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Résumé : Les notions de chiralité et de topologie des
textures magnétiques ont récemment émergé en na-
nomagnétisme dans le cadre de I'étude des parois de
domaines chirales ou des skyrmions dans une pers-
pective de nouvelles technologies de stockage de
I'information. Au-dela de la course vers la reduction
de la taille des bits magnétiques, I'accélération de la
dynamique de I'aimantation est un autre défi a sur-
monter pour de futurs application de I'éctronique de
spin, la spintronique.

Dans ce travail de doctorat, I'étude de différents
échantillons
(SAF)
skyrmions et parois de domaine chiraux dans des

systémes allant des

antiferromagnétiques  synthétiques aux
multicouches ferromagnétiques (FM) a été réalisée
par diffraction résonante magnétique des rayons X

(XRMS).

Dans un premier temps, les résultats expérimentaux

non dépendants du temps réalisés sur des
échantillons FM par XRMS sont descrits. Cette partie
est suivie par la démonstration que la XRMS est
possible sur des échantillons SAFs. Les SAFs sont
FM

antiferromagnétiquement et bien qu'ils permettent

constitués de couches couplées
d'atteindre des vitesses de déplacement de texture
magnétiques supérieures au FM, leur caractérisation
avec des techniques conventionnelles est difficile due

a l'aimantation totale nulle dans la multicouche.

Ce travail doctorale montre que la XRMS est une
des rares techniques trés sensible pour sonder la
chiralité dans ces systémes.

Dans un deuxiéeme temps, I'étude résolue en temps
sur des échantillons FM ayant des parois de
domaines chirales, est effectuée en mode pompe
et sonde au laser a électrons libres de FERMI. Nous
avons trouvé que les parois de domaines se
désaimantent plus et se réaimantent plus vite que
les domaines. Un modéle fondé sur l'action d'un
couple induit par les électrons chauds polarisés en
spin et venant des domaines vers les parois a été
proposé pour expliquer cette évolution temporelle.

Finalement, une étude préliminaire résolue en
temps sur des échantillons FM présentant un
réseau de skyrmion sous champ magnétique a été
réalisée. Nous n'avons trouvé aucune différence
I'état I'état

skyrmionique dans les dix premiére picosecondes.

significative entre domaine et

Cependant, aprés trente picosecondes, un
changement significatif de comportement est
observé en champ. La compréhension de ce
nouveau résultat est discutée mais n'est pas

compléte, et mérite des études complémentaires.
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Abstract :
emerged in nanomagnetism, both for studying new

Chirality and topology have recently

magnetic textures with alluring properties such as
chiral domain walls (DW) or magnetic skyrmions, and
for looking at new routes towards future disruptive
spintronic devices. Besides the race towards ultimate
size magnetic bits, revealing how the magnetization
can be altered at the ultimate timescale is another
key question to address the actual challenges of fu-
ture data storage, spin logic or even neuromorphic
spintronic technologies.

In this PhD work, the study of different sys-
tem ranging from Synthetic Antiferromagnets (SAF)
and chiral skyrmions or DW in ferromagnetic multi-
layers (FM) has been performed by X-ray Resonant
Magnetic Scattering (XRMS).

First, static experiment have been performed
and the XRMS techniques description on FM is fol-
lowed by the demonstration that this approach can
also be used on SAF samples that allows higher dis-
placement velocities of magnetic textures than FM.
SAFs are made of FM layers coupled antiferromag-
netically to each other and are difficult to study with
conventional techniques due to the zero net magnet-
ization in the multilayer, this PhD demonstrates that
XRMS is one of the few very sensitive technique to
probe the chirality in such system.

Secondly, time-resolved study on FM with
chiral DWs is performed in pump and probe mode
at FERMI free electron laser. We found that the
DWs demagnetizes more and recovers faster than
the domains. A hot electron induced torque model
has been proposed to explain this time evolution.

Finally, preliminary time-resolved experi-
ments on a skyrmions lattice state in FM has been
also performed. We found no significant difference
between DW and skyrmions in the ultra-fast time-
scale (<10 ps). However, at longer timescale (>30
ps), a significant change of behaviour with field is
observed. The understanding of this new result is
being discussed but is still not yet complete and
deserves future study.




Notation table

3T™M Three temperature model

AFM Antiferromagnet(ic).

AGFM Alternating gradient force magnetometer
CCwW Counterclockwise.

CGR Compound growth rate

CwW Clockwise.

DMI Dzyaloshinskii-Moriya interaction
DW Domain wall

HDD Hard disk drives

HM Heavy metal

FCC Face-centered cubic

FEL Free electron laser

FM Ferromagnet(ic)

GMR Giant magnetoresistance

IEC Interlayer exchange coupling

IP In-plane

KB Kirkpatrick-Baez

MFM Magnetic force microscopy
MOKE Magneto-optical Kerr effect

OOP Out-of-plane

PMA Perpendicular magnetic anisotropy
RKKY Ruderman-Kittel-Kasuya-Y oshida
SAF Synthetic antiferromagnet

SOT Spin orbit torque

STT Spin transfer torque

TMR Tunnel magnetoresistance

VNA-FMR  Vector network analyzer ferromagnetic resonance
XMCD X-ray magnetic circular dichroism

XRMS X-ray resonant magnetic scattering

XRR X-ray (resonant) reflectivity



List of symbols

eff

[ <

I33IIXrCrR

w wmwa
C
<

~

~

= > QT 2!@'5?:0009*&4

Heisenberg exchange interaction stiffness
Magnetic induction

Specific heat of the bath I (spin, electron or lattice)
Circular left polarization of the light

Circular right polarization of the light
Designates the image obtained after subtraction of CL and
CR images.

Dzyaloshinskii-Moriya interaction parameter
The system energy

Scattering amplitude factor

Coupling constant between the bath i and j (spin, electron or
lattice)

Hamiltonian operator

Demagnetizing field
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Hamiltonian operator of x

Reduced Planck constant

Total electron angular momentum axial vector
Total electron angular momentum amplitude
Effective PMA parameter

Uniaxial magnetic anisotropy parameter
Electron orbital magnetic angular momentum
Saturation magnetization

Magnetization axial vector

Normalized magnetization direction

Reduced magnetic moment

Scattering vector

Electron spin angular momentum

Designates the image obtained after addition of CL and CR
images

Temperature

Magnetic damping

Electron gyromagnetic ratio
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Introduction

The first evidence of a magnetic effect has been discovered more than two thousand
years ago. The capacity of Lodestone to attract Iron has been noticed by the Chinese and Greeks.
Later, the Chinese carved Lodestone and noticed that some asymmetric sculptures, like a spoon,
spontaneously pointed toward the South®. The use of magnetic material as compass to navigate
started but it is on 1600 that William Gilbert gave a proper context for the compass operation
as he described earth as a giant magnet. He also described the influence of heat on iron mag-
netism. The next step in the fundamental understanding of magnetism was achieved thanks to
the discovery of electricity. During the XIX" century, Oersted found that an electric current
flowing close to a compass can make it move. Electromagnetism was born and few decades
later, Maxwell gathered the work on electricity and magnetism by reducing them in four equa-
tions. The first use of magnetism for information storage application is the telegraphone. It
records the intensity of the electric current produced by a sound transducer in a moving mag-
netic wire and offer the possibility to read back the stored information. The magnetic medium
and the reading process improved in the second half of the XX century, fuelled by the inven-
tion of computer. IBM commercialised the first memory disk in 1956, which laid the founda-
tions of the modern HDD. In HDD, the magnetic medium encodes the information in magnetic
domains which were initially magnetized IP. In this magnetization orientation, the dipolar en-
ergy scales with the ratio of the magnetic medium thickness over the domain’s width, which
limits the storage density. A solution is to use perpendicularly magnetized layers, which allow
to stabilize smaller domains. In those systems, the magnetic layer has to be few nanometer thin
but the thickness can’t be too small, otherwise the dipolar energy diverges. Magnetic materials
with a strong uniaxial anisotropy are needed, but not too strong so that writing is still possible.
The main storage density limitation was due to the reading and writing head. The discovery of
the GMR by Fert? and Griindberg? stretched this limitation as spin-valve devices, consisting in
the variation of the multilayer resistivity depending on the relative orientation of two saturated
magnetic layers, increased the sensitivity of the reading process and, consequently, increased
the storage density. It also opened a new field of study (spintronics) that exploits the electron’s
intrinsic angular moment degree of freedom, the spin, for future information and communica-
tion technologies. Note that only ten years separates the discovery and the first commercial
GMR-based read head. It was soon followed by TMR, that further improved the spin-valves
based reading step. Now the bit size approach 60 nmz.

10



| 104

Perpendicular Recording

~13% CGR
103 ® HDD Products TMR Head \ .
¢ HDD Products "" v z
o 102 g 1st AFC Media 7 f——
c T s  2%COR
% 10 1st GMR Head
3 e ¥ 100%coR
<
> 1 1st MR Head "
o o,
> 1041 1st Thin Film Head 2 ' 4 80% CGR
") °
- =2
§ 102 \. . .
o . 25% CGR ~800 Million X
-6 o Increase
Q 10-3 L SS—
< °
o
104 p
bt IBM RAMAC Ed Grochowski v
. —
|
106
60 70 80 90 2000 2010 2020

Production Year

Figure 1 Evolution of the areal density of commercial HDD products from 1955 and 2016. The figure is extracted
from Fullerton and Childress, Proc. IEEE 104, 1787-1795 (2016)*.

The still growing demand for bigger storage devices pushes the research toward differ-
ent solutions. One of them is the displacement of magnetic domains with chiral DWs. Chiral
magnetic textures can be stabilized by the DMI (see chapter 1 for more details), which needs a
broken inversion symmetry in the sample. Magnetic chirality is defined by the magnetization
steady sense of rotation within the sample. It is an important concept for storage devices as it
determines the direction of propagation of the magnetic textures with a cycloidal winding and
allows higher velocities®. A Racetrack memory data storage devices has been designed to use
the displacement of domains with static writing and reading heads®. It would make HDD more
resilient against mechanical impact. The DMI can be found in bulk materials (B20 structures)
or at the interfaces in multilayers with an asymmetric stacking order. Multilayers are versatile
as it is possible to tune the different magnetic contributions to, for instance, decrease the energy
associated to the creation of a DW for instance. Together with DMI, it can induce the nucleation
of smaller chiral magnetic textures such as skyrmions, which are two-dimensional and localised
spin textures in a magnetically saturated environment. Isolated skyrmions can be nucleated at
RT'°. A part of the current research on skyrmions focuses on reducing their size down to few
nanometers as well as on their efficient current induced-displacement*®l, In FM multilayers,
skyrmions displacement is hampered by a transverse deflection toward the track edges. It is
linked to its topology but can be cancelled in AFM coupled skyrmions'2. Moreover, SAF sam-
ples can exhibit more efficient and higher magnetic texture displacement velocity up to 750 m
st which increases as the total net magnetization in the multilayer decreases®®.

Despite the perspectives in the reduction of the magnetic texture size, the displacement
speed and efficiency are limited by the drop of the efficiency with current (walker breakdown
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for domains and deformation for skyrmions) or by the current impulsion length that doesn’t
decrease below 100 ps, rise time and pulse width combined*. To overcome this last limitation,
the magnetization manipulation assisted by light heating has been proposed but is limited in
density and speed due to heat diffusion. Moreover, the precessional switching of the magneti-
zation in FM hardly falls in the THz range which is one order of magnitude slower than in AFM
materials®®.

In 1996, Beaurepaire et al.*® found a sub-picosecond demagnetization with a subsequent
picosecond remagnetisation dynamic in a nickel FM single layer after a 60 fs laser excitation.
Before that pioneer work, the interaction between lasers and magnetic material was thought to
be mediated by heat transfer from the lattice to the spin. In bulk transition metals, the magnetic
anisotropy energy value is around 100 peV per atom. The Heisenberg uncertainty principle,
At = h/AE, gives a characteristic time of ~40 ps, which is two orders of magnitude higher than
the demagnetization time found by Beaurepaire et al (~ 250 fs). The ultrafast reaction of the
spins to a visible light pulse paves the way to a new paradigm for magnetization manipulation.
The femtomagnetism field has expanded in different branches that discovered and now exploit
various phenomena such as coherent spin precession triggered by the optical generation of ul-
trafast spin currents in FM/HM'" and AFM/HM? layers or the magnetization switching by a
laser pulse'®? (all optical switching in ferrimagnets for instance) which can be helicity depend-
ent. The later process as well as STT and SOT based switching could be particularly important
for future magnetic recording device as they are expected to be more efficient than the Oersted-
induced switching?.

Ultrafast experiments are performed in pump and probe mode. It consists in the strobo-
scopic repetition of the pump (laser) and probe beams with a delay between the two that varies
throughout the experiment. Thus, only the strictly reproducible phenomena can be probed on
the same sample. As discussed in chapter 1, the pump wavelength changes the absorption effi-
ciency but not the intrinsic ultrafast mechanism(s). The probe is usually a visible or an X-ray
light as their interaction with the matter in almost instantaneous. Most of the ultrafast studies
focused on the magnetization evolution in magnetically saturated materials and used visible
light MOKE. It has the advantage to be sensitive to all the magnetic moment in the topmost
layers of the sample. However, the different models used to explain the flow of angular mo-
mentum, described in chapter 2, don’t vary in the same manner with depth and at the interfaces.
Thus, the element selectivity that X-rays provide (but also some resonant MOKE set-up) seems
a promising technique to study the ultrafast regime, even though a large scale facility is re-
quired. XMCD relies on the difference of absorption between the two circular polarizations
performed at two absorption edges of the magnetic element and will be described also in more
details in chapter 1. It can disentangle the spin and orbital angular momentum?, which is
thought to be the first angular momentum transfer step?®24, The element selectivity also un-
veiled another spin transfer mechanism optical inter-site spin transfer (OISTR) mechanism?>?
in alloys and multilayers which accelerates (increases) the demagnetization (quenching).

Prior to this PhD work, most of the studies focused on the ultrafast evolution of saturated
magnetic state. Here, we focused on the off-specular signal evolution from non collinear spin
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textures in multilayers. In the first chapter, the different magnetic contributions present in
amorphous transition metal magnetic layers at remanence are presented. The equilibrium be-
tween the different magnetic interaction for nucleating some non collinear spin textures is also
briefly discussed. Then, an introduction about the different mechanism that intervene in the
ultrafast demagnetization process is given. This part treats the local mechanism and slowly shift
toward the non-local process, both being supported by theoretical or experimental evidence.
MOKE has been widely used in that purpose but in our case, we worked with X-rays tuned at
a magnetic element absorption edge. The third part of this chapter presents the electron and
matter interactions in the soft-X-ray regime followed by the particular case of reflectivity. Fi-
nally, the facilities used to perform the experiment during this PhD work are briefly presented.

The study of magnetic chirality is done by XRMS. In chapter 2, the XRMS formalism
in the case of circularly polarized light is presented. Formal calculations results are described
in both transmission and reflection geometry. The diffraction pattern obtained in the DIFFER-
ENCE and SUM images for both DWSs type and chirality are calculated. However, the two
images can only be quantitatively compared within a sample. The asymmetry ratio (DIFFER-
ENCE / SUM) allows a comparison between samples as its value depends on the magnetic
texture. Numerical calculations, varying the incident angle and the DWs width are performed.
It shows a dependence of the asymmetry ratio to the relative DWs and domains widths. Then,
experimental results obtained before this PhD work in FM multilayers are presented. It is fol-
lowed by the angular and temperature dependent studies of the XRMS signal in SAF samples.

In the last chapter, the time-resolved study on FM multilayers with chiral textures is
presented. After a discussion on the effect of the FEL beam fluence on the sample, the DIF-
FERENCE and SUM signals obtained in a known [Pt/Co/Al]-based multilayer system with
chiral DWs are compared. MOKE, VNA-FMR and magnetic mode calculations have been per-
formed to find the origin of a GHz oscillation in the hundred’s picosecond regime. Then, the
effect of the pump circular polarization is explored on the same sample at different fluences.
Finally, this PhD work explores the sub-nanosecond dynamic of skyrmion lattice systems at
different field.
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Chapter 1: State of the art

1.1 Magnetic interactions

The humanity discovered magnetic effects more than two thousand years ago. The com-
pass was the very first use of it, but no fundamental macroscopic comprehension has been
achieved until Maxwell work in the nineteenth century. The advent of quantum mechanics
treatment of atomic and matter properties opened the way to a deeper understanding of mag-
netic phenomenon. It was even formalised, by the Bohr-Van Leeuwen theorem, that magnetism
can’t be explained by a classical point of view?”?8, From the second half of the twentieth cen-
tury, thanks to the progress in growth techniques, it is now possible to deposit subnanometer
thin layers, so that one system dimension can be smaller than the typical spin relaxation length.
Various interface dependent magnetic phenomena have been discovered (such as GMR, TMR,
exchange bias...) and some are now at the forefront of the research interest for storage applica-
tion. The growing complexity of magnetic structures has increased the need of simulating the
non collinear spin texture resulting from the interplay between magnetic contributions.

In this first chapter part, the main magnetic interactions relevant in spintronic devices
are described as well as the sample engineering allowing (chiral) magnetic textures to be ob-
tained. Then, we concentrate on the ultrafast magnetization dynamics field, a spintronic sub-
field, sometimes referred as femtomagnetism. The mechanism proposed for the angular mo-
mentum transfer as well as the different experimental evidence are described. Finally, the dif-
ferent facilities used for the results presented in this PhD work are presented.

1.1.1 The macroscopic magnetization

The magnetization M is an axial vector describing the induced or permanent magnetic
property of the matter expressed in amperes per meter (A m™2). It is defined by the ratio between
the elementary magnetic moment dM and the elementary volume that it occupies dV. In micro-

magnetic simulations, the reduced magnetic moment m = Mﬂ is often used to reduce the degree

N

of freedom since you define once the magnetization amplitude for a magnetic layer (usually the
magnetization at saturation M,) and allow the angles to move freely. In the following, only the
nucleus contribution to the magnetization is neglected as the proton and neutron gyromagnetic
ratio is ~1000 times smaller than the electron one. The electron magnetic moment has two
distinct atomic components. The orbital angular momentum through the magnetic quantum

number of the electron state and its intrinsic angular momentum, the spin, is equal to ig often

referred as spin up (T) or down (1). The total angular momentum is the vectorial sum of the two
contributions J = L + S and contributes to the magnetic moment as:

M = gjupj( +1)
@
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With j the amplitude of the total angular momentum J and g; the Lande factor. Noteworthy, the
electron magnetic moment has an opposite sign to the electron spin due to electron negative
charge that appears in the expression of the Bohr magneton pg. In the samples studied during
this thesis, metallic transition metal atoms cannot be considered isolated. It modifies the orbital
spherical harmonics expression depending on the atom environment symmetry and their sensi-
tivity to it. Due to fermionic properties of electrons (Pauli exclusion principle), the magnetism
is linked to the unpaired electrons inside the crystal field sensitive d shell, meaning that the
different atomic d orbitals aren’t anymore the eigenstates. The new orbitals are a linear combi-
nation of the latter. As a result, the orbital angular momentum is quenched (but not zero) and
the magnetic moment only results from the intrinsic electron spin contribution?=°. The spin
orientation depends on various magnetic interaction at short or long range.

1.1.2 Exchange interaction

The 3d shell density of states’ spin polarization, in the itinerant model, results from the
electrons-electrons interactions. Depending on the balance between the orbitals overlap, the
electron-ion attractive force and the electron-electron repulsion, the exchange interaction can
favour a ferromagnetic or antiferromagnetic state. The general atomic and continuous limit ex-

pressions for the exchange interaction assuming a small angle shift between neighbour atoms
ic3l.
is>*:

Hex = _zjex (Si : Sj) E. = fA(Vm)ZdV
(L,J)

)

Here, S; express the spin vector on atom site i. The exchange stiffness A scales with the coupling
strength Jex Which can be positive or negative depending on the above-mentioned energy con-
tributions. In the case where the Coulomb repulsion energy cost dominates the kinetic energy
gain resulting from the band split, the element coupling strength is positive and favours a fer-
romagnetic coupling®. It has a short range and saturates at the bulk value for a thickness of 3
or 4 atoms®3, meaning that the exchange stiffness can be controlled reducing the layer thickness.
Another way to control its strength can be to alloy the magnetic layer with other elements3+2'.

1.1.3 Dipolar and Zeeman interactions

The magnetic moments emit a stray field at long-range. The dipole-dipole interaction
can play a considerable role in the magnetic texture, especially due to its long-range order. The
dipolar energy is expressed as a self-demagnetizing field Hyep that originates from the mag-
netization distribution in the sample:

1
E; = _EHOMS f Hgem - mdV
®)
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The demagnetizing field energy is expressed analogously to the Zeeman effect (E; =
—lg Mg [ m - He,dV) which favours a parallel alignment of the magnetic moment with an
applied external field®®, The competition between exchange energy and the dipolar interaction
can lead to the formation of domains pointing in opposite directions®. It also contributes to an
anisotropic orientation of the magnetic moment through the so-called shape anisotropy. In gen-
eral, it favours the alignment of the spins parallel to the sample’s longest side. In thin films with
planar geometry, which is the case of all samples studied during this work, it favours an in-
plane configuration of the spins. However, as soon as the sample deposition techniques allow
to grow ultrathin films (few atomic layers), new interfacial effects start to emerge.

1.1.4 Interfacial magnetic anisotropy

Possible large magneto crystalline surface contributions to the magnetic properties have
been first pointed out in Néel* pioneering work and experimentally observed in NiFe single
layer by Gradmann and Muller in 1968, The atoms located at the film surface experience a
different environment affecting the symmetry of the orbital orientation due to chemical bonds
or strain effect*?. Since the 3d orbitals are subjected to spin-orbit coupling, it also affects the
spin orientation and can favour either a uniaxial perpendicular anisotropy or an in-plane mag-
netic anisotropy. The first observations of perpendicular magnetic anisotropy in multilayers
were realized in Co-based multilayers**-#°. The general expression of the anisotropy energy is
expressed as:

EK = _VKumg

4)
With V the FM volume and K, the magnetic anisotropy parameter positive (negative) advantag-

ing a perpendicular (in-plane) orientation of the spins. It typically contains a surface (K;) and
volume (K,) contributions.

K
Ku = t_+ Kv
FM

®)

The surface term can be enhanced by reducing the FM layer thickness. It is an important feature
as it allows to tune the magnetic anisotropy of magnetic layers. Moreover, the quality of the
interface (roughness, intermixing) affects the value of the interfacial anisotropy. The volume
term is often small in the samples used in this thesis, where the magnetic anisotropy is domi-
nated by the FM/Pt interface®®, favouring a perpendicular easy axis with respect to the sample
plane. The sample planar geometry results in a competition between the interfacial magnetic
anisotropy and the dipolar interaction. Usually, an effective anisotropy K, r can be defined in

a saturated sample as:
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Keff =K, — 2

(6)

This expression is then inserted into the magnetic anisotropy energy contribution, with param-
eters estimated from magnetometry techniques. However, the shape anisotropy has only a few
known analytical macroscopic solutions in samples with a magnetic texture such as domain and
domain walls, and then only numerical approach can simulate properly the dipolar field influ-
ence on a magnetic texture at remanence. If only the three above magnetic interactions dominate
in the sample, it is possible to estimate the domain wall width with a one-dimensional approach.
It gives a value that scales with the square root of the exchange stiffness over the anisotropy

( A/K), where K = Kesf in the thin film limit. The domain wall can be of two types, either Néel

(cycloidal rotation of the spin) or Bloch (helicoidal). In perpendicularly magnetized planar sam-
ple, Bloch type domain wall is generally favoured. However, it is possible to obtain the Néel
configuration by narrowing the lateral size of the sample (nanowire) or by using a non-centro-
symmetric sample, which allows asymmetric chiral exchange such as the DMI, either by struc-
ture or by stacking.

1.1.5 Dzyaloshinskii-Moriya interaction

Dzyaloshinskii studied the presence of a weak ferromagnetic moment in some bulk an-
tiferromagnetic samples. He stated that if such a phenomenon is present, with an interaction
favouring a canting of the neighbour spins, there must be a breaking of inversion symmetry in
the structure as well as a strong spin lattice interaction*’. Moriya gave a microscopic explana-
tion deriving the superexchange interaction, that consists in the (AFM) coupling between two
magnetic atoms mediated by a non-magnetic one, with a spin orbit coupling perturbation*®. The
Dzyaloshinskii-Moriya interaction (DMI) is then a three-site mechanism that can also appear
via non-magnetic impurities* or at interfaces. Indeed, the breaking of inversion symmetry can
also be realised by a non-symmetric thin film stacking. Thus, a ferromagnetic layer interfaced
with a non-magnetic layer made of a heavy element, for a strong spin orbit coupling, can also
exhibit DMI*?. A renewed interest in materials presenting a strong DMI emerges and intense
researches are now performed®3°-5¢. DMI favours a specific tilt of the magnetization between
neighbouring spins, and can hence stabilize chiral DWs of the Bloch type (typically for B20
materials with a broken bulk inversion symmetry) or of the Néel type (typical for interfaces,
but can also occur for some bulk structures). Its expression is written in the discrete interaction
case as:
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Hpmu = _Zdij ' (Si X Sj)
(i,))

Epmi = tem fD (mx dym, —m,d,m, + myaymz — mzaymy) dxdy
S

(7

Here, S; expresses the spin vector on atom site i and d;; is the DMI vector that defines the
magnetic layer chirality if strong enough. We express the DMI energy in the micromagnetic
form for the specific case of the interfacial DMI, which is relevant for the rest of the thesis (the
expression is different for other symmetries). In B20 crystal structure (bulk DMI), d;;;is parallel
to the unit displacement between two spin sites u, favouring an helicoidal canting (Bloch) of
the magnetic moment, while in multilayers d;;is perpendicular to both, u and magnetic mo-
ments, resulting in a cycloidal spin rotation (Neéel). In the latter case, the corresponding D value
in the micromagnetic framework changes of sign upon inversion of the stacking order. The
chiral nature of the interaction determines the electrically induced DW direction of propaga-
tion®. Moreover, the Walker breakdown field scales linearly with the D value, which extends
the DW steady regime where its velocity increases linearly with the field/current. Tailoring
multilayers with the highest DMI possible has another interesting feature. Indeed, the antisym-
metric interaction is partly responsible for the stabilisation of skyrmion lattice state often ob-
tained at low temperature in bulk samples®~*° and isolated skyrmions observed in multilayers
at room temperature’~912:60-62

1.1.6 Ruderman-Kittel-Kasuya-Yoshida interaction

Historically, the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction was introduced
to describe the indirect coupling between nuclear magnetic moment mediated by conduction
electron®®-55, It has been later adapted to explain the indirect exchange coupling between two
ferromagnetic layers interaction through non-magnetic metallic layers®®®’. They added the
treatment of the Friedel-like spin density oscillation propagation in the metallic spacer to the
existing s-d band mixing model®®%. The expression of the RKKY energy per unit area obtained
by considering a potential between conduction electrons of the spacer layer and the ferromag-
netic layers is given by:

Hrrry = Z](Ri,j)si - S Ergky = J-ARKKY m, - mydxdy
— s
i,j

(8)
Where §; and §; are the spins of the two different ferromagnetic layers. The coupling strength

](Rl-,j) depends on the distance between two magnetic moments. It encapsulates the quantum

interference effect occurring in the spacer layer due to spin dependent confinement in the spacer
layer. In the micromagnetic expression of the RKKY, Arkky is the RKKY factor in J m?. The
RKKY model explains well the oscillating behaviour of the interaction with respect to the non-
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magnetic spacer layer thickness. Moreover, it qualitatively reports the modification in the os-
cillation or coupling strength due to structural imperfections at the interface (i.e. dislocations,
roughness or strain) or depending on the spacer element®’. However, quantitative predictions
of the coupling strength value as well as its phase differs from the experimental data due to the
need of an accurate knowledge of the interface and fermi surfaces properties.

