). The inset shows the optical image taken with a CCD camera.
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3.3.2.3.2 Extraction of the threshold fluence

To extract the threshold fluence Fj,, needed to observe AOS in each disks array or the thresh-
old fluence F,, to observe multidomain state or random oriented disks at the center of the laser
spot, we used Equation 3.6. Indeed, we fit experimental data with Equation 3.6 for all disk sizes.
Figure 3.15 present the result of this operation for the case of the switching threshold fluence £,
and the random threshold fluence F}.,. The blue and red trends stand for switching and random
states, respectively. Excellent agreement can be observed between our experimental data and the
predictions based on the laser beam profile. The use of fluence rather than energy makes sense
since thermally induced magnetizations switching depends only on the energy density given to

the magnetic material and not on the total energy of the pulse.

5000
4000
< 3000 ; | 800 nm [ 1 pm
€
3 1
o 1
o
Y 2000 i
1
1000 !
1
1
5000
FSW\(EH FDemag FSw\tEh
I
4000 I
|
I
& 2000 1,5 um : | 2 pm | 3 um
£
El
]
Y 2000 X i
I 1
1000 ! !
| ]
l 1
0

Fswien2,8 24 Fsuien

In (F/1 mJ.cm?)

Fowin 2,8 Foemag 3,2 Foemag3,2

In (F/1 mJ.cm?)

24 Fsi Fjemac3,2

In (F/1 mJ.cm?)

24 2,8

Figure 3.15: Square of the switching (in blue) and random (in red) diameter as a function of the logarithm

of the fluence for all the disks size.

3.3.2.3.3 State diagram

The extraction of the different threshold fluences allow us to represent all the MOKE image
of Figure 3.10 by a state diagram. Figure 3.16 depicted a state diagram for GdFeCo disk arrays
subjected to 35 fs linearly polarized laser pulses where we indicate the dependence of threshold
fluencies for switching F,, and random state F}., on disk diameter.Quantitatively, we observe
3 different magnetic states: no switching for low fluence, random oriented disk at high fluence

and magnetization reversal between these two. While Fy, and F;, have a global tendency to
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increase with disk diameter, the details of the state diagram indicate a non-monotonic behavior.

24 Random state
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Figure 3.16: AO-HIS state diagram of Gda4(FeCo)76(20 nm) disks. Threshold fluencies for switching
(Fsy) and random state (F;.,) as function of disk diameter depicted in blue and red disks, respectively.
The FWHM of the laser is around 68.4 pm.

3.3.2.3.4 COMSOL simulations

All the simulations have been realized by Dr Maxime Verges. In this paragraph, we per-
formed simulations with COMSOL Multiphysics with the module Wave Optics to calculate the
absorbed energy for different geometries of the periodic arrays of magnetic nanodisks for the
same light power fixed to 0.16 uW. This way we wanted to check out if the non-monotonic evo-
lution of threshold fluence with disk diameter is consistent or not with the evolution of the energy
absorption as a function of the disk diameter and the period of the array'*. We considered pe-
riodic arrays of magnetic nanodisks with D = 400, 600, 800, 1000, 1200, 1500, 2000, and 3000
nm with corresponding lattice period P = 700, 900, 1100, 1300, 1500, 1800, 2300, 3300 nm

for keeping the same edge-to-edge distance between two neighboring disks. The thin film stack
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considered is namely glass (substrate) // Ta (5 nm) / Cu (5 nm) / Gdy4(FeCo)74(20 nm) / Pt (5
nm) as for the experimental measurements. We considered a glass substrate and air superstrate
with refractive indices of 1.5 and 1, respectively. Concerning the metals, we used the refractive
indices from reference'*® for Ta and Pt while we used the data sets from references'*’-*® for Cu
and GdFeCo. This specific numerical method considers one unit cell that is why we applied
periodic boundary conditions (Floquet periodicity) on its edges to simulate the electromagnetic
field distribution in periodic arrangements of GdFeCo nanodisks. The source comes in from the
air superstrate at normal incidence and comes out from the glass substrate. To avoid unphysi-
cal reflections, perfect matched layer domains on top of air domain and at the bottom of glass
substrate was considered. The source is a monochromatic linearly polarized plane wave with
p polarization. The wavelength is fixed at 800 nm. The mesh is made of free triangular ele-
ments whose maximum size was 2 nm. This method provides the total absorption of the system
air+periodic arrays of nanodisks+glass but since air and glass are assumed to absorb no energy,
this provides the absorption of the periodic array. To describe the local absorption of light, we
scaled any calculated total absorption by the filling factor of the periodic array. We calculated
the absorption of the continuous films with the same approach (here the filling factor is 100
%).Figure 3.17(a) shows the calculated inverse of the absorbance which should be proportional
to the switching and random threshold fluence. The good qualitative agreement is obtained since
the simulations reproduce the decrease of the switching and random fluences for small diame-
ters, showed in Figure 3.16. Furthermore, the non-monotonic variation of the switching fluence
is well described while the agreement is not as good for the random threshold fluence.Figure
3.17(b) and 3.17(c) shows the resulting intensity profile along a line through the GdFeCo layer
in each structure. In Figure 3.17(b), we show that the decrease in size gives rise to a standing

111 In

wave in the disk. In fact, the light scatters by the structure edges as observed already
Figure 3.17(c),we confirm that the absorption peak inside the largest disks appears at the edge

of the structures, as we claimed in section 3.2.2.2.2.
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Figure 3.17: (a) Variation of the filling factor divided by the calculated absorbance as a function of the
diameter of disk. (b) Absorption profiles in the smaller magnetic disks leading to the formation of standing

waves due to light confinement. (c) Absorption profiles in the bigger magnetic disks.

3.3.2.3.5 Discussion

If all-optical switching and random state (multiodomain or/and random oriented disk) differ
by the physics involved and particularly occurs at different timescales’’, they are believed to
be due to heat assisted effect which are directly related to the absorbed energy. Within this
picture, if the disk size only influences only the proportion of incident energy transferred to
the nanostructure, the ratio between the random and switching threshold fluences is expected
to be constant. This is not experimentally confirmed as shown in Figure 3.17(a). However,
the limit of the previous analysis, considering an averaged energy at the scale of the disk, is
certainly the non-uniform energy absorption within the magnetic nanostructure. Figure 3.17(b)
and 3.17(c) gives the spatial variation of the energy absorption. Variations up to a factor of 3

are predicted. This non uniform energy repartition would lead to non-uniform temperature and
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locally different magnetic processes. In that case, it is possible at some fluence that part of the
structure experiences a magnetization reversal whereas another part is multidomain. The final
configuration would result from a complex process involving micromagnetism and the evolving

temperature field. ««

1.0 - - - -
05 10 15 20 25 3.0

Disk diameter (um)

Figure 3.18: Evolution of the fluence ratio F}../F, as function of disk diameter.

3.3.2.4 AO-HIS of GdFeCo disks as a function of the period

To observe the variation of one of the key parameters in AO-HIS with the distance between
nanodisks, We studied the influence of the period on the threshold fluence for periodic GdFeCo
nanostructures made of 400 nm diameter disks. Therefore, we systematically excited with a sin-
gle 35 fs laser pulse and looked to the reversal in arrays with 500, 550, 600, 700, 800, and 900
nm spacing between the disks.By measuring the switching diameter within an optical micro-
scope for each periodic arrays and using Equation 3.6, we can extract for each patterned areas
the switching threshold fluence of nanostructures. Figure 3.19 provides MOKE images of the
laser irradiations after a single pulse. While Figure 3.20 shows the variation of the threshold
fluence extracted from these images as a function of the period of the 400 nm disk arrays.

Using magneto-optical images, we conclude that toggle switching can be achieved for closer
nanodisks, proving that magnetostatic coupling between nanostructures does not play a huge role
on ultrafast optical switching in periodic GdFeCo nanodisks. Moreover, Figure 3.20 shown that
closer nanodisks need less energy to cause AOS and present a non-monotonic behavior of the
threshold switching fluence with the period. In sum, the period of the array is also a parameter

to consider when we are decreasing the lateral size of the magnetic material. Therefore, the
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Figure 3.19: Magneto-optical images of 400 nm Gdz4(FeCo)76(20 nm) disks obtained after the action of
a single 35 fs laser pulse, linearly polarized. Depending on the pulse energy and the disk diameter, we
observe two different magnetic states: light grey area for no switching and homogenous dark grey area

for switching. The diameter of the laser beam is around 75 pm.

influence of period for each disk size needs to be carried out to complete the investigation and

understanding of the effect of size on AOS mechanism.

—_
.
L

-
w
T

=
N
T

%/TL\‘%\%/ %
/

3 400 nm

=y —
o —
T T

Threshold fluence (mJ/cm?)

500 600 700 800 900
Period (nm)

Figure 3.20: Threshold switching fluence on 400 nm Gdg4(FeCo)76(20 nm) disks as a function of the
period. The closer disks need less energy to cause AOS and the non-monotonic behavior of F,, highlights

the importance of the specific light absorption in nanostructures.
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3.3.2.5 AO-HIS of GdFeCo disks as a function of the pulse duration

As reported in previous works™ ¥

, pulse duration is one of the all-optical switching parameters
that can influence the magnetization behavior after the irradiation of laser pulses. In the previous
section, all AOS experiments were realized with 35 fs laser pulses. This subsection presents the
magnetic configuration of the studied GdFeCo disk using the Kerr imaging set-up. Indeed, we
systematically irradiated each array with 9 different pulse durations and observed the switching
domain by using a MOKE microscope. Figure 3.21 presents the magnetic state of GdFeCo disks
after excitation at a given fluence of 16 mJ/cm? with a single laser pulse. Initially, the arrays were

saturated perpendicular with a 1 T as previously done in Figure 3.10.

Dum) 04 06 08 i, A 1.5 -] 3 p (ps)

0.035

0.25

0.5

Figure 3.21: Magneto-optical images of Gda4(FeCo)76(20 nm) magnetic disks obtained after a single
laser pulse, linearly polarized at 16 mJ/cm? of fluence. Depending on the pulse duration and the disk
diameter, we observe two different magnetic states: homogenous dark grey area for AO-HIS and non-
homogenous dark grey area for randomly oriented disks. The green rectangle is a particular case at 1 pm

of disk diamter.
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We can easilly observe that the switching diameter decreases as soon as the pulse broadens.
This observation is coherent with the AO-HIS state diagram (fluence vs pulse duration) reported
on GdFeCo full film which demonstrated that the threshold switching fluence increases when
the temporal distribution of the laser become larger’. They attributed this behavior of F,,,
to the necessity to achieve an overheating of the free electrons which appear to be essential
for AO-HIS mechanism (the reader can fine more details about the ultrafast dynamic in the
first chapter of this work). Moreover, the non-monotonic trends of the switching diameter
Dy, with the disks size for 35 fs is qualitatively the same as reported in Figure 3.10 and 3.9.
This result highlights the reproducibility of the AOS experiments, as these three experiments
were performed on three different MOKE measurement days. More Generally, on the MOKE
images of Figure 3.21, one can observed up to two different magnetic states depending on the
pulse duration and the disk size: deterministic switching, and randomly oriented disk. For 400
and 600 nm disks, regardless of the pulse duration we can easily identified the random state.
While for 800 nm and 3 pm disks, all the MOKE images show a uniform switched domain at
all the studied pulse duration. Finally, between 1 and 2 pm, the description of the evolution
of the magnetic state with the pulse duration is more complicated, since we observed both
magnetic configuration at a given size for different pulse duration. Moreover, the variation of the
switching diameter with disks size look proper to each pulse duration. However, to make a more
careful analysis, we should perform the same AOS experiments of Figure 3.10 at each pulse du-

ration to extract the variation of both switching and random threshold fluence with disk diameter.

Let us finally zoom inside the green rectangle, where the disk diameter is 1 pym and the
pulse duration varies from 1 to 4 ps. Figure 3.22 presents the results of this operation. As the
pulse duration increases, it is not only the size of the switched domain that decreases, but also
the switching quality that gradually decreases. Indeed, the number of unswitched disks into the

exposed area become important as we move from smaller to larger pulse duration magnitute.
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1ps 1.5 ps 2 ps 2.5 ps 3.5ps 4 ps

Figure 3.22: Magneto-optical images of Gdayq(FeCo)76(20 nm) magnetic 1 pm disks obtained after a
single laser pulse, linearly polarized at 16 mJ/cm? of fluence. The augmentation of the pulse duration
causes the degradation of the switching state indicated by the increase in the unswitched disks within the

exposed area.

3.4 Summary

This Chapter was focused on the size effect for AO-HIS in GdFeCo periodic structures. We
demonstrate that magnetic micro and nanostructures could be switched deterministically with a
single ultrafast laser pulse with a reversal threshold fluence which tends to decrease with disk
size. We support this statement with numerical simulations that highlight the creation of standing
waves induced by light scattering by structure edges giving a non-uniform distribution of absorp-
tion within the disks. However, we point out a non-monotonic behavior of both thresholds for
getting switching and random state and we could even reproduce this trend with the simulations.
At the end of this chapter, we showed that the period of the arrays and the pulse duration are two
parameters which can also influence this study of the size effect on AOS mechanism in GdFeCo
disks.
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Chapter 4

Gd effect on Pt/Co/Pt ferromagnet

4.1 Introduction

The manipulation of the magnetization by one ultrashort femtosecond pulse under no applied
field presents a high interest for the scientific community due to the potential for ultrafast and
energy-efficient memory applications. In 2011 Radu et al." and in 2012 T.A. Ostler et al.®®
published consecutively the first observation of ultra-fast SP-AOHIS in ferrimagnetic GdFeCo
alloy. Since then, experimental observations of Single Pulse All Optical Helicity Independent
Switching have been reported in various magnetic materials such as rare-earth-free Heusler alloy
MnyRu,Ga'’, TbCo alloys doped with small amount of Gd”, Gd/Co’ and Tb/Co synthetic ferri-

23.24 show that un-

magnets'®!7. Recent experimental and theoretical studies on Co/Gd bilayers
like rare-earth transition-metal ferrimagnetic alloys, the bilayers can be switched in the absence
of a magnetization compensation temperature. Moreover, it is demonstrated that by changing
the intermixing between Co and Gd at the interface the thickness range at which AO-HIS can
be observed change drastically as well as the threshold fluence. By using an extension of the
microscopic three-temperature model (M3TM), they also identified the switching mechanism
as a front of reversed Co magnetization that propagates away from the interface driven by ex-
change scattering. Nevertheless, the understanding of the AO-HIS mechanism in Pt/Ferromag-
net/Gd synthetic ferrimagnet is remain open. In this chapter, we present a careful analysis of
the single pulse all optical switching effect in Pt(3.7 nm)/Co(0.7 nm)/Gd(tg4)Pt (3 nm), Pt(3.7
nm)/Gd(tg4)/Co(0.7 nm)/Pt(3 nm), and Pt(3.7 nm)/Co,Gd, (t)/Pt(3 nm) wedge samples. Where
the thickness of Gd tgy, the thickness of CoGd alloy t, and the pourcentage x (and y) are varied.

This investigation demonstrates that a [Co/Pt] doped with an infinitesimal amount of Gd at one
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of the Pt/Co/Pt interfaces show single pulse AO-HIS. In addition, a clear difference between
the two interfaces for all optical switching properties is highlighted. Finally, we demonstrate
the switching of the magnetization of a ferrimagnetic alloy in the absence of a magnetization

compensation.

4.2 Single thermal pulse induced AOS in Pt/Co/Gd(wedge)/Pt
full film

The aim of this section is to present our experimental study of the magnetization control of a
Pt/Co/Gd(wedge)/Pt full film using linearly polarized femtosecond laser pulses. To achieve this
goal, we will first present the stacking we used in our work and show how we converted the Gd-
position to Gd-thickness inside the wedge. Next, we will see that all the wedge samples exhibit
out of plane magnetization and are Co-dominant. Then, we will clearly define the different
regimes present in this chapter. The definition of these regimes will allow us to plot the state
diagram describing the magnetic behavior of the Co layer after exposure to a single 35 fs laser

pulse linearly polarized as a function of fluence and Gd thickness.

