N
N

N

HAL

open science

A study about the behavior and mechanism of
all-optical switching

Tianxun Huang

» To cite this version:

Tianxun Huang. A study about the behavior and mechanism of all-optical switching. Physics [physics].
Université de Lorraine; Beihang university (Pékin), 2023. English. NNT: 2023LORR0054 .

04205005

HAL Id: tel-04205005
https://hal.univ-lorraine.fr/tel-04205005v1

Submitted on 12 Sep 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

tel-


https://hal.univ-lorraine.fr/tel-04205005v1
https://hal.archives-ouvertes.fr

UNIVERSITE | BIBLIOTHEQUES
DE LORRAINE | UNIVERSITAIRES

AVERTISSEMENT

Ce document est le fruit d'un long travail approuvé par le jury de
soutenance et mis a disposition de Il'ensemble de la
communauté universitaire élargie.

Il est soumis a la propriété intellectuelle de l'auteur. Ceci
implique une obligation de citation et de référencement lors de
I'utilisation de ce document.

D'autre part, toute contrefacon, plagiat, reproduction illicite
encourt une poursuite pénale.

Contact bibliothéque : ddoc-theses-contact@univ-lorraine.fr
(Cette adresse ne permet pas de contacter les auteurs)

LIENS

Code de la Propriété Intellectuelle. articles L 122. 4

Code de la Propriété Intellectuelle. articles L 335.2- L 335.10
http://www.cfcopies.com/V2/leg/leg droi.php
http://www.culture.gouv.fr/culture/infos-pratiques/droits/protection.htm




UNIVERSITE
DE LORRAINE

These

Présentée et soutenue publiquement pour 'obtention du titre de
DOCTORAT DE L’UNIVERSITE DE LORRAINE

Mention : Physique

par

Tianxun Huang

A study about the behavior and mechanism

of all-optical switching

Soutenue le 30 Mars 2023 devant le jury composé de

M. Michael COEY, Professeur, Trinity College Dublin Président de jury
Mme Olga KAZAKOVA, Professeure, National Physical Laboratory Rapportrice
M. Andrei KIRILYUK, Professeur, Radboud University Rapporteur
Mme Hélene BEA, Professeure associée, Université Grenoble Alpes Examinatrice
M. Gregory MALINOWSKI, Chargé de recherche, Université de Lorraine Examinateur
M. Yong XU, Professeur, Beihang University Examinateur
M. Stéphane MANGIN, Professeur, Université de Lorraine Directeur de these
M. Weisheng ZHAO, Professeur, Beihang University Co-directeur de these

Institut Jean Lamour
UMR 7198 - Université de Lorraine
Département de Physique de la Matiére et des Matériaux






Résumé

Afin de répondre aux besoins des futures technologies de stockage magnétique a haute
densité, a faible consommation d’énergie et a haut débit, le développement d’une nou-
velle méthode de manipulation de 'aimantation avec des temps d’inversion d’aimantation
plus courts et une consommation d’énergie plus faible est I'une des taches urgentes dans
le domaine de la spintronique. La technologie laser a impulsions ultracourtes offre une
nouvelle fagcon de manipuler le spin sur une échelle de temps femtoseconde, suscitant un
grand intérét de recherche dans les universités et I'industrie.

Deux méthodes de controle de I'aimantation par laser, I’ retournement tout-optique
dépendent de 'hélicité (AO-HDS pour all-optical helicity-dependent switching en anglais)
et I’ retournement tout-optique indépendent de I’hélicité (AO-HIS pour all-optical helicity-
independent switching en anglais), ont récemment été découvertes et leurs mécanismes,
comportements et applications ont fait ’objet de nombreuses discussions. Cependant,
I'origine de ces deux phénomenes reste tres controversée et ce sera la tache principale de
cet article.

Le mécanisme de I’AO-HDS a été étudié a 'aide d’un empilement multicouches Co/Pt
présentant le phénomeéne AO-HDS. Les films ont été réalisée sur un barreau de Hall en
un carré magnétique de 10x10 pum? et son comportement de commutation a été observé
a différentes échelles de temps. La commutation de cette cellule magnétique peut étre
démontrée par dix impulsions laser successives polarisées circulairement. La dynamique
de spin de AO-HDS peut étre comprise par nucléation thermique de domaine magnétique
induite par Gradient thermique et propagation de paroi de domaine.

Au cours des dernieres années, I’AO-HIS n’a jamais été observé dans les transition-
métaux terres-rares alliages, a 1’exception du fait que la terre-rare est Gd. Pour étudier
les caractéristiques de Gd, on a cultivé et étudié une série d’alliages Gd,R;—x—,Coyx (R
pour Th, Dy ou Ho), ’AO-HIS peut étre observé lorsque la composition de R est aussi
faible que 1,5% au voisinage du point de ferrimagnétique compensation. Les diagrammes
d’état décrivant les parametres clés qui dépendent de la concentration de 1’élément et
de la dynamique de spin dans divers échantillons ont été étudiés, ce qui donne quelques
suggestions sur 'origine de I’AO-HIS et ses applications futures en ingénierie.

Mots-clés : retournement tout-optique, renversement de I’aimantation, degré de spi-

rale lumineuse, dichroisme circulaire magnétique, spintronique ultra-rapide



Abstract

To meet the future needs of high density, low power consumption, and fast rate of
magnetic storage technology, it is one of the urgent tasks in the field of spintronics to
develop a new method of magnetization manipulation with shorter magnetization reversal
time and lower energy consumption. Ultrashort pulsed laser technology offers a new way
to manipulate spins in femtosecond timescale, sparking great research interest in both
academia and industry.

Two methods of controlling magnetization by laser, all-optical helicity-dependent swit-
ching (AO-HDS) and all-optical helicity-independent switching (AO-HIS), are discovered
recently and raise numerous discussion on their mechanisms, behaviors and applications.
However, the origin of two phenomena is still largely debated, which will be the main task
of this thesis.

A Co/Pt multilayered stack exhibiting AO-HDS phenomenon is employed to study
the mechanism of AO-HDS. The film is fabricated to a 10x10 um? magnetic square on
a Hall bar and its switching behavior is observed optically and electrically at different
timescale. The switching of this magnetic unit can be demonstrated with ten consecutive
circularly polarized laser pulses. The spin dynamics of AO-HDS can be understood in
terms of the magnetic domain thermal nucleation and domain wall propagation driven by
thermal gradient.