The RKKY interaction has been central for the elaboration of spin valve devices, that has
boosted the storage density capabilities®> ",

1.1.7 The different spin textures

Depending on the relative magnetic interaction energy values, different magnetic tex-
tures are stabilized. At remanence, a uniform OOP uniform magnetization state is energetically
favoured when the exchange interaction and the PMA dominate. The formation of domains
with opposite magnetization direction reduces the dipolar energy contribution but comes at the
cost of the formation of DWs. The energy cost of a DW is expressed as:

Epw = 4‘VAK —nD

9)
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Figure 2: Simulation of a vortex state. Image taken from A. Barman et al. Journal of Applied Physics 128, 170901
(2020)™.

Non-collinear spin textures are favoured by reducing the DW formation energy cost which is
equivalent to reduce the anisotropy K and/or the exchange energy and/or to increase D from
equation 9. The number of magnetic domains and their size depends on the amount of dipolar
energy gained versus the energetic cost of DWSs. In systems where the dipolar energy is of the
same order of magnitude than the exchange interaction, it is possible to obtain non collinear
spin texture without DMI. For instance, in square magnets with negligible PMA, the system
reduces the demagnetizing field by orientating the magnetization parallel to the system edge.
These magnetic vortices, depicted in figure 2, are stabilized when the lateral dimension of the

system is equivalent to the exchange length [, = \/A/K,. Here, K, is the shape anisotropy
resulting from the demagnetizing field.
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Figure 3: Closure domains in samples with OOP easy axis (a) and IP easy axis (b). Image (a) and (b) are taken
from H.A. Duirr et al. Science 284, 2166 (1999)7% and O. Fruchart, Lectures on nanomagnetism, European School
of Magnetism?®, respectively.

When the lateral dimensions of the planar system are smaller than the exchange length, a uni-
form magnetization state is observed. For [, small compared to the system dimension, a do-
main pattern is observed. Closure domains can stabilize in systems with a non-negligible dipo-
lar energy contribution even in the domain pattern state for samples with OOP (a) and IP (b)
easy axis, as depicted in figure 3.

The closure domains presented in figure 3 (a) exhibit a magnetic pattern with a steady sense of
winding at the surface, i.e., chirality induced by the dipolar interaction. Chiral magnetic patterns
can also be favoured by the DMI and are at the forefront of the spintronic research, especially
in multilayers. Indeed, the chirality induced by the interfacial DMI allows to deterministically
control a magnetic pattern with an electrical current and to achieve higher displacement veloc-
ity. A large DMI amplitude reduces the DWs’ formation energy cost. In multilayers, a high
DMI energy term and a vanishing effective anisotropy can be achieved, making the DW energy
cost negative. A spin spiral magnetic state, consisting of a sinusoidal rotation of the magneti-
zation is stabilized. The nucleation of such texture favours the apparition of small isolated
(meta)stable skyrmions at low fields (~100 mT) that are theoretically more resilient against
field and temperature annihilation than magnetic bubbles’. Skyrmion is a chiral and localized
2D swirling arrangements of the spins in the middle of a uniform magnetization. They are dif-
ferent from magnetic vortices and bubbles. Despite sharing a cylindrical symmetry, magnetic
vortices can potentially be infinite in size. Magnetic bubbles are also localized and stabilized in
perpendicularly magnetized material, but they generally aren’t chiral and are generally few pm
big. Skyrmions are often smaller than magnetic bubbles. They have been first observed in skyr-
mion lattice state in bulk®*and later in thin films® samples lacking inversion symmetry at
cryogenic temperatures. However, the chiral vector orientation differs between the two types
of samples. In bulk systems, the DMI often favours a helicoidal (Bloch) type of winding
whereas the interfacial DMI generates a cycloidal (Néel) one. The CW or CCW sense of wind-
ing is determined by the sign of the DMI parameter as long as the dipolar is small enough in
comparison. The Skyrmion lattice state exist in a restricted range of temperature and applied
field. This is due to the different evolution of the magnetic parameters with temperature. Mul-
tilayers offer more possibilities to tune the different magnetic parameter contributions. The first
observations of isolated skyrmions at RT were performed on a Pt/Co/Ir based multilayer® and
other Pt/Co based multilayers®. Note that RT skyrmions were found in bulk compounds before
multilayers but in the lattice state”. Due to the cylindrical symmetry of the skyrmions, they are
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vertically replicated in the magnetic layers. It increases the skyrmions magnetic volume making
them more resilient against thermal fluctuation. Increasing skyrmion stability at RT fuel the
research toward the stabilization of magnetic skyrmion with a size below ten nm as well as their
efficient motion.
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Figure 4: MFM images showing a magnetic domain pattern taken at zero field after an IP (a) and OOP (b) demag-
netization procedure. (¢) Simulation of two spin spirals AFM coupled. (d) MFM image of a skyrmion lattice ob-
tained on a twenty repetitions CoFeB/Al,Os/Pt multilayer for an external OOP magnetic field of 75 mT. Image (c)
is taken from W. Legrand et al., Nat. Mater. 19, 34-42 (2020)*2 and image (d) from the PhD work of William
Legrand’®,

In this section, the different magnetic interactions and their role in some spin textures
have been briefly presented. Future spintronic storage-based devices aim to reduce the size of
the magnetic texture, the power consumption as well as to accelerate the magnetization dy-

namic. In that regard, the ultrafast magnetization dynamic induced by a femtosecond optical
excitation fuel intense research.

1.2 Ultrafast magnetization dynamics

The magnetization dynamics is governed by the precessional movement, even in the
THz regime. It is well described by the Landau-Lifshitz-Gilbert equation’”"® and still used to
describe the action of spin transfer torque’ or spin-orbit torque®®8! on magnetic texture.

dM dMm

E: —Y(M X Heff—O(M XE)
With y the electron gyromagnetic ratio, a the material damping parameter and M the magneti-
zation. The effective field H.¢ combines the different magnetic interactions and the external
field. In ferromagnetic transition metals®?, it usually takes few nanoseconds for the magnetiza-
tion to switch by STT. Recently, it has been demonstrated that this dynamics can be reduced
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down to several hundreds of picosecond for the magnetization to switch with SOT8384 In anti-
ferromagnet, the exchange-enhanced switching dynamics is well established in the THz re-
gime®®>87. However, the ultrafast demagnetization isn’t governed by a spin precession and the
magnetization amplitude isn’t conserved which compromises the use of the LLG equation in
the sub-picosecond regime. The advances in shortening laser pulse length toward hundreds of
femtoseconds during the 90s fuelled the exploration of the electron-phonons dynamics and cou-
pling. Experiments performed on noble metals estimated an electron-electron relaxation time
of about 500 fs and subsequent electron-phonon energy transfer process occurring few picosec-
ond later®-%, In the meantime, studies on magnetic materials found no evidence of ultrafast
demagnetization using tens of picosecond pump and probe pulses, even when samples melted®?.
They concluded that the spin and lattice interaction characteristic time scale was larger than the
pulse length as observed in Gadolinium®. However, in 1996, Beaurepaire et al.'® found a sub-
picosecond demagnetization in a Ni single layer'® using a 60 fs pump and probe beams. They
fit their results with a thermodynamic three temperatures model (3TM), which assumes an ex-
change of energy between the spin, lattice and electron reservoirs. The temperature of each
subsystem is described by three coupled differential equations:

dT,
Ce(Te) 7= = —Ger(Te = Th) — Ges(Te — Ts) + P(t)
dT,
CS(TS)E = —Ges(Ts — Te) — Goi(Ts — Ty)

dT,
G (T Fra —Ge () — Te) — Gg(Ty — T)

(10)

With T;, the temperature of the bath i, i designating the electronic (e), spin (s) or lattice (I)
subsystem. C,, Cs and C; are the electronic, spin and lattice specific heat, respectively. G,;, G.¢
and G; describe the coupling interaction between electron-lattice, electron-spin and spin-lattice
baths. A linearly polarized laser pulse, with a power density P(t), is absorbed by the near Fermi
level electrons. It first creates a non-thermal electronic distribution that thermalizes in hundreds
of femtoseconds by electron-electron scattering. In the picosecond regime, electron-phonon
scattering dominates and the baths exchange energy before reaching equilibrium. The lattice
temperature increases slowly since its heat capacity is larger than the electron and spin ones,
the latter being the smaller. In the limit of small fluence, instantaneous electron bath tempera-
ture increase and negligible spin specific heat (Cg — 0), the model admits a simple solution®®
which can be used to fit ultrafast demagnetization curves up to tens of picosecond:

AM
= [(D; — D, — D3)O(t — to)] * I(1)

With:
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3= € 'E
Tg —Tm

(11)

Where M is the total magnetization. D, , ; are dimensionless quantities related to the lattice,
spin and electron baths thermalization times. The three contributions are multiplied by a Heav-
iside function @(t — t,) and convoluted by the temporal gaussian shape of the probe beam
r'(t). A, corresponds to the magnetization variation value when the baths are at equilibrium
and A, is proportional to the electronic temperature. t,and tz are the demagnetization and
magnetization recovery time constants while t, is the characteristic timescale for the lattice
thermalization.

The 3TM explains the loss of magnetization by the increase of the spin temperature
relative to the Curie temperature by means of energy exchange between the baths. However,
this thermodynamic model doesn’t consider the heat diffusion inside the sample and the action
of non-thermal electrons during the first femtosecond®*%. Importantly, it lacks a microscopic
explanation on how the angular moment is carried away from the magnetic layer since the an-
gular moment should also be conserved and that a laser induced dipolar transition doesn’t invert
the spin quantum number.

1.2.1 The microscopic approach of the ultrafast demagneti-
zation

The conservation of angular momentum holds true as long as the system is invariant by
rotation of the coordinates set. Thus, even highly out of equilibrium phenomena should obey it.
Illg et al. proposed an expression for the total angular momentum (J) conservation®:

A{J) = MLe) + A(Se) + A{Lpp) + A(Lgy) = 0

(12)

Here, A significates a variation while (X) stands for the average value over the system. The
equation suggests a possible transfer of angular momentum between the electron orbital angular
momentum L, electron spin §,, lattice (phonons) L,, and photons Lgy, (EM = electromag-
netic). In the following, the transfer of angular momentum as an origin of the optically induced
ultrafast demagnetization observed in transition metals is discussed based on the last equation.
A separation between local and non-local dissipation of angular momentum is made. Local
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demagnetization means that the effect is visible only in the area excited in opposition to
transport mechanism, considered as non-local.

1.2.1.1 Local effects

The first (local) effect that could come in mind is due to the pump, which is often a red
visible Titane:Saphire crystal laser with a wavelength around 800 nm. Different authors pro-
posed a mechanism based on the interaction between the electromagnetic field of the pump and
the spin-orbit coupling®~%°. Alone, the laser induced dipolar transition is conservative in spin,
which shouldn’t result in an ultrafast loss of angular momentum. In association with spin-orbit
coupling, transition with spin inversion isn’t forbidden anymore. Moreover, coherent switching
effect of circularly polarized light, carrying angular momentum to the system, has been found
in weak ferromagnetic samples'®1 and was theoretically predicted in other materials?®.
Koopmans et al.1%21% stated that the angular momentum carried by the laser field should be
too small and no evidence of the inverse Faraday effect’® or of a polarization change in the
photonic system*® has been found in bulk ferromagnetic samples with a polarized laser pump®.
In addition, the pump length is usually ~100 fs or less which is lower than the time at which
the demagnetization reaches its maximum value ~300-500 fs in transition metals.

Noteworthy, in multilayers or alloys made of a ferromagnetic element with a nonmag-
netic element having d shell energy close to the ferromagnetic element one, a spin selective
charge transfer can occur. The optical inter-site spin transfer (OISTR) consists in the transfer
of minority electrons from a heavy metal (for instance Pt or Pd) toward the ferromagnetic ele-
ment?1% and has a lifetime corresponding to the pump duration. Moreover, the ferromagnetic
elements experiencing the OISTR effect demagnetizes more and faster than the same bulk ele-
ment during the first tens of femtoseconds?® but then catch the same trend. As further discussed
in the chapter dedicated to the X-ray matter interaction, circularly polarized X-ray tuned at a
resonant edge of a magnetic element with spin orbit coupling can be selective in spin. This
phenomenon is used to retrieve the spin and orbital part of the angular momentum in magnetic
transition metals or rare-earth elements'%6-1% py integration of the difference between both cir-
cular polarization absorption spectra realized on two transition edges sharing the same initial
state. The integral amplitude is linked to the average spin and orbital momentum by the sum
rules. For instance, it was used to detect the OISTR effect. Apparently, the sum rules, allowing
to disentangle the two contributions, still holds during the ultrafast transient state'® despite
changes detected in the band structure and exchange splitting!*®12, Stamm et al. performed the
first subpicosecond resolved pump probe experiment using X-ray magnetic circular dichroism
(XMCD) on a bulk nickel sample and found no significative evidence of a transfer from the
spin to the orbital bath as both decreases®®. This observation has been reproduced in different
systems?2114115 pyt the lack of direct coupling between the spin angular momentum and other
channel, excepting the orbital degree of freedom, suggested a dynamic requiring hundreds of
attosecond time resolution'®, A two-step mechanism, relying on the spin-orbit assisted ex-
change of angular momentum between the spin and orbital baths followed by a coulomb inter-
action mediated orbital to lattice transfer have been imagined. It is fuelled by the experimental
evidence for the second step via the ultrafast Einstein-de Haas effect!!’. A recent study noticed
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a systematic slower demagnetization dynamics of the easy axis in an epitaxial hexagonal cobalt
thin film*!8, The ab initio calculations performed in the same study indicates a large magneto-
crystalline anisotropy in the electron-lattice coupling which could explain the dynamics anisot-
ropy. Moreover, the different demagnetization rate between metallic Tb (high orbital momen-
tum) and Gd (quenched orbital momentum)*® as well as the extrinsic spin-orbit coupling con-
tribution depending on the laser pulse itself'% indicate a possible path for the spin-lattice cou-
pling mediated by orbital momentum. The in-depth study of this model relies on the pump and
probe’ shortening duration length!%,

The classical sub-picosecond demagnetization dynamics observed in ferromagnetic
sample can also be induced by hot electrons produced in a different layer. Multiple experi-
ments!?112 showed that a ferromagnetic layer capped with a sufficiently thick layer that ab-
sorbs almost totally the pump pulse, also experience ultrafast demagnetization. The onset loss
of magnetization is delayed compared to uncapped samples, with a delay scaling linearly with
the low scattering layer (like copper) thickness placed between the pump-absorbing (like plati-
num) and the ferromagnetic layer'?3. The laser pump excitation excites primarily the electrons
around the Fermi level. A transient non-thermal electron distribution takes place and thermalize
(in term of Fermi-Dirac distribution as depicted in figure 5) within 100 fs by electron-electron
scattering®?.
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Figure 5: (a) Scheme of a non-thermal electron distribution optically induced. The usual shape of thermalized
electrons distribution (Fermi-Dirac) is indicated by the dotted curve in the graph. The arrows represent the energy
transfer from non-thermal electrons toward thermal electrons (green), lattice (blue) and spin system (red). The
arrows’ thickness qualitatively indicates the amount of energy exchanged. Dotted lines between the three baths
depict their relative coupling. Figure taken from Shim et al®. (b) Typical timescales found in magnetization dy-
namics.

Depending on the pump wavelength, the non-equilibrium profile should change and
gives insight on the non-thermalized electrons role in ultrafast demagnetization. Gort et al.!?
performed a time and spin resolved photoemission spectroscopy experiment indicating a
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different dynamics between states around the Fermi level and deeper one. But recent magneto-
optical studies revealed no change in the demagnetization time as well as in the recovery upon
varying wavelength from visible-infrared*?® to THz excitation'?” with equal demagnetization
amplitude. Both stated that for the same fluence, longer wavelength are more effective produc-
ing hot electrons. In the next section, hot electrons spin-flip scattering with local (quasi)particles
as a demagnetization channel is discussed.

1.2.1.2 Electron-(quasi)particles scattering

The first scattering events after the optical excitation are the inelastic electron-electron
collision that can produce secondary excited electrons but also thermalizes the electron distri-
bution. However, this scattering event conserves the angular momentum and spin-orbit assisted
Coulomb scattering has to take place?®12%, Spin-orbit interaction mixes the spin states, so that
an electron Bloch wavefunction is not a pure majority or minority spin state?>. Moreover, the
corresponding quantum operator enables spin-flip scattering through the “spin decrease-orbital
increase” S~L* term since more minority electron states are available. However, the electron-
electron spin-flip scattering cannot explain the total loss of demagnetization alone. In transition
metal single layers, the spin-orbit interaction is small due to the quenched orbital moment*3°.
Also, the model struggles to explain the (fast) magnetization recovery rate, and electron-phonon
scattering with a non-zero spin-flip probability is needed to absorb the electronic excess of
energy*®*.

The electron-phonon scattering process acts primarily as an energy sink due to the high
heat capacity of the lattice compared to the electron bath one. Koopmans et al. proposed a
decomposition of the Elliot-Yafet!®? type of scattering (probability of spin-flip at a scattering
event with no spin precession in-between) to explain the demagnetization dynamics'®3. The
spin-dependent part involves, once again, spin-orbit coupling due to local “hot spot” in the
transition metal band structure®®* or to the presence of (magnetic) impurities. The majority spin
being more excited than the minority population, the number of spin-flip transition from ma-
jority to minority is thus greater in both cases. It leads to a reduction of the macroscopic mag-
netization. The angular momentum is then transferred to the lattice by the absorption or emis-
sion of a phonon®. A microscopic three temperatures model (M3TM) has been developed to
model demagnetization curve by implementing a spin-flip probability in the electron-phonon
scattering events'3®. The model successfully reproduces the different demagnetization dynam-
ics governing either elemental transition metal ferromagnets and rare-earth metals. However,
some ab initio studies argue that the electron-phonon spin-flip scattering requires a too large
amount of non-thermal electron after hundreds of femtosecond to reproduce the experimental
data in ferromagnetic transition metals®®*37,

The Elliot-Yafet mechanism debate on its efficiency brought the attention on the band structure
variation*3%, Several works focused on the transient exchange splitting role in ultrafast de-
magnetization. Surprisingly, they found collective spin fluctuations in the sub picosecond time-
scale and concluded that it is a more likely demagnetization mechanism than a strong exchange
splitting change!10140:141,
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The fact that nickel demagnetizes more than cobalt for a same fluence has been inter-
preted a possible thermal fluctuation mechanism by magnons generation mediated by hot elec-
tron, as their Curie temperature indicates (~620 K for Ni and ~1300K for Co)%2. A magnon is
a coherent spin wave excitation (quasiparticle) of the magnetization, behaving like a boson. The
emission of a magnon reduces the total magnetization. It can scatter with an electron resulting
from the exchange interaction between the electron spin and the local scattering effective spin
direction. Since magnons carry a well-defined and non-zero spin angular momentum (contrary
to phonons), the electron-magnon spin-flip scattering does not necessarily needs spin-orbit cou-
pling'*3. However, it cannot explain the ultrafast demagnetization dynamics alone and is prob-
ably associated with electron-phonon spin-flip scattering®-143-14°,

The different electron-(quasi)particles scattering and their respective outcomes are schemed in

figure 6.
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Figure 6: Schemes of the different scattering mechanism responsible for the demagnetization. On the top, repre-
sentation of a majority hot electron scattering with a d electron, yielding two hot electrons whose final spin relative
orientation depends on the d polarization. The thickness of the black arrows qualitatively depicts the relative prob-
ability of the event considering the up electrons as the majority electrons. In the middle, a mixed spin state due to
spin orbit coupling scatters with a phonon. It results in either a spin-independent electron-phonon scattering or an
Elliott-Yafet like spin-flip mechanism. At the bottom, a majority hot electron flips its spin with the emission of a
magnon.

Spin-orbit coupling is an essential feature for the spin angular momentum dissipation.
Its weak bulk value in transition metals struggle to explain the ~100 fs demagnetization ob-
served in nickel, cobalt and iron. Additionally, Malinowski et al.}*® demonstrated that an inter-
layer transfer of spin angular momentum from a ferromagnetic layer to another speeds up and
increases the demagnetization process when the two layers are polarized in spin antiparallel to
each other. The effect was visible for a conducting spacer layer and not with an insulating one.
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1.2.1.3 Nonlocal spin transport

A spin transport demagnetization model could explain the ultrafast demagnetization
process without the need for a spin-flip process. Battiato et al. developed a model based on the
transport of spin polarized hot electrons as well as spin conserving electron scattering4"148, It
describes the transport of mobile s-p electrons and treat the d electrons as quasi-localized mag-
netic moments. The excited electrons have different velocities, lifetime and mean free path
depending on their relative spin orientation with respect to the local one'#** but also to their
displacement regime*”*°1, Thus, minority electrons are less mobile and scatter more while ma-
jority electrons carry away from the ferromagnetic layer (or the laser spot) their angular mo-
mentum. The latter can consequently induce a spin torque on another magnetic layer®®2,

Figure 7: Scheme of the different superdiffusive processes after an optically induced electron excitation. The dif-
ferent mean free path between majority and minority electrons is represented by the number of collisions experi-
enced. The generation of cascade electrons by inelastic scattering is depicted. The inset represents the geometry
used in the electron flux calculation performed in Battiato et al. work whose image is also from?48,

This interpretation can explain the different dynamic between transition metal and gadolinium,
since the spin polarized 4f band are localized and not directly affected by the optical excitation.
It qualitatively describes the slower dynamics observed in insulators, compared to transition
metal, due to the lack of superdiffusive spin current. The superdiffusive qualification of the
model comes from the different electrons regime that are initially moving in a ballistic way

(v (R?) x t) after the laser pulse and after losing energy due to spin conservative diffusion,

move in a diffusive manner (y/(R2) o t2/2). The model predicts the polarization of a metallic
neighbour layer due to the net spin current flowing at the interface. Moreover, due to the charge
conservation, an electronic backward surge toward the ferromagnetic layer can happen'®3. With
their lower mean free path, minority electrons should accumulate at the interface and induce a
local demagnetization. Thus, the magnetization profile should not be homogeneous, especially
at the ferromagnetic interfaces. This particular magnetization shape has been confirmed by time
resolved X-ray resonant reflectivity>*1%,
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Despite the experimental confirmations!*¢-29 in fully metallic samples, the superdiffusive spin
transport model is unable to explain the ultrafast demagnetization in ferromagnetic bulk and
ferromagnetic thin film containing or deposited on insulating layers®481% Thus, both local
and non-local mechanisms are needed to account for the sub picosecond demagnetization in
transition metals.

The above presentation focused on the different microscopic demagnetization mecha-
nism but the remagnetization process is also not fully understood. After the maximum demag-
netization amplitude (~500 fs for transition metals), the first recovery stage takes place with a
characteristic time of few picoseconds. It has been verified experimentally that the pump wave-
length does not play a role in the demagnetization and recovery process*?. It was expected
since the excitation pulse isn’t in the same time window as both dynamics, but a careful nor-
malization to the maximum demagnetization amplitude had to be performed. Indeed, longer
wavelength produces more hot electrons, which increases the demagnetization efficiency with
respect to the fluence?’. The increased efficiency (or fluence) results in longer demagnetization
time™*® as well as longer recovery time#2, It is well known since experiments on non-magnetic
metals that the electron-phonon relaxation time increases with the fluence®1%2 or with temper-
ature!®3 and is typically around a picosecond. Thus, the different dynamics also have an extrin-
sic component that depends on the total energy absorbed by the system. Shim et al'®*, stated
that the recovery dynamics depends on the different baths temperature after absorption of the
optical pump since the exchange stiffness decreases non linearly with the temperature!®16¢,
The nonlinear dependence of the exchange interaction in temperature could explain the highly
reduced recovery dynamics at high fluence (or ambient temperature)*®’, where the electron and
spin temperature could thermalize above the Curie point. The magneto crystalline anisotropy
should not play a significant role in the recovery process according to their simulations!®. On
the other hand, in a study focusing on the ultrafast of an epitaxial hexagonal close-packed cobalt
thin film (15 nm) the authors found a different behaviour between the easy and hard axis!!é. A
difference has been observed in both, the demagnetization process and in the recovery phase,
where the hard axis systematically has a faster dynamic than the easy axis. The ratios between
the hard over the easy axis demagnetization and the corresponding recovery times were approx-
imately the same, suggesting a similar microscopic mechanism perturbation. It was further re-
inforced by a different delay shift between the reflectivity curves and the magnetization, the
shift being shorter for the hard axis. They ascribed this result to the larger electron-phonon
coupling and Elliott-Yafet spin-flip scattering in the hard axis, supported by simulations. Ex-
trinsic contributions, other than pump related properties, can also modify the picosecond dy-
namics. The applied magnetic field influences the recovery dynamic but has no influence on
the demagnetization rate. Indeed, the higher is the external magnetic field, the faster the mag-
netization recovers'®. The study*® observed the same tendency for the few picoseconds dy-
namic as well as for the slow recovery (z;,,,~200 ps), where the LLG equation usually works.
In that time scale, damped oscillations of the magnetization can be observed'® which are as-
cribed to spin precession.