4.2.1 Design of the wedge sample

The samples consisted of thin films of composition glass/Ta(3)/Pt(3.7)/Co(0.7)/Gd(0.14,
taq)/Pt(3) and glass/Ta (3)/Pt(3.7)/Co(0.7)/Gd(0.5, tgq)/Pt(3) (thickness in nm) grown by mag-
netron sputtering in an AJA machine, without rotation of the Gd target (resulting in a gradient
of Gd thickness). Where 0.14 nm and 0.5 nm are the Gd thickness at the middle of each wedge.
Figure 4.1 depicted the stacks and the size of the four samples used. In fact, each wedge is
composed of two samples of identical dimensions 25 mm x 20 mm. The yellow and the orange
mark on the samples allows us to identify the limit of the two wedges. Indeed, the yellow mark
was used to indicate the side of the wedge with thinner Gd layer, while the orange mark was
used to indicate the side of the wedge with thicker Gd layer. Before presenting the results of the
magnetic and AOS measurements on these wedges, it is important to know the Gd thickness at

every position of the wedge. That is the goal of the next paragraph.

4.2.2 Conversion of the Gd position to Gd thickness

In order to compare our results with each other or with previous studies and to simplify the

reading of this work, it is essential to present our result in term of Gd thickness instead of Gd
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Sample 1 Sample2 & Sample 3 Sample4 =

20 mm

25 mm E 25 mm 25 mm 25 mm

tge=0.14 nm tgq.=.0.5 nm

| RE H rt Il co H Gd

Figure 4.1: Illustration of the four samples needed to form two Gd-wedge. In the middle of the wedge, the
thickness of Gd is 0.14 nm and 0.5 nm for the right and left figure, respectively. The yellow and orange
mark on the surface of the sample were used to identify the thinner and thicker Gd layer side of each

wedge, respectively. The total length of each wedge is 50 mm.

position. To perform this conversion, we have assumed that a A-wedge can be described by a

linear variation:

ta(x) =to(1 + a.x) 4.1)

Where ¢, = t4(z = 0) is the thickness of the specific element A at the center of the wedge
and « is the slope of the line. Physically, the parameter « includes the non-uniformity effect that
occurs during the deposition process and is independent of the deposited thickness. Thus, we
just need the value of « to perform our conversion. To determine this « value, we grow a thicker
Cu-wedge consisting of two identical length samples of 25 mm, as shown in Figure 4.2(a). The
exact stack is glass/Ta(3)/Cu(5)/Gds2(FeCo)75(10)/Cu(200, to,, )Pt (5) (thickness in nm) grown
by magnetron sputtering. By using a profilometer we extracted the total thickness of the stack
in different positions of the wedge. Figure 4.2(b) shows the variation of the Cu thickness across
the 50 mm of wedge and where the red line represents the linear fit of the experimental data with
equation 4.1. We observe good agreement between our assumption of linear variation and the
experimental data, which allows us to obtain 0.022 mm™"! as the value of a.

Finally, we can therefore know the thickness of Gd at a given position in each Gd-wedge.

Figure 4.3 shows the two Gd-wedges with the Gd thickness at the extremity of each wedge.
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Figure 4.2: (a) Illustration of the two samples needed to form Cu-wedge. At the middle of the wedge,
the thickness of Cu is 200 nm. The yellow and orange mark on the surface of the sample were used to
identify the thinner and thicker Cu layer side of the wedge, respectively. (b) Evolution of the Cu thickness

across the total wedge length. The red line is the linear fit of the experimental data.

For the thinner Gd-wedge (top Figure 4.3), the Gd thickness is between 0.063 and 0.217 nm,
while for the thicker one (bottom Figure 4.3), tgy is between 0.225 and 0.775 nm. Therefore, in
the following sections, the results will be presented by combining the two Gd-wedges and the
composition of the single wedge sample will be considered as glass/Ta(3)/Pt(3.7)/Co(0.7)/Gd
(0.06-0.77)/Pt(3) (thickness in nm).

4.2.3 Magnetic characterization

The material of interest in this section is the Pt/Co/Gd (0.06-0.77 nm) stack deposited on a Ta
buffer layer. The magnetic behavior of this tri-layer has been extensively studied in the literature.
Indeed, it has been demonstrated that this stack exhibited an antiferromagnetic coupling at the
Co/Gd interface”'* (we will come back to this AF coupling in section 4.2.4.4). Moreover, this
stack presents a perpendicular magnetic anisotropy (PMA) because when we growth a ferro-
magnetic metal (Co in our case) on a buffer layer such as Ta, TaOx, and Pt, a preferential [111]
crystallographic orientation is achieved'*’-'>2. This [111] direction helps to promote PMA. Re-
markably, in 2016, T. H. Pham et al.'* have been demonstrated a high domain wall velocities in
similar Pt/Co/Gd stacks due to the Dzyaloshinskii-Moriya interaction (DMI) present in the Pt/Co

interface. Thus, it was not a huge surprise to observe an out of plane magnetization behavior in
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Pt (3 nm)

Co (0.7 nm)
Pt (3.7 nm)

Ta (3 nm)

Gd (0.063 nm) Gd (0.217 nm)

Pt (3 nm)

Gd (0.225 nm) Gd (0.775 nm)

Co (0.7 nm)
Pt (3.7 nm)

Ta (3 nm)

50 mm

Figure 4.3: Representation of (top) the thinner and (bottom) the thicker Gd-wedge with the thickness

value of Gd for the extremity of each wedge.

the Pt/Co/Gd (0.06-0.77 nm) stack, as illustrated in Figure 4.4(a). Indeed, Figure 4.4(a) shows
the hysteresis loop at room temperature of the Gd-wedge for t;4 equal to 0.2 nm (black curve)
and 0.7 nm (red curve). These measurements allow us to confirm that the Pt/Co/Gd (0.06-0.77
nm) stack is Co-dominant and exhibited an out of plane magnetization. Figure 4.4(b) shows the
variation of the coercive field (H,) with the size of the Gd thickness. A successive increase and

decrease of H, is observed in this Gd thickness range with a maximum value of 232 G at 0.4 nm.

4.2.4 AO-HIS experiments

4.2.4.1 Magnetic behavior (state) definition

To investigate the impact of the Gd thickness deposited into the Co/Pt interface on the
SP-AOHIS in Pt/Co/Pt ferromagnet, we systematically irradiated different positions of the
Pt(3.7)/Co(0.7)/Gd(0.06-0.77)/Pt(3) (thickness in nm) stack with 35 fs laser pulses at various
fluence range. The effect of the excitation was observed in-situ using MOKE microscopy.
Figure 4.5 shows the overall magnetization behavior of Co layer that can be observed for the
Pt/Co/Gd(0.06-0.77 nm)/Pt wedge sample. We distinguished 5 types of magnetic behavior after

the excitation of our wedge sample in single-pulse mode:
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Figure 4.4: (a) Out of plane hysteresis loop for Pt/Co/Gd (0.06-0.77 nm) stack at t;4 equal to 0.2 nm
(black curve) and 0.7 nm (red curve). Both curves show a strong PMA and demonstrate that the entire
Gd-wedge is Co-dominant. (b) Variation of the coercive field with Gd thickness. A maximum of H.

appears at tgq equal to 0.4 nm.

* No switching state which is not illustrated in Figure 4.5. Nevertheless, this regime is
observed at all Gd thicknesses when the fluence of the laser pulse is not sufficient to cause

a magnetic effect on the sample.

* Multidomain state with MOKE images under a light grey rectangle and observed at tgy =
0.1 nm after irradiation with 3 consecutive single laser pulses at the same fluence of 4.7

mJ/cm? for a repetition rate of 1 Hz.

* Demagnetization in the center of the laser spot with MOKE images under a light grey
rectangle and observed at ty = 0.6 nm after irradiation with 3 consecutive single laser
pulses at the same fluence of 8.8 mJ/cm? for 1 Hz of rate repetition. At this high fluence
regime, demagnetization is illustrated by a multidomain behavior at the center of the laser

spot and a uniform reversal ring at the edges due to the laser gaussian spatial profile.

» Switching regime with MOKE images under a light red rectangle and observed at tgq =
0.25 nm after irradiation with 3 and 10001/10002 consecutive laser pulses at the same
fluence of 8 mJ/cm? for 1 Hz and 5 kHz of rate repetition, respectively. At the same
laser pulse fluence, this regime is marked by a toggle reversal domain for consecutive

single laser pulses with 1 Hz of rate repetition, while a multidomain state is observed for
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10001/10002 consecutive single laser pulses with 5 kHz of rate repetition.

* Perfect toggle switching (PTS) behavior with MOKE images under a dark red rectangle
and observed at tgg = 0.6 nm after irradiation with 3 and 10001/10002 consecutive laser
pulses at the same fluence of 3.8 mJ/cm? for 1 Hz and 5 kHz of rate repetition, respectively.
At the same laser pulse fluence, this regime is marked by a toggle reversal domain for
consecutive single laser pulses with 1 Hz and for 10001/10002 consecutive single laser

pulses with 5 kHz of rate repetition.

f=1H:z

Multidomain

Demagnetization

Switching

10002

Perfect toggle switching (PTS)

10001 10002

Figure 4.5: Magneto-optical images obtained after exposure of consecutive femtosecond pulses with 1 Hz
(inside black rectangle) and 5 kHz (inside blue rectangle) of rate repetition in different regions of Pt/Co/Gd
(0.06-0.77 nm) stack. We distinguished 5 types of magnetic behavior after the excitation of our wedge
sample in single-pulse mode: No switching (not showed), multidomain state, demagnetization in the
center of the laser spot, switching regime, and perfect toggle switching (PTS) behavior. The length of both
laser diameter (FWHM) and scale bar is respectively 72 pm and 40 um for all the MOKE measurements

and images.
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4.2.4.2 Transition between the multidomain and the switching regime

In this paragraph, we want to show to the reader the criterion we used to separate the multido-
main and the switching state. Indeed, for no or little (0.1 nm) Gd inside the top Co/Pt interface
of the Pt/Co/Pt tri-layer, only the multidomain state was reached after exposure of a single fem-
tosecond laser pulse. However, as shown in previous paragraph, 0.25 nm of Gd is sufficient to
reach the switching regime. There should therefore be a Gd thickness limit separating the two
regimes. To determine this limit, we irradiated the Pt/Co/Gd at low Gd thickness with consecu-
tive single laser pulses at the same fluence of 4.7 mJ/cm? for 1 Hz of rate repetition. Figure 4.6

show the result of this operation for t;4 between 0.07 and 0.19 nm.

tga = 0.07nm | tgq =0.18nm

teqg =0.1nm .t =0.19nm

Switching

tea = 0.13 nm
L tgqa=0.14nm

. tga=0.17nm

Figure 4.6: Magneto-optical images obtained after exposure of consecutive femtosecond pulses with
1 Hz of rate repetition in different regions of Pt/Co/Gd(0.07-0.19 nm) stack. The transition from the
multidomain state to the switching state is achieved at tgy equal to 0.19 nm (inside light red rectangle).
The length of both laser diameter (FWHM) and scale bar is respectively 72 um and 40 pum for all the

MOKE measurements and images. All incident laser pulses have the same fluence of 4.7 mJ/cm?.
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For a Gd thickness between 0.07 and 0.13 nm, we observed several small domains with
randomly oriented magnetizations. Whereas for the thicker Gd (0.14-0.18 nm), the size of the
domains increases, and their number is reduced. However, the toggle switching is not achieved
in this Gd window. Finally, at a Gd thickness around 0.19 nm, most of the laser spot area is made
up of large domains, which show a toggle switching behavior after the exposure of consecutive
femtosecond laser pulse. Therefore, we chose this thickness as the threshold Gd thickness to

observe the switching regime.

4.2.4.3 Slow domain wall dynamic in the switching regime

Although TR-MOKE experiments were not performed in this work, the Kerr static imaging
setup proved to be sufficient to demonstrate a slow dynamic reversal in the switching regime
state. Indeed, Figure 4.7(a) and 4.7(b) shows the response of the Pt/Co/Gd(0.21 nm) stack after
the exposure of ten femtosecond single pulse at the same fluence of 5 mJ/cm? for 1 Hz and
5 kHz of rate repetition, respectively. In the two AOS experiments, we initially saturated the
sample with a magnet. Even if the switched domain is inhomogeneous in Figure 4.7(a) for
each laser pulse, toggle switching is maintained after the exposure of 10 laser pulses. However,
the presence of this inhomogeneous domain proves that the switching probability is less than
100% in the switching regime. In figure 4.7(b), the laser spot presents a multidomain state after
the excitation of 10 laser pulses. The loss of the Co magnetization reversal after few pulses at a
frequeny of 5 kHz highlights slow domain wall dynamics affecting the definition of the switching
regime. We attributed this magnetization trends to a slow domain wall propagation since the time
between two pulses (200 ms) in the experiment of Figure 4.7(b) remains 10° less than the time
(hundreds of picoseconds) needed to fully reverse the Co magnetization in Co/Gd ' or in CoGd

alloys®.
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(b)

Figure 4.7: Magneto-optical images obtained after exposure of 10 consecutive femtosecond pulses with
(a) 1 Hz and (b) 5 kHz of rate repetition in Pt/Co/Gd (0.21 nm) stack. The switching state is maintained
for low pulse frequency and disappears at high frequency. These two AOS experiments highlight the slow
domain dynamic proper to the switching regime. The length of both laser diameter (FWHM) and scale
bar is respectively 72 um and 40 um for all the MOKE measurements and images. All incident laser

pulses have the same fluence of 5 mJ/cm?.

4.2.4.4 State diagram on Pt/Co/Gd/Pt wedge full film

By using the threshold fluence to observe the multidomain state £,;;; and the threshold flu-
ence couple (Fsyiteh » F'pemag) Of both switching and PTS regime, we plotted the AO-HIS state
diagram of Pt/Co/Gd (0.06-0.77 nm) stack (Figure 4.8). The dark blue circle (light blue triangle)
and the light green square (dark green star) represent respectfully the switching fluence Flsyitcn
and the demagnetization fluence Fpey,q, Within switching (perfect toggle switching) regime.
The black open disk in Figure 4.8 represents the beginning of the multidomain state observed
above a threshold fluence. Therefore, we distinguish three behaviors as a function of the Gd
thickness: For low Gd thickness (inferior to 0.19 nm), no optical switching is observed. No
effect is observed for fluences below 4.4 mJ/cm? whereas a multidomain state is directly created
for larger fluences after a single pulse. For 0.19nm < t54 < 0.27nm, the switching is observed
for an intermediate fluence range. However, the single pulse switching cannot be considered
as "perfect" since after a large number of pulses (10000) at high rate repetition, the magnetic
configuration is a multi-domain state. For a Gadolinium thickness 0.27nm < tgq < 0.76nm,
perfect toggle switching is achieved.

In addition, the variation of the threshold fluence couple (Fsyitch s F'Demag) in the switching

regime can be related to the Gd thickness:
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Figure 4.8: AO-HIS state diagram realized on Pt/Co/Gd (0.06-0.77 nm) stack. Magnetization behavior
as a function of the Gd thickness tg4, and the laser fluence F, for Linearly polarized static beam with
70 um of laser diameter. The dark blue circle (light blue triangle) and the light green square (dark green
star) represent respectfully the switching fluence Fs,¢c, and the demagnetization fluence Fpeqg Within
switching (perfect toggle switching) regime. The black open disk represents the beginning of the mul-

tidomain state and the pulse duration is 35 fs for all measurements.