For the past years, AO-HIS has never been observed in rare-earth transition-metal
alloys except when the rare-earth is Gd. To study the speciality of Gd, a complete series
of GdyRi—x—yCoyx (R represents Tb, Dy or Ho) alloys is grown and investigated, it is
demonstrated that AO-HIS can be observed when the composition of R is as low as 1.5%
near the compensation point of ferrimagnet. State diagrams describing the key parameters
depending on the elements concentrations and spin dynamics in various samples are stu-
died, providing some suggestion on the origin of AO-HIS and its engineering application
in the future.

Keywords : all-optical switching, magnetization reversal, light helicity, magnetic cir-

cular dichroism, ultrafast spintronics
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General Introduction

In 1956, IBM produced the first hard disk drive (HDD)', it was a magnetic disk with
5 Mb data storage, which was a huge amount at that time. Now, over half century past,
a portable HDD with over 1 Th data storage can be easily purchased under the discovery
and the application of giant magneto resistance effect®3. With the massive information
explosion in 21st century, magnetic storage will still maintain lots of influence considering
its non-volatile capability and long-time-store capability. Because magnetic memory takes
advantage of the two different magnetic orientations of a unit to record information, the
writing method of changing the magnetization direction is always popular and necessary
to improve the storage performance including power consumption and calculation speed.

Indeed, conventional HDD use a magnetic head with a huge current-generated magne-
tic field to write-in the information. However, with the decreasing of grain and bit size,
high-coercivity material has to be used to maintain the thermal stability for high-density
storage, it brings challenges for the generated field of magnetic head as a result. Addi-
tionally, the moving magnetic head hinders the development of stability and portability
of a storage system. Hence, finding other solutions for magnetization manipulation is an
attractive topic in recent two decades. A main solution of writing methods is using spin
transfer torque (STT)%® or spin orbit torque (SOT)%7 with the help of electric current
pulse, which is limited in the nanosecond timescale in traditional silicon-based integrated
circuits.

Another new approach to manipulate the magnetization is by using ultrashort laser
pulse, this is called all-optical switching (AOS) since no magnetic field or electrical cur-
rent is introduced in this phenomenon. Indeed, two different types of AOS have been
discovered so far : all-optical helicity-independent switching (AO-HIS) in which the ma-
gnetization can be switched by a single shot of pulse and its orientation is independent to
the helicity of light, and all-optical helicity-dependent switching (AO-HDS) in which the
magnetization orientation is determined by the helicity of light. The discovery of AOS has
raised lots of attention because the applicability of a single linearly or circularly polarized
ultrashort laser pulse to control the magnetization direction in ferromagnetic materials
would significantly increase the speed and energy efficiency of data manipulation and the-
refore revolutionize modern information technology. However, even though the material
system and switching behavior have been well studied over recent years, there are still
many debates and issues about the mechanisms behind both two types of AOS that have
not been solved so far.

Therefore, the main goal of this thesis is to study the behavior and dynamics of the
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laser-induced process and attempt to give possible mechanisms behind them. This ma-
nuscript will be organized in 4 chapters. In Chapter 1, a state-of-the-art of AOS will be
presented, as well as some basic concepts and useful tools for better understanding the
laser-induced spintronics. In Chapter 2, experimental methods we have used in this thesis
will be introduced. In Chapter 3, we will dig into AO-HDS phenomenon, the magnetic
properties, switching behavior and spin dynamics of a series of Co/Pt multilayers will
be investigated. A combination of imaging system and electrical transportation helps to
reveal the behavior of magnetization during and after each pulse excitation. Based on the
experimental results, we will propose a model to describe the mechanism and some future
direction of AO-HDS will be suggested. In Chapter 4. we study the mechanism of AO-HIS
in a series of Gd,Rj—x—yCox (R represents Tb, Dy or Ho) alloys. Toggle magnetization
reversal by femtosecond laser pulse has been observed in most of the samples, even when
the Gd concentration y is as low as 1.5%. By studying the revolution of some key pa-
rameters that determine the switching properties among the samples, some rule can be
revealed to better understanding the mechanism of AO-HIS, as well as to identify the
ideal material and beam parameters for AOS devices from the aspect of energy efficiency

and system stability.



CHAPITRE 1
State-of-the-art of all-optical

switching

In this chapter, we will give a general overview of the discovery, mechanism and recent

progress on two phenomena of AOS.

1.1 The discovery of AOS

1.1.1 Two phenomena of AOS

The AOS was firstly observed by Stanciu et al.® in 2007, they demonstrated that the
magnetization can be reversed with circularly polarized femtosecond laser pulses. The
sample was grown by magnetron sputtering in a multilayered structure : glass/AlTi(10
nm)/SiN(5 nm)/GdFeCo(20 nm)/SiN(60 nm), they excited the sample with a 40-fs laser
pulse train at a wavelength of 800 nm and a repetition rate of 1 kHz. As shown in figure
1.1 (a-b), White and black area correspond to M~ and Mt magnetization orientations
respectively, after sweeping the 0% circularly polarized laser beams (resp. 0~) from left
to right, the exposed M~ area (resp. M) has been switched to M T (resp. M ™), and
M™ area keeps their initial magnetization. For the area swept by linearly polarized (L)
laser, a multi-domain state is created in contrast. This work clearly demonstrated that
magnetization can be reversed with circularly polarized laser pulse without any applied
magnetic field. And in this phenomenon, the direction of magnetization is only determined
by the helicity of light, hence this type of behavior is referred as all-optical helicity-
dependent switching (AO-HDS).