All the above experiments were performed on saturated samples. The first time-resolved
experiment on a sample (Co/Pt multilayer) at remanence with magnetic domains, has been done
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in transmission geometry by Pfau et al*®®. They used small angle X-ray scattering (SAXS) and
looked at the first order diffracted signal that originates from the labyrinthic domains, acting
like a magnetic grating, that form a ring isotropic in intensity. The diffracted intensity integrated
over the ring, decreases and recovers in a similar time scale as in saturated samples. However,
a shift in the momentum transfer gpeak, Which is linked to the domain periodicity in real space
and correspond to the position of peak maximum, suggests that the demagnetization isn’t ho-
mogeneous. The ultrafast qpeak decrease reaches a minimum at 0.5 ps with a time constant of
300 fs. The variation corresponds to a 4% shift and would corresponds to an average domain
expansion of 2.8 nm over the probed area (250250 um?). If the hypothetic rearrangement
process is homogeneous in the probed area, that is a 4% change of the domain boundaries, it
would necessitate a domain wall velocity of 10”m s™. Considering inhomogeneous domain
annihilation, growth and expansion, it corresponds to a domain wall velocity of 10™*-10">m
s, Those speeds are orders of magnitude larger than the one reported on domain walls!" and
also larger than the velocities (group and phase) of magnons®’:. Finally, the effective momen-
tum transfer shift has been ascribed to a DW blurring due to the asymmetric spin dependent
lateral transport across domain walls. The softening of the domain boundaries profile due to
minority spin accumulation, similar to the superdiffusive transport prediction at the ferromag-
netic layer interfaces**”148, reproduce the drop in the peak position'®. This shift of the diffracted
peak position has been reproduced in transmission geometry on a CoFe/Ni multilayer, also ex-
hibiting PMA and a maze domain pattern, by Zusin et al*’2. They performed the same analysis
as Pfau et al. on the first, third and fifth diffraction order and found a 6% domain dilatation but
within 1.6 ps this time. In their case, they attributed this (slower) shift to electron-magnon in-
teractions. However, two other studies performed on a Co/Pd multilayer!” and CogsThi2 amor-
phous film (50 nm) multilayers!’* with stripped domains, also in transmission geometry, found
no significant shift in the diffraction peak position at the picosecond timescale. Both noticed a
faster demagnetization time, independent of the laser fluence, in contrast to experiments per-
formed on similar saturated samples. It suggests, as stated by Pfau et al., a spin transport ex-
change from inversely oriented domains, accelerating the demagnetization. However, the ab-
sence of a peak shift in the ultrafast regime doesn’t corroborate the DW blurring effect, even
though the demagnetization level reached in Hennes et al. work'’* report the same observation
as Pfau et al. in the small fluence regime!®®.

The diffracted signal maximum position behaviour in the ultrafast regime is as contro-
versial as the microscopic mechanism responsible from the demagnetization. In the former,
information about the domain walls has been obtained by comparing the evolution of different
diffraction order peaks. The domain dynamics was mainly probed and no information on the
ultrafast internal domain wall magnetic order evolution has been retrieved. This thesis aims to
study the chirality dynamic and to compare it with the domain one. It is achieved by performing
time resolved SAXS but in reflection geometry.
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1.3 X-rays and matter

In 1846, Michael Faraday studied the final polarization of a linearly polarized light pass-
ing through a transparent material placed in a magnetic field parallel to the beam propagation
and used a Nichol’s prism as analyser. M. Faraday found a rotation of the light’s polarization
depending on the magnetic field applied, which is the very first evidence of an interaction be-
tween light and magnetism*’>. However, the effect was subtle and performed on dielectric trans-
parent materials.

At the beginning of the twentieth century, experiments on ferromagnetic sample have
been carried out to study what we call the magnetic texture and were performed by observing
the movement of microscopic colloidal particles above a magnetic material. But the domains
visualisation was limited as the particles had to be small relative to the domains size. It was a
profuse period for ferromagnetism theory and the need of an experimental tool that probes the
distribution of the magnetic moment at the nanometer scale was much needed. The discovery
of neutrons in 1932 and the subsequent use of its spin, combined with the wave-particle duality
announced by De Broglie, paved the way for magnetic samples studies. The first scattering
experiments made on magnetic materials were done with neutrons, since Bloch’®, Schwinger’’
and Halpern and Johnson'® first pointed out the non-negligible interaction between the neutron
spin with the atomic magnetic moments of a magnetic substance.

X-rays had been discovered before neutrons, but they were essentially used to probe the
electronic density. The first studies involving the magnetic property of a substance and X-rays,
were carried out on single crystals of Iron based oxides and on pure iron polycrystal*’®-82 dur-
ing the first quarter of the XX™ century. Platzman and Tzoar® first point out the theoretical
possibility to probe the spin distribution in antiferromagnets with elastic scattering of hard X-
rays, analogously to what was already done with neutrons. The magnetic Bragg scattering signal
was evidenced experimentally by de Bergevin and Brunel*®* 2 years after, launching the interest
in X-rays for spin distribution studies. Even if the cross section of the magnetic signal is 6
orders of magnitude smaller than the charge, making experiments long enough to achieve a
good signal over noise ratio, X-rays sources are far more easily available in comparison to
neutron sources. The democratisation of synchrotron light sources, allowing to change the en-
ergy and the polarisation of the incoming photons combined with a higher flux of photons, has
changed the way magnetic samples are nowadays studied.

In the following, | present the different photon-matter interaction processes with a focus
on the X-ray regime and the associated techniques that | used to explore multilayers properties.
I begin with the x-ray (resonant) reflectivity (XRR) that probes the electronic distribution in the
sample and can also give the average magnetic moment orientation of different layers in the
sample. Then, I will present a 2D diffraction resonant techniques that gives access to in-plane
distribution of the magnetization. One gives access to the averaged magnetic depth profile of
the sample, the other can give information about the 3D magnetic texture.
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1.3.1 Photon-matter interaction

A photon can interact in multiple ways with the matter with a probability that depends
on the energy of the incoming photons with respect to the element considered. At very high
photon energies, of the order of 10° eV, interactions with the nucleus dominate, while around
108 eV, it is the inelastic Compton scattering regime that usually prevails as seen in figure 8.
The soft X-ray regime used in this thesis is dominated by the photo electric effect that puts the
absorption of a photon at stake on the contrary to the Rayleigh scattering. Noteworthy, the break
in the carbon photo electric cross section around 300 eV corresponds to the K edge transition
between the 1s and a 2p level.
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Figure 8 : Cross section of the different processes in the carbon total cross section. The global cross section is
dominated by the photo-electric effect (t) until 10 keV where the coherent scattering (ocon) plays a significant role.
After 10 keV, Compton scattering (cincon) is the main contribution until high energies (107 eV for carbon) where
nucleus-photon interactions start to take over: «, for the pair production in the nuclear field, k. the pair production
in the electron field and opn the photonuclear absorption. The figure was taken from Hubbell et al. J. Phys. Chem.
Ref. Data 9, 1023 (1980)*#°.

Neutrons had been privileged to probe the magnetism while X-rays were mainly used
to probe the electronic charge distribution in solids. The electromagnetic nature of the light
should be sensitive to magnetism but until 1970, Compton scattering with polarization analy-
sis'® was the unique solution to study magnetic order with X-rays. Platzman and Tzoar'®® de-
rived a mildly relativistic expression for the cross section in Bragg condition, which is sensitive
to magnetic distribution analogously to neutron Bragg scattering. Two years later, De Bergevin
and Brunel** confirmed experimentally the theoretical results on ferro and ferrimagnetic com-
pounds with a maximum in the relative intensity between the charge and magnetic signal of 10
3. However, the theoretical breakthrough in the way magnetism is probed by X-rays today find
its foundation in Blume seminal work!87.188,

1.3.2 Non-relativistic quantum description of the interaction
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On the contrary to the relativist Hamiltonian developed by Platzman and Tzoar, Blume
considered the resonant effects using an electronic Hamiltonian that relies on the kinetic and
potential operators, the quantification of the electromagnetic field, the spin-orbit interaction,
and the photon magnetic field action on the spin angular momentum:

H = Z 2m< A(rj)) Z V(r)+ Z R (CT(kA)CKA) + %)

e eh
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(13)

Replacing E = —V¢ — %A in the spin orbit term of equation 13 gives:

h
_Z(renc)zzsf E(n;) (PJ'_SA(TJ')>
2(mc)2(zsf (- V¢XP)+ZSJ [A(r;) X A(r)])

(14)

Terms linear in A are omitted, since the spin orbit contribution is of order (v/c)2. The first term
corresponds to the ordinary spin-orbit coupling from electrons while the second represent the
spin dependent scattering.
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U is a quantization volume, o indicates the two polarizations and € is the unit polarization vector
of the wave with a wave vector k.

The term #ydescribes the kinetic, potential and spin orbit energy contributions to the electron’s
Hamiltonian. #zrepresents the quantified electromagnetic energy of one photon.

Let’s consider a single photon interaction in detail. The initial quantum state |a) of the
system corresponds to the eigenstate of #ywith a single photon present. The probability of
transition toward a state |b) is induced by the interaction Hamiltonian 7’ and given by the
Fermi Golden rule up to the second order.
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H, and H, contribute to the first order term as they are quadratic in A while 7, and H3 con-
tribute to the second order. Considering only the elastic events, i.e., w;’~wy
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Developing the first order term gives the Thomson charge scattering and a second contribution
that depends on the Fourier transform of the spin density but smaller by a factor % ~0.002 for
1keV X-rays compared to the charge signal.

This magnetic contribution is small compared to the charge one, but it was used in the
hard X-ray regime to study magnetism. The work of Blume sheds light on the second order
term in the Fermi golden rule, the one linear with the potential vector, that involves a ‘virtual
transition’ toward an intermediate state, n. It corresponds mathematically to a photon annihila-
tion-emission and emission-annihilation processes.

The scattering cross section is calculated multiplying o by the density of final states (at the
Fermi level) p(Er) and dividing by the incident flux Iy:
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(16)

The general expression in the Born approximation for the scattered intensity, which is equiva-
lent to a non-normalized cross section, is given by:
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With g = k' — k the scattering vector, where k(k") is the wave vector of the incident (scat-
tered) photons. The summation is over the different atomic sites with a position vector n,. f;, is
the scattering amplitude of the site n that is considered as a unique element in the following.

The resonant term in the cross section, causing anomalous dispersion, can be expressed as:
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The term I, has been added in the denominator to take into account the energy level
width, which is especially important when Aw, ~ E, — E,. The gain in the second order cross
section contribution can reach up to 6 orders of magnitude at a resonance edge of some of the
actinide elements'®®. The magnetic signal enhancement depends on the strength of the transition
that relies on the levels wave function overlap and on the difference in the Fermi level density
of states between majority and minority spins caused by exchange splitting. In transition metals,
the transition between a localized s shell towards a 3d level is considerably weaker than the
transition 2p — 3d, where the overlap is large. In rare-earth elements, even if the 4f orbital is
more localized than the 3d one, the transition with a p level is still relatively high due to the
high polarizability of the 4f shell. In this work, only metallic iron and cobalt have been studied
at the L (2p — 3d) and M (3p — 3d) edges. Around the cobalt M3 edge (41~20.8 nm), the
attenuation length is ten times smaller than at the L edge (1~1.6 nm). Thus, the signal mostly
originates from the first layers while it will be more sensitive to buried magnetic signal at the
L edge. The L transition has been preferred to the L, since the 2p;, level has twice the number
of electrons of the 2p, ,,. The spin orbit coupling separates the 2p orbitals into the two afore-
mentioned levels, having the orbital and spin angular momentum parallel and antiparallel to
each other respectively. Circularly polarized light carries an angular momentum, which, to-
gether with spin orbit coupling, makes the absorption dichroic since no spin inversion occurs
during the transition.
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Figure 9: lllustration of the virtual transition at one of the L edges due to the Fermi golden rule second order pertur-
bation contribution in a transition metal. The exchange coupling causes a difference in the Fermi density of state
between spin up and down. The 2p levels can be considered as a reservoir of spins. They are split in two levels of
energy due to spin orbit coupling. The 2p, ,, level has its orbital momentum antiparallel to its electrons spin mo-
mentum, while in the case of the 2p; /, levels, they are parallel to each other. Since circularly polarized light carries
an angular momentum, a dichroic effect in the absorption can be observed resulting from the different virtual tran-
sition probability between the two circular polarizations.

Hannon et al.**® pursued development of Blume and expressed the coherent scattering
amplitude for an electric 2" pole transition (L=0 for a monopole, L=1 for a dipole...) that de-
pends on the spherical harmonics (Y;,,) and on a term that describes the strength of the transition

Fiy(w):

L
EeCLTeS(k,! ef; k’ €o, (1)) = ZAfD z [e; ) YLM(k,)YzM(k) ' eO]FLM(O‘))
M=L
(18)
Where k¢, ef (ko, €) are the wave vector and the polarization vector of the out-going (in-going)

photon. fjis the Debye-Waller factor that describes the attenuation in the diffracted intensity
due to thermal agitation.

The F; ), (w) factor has the form of a Lorentzian function that depends on multiple parameters:

PaPa (M) (aMn; L)

Fiy(w) = .
. an |2(e(n) —e(a) — hw — lrgn)

)

(19)
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In the numerator, p, corresponds to the probability that the system is in the initial state |a)
while p, (n) describes the probability that the final state n is unoccupied. I} stands for the partial
width for the corresponding radiative decay |n) — |a). The total energy width of the excited
state I'(n) is typically of order = 1 — 10 eVwhich gives a scattering characteristic time of about
107%s. The polarization dependence of the scattering comes from the vector product between
the spherical harmonics and the polarization vector of the ingoing and outgoing photon. In the
electric dipole transition, the phase variation is neglected within the average radius  of the
orbital considered for the transition with respect to the nucleus, i.e. 7/A <<1. This approximation
is valid in the soft X-rays regime, where A~1007+ for the iron 2p orbitals. It leads to selection
transition rules where there is a unit change in the azimuthal number L of 1% and no spin inver-
sion. In the dipolar approximation, the resonant scattering amplitude has been expressed by
Hannon'® as:

3 * . *
fer® =~ g/lfn{ef ~eo[F11 + Fi_1] — l(ef X eo) -m[F; — Fy_4]
+—(e;-1n)(e0-1n)[2F10——P&l——fﬁ_l]}

3
= 2 Afole; - eolfy] — i(ej x eo) - mlAil + () - m)(eo m)If])

(20)

Where F,,, F;; and F,_,are the transition strength factor for a unit increment of the angular
momentum AL = 1 that also implies a change in the magnetic orbital number M of 0,1 and -
1 respectively. m represents the direction of the ion local moment. f,, f; and £, correspond to
the charge, magnetic and quadrupolar amplitude factor.

The first term depends on the ingoing and outgoing photon polarization vector scalar product.
The second term is linearly proportional to the magnetization direction and responsible from
the first harmonic satellites studied in this thesis. The last contribution is quadratic with respect
to the magnetization and can give second order harmonics in rare earth, multiferroic and/or
antiferromagnetic compounds, such as BiFeO3'®. However, in transition metals, it is negligible
due to the near zero pre factor (f;), reflecting the high symmetry point group and quenched
orbital momentum. It won’t be detailed in the matrix formalism expressed thereafter.

It is worth to note that the expression 20 considers that the atom environment has a punctual
group with a symmetry than can be as low as Can. It typically describes a cubic symmetry broken
by a magnetic moment. The valence shell spin orbit has been neglected because it would distort
the orbitals and then lower the symmetry. A strong spin orbit coupling would induce an elec-
tronic anisotropy in the valence shell that should give rise to a linear magnetic dichroism?21%,

The amplitude factors can be written as the sum of a dispersive and an absorption con-
tribution:

fo=fo +ifo
(21)
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Figure 10: Real (') and imaginary (") part of the charge (f,) and pure magnetic (f;) scattering amplitude at the iron
L, 3 edges taken from M. Elzo et al*®.

The real and imaginary part are linked with each other by the Kramers-Kronig relation and
depend strongly on the energy as shown in figure 10.

The relative variation of the dispersive and absorption part changes the penetration depth which
allows the magnetic texture depth dependence study. Coupling the energy and angle depend-
ence of the diffracted signal with an off specular software simulation fed by micromagnetic
simulations of the in-depth magnetic texture could retrieve the depth variation of the magnetic
texture in multilayers. It is of particular interest in thick ferromagnetic multilayers where the
dipolar interaction can induce a hybrid chirality within the sample such as in Legrand et al.®?
paper. However, due to the smaller length of absorption in the soft X-ray regime, multiple scat-
tering occurs, and the Born approximation must be reconsidered. A recent contribution from
Flewett et al.®® uses a distorted wave born approximation (DWBA) simulation program that
takes into account absorption and weight the magnetic layers contribution to the off specular
scattering. It is of particular interest for 3D magnetization texture refinement and has been used
to determine the depth of the ferromagnetic sample’s Bloch part, located between the Néel CW
and CCW chiral textures.

The use of increasingly complex and thick asymmetric multilayers, with individually
thin layers, that can stabilize magnetic skyrmions makes x-ray resonant magnetic scattering
(XRMS) a tool of choice or 3D magnetization distribution studies. Reflectivity curves should
be performed in order to verify the multilayer quality, especially the roughness at the interfaces
and pick up the appropriate incident angle to maximize the magnetic constructive interference
effect coming for XRMS images.

1.3.3 A particular case: X-ray reflectivity

X-rays has been first widely used to characterize the electronic density of solids. In
1954, L.G Parratt*® is the first to use X-ray reflectivity for evaporated copper on a glass sub-
strate, effectively estimating the copper oxide thickness on top. The “Eigenwave” model pre-
sented hereafter is based on the classical propagation of eigenwave through the media that use
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the quantum description of the photon-matter interaction presented above. This description is
similar to other approaches'®~1% put is particularly useful for the simulation of multilayers.

The electromagnetic wave propagation is described by Maxwell equations with the approxima-
tions that the medium response to an electric field is proportional to the dielectric permittivity
tensor £ and that the magnetic permeability [ is a scalar:

D = £,éE and B = pyuH

(22)

Where D is the electric displacement, E the electric field, B the magnetic field and H the mag-
netizing field. A further supposition considers that the medium modifies the amplitude and the
direction of the wavevector in addition to the absorption. The propagation equation gives solu-
tions with a propagating vector k equal to:

k_27r
_Tn

(23)

The anisotrope refractive index n = (nx, ny, nz) is imposed by Maxwell equations and de-
pends on the dielectric permittivity, which is here obtained by a quantum treatment of the
atomic scattering amplitude as done by Hannon®°. The relation between the latter two is given

by:

(24)

With pa the number of atoms a per volume unit and f;, the scattering amplitude of the atoms a
which can be expressed in the dipolar approximation as:

f=("efy—i(e" xe) mf

(25)

3
fo=—Tofn + (E)[Fn + Fi1]

3
fi= (E)[Fu — F11]

Where e = E/E and e’ are the polarization vectors of incident and refracted photons respectively.
The first term in the fo expression corresponds to the Thomson contribution, with ro the classical
electron radius and fw the Fourier transform of the electronic charge density. fim terms
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corresponds to the photon absorption probability by an atom with a change of m in the angular
momentum projected on the unitary quantification axis vector m = M/|M|, chosen as the local
magnetic moment direction. Noteworthy, this expression of the scattering amplitude neglects
higher terms in the multipolar expansion of the vector potential (e =¢" ~ 1 — ide=# + -+,
which is correct for soft X-rays. However, in the hard X-rays regime, a correction from the
quadripolar term, ik - r, is needed and gives a AL = 2 contribution, which is usually smaller
than the dipolar one.

The permittivity matrix expression in the ortho-normalized (X, ¥, 2) basis gives an antisymmet-
ric matrix with diagonal terms proportional to the Thompson contribution and off diagonal to
the magnetic one. Then, it can be injected in equation 24 to give the expression of the dielectric

tensor:
€ Exy  Exz
& = —gxy & gyz
—&y; —&y; £
(26)
41 . , 4T . _ .A4m . _ , 4T
Where e =1 + k_gpfo » Exy = _lgpmzfl 1 Exz = lk_cz)pmyfl 1 Eyz = _lapmxfl

This dielectric permittivity is then injected in Maxwell classical equations of wave propagation.

Maxwell equations leads to a propagation equation, which in the case of a monochromatic wave
with a wave vector k = (2a/A)n, n X (n X E) + éE = 0%, It constrains the refractive index
with respect to the permittivity [n?8;, — nyny, — €| = 0.

Resolving the equation in a referential attached to a wave vector k which propagates along the
Z axis and considering the permittivity off-diagonal terms negligible compared to the diagonal
ones (g;;, < ¢) at the second order yields:

0

i 4 21
nt ~ Jetie, = \/1 + k_(z)P(fo tm,fi)) =1 +Fp(fo +m,f1)

(27)

The general refractive index expression is given by:

+ 41 2T -
nt= [1+-Zplfokomf) ~ 1+ 7p(fo £ kmfy)
0 0

(28)

The planar component of the in and out-going wave vectors are conserved. The electric E and
excitation fields H can be expressed as a function of the dielectric tensor and of.
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E=¢"1D
H=nXE=nXx(£1D)

(29)

The two equations give six expressions for the electromagnetic field components. The planar
components are linked by the boundary conditions at the interfaces which imposes the conser-
vation of the planar components of E and H. The reflected and transmitted waves are calculated
using a 4x1 vector D that contains both in-going and out-going beam polarizations. At each
interface, a 4x4 boundary matrix Am decomposes E and H planar components in the medium
m. The polarization change through the m to m+1 interface is ensured by the A4;% ; 4, matrix
product, which gives D41 = Ank1AmDm.

In case of a multilayer, the polarization state in the last layer is expressed as'%*:

Dy =MD, = A7 nAumA,;}AO@i
m

\‘\? r /

“
N
"
.
Vacuum ~ ® O
®| D, = A{'AD;
Layer 1 ®|po,
Layer 2 ®| D, = A;1A P ATIAD;
o
....................................................................... =
Layer m-1 eolp .o
Layer m : ?mﬁz A;nlAm—lpm—lA;ll—l '"Aobi
Substrate at ®| D= MD;

Figure 11: Scheme of the reflectivity calculation. a is the incoming beam, D; the pseudo vector containing the
polarization state in the vacuum and the reflected beam r. t is the transmitted beam. A, A,, transmits the polariza-
tion states on both side of the interface. B, is the operator that propagates the wave in a medium. The grey areas at
the interfaces represents the electronic roughness which is modelized by an error function, erf.

P,, is a propagation matrix between two interfaces that contains the phase shift and amplitude
attenuation experienced by the wave while propagating in a medium.
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Noteworthy, the roughness is considered as a Z variation in the electronic density and must be
smaller than the thickness of the layer. Its effect is considered in the interface propagation
Ar_n1+1Am-

The aim is then to solve the following equation considering that only the reflected wave
Is taken into account at the interface with the last medium:

ap, tp1
a t
D, = M1D; = r;’f =M1 32
sz 0

(1)

With r and t, the reflectivity and transmission coefficient for polarization state p1 or p2 and ap
the initial polarization state of the incident photons. The interested reader can read Elzo et al*®*,
work for more details on the matrix formalism notably used in the magnetic reflectivity fit
software dyna.

In that section, the photon and matter interactions were briefly discussed and followed
by the quantum formalism of the photon-in, photon-out resonant process giving the scattering
factor amplitude. The square of the latter is proportional to the diffracted intensity. The partic-
ular case of the x-ray resonant reflectivity (XRR) has been briefly presented with a matrix for-
malism that allows shorter calculation time for the computer. XRR is a powerful tool to study
the quality of the multilayer growth and to determine the in-depth magnetic layer to layer mag-
netization variation.

1.4 Experimental description

XRR needs the photon energy to be tuned at the magnetic element resonant edge. This
versatility can be obtained in synchrotron and free electron laser (FEL) facilities. The different
experimental set-up and beamlines used during this PhD work as well as the production of the
synchrotron radiation are discussed in the following parts.

1.4.1 Synchrotron radiation

The synchrotron radiation has been visually observed in 1947 for the first time by Elder
et al.?® at the General Electric 70 MeV electron synchrotron, after its theoretical prediction?®?.
It is emitted when a relativistic charged particle is accelerated perpendicularly to its direction
of motion. At first, it was seen as a parasitic radiation for particle physics since it represents a
loss of energy. However, as particle accelerators went higher in energy, the synchrotron radia-
tion was exploited as a by-product.

It is in 1968 that the first storage ring dedicated to the synchrotron radiation source
exploitation has been commissioned?®. It was a 240 MeV storage ring with an injection current
of 50 mA and an average radius of 1.5 meter. It was fed by a fixed small field alternating
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gradient accelerator electron synchrotron at 50 MeV. The electrons were injected in an off cen-
tral orbit, then accelerated by radiofrequency cavities to reach 240 MeV and had a half-life that
don’t exceed two hours. This dedicated synchrotron radiation source showed the superiority of
the electron storage ring. The second generation of synchrotron storage ring were bigger in size
and higher in energy. The interest lies in the fact that it increases the brilliance of the beam as
the angular emission decreases with the storage ring energy and that it shifts the spectral distri-
bution of the synchrotron radiation towards smaller wavelengths as seen in figure 12. The syn-
chrotron radiation source (SRS) at Daresbury is the figurehead of this generation as it was the
first multi-user X-ray synchrotron radiation facility?®®. This period saw the advent of insertion
devices, such as wigglers or undulators, producing a brighter synchrotron radiation?*,

—————
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Figure 12: (a) Scheme of the radiation emitted by a charged particle in the non-relativistic case (8 = E « 1) and

in the relativistic case (8 = 1). (b) Brilliance spectral distribution of the synchrotron radiation for different storage
ring energies. The critical energy ¢, depends on the storage ring parameters (i.e., electron energy and size of the
storage ring) and separate the curve into two parts containing each 50% of the energy emitted. (c) Sketch of the
electron motion in an insertion device (wiggler or undulator) with its magnetic periodicity 4,,, the electron wiggling
angle a and the synchrotron radiation emission cone depicted in yellow. The cone angle depends on the electron

velocity through y = J%Bz . All figures are taken from Balerna et al?*.