* Above 0.4 nm, the threshold fluence for switching (Fs,;:c,) and demagnetization (Fpermag)
decreases with Gd thickness. Indeed, at this Gd thickness, we should have one full Gd
atomic plan’, then the growth of the second Gd atomic plan above has a weaker J(Co-ca)
antiferromagnetic exchange because it occurs over a long distance from the Co layer. How-
ever, this second Gd atomic layer will interact ferromagnetically with the first one with the
help of an internal molecular field and a small induced magnetic moment will appear, as

illustrated in Figure 4.9(a). Therefore, above 0.4 nm, increase t;, lead to a small increase
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of M4 and finally to the reduction of the total magnetization Mg=M¢,, - M, of the stack.
Consequently, the Curie temperature of the sample will decrease with t;,; and the energy
needed to fully demagnetize the two sublattices (RE and TM) for the achievement of AOS
will also decrease, causing a progressive reduction of Fls,;;c,. Similar reduction of Flgytcn
was observed by J. Q. Wei et al.> in GdFeCo alloys for Gd concentrations approaching
the compensation point. Moreover, the threshold fluence for observing multidomain at the
center of a switched region at a higher fluence F'pc,,q4 Occurs when the lattice temperature
exceeds the Curie temperature at the laser center’’. Then, the decrease of T, leads to the
decrease of Fpermqg. The ratio FpemagFswiten is nearly constant 2.740.1 above 0.4 nm
(Figure 4.9(b)) and is similar to the ratio of 2.5 observed for thicker Gd layers (3 nm) by

Beens et al.””.

* Between 0.06 and 0.4 nm it’s more complicated to determine the exact composition of the
Co/Pt interface. Indeed, several studies highlighted an asymmetric magnetic proximity
effect within Pt/Co/Pt tri-layer, with a higher Pt-induced moment at the top Co/Pt inter-
face'>* 9% In 2022, A. Verna et al."”’ demonstrated in Pt(3 nm)/Co(0.6 nm)/Pt(3 nm)
tri-layer a higher interdiffusion of the Co atoms in the top Co/Pt interface (1-2 atomic plan
inside the Pt layer), causing a large extension of the Pt-induced magnetic moment parallel
to the Co-sublattice. Consequently, for this range of Gd Thickness, we should have Co,
Gd and Pt atoms in the interface. Therefore, a structural and magnetic characterization
must be performed to clearly understand the trends of both Fgyiscr, and Fpepqg in this Gd

thickness range.
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Figure 4.9: (a) Illustration of the local antiferromagnetic coupling between the magnetization of Co and
Gd layer near the Co/Gd interface. (b) Evolution of the ratio F'pepmag/Fswiten With the Gd thickness above

0.4 nm. The dashed line represents the average of all the ratio value in this range of thickness.

4.3 Single thermal pulse induced AOS in Pt/Gd(wedge)/Co/Pt
full film

In this section, we will first present the stacking we used in our work and show the structural
characterization that we performed at a given thickness of the bottom Gd-wedge. Next, we
will see that it is not possible to add a "significant” amount of Gd, otherwise the perpendicular
magnetization is lost. We will be therefore experimentally limited to a Gd thickness range of
range of 0.06 - 0.28 nm. Then, by using the definition of the different regimes illustrated in
4.2.4.1, we will plot a state diagram describing the magnetic behavior of the Co layer after
exposure to a single 35 fs laser pulse linearly polarized as a function of fluence and Gd thickness.
We ended this section by plotting the magnetic state diagrams (Fluence vs Pulse duration) at two
different Gd thickness.

4.3.1 Design of the wedge sample

The samples consisted of thin films of composition glass/Ta(3)/Pt(3.7)/Gd(0.14,
teqg)/Co(0.7)/Pt(3) and glass/Ta(3)/Pt(3.7)/Gd(0.5, tgq)/Co (0.7)/Pt(3) (thickness in nm)

grown by magnetron sputtering without rotation of the Gd target. Where 0.14 nm and 0.5 nm
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are the Gd thickness at the middle of each wedge. Figure 4.10 depicted the stacks and the
size of the four samples used. In fact, each wedge is composed of two samples of identical
dimensions 25 mm x 20 mm. The yellow and the orange mark on the samples allows us
to identify the limit of the two wedges. Indeed, the yellow mark was used to indicate the
side of the wedge with thinner Gd layer, while the orange mark was used to indicate the
side of the wedge with thicker Gd layer. By conversing the Gd position to Gd thickness (see
more detailed in section 4.2.2), the composition of the bottom Gd-wedge is considered as
glass/Ta(3)/Pt(3.7)/Gd(0.06-0.77)/Co(0.7)/Pt(3) (thickness in nm).

20 mm

Sample 1 Sample2 & Sample 3 Sample4 =

25 mm : 25 mm 25 mm 25 mm

tga=0.14 nm

[ LE]

Brt HPco Poad

Figure 4.10: Representation of the four samples needed to form two bottom Gd-wedges. In the middle
of the wedge, the thickness of Gd is 0.14 nm and 0.5 nm for the right and left figures, respectively. The
yellow and orange mark on the surface of the sample were used to identify the thinner and thicker Gd

layer side of each wedge, respectively. The total length of each wedge is 50 mm.

4.3.2 Structural and magnetic characterization

All the structural and microstructural analyses in this work were carried out by Dr J. Ghan-
baja and performed by using Transmission electron microscopy (TEM) measurements. The
TEM used is a JEM - ARM 200F Cold FEG TEM/STEM operating at 200 kV and equipped
with a spherical aberration (Cs) probe and image correctors (point resolution 0.12 nm in TEM
mode and 0.078 nm in STEM mode). Therefore, the atomic resolution of this microscopy tech-
nique is sufficient to clearly dissociate the Ta, Co, and Pt layers within the studied stack. But
for a Ta(3)/Pt(3.7)/Gd(0.1)/Co(0.7)/Pt(3) stack (thickness in nm), High-Resolution Transmis-
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sion Electron Microscopy (HRTEM) will be ineffective in distinguishing Gd atoms, because the
thickness of Gd is of the same order of magnitude as the spatial resolution limit of the technique.
Thus, Figure 4.11(a) displayed the HRTEM micrograph corresponding to the all stack without
Gd layer. The relatively good agreement between the thickness measurements of each layer and

the nominal ones, allows us to underline the high precision of the PVD technique.

(b)

1004
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00 05 10 15 2.0
depth (nm)

Pt (3 nm)
Co(0.7nm)

Pt (3,7 nm)

Ta (3 nm)

Substrat glass

Figure 4.11: Structural characterization of the Glass/ Ta(3 nm)/Pt(3.7 nm)/Gd(0.1 nm)/Co(0.7 nm)/Pt(3
nm) stack.(a) HRTEM micrograph showing the Ta layer (green rectangle), Pt layer (blue rectangle), and
Co layer (red rectangle). (b) Intensity depth profile of Pt, Co and Gd using Energy-dispersive X-ray
spectroscopy (EDXS) measurement performed along the orange arrow in (a), proving the higher diffusion
of Co atoms within the top Pt layer compared to the bottom one and showing the position of the Gd

majority atoms after the deposition process. (c) Sketch of the heterostructure.

Figure 4.11(b) shows the result of energy-dispersive X-ray spectroscopy (EDXS) mea-

surement realized along the orange arrow in Figure 4.11(a). In this Figure, the maximum Co
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intensity (red curve) is observed for the minimum Pt intensity (blue curve) and delimited by a
red rectangle at the nominal Co thickness (0.7 nm). Compared to this grey rectangle, the distri-
bution of Co is clearly asymmetric, showing more diffusion through the upper Pt layer. In other
words, the bottom Pt/Co interface is more uniform than the top Co/Pt interface. Remarkably, in
Figure 4.11(b), the maximum of Gd intensity (black curve) occurs at the bottom Pt/Co interface.
It should be emphasized that similar asymmetric interface and Gd position results are found
when we realized EDXS measurements in other regions of the Pt(3.7)/Gd(0.1)/Co(0.7)/Pt(3)

stack.

To confirm the Gd position into the bottom Pt/Co interface, we carried out the same (TEM)
measurements in the Si/Ta(3)/Pt(3.7)/Gd(2)/Co(2)/Pt(3) stack (thickness in nm). The thicker
layers of Co and Gd in this sample were chosen to get a better view of the quality of the Gd/Co
interface. Figure 4.12(a) and (b) shows High Angle Annular Dark Field (HAADF-STEM) im-
ages of the sample. While Figure 4.12(c) presents a Bright Field (BF-STEM) image. As we can
see from these STEM pictures, all the namely layer Ta, Pt, Gd and Co are easily identified due
to the different atomic numbers Z of each atom. In addition, these STEM images show a sharper
and uniform Pt/Gd/Co tri-layers. The latter observation is confirmed by EELS measurements,
presented in Figure 4.12(d). This image displayed the elemental maps of Co (red layer) and Gd
(green layer) extracted from the yellow rectangle of Figure 4.12(a). Thus, the Gd layer is clearly
below the Co layer and shows weak interdiffusion at the Gd/Co interface. Therefore, we con-
cluded that the Gd atoms stay into bottom Pt/Co interface during the deposition process of the
Pt/Gd(0.06-0.77 nm)/Co/Pt stack.
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O] 20m (c)

Figure 4.12: Structural characterization of the Ta(3)/Pt(3.7)/Gd(2)/Co(2)/Pt(3) (thickness in nm) stack.
(a) and (b) illustrate the HAADF-STEM images of the layered structure. While (c) show the correspond-
ing BF-STEM image of (b). (d) EELS-STEM map depicting the elemental distribution of the Gd (green),
and Co (red) layers. These STEM measurements confirm that the Gd is mainly present into bottom Pt/Co
interface during the deposition process of the Pt/Gd (0.06-0.77 nm)/Co/Pt stack.

To observe the magnetic behavior of the glass/Ta(3)/Pt(3.7)/Gd(0.06-0.77)/Co(0.7)/Pt(3)
(thickness in nm) stack, we performed MOKE magnetometry measurements. The red curve in
Figure 4.13(a) shows the hysteresis loop of the Pt(3.7)/Gd(0.3)/Co (0.7)/Pt(3) stack, demonstrat-
ing that at a Gd thickness of 0.3 nm, the Co magnetization has shifted in-plane. Nevertheless,
for a tg4 equal to 0.07 nm, the black curve in Figure 4.13(b) illustrates the out-of-plane magne-
tization behavior of the Co layer.This magnetization behavior can be understood by the loose of
the [111] crystallographic direction inside the Co layer when we introduce the equivalent of one
atomic plane of Gd into the Pt/Co interface. Indeed, by adding one atomic plane of Gd into the
bottom Pt/Co interface, we modify the Co layer texture, crystal orientation, stress, roughness, or

microstructure (all these effects influence the anisotropy of the sample).
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Figure 4.13: Hysteresis loop for Pt/Gd/Co/Pt stack at tg4 equal to 0.07 nm (black curve) and 0.3 nm (red
curve). In plane magnetization has been observed within for a Gd thickness of 0.3 nm. While out of plane

has been performed for 0.07 nm.

4.3.3 AO-HIS experiments

4.3.3.1 State diagram on Pt/Gd/Co/Pt wedge full film

By using the threshold fluence couple (Fsuyitch » F'Demag) Of both switching and PTS regime, we
plotted the AO-HIS state diagram of Pt/Gd(0.06-0.3 nm)/Co/Pt stack (Figure 4.14). The dark
blue circle (light blue triangle) and the light green square (dark green star) represent respectfully
the switching fluence Fls,,i;c;, and the demagnetization fluence Fpepqg Within switching (perfect
toggle switching) regime. Therefore, we distinguish two magnetic behaviors as a function of
the Gd thickness. For low Gd thickness (0.06 < tgq(nm) < 0.26), the PTS regime is achieved
in all this Gd thickness range and the value of the couple (Fsyitch » F'pemag) in the switching
and the PTS state is constant. While, for a narrow window of t5,; between 0.26 and 0.28 nm, the
switching regime is observed. Finally, for thicker Gd ({54 > 0.28nm), no magnetic contribution
in the MOKE images was observed when we applied a magnetic field with a magnet or when
we sent femtosecond laser pulses on the sample. This observation originates from the fact that
the Co magnetization shifted in plane and our Kerr imaging set-up is not indicated to detect
the magnetization for in plane magnetization direction. Furthermore, this understanding agrees

with MOKE magnetometry measurements which showed that the magnetization of Pt/Gd(0.3
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Figure 4.14: AO-HIS state diagram realized on Pt/Gd (0.06-0.3 nm) Co/Pt stack. Magnetization behavior
as a function of the Gd thickness tgq, and the laser fluence F', for Linearly polarized static beam with
60 um of laser diameter. The dark blue circle (light blue triangle) and the light green square (dark green
star) represent respectfully the switching fluence Fs,¢c, and the demagnetization fluence Fpeqq Within

switching (perfect toggle switching) regime. The pulse duration is 35 fs for all measurements.

This result is amazing due to the achievement of the perfect toggle switching for Gd down
to 0.06 nm. At this Gd thickness, it is more logic to take about Gd doping than Gd layer. Thus,
we have demonstrated the switching of the magnetization of a Pt/Co/Pt ferromagnet by using a
single femtosecond laser pulse linearly polarized with Gd doping at the bottom Pt/Co interface.
Moreover, in this doping condition, the effective Gd concentration define as if you would view
the Gd/Co bilayer as an alloy is much lower than for an alloy close to compensation concen-
tration. AO-HIS has never been reported for such a big concentration discrepancy between the
antiferromagnetically exchange coupled magnetic species. In the following paragraph, we will

investigate the laser pulse duration effect on the AO-HIS for this Pt/Gd(wedge)/Co/Pt stack.
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4.3.3.2 Influence of the pulse duration

One of the key parameters to characterize all optical switching in various magnetic materials is

the laser pulse duration. Indeed, in 2019, G. Kichin et al.¥’

studied the effect of this parameter on
the AO-HDS of Pt/Co/Pt ferromagnet and they plotted a state diagram showing the magnetic state
of the Co magnetization after the exposure of 600 pulses circularly polarized. Two years later,
J. Wei et al.” did the same investigation on the AO-HIS of GdFeCo ferrimagnet and they also
plotted a magnetic state diagram which presented a triangular shape. More recently (2022), W.
zhang et al.” also reported a magnetic state diagram with a triangular shape in a Gd; _,_, Tb,Co,
alloys when they highlighted the role of spin-lattice coupling in ultrafast demagnetization and
SP-AOHIS. In view of these previous works, we have decided to investigate the impact of the
laser pulse duration 7,,;,. on the switching and PTS regime for the Pt/Gd/Co/Pt stack. In fact,
by using magneto-optical images obtained with our Kerr imaging set-up, giving the magnetic
configuration of the Co layer after irradiation of laser pulses, magnetic state diagrams could be
established.

Thus, we plotted in Figure 4.15 the AO-HIS state diagram realized on Pt/Gd(0.07 nm)/Co/Pt
(left Figure) and Pt/Gd(0.21 nm)/Co/Pt (right Figure) with the laser beam diameter around 60
um. To build these diagrams, we used the threshold fluence couple (Fsyitch, » FDemag) Of both
switching and PTS regime to delimitate the different magnetic states. Where the dark blue circle
(light blue triangle) and the light green square (dark green star) represent respectfully the switch-
ing fluence Flsyir, and the demagnetization fluence Fpeynqg Within switching (perfect toggle
switching) regime. Moreover, by performing linear fits to separate the switching region with
no switching and demagnetization region, the two magnetic state diagrams present a triangular
shape for the switching regime, as observed in the GdFeCo and GdTbCo alloys.

At 35 fs, the couple (Fswiteh » FDemag) €xhibit similar value of fluence in the switching
regime with a fluence ratio A g=Fpemag/Fswiten €qual to 2.6 and 2.4 respectively for Pt/Gd(0.07
nm)/Co/Pt and Pt/Gd(0.21 nm)/Co/Pt sample. But, in the PTS regime a higher ratio is observed
in the heterostructure with low Gd (A prs=2.3) than the one with high Gd (Aprs=1.7).

Moreover, when we increase de pulse duration 7, the fluence ration Ag (Apps) become
smaller and reach closer to 1 (1.1) for long pulse duration. Table 4.1 summarizes Ag and Aprg
limit value in different regimes and the corresponding maximum pulse duration 7,,,,. For a
Tpulse ADOVE Ty4,, We Observed multidomain state after the exposure of one single laser pulse.