In order to investigate the mechanism of AO-HDS, they tried to focus the static
laser pulse train on a domain wall as shown in figure 1.1 (c¢). The black, white and
gray area correspond to three different magnetic states respectively as : M~, Mt and
multi-domain state. The multi-domain area consisting of many small randomly oriented
domains occupies the most area in the center of exposed area. While on the boarder of
multi-domain area, a clear ring can be observed, and o (resp. 0~) pulse train leads to a
M™ (resp. M ™) ring. For the linearly polarized laser, no ringlike switching can be seen,
replaced by a full multi-domain state. Because the fluence of laser spot from center to edge

follows a Gaussian distribution, and the ring area indicates a proper laser fluence window
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where the light can perfectly manipulate the magnetization of sample. When the laser is
sweeping in one direction, even though the central area is demagnetized to multi-domain
state firstly, as the ring sweeps by, the magnetization is unified to the helicity of light in
the end. The result of Stanciu et al.® firstly presented that magnetization can be reversed

in a reproducible way by light, since then, numerous studies on AOS have begun.

Before exposure After exposure

300 m

150 um (c)

FIGURE 1.1 — The AO-HDS phenomenon in GdFeCo alloy. (a) The initial magnetic state
before laser exposure. White and black areas correspond to M+ and M~ domains, res-
pectively. (b) Domain pattern obtained by sweeping linear (L), right (o7), and left (67)
circularly polarized beams across the sample surface, with a laser fluence of about 11.4
mJ/cm?. (¢) Images of the laser spot focused onto a domain wall during the 1 kHz pulsed
laser excitation with linear (L), right (67), and left (67) circular polarization. The cen-
tral region is demagnetized (gray color) due to extensive heating. For circularly polarized
excitation, helicity-dependent switching takes place on the perimeter of the excited area.®

In 2011, Radu et al. reported a fantastic discovery in GdFeCo alloy®. They observed
that GdFeCo ferrimagnetic alloy with out-of-plane magnetic anisotropy can actually be
switched by a single linearly polarized femtosecond pulse. As shown in figure 1.2, after
sending the first femtosecond pulse on the material, the area exposed to the laser beam

will change its magnetization, and sending a second pulse on the same area can switch
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the magnetization back. Every single pulse excitation will trigger a toggle magnetization
reversal, and such behavior is not related to the helicity of laser, hence it is referred as all-
optical helicity-independent switching (AO-HIS). The discovery of AO-HIS aroused great
interest among researchers, because using ultrashort light pulse to switch the magnetiza-
tion within several pico- or sub-picoseconds can be a promising method for ultrafast data
writing of magnetic memories and greatly improves the speed of data processing. Since

10-13

then, lots of similar results have been reported successively , confirming the existence

of AO-HIS in GdFeCo alloys.

(b)
MG)- & - . - -

FI1GURE 1.2 — The AO-HDS phenomenon in GdFeCo alloy. The magnetization is initially
saturated to (a) M or (b) M~ after sending a linearly polarized femtosecond pulse on
the material, the area exposed to laser beam will change its magnetization, and sending
a second pulse on the same area can switch the magnetization back.”

(a)
M®

Researchers began to realize that there are actually two phenomena of AOS : AO-HIS
where the switching can be accomplished with a single shot of laser pulse and is not
related to the helicity of light, and AO-HDS where the magnetization reversal is related
to the helicity of light. Meanwhile, many questions are aroused on the mechanism of AOS,
for AO-HDS, its origin can be simply interpreted as the different absorption of angular
momentum from circularly polarized laser, while for AO-HIS, linearly polarized laser pulse
brings no angular momentum but only heat. As a result, the enthusiasm of researchers
has been greatly stimulated since then, and a large number of studies have been reported
on these two different phenomena focusing on material systems, mechanisms and their

applications.

1.1.2 AO-HIS

After the first observation of AO-HIS in GdFeCo alloy, many attempts were carried out
to find other materials that exhibit this fascinating behavior. However, it is until recent
two years that some new materials without Gd have been found to show AO-HIS!'*16,
while at the beginning, AO-HIS is only been found in Gd-based ferrimagnetic materials,
such as GdFeCo alloy?*3, GdCo alloy '™, Gd/Co multilayers?%?!. Indeed, GdFeCo alloy

>
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is composed of two sublattices : Gd and FeCo, and they are antiferromagnetic coupled,
which means their magnetization is always opposite to each other at room temperature,
such similar structures which are composed of rare-earth materials and transition-metal
materials (RE-TM) have been extensively studied on AO-HIS, such as ThCo alloy?* 2%,
DyCo alloy?®, HoCo alloy?®, but none of these materials has shown a typical AO-HIS
when Gd is absent. There are lots of reasons why Gd is so special that lead to its sdpecial
behavior, for example, Radu et al. studied the demagnetization time of Gd when exposed
to femtosecond laser?, which is considered to be the most possible origin of AO-HIS;
Zhang et al. studied the influence of spin-orbit coupling of Gd by engineering a series
of Gdj_x—yTh,Coy samples®; Ceballos et al. proposed that engineering the element
specific damping of material would be a possible direction to explain AO-HIS in GdCo
and find AO-HIS in other materials??. According to all the reports so far, it seems that
the material to show AO-HIS has to possess two antiferromagnetic coupled sublattices,
and Gd is indispensable in the material.

There are still lots of debates on its exact microscopic mechanism, but the pure ther-
mal origin of AO-HIS is well recognized when Wilson et al. demonstrated a magneti-
zation reversal in GdFeCo by hot-electrons?”. They studied a sample of Pt(5 nm)/Au(h
nm)/GdFeCo(10 nm) trilayers irradiated at the Pt surface as shown in figure 1.3. AO-HIS
can be observed from GdFeCo side in all samples varying Au thickness h from 0 to 200 nm.
In this work, the Pt/Au layer serves as an optical absorber and generates thermal current
differs to GdFeCo layer. This is an exciting report to prove that AO-HIS could be a pure
thermal effect and opens a door to ultrafast magnetization manipulation in spintronic
devices. Then, Yong et al. observed same result in a similar structure and demonstrated
that the reversal takes place in 5 picoseconds?®. All above results indicate that ultrafast
heating of the electronic system is the driving force of AO-HIS in GdFeCo. Besides optical
pulse or hot-electron pulse, Yang et al. demonstrated that a picosecond electrical current
pulse is able to reverse the magnetization in GdFeCo as well?. Therefore, the ultrafast
magnetization reversal can be attributed to an instantaneous injection of energy, here
"instantaneous' refers to the scale of pico- or sub-picosecond, and ultrashort optical pulse
is just one of the energy injection methods leads to AO-HIS.