Wigglers and undulators consists in two jaws, placed symmetrically with respect to the
electron beam in the vertical direction, containing each a periodic arrangement of permanent
magnets installed on the storage ring’ straight sections. The electrons oscillate perpendicularly
to their direction of motion and emit synchrotron radiation (figure 12.c). The small bending
radius of the electron beam results in a shift of the emitted photon towards smaller wavelength,
an increase of the radiated intensity and brightness. The difference between an undulator and a
wiggler can be quantified by a dimensionless parameter K:

K =ay

(32)

1 1 .
\/1__% =T the Lorentz factor which depends on the
electron energy. y is also the inverse of the synchrotron radiation emission angle. In both, the
electron moves in a sinusoidal magnetic field, so that K can be expressed as:

With «a the wiggling angle and y =

e
K = A,B=93471,B
2mmec u
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Where 4, is the magnetic period of the insertion device, expressed here in meter and B the
magnetic field in Tesla. In the wiggler case, the deflection parameter K > 1, which means that
the wiggling angle « is large compared to the natural opening angle ¥~ of the synchrotron
radiation. The main implication is that the radiation emitted at each magnetic periodicity isn’t
coherent. Thus, the total intensity corresponds to the sum of all individual pole contributions
multiplied by number of electrons per bunch. An undulator has a deflection parameter K =~ 1.
The wiggling angle is then close to the photon emission angle. Knowing that the electron path
is sinusoidal, there is an interference effects occurring between photons emitted at different
point of the trajectory. It leads to a different spectral distribution of the flux compared to wig-
glers or bending magnets. Indeed, if the radiation is observed with an angle 8 with respect to
the undulator axis, the constructive interference gives a condition on the wavelength?®:

| K2
—(1+ —+ Y26?%)

n

- 2ny?

Where n is the harmonic number. This expression differs from the wavelength equation ob-
2
tained for a bending magnet or a wiggler by the factor K? inside the parenthesis. It means that

with an undulator, it is possible to tune the wavelength by changing the gap between the two
magnetic arrays which modifies the K factor, since it depends on the magnetic field B. Moreo-
ver, the intensity of the synchrotron radiation increases as the square of the undulator’s mag-
netic periods number. Undulators opened the way for increasingly coherent synchrotron radia-
tion sources.

The third generation of storage ring have been optimized to maximize the brilliance and
reduce the emittance of the source, especially the vertical one. Soleil is one of the most recently
built third generation synchrotron. The electrons are extracted from an electron gun and sent
toward a 27 meters long linear accelerator. Electrons reach an energy of 100 MeV and are
directed toward a 157 meters long circular accelerator, called booster, where they reach the
storage ring energy. At SOLEIL, it is a 2.75 GeV storage ring (y=5400) with a circumference
of 354 meters. It has a rectangular shape, the inner vertical size being only 10 mm large. Along
the ring, several apparatuses compensate the electron beam perturbations caused by the loss of
energy and to the electrostatic repulsion inside the electron bunches. To compensate the beam’s
energy loss, two cryomodules are installed. They contain each two accelerating cavities that
works with superconducting elements cooled at 3 K. Quadrupoles and sextupoles are placed
down and upstream each insertion device (wiggler or undulators). They focus the beam and
correct the chromatic as well as the geometric aberrations, respectively. It reduces the size and
the divergence of the source, which is an important feature for experimental techniques using a
coherent beam, such as XRMS. With the third generation of synchrotron and the use of undu-
lators, it is now easier and less costly in photon flux to reach the spatial coherence condition.

In order to study the magnetic chirality in transition metals, it is necessary to use a cir-
cularly polarized beam (detailed in chapter 2). For this purpose, the APPLE-11 undulators®® are
used. It consists in a 4 jaws undulator that has 4 different arrays of magnets with the same
magnetic periodicity that can be displaced with respect to each other. The insertion devices are
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installed in the storage ring straight section prior to a beamline. The synchrotron radiation emit-
ted arrives toward the beamlines, where it is exploited.

1.4.2 Description of the SEXTANTS beamline & RESOXS
diffractometer

The static experiments were performed at the soft x-ray experiment resonant scattering
(SEXTANTS) beamline at SOLEIL synchrotron. Its energy range starts from 50 eV to 1700 eV
but is fully optimized in the 70-1200 eV range. It is equipped with two 1.6 m long Apple-1I
undulators with a 44 mm and 80 mm periodicity that provide a full control on the beam polari-
zation, either linear or circular with a polarization efficiency of 99%. The light arrives on two
water cooled mirrors, using a closed-circuit thermostatic bath, that absorb up to 90% of the
thermal load coming from the source (undulators). The secondary functions of the two mirrors
consist in the fine adjustment of the deviation angle to compensate an eventual displacement of
the source position and in the radiation safety fulfilment by displacing the beam with respect to
the source axis. They are placed in an aluminium chamber with motors placed outside the cham-
ber preventing any carbon deposition from dust cracking under the intense beam which can
happened even in ultra-high vacuum. The beam is then monochromatized by selecting one dif-
fraction order of a grating. There are five different interchangeable variable line spacing (VLS)
gratings, all mounted in the same baseplate for rotation (energy selection) and translation (grat-
ing selection). They are all water cooled as well as the spherical mirror M2 that focuses the
radiation coming from the grating in use towards a vertically occulting exist slit. The mono-
chromator hutch is thermalized at 20°C with a tolerance inferior to 0.1°C. The monochromatic
beam is sent into one of the two branches of the beamline using two horizontally deviating
toroidal mirrors mounted on the same hexapod device. One mirror (M3) feeds the inelastic part
and the M6 send the beam in the elastic one. The switching between the two working positions
is realised by a control software that controls the hexapod position. The two branches aim to
study the electronic and magnetic properties of the matter using photon-in/photon-out tech-
niques. The resonant inelastic x-ray scattering (RIXS) part probes low electronic excitations

with an energy resolution above 5000< & that can reach 20 000 depending on the grating and

on the energy?®"2%. During this thesis, only elastic scattering experiments have been carried
out.
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Figure 13: Scheme of the SEXTANTS beamline with the main optical elements and the three end-stations
designed with A, B and C. Image taken from Sacchi et al?®.

After the M6 mirror, the IRMA-2 location exploits the beam to perform coherent x-ray
imaging on magnetic domains, using mainly Fourier transform holography (FTH) or Ptychogra-
phy techniques in the COMET end-station®®. It is equipped with four permanent magnets in
NdFeB mounted on four rotatable arms. The gap between the magnets and the sample varies
by using an Archimedean spiral system which is driven by a single stepper motor. The field at
the sample location can reach 1T in the closest gap configuration. The diffracted beam is col-
lected either by a diode or by a CCD camera (mainly used) that can move parallel to the beam
axis. After the COMET detection compartment, two plane silica mirrors in Kirkpatrick-Baez
(KB) configuration (M7 and M8) mounted on mechanical benders can displace and focus the
beam focal point into the C working point.

RESOXS is a diffractometer dedicated to X-ray resonant magnetic scattering in the soft
X-ray regime, meaning that it is on UHV condition like the rest of the beamline since air atten-
uates x-rays strongly at those energies®!°. The motors that rotate or translate the sample and the
detector are placed outside the chamber to minimize the vacuum level, which is important when
the sample is cooled. The goniometer is mounted in two parts in a way that the sample and
detector stages can rotate independently. The sample can be moved in three orthogonal direc-
tions, rotate around the Y axis, making an angle 6 with the incident beam, and rotate (within a
+3° range) around the propagation beam axis. Those rotations are key to correct the sample
misalignment due to non-planar sticking on the sample holder. The 6 rotation, contrary to the y
one, also affects the two pairs of poles placed in the Y’Z’ plane at 45° from Y’ and Z’ axis. The
cylindrical poles are made of pure iron and guide the magnetic flux emitted by the 620 turns
coil that surrounds it. Orthogonal poles pairs are supplied independently, which allows different
in-plane field configurations. The field generated increases linearly until 0.12 T, corresponding
to a current of 2 A, and reach an upper limit of 0.2 T for | =8 A. The magnetic field produced
varies by 3.5% within a volume of 2 mm? in the middle of the poles. This volume is far greater
than the usual beam size and is of the same order than the sample size usually studied. The
remanent bias field has been measured to approximately 3 mT at the middle but, in case the
sample is very sensitive to small magnetic field, the magnets can be moved by a rotation around
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the Z’ axis (not shown in the sketch below). In a near future, the magnet stage will be replaced
by a quintupole made of electromagnets which is able to produce an in-plane and out of plane
magnetic field that, according to calculations, could reach 0.6 T in the three directions. Note-
worthy, all SEXTANTS motors are controlled by a Linux Tango environment.

The sample holder is made of the same material as the cold finger (green part on the
figure 14 (a)), that is in high purity copper, preventing any detrimental magnetic forces while
measuring and maximizing thermal conductance. The cold finger is the final part of a cryostat
system that uses continuously flowing helium to cool the sample. It can reach temperature as
low as 30 K, which is sufficient for most magnetic compounds.

The second part of the goniometer holds the detection stage. It is equipped with two detectors.
A 21.5 mm sensitive area silicon photodiode (Canberra-Eurisys IP 300-PH-CER) with an elec-
trometer for the signal readout. It is usually used for the reflectivity curves while the diffraction
patterns have been collected on a 2D Peltier-cooled 2048x2048 pixels PI-MTE3 CCD detector.
The latter covers 6.1° at a working distance of 26 cm from the sample and has a pixel size of
13.5 um. It is equipped with a beamstop that can moves in the two directions of the detector
plane in order to avoid damaging the CCD. The flux produced by the undulator source can
exceed 1 x 109 photons s mm2 mrad2 for a 0.1% energy band width. The beam must be
fully coherent for imaging techniques, such as holography but not necessarily for XRMS ex-
periments. Also, the absence of magnetic speckles isn’t important for the XRMS signal analysis.

Figure 14: a) Sketch of the goniometer with the movements possible for the sample stage. X, Y, Z represents the X-
ray beam basis and X, Y’, Z'the sample translations. The mismatch between the two referential can be compensated
by the 6 and y rotations. The green part corresponds to the cold finger that hosts the sample holder and is the only
one rotating around Z’ ( i rotation). The blue part holds the magnetic device which turns around Y the same way
as the cold finger. The image is taken from Jaouen et al?!°. b) Sketch of the future magnet with the sample holder
and the cold finger passing through in the middle of the coils.
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The coherence of a beam is described by a spatial and temporal component. The char-
acterization of the spot size has been realized at the intermediate focal point (IRMA-2 or
COMET) using a YAG and a CCD detector, yielding a spot size of 80x50 um? (hxv). The
coherence properties of the beam were realized in the same chamber under multiple energy and
beamline angular acceptance?!!. To do so, a mask containing eleven 200 nm diameter holes
distributed in a way that cross-correlation images do not overlap has been used. The beamline
angular acceptance has been tuned by varying a 4-jaw aperture placed 10 m after the undulator
source.

(a)

12pum

(c)

1 Doy

Figure 15: (a) Representation of the mask used for the coherence characterization with its calculated diffraction
diagram (b) and the associated 2D Fourier transform (c). Images with their respective 2D Fourier transform (d)-(e)
and (f)-(g) were taken with a vertical and horizontal beamline acceptance of 150 prad and 40 prad respectively. The
same grey scale has been applied for all the experimental data. Figure taken from Sacchi et al?*,

The scattering pattern obtained for a 40 prad acceptance is better defined than the 150 prad one,
resulting in a more defined 2D Fourier transform reconstruction, indicating a better horizontal
and transverse coherence of the beam. The spatial coherence is limited by the diffraction limit
that depends on the wavelength A and on the emittance of the beam €:

ESA/‘I-TT

(33)

The emittance can be expressed as the product of the source size root mean square (rms)
o with its divergence o’ also in rms. The coherence condition must be fulfilled in both direc-
tions. In the 3" synchrotron generation, the electron beam emittance is lower and approaches
the diffraction limit?!2, For instance, it can reach 3.9 nm rad at SOLEIL or 2.7 nm rad at Dia-
mond in the horizontal direction, while in the vertical one the emittance is as low as 39 pm rad.
The coupling between the vertical and horizontal emittance is around 1%. The energies that
have been used during this PhD work corresponds to the Co and Fe L; edges which give a
diffraction limit equal to ~0.13 nm rad. Thus, since the value of the emittance given earlier is
the minimum achievable emittance value, the horizontal direction is not in the required coherent
condition. Fortunately, by cutting the beam in the same direction, it is possible to recover the
limit at the cost of intensity. It plays on the divergence of the beam and reduces the effective
emittance coming at the end station. SEXTANTS beamline is located on a medium straight
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section with a source size (divergence) of 350 pum (16.5 prad) in the horizontal direction. As-
suming a gaussian beam shape, the divergence of the photon beam is given by:

o' (ph) = /ae’z + G,'Qz

Where oy, is the divergence due to the diffraction effect. It is linked to the undulator length and

to the desired wavelength by oy = \/% which is equal to ~23.4 prad. It gives a photon diver-

gence of ~28.6 prad. The coherence length, taken at the working position (RESOXS end station
in that case) is expressed as:

AD
/20

A

(34)

D is the distance between the source and the sample, which is an optical intermediate point at
~ 6 m for RESOXS, A the wavelength used and o the size of the source. Taking the experi-
mental parameters at the Fe L3 edge, it gives a spatial coherence length of ~6 um in the hori-
zontal direction (while it is of the hundreds of um order in the vertical one). These figures are
theoretical as they don’t consider the optical artifacts and the mirrors acceptance angle. The
beam is at least 100 um large in the RESOXS end station, depending on the mirror focus, con-
firming that the coherent condition is not fulfilled. However, it is possible to use a pinhole
located at the entrance of the RESOXS end station if coherent diffraction imaging technique is
performed. It is the case for ptychography that can be performed in the IRMA-2 end station,
that was previously located at the current COMET location (IRMA-2 location in the original
scheme of the beamline).

The future generation of synchrotron facilities will focus on the horizontal emittance
reduction to increase the beam spatial coherent as well as its brightness. SOLEIL is nowadays
starting a process to upgrade the machine. It aims to reduce the beam horizontal size and diver-
gence with a small increase on the beam vertical properties which should stay in the diffraction
limited condition.

The other important component of the coherence is the longitudinal (energy) coherence.
The beam emitted from undulator isn’t monochromatic and the emission cone is narrow so that
the angle spread between the different energies is small. The formula that gives the condition
required for the longitudinal coherence is obtained by a simple reasoning. Considers a beam
that contains two wavelengths. The first wavelength A performs N oscillations while the second
one, equals to A + AA, performs N-1 periods. It yields:

NA= (N —1)(A+ A1)

(35)
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A rapid reorganisation gives A + A4 = NAA. Defining the coherence length as the distance from
which, the shift between the two wavefront is equal to half the wavelength, it links the length
necessary to perform a full phase shift between the two waves NA and the coherent length,
which is half of this value. The longitudinal coherent length is thus given by I.,, = NA/2, that
can be expressed as:

_(A+Anr 2
coh ™AL T 242

(36)
The second part of the expression has been obtained by considering 42 > AAA. It holds true for
a sufficiently large resolving power (Al—l). In SEXTANTS case, the monochromator is usually

above 10 000. The coherent length is thus .., = A * 5000 which is equal to 8.75 pm. This
length has to be compared with the maximal optic path difference that can exist in the sample
studied. The sample used during this work were more than 10 times thinner than 8 um. Another
way to see it, is to compare the length to the penetration depth at the resonance. At the Fe L3
edge, the absorption coefficient u is equal to 80 nm, meaning that, if the Fe is the only element
that strongly absorbs in the sample, 370 nm is sufficient to attenuate the beam by 99%. The
longitudinal coherent condition is thus fulfilled.

In the next years, SEXTANTS beamline will be able to perform time resolved study on
the beamline elastic branch, using a femtosecond 1kHz pulsed laser. However, the SOLEIL
synchrotron radiation has a limited time resolution of ~50 ps due to the length of the electron
bunch. Noteworthy, the issue is common to all synchrotron facilities. It is possible for the ma-
chine to work in a low momentum compaction factor (low-a) mode. It consists in a hybrid
filling pattern with small and large bunches. In the «/100 mode, the small bunches are sepa-
rated by 2.8 ns and account for a 2 mA current in total compared to the 500 mA on the “normal”
operation mode. They are followed by a single bunch of 15 pA shifted by 295.3 ns with respect
to the last small bunch. The low-a mode reduces the bunch length to 7 ps. However, it is still
too long for probing ultrafast demagnetization behaviours in transition metals that usually oc-
curs at the hundreds of fs timescale. Free electron laser (FEL) facilities can provide such a short
bunch length with a high beam peak brilliance that exceeds by at least 6 orders of magnitude
the synchrotron one.

1.4.3 The principle of free electron lasers

The principle of a FEL has been invented and demonstrated by J. Madey’s group at
Stanford University during the 7052321 The principle is the same as for synchrotron for the
injection and LINAC part but differs in the design shape. A FEL is a linear electron accelerator
that can be more than two km long (EUXFEL, LCLS) and can be seeded by a laser or not.
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During this work, experiments have been mainly performed at Fermi FEL in Italy, on the Elettra
synchrotron campus. It is a 320 meters long FEL, optimized for the UV/XUV wavelengths.
FEL that emits in the higher energy range, i.e., soft/hard X-ray regime, are usually longer. Fermi
is a seeded FEL, which provides a smaller variation in the bunch-to-bunch intensity. After the
first 10 m LINAC that increases the electron beam energy to 100 MeV, electrons are sent into
a series of LINACSs, bunch compressors and a focusing system that provide a 1.2 GeV beam
with the minimum transverse emittance. A UV laser (260 nm) is synchronized with the electron
bunch to induce an energy modulation inside a short two jaws undulator, called modulator. The
modulated bunch passes through a dispersive section that converts the energy modulation into
a spatial modulation. The pre-bunched electron beam is finally sent toward a series of undula-
tors, called radiator level, tuned at a harmonic wavelength of the seed laser and separated by
quadrupoles that correct the electrons trajectory. Passing through the undulators, the electrons
emit a synchrotron radiation, characteristic to the undulator strength, parallel to their trajectory.
The photons field interacts and imprints its periodic structure on the electrons beam since its
velocity is close to the speed of light. As a result, the initially pre-bunched beam is spatially
modulated by the emitted electromagnetic field. Indeed, the periodic electric field accelerates
the electrons, that loose or gain energy depending on its position in the bunch. During this
period, the light emitted increases linearly as it moves inside undulators. At some point, a denser
bunch forms, following the synchrotron radiation wavelength, and emits coherently with it,
which reinforces the electric field. In turn, the strengthen radiation forms other dense bunches
which emit coherently. During this second phase, the radiation power increases exponentially
with the undulator length. Finally, the electron beam is fractioned into small bunches and the
emission enhancement saturates, as seen in figure 16. The modulation of the electron density
in small bunches by the synchrotron radiation that they produce inside undulators is called mi-
crobunching. The total intensity FEL radiation scales as the square of the total number of un-
dulators poles multiplied by the square of the number of electrons inside each microbunch. This
process is called self-amplified spontaneous emission (SASE).
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Figure 16: Plot of the radiated power by the electron versus the distance spent inside the undulator to describe the
SASE effect. The three graphics are numerical simulations of the electron density distribution?'®, The yellow dot
is on the area where there is no modulation in the electron beam (blue dots). The power of the beam increases
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linearly with the distance. At the orange dot, a modulation appears, but is still not perfect. The photon flux increases
exponentially. Finally, at the red dot, the microbunching is achieved. The photons (yellow arrows) are emitted
coherently but the radiated power saturates. The image is taken from Valentin Chardonnet PhD work %,

Some FEL facilities use two radiator levels to emit shorter wavelength?!®, The pulse from the
first shorter radiator level is used as a seed before the electrons enters a dispersive section and
the last long radiator section (self-seeded FEL). The seeding process increases the flux emitted
per pulse and reduces the shot-to-shot intensity variation between each electron injection com-
pared to SASE FEL. Moreover, with a seeded FEL, the wavelength bandwidth is narrower and
the temporal duration of the FEL pulse is mostly determined by the UV seed laser?!’. The FEL
pulse duration is usually inferior to 100 fs. After the last radiator level, the electron beam is sent
toward a beam dump through magnetic dipoles, while the FEL pulse continues toward the ex-
perimental section.

The results presented in this manuscript have been obtained on DiProl end station?8, It
is alternatively fed by both FEL branch (FEL-1 and FEL-2), that covers a spectral range from
100 to 4 nm wavelength in the first harmonic, with a transition between the two complementary
FEL lines at 20 nm. FEL-1 has been used for experiment at the cobalt M 3 edge (20.8 nm) since
it can produce a degree of circularly polarized X-ray between 92-95%2'°. The change is realized
by a switching mirror. A gas cell, equipped with up and downstream intensity monitors, can
attenuate the FEL pulse by more than three orders of magnitude. Solid state filters (Al, Zr and
Pd) can provide additional attenuation of the intensity. Further downstream, two variable-line
spacing plane gratings provides information on the FEL spectral features such as wavelength,
spot distribution and at least the relative shot-to-shot intensity. A split and delay device, made
of grazing incidence mirrors, can split the FEL pulse in two part to perform FEL-pump FEL
probe experiments, with a delay ranging from -2 to 30 ps. The FEL pulse focus is made with
two bendable mirrors in KB configuration that can focus the beam down to a 5x6 um2 full
width at half maximum spot, which represents several J.cm per pulse. In stroboscopic experi-
ments, such as pump-probe, the FEL pulses are coupled with an infrared pump beam, coming
from a part of the femtosecond seed laser. Thus, the time jitter between the IR and FEL pulses
is as low as 10 fs inside the DiProl end-station. The delay between the pump and probe is
realized by a translation stage that provide a 570 ps delay range. Two thin films polarizers are
used to tune the IR pulse energy and a lens telescope can adjust the beam size on the sample.
Finally, waveplates can modify the pump polarization.

DiProl end-station is versatile, as it is adapted for transmission or small angle scattering
geometry in static or time resolved experiments. The sample holder can move in all directions
as well as rotate with respect to the perpendicular to the scattering plane. In particular, the di-
rections perpendicular to the incident beam can move with a precision of 100 nm, which is
particularly useful for experiments realized in transmission where samples are deposited on
small membranes (usually 500x500 pm?). The sample holder can host multiple samples at the
same time. A SizN4 film and an Yttrium Aluminium Garnet (YAG) sample are integrated for
the spatial and temporal overlaps between pump and probe beams. A first image of the FEL
beam is taken with a visible sensitive camera that is not shielded with an aluminium foil and
which integrates more than 20 ms, that corresponds to the FEL and laser repetition rate. The
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FEL spot is detected thanks to the YAG luminescence. The wavelength as well as the transition
width depends on the doping element, but it is often located around 800 nm. Then, the pump
laser beam is moved with a set of mirrors until achieving the spatial overlap. The laser beam
size is often 1.5 or 2 times bigger in each direction compared to the FEL beam, so that the
probed area is uniformly pumped. Then, the sample holder moves to the SisN4 film to perform
the temporal overlap. The laser induced an ultrafast variation of the transmitted or reflected
(both are possible) FEL signal of a SiasN4 film. The signal is monitored by a photodiode as the
delay line moves and compared to the tabulated ultrafast variation of the SizN4 film at the cor-
responding angle. The moment where the two beams match is called ¢,.

Once both spatial and temporal overlaps are performed, the two beams’ intensities are
adjusted to not destroy or degrade the sample. A 1 mm ball-shaped beamstop placed at 35 mm
from the sample holder block either the direct FEL beam in transmission geometry or the spec-
ular reflection in reflection scattering. It increases the signal to noise ratio of scattered beam
collected on the 2048x2048 pixels Princeton instrument MTE2048 CCD detector. The camera
is mounted on a xz translation stage allowing to change the maximum collection angle. It ranges
from 14.5° when the sample to CCD distance is equal to 55 mm to 5.1° when the distance is
moved to 150 mm. For a distance of 100 mm, the beamstop covers an angle of about +0.8° at
the diffraction pattern’s center. Finally, an aluminium foil covers the CCD chip to stop any IR
laser stray light.

In that chapter, the different magnetic interactions and spin textures that can exist in our
multilayers have been detailed. Then, the debate on the mechanism responsible for the ultrafast
dynamic has been presented. At the moment, there is a convergence toward the coexistence of
multiple mechanism as not a single one can explain the different results found in a variety of
samples. Usually, the study of the ultrafast magnetization behaviour is performed at saturation
with MOKE. Few studies focused on the evolution of the magnetic domain pattern, but the
characteristic time for the demagnetization is similar to the saturated state. The study of the off-
specular scattering peak position, related to the magnetic texture periodicity, shows different
behaviours. In some studies, the periodicity increases (in real space) in the sub-picosecond time
scale, while other found a variation after few picoseconds or none. XRR, presented in the third
sub-chapter, is a powerful technique to study magnetic properties in multilayers. To maximize
the magnetic contrast, the energy of the photon has to be tuned at the resonance edge involving
a spin polarized shell and a relatively strong transition that is linked with the orbitals overlap
between the two levels. The synchrotron radiation, produced in synchrotron or FEL facilities,
is a versatile source that fulfil the photon energy tuning. The various means to product the
synchrotron radiation have been reviewed as well as the different facilities and experimental
chambers which have been used during this PhD.
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Chapter 2: Probe the magnetic chirality

The word “chirality” has been first introduced into science by Lord Kelvin in the middle
of the 19" century. In magnetic samples, the first X-ray observation of dipolar-induced chiral
closure domains has been performed by Diirr et al.”? in 1999 on a 40 nm FePd film deposited
on MgO and capped by a 2 nm Pd layer. The prediction of interfacial DMI%>*° (as discussed in
chapter 1) and its subsequent application in multilayers offer the possibility to engineer the
magnetic parameters by tuning the stacking order, the layer composition and thickness. More
recently, it has been shown that magnetic texture chirality determines the electrically driven
propagation direction of the DWs and enables higher velocities®. XRMS is well suited to easily
determine the periodicity of the magnetic texture, the type and the chirality of the DWs.