The ratio fluence trends is related to the increase of the threshold switching fluence Fls,iscn
and the decrease of the threshold demagnetization fluence Fpep,qq With the augmentation of the

pulse duration 7,,;s.. This behavior of the two fluences results in smaller switching windows
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Figure 4.15: AO-HIS state diagram realized on Pt/Gd/Co/Pt. Variation of the fluence and the pulse du-

ration for tgy equal to 0.07 nm (left) and 0.21 nm (right). The dark blue circle (light blue triangle) and

the light green square (dark green star) represent respectfully the switching fluence Flg,;c, and the de-

magnetization fluence Fpenqg Within switching (perfect toggle switching) regime. These magnetic state

diagrams were established by performing linear fits to delineate the switching region with no switching

and Demagnetization region. The incident laser pulse is linearly polarized and the laser diameter is 60

um.

Stack Pt/Gd(0.07 nm)/Co/Pt Pt/Gd(0.21 nm)/Co/Pt
(As,Tpuise) (1.06, 2.5 ps) (1.07, 1.5 ps)
(Aprs,Tpulse) (1.15, 1.85 ps) (1.11, 0.8 ps)

Table 4.1: Summary of A limit values in the switching and PTS regime for thinner and thicker Gd.

in the two states diagram as 7, increase. Surprisingly, the area in which perfect single pulse

switching is observed is much smaller in the case of larger Gd thickness (0.21 nm). In J. Wei et

al.’> and W. zhang et al.” the larger switching area and the longer pulse allowing switching 7,45

are observed close to compensation.
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4.4 Single thermal pulse induced AOS in Pt/CoGd(wedge)/Pt
full film

The motivation of this work was to investigate the need to reach the compensation point in a
CoGd alloy to achieve AO-HIS (at room temperature). To realize this objective, we will first
present the sample we used in our work and show how we extracted the (Gd) Co concentration
within all the wedge. Next, we will see that all the CoGd-wedge sample exhibit out of plane
magnetization and are Co-dominant. Then, by using the definition of the different regimes of
section 4.2.4.1, we will build a state diagram describing the magnetic behavior of the Co layer
after exposure to a single 35 fs laser pulse linearly polarized as a function of fluence and the

concentration of Gd.

4.4.1 Design of the wedge sample

The samples consisted of thin films of composition glass/Ta(3)/Pt(3.7)/CogyGd;((0.8, t)/Pt(3)
(thickness in nm) grown by magnetron sputtering without rotation of the Gd and Co targets
(resulting in a gradient of Gd and Co thickness). Where CogyGd;y and 0.8 nm are respectively
the composition and the thickness of the CoGd alloy in the center of the wedge. While t (to,+tgq)
is the alloy thickness at a given position of the full film. Indeed, the CoGd-wedge alloys are made
by co-deposition of Co and Gd targets arranged in a geometry shown in Figure 4.16, where the
red and black marks on the surface of the sample surface represents the extremity where the alloy
is composed of more Co and Gd, respectively. Before presenting the results of the magnetic and
AOS measurements on this wedge, it is important to know the Gd (Co) concentration at every

position of the wedge. That is the goal of the next paragraph
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Figure 4.16: Illustration of the two samples needed to form the CoGd-wedge. In the middle of the wedge,
the thickness of CoGd alloy is 0.8 nm and the composition is CoggGdig. The red and black mark on the
surface of the sample were used to identify the region of the wedge where we have more Co and Gd,

respectively. The total length of each wedge is 50 mm.

4.4.2 Extraction of the Gd (Co) concentration

To compare our results with previous studies of AOS in ferrimagnetic alloy, it is essential to
present our results in term of Gd (Co) ratio instead of CoGd position. To perform this conver-
sion, we have used the same process of section 4.2.2, where we describe the wedge by a linear
variation. Nevertheless, in this case, it is a co- deposition of Co and Gd at the same time with

the geometry presented in Figure 4.16. In this experimental conditions t¢, and tg, are given by:
too(x) = teo(0)(1 — avx) and  tga(x) = tgq(0)(1 + a.z) 4.2)

Where tc,(0) (equal to 0.6 nm) and tg4(0) (equal to 0.2 nm) are the Co and Gd thickness at
the center of the wedge, respectively.« is the same parameter obtained in section 4.2.2. Conse-
quently, we could estimate the alloy thickness t at every position of the wedge. Moreover, by

using the following relation:

vlGda(co)/ Bad(co)
vlco/Beo + Vilga/ Baa

atGd(cO)(%) = x 100 (43)

We extracted the composition of the CoGd alloy in all the wedge sample. Where vlgq(co) and
Bad(co) represent the Gd(Co) volume ratio and the flux of Gd(Co) during the deposition, respec-
tively. The values of all the parameters used to perform this conversion are shown in table 4.2.

With the rate deposition given at the middle of the wedge.
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Parameter value
Co rate deposition (A/s) 0.46267
Gd rate deposition (A/s) 0.15016
Co flux (10~% m3/mol) 6.67
Gd flux (10~ m®/mol) 19.9
a(mm™1) 0.022

Table 4.2: Deposit parameters value.

Figure 4.17(a) presents the results of this calculation by showing the evolution of Gd (black
curve) and Co (red curve) concentration as a function of the position on the CoGd wedge sample.
While Figure 4.17(b) shows the variation of the thickness of the CoGd alloy.
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Figure 4.17: Evolution of the (a) Gd(Co) concentration and (b) the thickness of the CoGd alloy as a

fonction of the CoGd-wedge position.

4.4.3 Magnetic characterization

To observe the magnetic behavior of the glass/Ta(3)/Pt 3.7)/CoGd(wedge)/Pt(3) (thickness
in nm), we performed MOKE magnetometry measurements. The red and black curves in Figure
4.18(a) shows the hysteresis loop of Cog3Gd; and Co75Gdss, respectively. These measurements

allow us to conclude that all the CoGd-wedge is Co-dominant and exhibited an out of plane
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magnetization. This result agrees with the recent investigation (2021) of J. wang et al.'>® who
showed that for t below 2 nm and Gd(%) between 10% and 40%, all the [Pt(2.0)/Co1¢9—,Gd,
(t)]1x3/Pt(2.0) samples have a Co-rich composition. Indeed, in the case of thinner CoGd alloy
sandwiched by Pt layers, we should consider a proximity-induced magnetic moment in Pt which
couple parallel with the Co. Thus, the net magnetization is given by: M = M — MG 1
M. In addition, the trend of the H, in Figure 4.18(b) can be related to the behavior of the
net magnetization. At low Gd concentration (below 10%), H, is constant considering the fact
that the Gd antiparallel moments do not affect the net magnetization of the stack much. Above
10%, the augmentation of H,. can be attributed to the decrease of the total magnetization of the
stack, since H, is inversely proportional to M"¢*. However, this hypothesis needs to be verified

by performing VSM measurements on our CoGd wedge sample.
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Figure 4.18: (a) Hysteresis loop for Pt/CoGd(wedge)/Pt stack for Cog3Gd; (red curve) and CoysGdas
(black curve). Both curves show a Co-dominant stack with an OOP magnetization. (b) Evolution of the

coercive field with the Gd concentration.

4.4.4 State diagram of Pt/CoGd (wedge)/Pt full film

In figure 4.19, we plotted the AO-HIS state diagram in a glass/Ta(3)/Pt(3.7)/CogyGd;((0.8nm-
at the center of the wedge)/Pt(3) (thickness in nm) stack, after a single laser pulse (linearly
polarized) as a function of the laser pulse fluence and the Gd concentration. The dark blue
circle (light blue triangle) and the light green square (dark green star) represent respectfully

the switching fluence Fsyi:cr, and the demagnetization fluence F'pep,qq Within switching (perfect
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toggle switching) regime. The switching regime is achieved for a Gd concentration below 4%.
Whereas, for the perfect single pulse switching a threshold Gd concentration is observed at 7.5%
to exhibit this state. The decrease of the threshold switching and the demagnetization fluence
for Gd (%) above 10% can be attributed to the decrease of the Curie temperature due to the
reduction of the net magnetization of the stack. Moreover, at this Gd percentage of 10%, the
ratio FpemagFswiten in the switching regime is equal to 2. This ratio value is in the same order
of magnitude of those observed on (1.7) Gdy4(FeCo)7¢ ferrimagnetic alloy and (3) MnsRu, (Ga
Heusler ferrimagnetic alloy by J. Wei et al.’ and C. Banerjee et al.'”, respectively. In the latter

cases, the atomic compositions of the ferrimagnetic alloys are close to the compensation point.
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Figure 4.19: AO HIS state diagram realized on Pt/CoGd (wedge)/Pt full film. Magnetization behavior
as a function of the Gd concentration, and the laser fluence F', for Linearly polarized static beam with
70 um of laser diameter. The dark blue circle (light blue triangle) and the light green square (dark green
star) represent respectfully the switching fluence Fls,;s;, and the demagnetization fluence Fpepqg Within

switching (perfect toggle switching) regime. The pulse duration is 35 fs for all measurements.
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4.5 Summary and discussion

In this chapter, we focused on the AOS properties of Co magnetization in Pt/Co/Pt tri-layer
when we introduce a small amount of Gd at the two Co/Pt interfaces and in the Co layer itself,
after the excitation of linearly polarized laser pulses.

For the Pt/Co/Gd stack, we clearly highlighted the necessity to separate the switching and
the perfect toggle switching regime. In the case of the switching regime, a slow domain wall dy-
namic has been demonstrated by using two AOS experiments at a different rate repetition. More-
over, we demonstrated that we could reduce the Gd thickness from 3 nm (as initially reported
in several works’-?*8:153 t0 (.27 nm (approximatively one Gd atomic plan) and still observe the
perfect toggle switching mechanism. This experimental result demonstrates that the interfacial
effect is the main effect responsible for the achievement of AO-HIS in Pt/Co/Gd stack. Indeed,
one can imagine that at tgg = 0.27 nm, the induced magnetization in the Gd near the Co/Gd
interface (due to the exchange interaction with the Cobalt) is enough to cause the reversal of Co
magnetization near the interface. Then, the reversed Co magnetization propagates away from
the interface driven by exchange scattering, as predicted by M. Beens et al>* in 2019.

For Pt/Gd/Co/Pt stack, we demonstrated that the perfect toggle switching can be achieved
down to 0.06 nm Gd thickness. Moreover, by plotting the magnetic state diagram (fluence vs
pulse duration) for Gd thickness equal to 0.07 and 0.21 nm, we observed the same triangular
switching window demonstrated previously in ferrimagnetic alloys. Remarkably, the less Gd
we have inside the bottom Pt/Co interface, the higher the pulse duration maximum 7,,,,, will be
reached. Finaly, for a Gd thickness around 0.3 nm, the Co magnetization goes in plane. For the
Pt/CoGd/Pt stack, we have demonstrated that the perfect toggle switching state can be achieved
down to 7.5% of Gd and the switching regime down to 4% of Gd.

Nevertheless, the above results raise several important questions: how such a small amount
of Gd (0.06 nm) can induce all optical switching? can we reach higher 7,,,, with less Gd? how
can the impact of the Gd depend so much on the interface (Pt/Co/Gd/Pt compared to Pt/Gd/-
Co/Pt)? how can we achieve AOS in GdCo alloy out of the compensation region? The two most
surprising results are the demonstration of AO-HIS effect with a Gd thickness around 0.06 nm
(If we consider the system as a CoGd alloy, we would have around 3% of Gd Concentration)
at one interface and the switching of the CoGd magnetization alloy with less than 3% of Gd.
This has never been observed in the case of GdCo or GdFeCo alloys and is in total disagreement
with the phenomenological framework reproducing AO-HIS by considering angular momentum

flow between the constituent sublattices and from the sublattices to the environment presented
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in C. S. Davies works™ '’

in Jakobs article'®”. Indeed in C. S. Davies works, the modelling predict AO-HIS for Gd con-

and by a model using atomistic spin dynamics methods described

centration above only 20% and the maximum pulse duration reaching 7,,,, is less 0.5 ps for
Taq = 22%,while 7,,,,, increases with x4 and reach a maximum 7,,,,=6 ps close to compensa-
tion for x4 = 26 Y. Very similar trend is obtained from the atomistic spin model described in
Jakobs article. One could argue that we do not have a GdCo alloy but a Gd/Co bilayer system.
Note that the value of the layer’s nominal thickness and the cross section obtained by Scanning
Transmission Electron Microscopy don’t give credit to a sharp Gd/Co interface. However, the
composition is certainly non-uniform, and a composition gradient is very likely. Nevertheless,
we are not expecting that the GdCo concentration reach xsy = 20% anywhere in the sample.
Note that Beens et al.”* theoretically studied AO-HIS in Gd/Co bilayer systems and highlighted
the effect of intermixing but in the intermix region the Gd concentration is quite high x4 equal
to 50%.
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Chapter 5

Size effect on Gd-dusted Pt/Co/Pt

ferromagnet

5.1 Introduction

The objective of this fifth chapter is to investigate the size effect on Pt(3.7 nm)/Gd/Co(0.7
nm)/Pt(3 nm) that exhibited both PMA and single shot AO-HIS at room temperature in continu-
ous full film. Indeed, according to the previous chapter, Gd dusting at the interface is sufficient
to induce well define single pulse all optical switching. Thus, the study of the size effect on AOS
in these new engineered materials will help us to characterize the magnetization reversal under
the excitation of a femtosecond laser pulse. In addition, so far single pulse AOS of micro- and
nano-scale patterns was reported only in ferrimagnetic GdFeCo and GdCo alloys (the reader can
fine all the investigations in section 1.5 and in Chapter 3). Here, we present a systematic study of
the magnetization reversal of the studied sample disks whom diameter ranges from 3 um to 400
nm with laser pulses. The effect of laser excitation was investigated in-situ using a polar MOKE
microscope and the quantitative analyze of the switching probability were performed ex-situ by
magnetic force microscopy. The variation of this switching probability with the disks size can
be precisely measured and explained by a non-uniform switching process. Finally, the influence
of the laser pulse duration and the laser helicity on the AOS in this range of disk size will be

reported.
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5.2 Structural, magnetic and all optical switching

5.2.1 Structural properties

The sample consisted of thin film of composition glass/Ta (3nm)/Pt(3.7 nm)/Gd(tg4 nm)/Co(3
nm)/Pt(3 nm) presented in figure 5.1. The sample has been grown by magnetron sputtering on a
glass substrate, the nominal thickness of the Ta, Pt, Co layer could be accurately controlled, but
the amount of Gd dust could not be controlled. The Ta, Pt and Co layers can clearly be identified
in the High-Resolution Transmission Electron Microscopy (HRTEM) image cross section shown
in Figure ??(a). The Green, dark blue, light blue, and red rectangle in this HRTEM micrograph
correspond to the region where we realized FFT pattern within Ta layer, lower Pt layer, upper
Pt layer and all Pt/Gd/Co/Pt layers, respectively. The Ta buffer is amorphous and is illustrated
by a diffusion picture with diffuse bands. The paired bright spot inside the dark blue rectan-
gle is due to the crystal structure of the lower Pt layer in contact with Ta. This Pt crystallized
gives the crystallographic direction [111] of the whole deposit. Showing that we did not lose the
preferential [111] crystallographic orientation for weaker Gd thickness at the bottom Pt/Co in-
terface. In addition, Energy-dispersive X-ray spectroscopy (EDXS) measurement (Figure ??(b))
was necessary to confirm the presence of Gd, to observe its position at the bottom Pt/Co inter-
face and estimate a Gd net concentration of less than 2 or 3 % considering a GdCo alloy. This
Gd estimation is based on the similarity between the AO-HIS and EDXS measurements of this
sample with the Pt/Gd(0.07 nm)/Co/Pt stack reported in the previous chapter, but also to similar
magnetic properties of the studied sample with a normal Pt/Co/Pt tri-layer, as we will see in the

following paragraph.
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Figure 5.1: Characterization of the Glass/Ta(3nm)/Pt(3.7 nm) /Gd/Co(0.7nm)/Pt(3nm) stack. (a) HRTEM
micrograph with the FFT electron diffraction pattern of the Ta layer (green rectangle), lower Pt layer (dark
blue rectangle), upper Pt layer (light blue rectangle) and all Pt/Gd/Co/Pt layers (red rectangle). The crys-
tallographic [111] direction remains unchanged despite the presence of a small amount of Gd in the bottom
Pt/Co interface. (b) Intensity depth profile of Pt, Co and Gd using Energy-dispersive X-ray spectroscopy

(EDXS) measurement performed along the orange arrow in (a). (c) Sketch of the heterostructure.