Although the first observation of AO-HIS in GdFeCo has been observed in 2011, it
was until 2020 that the second material exhibits AO-HIS was demonstrated 4. Banerjee et
al. reported the toggle switching in half-metallic ferrimagnetic Heusler alloy Mn,Ru,Ga
(MRG). Another recent progress in new materials is from Avilés-Félix et al.'®, AO-HIS
in Th/Co multilayers was firstly demonstrated, this result is very astonishing because
single-shot switching has never been shown in ThCo or other RE-TM alloys except Gd-
TM alloys.
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FIGURE 1.3 — Magnetization reversal by hot-electrons in GdFeCo. (a) A laser pulse ir-
radiates the Pt surface and deposits energy in the electrons of Pt and Au. Hot-electrons
diffuse across the Au layer to GdFeCo layer. (b) The magnetization can be reversed by
such hot-electron pulse as it is switched by ultrashort laser pulse.?”

1.1.3 AO-HDS

Comparing to AO-HIS, AO-HDS is a more general phenomenon because it has been
demonstrated in various materials. After its first observation in GdFeCo®, AO-HDS in
other amorphous RE-TM ferrimagnetic alloy films like ThCo® and TbFe®' have been
reported. Then Mangin et al. concluded that AO-HDS can be observed not only in RE-
TM alloys but also in a broad range of materials, including RE-TM multilayers and
heterostructures?®. Not only in ferrimagnetic materials, AO-HDS has also been observed
in ferromagnetic materials, Lambert et al. studied numerous ferromagnetic multilayer
systems including Co/Pt, Co/Pd and Co/Ni®?, all these material systems exhibit typical
AO-HDS phenomenon. All these reports indicate that AO-HDS can exist in most material
including RE-TM system and ferromagnetic system.

In 2017, a unique type of AO-HDS phenomenon was reported in cobalt-substituted
yttrium iron garnet (YIG :Co)33. YIG :Co is an optically transparent ferrimagnetic die-
lectric which has four magnetic states and complex domain pattern due to its special
magneto-crystalline structure as shown in figure 1.4 (a). The magnetic state after an irra-
diation of laser pulse can be manipulated by the polarization of pulse as shown in figure
1.4 (b), a single laser pulse polarized along [100] axis will lead to a switching from M@
to M@ | and another switching from M) _ to M®) . at the same time, and all the
magnetization can be restored by pumping a pulse polarized along [010] axis. This work
demonstrated the first single-shot AO-HDS phenomenon and open up a new opportunity
for the design and development of opto-magnetic memory device. However, YIG :Co is

a very special magnetic material compares to conventional and popular ferromagnetic
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FIGURE 1.4 — (a) Four magnetic states and domain structure of YIG :Co. (b) single-shot
AO-HDS phenomenon in YIG :Co, a single laser pulse polarized along the [100] axis will
lead to a switching from M® | to M@, and another switching from M® _ to MS

at the same time, and all the magnetization can be restored by pumping with a pulse

polarized along [010] axis®3.

materials, and there is no other material has been found to exhibit such single-shot and
helicity-dependent switching so far.

The discovery of magnetization reversal by laser pulse in GdFeCo by Stanciu et al.®
attracted great interest among researchers, due to its advantage of ultrafast manipulation
of magnetization and mysterious opto-magnetic interaction. However, before the well un-
derstanding of AO-HIS, the presentation of AO-HDS in vast material further complicated
the study of AOS phenomenon. Even though more and more new materials show AO-HIS
or AO-HDS are being dug up and the dynamics of switching process has been well studied,
the mechanism behind AOS remains mysterious so far, which is also the main concern of
this thesis.

1.2 Laser induced spin dynamics in magnetic films

Before understanding the physics behind AOS; it is necessary to introduce some basic
concepts in magnetism, light and their interactions. All the samples discussed in this thesis
show perpendicular magnetic anisotropy (PMA), which means the magnetic moments
aligned perpendicular to the film plane. PMA is a crucial factor for magnetic film in
emerging spin-electronic technology, and most of the research on AOS is based on systems
with PMA, so is this thesis. In the following, we will start by presenting the magnetic
interactions that help for the establishment of PMA in magnetic film.

1.2.1 Magnetic interactions

Heisenberg exchange interaction
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In a ferromagnetic system, atomic magnetic moments can overcome the adverse effect
of thermal disturbance and be arranged orderly, this can be well explained by Weiss
molecular field theory and Heisenberg model.

The interaction between two electron spins is called exchange interaction, and this kind
of interaction is the result of the competition between Pauli’s exclusion principle and the
Coulomb interaction. The Heisenberg exchange interaction thinks, exchange interaction
between atoms strongly exists in magnetic materials, and only between neighboring atoms.

The spin interaction energy between atoms can be expressed as :

- —
E,p = —21/3,- 3 (1.1)

Where J is called exchange integral and E) is the total spin moment of corresponding
atom. If J is positive, the system favors a ferromagnetic state at which the system energy
will be minimized, whereas the negative J leads to antiferromagnetic state. This gives the
reason why the spins tend to be aligned in parallel or antiparallel.

From Heisenberg model, the conditions for materials exhibit ferromagnetic behavior
are : first, the atom has an incomplete electron shell, that is, the material has atomic
magnetic moment ; second, the exchange integral J has to be positive.