In this chapter, the XRMS theory is presented with an emphasis to its capacity to probe mag-
netic chirality illustrated for a simple single magnetic layer with different magnetic textures. In
a second part, the different results previously obtained for FM multilayers are presented. This
chapter will finish with a new study performed on SAF samples.

2.1 XRMS formalism

The theoretical results presented in this chapter can be expressed in a g, r linear polar-
ization basis (see figure 17 below). It is a more convenient way to present the results as it gives
direct insight of the different polarization channels in the diffracted beam.

The linear polarization basis used in the following can be expressed as:

(a—> g m- a')
o> mo

With o, (o', ") are respectively the incoming and outgoing linear polarization perpendicular
and parallel to the scattering plane respectively which is defined by k and k’:

(5)= (550 o) () e xke = =ysin 20) and g = K ~ k

@37)

Where x,y,z is an orthogonal and normalized basis defined with the sample plane as depicted
below:

Z
k

T n_l k'
y ~
g GW &
g
Figure 17: Scheme of the orthogonal basis used with respect to the sample plane.
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The expression of the intensity depends on the Fourier transform of the scattering amplitude.
The later contains 3 different contributions, as seen in chapter 1 paragraph 3.2:

F(q) = M.(q) + M,,,(q) + Myp(q)

The charge, magnetic and quadripolar terms can be written in the o, r basis:

M@ =Fp@ &) =Fp(} 0 )=ro(l 2)

(38)
N 0 k-
Mn(q) = —iF, (€' x &) M =—iF (—k’ (K X K) ﬁ1>
_ _iF 0 m, cos 0 + m, sin 0
=t 1(—@cos@+ﬁl\zsin0 —my, sin 26 )
(39)
Mo(q) = Fy(€" - ) (& - )
_r ( 15327 —@(@sin@—@cos@))
2 My, (M sin @ + 7, cos §) —cos® @ (mZtan® 6 + m2)
(40)

F,, F;and F, are the Fourier transform of the transition strength factor f,, fi, f, respectively. /m
and p are the magnetization and charge density Fourier transform. The diagonal matrix in the
charge contribution indicates that the polarization won’t rotate on the contrary to the magnetic
linear part. The expression of the total intensity in the matrix formalism, which is equivalent to
equationl7, is given by:

(@) =Tr[F - g FT]

(41)

With F (FT) the (transposed and complex conjugate) scattering amplitude and jz a density matrix
that stands for the polarization of the incident beam. In the Cartesian linear polarization coor-
dinates, it can be written as??°:

P0+P1 Pz_lp3) 1( PO' Pz_ip3>
2

_ 1 _
“—§(P0’0+P"’)—§(P2+ip3 Po— P, P,+iP; P
(42)

In the equation above, I is the unit matrix, @ is the Pauli matrix vector while P = (P4, P,, P3)
expresses the polarization in the Poincaré-Stokes’s representation. The table below indicates
the P vector combination for each polarization state.
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Table 1: Pure polarization states expressed in the Stokes-Poincaré formalism. Table is taken from Van der Laan,
C.R physique 20082%,
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In this thesis, circular polarized light has been used to study the magnetism of magnetic layers
of 3d transition metal. Neglecting the term quadratic with the magnetic moment we can derive
the following expression for the scattered intensity:

1(q) = Tr[Mc i~ M + Tr[Mpy, - 7 M3] + Tr[My, - i- M} — M, - i - M} ]
= 1.(q) + In(q) + 1:(q)
(43)

Where the three intensities I, I,,, and I; refer to the charge, magnetic and interference between
the two, respectively. The charge term won’t change with the polarization reversal, thus 1. is
not developed. I,,, and I; are expressed taking P, =1, P, = P, = 0and P; = +1.

|Fy|?
2

In(q) = [|k' - m|* + |k-m|? + |(k' X k) - ™|? + 2P;Im[(k' - m*) (k' X k) - m]]

(44)
I;(q) = Sm[F;p7F, (- (k' X k)(K' - k)] + PsRe[F;p*Fy(k-m + (k' -m)(k' - k)]

(45)

From equation 44, we can see that the magnetic intensity is proportional to the square of the
magnetization while the interference contribution (45) is linear with the magnetic moment.

2.2 Example of applications with circularly polarized light
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In this section, we will discuss the different possible results that can be obtained
with XRMS on a magnetic single layer. In the first part, the transmitted signal obtained in the
direct beam or diffraction pattern is briefly discussed. Then, the off-specular signal coming
from a striped magnetic domain pattern with chiral DWs is calculated. The XRMS signal com-
ing from Bloch and Néel DW types (depicted in figure 18) with magnetic stripes oriented along
or perpendicular to the scattering plane are treated. The asymmetry ratio (defined thereafter) of
different magnetic textures is calculated. Finally, the experimental results obtained on chiral
FM multilayers with XRMS are described.

Néel Bloch

Sy Sy
Q" @ Q" -

Figure 18: Scheme of the cycloidal rotation (Néel) and of the helicoidal (Bloch) rotation of the spin through a
DW. The domains are in stripes and parallel to the scattering plane (yellow rectangle).

2.2.1 Case of the transmission geometry

2.2.1.1 In the transmitted direct beam

As defined in equation 43, the signal originates from the addition of a charge, magnetic
and an interference term between the charge and the magnetic contributions. A way to cancel
the charge contribution is to look at the dichroic signal. The dichroism is defined as the DIF-
FERENCE of the circular left and the circular right polarization (CL — CR) intensities. In this
geometry, the X-ray beam is normal to the sample surface, meaning that the scattered and inci-
dent wavevectors are equal k' = k. This implies that their cross-product cancels out, k' X k =
0. The circular polarization is the only parameter that should change (P3) during the signal
acquisition. In the direct beam, the magnetic and interference intensities yield:

IS — ISR (q) = 15" R (@) = 0

IF'=CR(q) = 4Re[F;p*F, (k- )]
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L F (@) = |Fy|*[Ik - %]
IR (@) =0

The pure magnetic term in the DIFFERENCE and the interference term in the SUM
cancel out because of the k' x k cross product. The remaining intensity originates from the
interference term for the DIFFERENCE and the magnetic contribution in the SUM. Both de-
pend on the scalar product k - m. Note that, contrary to the SUM, no charge signal is left in the
dichroic result. As the wavevector k is perpendicular to the sample surface, only the Fourier
transform component of the magnetization parallel to k and corresponding to a non-zero charge
distribution in the same direction is probed. Thus, only the net magnetic moment in the sample
is probed in the transmitted direct beam, that corresponds to the zero-order beam. It is the par-
ticular case of x-ray magnetic circular dichroism (XMCD) that allow to probe the magnetic
moment in a sample at saturation (using an external field).

2.2.1.2 In the transmitted diffraction geometry

For a sample at remanence, i.e., in the presence of alternating magnetic domains, it is
possible to obtain a diffraction pattern in transmission geometry because the sample acts as a
magnetic grating. The scattering angle is usually small (few degrees) due to the magnetic period
of few hundreds of nanometers relative to the light wavelength (20.8 nm maximum). meaning
that the incident and scattered wavevectors are still equivalent. To simply illustrate analytically
the possible results, the magnetic pattern is taken as a perfectly aligned Néel CW (X = 1) spin
spiral with a periodicity along y, perpendicular to the scattering plane with no depth depend-
ence. The normalized magnetic vector is written:

0 0
m = | Xmysin k,y | = [ my, sin kyy
m, cos k,y m, cos k,y

(46)
The amplitude of the magnetization wavector k,, is equal to 27T/py with p,, the periodicity of

the magnetic texture in the y direction. The magnetization components amplitude m,= m,=1
is written to distinguish the geometrical components in the intensity latter. The magnetic vector
Fourier transform gives the following components referred previously as (7, m,,, m;):

0
a o | —imy (8(a—ky) —8(q+ky))
m, (6(q — ky) + 6(q + ky))

(47)

With the Dirac delta function referred as §(q). This expression is injected into I; for the cases
q=k,andq = —k,.
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If17%(q = k) = 4Re[F;p Fi(m,)] = 0= If*"F(q = ~k,)
=R (q = ky) = 0 = I5~%(q = —k,)
IiCL+CR(q — ky) =0= IiCL+CR(q — _ky)
I3+ (q = ky) = 2R P [|k-ml*] = 134" (q = —k,)

No magnetic dichroism is obtained at g = tk,, due to the Fourier transform of the charge den-
sity distribution, p*, that has no in plane component in homogenous layers and that the trans-
mission geometry cancels the cross product in I,,,. However, in the SUM image of CL + CR
polarization, the pure magnetic term gives a scattering at +k,, with the same intensity on both
side of the direct beam.

2.2.2 Case of the reflection geometry:

2.2.2.1 Case of a Néel spin spiral stripes
2.2.2.1.1 Magnetic stripes parallel to the scattering plane

In this paragraph, we will illustrate the fact that in reflection geometry one can probe
the in-plane component of the magnetization. It is the geometry privileged during the thesis
since it ultimately gives access to the type and to the chirality of the DWs or closure domains,
which is the quantity we want to have access.

In the formal calculations below, the scattering plane is assumed to be defined by the
(x, z) vectors as depicted in figure 17. The same spin spiral magnetic texture is assumed with k
and k' defined by equation 37. The focus is brought on the off-specular diffracted intensity, as
the specular signal corresponds to the magnetic reflectivity which has been presented in the first
chapter. In the off-specular scattering, the interference term between the charge and the mag-
netic signal cancels if there is no common IP modulation, which is in general valid. A y periodic
CW Néel stripy spin spiral texture is used on equation 44. The q dependent magnetic signal for
each circular light helicity is given by:

F 2
IR(q=ky) = | ;l [2m2 sin? & + m2 sin? 26 + 2(m,sin 6)(—m,, sin 20)]

F 2
I (g =ky) = | ;I [2m2 sin? 6 + m2 sin? 26 — 2(m,sin 6) (—m,, sin 20)]

F 2
ISR(q = —k,) = | ;I [2m2 sin? 6 + m2 sin? 26 + 2(m,sin 6)(+m,, sin 20)]
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|Fy|?
2

I (g = —ky) = [2m2 sin? 6 + m? sin? 26 — 2(m,sin 6) (+m,, sin 20)]

(48)

One notices quickly that the intensity in one diffraction spot of one helicity is equal to the other
spot intensity in the other circular helicity.

IT%R(q = ky) = IT?lL(q = _ky)
15 (a = ky) = 157 (a = —ky)
The intensity of the two diffraction spots when taking the DIFFERENCE yields:
ISFCR(q = ky) = — ISFR(q = —k,) = —2|F,|*[(m,sin 6) (m,, sin 26)]

(49)

It results that in the theoretical DIFFERENCE image, schemed in figure 19, there is a dichroism
in the diffraction spots at g = tk,, resulting from the interference of the m, and m, compo-
nents of the magnetization.

CL -CR

N\ 180

Figure 19: Scheme of the theoretical DIFFERENCE image obtained for a CW and Néel type stripes that are aligned
with the scattering plan. The image is looked from the photon direction of propagation (in front of the sensor).

For a Néel CCW (X = —1) DWs, the m,, component would be opposite to the CW chirality in

equation 46. It leads to an opposite dichroism in the DIFFERENCE image compared to the
Néel CW DWs as depicted in figure 20.
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IE=CR(q = k) = — IER(q = —k,) = 2|F;|?[(mysin 6) (m,, sin 20)]

(50)

CL -CR 0

2708 + - 90
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Figure 20: Scheme of the difference image obtained in the same experimental conditions as figure 19 except that
the magnetization rotation is CCW in the DWs.

However, the SUM intensity doesn’t change and can be written as:
IS*CR(q = ky) = ISHCR(q = —ky,) = |Fy|*[2mZ sin? 6 + m2 sin? 26)]

(51)

The intensity in the SUM signal is of the same amplitude for ¢ = tk,,. It depends on
the square of the z and y components of the magnetization, which are of the same amplitude in
a spin spiral texture. The SUM signal is dominated by the z component in more usual magnetic
patterns simply because the domains, oriented along the +z axis, are larger (few hundreds of
nanometers) than the DWs (few tens of nanometers). The consequence of this on the SUM and
DIFFERENCE intensities will be discussed later in that chapter. In that part, the cases of Néel
type spin spiral stripes aligned with the scattering plane has been explored. In the following
sub-section, the theoretical signal when the stripes are perpendicular to the scattering plane is
developed.

2.2.2.1.2 Magnetic stripes perpendicular to the scattering plane

The magnetic pattern is identical to the previous paragraph but simply rotated by 90°.
The perfectly aligned Néel CW spin spiral texture has now a periodicity along x. We consider
for simplicity also a constant depth dependence and a magnetic pattern invariant by translation
parallel to the y axis. The normalized magnetic vector is now written:
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m,sin ( k,x)
")

m,cos ((k,x)
The Fourier transform of the magnetization vector is given by:

_imx(S(q - kx) - 6(61 + kx))
m= 0
mz(S(q - kx) + (5((] + kx))

Inserting the last expression into equation 44 with the same wavevectors yields:
IT(;’lL—CR(q — kx) — 2|F1|2[1m[(k1 . ‘n?‘)(k’ X k) . ‘ffl]] = Ir%L_CR(q = —kx) =0
IY%L'FCR(q = kx) = Ir%L+CR(q = —kx) = 2|F1|2[m926 COSZ 7] + m% Sinz 9]

(52)

The consequence is that due to the (k' X k) - i term, the dichroic signal is zero at +k,. This
implies that when dealing with magnetic stripes, the chirality is accessible with XRMS if there
is @ magnetic contribution parallel (k' - m*) and perpendicular ((k’ x k) - ) to the scattering
plane as it is the product of the two that build the dichroic signal.

For the SUM (CL + CR), the diffracted intensity isn’t strongly affected by the azimuthal angle.

The Néel type DW is mostly found in multilayers or thin films, while the Bloch type can be
found in bulk material with a broken inversion symmetry. In the next sub-section, a similar
treatment is applied.

2.2.2.2 Case of a Bloch spin spiral stripes
2.2.2.2.1 Magnetic stripes parallel to the scattering plane

A Bloch type DW consists in the helical rotation of the magnetization from one domain
to another. In opposition to the Néel DW, the magnetization acquires a component parallel to
the DW direction. If one considers a CW Bloch type spin spiral parallel to the scattering plan,
the magnetization vector is written:

my sin kyy
m = 0
m, cos k,y

The stripes periodicity is along the y axis but no magnetization component is found out of the
scattering plan. This case is mathematically equivalent to the Néel CW stripes perpendicular to
the scattering plane. The Fourier transform of the magnetization won’t be written down again
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as there are similarities between the Néel results and both Bloch geometry. The DIFFERENCE
and SUM intensities yield:

Ir(;‘lL—CR(q — ky) — IT%L—CR(q = _ky) =0
ITC;lL+CR(q - ky) = [TCnHCR(q = —ky) = 2|F;|*[m2 cos? 6 + mZ sin? 0]

Thus, the dichroic signal with a Bloch type DW stripes is obtained with the stripes perpendic-
ular to the scattering plane.

2.2.2.2.2 Magnetic stripes perpendicular to the scattering plane

The last situation considered with a stripy magnetic texture is with a Bloch type spin
spiral stripes aligned perpendicular to the scattering plan. The magnetization vector is similar
to the CW Neéel stripes parallel to the scattering plan.

0
m = | my sin kyx

m, cos k,x

Following the same calculation as in equation 47, the scattered intensity in the DIFFERENCE
IS given by:

ISR (q = ky) = — IR (q = —k,) « —2(m, sinB)(m,, sin 20)

Here, the dichroic signal is shifted by 90° compared to the Néel type DWs, as seen in figure 21.

CL -CR 0
= 4
270 90
N\ N+
N 180

Figure 21: Difference image scheme of a CW Bloch DWs with stripes aligned perpendicularly to the scattering
plane.
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It also reverses with a change of chirality from CW to CCW and vice versa.

CL -CR 0

-
270 90
A 180

Figure 22: CCW Bloch DWs diffraction pattern in the difference image when the stripes are aligned perpendicularly
to the scattering plane.

As the dichroic signal depends on the product of the magnetization component in and out of the
scattering plane, this result can be generalized to all chiral magnetic texture, including labyrin-
thine domain pattern.

The SUM signal doesn’t vary a lot with the azimuthal angle. For a spin spiral stripes pattern,
only a geometrical factor depending on the incident angle changes.

ISR (q = ky) = 1548 (q = —ky) = |F,|*[2mZ sin® 6 + m;, sin® 26]

In the previous sub-sections, the XRMS signal obtained on the two DW types and chi-
rality have been calculated for a spin spiral stripes pattern with two orthogonal orientations
relative to the scattering plane. The results can be extended to the other magnetic textures and
stripe orientations relative to the incident beam. However, it is not possible to qualitatively
determine the ratio between domains and DWs in a magnetic texture looking separately at the
DIFFERENCE and SUM signals. In that regard, the asymmetry ratio helps. It consists in the
DIFFERENCE image divided by the SUM, written (CL-CR)/(CL+CR).

2.2.2.2.3 Asymmetry ratio for a spin spiral

We first represent the simulated signal obtained with the simplest magnetic texture to
write analytically for an educational purpose. The magnetic spin spiral (represented in figure
4c in chapter 1) is a continuous sinusoidal rotation of the magnetization meaning that the notion
of domains and DWs isn’t relevant in this particular texture and that both IP and OOP magnetic
components have the same amplitude but shifted by 90°. In all the following simulations, the
simulated 1D magnetization profile is 100 um long, which corresponds approximately to one
experimental probed dimension with light in this PhD.
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The angular dependence of the SUM and DIFFERENCE intensity for a magnetic single
layer with chiral Néel spin spiral is plot in figure 23. It gives a maximum in the diffracted signal
around 60° and 55°, respectively.

CL-
CL+
only the first diffraction order and gives a ratio equal to ~ 0.7. It is sometimes used because it

normalizes the magnetic dichroic part by the magnetic signal that does not interfere, allowing
a qualitative comparison between different magnetic textures or samples.

The asymmetric ratio ( gg) is maximum for a spin spiral magnetic texture which exhibits

s ——p—m—— 77— —— .\
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Figure 23: Simulation of the DIFFERENCE (blue) and SUM (red) diffracted intensity with the corresponding
asymmetry ratio (black) from a magnetic monolayer with a perfect stripped Néel spin spiral texture parallel to the
scattering plane, like figure 19. The DIFFERENCE signal cancels out at 90° from the sample plane, reflecting the
fact that no dichroism can be observed in transmission.

CL—CR 2(m,sin 8)(m,, sin 26) CL—CR
157 (q = ky) = - - = -I5"%(q = —k,)

2m2sin? @ + m3sin? 260 + X

To avoid a divergence in the particular case of 8 = 0 that is non-physical geometry, we add a
small number X in the denominator. As seen previously, the dichroism results from interfer-
ences between the magnetic periodic components perpendicular (m,, here) and parallel (m,and
m,) to the scattering plane if there is a spatial shift (of 90°) between them. The usual magnetic
texture found in non-vanishing effective anisotropy samples with PMA is composed of domains
larger than the DWs. Consequently, it will introduce higher (odd) diffraction orders. The DWs
are far more spatially reduced than the domains. The Fourier transform first diffraction order
amplitude is thus much more reduced in the magnetization IP components than in the OOP
which should lead to a bigger decrease in the DIFFERENCE signal than in the SUM. The SUM
and DIFFERENCE signal dependence to the DWs width is explored in the next sub-section.

65



2.2.2.2.4 Asymmetry ratio for alternating Up/Down magnetic
domains separated by DWs

The magnetic texture is composed of stripes domains parallel to the scattering plane
with a cycloidal rotation of the magnetization inside the smaller domain walls. The magnetiza-
tion vector components in a 1D model are written as:

Mx(y) =0

00 - i) - [ (o 2]

3’3(3’))

2w

M,(x) = M tanh (A

(83)

Magnetization normalized

-150-125-100 -75 -50 -25 0 25 50 75 100 125 150

y axis (nm)
Figure 24: Magnetization profile from the 1D model described in equation 53 for a DW width of 21 nm.

A A
: y+7 : v+ :
The parameters y,(y) = sin (nT“ + %) y>(y) = sin <T[T4 - %) and y3(y) = sin (271%)

depends on the position y, taken as the variable. The magnetization amplitude, M, is equal to
1. It is still written here as this model will be expanded for the treatment of the dynamical data
later (Annex C).

In the following, we will consider the domain periodicity 4 is taken as a constant and the DW
width w is varied in order to illustrate the sensitivity of XRMS to the respective domain and
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DWs size. Both are in nanometer. For a DW width equivalent to a quarter of the periodicity,
the model gives different magnetization components compared to the spin spiral sinusoidal
functions used previously in the formal approach. The validity of the model for a deviation of
1% from the normalization condition, 1 = \/MZ + MZ, holds for a periodicity over the DW
width ratio bigger than 6. For a periodicity of 330 nm, it corresponds to a maximum DWSs width
of 55 nm or less, which is at least two times bigger than the DWs width studied in this thesis.
The 1D magnetization profile is Fourier transformed and inserted into the XRMS equations
described previously. The spatial distribution of the DIFFERENCE and SUM signals are plot
in figure 25 for 4 different DW widths.
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Figure 25: Spatial profile of the DIFFERENCE and SUM signals for different DW widths.

We can notice that there are a first and third order diffraction peaks in the reciprocal space. By
integrating the intensity of the simulated magnetic diffraction, we can represent its evolution as
function of the DW width.
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Figure 26: Variation of the magnetic diffracted intensity in the SUM and DIFFERENCE images with the DW
width from a magnetic monolayer with stripped Néel domain texture parallel to the scattering plan. The DIFFER-
ENCE signal cancels out in the absence of DW in the magnetic pattern.

The figure 26 displays the SUM and DIFFERENCE signals evolution with respect to
the DW width. The simulation has been realized with no Bloch (M, (y)) component and at 45°
incident angle, which is the value used at the cobalt M3 edge, further described in chapter 3.
As one can see, the SUM is almost constant when varying the DW width. This implies that the
SUM signal is dominated by the +z component of the magnetization or in other words, by the
domains. The DIFFERENCE signal is null for the absence of DW and increases linearly until
40 nm. The asymmetry ratio reaches ~ 30% maximum. It is more than two times lower than
the asymmetry ratio obtained in the spin spiral texture, which is due to the lower spatial ratio
between the chiral DWs and the domains in alternating domain textures. The IP component
must be an odd function to obtain a dichroism in the diffraction. Thus, the asymmetry ratio is
different from zero only if there is a chiral DW.
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In figure 27, the asymmetry ratio of the first and third diffraction order is plot. The linear
increase of the first order asymmetry ratio with the DW width is due to the increase of the
DIFFERENCE signal described above. The third order ratio increases faster than the first order
but not linearly. Within the DW width range used in the calculation, the ratio of the first order
over the third order asymmetry ratio increases monotonously with the DW width, meaning that
in principle, it is possible to retrieve it. However, as seen in figure 26, the third order diffraction
signal is smaller than the first order and more subjected to the experimental noise. Thus, this
ratio cannot determine the DW width alone.
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Figure 27: Asymmetry ratio evolution of the first and third diffraction order with the DW width.

In reflection geometry, XRMS is a reliable technique to distinguish between chiral T—
l<Tand non chiral TITLT or T-»1—T magnetic pattern, which is very difficult by magnetic force
microscopy for instance. Non chiral magnetic textures exist in samples with a strong PMA and
no DMI. However, closure domains can emerge in samples with a smaller anisotropy, i.e.,
where the cost of the in-plane component at the surface is less expensive in energy compared
to the no domain wall case. The depth dependence of closure domains depending on the per-
pendicular anisotropy has been carried on by Dudzik et al.??* on FePd thin films. It is possible
to probe the depth dependence of the magnetic texture without interference effects by varying
the X-rays incident angle in single layers. However, dealing with single layers restricts the pos-
sibility to engineer the wished chiral magnetic texture. Multilayers offer the possibility to finely
tune the different magnetic parameters by varying the stacking order or the composition of the
layers and their respective thicknesses for instance.

2.2.3 Chirality in magnetic multilayer studied by XRMS

2.2.3.1 Case of FM multilayers with a homogeneous chiral-
ity
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In the case of FM multilayers, magnetic and structural period are the same, which gives
a maximum scattered intensity to specific angles corresponding to the so-called Bragg peak, as
pointed out in figure 28.

Intensity (a.u)

Theta (°)

Figure 28: Reflectivity curves of a FM multilayer performed out of a transition metal resonant edge (750 eV) with
both circular polarizations. Multiple Bragg peaks are visible and corresponds to the chemical periodicity of the
multilayer.