More structural characterizations have been performed on this sample. Indeed, Figure 5.2(a)
and (b) illustrated two High Angle Annular Dark Field (HAADF)-STEM images of the stack,
whereas the bright field (BF)-STEM image is displayed in Figure 5.2(c). All the namely layer
Ta, Pt and Co are easily identified due to the different atomic numbers Z of each atom, resulting
in different contrast in the images. Moreover, Figure 5.2(b) and (c) allows us to compare the
HAADF and BF-STEM images of the same area of the stack. In fact, the four consecutive
atomic planes are continuous from the buffer Ta (3 nm) layer to the capping Pt (3 nm) of the
sample without deformations inside the Co (0.7 nm) layer in both STEM images. However, with
a Gd thickness below the spatial resolution of the STEM mode (0.078 nm) it is not possible
to observe the Gd dusting. This latter issue is confirmed by electron energy loss spectroscopy

(EELS) measurements, displayed in Figure 5.2(d).
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5 nm

Figure 5.2: Characterization of the Glass/Ta (3 nm)/Pt (3.7 nm)/Gd/Co (0.7 nm)/Pt (3 nm) stack. (a) and
(b) illustrate the HAADF-STEM images of the layered structure. While (c) show the corresponding BF-
STEM image of (b). (d) EELS-STEM map depicting the elemental distribution of the stack: Ta (green),
Pt (blue), and Co (red). The absence of Gd in (a), (b), (c), and (d) is due to the Gd thickness below the
spatial resolution limit of the STEM.

5.2.2 Magnetic characterizations

To observe the magnetic response of the studied sample, we realized MOKE and vibrating sam-
ple magnetometry measurements. Figure 5.3(a) and (b) shows the evolution of the Normalized
Kerr signal and magnetization with the applied magnetic field, respectively. Figure 5.3(a) illus-
trate a typical squared hysteresis loop for the magnetic field applied perpendicular to the sam-
ple’s plane. The perpendicular magnetization anisotropy (PMA) present in this stack is due to

161 Interfacial hybridization between the Co-3d

the crystallographic preferential [111] direction
and Pt-5d bands for Pt/Co/Pt tri-layer was also found to play an important role in the establish-
ment of the PMA'%~1%% and in the induce of magnetic moment in Pt heavy metal'®'. In Figure
5.3(b), the response of the magnetization M under magnetic field IP (red curve) and OOP (black
curve), allowed us to determine the effective saturation magnetization M. The latter value is
obtained by performing the ratio between the measured saturation moment by the nominal Co
volume in the film. Thus, a M equal to 1650 = 50 kA/m is obtained for our studied sample.

As this value is much higher than the magnetization of bulk Co (1420 kA/m), this measurement
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highlights the contribution of Pt-induced magnetic moment parallel to the Co-sublattice. More-
over, a value very close to our M, has been reported recently (2022) by Adriano Verna et al."”” in
Pt (3 nm)/Co (0.6 nm)/Pt (3 nm) tri-layer deposited on Ta (3 nm) buffer (1700 = 50 kA/m). This
similarity between these two M, demonstrates the extreme low concentration of Gd within the
sample, since the Gd-induced magnetic moment is antiparallel to the Co sublattice'®>. There-
fore, although the Gd thickness in this studied sample is not precisely determined, the results
presented in the structural and magnetic characterization section, clearly justified the use of the

term "Gd dusting" to describe the proportion of Gd at the bottom Pt/Co interface.
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Figure 5.3: Out of plane hysteresis loop for Glass/Ta (3 nm)/Pt (3.7 nm)/Gd/Co (0.7 nm)/Pt (3 nm) stack
performed through (a) MOKE magnetometry and (b) Vibrating Sample Magnetometer. All the measure-

ments have been realized at room temperature.

5.2.3 AOS properties

The sample described above shows a strong Perpendicular Magnetic Anisotropy and magnetic
properties very similar to the [Co/Pt] sample showing all optical switching properties. How-
ever contrary to the [Co/Pt] samples showing a multiple pulse, Helicity dependent magnetiza-
tion®>%% 1% (AO-HDS) with a very characteristic state diagram®’, the sample with a Gd dusting
at the interface shows a clear single pulse AO-HIS switching as shown in figure 5.4(a). Indeed
Figure 5.4(a) show the toggle switching of the magnetization in the studied sample regardless
of the initial direction of the magnetization obtained after the irradiation of 5 consecutive linear
laser pulses with a fluence of 11.9 mJ/cm?, a pulse duration of 35 fs and a laser beam diameter of

80 um. While the evolution of the magnetic state after the exposure of a single linear laser pulse
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is displayed in Figure 5.4(b). The AO-HIS magnetic state shows the variation of the threshold
switching fluence Flg,c, (blue disk) and the demagnetization fluence Fpey,qq (green square) as
a function of the pulse duration. An example of variation of the switching domain size at a fixed
fluence of 11.9 mJ/cm? is shown in Figure 5.4(c) as soon as we increased the pulse duration from
35 fs to 2.6 ps. These images show that we need more pulse energy for larger pulse duration.
However, for a pulse duration value above the maximum 7,,,., (3.5 ps in this case) where we
cannot achieve single thermal AOS, only multidomain state is observed, as depicted in Figure
5.4(d) for single shot at 4 ps of pulse duration.

These results confirm the observations from the AOS measurements in the previous chapter
for the case of the Pt/Gd(wedge)/Co/Pt full film in which Gd is deposited at the bottom interface,
showing that a tiny amount at the interface can induce single pulse AO-HIS. It has been shown
that a thickness as small as 0.06 nm is sufficient to induce AO-HIS. In addition, two main reasons
based on the magnetic state diagrams plotted in the previous chapter (section 4.3) suggest that
in the studied sample of this chapter, the Gd thickness is lower than 0.06 nm. Firstly, the state
diagram (Fluence vs Gd thickness) of the Gd bottom wedge indicate that even a thickness below
0.06 nm should also demonstrate AO-HIS with a constant switching window from 0.26 nm to
0.06 nm. Secondly, the increase of the maximum pulse duration from 1.6 ps at 0.21 nm of
Gd thickness to 2.8 ps at 0.07 nm of Gd thickness suggest that less we have Gd at the bottom
interface, higher would be 7,,,,. Thus, with a 7,,,, equal to 3.5 ps in the studied sample, the
trends of 7,,,,, With the Gd thickness also indicate that we should have a Gd thickness below 0.06
nm. In those structural, magnetic and AOS conditions the effective Gd concentration define
as if you would view the Gd/Co bilayer as an alloy is much lower than for an alloy close to
compensation concentration. Therefore, the sample studied in this chapter is the one showing an
AO-HIS mechanism with an unprecedented concentration gap between the magnetic sublattices

coupled by antiferromagnetic exchange.
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Figure 5.4: Magneto-optical images of Pt(3.7 nm)/Gd/Co(0.7 nm)/Pt(3 nm) full film obtained after the
action of five consecutives single laser pulse of 35 fs. The dark grey (light grey) area represents the out
of plane magnetization of the film pointing “up” (“down”) as represented by the circled disk (cross).
Every single femtosecond pulse with a fluence of 11.9 mJ/cm? illuminates the same circular region of
the full film and reverses the magnetization within it. b) AO-HIS state diagram realized by Varying
the fluence and the pulse duration. The dark blue circle and light green square represent respectfully
the threshold switching fluence Fg:c, and the demagnetization fluence Fpepqg Within switching state.
These magnetic state diagrams were established by performing linear fits to delineate the switching region
with no switching and multidomain state region. c¢) Size evolution of the switched domain with the pulse
duration at a fixed fluence of 11.9 mJ/cm?. d) Multidomain state obtained after the action of a single pulse
at 4 ps of pulse duration with two different laser pulse fluence. In all the AOS experiments, the incident

laser pulse is linearly polarized, and the laser diameter is 80 pm. The length of the scale bar is 40 ym.

5.3 AO-HIS in nanostructures at femtosecond pulse duration

5.3.1 Design of the patterned sample

To study the size effect, we fabricated arrays of magnetic disks with diameter ranging from 3
um down to 400 nm. The magnetic film has been processed by ion beam etching through an

aluminum mask defined by electron-beam lithography and lift-off (see more details in section
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2.1.2). The remaining mask is subsequently removed by chemical etching. Several investiga-
tions in the literature reported that [Co/Pt]N multilayers disks exhibit an out-of-plane magnetic

167-169  Moreover, for each disk diameter D, areas of

anisotropy in the studied range diameter
size 90 um x 90 um were filled with identical disks on a square lattice. The gap between disks
d, is fixed to 300 nm (the lattice period is therefore not constant and equal to D+d). The effect
of the excitation by 35 fs laser pulses generated by a Ti-sapphire laser on the magnetic nanos-
tructures was observed in-situ by MOKE microscopy and the quantitative analysis was carried
ex-situ by scanning the exposed regions with a magnetic force microscope (The reader can find
more details on image acquisition with these two microscopy techniques in the section 2.2.2.2).
In addition, the laser beam diameter (FWHM) of 60 um was chosen to ensure a switching region
smaller than the 90 ym magnetic array area to be able to measure the switching domain of a

single array of disks.

5.3.2 Single shot AO-HIS

Figure 5.5 shows the results of AO-HIS on arrays of Pt(3.7 nm)/Gd/Co(0.7 nm)/Pt(3 nm) disks
initially saturated by a 1 T out of plane applied field. In this MOKE figure, dark and light grey
areas correspond to disks magnetized up and down, respectively. After the excitation of the dark
grey region with one pulse, one can see for all the disk sizes the formation of a light grey area
(Figure 5.5(a-h). While, after the exposure of two consecutive femtosecond laser pulses at a rate
repetition of 5 kHz in an unexposed array of disks, all the disk size presents a dark grey area
(Figure 5.5(i-p)). This latter MOKE contrast clearly demonstrate that the disks magnetization
switched two time after the excitation with two consecutive pulses. These experimental results
demonstrate the reversal of the magnetization for Pt(3.7 nm)/Gd/Co(0.7 nm)/Pt(3 nm) disks

whose diameter ranges from 3 um to 400 nm with 35 fs linearly polarized laser pulses.

In addition, Figure 5.5 presents a constant trend of the switched domain size with the disk
diameter for a given fluence. This behavior allowed us to conclude that optical or plasmonic
effects are not dominant in this disk size range, contrary to the GdFeCo alloy case'”’. On the
other hand, after the irradiation of two pulses, a ring is formed. These rings are obtained for all
sizes of disks and the thickness also varies very little with the size of the structures. These ring
highlights that in an intermediate range of fluence between no effect and deterministic switching,
the reversing presents a stochastic aspect. Theses aspects are beyond the scope of this work and
in the following sections, we will focus our investigation on what happen in the center of the

laser spot.
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Figure 5.5: Magneto-optical images of magnetic disks made of Pt(3.7 nm)/Gd/Co(0.7 nm)/Pt(3 nm) ob-
tained after the action of (a-h) a single and (i-p) two consecutive 35 fs linearly polarized laser pulses. For
(a)-(h) ((i)-(p)) the light grey (dark grey) area represents magnetization of disks pointing “down” (“up”).

Each laser pulse with a fluence of 9.2 mJ/cm? irradiates different array of the patterned structure.

5.3.3 AO-HIS as a function of the number of pulses

5.3.3.1 Kerr imaging

As demonstrated in the previous chapter, the number of pulses can be used to qualify the quality
of the switching in a magnetic material. Indeed, we clearly demonstrate that the studied family
sample present the perfect toggle switching mechanism, since after the exposure of 10 000 fem-
tosecond pulses at a rate repetition of 5 kHz on the surface of the sample, the toggle switching
is maintained. We therefore decided to carry out the same type of experiment at different disk
sizes by changing the number of pulses at a rate repetition of 5 kHz using a MOKE microscope.
Figure 5.6 presents the magnetic state of the Gd dusting sample disks after excitation with 1, 2, 3,
599 and 600 femtosecond laser pulse at a fixed fluence of 9.2 mJ/cm?. Initially, all the patterned
areas were saturated with a 1 Tesla magnetic field, situation analog to Figure 5.5. Consequently,
the light and dark grey area observed at the center of each MOKE image shows the reversal of
the magnetization in one of the possible magnetization orientations (up and down).
Qualitatively, we distinguish two magnetic behaviors as a function of the disk size and the
number of pulses. For bigger disks (above 1.5 um) the switching of the magnetization is main-
tained for all the number of pulses used. Whereas, for smaller disks (less than 1.5 um), the
switching slowly degrades as we decrease the size of the disks and increase the number of pulses.
Moreover, as mentioned in the previous paragraph, the switched domain size is constant and the
formation of rings is visible for 2, 3, 599 and 600 pulses. But the main difficulty in further an-

alyzing this AOS experiment with our Kerr imaging setup is due to the onset of the diffraction
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Figure 5.6: Magneto-optical images of magnetic disks made of Pt (3.7 nm)/Gd/Co (0.7 nm)/Pt (3 nm)
obtained after the action of 1, 2, 3, 599 and 600 consecutive 35 fs linearly polarized laser pulses. The
light grey (dark grey) area represents magnetization of disks pointing “down” (“up”). Each laser pulse

with a fluence of 9.2 mJ/cm? irradiates different array of the patterned structure.

phenomenon, which occurs when the size of the object being studied is of the order of magnitude
of the wavelength of the probe radiation (the reader can find a brief discussion about this MOKE
imaging limit in paragraph 2.2.2.2). Nevertheless, these MOKE images help us to limit the study
of the size effect on this engineered material to disk diameters smaller than 1.5 microns, because

beyond this size the behavior of the disk magnetization is quite similar to the full film.

5.3.3.2 MFM imaging

To perform more qualitative and quantitative analysis, we need to see the magnetic state of
individual nanostructure in each array. Therefore, we scanned all the exposed region with MFM
after the AOS experiment initially realized in the laser room. Figure 5.7 shows the corresponding
magnetic force microscopy mapping for an array of 1 pm, 800 nm, 600 nm, and 400 nm disks
diameter after exposure to a single laser pulse. The light contrast of disks located mainly at the
edges of the MFM images are those that have not been magnetically altered by the laser pulse.
While the dark contrast disks located principally in the center of the MFM image represent
structures with a magnetization totally reversed by the laser pulse excitation (More details on

the interpretation of the MFM contrast have been provided in section 2.2.3).
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Figure 5.7: MFM mapping of 1 um, 800 nm, 600 nm, and 400 nm diameter disks array after exposure to
a single laser pulse. The dark contrast corresponds to the reversed disks. The field of view is 80 um for

all MFM images.

Those MFM images shows that all the exposed nanostructures are monodomains and as the
size of the disks decreases, the proportion of unswitched increases. Consequently, the loose of
the switching state for smaller disks for a higher number of pulses at 5 kHz of rate repetition
observed in MOKE images is strongly related to the disk dimension. Thus, as 100% switching
is not achieved with a single pulse for nanostructures, the proportion of unswitched disks will
increase with the number of pulses, as confirmed in Figure 5.8. This Figure shows the corre-
sponding magnetic force microscopy mapping for an array of 800 nm disks after exposure to 1,

2, 3, 599 and 600 consecutive laser pulses.
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Figure 5.8: MFM mapping of 800 nm diameter disks array after exposure to 1, 2, 3, 599 and 600 consec-
utive laser pulses. The dark contrast corresponds to the reversed disks. The field of view is 80 yum for all
MFM images.