Zeeman interaction

A magnetic moment u tends to align towards an external magnetic field H, as the
needle on a compass aligns to the earth’s magnetic field. The interaction between the

magnetic moment and external field is called Zeeman interaction :
SEz = —poH - (1.2)

And the total energy :

Bz = [[[ #Ho)- @) (1.3)

Dipolar interaction
A magnetic moment p has its own environment which brings influence to its neigh-
boring spins, this is called dipolar interaction. The environment can be understood as a

magnetic field Hp related to the distance to the magnetic moment r :

(1.4)

In a permanent magnetized sample ]\_4>, the total dipolar field is the sum of all individual

dipolar fields of its many small magnetic dipoles. The dipolar field outside the magnetic
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material is called "stray field", and inside the material is called "demagnetizing field"
ﬁ
because it points to the opposite direction of M and tends to lower the total magnetization

of system. Under this demagnetizing field, the demagnetizing energy is defined as :
1
Eq = _E/ Hp-Mdv (1.5)
14

But the computation of dipolar interaction considering all the elements in an actual
material would be very complicate. Hence, there is another way to represent the total
dipolar field as :

T —
Hp,=—-N-M (1.6)

Where N is the demagnetizing tensor. Consider the case of a simple ellipsoid, the

demagnetizing field can be written as :

Nyx O 0
T —>
0 0 N

And Nyx + Ny, + N;; = 4x. For a thin film with magnetization along z-axis, which
is the only case that will be discussed in this thesis, the ellipsoid can be considered with
two infinite axis and then Nyx = N,, = 0, N,; = 4x. Hence, the demagnetizing energy
per volume can be expressed as :

Ep =2nM? (1.8)

It is been called the shape anisotropy to describe the relationship between the dema-
gnetizing energy and the shape of sample. From the equation, it can be seen that the
demagnetizing energy is minimized when the magnetization points to in-plane (M, = 0),
which means that the shape anisotropy favors to bring magnetization to in-plane.

Magneto-crystalline anisotropy

In this thesis, Co/Pt film owns a strong out-of-plane magnetic anisotropy, however,
when the magnetization points to its z-axis, the demagnetizing energy reaches a maximum
and the shape anisotropy tends to bring magnetization to in-plane. Therefore, in order to
keep PMA in Co/Pt film, the shape anisotropy must be overcome.

When measuring the magnetization curve of a single crystal material, it comes that the
shape of curve is related to the crystal axis of material. Figure 1.5 demonstrates the ma-
gnetization curve follows different crystal direction in single crystal Fe, the magnetization
shows anisotropy with different crystal direction, and this is called magneto-crystalline
anisotropy (MCA). Because of MCA, there are some directions easier to be magnetized
([100] for Fe for instance), and these directions are called easy axis of magnetization,
otherwise they are called hard axis.

With the concept of energy, the MCA can be well understood. The work required from

10
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F1GURE 1.5 — Magnetization curve follows different crystal direction in single crystal Fe.
Saturation is reached at lower field in [100] direction (easy axis) than in [111] direction
(hard axis).

demagnetized state to saturation state for a ferromagnetic system is :

M M
/ poH -dM = / dE = E (M) — E(0) (1.9)
0 0

The work for magnetizing, which is the left part of the equation, is determined by the
area size between the magnetization curve and vertical My axis. The right part of the
equation is the free energy increased during magnetizing, also called MCA energy. From
figure 1.5, the MCA energy varies following different crystal direction in ferromagnetic
crystal. Obviously, the anisotropy energy is minimized following the easy axis.

For hexagonal crystals such as Co, the hexagonal c-axis is the easy axis, and the
plane to which c-axis is orthogonal is a hard plane of magnetizing. The anisotropy energy

Eg can be described as :
Ex = K;sin?0 + K,sin*0 + - -- (1.10)

Here, K ; and K; are called anisotropy constants, and the uniaxial anisotropy is mainly
determined by the value of these constants. If K 1 = K; = 0, the ferromagnet is isotropic;
if K ; and K; are positive, Ex is minimized when 6 = 0, meaning the c-axis is an easy
axis; if K i and Ké are negative, the plane orthogonal to c-axis is an easy axis; if K ; and

K, are of different sign, the boundary between uniaxial and planar anisotropy is defined

11
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by K ; = —K;. In room temperature, all the anisotropy constant of Co is positive and it
gets c-axis as the easy axis.

The magnetization tends to point to the easy axis because of the existence of MCA,
acting like a magnetic field Hg is pulling the magnetization. The field Hg is called MCA

field. Similarly, Hgx in hexagonal crystal materials like Co can be described as :

2K,
Eg =
moMs

(1.11)

Interfacial anisotropy

In 1954, Louis Néel proposed an interfacial contribution to MCA3*. With the impro-
vement of film deposition technology, the growth of very thin film in sub-nanometer scale
had been realized, and this interfacial contribution was evidenced. The crystalline sym-
metry responsible for the quenching of orbital momentum is lost when the film thickness
downs to the order of few atomic monolayers, and the increase of orbital momentum
can be observed at the interface, leading a local enhancement of anisotropy. This phe-
nomenon is especially obvious when a ferromagnetic material is interfaced with material
showing large spin-orbit coupling, such as Pt, Ta, Ir. The interfacial anisotropy constant
Ks (in J/m?) can be used to describe the interaction by this interfacial phenomenon. The

corresponding energy can be written as :

Eq=— (m-u)* (1.12)
IFm

Where tpp is the magnetic layer thickness and u is the direction of easy axis.

In a very thin film, like Co/Pt multilayers, the bulk MCA is usually neglected since the
samples grown by physical vapor deposition is usually amorphous and their body effect is
very weak. The interfacial anisotropy is dominant and becomes the main origin of PMA.

Perpendicular magnetic anisotropy

Finally, the sum of demagnetizing energy, MCA energy and interfacial anisotropy
energy defines the direction of the easy axis of a sample. Therefore, we can use an effective

anisotropy constant to determine the easy axis :
K
Koy = — + Ky —21M? (1.13)
IFM

In this equation, the first term indicates the interfacial anisotropy, the second term
is the bulk MCA which is not dominant in our case, and the third term is the shape
anisotropy. The magnetization orientation is the result of the competition of shape aniso-
tropy and interfacial anisotropy if we ignore the MCA. When K, s is positive, meaning
the interfacial anisotropy is greater and the sample will show a perpendicular magnetic

anisotropy. Otherwise, the magnetization lays within the sample’s plane.

12
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1.2.2 Magnetic domains and domain wall

Magnetic domains

In ferromagnetic materials, exchange interaction exists between the electron spins of
different atoms, the magnetizations of neighboring atoms will favor the same orientation
below Curie temperature (T¢ ). Both theory and practice have proven the domain structure
will form in a bulk ferromagnetic crystal under T¢, the magnetization orientation is unified
inside each domain and varies between different domains. So that all the magnetization
of domains is compensated and the system shows zero net magnetization in general under
zero external magnetic field. A typical domain width is in the scale of about 10 pum,thus
the volume is about 10®* um?® and about 10!* magnetic atoms is contained in such a
domain.