This constructive interference condition maximizes the diffracted magnetic signal and
corresponds to a multiple of the multilayer’s chemical periodicity in FM multilayers. The first
XRMS experiment on asymmetric prototypical Ir/Co/Pt based multilayers has been reported by
Chauleau et al.???, Two samples consisting of five repetitions of the tri-layer, with opposite
stacking order, have been grown. The dichroic patterns have been taken at the first multilayer
Bragg peak in both samples and show two opposite Néel chirality. The simple and straightfor-
ward approach to identify the type of DWSs and their chirality is interesting as magnetic multi-
layers with large interfacial DMI are at the forefront of the spintronic research. It is also a
nonperturbative technique and valid on any type of magnetic material, like insulating or metal-
lic magnetic samples due to the element selectivity. Finally, it is not necessary to prepare the
sample’ surface as the technique is sensitive to a small amount (few nanometers) of magnetic
material that can be buried under few nanometer of a layer acting as an oxidation barrier.
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The previous formal results are still valid in multilayers with a labyrinthine magnetic pattern as
shown in the graphic extracted from Chauleau et al.??? below.
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Figure 29: (a) Calculated orthoradial profile of the XRMS images on the multilayer Bragg peak. The orange (green)
colour represents the CW (CCW) chirality of the DW and the full (dashed) filling depicts the Néel (Bloch) DW
type. (b) A comparison between the calculated CW Néel and the experimental orthoradial profile of a
[Ir(1)/Co(0.8)/Pt(1)]x5 multilayer. The red coloured area depicts the beamstop position. The image is taken from
Chauleau et al??,

The first graph in figure 29 (a) condenses the calculated asymmetry ratio orthoradial
profile performed for the different DWSs configurations. As in the previous section, the Néel
and Bloch type DWs diffraction patterns are shifted in angle by 90° and they reverse for oppo-
site chirality. The second part of the same figure compares the calculation and the experimental
orthoradial profiles for a multilayer with Néel CW DWs in a labyrinthine pattern. Qualitatively,
the behaviour is similar. The drop in intensity around the maximum of the two peaks corre-
sponds to the position of the beamstop, visible in the inset of figure 29 (b). However, there is a
clear deviation between the two curves for angles outside of the extremal values. This can be
attributed to the kinematical approximation used in the simulation that is not strictly valid in
the soft X-ray energy range. More importantly, it doesn’t affect the main qualitative conclusion
that the type and chirality of a magnetic texture can be directly assessed by XRMS without any
assumption.

The possibility to tune the different magnetic interaction parameters in multilayers
brought the attention into the nucleation of skyrmion lattice. Increasing the magnetic volume
of the skyrmion columnar shape allowed to stabilize skyrmions at RT that were previously
observed in bulk materials with no inversion symmetry at temperature usually inferior to 100K.
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The skyrmion size could be inferior to 10 nm but are more sensitive to thermal fluctuation.
They represent a great opportunity for dense storage applications. XRMS can be a powerful
technique to characterize quickly a skyrmion lattice by looking at the diffraction peak radius
and their FWHM. A 2017 study focused on the determination of the winding number of skyr-
mions by XRMS in a Cu,0SeOs bulk sample??® by analysing the scattered signal symmetry.
The skyrmion lattice chirality is determined by the DMI in asymmetric multilayers and will
generally be the same as for the DWs. Also, the diffracted intensity is more important in trans-
mission geometry than in reflectivity. The study of systems hosting skyrmion lattices has been
performed in transmission geometry in this PhD work and is presented in chapter 3.

The electrical nucleation and control of skyrmions in FM multilayers came with a draw-
back. The skyrmion doesn’t move in straight line. The deviation, called the skyrmion Hall ef-
fect, is linked to the topological charge of the skyrmion, Nsk. The topological charge, also called
winding number, describes the number of turn the skyrmion’ spins orientation performs when
looking at spins with the same radius with respect to the middle.

a Neéel-type skyrmion b Bloch-type skyrmion

(S

“\‘fm‘*f‘(f'“’ ‘“HAH‘“

Figure 30: Representation of a Néel (a) and Bloch (b) type skyrmion. Below, the projection of one of the skyrmion
radius looking at the top of it. Here the topological number is equal to -1 as the spin direction makes a 360° rotation
in the trigonometric direction and the core magnetization points downward. The top images are taken from Fert,
A. Reyren, N. & Cros, V. Nat. Rev. Mater. 2, 17031 (2017)%,

1 am

om
NSk:E (—x—)dxdy +1

(54)

There are multiple ways to avoid the skyrmion lateral deflection. For instance, at the edges, the
skyrmion hall effect is cancelled due to a repulsive interaction??*, Another way would be to
nucleate skyrmions on FM samples with opposite topological charges in the sample depth.

2.2.3.2 Case of FM multilayers with a hybrid chirality
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The magnetization profile has been assumed to be uniform through the multilayers
thickness in the previous section. In a recent study originally focusing on the variation of the
DWs width in the vertical direction on samples susceptible to host skyrmions, a twisting of the
internal DW structure has been found®?. Different multilayers with different compositions of
Pt/Co/X-based trilayer (X=Ir or AIOx) and ranging from five to twenty repetitions with PMA
have been explored by XRMS. The XRMS patterns are plot in figure 31 below.
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-» , e
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Figure 31: On the top panel, the asymmetry ratio image of multilayers with a DMI favouring a CW Néel DWs
texture with 5 (A), 10 (B) and 20 (C) repetitions. On the bottom, the asymmetry ratio images on 5 (D), 10 (E) and
20 (F) repetitions multilayers with a stacking order that should induce CCW Néel DWs. The left inset of each
image are the corresponding SUM images while the right inset schemes the multilayers stacking. Figure taken
from W. Legrand et al. Sci. Adv. 4, eaat0415 (2018)%2.

In all figure 31 images, the dichroic signal is purely Néel. In the X/Co/Pt stacking (A to
C), i.e. with Pt closer to surface than Co, inducing CW Neéel DW, the chirality matches the
XRMS pattern for all trilayers repetitions. For the stacking with the platinum below the cobalt
layer, the dichroic pattern also matches with the stacking order (D and E) inducing CCW Néel
DW. However, at twenty repetitions (F), the asymmetry image exhibits an opposite chirality
compared to the five and ten repetitions. The XRMS signal mostly originates from the top lay-
ers, especially at the first multilayer Bragg peak. It means that the chirality in the topmost layers
of the twenty repetitions sample is opposite to the chirality induced by the DMI. This change
in the dichroic pattern with the multilayer repetition is the fingerprint of a hybrid chirality in
the sample thickness.

The XRMS results has been supported by numerical simulations performed on a twenty
repetition multilayers®2. The DMI strength has been varied from -1.0 mJ m?2 to 2.0 mJ m2 with
1 mJ m2increment. The results are plot below in figure 32.
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Figure 32: Representation of one DW spin texture cross-section for a twenty-repetition cobalt based asymmetric
trilayer. The DMI strength has been varied from -1.0 to 2.0 mJ/cm?2 (A to D) with a 1 mJ/cm?2 incremental value.
The red (blue) arrows depict the magnetization direction along the -z (+z) direction. The transverse magnetiza-
tion component (my) is represented by the color of the grid from black (my=0) to white (my=1). Figure taken
from W. Legrand et al. Sci. Adv. 4, eaat0415 (2018)%.

The simulations on the twenty repetitions of an asymmetric trilayer composed of 0.8 nm of
cobalt predict that the DW internal structure isn’t fully Néel in any case. The simulation per-
formed for a DMI strength of -1.0 mJ/cmz, shown in figure 32 (A), exhibits a CW chirality in
the topmost layer and a CCW in the bottom. A negative value of the DMI constant is found for
a stacking where the cobalt is above platinum, favouring a Néel CCW chirality. The change of
chirality is separated by a range of thickness (the white area in the graph) where the magneti-
zation in the DW is oriented along the y axis (Bloch type). In figure 32 (B), the DMI free
simulation shows a Bloch type DW in the middle of the stack that surprisingly doesn’t dominate
all the vertical direction. It is indeed bigger than in the previous simulation but a Néel type DW
is still favoured at the top and bottom part of the multilayer due to the large dipolar fields. In
the next two simulations, the DMI is positive and favoured a Néel CCW chirality. The Bloch
part moves upward as the DMI strength increases (C to D) and decreases vertically in size.
Since the hybrid chirality has been observed only in the sample with the higher amount of
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magnetic material and that it is the only parameter that changes, the suspicions turn to the di-
polar interaction.

As represented in figure 33, the dipolar field closing loops in a domain pattern state
favour a CW (CCW) chirality on the top (bottom) layers. Thus, it can result in the stabilization
of a hybrid chirality in the sample thickness, with a Bloch point that perform the transition
between the two Néel chiralities®?.
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Figure 33: Scheme of the dipolar and DM interaction in a multilayer hosting a skyrmion. The black arrows repre-
sent the DM field, acting in the same way through the multilayer i.e., favouring a CCW chirality. The coloured
arrows depict the dipolar closing loop field acting on the magnetic moments. In green, the demagnetizing field
favours a CCW chirality in the bottom layer, while the red arrows, symbolising the demagnetizing field in the top
layers, promote a CW chirality at the top of the sample. The scheme has been taken from William Legrand PhD
thesis’s.

As seen in the simulation of figure 32, the Bloch part moves upward or downward de-
pending on the sign and the amplitude of the DMI parameter. The angular dependent study of
multilayer hosting hybrid chiral magnetic texture, accompanied by XRMS signal simulation,
could determine the depth of the Bloch point which in turn gives the DMI amplitude. However,
in multilayers, the range of angle is restricted by the interference effect, which greatly affects
an angular dependent study. To get around this issue, it is possible to change the penetration
depth by tuning the photon energy around the resonance peak as the dispersion and absorption
scattering factors vary strongly around the edge. With the help of micromagnetic and XRMS
simulations that account for the interference effect and the magnetic layer differential signal
contribution relative to their depth variation, it could be possible. Prior to this PhD work, no
such program was available.

Another way to cancel the lateral deviation of the skyrmions would be to have AFM
coupled skyrmions. In multilayers, it is possible to achieve an indirect AFM coupling between
FM layers through a non-magnetic layer.

2.3 A XRMS study on SAF samples

The samples studied are made of a Pt/CoFeB/Ru trilayer repetition optimized to exhibit
a spin spiral texture and antiferromagnetic coupling. The nominal ruthenium thickness is 0.75
nm, which ensures a much stronger AFM coupling between magnetic layers compared to the
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second peak around 1.7 nm??®. The low damping CoFeB and platinum layers thicknesses are
chosen to cancel the effective anisotropy. On the one hand, the IEC strength decreases expo-
nentially in the platinum layer, with an attenuation length of 0.3 nm®7, On the other hand, the
interfacial anisotropy constant increases with the Pt thickness??® until saturation around 3 nm.
The DMI also increases with the Pt thickness®®. A non-negligible interfacial anisotropy at the
Pt/CoFeB/Ru interfaces is needed to reach a near zero effective anisotropy with a sample in
planar geometry. The combination of a vanishing effective anisotropy and dipolar field with a
significant DMI should lead to a spin spiral magnetic texture. The nominal thicknesses for the
Ptand CoFeB layers are 0.5 nmand 0.9 nm. The 0.5 nm thin platinum layer attenuates the AFM
IEC by 80%, but below this thickness the interfacial anisotropy and the DMI drops signifi-
cantly’®. The Pt/CoFeB/Ru tri-layer is repeated six, height and ten times on a Ta(5)/Pt(8) buffer
layer. The 8 nm platinum buffer layer is dominantly (111) FCC multi-grain oriented. The co-
lumnar orientation should propagate, at least partially, into the multilayer®. It ensures a higher
interfacial anisotropy compared to purely amorphous layers. The samples are capped with 5 nm
of aluminium to prevent the oxidation of the topmost magnetic layer.

2.3.1 Sample characterization

2.3.1.1 MFM image

The drawback working with SAF samples is that they are difficult to study. The AFM
coupling between FM layers leads to a zero net total magnetization in the multilayer. Thus, the
study by Lorentz transmission electronic microscopy or transmission geometry X-ray micros-
copy such as scanning transmission x-ray microscopy or ptychography is extremely challeng-
ing. The other consequence of the AFM coupling is that the stray field is weak compared to FM
systems, which makes MFM imaging difficult. However, advanced MFM in vacuum or NV
center microscopy allow an contrast to be detected, despite the near cancellation of the stray
field.
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Figure 34: MFM image on a SAF sample in air at 300 K.

The MFM image on the ten repetition SAF displays in figure 34, shows a poor magnetic con-
trast. The domain periodicity is difficult to estimate directly from the image. The AFM coupling
is well established through the multilayer. Its strength as well as the effective anisotropy and
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the saturation magnetization can be found directly from the IP and OOP hysteresis curves.
2.3.1.2 Magnetometry at RT

The IP and OOP AGFM curves are plotted in figure 35. The treatment of such hysteresis
loop on SAF depends on the curves shape. The straightforward cases are the ones where the
effective anisotropy K., which can be expressed as a field puoHrr = 2K, rr/Ms, is positive
and far greater than the AFM coupling field, noted Hrkky, and the one where the effective field
is close to zero. In both abovementioned situations, the effective anisotropy field (Hetf) and
Hrkky can be deduced from the IP and OOP saturation fields. For H, ¢ > Hgkgy, the IP hys-
teresis curve increases linearly before saturating at Hyoe = Hepr + 2Hgggy. When Hezf is neg-
ligible, the latter expression reduces to Hg,; = 2Hgggy- In the OOP curve, the Hggy field can
be read directly from the abrupt jump in the sample magnetization when H,¢¢ > Hgkgy. The
magnetization remains around zero during the increase of the absolute field as the system stays
AFM coupled. At the Hykgy field, the magnetization reverses in the layers with the magnetiza-
tion pointing in the opposite direction of the applied OOP field. The sample’s magnetization
then saturates.

In the present SAF sample, the magnetization increase in the IP and OOP configurations
aren’t linear. The average magnetization along the measured direction changes with the for-
mation of domains. In the intermediate case, where the effective anisotropy and the AFM cou-
pling field are of the same order of magnitude, only an estimation can be given. The saturation
field in the IP hysteresis curve is approximated t0 Hs,; = Herr + 2Hggky. The effective ani-
sotropy is obtained by the area difference between the OOP and IP hysteresis curves.

H;

Wmag = f (Mhara — Measy) dH = Keff
0

(55)
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Figure 35: IP and OOP AGFM curves of the SAF ten repetitions sample at 300 K.
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From this measurement the effective field is found to be around poHe s ~ 2 mT and the RKKY

field woHgrgxy ~ 120 mT, which seriously put in doubts the assumption made before. Never-
theless, the calculated RKKY field visually agrees with the OOP curve, knowing that each ru-
thenium/platinum bilayer doesn’t mediate exactly the same AFM coupling value as the thick-
ness and the interface quality can vary. This thickness variation could be probed by X-ray re-
flectivity for instance.

2.3.1.3 X-ray Reflectivity

After the magnetometry technique sensitive to the bulk information, X-ray reflectivity
has been performed to characterise the different layers within the sample. The reflectivity curve
depicted in figure 36, has been done off resonance at 690 eV on the SAF with eight trilayer
repetitions as an example. This specific curve is shown because the fit using DYNA software
matches better compared to the other SAF samples. All the experimental data aren’t well fit,
especially at low angles, but the agreement is better at angles higher than the multilayer Bragg
peak. This is quite surprising as the small defects usually affect the high angle part of the curve
because of their small periodicity in real space.
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Figure 36: Reflectivity curve performed at 690 eV in black with the fit attempt in blue. The inset shows the reflec-
tivity curves performed with CL and CR polarizations at the same photon energy.

In the figure 36 inset, one can see that the two off-resonant circular polarizations per-
fectly superimpose, meaning that the reflectivity is reproducible. The DYNA fit has been per-
formed using a multiplicity of 8 for the Pt, Ru and CoFeB layers as described in the table below.
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Thickness (nm)

Layer/property | multiplicity Density (mol/cm?®) Eit  Nominal

Roughness (nm)

Al,O3 1 0.041 2 0 0.07
Al 1 0.095 2.5 5 0.22
Pt 8 0.104 0.59 0.5 0.44
Ru 8 0.115 0.55 0.75 0.83

CoFeB 8 0.128 0.81 0.9 0.16
Pt 1 0.104 7.72 8 1.57
Ta 1 0.088 4.97 5 0.27

SiO; 1 0.044 0 0.2

Table 2 : Parameters of the fit for the off resonance SAF8 reflectivity curve.

The thicknesses differ by up to 25% from the nominal ones. The same sputtering cham-
ber has been used for those samples and the first Pt/Co/Al based sample studied in scattering
geometry. The separation of the tri layer into induvial layers as well as intermixed layers im-
prove a bit the fit but complexifies it a lot. The peak at 4° could be due to a dirt layer above the
sample which can also explain the difficulty to fit the oscillations before the Bragg peak. Also,
the DYNA software doesn’t account for the interface height variation, as the roughness at the
interface is taken as an intermixing. Finally, it is not excluded that there is an important inter-
mixing between two layers as their nominal thickness correspond to few atomic layers and that,
in the fit, some layers have a roughness comparable to their thickness. As the precise fit of the
reflectivity curves isn’t the main topic of this work and that even the reflectivity curve at the
Cu K, edge (8.04 keV) on SAF10 can’t be fit, no further attempt has been done.

2.3.2 Study of SAF samples using XRMS at RT

The figure below shows the reflectivity curve at resonance of the eight repetitions SAF
together with XRMS pattern taken at different angles using RESOXS diffractometer??’. In fig-
ure 37 (a), only the CL reflectivity curve is shown and exhibits a Bragg peak at ~ 26° corre-
sponding to the chemical periodicity (1.95 nm). The SAF samples have been studied at rema-
nence, meaning that both circular polarization reflectivity curves overlap as there is no net mag-
netic moment in the sample. In previous studies on Ag/Ni??® and Co/Cu?*® SAF samples, an
AFM ordering peak was visible at half the multilayer Bragg peak. It is not visible in the reflec-
tivity curve in figure 37 (a), as well as in the other studied multilayers. Here, the SAFs samples
are designed to exhibit a spin spiral magnetic pattern at remanence. Individually, the magnetic
layers have zero net magnetization, which explains the absence of a pure AFM peak. However,
it doesn’t mean the absence of any magnetic diffraction pattern.
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Figure 37: (a) X-ray reflectivity curve recorded on SAF8 at RT and Fe L3 edge (707 eV) using CL polarized light.
The vertical arrows indicate a pair of images taken at the angle with both circular polarizations. The red and orange
arrows point toward the multilayer Bragg peak, while the green and blue arrows are placed at half odd order of the
multilayer periodicity. (b) Geometrically corrected SUM image (CL + CR) diffraction patterns corresponding to
the arrows in the reflectivity curve. (c¢) Geometrically corrected DIFFERENCE images (CL — CR) vertically
aligned with the correspond SUM image and the in-depth reciprocal space periodicity. Image taken from Léveillé
et al. Phys. Rev. B 104, L060402 (2021)??".

The SUM (CL + CR) and DIFFERENCE (CL — CR) 2D images at four different incident
angles are shown in figure 37 (b) and (c), respectively. The two images taken at Qgragg and
2Qgragg IN reciprocal space, corresponding to the structural order, show no evidence of a mag-
netic diffraction pattern. The two other images taken at half odd Bragg peak order, i.e.,
QBragg/2 and 3Qp,q44/2 probe the magnetic order. It is twice the chemical periodicity as the
magnetic layers are AFM coupled. A diffraction ring is visible in the SUM images taken at the
magnetic periodicity while nothing except the specular beam appears at the Bragg angles. This
observation is coherent with the resonant part of the magnetic scattering factor as the magneti-
zation in two adjacent magnetic layers are opposite, the interference effect is destructive at the
Bragg peak for the magnetic contribution. The ring depicts the labyrinthine periodic magnetic
texture in the sample. The DIFFERENCE images display the same interference behaviour. At
half odd integer of the multilayer Bragg peak, a Néel CCW dichroic pattern is observed, as
expected from the stacking order with platinum underneath cobalt???, The strong dichroic signal
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suggests the presence of a fixed chirality through the multilayer, which is coherent with the
dipolar interaction cancellation in SAFs. Looking at the SUM and DIFFERENCE diffracted
intensity, the maximum asymmetry ratio (CL — CR)/(CL + CR) can be estimated around 10%
at 13° and almost 50% at 42°. The theoretical maximum value around 40° for a single magnetic
layer with a perfect spin spiral magnetic texture is 70%. This value neglects the experimental
noise intrinsic to the camera reading process and any contribution left of the specular signal.
Thus, the asymmetry ratio found at 42° in the SAF samples indicates a spin spiral texture.

2.3.3 Temperature dependence of magnetic texture in SAF

2.3.3.1 Temperature dependent magnetometry

Additional hysteresis loops have been performed at different temperature by SQUID.
The magnetic parameters extracted from the temperature dependent measurements are plotted
in figure 38.
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Figure 38: Temperature dependence of the saturation magnetization (a), the RKKY AFM coupling field and the
effective anisotropy field (b) obtained from SQUID measurements. The red line in figure () results from a fit with
a Bloch type law. In (b), the negative field for the anisotropy indicates an IP easy axis.

The first graph in figure 38 (a), shows the experimental evolution of Ms with tempera-
ture accompanied by a Bloch power law fit. The saturation magnetization at 0 K is estimated
from the fit Ms(0) = 817 kA m™,while at RT it is Ms(RT) = 552 kA m™. The Bloch My(1 —

3

T \2 . . . . .

(T—) ) power law is common in ferromagnetic at low temperature which derives from magnon
Cc

1/
3
excitations. The previously mentioned M, (1 — ) power law is usually valid close to

TM5=0
the curie point. A recent study found a large range of validity for this law in CoFeB magnetic
layers?®. Using those two functions yields a curie temperature of Tc = 632K and Tyg=0 = 425

K. Considering the value of the saturation magnetization, the FM layers thickness and its stoi-
chiometry with respect to the literature, the 1/3 power law gives a curie temperature more
plausible. The evolution of the uniaxial anisotropy can be fit with a power law that yields K,, «
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ML64£0-03 "The power value is low compared to the expected square dependence to Ms in sam-
ples where the two-site magnetic anisotropy is mediated by an adjacent Pt layer?3l, The thin
platinum layers together with an intermixing could be responsible for the smaller temperature
dependence. The AFM RKKY field decreases almost linearly with the temperature increase
and drop by a factor of two from 30 K to 340 K. This evolution goes along with a theoretical
work which predicted that only the RKKY coupling strength amplitude would be affected by
the temperature?*?. However, it contrasts with a study that report a more complex behaviour
with temperature in a SAF bilayer?®3, The different changing rate of the magnetic interactions
in temperature should induce a visible change in the magnetic pattern periodicity.

In the following, the iron L3 edge is preferred to the cobalt due to the higher total mag-
netic moment in iron that induces more dichroic signal.

2.3.3.2 Temperature dependence of magnetic texture in
SAF studied by XRMS

The resilience of this spin texture against the different magnetic interaction evolution in
temperature has been assessed. The room temperature measurements were acquired first. Then
the sample was cooled to the lowest temperature of the experiment and intermediate data points
were collected increasing the temperature. A cold trap with liquid nitrogen was set before cool-
ing to reduce the co-deposition of residual molecules at the sample surface. Reflectivity curves
performed at different temperatures with a photon energy on and off the iron L3 resonant edge
are plot below.

a) b) ¢)
T 1E-4 gmr—————————————1———
eork F fs
Fo- © 36K ] sl = 40K
S 4
[IEY . o 118K | ] 140K
e A 210K 1E-6 ; 210K 4
ey - 295K 2 c o295k ] E Ok
< < 167 {1 =
Z = Z
2 s . GBE o g% 2 r
z g LE-8 : B, B 1
=1 SV . =1 K
S Esf 2 o by e & ] 2
= FA 7 = : Ret E iE-0f
&7 1 IE-10 : o ¥ 1E-11 |
1 - P U T S S T R R S . 1E-11 L L L L L L L I L IT-12 L L L M L L MR
05 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 05 10 15 20 25 30 35 40 45 S0 355 60
Incident angle (°) [ncident angle (°) Incident angle (°)

Figure 39: Reflectivity curves performed off resonance and at different temperature on the SAF6 (a), SAF8 (b)
and SAF10 (c). The photon energy was 697 eV, 650 eV and 690 eV, respectively.

In the out of resonance graphics in figure 39, the different temperature curves superim-
pose perfectly for the SAF6, almost perfectly for the SAF8. However, the SAF10 curves show
important differences with temperature. Looking at the first degrees of the reflectivity signal,
the discrepancy could come from a bad alignment in the 210 K curve as no realignment has
been done after the cooling. Moreover, the Keithley instrument that collect the photo-diode
signal has a negative off-set value, which affect the measurements at high incident angles,
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where the signal is weak. It explains the difference in intensity observed from 40° until the end
of the scan at 210 K, as an artificial positive value has been added to the blue curve.

Overall, the off-resonant curves show the same behaviour. As the studied SAF samples
are optimized to not only exhibit a zero total magnetization but also a zero net magnetization
in each individual magnetic layer and that no external field is applied, the curves in temperature
should superimpose.
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Figure 40: Reflectivity curves performed with the circularly polarized photon energy tuned at the L3 iron resonant
edge and at different temperature on the SAF6 (a), SAF8 (b) and SAF10 (c).

For the SAF6, the reflectivity curves match perfectly except around 3Qp,q44/2, Where
the low temperature curves are a bit higher in intensity with respect to the room temperature in
red. The eight and ten repetitions samples show a similar and more pronounced trend but around
Qpragg/2. As depicted in the figure 40 (c), the CL and CR curves match perfectly, meaning
that no net magnetization is present in the sample at low temperature. The signal increasing at
Half odd integer of the multilayer Bragg peak at resonance suggests a pure AFM peak that
grows while the temperature decreases. From the temperature dependence of the effective ani-
sotropy constant, the magnetic layer easy axis should tilt toward the sample plane as the tem-
perature decreases. This hypothesis shall be confirmed by the fit of the reflectivity signal asym-
metry ratio at resonance. Unfortunately, due to the poor agreement in the reflectivity fit itself,
no definitive answer can be given.

b ¢
0.30 T ) 38 T T T T T T ) 20 T T T T T T
SAT6 SAF6 . SAF6
02 A GAFE T 4 SAFS ] wr o SANS ]
& SAF10 sk 4 SAF10 ] wl l A SAFI10
2o}
b 020 ] ash ~;‘ 17 ‘
= £
2013 1 3 [ I _ 2 of { {
= - L A
2 1 T =t | A Z sl | ]
g 010 i [ 1 g7 1 o o ‘ = s I 1
z T L I o n Z ul |
< 4 2 C L [
0.05 | 1 I -
31 13
0.00 1 I 1 L I L 30 1 I L L L 1 12 1 e L 1 1 L
0 50 100 150 200 250 300 350 0 S0 100 IS0 200 250 300 350 0 S0 100 IS0 200 250 300 350
Temperature (K) Temperature (K) Temperature (K)

Figure 41: Evolution in temperature of all SAFs asymmetry ratio (a), peak position (b) and FWHM (c).