5.3.3.3 Quantitative analysis

After extracting the contrasts from the MFM maps of disk arrays (all the different steps of con-
trast extraction using the Wolfram Mathematica 11 software are presented in paragraph 2.2.3.2),
we proceeded to the quantitative analysis of the proportion of switched structures, or in fact here
the resulting magnetization (between -1 and +1). Moreover, this analysis requires considering
the intrinsically inhomogeneous profile of the beam. The first step is to locate a posteriori the
center of the beam in the corresponding numerical image of the MFM maps. In the case of
single domain configurations, the center of the beam can be simply considered as the barycenter
of the switched disks. As for the determination of the switching ratio as a function of the dis-
tance to the center, it is hampered by the finite number of elements considered and therefore by
an intrinsic statistical dispersion. Figure 5.9(a) represents an example of the normalized mag-
netization profile as a function of the distance to the center by "integrating" on circular rings
of several thicknesses for a switching radius around 30 pm. Obviously, a compromise must be
found between the amplitude of the statistical fluctuations and the spread of the spatial variations,
particularly visible in the 20-30 um zone. Another solution is to work with a constant number

of disks (or constant crown area). As shown in the Figure 5.9(b), this approach allows a better
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description of the 20-30 um zone but does not allow the description of the zone closest to the
center. Thereafter, we will favor a "mixed" approach by integrating both a maximum thickness
criterion for the crown (10 um) and a maximum number of disks (400). Figure 5.9(c) allowed

us to compare this approach with previous ones.
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Figure 5.9: Radial profile of a AOS experiment realized by integrating on (a) different circular rings

thickness, and on (b) constant number of disks. (c¢) mixed approach of (a) and (b).

By performing the previous data processing on the MFM maps corresponding to the MOKE
images in Figure 5.6, we obtained the radial switching profiles for this AOS experiment. Figure
5.10 represents the radial switching profiles of a set of disks whose diameter is between 1.5
um and 400 nm for several laser pulses equal to 1, 2, 3, 599 and 600. This figure confirms the
behavior of the switched domain size with a diameter average of 40 &+ 1 pum for the single pulse
excitation. Moreover, Figure 5.10 show the presence of a constant switching area of 36 4+ 1 um
around the exposed region center. The difference of the magnetization behavior between the
latter area is due to the reduction of the fluence as soon as we move away from the laser beam
center (due to the gaussian spatial distribution of the laser). In the following, we will focus only

on the constant switching area.

5.3.3.4 Toggle switching probability

Let us first introduce the notations and the two assumptions that we done in this section. Indeed,
we considered two equivalent directions of disks magnetization (no external magnetic field, or
effect of light polarization), and no interaction between disks. Then, we note m; the average

magnetization of an assembly of disks after ¢ pulses. In the case of a perfect toggle switching
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Figure 5.10: Radial switching profiles of magnetic disks made of Pt (3.7 nm)/Gd/Co (0.7 nm)/Pt (3 nm)
obtained after the action of 1 (black curves), 2 (red curves), 3 (green curves), 599 (blue curves) and 600

(magenta curves) consecutive 35 fs linearly polarized laser pulses.

(starting from a configuration my = +1), we have:
my=—1,mg=1,mg=—1,....m; = (—1)" (5.1)

Nevertheless, in the general toggle switching case, the probability of reversal after a pulse is

independent of the magnetic state and can be written as %(1 —n):
* 7 = —1 corresponds to perfect toggle switching,
* 17 = 0 corresponds to a completely random demagnetization process and
* 17 = +1 corresponds to no toggle switching.

7 is directly the correlation coefficient between the magnetic states of a nanostructure between

two pulses. Then, the average magnetization after the first pulse (starting from a configuration
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mo = +1)is m; = n. After the second pulse, ms = n? and in general m; = 7’ (it must
be stressed that these relationships are only true within the constant switching area and more
details of the calculation are contained in ANNEX A). Therefore, by using several numbers of
laser pulses, it is possible to determine 7 for the different disks size, as can be seen in Figure 5.10.
It is remarkable that this rate varies over almost four orders of magnitude. Finally, Figure 5.11
shows the exponential evolution of the toggle switching (it’s more like the non-switching rate
—n) with the magnetic disk diameter. This exponential size dependence is remarkable because
it is unusual in magnetism. Indeed, this has nothing to do with the size dependencies observed
in disk systems of perpendicular anisotropy'®’-!'”!. Several phenomena could be involved in the
observation of this remarkable behavior. The aims of the next section will be to discuss the

different possible switching models.
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Figure 5.11: Variation of the toggle switching probability with the disk diameter in Pt (3.7 nm)/Gd/Co
(0.7 nm)/Pt (3 nm) heterostructure.
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5.4 Modeling of all-optical switching in nanostructures

The demonstration of the magnetization reversal of full film, micro and nanostructures for the
studied engineered ferromagnet by laser pulses linearly polarized, allows us to conclude that the
switching mechanism is due to purely thermal effects. In this section, two possible models to
understand the behavior of the toggle switching probability with structures size will be presented:

(i) a thermal activation process, (ii) inhomogeneous reversal.

5.4.1 Thermal activation

Generally observed on elements as large as ours'’!"!7? thermal activation process is possible
after switching. Consider the very simplistic assumption that the thermal activation phenomenon
with a characteristic time 7 takes place after inversion, at a constant temperature 7" for a time ¢.
The effective switching rate after perfect reversal would then be of the form (more details of the

calculation are contained in ANNEX A):
2
n=—er (5.2)
(7 converges to 0 when thermal activation is predominant). Given the high reversal rates ob-
served experimentally, this would correspond to small process times in front of the characteristic
time (% = 5.1073 for the highest value). Moreover, If the characteristic time is related to the
thermal activation above a single potential barrier, it can be written as an Arrhenius low!”:

T = ToeR5 T (5.3)

By using equation 5.2 and 5.3, it is possible to relate the barrier height directly to the experi-

mental fall rate: A
E 2t
—In= = —In(=In(— 54
o~ In= = —In(~In(=m) 5.4

This quantity is shown in Figure 5.12. The remarkable linear evolution of the energy barrier

with the diameter observed in Figure 5.12, indicate that in our studied structures, the reversal
occurs by nucleation followed by domain wall propagation. This type of switching is coherent
with the size range of the studied structures. Indeed, in ultra-thin film structures with perpen-
dicular magnetization, two types of thermally activated magnetization reversal can be achieved,

depending on the size'”*:

* A coherent magnetization rotation for which the barrier height is proportional to the square

of the diameter (for structures size below the critical diameter d,. *).

*d. (about ten nanometers) is the diameter where the domain wall energy becomes less than the energy barrier
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* A nucleation and domain wall propagation reversal process of the magnetization for which

the barrier height depends linearly on the diameter (for structures size above d..).
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Figure 5.12: Variation of the energy barrier A F/ with the disk diameter in Pt (3.7 nm)/Gd/Co (0.7 nm)/Pt

(3 nm) heterostructure.

Then, if we consider that f—o is independent of size, we determined the coeflicient of the bar-
rier height AE/Kpg.T equal to 7.7 um~!. According to micromagnetic simulations (Performed
by Francois Montaigne), the linear wall energy AFE is of the order of 10717 J.um™~!. Therefore,
Kp.T=1.32 107'8] and we deduce an estimated temperature of 10° K invalidating the thermal

activation hypothesis.

5.4.2 Analytical and micromagnetic simulations approach

We will show that this size dependence can in fact be explained by an inhomogeneous optical
reversal. Let us assume that the reversal is intrinsically an inhomogeneous process with the pos-

sibility of switching, or not, locally, at the scale of an elementary volume (typically of the order

for the coherent reversal. This diameter depends on the square root of the ratio of the exchange constant and the

effective anisotropy.
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of d.). It can then be envisaged that after an initial demagnetization-switching phase, the largely
inhomogeneous magnetic structure evolves towards a monodomain magnetic configuration, the
direction of which depends on the proportion of elementary volumes that have been switched or
not. The greater the number of elementary volumes, the greater the probability of reversal, like
the Condorcet jury theorem. In this case, there would be a microscopic probability of reversal
n', independent of the size of the plot, which would translate into a macroscopic probability 7
depending on the number of consequent elementary volumes and thus on the size of the plot. If
we consider that the symmetry breaking induced by the initial imbalance fixes the final configu-
ration, we have a "majority judgment" type of evolution and the macroscopic probability for N
elementary domains (/V odd) is given by:

= N , . , :

> ( Z. ) (+)N A=) = (T +7) A —n)V) (5.5)

=0
Figure 5.13(a) shows the variation of this law for elementary domains of size equal to 16 nm? for
7’ values of -0.013 and -0.02. If the increase of the switching rate with size is well reproduced by

this hypothesis, the variation obtained is much "faster" than the experimental variation observed.

(b)
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Figure 5.13: Evolution of the toggle switching (black disks) compared with (a) a simple probabilistic
model analog to Condorcet’s jury theorem represented by the red curves for 77/ equal to -0.013 and -0.02,

and (b) micromagnetic simulations represented by the blue curve for 77/ equal to -0.04.

However, the process of "re-magnetization" is much more complex than a simple "majority
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judgment". Indeed, a magnetic disk that presents a multidomain configuration with a non-zero
magnetization in one direction may very well relax to a monodomain configuration of opposite
magnetization. It is then essential to consider the micromagnetic aspects and more particularly
the topology of the walls. Thus, we have performed micromagnetic finite difference simulations.
The effect of the laser pulse is simulated by a random initial configuration where the magnetiza-
tion of each cell is fixed at 1. Assuming a homogeneous configuration before the pulse at +1,
the probability for a given cell to be at -1 is given by %(1 —n)". This initial configuration is then
relaxed until the single-domain state is obtained and the calculation is repeated many times to
derive the macroscopic value 7. Figure 5.13(b) shows the expected evolution for a cell size of 4
x 4 nm? and a value 7])' equal to -0.04. This figure shows that a highly non uniform switching

process with a microscopic switching probability explains our experimental data.

5.5 AO-HIS in nanostructures at picosecond pulse duration

As already highlighted in section 4.3.3.2 and 5.2.3, the pulse duration is one of the degrees of
freedom to characterize all optical switching in magnetic materials. In the previous section, all
AOS experiments were performed with 35 fs laser pulses. Although the magnetic state of the
studied sample has already been presented in Figure 5.4 with few MOKE images at high pulse
duration, the aim of this section is to investigate further the magnetization behavior of the full
film and of the nanostructures after the excitation of picosecond laser pulses. We will show that
the single shot AO-HIS is no longer perfect at this pulse duration scale and the reduction of the

disks size will induce a decrease of the switching rate, as also observed at 35 fs.

5.5.1 Single shot AO-HIS

Figure 10 shows the results of AO-HIS on Pt (3.7 nm)/Gd/Co (0.7 nm)/Pt (3 nm) full film,
initially saturated out of plane with a magnet. In this MOKE images, dark and light grey ar-
eas correspond to the magnetization pointing up and down, respectively. In the case of linearly
polarized pulses with 2 ps of pulse duration, Figure 5.14(a) presents a toggle switching of the
magnetization obtained after the irradiation of two consecutive linear laser pulses with 1 s be-
tween pulses and a fluence range from 10.7 to 16 mJ/cm?. Due to the gaussian laser distribution
of the laser, the size of the switched domain increase with the augmentation of the fluence. The
observation of the switching state in this fluence range and at 2 ps agrees well with the state
diagram in Figure 5.4. However, regardless of the fluence magnitude, the switched domain is

inhomogeneous with the presence of small unswitched domains inside the exposed area. The
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latter inhomogeneity is reinforced as soon as we continue to extend the pulse duration to 2.5 ps,
as can be seen in Figure 5.14(b) when we exposure two consecutive laser pulses with a fluence of
12.8 mJ/cm? onto the initially saturated study sample in the same direction as the AOS 2 ps ex-
periment. The consequence of this high inhomogeneity at long pulse duration within switching
domain will be the loss of the switching state after several pulses, as demonstrated in parragraph
4.2.4.1 when we defined the different AO-HIS regime. Finally, this result is in good agreement
with the magnetic state diagram realized on Pt (3.7 nm)/Gd (0.07 nm)/Co (0.7 nm)/Pt (3 nm)
full film and displayed in section 4.3.3.2. Indeed, the latter diagram showed that the maximum

pulse duration 7,,,,, value where we can still achieve perfect toggle switching is equal to 1.8 ps.

(a)

Fluence 10.7 11.2 12.8 15 16

(mJ/cm?)

Figure 5.14: Magneto-optical images of Pt (3.7 nm)/Gd/Co (0.7 nm)/Pt (3 nm) full film obtained after
the action of two consecutives single laser pulse of (a) 2 ps and (b) 2.5 ps. The dark grey (light grey) area
represents the out of plane magnetization of the film pointing “up” (“down”) as represented by the circled
disk (cross). The AOS experiments were performed for a fluence range from 10.7 to 16 mJ/cm? and an
inhomogeneous switching domains are observed. The length of the scale bar is 40 um and the laser beam

diameter is 70 um.

5.5.2 AO-HIS as a function of the number of pulses and light polarization

The study of the AO-HIS by varying the number of pulses allowed us to characterize the quality
of the switching in Chapter 4. But it was also instrumental in demonstrating the non-uniform
switching process exhibited by the studied sample in the case of 35 fs incident laser pulses
(section 5.3.3). Consequently, we performed the same type of measurement at 1 pm, 800 nm,
600 nm, and 400 nm disks and by shifting the number of pulses at a rate repetition of 5 kHz. The

reduction in the range of the disk diameter compared to the previous section fine is justification
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to the introduction of another parameter of AOS: the laser polarization. Indeed, Figure 5.15
presents the magnetic state of the 1 um disks after excitation with 1, 2 and 600 picosecond laser
pulse at a fixed fluence of 11 mJ/cm? for left, right circular and linear polarization. Initially, all
the patterned areas were saturated with a 1 Tesla magnetic field in the opposite direction of the
situation of Figure 5.14 and 5.6. Therefore, the dark contrast of disks located mainly at the edges
of the MFM images are those that have not been magnetically altered by the laser pulse. While
the light contrast disks located principally in the center of the MFM image represent structures

with a magnetization reversed by the laser pulse excitation.

Figure 5.15: MFM mapping of 1 pm diameter disks array after exposure to 1, 2 and 600 consecutive
laser picosecond pulses with the circularly left (blue circle), right (red circle) and linearly (green arrow)
polarized light. The light contrast corresponds to the reversed disks. The field of view is 80 um for all
MFM images.

These MFM scans show that the exposed structures are monodomains and the number of
switched disks after the irradiation of a pulse is similar regardless of the polarization of the
laser pulses. For 2 and 600 picosecond incident laser pulses, it is more complicated to analysis
the switching or even to conclude whether we have a helicity effect on the reversal. A careful
quantitative approach is necessary to continue the description. However, the higher number of

unswitched disks in this case of long pulse duration is not related to the size of the disk, or to the
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helicity of the light but is coherent with the inhomogeneous switched domains observed on full
film (see Figure 5.14). Therefore, the loose of the switching state for a higher number of pulses
(600) at 5 kHz of rate repetition observed in MFM images is strongly related to the degradation
of the AO-HIS at 2 ps. It should be emphasized that this behavior has been observed for other

nanostructure sizes, as will be shown in the next paragraph using radial profiles.