Why does the domain structure appears in ferromagnetic crystal 7 What affects the
size, shape and distribution of domain ? Indeed, the formation and properties of domain
are determined by its minimum total free energy. As we discussed above, there are several
interactions exist in a ferromagnetic system, and their corresponding energies are exchange
energy (E,y), Zeeman energy (Ez), demagnetizing energy (Ep), MCA energy (Eg) and
interfacial anisotropy energy (E,4). According to the principles of thermodynamics, a
stable magnetic state must correspond to a state where the total free energy is minimized,
the appearance of domain is the inevitable result from that a magnetic system balances
its magnetization distribution and satisfies the principle of minimum energy.

In Co/Pt multilayers without the force of external magnetic field or stress, the ma-
gnetizatic state will be determined by the minimum total free energy of E.,, Ep and E 4.
E.y results in the same spin orientation of neighboring atoms, leading to spontaneous
magnetization ; while E 4 is the reason why the spin orientation points to the easy axis.
Hence, E., and E4 are minimized when the magnetization is saturated to easy axis and
no domain will be generated. However, a uniform magnetization will cause the free pole
at the surface of magnetic crystal with certain size and shape, leading to demagnetizing
field. Demagnetizing field increases the total free energy and the spontaneous magneti-
zing state is no more stable. In order to decrease the surface demagnetizing energy, the
spontaneous magnetization distribution has to be changed. Consequently, lots of regions
with opposite orientation are generated in ferromagnetic system, every region is called a
domain.

Domain wall

After the domains are formed, there is a transition on the order of 10® atoms wide
between two neighboring domains, this transition is called domain wall (DW). In DW,
the magnetic moment also follows the principle of minimum energy and gradually changes
from one direction to another. Because the magnetization orientations are different inside

the DW, the exchange energy and MCA energy will increase, constituting DW energy.

13
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Even though forming more domains decreases the demagnetizing energy, meanwhile, crea-
ting more DWs elevates the system energy considering DW energy. Therefore, the number
of domains is the results of the collective effect of Ep and DW energy.

Here we use a simplified model to calculate DW energy. Assuming that the spins rotate

from 8 = 0 to & = 7 in N atom layers. The exchange energy between to atoms is :
Eex = —2AS%cos6 (1.14)

Where A is the the exchange stiffness constant. For a simple cubic lattice, where a is
the lattice constant, the number of atoms per unit area in each atom layer is 1/a?, and
the number of neighboring spin pears per unit area in DW is N/a?. The stored exchange

energy per unit area in DW is :

7T2

Na?
The above equation indicates that, the thicker of the DW, the less exchange energy in
DW.

On the other hand, every spin in DW deviates the direction of easy axis, causing the

Vex = AS? (1.15)

increase of MCA energy. The incremental of MCA energy per unit area in DW can be

expressed as :
_ NaKk,
YK = 5

Then, by calculating the minimum of (y.x+yk), the thickness of DW can be obtained :

(1.16)

24

§=mnS8 - (1.17)
akK,
And the DW energy per unit area is :
KA
yw = V218 (| = (1.18)
a

According to the way of spin transitioning from one direction to another, the DW can
be classified to two types : Bloch wall and Néel wall, as illustrated in figure 1.6. In Bloch
wall, the spins are parallel to the plane of the DW during the transition, so that there
is no free pole generated on the surface of DW, which makes sure that no demagnetizing
field will be caused and the DW energy is minimized. But poles appear at the up and
down surface of crystal, so usually Bloch wall shows up in a bulk material where the
demagnetizing energy is ignorable.

Unlike Bloch wall, Néel wall is more favorable in an ultrathin magnetic film mostly.
In Néel wall, the spins rotate following the normal direction of the film plane, then free

poles generated on the two sides of DW. But when the DW width § is much greater than

14
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[l I {137~

FIGURE 1.6 — [llustration of (a) Bloch wall and (b) Néel wall.

the film thickness, the demagnetizing field on the sides of DW is very small. To conclude,
Bloch wall energy increases with decreasing the film thickness while Néel wall is opposite.
Therefore, Bloch wall is more stable in a thick bulk ferromagnetic material and Néel wall

is more stable in thin film.

1.2.3 Models of spin dynamics

It is important to understand the spin dynamics in ultrafast laser-induced magneti-
zation experiments, in this section we present some models to explain the spin dynamics
under external magnetic field first.

Static micro magnetism — Brown equation

When a micro magnetic system reaches its minimum of Gibbs free energy, the ther-
modynamics of this system reach equilibrium. And the Brown’s equations allow one to

find this equilibrium solution :

m x Hepp =0 (1.19)
And its boundary condition :
o8 L E oo (1.20)
om | a(vm) '

It means that the magnetization has to be parallel to the effective field H,rr within
the body at the equilibrium, or the torque exerted on magnetization by H,rs must vanish.
Where H,rr is the sum of external field, exchange field, demagnetizing field, and MCA

field :
1 0E;y

H =H H H Hi=—
eff z+ Hexy + Hp + 14 ,LLOMS am

(1.21)

Landau-Lifshitz-Gilbert equation
Brown equation gives the magnetization arrangement at the equilibrium, but the spin
dynamics has to be studied when it comes to the magnetization revolution with time. For

a magnetic moment m and its corresponding angular moment P, they satisfy :

Uom = —yo P (1.22)
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Where yy is the absolute value of the gyromagnetic ratio :

g le|

= 1.23
2m,c ( )

Yo
Where g is the Landé splitting factor, e is the electron charge, m, is the electron mass
and c is the speed of light.
Under the force of effective field Herr, the magnetic moment feels the torque L :

L = pom x Heyyy (1.24)

The precession of the spin magnetic moment around the field can be described as :

dP
o= pott X Heyy (1.25)
4

And by recalling the definition of magnetization vector 71, the following continuum

gyromagnetic precession model can be obtained :
om _
5, = Yom % Herr (1.26)

From the equation, the length of vector 7 is constant, and the movement track of the
vector end can be seen as a circle, that is to say the magnetization vector 7 is doing a
non-dissipative precession.