The evolution of the diffracted signal with temperature has also been measured at QBmgg/z.

The data treatment of the 2D images follow the same procedure as described above. Here, a
proper specular subtraction is mandatory as its intensity changes with temperature and that the
specular geometrical diffusive projection changes with the incident angle. The asymmetry ratio

83



is defined as the ratio of the signal azimuthal and radial integration subtracted from the specular
contribution of the DIFFERENCE over the SUM. Moreover, no mask hides the Bloch type
diffraction part (0° and 180°) in the image, which is null in the DIFFERENCE pattern and thus
decreases the asymmetry ratio value. In temperature, the asymmetry ratio value seems constant
from figure 41 (a). This observation is surprising with regards to the reflectivity results that
indicate the growth of an AFM peak. The growth of a net magnetic moment in the magnetic
layers should decrease the chiral intensity. No change is neither observed in the peak position
nor in the FWHM. Note that the SAFs have similar values for those three parameters, especially
the spin spiral periodicity which is about 190 nm. In systems hosting a spin spiral magnetic
texture, in which the chirality is dictated by the DMI, the spin spiral period A is proportional to
the ratio of the exchange stiffness 4 and the DMI strength D;;, A = 4mA/D°*#*. This result
would confirm the results that found a similar linear dependence to the saturation magnetization
in temperature between the exchange and the DM interactions?23>2%_Simulations of the mag-
netic texture has been performed with MuMax3 to estimate a consistent set of symmetric and
asymmetric exchange interactions.

The simulation has been initialized with the SAF10 magnetic parameters at 340 K with
the 190 nm magnetic periodicity as a constraint. Its result is displayed in figure 42. A spin
spiral-like sinusoidal spatial variation is found for the m, and my magnetization components.
The my component is negligible as the DMI value is sufficiently large ~ 0.5 mJ m to ensure a
pure Néel DW type. The associated effective exchange stiffness value is around 5 pJ m, which
IS more than twice lower than the bulk value.
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Figure 42: IP and OOP magnetization component profiles at 340 K obtained from a micromagnetic simulation
that uses the SAF10 temperature dependent magnetic parameters.

The fact that the same periodicity value is found in SAFs with different tri-layer repetitions
confirms the vanishing dipolar contribution, on contrary to FM multilayers. It prevents any
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hybrid chirality in the thickness and should be a good playground for the simulation of the
XRMS signal angular variation.

2.3.4 XRMS signal dependence to the incident angle

In order to confirm a pure and uniform spin spiral through the sample thickness, we
have studied the angular dependence of the magnetic asymmetry ratio. To do so, a software has
been developed by Flewett et al'®. It uses the distorted wave born approximation (DWBA)
which accounts for the differential transmission of the signal coming from the different buried
magnetic layers. This feature is particularly important while dealing with multilayers and soft
X-ray as the scattering cross section is much higher than in the hard X-ray regime. To account
for the multilayer stacking, the matrix formalism is the same as the one presented in paragraph
1.3.3 in chapter 1, with a classical Maxwell description of the propagation and a dielectric per-
mittivity calculated from the quantum scattering amplitude. The software can use micromag-
netic simulation of each magnetic layer or a 3D magnetization vector field as an input. In the
multilayer scenario, a stack of 2D map of the magnetization is used. The magnetization maps
are transformed into reflection coefficient map, using the expression of the scattering amplitude
and the dielectric tensor. The photon incident angle at each magnetic layer interface is calcu-
lated with the Snell law and differs from the experiment incident angle. After this first part, the
Faraday polarization rotation as well as the intensity attenuation due to the transmission to the
different medium are also calculated. Thus, the interference effect is weighted in amplitude by
the depth of the scattering event. The optical path in the multilayer also changes the phase of
the wave. The wave scattered in the different sample magnetic layers are added to the reflected
beam. The propagation in the free space isn’t a simple Fourier transform that doesn’t account
for the Ewald sphere curvature. It mostly plays a role for periodic structures having an off the
scattering plane scattered vector contribution (qy) and causes a qx dependence of the effective
incident angle which increases at grazing incidence. The program can simulate a reflectivity
curve taking the zeroth order of the reflected beam. The result for the eight repetitions SAF is
displayed in figure 43 (a). The reflectivity curve exhibits two Bragg peaks at ~26° and ~60°,
similar to the experimental data. However, the intermediate oscillations aren’t well reproduced.
This is due to the roughness-free idealized sample used, as it is not yet implemented in the
program, and that only non-magnetic/magnetic interfaces were considered. Another small con-
tribution comes from the x-ray energy resolution around 707 eV in the experiment that is not
considered in the simulations. As the main objective of the software is to reproduce the dif-
fracted XRMS pattern from the magnetic texture. The 2D magnetic layers, used as input in the
XRMS simulation, originates from the micromagnetic simulations performed at RT. The sim-
ulations (lines) and experimental data (dots) of the SUM (CL + CR) and DIFFERENCE (CL —
CR) signal angular dependence are depicted in figure 43 (b) and (c), respectively. They are
obtained from the radial profile integration of the magnetic diffracted signal and the simulated
2D pattern for the two circular polarizations on the thicker SAF samples, i.e., SAF8 (blue) and
SAF10 (red). Since the sample surface roughness or other deviations from a perfect flat surface
isn’t considered, the specular spot in the simulations is punctual compared to the experimental
one. Thus, the specular signal removal is only performed on the experimental data points.
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Figure 43: (a) The DWBA XRMS simulation of the eight repetitions SAF sample reflectivity curve. Graphics (b)
and (c) display the simulations (lines) and the experimental points (dots) of the SUM (CL + CR) and the DIFFER-
ENCE (CL — CR) signal intensity for the SAF8 (blue) and SAF10 (red). Simulations and experimental data were
done for a photon energy of 707 eV. Figure extracted from Léveillé et al. 104, L060402 (2021)%",

Despite the several difference between the experimental and simulation parameters, the
angular dependence is well reproduced at low angle. The intensity is vanishing at the multilayer
Bragg peaks and maximum around Qp;,qg44/2 and 3Qp,qg44/2 in the SUM and DIFFERENCE.
Both intensities are well reproduced by the simulation at Qpq44/2 but overestimated at
3Qpragg/2. This discrepancy can be explained by the idealized sample without any interface
roughness which impact more the scattering at high angles.
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The XRMS software program is also available to simulate any XRMS diagram as func-
tion of field, temperature, time-resolved dependent studies as well as coherent scattering and
speckle analysis. The XRMS scattering IP field dependence of a sample with a hybrid chiral
texture and a Bloch point has been used as a test bench in Flewett et al.'*® publication. The
implementation of the interface roughness and polycrystalline grains effects is under way
(Flewett et al., private communication). The combination of the micromagnetic and XRMS
simulations together with experiments paves the way for the 3D reconstruction of chiral mag-
netic textures.

In this chapter, the XRMS formalism has been applied on different chiral textures with
various DWs type and chirality to illustrate the (dichroic) off-specular diffraction pattern ob-
tained with this technique. XRMS is based on the analysis of the DIFFERENCE (CL — CR) and
SUM (CL + CR) images to explore the properties of the (chiral) magnetic texture. The formal
XRMS calculations have been performed by considering a single magnetic layer, but it can be
extended to multilayers, as shown in Chauleau et al???. The interference effect between the
photons coming from the different magnetic layer is constructive at the multilayer Bragg peak.
Thus, XRMS experiments on FM multilayers are usually performed at an incident angle and a
photon energy that correspond to an integer of the multilayer chemical periodicity in the recip-
rocal space. The tunability of the magnetic interactions in multilayers fuelled the research for
the optimal composition to obtain a skyrmion lattice state. The transverse motion experienced
by the skyrmions when moved with an electrical current, pushed the research toward SAF sam-
ples. A SAF sample is a multilayer composed of AFM coupled FM layers. The magnetic peri-
odicity is thus twice the chemical one. The study of SAF is thus performed at half odd integer
multiple of the Bragg peak. The temperature variation of spin spiral optimized SAF samples
has been performed and shown no variation in the magnetic texture periodicity. It indicates a
similar temperature dependence of the exchange stiffness and DMI. Then the SUM and DIF-
FERENCE signals dependence with respect to the incident angle has been performed. The aim
was to fit it with an off-specular diffraction program developed by Flewett et al**® and fed by
micromagnetic simulations of the 3D magnetic texture. The results were convincing, even
though the roughness isn’t yet implemented and compromise the angular dependence fit at high
incident angles.
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Chapter 3: Time resolved studies on chiral tex-
tures

3.1 Ferromagnetic samples with chiral domain walls
3.1.1 Samples description

FM systems have been studied more extensively than SAF samples, making them a
straightforward choice for the ultrafast chirality evolution exploration. Multiple FM systems
have been studied, statically and in pump probe mode. The first system consists in an asym-
metric tri-layer repetition grown by sputter deposition
SiO2||Ta(b)|Pt(5)|[Pt(3)|Co(1.5)|Al(1.4)]x5|Al (0.1) grown at the CNRS/Thales laboratory
(thickness in nm). A PLASYS MP900S system with seven 76 mm magnetron sputtering guns
(rf or dc) allows to grow complex multilayers on relatively large surfaces, typically 51 mm
wafers. A buffer layer made of tantalum (5 nm) deposited on top of the thermally oxidized
silicon substrate prevents the delamination of the multilayer. On top of the buffer layer, a5 nm
platinum layer ensures a good (111) texture of the platinum, yielding a strong perpendicular
magnetic anisotropy when interfaced with cobalt. The magnetic cobalt layer is sandwiched be-
tween platinum (3 nm) and aluminium (1.4 nm). The platinum layer thickness has been chosen
to maximize the anisotropy at the Pt/Co interface, which dominates the effective magnetic ani-
sotropy in all cobalt layers. It ensures a homogeneous magnetic anisotropy through the multi-
layer. Cobalt is used as the magnetic layer due to its strong exchange stiffness, as well as its
lower total magnetic moment compared to iron. The latter property enables the growth of
thicker magnetic layer with perpendicular magnetic anisotropy, which is further increased by
the platinum interface. This feature is important as more magnetic material will give more sig-
nal.

As presented in the previous chapter, in planar geometry, it is possible to tune magnetic
layer near the spin reorientation transition thickness, where the effective anisotropy cancels,
which decreases the domain wall energy cost. The corresponding cobalt thickness is around 1.5
nm. In addition to the magnetic anisotropy, interfacing platinum with a magnetic layer allows
a control of the magnetic texture by spin orbit torque. Platinum being a heavy element, with
high spin orbit coupling, an electric current flowing into a platinum layer exhibits a spin sepa-
ration perpendicular to the direction of the current by spin Hall effect?®’. The spatial spin im-
balance is an effective spin current, which in planar geometry, can be directed toward another
layer. If the other layer is magnetic, (either ferromagnetic or antiferromagnetic) the spin current
is absorbed and it applies a torque on the magnetization. The sign of the torque depends on the
direction of the current. The ferromagnetic sample was grown with a perspective in such appli-
cation. Aluminium has been primarily chosen due to the high DMI strength of Pt/Co/Al tri-
layer®®. Moreover, the DMI at the Pt/Co interface is among the largest reported?®. Also, an
aluminium thickness of 1 nm or more is sufficient to totally damp the spin current from the
platinum layer. After the sputter deposition, the sample have been oxidized under controlled O>
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atmosphere, with a 50 mbar pressure. It ensures a sufficiently thick and dense aluminium oxide
top layer to prevent any oxygen diffusion that could oxidize the topmost cobalt layer.

The capping layer have been chosen to be 1.5 nm thick, which is usually the optimal
thickness to minimize light absorption. In the X-ray point of view, aluminium is a light element
(atomic number, Z=13) with transition edges (~ 73 eV & 118 eV) far from the cobalt M2z and
L3 edges, which is ideal to maximize the scattered magnetic signal. For the same reason, the
tri-layer building block is repeated five times. It was thought to be the upper limit for a uniform
chirality in the sample i.e., dominated by the DMI only. It maximizes the number of magnetic
elements giving a similar magnetic chiral scattering. More repetitions of the tri-layer increase
the dipolar field in the top and bottom magnetic layers, leading to a hybrid texture with non
uniform chirality in the sample®?.

3.1.2 Magnetometry

Hysteresis loops have been performed to extract the effective anisotropy and the satu-
ration magnetization. The latter can be deduced from the maximum magnetization observed in
the hysteresis curve. The former is deduced from the difference between hard and easy axis
hysteresis curve area. The generic formula is given by:

Keff = thard dH _jMeasy -dH

(56)

In the particular case of samples with an almost zero saturation field for the magnetization easy

2
axis, the expression of the magnetostatic energy (%) is still valid, the effective anisotropy

can be directly derived from the saturation field. Otherwise, the perpendicular magnetic mo-
ment replace the saturation magnetization in the energy term to take into account the overall
domain size evolution*®. According to the sample easy axis hysteresis curve shape, which is
almost saturated at remanence as seen in figure 44 (black open circle), the first case can be
considered. Thus, the effective anisotropy is deduced with the saturation field using the hard
axis hysteresis curve:

_ 2Kepf

HS MOMS

(57)

We found experimentally a saturation field value of ~ 480 kA m™ while the magnetization at
saturation reaches ~ 1 MA m. The effective anisotropy is estimated ~ 0.3 MJ m, which is
small compared to the bulk value*® of cobalt dipolar interaction 1.27 MJ m. The uniaxial ani-
sotropy K,, can be retrieved from equation 6 and yields ~0.93 MJ m=. As the thickness depend-
ent study of the anisotropy hasn’t been performed, it is not possible to extract the contribution
of the volume to the overall anisotropy and consequently to compare the interfacial anisotropy
with other Co/Pt based multilayers.
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Figure 44: Hysteresis curves with the external field applied perpendicular to the sample plane (magneto optical
Kerr effect measurements) and parallel (by alternating gradient field magnetometer). The sample exhibits a clear
out of plane easy axis, meaning that the interfacial anisotropy is stronger than the shape anisotropy, as indicated
by the positive sign of Ker.

3.1.3 Magnetic force microscopy

MFM images have been performed after out of plane and in-plane demagnetization pro-
cedures. It consists in sweeping the magnetic field from the saturation field toward zero by
decreasing the amplitude’s absolute value of the applied field after each point and alternating
the field polarity. As seen in figure 45, the out of plane procedure stabilizes a labyrinthic domain
pattern, while the in-plane procedure stabilizes stripes domain along the applied field.
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Figure 45: MFM image after an out of plane demagnetization and the corresponding 2D fast Fourier transform
applied on the image on the right.
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Figure 46: MFM image after an in-plane demagnetization procedure with the corresponding 2D fast Fourier trans-
form below.

The 2D Fourier transform images yield a domain periodicity of 420 + 30 nm for the
maze domain pattern and 282 + 2 nm for the stripes state. This periodicity variation with the
magnetic texture can be understood qualitatively. The stripe magnetic domain state is obtained
by IP demagnetization. It is a meta-stable state with a dipolar energy contribution larger than
in the labyrinthine structure due to the uncompensated dipolar loops in the direction of the
stripes.

3.1.4 Soft X-ray (resonant) reflectivity

Reflectivity measurements (cf. chapter 1 for description) have been performed at the L3
cobalt resonance edge as well as off the resonant peak (750 eV). Each reflectivity was taken
with a 0.1° step for the theta incident angle. As a reminder, the incident angle is taken relative
to the sample plan. The beamline monochromator was set up to ensure a relatively small (285
meV) energy dispersion in the incoming beam but keeping large photon flux needed for such
experiment. It is important to keep a low energy distribution near the x-ray absorption edge, as
the optical indices vary drastically (see also chapter 1), even for elemental layers. The photodi-
ode acquires photons during 1 second at each angle. This is typically enough for a good signal
to noise ratio until ~30° in the studied multilayers, in RESOXS when the storage ring works
with a 500 mA current. With flat interfaces, a few monolayers can be measured up to 85°2%,
The sample was a 3x3 mm2 piece and the beam size was below 200 pum. The two information
are important to fit the very first experiments data points (theta < ~3°). This angle corresponds
to the separation between a fully reflected beam and photons that penetrate in the sample. The

corresponding critical angle can be calculated from Snell-Descartes law 6. = V28, with § the
material dispersive index in contact with vacuum (or air). For an aluminium oxide, §~1073,
which yields a critical angle 6, = 2.56°.
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Figure 48: Off resonance data experiment taken at 750 eV (in black) with the reflectivity fit from the DYNA
software (in blue). In inset, the CL and CR curve matches. Several chemical Bragg peak can be seen. The small
difference between the two curves, observed around 40°, corresponds to the experiment noise limit.

-e- Experimental data
— DYNA fit

Intensity (arb. unit)

7 L L L L 1 L L
o 5 10 15 20 25 30 35 40

Theta (°)

Figure 47: Reflectivity curve taken at the Co L3 edge, 778.4 eV, (in black) with the reflectivity fit from the DYNA
software (in blue). The point jumps observed in the Bragg peak around 33° correspond to a Keithley’s range change
at around this current intensity. In inset, the CL and CR curve matches, meaning that there is no not magnetic
moment in the sample. Several chemical Bragg peak can be seen. The small difference between the two curves,
observed around 40°, corresponds once again to the experiment noise limit.
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The measurement at resonance is more dominated by the cobalt layers than the off res-
onance one, where the platinum layers properties have a strong influence on the curve shape
due to its high atomic number. It allows a more precise fit of the cobalt layers properties. Also,
the fit agrees better to the experimental data points compared to the off resonant one. The results
of the fitting procedure show in previous figures give the layers properties i.e., molar density,
the thickness and the roughness are displayed in the table below.

Table 3: Values of the reflectivity curve fit with the DYNA software.

Layer \ property multiplicity Density Thickness (nm)  Roughness (nm)
(mol/cm?3) Fit Nominal
Al,O3 1 0.034 1.67 0 0.27
Al 1 0.089 0.91 1.5 0.22
Co 1 0.133 1.39 1.5 0.45
Pt 4 0.101 3.05 3 0.72
Al 4 0.089 1.49 1.4 0.99
Co 4 0.133 1.39 1.5 0.48
Pt 1 0.101 7.6 8 0.73
Ta 1 0.078 4.6 5 0.72
SiO; 1 0.044 0 0.51

The multiplicity column means the number of times the layer is repeated. A layer with
the same multiplicity as an adjacent layer is considered as a building block of the multilayer
repetition. The SiO||Ta(5)|Pt(5)|[Pt(3)|Co(1.5)|Al(1.4)]x5]Al (0.1) sample topmost layers have
been separated in the fit due to the aluminium top layer oxidation. The density is in general
smaller than the bulk value, which is common for nanometre thin layers except for the substrate.
The thicknesses agree quite well with the nominal ones. However, a fly in the ointment must
be noted since the platinum and tantalum buffer layers are very close to the fit restriction values.
In the roughness, they are a bit high, especially the aluminium in the multilayer. It is more likely
to be an artifact of the fitting procedure since the aluminium has a very small influence due to
its low atomic number and that the energy used is far from any aluminium edge.

In the reflectivity curves, the multilayer Bragg peaks are clearly visible. They corre-
spond to integer orders of the multilayer chemical periodicity. As the sample magnetic layers
are ferromagnetically coupled, the maximum constructive interference for the magnetic signal
is obtained at the Bragg peaks since the ferromagnetic periodicity matches the chemical one.
The Bragg angle around 8.8° gives the maximum intensity. At the cobalt L3 edge, the attenua-
tion length in the cobalt is around 80 nm, while in the platinum it is around 62 nm. However,
the thickness effectively crossed by the light is shorter with a factor depending on the incident
angle sinus. The effective attenuation length at 8.8° becomes 12.2 nm for the cobalt and 9.4 nm
for the platinum. Thus, only the topmost layers are probed, which approach to the experimental
condition at the cobalt M edge.

3.1.5 Static XRMS results
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As seen in the first part of chapter 2, the SUM image (CL + CR) exhibits a full diffrac-
tion ring, indicating a labyrinthine magnetic pattern. The modulation along Qx means that the
pattern is preferentially oriented toward the x direction, which is parallel to the beam propaga-

tion here.
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Figure 49: Circular left and circular right SUM image at 8.7°. The intensity modulation of the ring indicates a
nearly labyrinthine domain organisation with a small orientation toward the Qx direction.

In the DIFFERENCE image, the dichroic XRMS pattern indicates a Néel type domain
walls with a clockwise chirality??2. This is in apparent contradiction with the sample stacking
order. Indeed, a cobalt layer deposited on top of platinum should exhibits a CCW chirality®?.
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Figure 50: Circular left and circular right DIFFERENCE image, corrected from the projection angle, taken
at 8.7°. The sign of the dichroism points toward a Néel type domain wall with a clockwise chirality.
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It is further reinforced by the dichroic signal found at 15.8° and 23.7° that correspond
to the 2" and 3" order multilayer Bragg peak.
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Figure 51: Circular left and circular right DIFFERENCE image corrected from the projection geometry taken at
15.8°. The dichroic sign still indicates a Néel type domain wall with a clockwise chirality but with a smaller
intensity compared to the image taken at 8.7°. It originates from the higher incident angle that scatters less. It can
also be due to a degradation of the diffracted signal due to hybrid chiral nature of the sample.

In the DIFFERENCE image taken at 15.8°, the dichroic pattern is the same, but the
intensity of the diffracted signal is lower compared to the image taken at the first order. The
trend of the reflectivity signal to decrease while increasing the angle is the main factor to this
observation. A normalization by the SUM is necessary to compare the two angles.
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Figure 52: DIFFERENCE divided by the SUM image (asymmetry ratio) for 8.7° (left) and 15.8° (right). The two
images exhibit the same domain wall type and chirality (i.e., Néel CW). The amplitude of the signal is a bit higher
in the first Bragg peak than in the second.

The amplitude of the magnetic dichroic pattern is larger in the first order Bragg peak
than in the second. The more defined ring in the higher angle is ultimately due to the finite
dynamic of the CCD camera. Indeed, due to the geometric projection of the beam, the specular

beam is elongated by a factor 1/Sin (8.8°) in the beam propagation direction. The specular

reflection being far more intense than the magnetic signal, despite the use of a beamstop, the
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magnetic contrast is lowered at low angle. Additionally, looking at the 3 order Bragg peak
angle, the absence of off-specular magnetic signal clearly indicates a hybrid chirality structure
within the sample.
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Figure 53: Circular left and circular right DIFFERENCE image corrected from the projection geometry taken at
23.7°. No dichroic signal is found on contrary to the images taken at 8.7° and 15.8°. It probably comes from the
diffracted signal cancellation due to the hybrid chiral nature of the sample.

The reciprocal space diffraction ring radius, found in the first two Bragg peak order
images, corresponds to a domain periodicity of ~ 530 nm. By comparison with the labyrinthine
periodicity observed by MFM (420 nm), the discrepancy is rather large. The periodicity ob-
tained by XRMS usually differs from the MFM measurements due to the refraction index var-
iation at the resonance edge since the wave vector k depends on the refractive index value. The
latter directly depends on the scattering amplitude, as seen in the previous chapter.

3.1.6 Micromagnetic simulations

The experimental conclusion of a possible sample with hybrid chiral nature has been
further investigated with numerical simulations using MuMax324. In order to facilitate the sim-
ulations, by eliminating the random variation inherent to the numeric labyrinthine pattern gen-
eration, the focus is brought to the stripe domain pattern. The numerical simulation has been
performed by colleagues from UMPhy team, using a cell volume of 0.44 x 0.8 x 1.48 nm®
along x, y and z directions respectively. The z component is chosen to match the magnetic layer
thickness. Also, the tri-layer thickness divided by the cell dimension in the z direction should
give a power of 2. This last point increases the calculation speed of MuMax324. It assumes a
uniform in depth magnetization profile in each magnetic layer. The exchange length, that cor-
responds to the distance over which the exchange interaction dominates, is usually around 10
nm or more. Thus, the magnetization should not vary in the layer depth. The cell dimension is
smaller in the x direction than in the y because the magnetization isn’t supposed to vary with y.
The x cell dimension is an important feature, as the angular variation between neighbour spins
should be kept lower than 20° to obtain an error of ~1%724°. An estimation of the domain wall
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width can be calculated by A= n /A/K P Taking A ~ 16 pJ m* found in multilayers with
e

even thinner cobalt thickness, it approximates the domain wall width of wA~ 23 nm. The x cell
size (0.44 nm) has been chosen accordingly. The system size is set to 285x 32 x 25.1 nm? with
x and y axis repeated with boundary conditions. The repetition together with the periodic
boundary condition removes the side effect from the demagnetizing field. The z direction size
corresponds to the total multilayer thickness minus the buffer stack and the external non-mag-
netic layers. The platinum and aluminium thickness between each cobalt layer should prevent
any electronic exchange between the magnetic layers, which usually vanishes for platinum
thicknesses above 1 nm*2, The initial magnetization points along +z for small x and along -z
for larger x. The central magnetic moment in the domain wall lays along the [1 1 1] direction.
The magnetic configuration is minimized from this state, which avoids metastable states (Neéel
or Bloch) that would pin the convergence into a local minimum.