5.5.3 Preliminary quantitative analysis

By realizing the data processing explained in paragraph 5.3.3.3, we obtained the radial switching
profiles of the MFM images of Figure 5.15. Figure 5.16 shows the result of this operation with
the behavior of m (average magnetization) as a funtion of the structures position. Indeed, for
a radius below 15 £ 1 um, indicated by the yellow rectangle, the reversal of the magnetization
with a picosecond pulse is independent of the laser polarization. Moreover, in this region near
the center of the laser spot, whatever the helicity of the light, m is negative for two incident
pulses, indicating that most of the structures switched back. For 600 circularly right and linearly
polarized pulses, m reaches a permanent state where there is an equal probability of switching
in both directions (up and down). While for 600 circularly left polarized pulses, m is close to
zero, but it remains positive. For a radius between 15 um and 30 um, indicated by the light
blue rectangle, we clearly see a dependence on the trends of m with the light helicity. This
helicity-dependence is enhanced for 600 laser pulses, as illustrated at r = 20 um, where m equal
to 0.5, -0.85, -0.3 for the circularly left, right, and linearly polarized light, respectively. In sum,
qualitatively, we find in this region the multiple pulses helicity-dependent AOS characteristic of

a Pt/Co/Pt ferromagnet®> %8287 174,

144



5.5. AO-HIS IN NANOSTRUCTURES AT PICOSECOND PULSE DURATION

1 pulse 2 pulses 600 pulses
10F Left
B, e L L — nght
il ; \ Linear
05 -
E 0.0 JW\IV\
05}
-1.0¢ — AR S — - BT
0O 10 20 30 400 10 20 30 400 10 20 30 40

r(um) r(um) r(um)

Figure 5.16: Radial switching profiles of magnetic 1 um disks made of Pt (3.7 nm)/Gd/Co (0.7 nm)/Pt (3
nm) obtained after the action of 1, 2 and 600 consecutive picoseconds pulses with the circularly left (blue

curves), right (red curves) and linearly (green curves) polarized light.

All the radial profiles for disk diameter from 1 um to 400 nm with 3 light polarizations at a
given laser fluence was performed and displayed in Figure 5.17. Here again, two regions with
two different magnetization behavior are observed. Indeed, for a radius of 15 4+ 1 um and in
the case of one pulse, the average magnetization is reduced when the disk diameter decreases.
This latter observation is true for the three laser helicities. While, in the case of 600 pulses,
although m equal to zero for the right circular and linear polarization, m remains positive for
the left circular polarization. For a radius between 15 um and 30 um, we observed the same
dependence on the trends of the magnetization with the light helicity. Even for 400 nm disks,

we still observe the multiple pulse effect at the edge of the laser spot.

To clearly illustrate the latter observations, we extracted in all the radial profiles of Figure
5.17, the value of m at 10 um from the laser spot center. We choose this radius because at this
distance, we are still in the constant region of m. Figure 5.18 depicted this extraction for the
three light polarizations used. However, we did not continue the quantitative analysis. Indeed,

the extraction of the switching probability has become complicated due to the poor statistics
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Figure 5.17: Radial switching profiles of magnetic disks from 1 um to 400 nm made of Pt (3.7 nm)/Gd/Co
(0.7 nm)/Pt (3 nm) obtained after the action of 1, 2 and 600 consecutive picoseconds pulses with the

circularly left, right and linearly polarized light.

(just three number of laser pulses with one radial profile for each number) and to the integration

of the helicity in the analytical calculation.
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Figure 5.18: Evolution of the average magnetization m of 1 um to 400 nm disks made of Pt (3.7
nm)/Gd/Co (0.7 nm)/Pt (3 nm) obtained after the action of 1, 2 and 600 consecutive picoseconds pulses

with the circularly left, right and linearly polarized light.

5.6 Summary

In this last chapter, we studied the size effect on the single-shot AO-HIS for the Pt/Co/Pt tri-layer
when we introduced a Gd dusting at the bottom Pt/Co interface after the excitation of femtosec-

ond and picosecond laser pulses. Firstly, we showed that the structural and magnetic proper-
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ties of the studied sample are like those of the ferromagnetic Pt/Co/Pt. Unexpectedly, we have
demonstrated the switching of the magnetization of the continuous film using a single linearly
polarized femtosecond laser pulse. Indeed, this finding contrasts with previous works which
indicated that we needed multiple circularly polarized laser pulses to switch the magnetization
of a ferromagnetic material. Moreover, a magnetic state diagram has been built and presented
the same triangular switching shape as the GdFeCo ferrimagnetic alloy with a stochiometric
composition near the compensation point.

Then, the third section of this chapter presents our study of the AO-HIS mechanism on disk
arrays ranging from 3 um to 400 nm in diameter with 35 fs linearly polarized laser pulses. By
varying the number of laser pulses, it appears that a single toggle switching probability can
describe the reversal behavior. The variation of this switching probability can be accurately
measured in the range of 99.99% to 90% for disk arrays ranging from 1.5 um to 400 nm. Thus,
the switching probability degrades as the diameter of the structure is reduced. Moreover, the
"exponential" variation of the switching probability with the disk diameter size is quite particu-
lar and cannot be explained by specific optical effects. On the other hand, a highly non uniform
switching process with a low microscopic switching probability explains our experimental data.
A simple probabilistic model, analog to Condorcet’s jury theorem has been proposed and com-
pared to micromagnetic simulations.

Finally, the impact of the pulse duration on the AOS mechanism has been accurately inves-
tigated on the full film and on disk arrays ranging from 1 um to 400 nm at 2 ps. At this “long”
pulse duration, we demonstrated that the switching is no longer perfect, and we lose the switch-
ing regime regardless of the light helicity after several (600) pulses. Nevertheless, the reduction
of the lateral size continues to cause a qualitative decrease of the switching probability, thus

following the same behavior demonstrated in the case of a femtosecond laser pulse.
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Conclusion and perspectives

The aims of this thesis were to investigate the size effect on all-optical helicity-independent
switching (AO-HIS) in systems showing this reversal mechanism at the full film scale. Although
the approaches to describe the magnetization dynamic remains highly debated, our work in this
field of research was to study the impact of reducing the lateral dimension of magnetic materials
with "quasi-static" AOS experiments. Indeed, we have fabricated arrays of disks which diameter
ranges from 3 um to 400 nm for two types of magnetic thin film (GdFeCo alloy and Gd-dusted
Pt/Co/Pt tri-layer) and systematically irradiated laser pulses on the patterned regions. if the
importance of specific light absorption in nanostructures is revealed by the dependence of the
threshold switching fluence with disk size for the GdFeCo alloy, thermal effects do not explain
the behavior of the switching probability as a function of disk size for the Gd-dusted Pt/Co/Pt
tri-layer.

The first part of this work reviews the main results published in the field of ultrafast manip-
ulation of magnetization by ultrashort laser pulses. We started this chapter by presenting the
first experimental demonstration of laser-induced dynamics in a ferromagnetic material. In this
section, the different possible mechanisms involved in the ultrafast magnetization dynamics are
presented. Then, the second section focuses on the static and dynamic observation of all-optical
switching in ferrimagnetic materials. The starting point for the reversal of magnetization by light
is the discovery in 2007 of deterministic switching of GdFeCo magnetic domains using several
pulses for a given helicity and then a single linearly polarized pulse. In this section, we therefore
present other ferrimagnetic materials that exhibit AO-HIS, with a focus on synthetic ferrimag-
netic materials. Furthermore, the absence of angular momentum in linearly polarized light and
the observation of AOS independent of the direction of a single magnetic domain demonstrate
that the pure thermal effect is the mechanism driving AOS in this type of material. The dy-
namics of the magnetization has also been reported and approaches to describe the observed
ultrafast dynamics are still very much debated. However, another class of magnetic materials
exhibiting AOS is ferromagnet. Indeed, from full film to granular media, it is now well known

that a complete reversal of magnetization in one direction for one helicity and in the opposite di-
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rection for the opposite helicity can be obtained, called all-optical helicity-dependent switching
(AO-HDS). It has been shown that nucleation and domain wall propagation are the switching
process for this type of reversal. In addition, the inverse Faraday effect (IFE) and magnetic cir-
cular dichroism (MCD) appear to be the two best candidates for understanding the AO-HDS
mechanism in this magnetic material. In the next section, the use of ultrafast spin currents to
drive the magnetization switching of a ferromagnet inside a spin valve by using femtosecond
laser pulses is presented. At the end of this chapter, the various studies of the size effect on

AO-HIS performed mainly in the GdFeCo alloy are reviewed.

In chapter 3, we present a systematic study of the magnetization reversal for GdFeCo disks
which diameter ranges from 10 um to 400 nm with 35 fs linearly polarized laser pulses. For
bigger micro-disks (between 10 and 3 um), we confirm that larger patterned GdFeCo structures
exhibit all-optical switching. Remarkably, the formation of a ring, followed by its expansion
towards the center of the structure is observed and illustrates a slow switching dynamic of about
30 s for 6 um disks. However, since the distance between structures and the disks diameter are
comparable to the diameter of the laser beam, difficulties soon arose in studying the size effect
at this lateral dimensional scale. One of them is the proper definition of parameters such as
the switching threshold fluence, the demagnetization fluence, the pulse duration limit, and the
switching probability involved in the AOS mechanism. To overcome this limitation, we contin-
ued to reduce the size of the disks from 3 pm to 400 nm in diameter while moving them closer
together. We experimentally demonstrate single pulse toggle switching of the magnetization of
GdFeCo disks in this size range by using 35 fs linearly polarized laser pulses. Two different
magnetic states can be observed depending on the laser fluence: either a deterministic switching
of the disks magnetization or a randomly oriented disk. We show that the fluence required to
observe both magnetic states show a non-monotonic behavior with disk diameter, and that the
smallest disks require the lowest minimum fluence for achieving single pulse all-optical helicity-
independent switching. Different evolution of the fluence thresholds for both phenomenon as a
function of the disk size is observed and discussed. We end this chapter by showing that an
augmentation of the pulse duration magnitude induces a progressively decrease of the quality of
the AO-HIS.

In chapter 4, we present a careful analysis of the Gd magnitude and position effects on sin-
gle pulse all-optical switching mechanism in Pt/Co/Pt ferromagnet. Three types of Gd wedge
samples are realized: Pt/Gd/Co/Pt, Pt/GdCo/Pt and Pt/Co/Gd/Pt. Indeed, we used a wedge de-
position process to vary progressively the Gd thickness in all the full film. For the Pt/Co/Gd

stack, we demonstrate the necessity to separate the switching and the perfect toggle switching
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regime. Indeed, the clear difference in magnetization behavior appears in these two regimes
when a multidomain state is observed for the switching regime while a toggle reversal domain
is achieved for PTS, in the case of 10000 consecutive single laser pulses with 5 kHz of rate
repetition. Moreover, we demonstrate that we could reduce the Gd thickness from 3 nm to 0.27
nm and still observe the perfect toggle switching mechanism. This experimental result demon-
strates that the interfacial effect is the main effect responsible for the observation of AO-HIS
in Pt/Co/Gd stack. For Pt/Gd/Co/Pt, we demonstrate the perfect toggle switching down to 0.06
nm Gd thickness. Moreover, by plotting the magnetic state diagram (fluence vs pulse duration)
for Gd thickness equal to 0.07 and 0.21 nm, we observe the same triangular switching window
demonstrated previously in ferrimagnetic alloys. Remarkably, the less Gd in the lower Pt/Co
interface, the higher the maximum pulse duration. However, for a Gd thickness around 0.3 nm,
the Co magnetization goes in plane. Finally, in the case of GdCo alloy sandwiched by two Pt
layers, we demonstrate that the PTS state can be achieved down to 7.5% of Gd and the switching

regime down to 4% of Gd.

In chapter 5, we present a systematic study of the size effect on AO-HIS in Gd-dusted
Pt/Co/Pt disks which diameter ranges from 3 pm to 400 nm with 35 fs linear polarization
laser pulses. The effect of laser excitation is investigated in-situ using a polar MOKE mi-
croscope and the quantitative analyze of the switching probability were performed ex-situ by
magnetic force microscopy. The variation of this switching probability with the disks size is
precisely measured and explained by a non-uniform switching process. Finally, the influence

of the laser pulse duration and the laser helicity on the AOS in this range of disk size is discussed.

In the light of all this work, many questions will need to be addressed in the future. The

following paragraph give some perspectives on this work.

In chapter 3, for GdFeCo disks arrays between 3 micron and 400 nm of diameter, if the study
of the size effect on AOS can be continued by decreasing the disk size, it is crucial to study the
influence of the period on AO-HIS at a given size for this range disk diameter. This would allow
to know if the non-monotonic behavior of threshold fluence are both observed in the disk size
and in the period of the disk array. In addition, more complex optical simulations need to be
performed if we want to understand in detail the behavior of the random threshold switching or
the ratio fluence in this diameter range. In chapter 4, theorical approaches must be realized to
understand why we have such a dependence of the AO-HIS mechanism with the Gd position.
The clear evidence of this remarkable difference is the observation of perfect toggle switching

and multidomain state when we introduce 0.06 nm of Gd at the bottom and top Co/Pt interface,
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respectively. In addition, theorical, analytical or simulations should also be performed to inves-
tigate our experimental achievement of AO-HIS for a GdCo alloy and Pt/Gd/Co stack with just
3% of Gd. Indeed, at this proportion of Gd we are fare away from the compensation point, and
since the discovery of single thermal AOS in ferrimagnetic alloy presented the compensation
point to be indispensable for ultrafast reversal, our results raise questions about the mechanisms
involved on AO-HIS. We also believe that TR-MOKE experiment must be realized in all the
studied sample: did the reversal process and timescale are like GdFeCo alloy or to Pt/Co/Gd
stack? In chapiter 5, if the question of how we can achieve single thermal all-optical switching
in Pt/Co/Pt with a Gd dusting remains open, It will be interesting here to continue to decrease
the size of the disk and to highlight the behavior of the switching probability as a function of
the disk size. In addition, by combining MFM scanning with electrical measurements, it may be
possible to study the size effect more efficiently, since MFM characterizations alone have proved
to be time consuming at thesis timescale.

However, we believe that this work will surely change the understanding of the all-optical
switching mechanism of the last 15 years. Indeed, the demonstration that a very small amount
of Gd is needed not only opens new application possibilities, but also challenges the theoreti-
cal description of the all-optical switching mechanism. Finally, the study of the size effect is
necessary to get closer to the application level and to highlight new phenomena hidden in this

magnetization reversal process.
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Appendix A

Details of the quantitative analysis

The purpose of this annex is to give some lines of calculation that allowed us to perform our
quantitative analysis of the switching probability behavior with the disk diameter. Indeed, in
Chapter 5, we performed an MFM scans on Gd-dusted Pt/Co/Pt disk arrays after the AOS exper-
iments and we were able to convert the MFM maps into digital images. Therefore, the problem of
determining the switching probability emerges quickly since the switching state degrades when
we have reduced the disk size. To achieve this goal, this appendix is divided into two parts. First,
we present the parameter, notation and reasoning we used to establish the relationship between
the average magnetization of the experiment and the switching (or non-switching) probability.
Then we show the different equations used to relate the switching probability to the thermal

activation process.

A.1 Magnetization and switching probability

Let us first introduce the notations and the two assumptions that we done. Indeed, we considered
two equivalent directions of disks magnetization (no external magnetic field, or effect of light
polarization), and no interaction between disks. Only one parameter is necessary to understand
the probability to switch the disk magnetization from up to down and down to up. Indeed, in
the general toggle switching case, the probability of reversal after a pulse is independent of the

magnetic state and can be written as (1 — 7):
* nn = —1 corresponds to perfect toggle switching,
* 17 = 0 corresponds to a completely random demagnetization process and
* 17 = +1 corresponds to no toggle switching.

153



APPENDIX A. DETAILS OF THE QUANTITATIVE ANALYSIS

7 is directly the correlation coefficient between the magnetic states of a nanostructure between

two pulses. Figure A.1 give a view of this switching probability between two consecutive pulses.