While indeed, the precession of 7 will not last forever in real materials, because of the
interaction with its environment, energy is been consumed. If there is no applied external
torque, the end of 7 will spiral to the direction of H, 7r gradually.

In 1955, Thomas Gilbert introduced a phenomenological damping effect into the pre-

cession of magnetization and came up with Landau-Lifshitz-Gilbert (LLG) equation® :

om - =
5 = YHom X Hepp +

s
éﬁ% X aa_T (1.27)
|

Where the second term is the Gilbert damping term, and A is the Gilbert damping
factor, it indicates the speed that 7 rotates to H, 7r- The origin of damping could be
magnon-magnon interaction, magnon-phonon interaction etc. The value of A can be mea-
sured using some methods like ferromagnetic resonance®®. Even though the damping term
cannot be rigorously calculated by energy transfer equations, but it describes the spin dy-
namics precisely.

Landau-Lifshitz-Bloch equation

However, LLG equation is a low temperature approach, in the story of AOS, thermal

effect from laser dominates the physical behavior of the system. Landau-Lifshitz-Bloch
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(LLB) equation combines the LLG equation at low temperature and the Bloch equation
at high temperature. For 7 is the spin polarization normalized to its zero-temperature

value, the LLB equation can be written in the form :

— 77 —
o = m'Heff) m [Wt) X [71) X ﬁeff]]

(1.28)

In LLB equation, the length of 7 is not assumed to be constant and its equilibrium
value is temperature dependent. Comparing to LLG equation considering the usual preces-
sion and relaxation terms, the LLB equation also contains the term controls longitudinal
relaxation. Aj and A, are the longitudinal and transverse damping parameters respecti-

vely, for T < T¢ :

20T
)L" = A— (1.29)

3Tc

T
AL =A(1—— 1.30
L ( 3Tc) (1.30)
ForT <T¢:
2AT

/\|| =A = _3TC (1.31)

Here A can be considered to characterizes the coupling between spins and the heat bath.
The LLB equation can be very useful not only for the ultrafast laser induced magnetization
dynamics, but also for the domain wall motion by the thermal gradient which could be
one of the origins of AO-HDS.

1.2.4 Laser induced ultrafast demagnetization

Indeed, pulse laser technology has already been used to detect the relaxation time of
electron-phonon coupling in non-magnetic metals for a long time. In 1987, Elsayed-Ali
et al. demonstrated that the relaxation time in electron-phonon is in the order of several
picoseconds®’. Later, Fann et al. studied the relaxation time of hot-electrons in Au by
similar methods®®. During that period, a very important model called two temperature
model was proposed to explain the coupling between electrons and phonons, this model
has been widely used in lateral research on the ultrafast demagnetization of magnetic
materials.

Afterwards, researchers started to study the laser induced dynamics in magnetic ma-
terials. Agranat et al. did not observed demagnetization in Ni thin film using picosecond
laser pulses, but with nanosecond pulses’. Based on this, they proposed that the spin
relaxation time is in the scale of tens of nanoseconds, which matches to the spin-lattice
relaxation time. Later, Vaterlaus et al. reported that the spin-lattice relaxation time in
Gd film is about 100 picoseconds by time resolved spin-polarized photoemission with pi-

cosecond laser pulse?’. Another similar experiment shows that the spin relaxation time
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is between 30 ps and 20 ns in polycrystalline thin film of iron*!. Before the year of 1996,
scientists generally considered that the responsing time of spin to the light matches to

the spin-lattice relaxation time, from tens of picoseconds to even nanoseconds.
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F1GURE 1.7 — Ultrafast demagnetization phenomenon induced by a 60-fs pump laser pulse
in a Ni(20 nm)/MgF5(100 nm) film.*?

In 1996, Beaurepaire et al. reported an influential result*?

. They employed a pump
laser with 60-fs pulse duration to measure time resolved magneto-optical Kerr effect, and
observed an ultrafast demagnetization phenomenon, which is less than 1 ps, in Ni thin
film, as shown in figure 1.7. This work is of great significance because they revealed that
the response of spin to light is in the scale of femtosecond. Since then, lots of similar results
have been reported successively. Hohlfeld et al. observed similar phenomenon in Ni film
with the help of time resolved second harmonic effect*?, and they showed the magnetiza-
tion changes with temperature follows the rule of classical thermal balance in 300 fs after
the laser excitation. The ultrafast demagnetization in Co thin film also been demonstra-
ted and its demagnetization time is even less than 50 fs, and Co thin film can be fully
demagnetized when the laser fluence is high enough**. Later, Scholl er al. observed two
different demagnetization process in two different time scale by femtosecond spin-resolved

two-photon photoemission®?

: one is a very fast process in a subpicosecond time scale,
and reaches 20% of demagnetization, maybe due to an excitation of Stoner pairs by hot
electrons gas; the second one is a slow process lasting for a few hundreds of picoseconds,
which could be the spin-lattice interaction. This explanation made a connection to the
previous results before the year of 1996.

Except for typical 3d metals Fe, Co and Ni, in the past 25 years, ultrafast demagne-

tization phenomenon has also been reported in massive and various systems, including
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alloy or multilayers like NiFe, CoPt3, GdFeCo, Fe/Gd, Co/Pt*®, oxide system like CrO,,
Sr,FeMoOg, Laj_xSr,MnO3*" % and magnetic semiconductors like InMnAs®°.
However, it is undeniable that our understanding of ultrafast demagnetization is not
deep and accurate enough until now, with the discovery of AOS, more and more fundamen-
tal physics still need to be well explained. In the following, we will introduce some basic

solutions and models most often used to study ultrafast demagnetization phenomenon.

1.2.5 Models of ultrafast laser induced spin dynamics

Phenomenological three-temperature model (3TM)

The nature of 3TM is to transfer the ultrafast spin dynamics into a relaxation of
thermal effect. In this model, the electron, lattice and spin are regarded as three thermal
baths which are coupled with each other, and their temperatures are changing under
the excitation of external energy. Firstly, because the heat capacity of electron system
is relatively small, its temperature increases rapidly, in the following the lattice and the
spin are driven to change their temperatures. Because the three baths are coupled in
specific coupling constants, the system will relax to an equilibrium state in the end. The

three-temperature model can be described by the following three differential equations :

Ce% = —Gep (Te = Tp) — Ges (Te — Ty) + S(2) (1.32)
T,

r o = ~Gep (Ty = Te) — Gps (T — T) (1.33)
0T,

ey = —Ges (Ts = T.) — Gep (Ts — T)p) (1.34)

Where, S(t) represent the energy from laser, C is the heat capacity of three systems, G
is the coupling strength between each other and T is their temperature respectively. 3TM
assumes that the laser-induced ultrafast heating only occurs in the electron bath. A classic
behavior of three temperatures with time was given by Beaurepaire et al. in figure 1.842,
The electron temperature rapidly rises up above Curie temperature and reaches a peak
within the first 500 fs, this indicates that most of the laser energy is absorbed by electrons
instantaneously due to electron-electron interactions®'. Then the electron temperature
experiences an exponential-like decay until reaching a saturation temperature at 550 K.
The spin temperature rises much slower than electron temperature, but follows the same
trend as the electron temperature after reaching a broad maximum 7Ty = 580K at 2 ps.
The decay of electron temperature is because electrons transfer their energy to the lattice
by electron-phonon interaction, leading to the increase of lattice temperature. In the end,
the three thermalized baths reach a quasi-equilibrium state.

The advantage of 3TM is that people can easily understand and accept ultrafast de-

magnetization phenomenon from the phenomenological point of view, until now, it is still
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FIGURE 1.8 — (a) Spin (7§) and electron (T, ) temperatures from experiment, where open
squares are T, and solid dots are Ts. (b) Calculated spin (T), electron (T,) and lattice
(T,) temperatures from 3TM.*?

of great significance for a beginner in ultrafast spin dynamics. But there are two disadvan-
tages of this model, first, it only considers the energy transfer between three thermalized
reservoirs but ignores the exchange of angular moment, which is more important especially
when one considers the revolution of spin; second, 3TM only reveals the spin tempera-
ture with time, however, it is meaningless to define the spin temperature under high
non-equilibrium state, the revolution of magnetization with time is more important.

Atomistic spin dynamics model

the atomistic spin dynamics model is based on the phenomenological LLG equation.

Let’s now rewrite the LLG eqgaution to describe the dynamics of spin S; at each localized

lattice as : N
05 % — - > o >
= ——m[SixH,--i—)LSix(SixHi)] (1.35)
Where the effective field ﬁi is derived from :
1 0H
Hog S,

. ) . - — - \2 - =
The spin Hamiltonian H = —fi# JijSi-Si— efffi(Si' e) —fl.;LOSi-Hex,,
where the first term describes the spin exchange interaction, the second and third terms
represent the effective anisotropy energy and Zeeman energy respectively.
However, LLG equation cannot be directly used to describe the laser induced spin
dynamics because it does not consider the thermal effect by laser excitation. To solve
this problem, a way is to introduce Langevin dynamics based on an approach developed

by Brown®?, which is to add thermal fluctuation to each atom. The thermal fluctuation

20



State-of-the-art of all-optical switching 1.2. Laser induced spin dynamics in magnetic films

I'(¢) is a Gaussian distribution with the white-noise characteristics, hence, based on LLG
equation, a thermal-effect field H,j, is added to the effective field®? :

2AkpT

Hy, =Tt
th () VMsAt

(1.37)

Where kp is the Boltzmann constant, ps is the atomics magnetic moment and At is
the integration time for each atom. And T is the most important parameter whose value

equals to the electron temperature T, calculated from electron-phonon two temperature

model : a7
cea—: = —Gep (Te — Tp) + S(2) (1.38)
oT
cpa—;’ =—Gep (Tp—T) (1.39)

Therefore, by iterating over each atom and averaging all the atoms using LLG equation
considering thermal-effect field, the revolution of magnetization over time can be obtained.
This model has been widely used to simulate and analysis the process of laser-induced
spin dynamics.

Micro three temperature model (M3TM)

Similar to phenomenological 3TM, the M3TM, proposed by Koopmans et al.?® %,
also considers the system as three thermal baths : electron, phonon, spin. The difference
is that M3TM considers not only the energy transfer between the three thermal baths,
but the angular moment dissipation during the process. This model allows researchers
to understand the physical mechanism of ultrafast demagnetization from a microscopic
perspective, especially from the perspective of electron scattering. The M3TM model
suggests that the ultrafast demagnetization is mediated by Elliott-Yafet-like scattering
mechanism®®. In this mechanism, the spin-mixing of electronic state due to spin-orbit
coupling is very important, the spin would flip during the electron-phonon momentum
scattering events because of the mix state. The M3TM model describes the ultrafast

demagnetization as :

dT,
yT, 7 =V, (kV.Te) + Gep(Tp — Te) (1.40)
dT
de—tp = Gep(To — T)) (1.41)
d T T,
_d’? = Rm%(l —m coth(mTe ) (1.42)

Where T,, T, and m are electron temperature, phonon temperature and magnetization
in z direction respectively, « is the thermal conductivity of electrons. R describes the
demagnetizing speed of material system, its dependence on relevant magnetic parameter
is given by R o asrTZ/us, where agy is the spin-flip probability. M3TM is able to explain

the two-step demagnetization phenomenon by the huge difference of T./u, in different
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materials®”. For instance, Gd is a typical material that shows two-step demagnetization,
its atomic magnetic moment and Curie temperature T, are uy = 7.55 up, Tc = 297 K
respectively, the value of T,/us is 1/25 to that in Ni. Therefore, the large magnetic

moment and low T yielded a lower demagnetization rate for Gd.

1.3 AO-HIS in ferrimagnetic materials

In the first section of this chapter, we introduced the discovery of two phenomena
of AOS, in the following two sections we will discuss about AO-HIS and AO-HDS in
more depth. We will first introduce some recent progress in the material systems, spin
dynamics and mechanisms in AO-HIS in this section, because AO-HDS is a relatively

more complicate phenomenon involving different timescales and helicity of light.

1.3.1 Mechanism of AO-HIS in RE-TM system

As we already known, the first observation of AO-HIS was demonstrated in GdFeCo
alloy?, which is an amorphous RE-TM ferrimagnet, the magnetization of RE and TM
sublattice are opposite to each other in out-of-plan