1 -n)

1
7(1 —1)
Figure A.1: View of the switching probability

Let’s note P} the probability of being in a given state after the i*" pulse

Ply=P'—aP +8.P
(A.1)

Pl =P -B.P/ +a.P]
Where « (respectively [3) is the probability of reversal from up 1 to down | (respectively
down | to up 1) and is equal to %(1 —n). Then, by replacing a and (3 in Equation A.1, we have:

1 to1
Py =n-E + 51 =n)

(A.2)

1
P, =n.P + S =)

Let us now consider that the starting configuration is POT = 1and POi = 0 (all the disks are

pointing in the upward 71 direction). The probabilities for the first and second pulses is given by:

1 1
Pl=-(1+n) , P! =51 =)

2
) . (A.3)
P§:§(1+?72) , Py 25(1—772)

Experimentally, after the first pulse we measure m*" the magnetization after a pulse in the
switching direction, and m™°"~** the magnetization after a pulse in the non-switching direction,
so with POT =1:
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A.2. SWITCHING PROBABILITY AND THERMAL ACTIVATION

m =2.Pv—1
(A4)
mrenT =2 Pt — 1
By introducing A.3 in A.4 we obtain the relation between the magnetization and 7 for the

first and second pulse:

# lpulse :m®” =-—n  # 2pulse :m™ = —n?
(A.5)
£ lpulse :m™" "  =n  #2pulse m"" Y =P
The same reasoning can be realized for the third, fourth and ith pulse:
msY = _772
(A.6)
mnonfsw — /r]l

A.2 switching probability and thermal activation

We consider a system with two states (up 1 and down ). We define a characteristic (thermally
activated) transition time 7 between the two states. If we denote by P and P+ the probabilities

of being in each state, we have:

dpt 1 1 1 2
—— =-pty_pt=-_Zpt
dt T T T T
. (A7)
dP 1 1 1 2
— =-pt+-pr=-_Z_pt
dt T T T T
And so the temporal solutions:
i 1 i 1 _ 2t
P(t) = 3 + [ P¥(0) — 2)e (A.8)

The system converges well to PT = P+ = % If we think in terms of magnetization, we have :

m(t) = P'(t) = PH(t) = (P'(0) = P0)e - (A9)
Let us consider that just after the first pulse, the switching is perfect: m;(0) = —1 and after
a certain time ¢,
2t
mi(t)=n=—e 7 (A.10)
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Résumé de la these

La possibilité de manipuler 1I’aimantation de manie¢re déterministe avec une seule impulsion
laser femtoseconde a attiré I’attention sur les applications de stockage de données magnétiques,
de mémoires et de logique a grande vitesse et a faible consommation d’énergie. En 2011,
la premiere observation un renversement indépendante de 1’aimantation par une seule impul-
sion optique ultra-rapide (all-optical helicity-independent switching "AO-HIS") a été rapportée’.
Depuis, ’AO-HIS a été réalisée dans divers échantillons ferrimagnétiques a base de Gd, tels que
les films amorphes minces de Gd,(FeCo);_,'~, les films amorphes minces de Gd,Co;_,°, les
multicouches de Gd/Co’ et les alliages de Gd;_,_,Tb,Co,™’. De plus, en 2016, en profitant
du couplage d’échange entre une multicouche Co/Pt et GdFeCo, il a été démontré la retourne-
ment de I’aimantation du Co/Pt induite par une seule impulsion laser femtoseconde'’. Deux
ans plus tard (2018), PAO-HIS a également été rapporté dans des hétérostructures plus com-
plexes telles que les valves de spin a base de Gd,(FeCo),_,''. L’étude de ce retournement a
origine purement thermique dans les valves de spin pour différents matériaux magnétiques reste
un domaine d’intérét majeur pour la communauté scientifique, car la physique est riche dans ces
structures complexes”*?. En 2020, la premiére observation du mécanisme AO-HIS sans Gd a
été rapportée pour deux types de structure sans Gd: dans les alliages Heusler ferrimagnétiques
semi-métalliques MnyRu,Ga qui posseédent deux sous-réseaux Mn non équivalents'> et dans la
multicouche Co/Tb'®!”. Ce dernier travail récent démontre que le mécanisme est tres différent
de celui observé pour les échantillons a base de Gd.

Les résultats expérimentaux obtenus sur divers matériaux magnétiques présentant un ren-
versement indépendante de 1’aimantation par une seule impulsion optique ultra-rapide mon-
trent la présence des criteres communs. Tout d’abord les échantillons sont constitués de deux
sous-réseaux d’aimantation antiferromagnétiquement couplés, résultant soit a un alliage soit a
une multicouche. En 2017, il a été montré que dans le cas d’échantillons en alliage, la com-
position montrant AO-HIS est proche de la compensation pour laquelle 1’aimantation nette de
I’échantillon est proche de zéro’. De plus, la fluence laser nécessaire pour obtenir AO-HIS est

minimale autour de la compensation’. Les études théoriques et la modélisation ont démontré

173



RESUME DE LA THESE

que le couplage d’échange entre les deux sous-réseaux d’aimantation joue un rdle crucial dans le
transfert de moment angulaire entre les sous-réseaux'®. De plus, les deux principales approches
pour décrire la dynamique de 1’aimantation des sous-réseaux sont le modele microscopique a
trois températures'® et I’équation atomistique de Landau-Lifshitz-Gilbert***?. Ces modélisa-
tions permettent de prédire que le rapport optimal entre les atomes de métaux de transition et les
atomes de terres rares pour une commutation réussie est proche de la compensation de 1’alliage
ferrimagnétique’. En 2019, des études expérimentales et théoriques sur les bicouches Co/Gd*
montrent que, contrairement aux alliages ferrimagnétiques de métaux de transition a base de
terres rares, les bicouches peuvent étre commutées en 1’absence d’une température de compen-
sation de I’aimantation. De méme, il est démontré qu’en changeant le mélange entre Co et Gd
a l'interface, la gamme d’épaisseur a laquelle AO-HIS peut étre observée change drastiquement

ainsi que la fluence seuil**

. Cependant, pour les applications futures, la présence d’éléments
de terres rares n’est pas recommandée en raison du tres faible rapport de magnétorésistance a
effet tunnel qui peut €tre obtenu dans les jonctions magnétiques a effet tunnel a base de terres

rares>2°,

Les objectifs de cette these étaient d’étudier I’ effet de 1a taille sur le retournement tout optique
indépendant de I’hélicité (AO-HIS) dans des systemes présentant ce mécanisme de renversement
a I’échelle du film continu. Bien que les approches pour décrire la dynamique de 1’aimantation
restent tres débattues, notre travail dans ce domaine de recherche a consisté a étudier I’'impact de
la réduction de la dimension latérale des matériaux magnétiques avec des expériences magnéto-
optiques "quasi-statique". En effet, nous avons fabriqué des réseaux de disques avec des di-
ametres allant de 3 pm a 400 nm pour deux types de films minces magnétiques (alliage GdFeCo
et tri-couche Pt/Co/Pt saupoudré de Gd) et avons systématiquement irradié des impulsions laser
sur les régions modelées. Alors que I’importance de 1’absorption spécifique de la lumiere dans
les nanostructures est révélée par la dépendance de la fluence seuil de renversement par rapport a
la taille du disque pour I’alliage GdFeCo, les effets thermiques n’expliquent pas le comportement

de la probabilité de retournement en fonction de la taille du disque pour la tri-couche Pt/Co/Pt

saupoudré de Gd.

La premiere partie de ce travail passe en revue les principaux résultats publiés dans le do-
maine de la manipulation ultra-rapide de 1’aimantation par des impulsions laser ultra-courtes.
Nous avons commencé ce chapitre en présentant la premiere démonstration expérimentale de dy-
namique induite par laser dans un matériau ferromagnétique. Dans cette section, les différents
mécanismes possibles impliqués dans la dynamique de 1’aimantation ultrarapide sont présentés.

Ensuite, la deuxieme section se concentre sur I’observation statique et dynamique de la commu-
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tation tout-optique dans les matériaux ferrimagnétiques. Le point de départ du renversement de
I’aimantation par la lumiere est la découverte en 2007 de la commutation déterministe de do-
maines magnétiques de GdFeCo a1’aide de plusieurs impulsions pour une polarisation circulaire
donnée puis d’une seule impulsion polarisée linéairement. Dans cette section, nous présentons
donc d’autres matériaux ferrimagnétiques qui présentent un AO-HIS, en mettant 1’accent sur
les matériaux ferrimagnétiques synthétiques. En outre, I’absence de moment angulaire dans
la lumiere polarisée linéairement et I’observation de I’AOS indépendamment de la direction
d’un seul domaine magnétique démontrent que 1’effet thermique est le mécanisme qui conduit
I’AOS dans ce type de matériau. La dynamique de 1’aimantation a également été rapportée et les
approches pour décrire la dynamique ultrarapide observée sont encore tres débattues. Cepen-
dant, les ferromagnétiques constituent une autre classe de matériaux magnétiques présentant
ce retournement tout optique. En effet, du film continu au milieu granulaire, il est maintenant
bien connu que I’on peut obtenir un renversement complet de I’aimantation dans une direction
pour une polarisation circulaire et dans la direction opposée pour la polarisation circulaire op-
posée, appelé retournement tout-optique dépendant de la polarisation circulaire de la lumiere
(all-optical helicity-dependent switching "AO-HDS"). 11 a été démontré que la nucléation et
la propagation des parois de domaine constituent le processus de renversement pour ce type
de retournement. De plus, I’effet Faraday inverse (IFE) et le dichroisme circulaire magnétique
(MCD) semblent étre les deux meilleurs candidats pour comprendre/expliquer le mécanisme
AO-HDS dans ce matériau magnétique. Dans la section suivante, 1’utilisation de courants de
spin ultrarapides pour piloter la commutation de I’aimantation d’une couche ferromagnétique a
I’intérieur d’une valve de spin en utilisant des impulsions laser femtosecondes est présentée. A
la fin de ce chapitre, les différentes études de I’effet de taille sur le mécanisme AO-HIS réalisées

principalement dans 1’alliage GdFeCo sont passées en revue.

Dans le chapitre 3, nous présentons une étude systématique du retournement de I’aimantation
pour des disques de GdFeCo de diametre compris entre 10 pm et 400 nm avec des impulsions
laser de 35 fs polarisées linéairement. Pour les micro-disques plus grands (entre 10 et 3 pm),
nous confirmons que les structures GdFeCo a motifs plus larges présentent un renversement tout
optique. De facon remarquable, la formation d’un anneau, suivie de son expansion vers le cen-
tre de la structure est observée et illustre une dynamique de renversement lente d’environ 30
s pour les disques de 6 pm. Cependant, comme la distance entre les structures et le diametre
des disques sont comparables au diametre du faisceau laser, des difficultés sont rapidement ap-
parues pour étudier I’effet de taille a cette échelle dimensionnelle latérale. L’une d’entre elles

est la définition correcte des parametres tels que la fluence seuil de renversement, la fluence de
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désaimantation, la durée limite d’impulsion et la probabilit¢ de commutation impliquée dans
le mécanisme de ’AO-HIS. Pour surmonter cette limitation, nous avons encore réduit la taille
des disques de 3 pum a 400 nm de diametre tout en les rapprochant les uns des autres. Nous
démontrons expérimentalement le renversement grace a une seule impulsion de 1’aimantation
des disques de GdFeCo dans cette gamme de taille en utilisant des impulsions laser polarisées
linéairement de 35 fs. Deux états magnétiques différents peuvent étre observés en fonction de la
fluence laser : soit un retournement déterministe de I’aimantation du disque, soit un disque ori-
enté de facon aléatoire (multidomain pour des disques micrométriques et domaine unique pour
des disques manométriques). Nous montrons que la fluence requise pour observer les deux états
magnétiques présente un comportement non monotone avec le diametre du disque, et que les
plus petits disques nécessitent la fluence minimale la plus faible pour obtenir une commutation
tout-optique indépendante de I’hélicité en une seule impulsion. L’évolution différente des seuils
de fluence pour les deux phénomenes en fonction de la taille du disque est observée et discutée.
Nous concluons ce chapitre en montrant qu’une augmentation de la durée d’impulsion induit

une diminution progressive de la qualit¢ AO-HIS.

Dans le chapitre 4, nous présentons une analyse minutieuse des effets de I’amplitude et de la
position de Gd sur le mécanisme de renversement tout optique a impulsion unique dans le fer-
romagnétique Pt/Co/Pt. Trois types d’échantillons de wedge de Gd sont réalisés : Pt/Gd/Co/Pt,
Pt/GdCo/Pt et Pt/Co/Gd/Pt. En effet, nous avons utilisé un procédé de dépdt en wedge pour varier
progressivement I’épaisseur de Gd dans tout le film continu. Pour I’empilement Pt/Co/Gd, nous
démontrons la nécessité de séparer le régime de retournement et le régime de retournement par-
fait. En effet, une nette différence dans le comportement de I’aimantation apparait dans ces deux
régimes lorsqu’un état multidomaine est observé pour le régime de retournement alors qu’un do-
maine parfaitement renvers€ est atteint pour le régime de retournement parfait, dans le cas de
10000 impulsions laser consécutives avec une fréquence de répétition de 5 kHz. De plus, nous
démontrons que nous avons pu réduire 1’épaisseur de Gd de 3 nm a 0.27 nm tout en observant
le mécanisme parfait de retournement. Ce résultat expérimental démontre que 1’effet interfacial
est le principal effet responsable de I’observation de AO-HIS dans I’empilement Pt/Co/Gd. Pour
le cas de Pt/Gd/Co/Pt, nous démontrons le parfait retournement de I’aimantation de la couche
de Co jusqu’a 0.06 nm d’épaisseur de Gd. De plus, en tragant le diagramme d’état magnétique
(fluence en fonction de la durée d’impulsion) pour des épaisseurs de Gd égales 2 0.07 et 0.21 nm,
nous observons la méme fenétre de renversement triangulaire démontrée précédemment dans les
alliages ferrimagnétiques de GdFeCo. Remarquablement, moins il y a de Gd dans I’interface

inférieure Pt/Co, plus la durée d’impulsion maximale est élevée. Cependant, pour une épaisseur
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de Gd de I’ordre de 0.3 nm, I’aimantation du Co passe dans le plan. Enfin, dans le cas d’un
alliage GdCo pris en sandwich par deux couches de Pt, nous démontrons que 1’état PTS (Perfect
toggle switching) peut étre atteint jusqu’a 7.5% de Gd et le régime de retournement jusqu’a 4%
de Gd.

Dans le chapitre 5, nous présentons une étude systématique de I’effet de taille sur AO-HIS
dans des disques de Pt/Co/Pt saupoudré de Gd dont le diametre varie de 3 um a 400 nm avec
des impulsions laser a polarisation linéaire de 35 fs. L’effet de ’excitation laser est étudié
in-situ a ’aide d’un microscope polaire MOKE et 1’analyse quantitative de la probabilité de
commutation a été réalisée ex-situ par microscopie a force magnétique. La variation de cette
probabilité de retournement avec la taille des disques est précisément mesurée et expliquée par
un processus de renversement non uniforme. Enfin, I’influence de la durée de 1I’impulsion laser
et de I’hélicité du laser sur le retournement tout optique dans cette gamme de taille de structures

est discutée.

Nous pensons que ce travail va certainement changer la compréhension du mécanisme de
retournement tout optique de ces 15 dernieres années. En effet, la démonstration qu’une tres
petite quantité de Gd est nécessaire ouvre non seulement de nouvelles possibilités d’application,
mais remet également en question la description théorique du mécanisme dudit retournement.
Enfin, I’étude de I’effet de taille est nécessaire pour se rapprocher des potentielles applications
du retournement ultra-rapide et enfin de mettre en évidence de nouveaux phénomenes cachés
dans ce processus de renversement de I’aimantation induit par impulsion laser femtosecond de

polarisation linéaire.
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Figure 1: Principal résultat de ce travail. a) Images magnéto-optiques du film continu de Pt(3.7
nm)/Gd/Co(0.7 nm)/Pt(3 nm) obtenues apres I’action de cinq impulsions laser uniques consécutives de
35 fs. La zone gris foncé (gris clair) représente 1’aimantation hors plan du film pointant "vers le haut"
("vers le bas") comme représenté par le point (croix) encerclé. Chaque impulsion femtoseconde unique
avec une fluence de 11.9 mJ/cm? illumine la méme région circulaire du film et retourne 1’aimantation
Pintérieur. b) Diagramme d’état AO-HIS réalisé€ en faisant varier la fluence et la durée de I’impulsion.
Le cercle bleu foncé et le carré vert clair représentent respectivement la fluence seuil de retournement et

la fluence de démagnétisation. c) Croquis de I’empilement des couches minces.
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