Some sample magnetic parameters, such as the saturation magnetization and the inter-
facial anisotropy, have been retrieved by magnetometry measurements and fuelled the numeric
simulation. However, the exchange energy as well as the DMI aren’t experimentally deter-
mined. Their amplitude can be tuned in the simulation to match the experimental MFM perio-
dicity. It is realized by calculation of the system energy density € with fixed parameters but
using different periodicities around the observed one. The numerical derivative of & can then
be calculated from the observed periodicity for a set of exchange stiffness A and DMI strength
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Figure 54: Determination of the symmetric and asymmetric exchange energies. (a) Map of the energy density ¢
derivative by the domain period p as a function of the effective DMI D and effective exchange energy A. The near
zero-derivative zones indicated by the thick black line corresponds to the set of possible parameters minimizing
the energy density for the observed period. (b) Corresponding map of the DW magnetization angle y of the top-
most cobalt layer. The curve of the possible parameters is reported from panel a. The Bloch component is deter-
mined by the initial condition of the simulation and is always around y = 90°. Black squares indicate discarded
values due to convergence error. The orange square corresponds to the selected parameter set for the magnetization
profile plots. Taken from Léveillé et al?®*,

In the figure 54(a), the numerical energy density derivative is plotted as a map, with the
effective exchange A and the effective interfacial DMI energies as parameters. The colormap

corresponds to the energy density period derivative a5/ apwith the observed periodicity po. It’s
numerically computed using simulations with smaller or larger periodicity p with the same set
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of magnetic parameters. The size in the x direction is changed for each five periodicities p used
for the simulations by step of 10 nm. If the derivative of the energy density with respect to the
periodicity is not zero, then the simulation performed with the experimental periodicity isn’t
the state minimizing the energy of the observed period po. The area in blue corresponds to a
negative derivative, the set of magnetic parameters favours a larger domain width. This is in
adequation with the larger exchange and the low DMI energies value, since DW energy is
larger. In the red area, it is the opposite. It is dominated by the DMI contribution that reduces
DW energy, and thus, the stable domain size with this set of parameters is smaller than the
experimental one. The black curve draws a path of parameters where po is the equilibrium mag-
netic period state. To determine a valid set of parameters, one has to look at the topmost cobalt
layer chirality, that has to be opposite to the one favoured by the DMI, as we observed the
XRMS contrast corresponding to CW Néel DW (on figure 50-53). The map in figure 54(b),
plots the domain wall magnetization orientation with respect to the exchange and DM energies.
The DM energy values that still favour a CCW chirality in the top magnetic layer can be dis-
carded. The solution is thus located around the black curve for D values smaller than the ones
favouring a Bloch point (y = 90°).

Finally, one ends up with a possible magnetic parameter set with D = 1.0 mJ m2and A
=10 pJ m* indicated by the orange star in Fig. 54(b). From previous studies, using field induced
DW propagation?*!, the DM strength D is expected around D ~ 1 mJ m2in this particular stack,
which matches with the estimation. The exchange energy range is a bit low in value compared
to the one determined by Brillouin light scattering on similar multilayer with a thinner cobalt
layer (A = 16 pJ m™Y), that is why we selected the solution with the larger possible A value.
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Figure 55: Simulation of the magnetization profile in DW of the topmost cobalt layer. The red (blue) symbols
correspond to simulations performed with a + 10 (- 10 nm) domain periodicity with A =10 pJm*and D = 1.0 mJ
m2., Continuous lines are fits using the formula (58) below. The DW width is weakly dependant of the precise
period for a variation of 10 nm. The image is taken from supplementary materials in Léveillé et al?>,

The DW profile has been explored in conditions close to the expected physical
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configuration, with a periodicity 10 nm different than the MFM one. The DW width, is deter-
mined from the numerical simulation (18 nm for the z component of the magnetization) and
fuel an empirical magnetization profile function draw in continuous line in figure 55.

Both have the same DW width, with a non-pure Néel chirality in the topmost layer. The
Bloch contribution is achiral, which is in agreement with the DIFFERENCE XRMS images
where no Bloch part is observed. The functions fitting the DW profile is a 1D model, whose
complexity will be justified in the discussion of the ultrafast dynamic results.

1—( tanh Axl(x) 2— 1—(tanh sz(x) 2
an w(t)/2 an w(t)/2

M, (x,t) = sin(0(Y)) M(t) |1 — tanh ((/1 Mfzt(;/)Z)> — |1 —tanh ((/1 ;Et()x/)2>>

M, (x,t) = cos(@(t)) M(t)

M, () = M(t) tanh (2 2
L (x,t) = M(t)tan <E w (t))

(58)

A A
With x; (x) = sin (nx% + %), X, (x) = sin (nx% - %) and x3(x) = sin (27‘[ i) X is the po-

sition in the domain while A corresponds to the domain periodicity, in the same units as X. ® is
a tilting angle defining the hybrid DW type. For ® = 0° (90°), it corresponds to a pure Néel
(Bloch) DW. The empirical model also considers the time evolution of the magnetization M(t),
which is proportional to vCL + CR, and the temporal evolution of DW width w(t)~mA. As the
asymmetry ratio amplitude depends on the relative width of the DW over the domains, a clean
separation between the specular tail and the diffraction signal is performed for experiments
performed in reflection geometry. Indeed, the specular signal is spread due to its projection on
the sample and overlaps with the off-specular signal. Before introducing the data analysis
method, the experimental parameters are briefly presented as some intervene in the data treat-
ment.

3.1.7 XRMS Data-analysis

During the few experiments performed, the laser spot size was 384239 um?2 and the
smaller FEL spot 247x181 pum?, given in 4c. The difference in size between the two beams
ensures that the diffracted signal comes only from the pumped region. The scattering patterns
have been recorded with a PI-MTE CCD square 2048 pixels camera with a pixel size of 13.5
pm. It is located at 12 cm from the sample. At each delay between the horizontally polarized
IR pump and the XUV probe, 500 shots were accumulated and stored in a single image in the
HDF5 format used nowadays at most of the large facilities as FERMI, SOLEIL... Two accu-
mulation images were taken for each delay and each polarization of the probe. To reduce the
CCD reading time, the images have been binned by a factor 2 in the two directions. The
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accumulation is performed by the CCD software and the binned image saved in the HDF5 file.
The latter also contains other experiment contextual data, such as the FEL wavelength, the laser
pump energy per pulse or the XUV shot intensity.

A four-quadrant photodiode, placed upstream the experimental chamber, collects the
tails of each XUV shot. The four-quadrant photodiode intensity is used to normalize the image,
diminishing the image-to-image variation due to black shots. In addition, a choice has been
made to remove all the x-ray images that differ by 20% from the average of the four-quadrant
diode total intensity of all the images. Before and after each delay scan, a CCD background
image (“darks”) is taken with the same acquisition dynamic (50Hz) and accumulation (500
shots). The darks images are averaged and subtracted from the diffraction images. Each pro-
cessed image is sorted by delay value and separated in circular left and right polarization. The
images are resized by a geometric factor that accounts for the 45° incident angle projection.
The SUM (CL + CR), DIFFERENCE (CL — CR) and asymmetry ratio [(CL-CR) / (CL + CR)]
images are calculated. Due to the non-perfect normalization between the two circular polariza-
tions and to the FEL spatial jitter between polarizations, some erratic points can be found at the
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Figure 56: (a) SUM image (CL + CR) without intensity modulation in the ring, typical of a labyrinthine domain
pattern. (b) Dichroic diffraction pattern (CL — CR) exhibiting a clockwise Néel DW signal. The two images have
been geometrically corrected from the projection angle. Both images were taken at a negative delay time and are
from Léveillé et al®,

edges of the beamstop, as observed in the DIFFERENCE image in Fig. 56(b). After a manual
determination of the center of the diffraction pattern, a radial mask is applied to mask the beam-
stop. A symmetric angular mask is also applied to remove any spurious effect due to the beam-
stop support. Another mask consists in replacing directly in the image the value by zero. Then,
an azimuthal average is performed excluding zero pixels outside the radial mask. This is done
to keep the full range of the images’ radial profile in the graph. It also ensures that the averaged
radial profile is performed on non-zero-pixel values. Note that it is not applied in the two images
in figure 56.

Then, the diffuse signal is removed in a large disk around the specular position. It is particularly
important for the SUM (CL+CR) images as the specular tail contribution is far greater than the
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diffracted magnetic signal. In X-ray diffraction, a peak is usually fit by a Voigt function. The
function is a convolution product between a Gaussian and a Lorentzian function. In our case,
the specular peak is hidden by the beamstop and the off-specular magnetic signal is located at
approximately 300 pixels of the estimated center. The pixel width is 27 um in both directions
due to the 2x2 binning, meaning that the signal is 8.1 mm away from the center. It is more than
one order of magnitude greater than the FEL spot size. The use of a smaller beamstop, to fit
better the specular signal, would hide almost totally the magnetic scattering due to the finite
CCD dynamic range. Thus, several simpler functions (Gaussian, exponential, Lorentzian or
polynomial functions) have been tried to fit the specular tail. The green dotted lines in figure
57 have been chosen to maximize the number of points with only the specular signal at the
maximum of demagnetization. The latter is the more critical to fit due to the low magnetic
signal.

a_) os Delay -0.5 ps b) os Delay +0.5 ps
-2 LS 0 E S AR R S A0 G A Ot [ S ey -2 T Toer b Lo b L G
+ poly. 2 > = poly.2
; poly. 3 ELY poly. 3
L + poly.4 : * poly. 4
k d\j\“"“ +  exponential +  exponsntial
~ 04k ; f’ s Gavssizn — 04 Gavssizn
= 0 . : =
« «
— —
=2 oy
.- - -
w 7]
~— [
o 03} o 03 A
= b=
= =
2 gRn PR fE e s wp | wed w 02 AP T AP I DRI R SN SRR fA IANT:‘
120 160 200 240 280 320 360 400 440 480 120 160 200 240 280 320 360 400 440 430

Radius (pixels) Radius (pixels)

Figure 57: Fit attempt of the specular signal under the diffracted magnetic peak by different functions at negative
delays (a) and around the maximum of demagnetization (b). The orange points before the first green dotted line at
130 pixels correspond to the experimental radial profile. The non-regular shape is due to the non-circularity of the
beamstop.

Gaussian or exponential functions in the fitting procedure struggle to appropriately simulate the
diffusive part under the diffracted magnetic signal at negative and positive delays. Note that,
the Lorentzian decay is too abrupt to reproduce properly the specular and the fit didn’t converge.
The order 2 polynomial curve can’t follow the data points decreases, while the 3" and 4" order
are able to. From figure 57, the 4™ order polynomial curve could look better than the 3™ order,
but it takes too much curvature under the peak, leading to an overestimation of the magnetic
signal. Moreover, the prefactor of the 4" power is extremely small, indicating that the 3" order
polynomial can be sufficient. Noteworthy, the possibility to use inverse functions such as
a/ xn T b haven’t been explored during the data treatment. The use of this kind of function to

fit the tail of gaussian-like repartition has been widely spread in different themes?*2.

The resulting specular signal removal with the parameters used in the data analysis, i.e.,
a third order polynomial function at each delay and a fixed fit range is plotted in figure 58 at
two delays for the SUM image. The fit (red line in figure 58) seems to simulate well the specular
curvature, even at the maximum of demagnetization. Since the range is the same for all the
delay, the pre-peak one catches a bit the magnetic signal for negative delay to improve the fit
when the signal is close to its minimum. The result dispersion depending on the fit parameters
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has been studied and is discussed later.
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Figure 58: Radial profile of the SUM image for delay times of -0.5 ps (a) and 0.5 ps (b) that corresponds to the
maximum of demagnetization. The red line is a cubic function that simulates the specular signal fitting data en-
closed in the two areas marked by the vertical green dots. Taken from Léveillé et al?>,

After the specular fit removal, the remaining diffraction peak is fitted. For the SUM and
DIFFERENCE signal, a Gaussian function works well as seen in figure 59. The amplitude, the
full width at half maximum (FWHM) and the peak position are displayed in wave vector units
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Figure 59: Experimental data points for the SUM image (2) and the DIFFERENCE (b) after specular subtraction.
The coloured lines are Gaussian fit of the different delays. The curves and fits have been rescaled to the -0.5 ps
value for clarity. Image taken from supplementary materials of Léveillé et al®>,

The amplitude is used as a verification of the gaussian signal fit since it should give the
same result as the direct integration of magnetic peak radial profile (see Fig. 60(a)). The ortho-
radial profile is also extracted from the CL — CR images at all delays to check if a change of
chirality occurs after the optical excitation. Some orthoradial profile are displayed for different
delays corresponding to the unpumped system, the maximum of demagnetization and the re-
covery phases.
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Figure 60: (a) The SUM signal resulting from the direct signal integration under the magnetic peak and the ampli-
tude of the Gaussian fit. (b) Orthoradial profile in the DIFFERENCE image for different delays. The symmetrical
mask, removing potential signal artifact from the beamstop holder is visible at 90° and 270°.

The different azimuthal profiles keep their sinusoidal shape with the maximum (mini-
mum) at 270° (90°) at all delays. Only a symmetrical variation in the amplitude at +90° and
270° is observed, meaning that the CW Neéel chirality persist even at the ultrafast time scale
(see chapter 2). Note that the azimuthal profile isn’t corrected from any background or specular
signal residue, showing that the spatial FEL jitter has a negligible influence if the signal is far
enough from the beamstop. The robustness of the radial profile specular fit is explored in the
Annex A.

3.1.8 Time resolved studies

In the following, the time resolved study on the chiral FM multilayer are presented. The
determination of the probe fluence and the potential issues that can emerge while dealing with
interface sensitive multilayers. Then, the artifact-free time-resolved results are presented, be-
ginning with the ultrafast regime (delays < 5 ps) and a specially developed model that gives
insights about the underlying mechanism that could be responsible of the ultrafast behaviour.
It is followed by the sub-nanosecond dynamics which is completed by MOKE and VNA-FMR
experiments, as well as magnetic mode simulations to understand the sub-nanosecond dynam-
ics. Then, the effect of the pump circular polarization at different fluences on the SUM and
DIFFERENCE signals is explored on the same sample.

3.1.8.1 Optimization of the free electron laser fluence

After setting up the data analysis procedure, dynamical diffraction patterns have been
analysed. The following delay scan have been performed with two different laser fluences and
with a XUV FEL fluence of ~1.1 mJ/cm?. The two graphs containing the SUM and DIFFER-
ENCE signals at the two different IR pump fluence performed at two different areas, separated
by 1 mm, are reported in figure 61.

In Fig. 61(a), both SUM signals exhibit an ultrafast demagnetization followed by a re-
covery that is not completed at 900 ps after t0, which is not concerning if the amount of ab-
sorbed energy by the magnetic layer is high. In some extreme cases, where the electronic and
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spin temperatures exceed the Curie point, the recovery dynamic can be slowed down to the
nanosecond timescale.
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Figure 61: Time dependence of the SUM (CL + CR) and DIFFERENCE (CL — CR) magnetic intensity normalized
for two IR laser fluences. The big squares represent points taken after the delay scan at a negative delay.

Oscillations with different on-set and periods are visible in both curves at hundreds of
ps, which is a new feature not observed in previous time-resolved XRMS study on magnetic
domain texture. But this results has to be taken with care as the two points taken after each
delay scan don’t recover the initial value of their respective scan. The drop corresponds approx-
imately to their respective last scan value, but it is surprising that the intensity didn’t fully re-
cover even for a high pump fluence as the big square points have been recorded at least 20 ms
after a laser shot. Looking now at the DIFFERENCE signal (figure 61.b), a peculiar evolution
is found once again at the hundreds of picosecond time scale. For the delay scan with an IR
pump fluence of 8.4 mJ/cm?, the curve (empty red circles) recovers after the ultrafast drop and
stabilize at 30% of the maximum signal, then increases slowly with the delay. But the red square
point, indicating a point taken at a negative delay after the experiment in the same probed area,
recovers at a value a bit above the last scan value but at 50% of the initial scan value. In the 5.4
mJ/cm2 delay scan (empty black circles), the decrease is directly visible through the scan. After
reaching 70% of its initial value around 100 ps, the DIFFERENCE signal decreases constantly
until the end of the scan, dropping to 50% at 900 ps. As previously observed in the SUM and
8.4 mJ/cm? curves, the negative delay point (black square point) taken after the scan doesn’t
recover the initial value.

The fact that the behavior is more pronounced in the DIFFERENCE curve with the
smaller IR fluence, indicates that it is not pump fluence related. Moreover, the IR pump fluence
used for the measurement are typical for ultrafast demagnetization studies®, an order of mag-
nitude away from the damage threshold. The fact that the process is observed after five hours
long scan and is visible only in the hundreds of picosecond timescale indicates a thermal diffu-
sion heat assisted effect. Moreover, the chiral signal is more impacted than the SUM. It could
mean that it originates from a thermal effect occurring at the interface. Intermixing affects the
value of the DMI but it does not vanish?®, explaining that the signal doesn’t fall to zero for the
highest IR fluence. Another feature observed in the curves is the pronounced damped oscillation
with a characteristic timescale of ~165 ps (~6 GHz). It is more visible in the SUM than in the
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DIFFERENCE. The origin of those oscillations is discussed later. In the results presented there-
after, the FEL intensity has been attenuated by ~50% (I = 0.5 mJ/cm?). Also, a systematic meas-
urement on the probed area at negative delay (-1 ps) has been performed to check the sample
integrity after each delay scan but won’t systematically be presented in the following.
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Figure 62: Time-resolved evolution of the SUM (CL + CR) and the DIFFERENCE (CL — CR) signal. The red and
blue curves are fits from the experimental data points corresponding the SUM and DIFFERENCE, respectively.
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As seen in figure 62, the recovery is (partially) completed at 800 ps for the DIFFER-
ENCE (SUM) signal. The XFEL fluence doesn’t induce a deterioration of the interfaces, at least
during a full delay scan. Thus, an artifact free data analysis interpretation can be performed.
First, the focus is made on the ultrafast regime, i.e., t <5 ps. The slower dynamics is discussed
in a second step.

3.1.8.2 Ultrafast time scale (0 — 5 ps)

The ultrafast time evolution of the diffraction ring (CL + CR) and of the dichroism (CL — CR)
absolute value is displayed in figure 63 (a). A subpicosecond demagnetization is observed.
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Figure 63: a) Integration of the diffraction ring CL + CR) and dichroism (CL — CR) signal normalized by their
respective value at negative time delays. b) the asymmetry ratio obtained from the experimental data shown above
(empty circles) and two additional delay scans, performed at a different beamtime, with one at the same pump
fluence (4.8 mJ/cm?) in black dots and the other higher IR pump fluence (10 mJ/cm?) in cyan. The coloured lines
represent simulations with different models. They are explained in detail below. ¢) FWHM (red dots) and position
of the diffracted peak (empty blue circles) in reciprocal space time evolution. Image taken from Léveillé et al?®,

As already observed in metallic magnetic layers'®1%°, the demagnetization time constant
obtain from the fit is around 150430 fs for the SUM signal. In the DIFFERENCE, the value
isn’t different (140 20 fs) within the error bar that doesn’t contain the time resolution of the
experiment, 120 fs. Due to the square relationship between the intensity and the magnetization

106



(see chapter 2), the characteristic time scales have been obtained by fitting the square root of
both curves with an empirically crafted three exponential functions convoluted by a Gaussian

function with a FWHM 63,0 = /0% + 025, = V100% + 602 = 120 fs,

vV I(t) = [a+H(t— tO)AM(t)] *G(t, O-probe)

t—to t—to t—tg

AM(@)=—(c-e 'z —b-e t +f-e 3

(59)

I(t) is the intensity in the curve, whose square root is related to the magnetization M(t).
H(t-to) and G (¢, o0 ) Stands for a Heaviside and a Gaussian function. The latter mimic the
limited experimental time resolution due to the finite length of the XUV and IR pulses. The
characteristic times ty, t> and ts, refer to the demagnetization time, the fast recovery and the slow
recovery time, respectively. The different constant a, ¢, b and f stand for the initial magnetiza-
tion level, the amplitude of the fast recovery, of the demagnetization and of the slow recovery
process, respectively. The classical phenomenological response function, often used to retrieve
the different bath temperature and containing two exponential functions, usually fail to fit data
set with final delay times above 100 ps'®,

After the ultrafast quenching reaches a maximum around 0.5 ps, it is followed by a log-
like increase over the next ps. One notices that the dichroic curve (CL — CR) drops more than
the SUM. Also, the recovery of the chiral signal seems to be faster than in the SUM, even if the
time constants found by the fits are similar for the DIFFERENCE (2.0 0.5 ps) and the SUM
(2 1 ps). Similar observations have been also found for another ferromagnetic chiral multilayer
in Kerber et al. work?*. In figure 63(b), the asymmetry ratio (CL-CR)/(CL+CR) time evolution
shows a 15% dip for the data taken with an IR fluence of 4.8 mJ/cm?2 around 0.7 ps. It is repro-
ducible within the error bars and even larger for the experiment performed at a pump fluence
twice larger. The normalized asymmetry ratio remains below unity up to 2 ps.

The FWHM and Gaussian peak position time evolution, determined by the Gaussian fit
on the DIFFERENCE image, are displayed in figure 63(c). The result is far less fit dependent
than the SUM. From its initial value (330 £20 nm), a shift of the peak position toward smaller
Q values can be observed, similar to what has been observed in the literature!’2. However, as
observed in the figure 59(b), there is no peak asymmetry within our signal to noise ratio, as
previously observed by Pfau et al'®®. The link between the peak shift toward higher domains
width value and an actual growth or reorganization of the domains and DWs is still debated.
The DW velocity required is between one and two orders of magnitude larger than the usually
observed DW speed (~100 m s1)16°,

The deviation of the asymmetry ratio cannot be explained by an ultrafast change in the
scattering factor, which would be induced by hot electrons filling the d bands. The laser fluence
of the experiment is at least one order of magnitude lower than the one used to probe the opti-
cally-induced change of electron occupation in X-ray absorption spectroscopy?*®. We propose
an alternative explanation, which relies on a different variation of the magnetic moment inside
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domains and DWs. A constant unity ratio in time would mean that the domain walls and do-
mains magnetization dynamics would be equivalent. It is depicted by the magenta curve in
figure 63(b). The XRMS model used to fit the ratio is described in Annex B. If a DW expansion
is considered, as stated in Pfau et al., and taken as a 10% expansion versus its equilibrium value
(~20 nm), the asymmetry ratio should increase up to 1.1 as shown in the blue curve in figure
63(b). This is in opposition to the experimental data. The hypothesis made for the following is
that the decrease of the asymmetry ratio below unity is due to a reduction of the magnetic chi-
rality. This decrease can come from a change in the ratio of the in-plane and out of plane mag-
netic moment or a loss in the coherent Néel rotation inside the DW. The asymmetry should
drop below unity due to a different demagnetization inside the DWs and the domains. Note that,
a scenario where only the magnetization recovery is faster inside the DWs would result in an
asymmetry ratio larger than unity, similar to the DW expansion model. To understand the dif-
ferent dynamic between DWs and domains, a model relying on a torque induced by the flow of
polarized hot electrons in the DWs has been developed.

In the sub-picosecond regime, an intense flow of spin currents generated by the IR pulse
can affect the DWs. These spin currents can transfer spin angular momentum inside the mag-
netic layer or toward another layer. The angular momentum transfer and dissipation can lead to
enhanced demagnetization as well as faster magnetization recovery. This mechanism has been
explored for the non colinear magnetization texture dynamics inside DWSs. The enhanced spin
scattering within DWs has been previously invoked as a static magnetoresistance contribu-
tion?*®, It could also play a role in the induced spin-transfer torques leading to the current-
induced DW displacement. To describe the two aforementioned effects, a ballistic model has
been developed and is adaptable to the ultrafast demagnetization scenario. The ballistic spin
carriers are described as classical spin particles perceiving a varying exchange field while cross-
ing the domain wall?*”. The particles are coupled by exchange interaction to the localized mag-
netic moment through the s-d Hamiltonian. In the case of the sample studied, the localized
magnetic moments rotate in a Néel fashion. Added to the fact that the particle velocity compo-
nent perpendicular to the DW is related to their momentum in the k-space. The problem, within
a proper renormalization, is equivalent to the “fast adiabatic passage” in the nuclear magnetic
resonance theory. The spin time evolution can be described by the Landau-Lifshitz equation:

ds _JexS

dt h

mxs

(60)

The equation contains the carrier spin direction 8, the exchange energy Jex with the localized
moment S. The direction of the time-varying exchange field felt by the ballistic electrons is
given by m. In the electronic rotating frame, the spins are precessing around the effective field
from the localized moment. Since the hot electrons come from the domains, being polarized up
or down, they acquire a component out of the chiral plane of rotation. The carrier spin preces-
sion angle o is proportional to the carrier velocity v and inversely proportional to the exchange
times and the DW width w = mA246,
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In the case of a DW with of 15 nm, with electrons at the Fermi level, the precession angle can
reach about 7 degrees. The precession angle could be quite different in the case of hot electrons,
that are produced during the demagnetization process. However, the relevant hot electron pa-
rameters values are challenging to estimate. Their velocity should not be far from the electron
Fermi level velocity ~ 106 m s 17, The exchange energy in bands 1 eV or more above the
Fermi level is reduced down to tenth of eV. Thus, the precession angle could be greater than 7°
for a large part of the hot electrons’ distribution. The hot electron spin interaction with the
localized moment shall in turn generate a torque on the latter, parallel to the chiral vector:
m; x m;**®. The spin current carried by the hot electrons is flowing in an isotropic manner,
meaning that the mistracking angles can be either positive or negative. Consequently, on aver-
age the net torque acting on the DWs shall cancel.

_ Contribution
—\ from ‘hot spins’

Figure 64: a) Schematic representation of the torque (black arrows) action induced by the spin polarized hot elec-
trons flowing from the domains toward and perpendicularly to the DWs. The orange arrows represent the magnetic
moment Néel rotation in the hot electron frame. The resulting transient DW magnetization configuration is illus-
trated in b). Image extracted from Léveillé et al?>*,

To relate the experimental observation with the previously discussed model, the overall
effect of the incoherent precession induced by the hot electrons must be considered. The do-
mains being almost an order of magnitude larger than the DWs, there is a spin current flowing
in the DWs after some 100 fs (~ domain width / hot electron velocity). The spin current applies
a torque, which in turn acts on the local magnetization. The spin current is of opposite sign on
each side of the DW. It induces an opposite torque on the local magnetic moment, which cancels
out in the middle of the DWs, further increasing their incoherent precession. In the case where
the spin current arrives perpendicularly to the DWs, a coherent precession can be induced, tilt-
ing the localized moments out of the chiral rotation plane (figure 64(a)). A new transient DW
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structure made of a pure Néel type at its center together with two opposite Bloch type compo-
nents on both DW sides, as depicted in figure 64(b).

The presence of this Bloch type component results in a decrease of the dichroic signal
compared to a pure Néel rotation. The amplitude of this DW distortion can be estimated. The
large amount of hot electrons produced after each optical pulse, typically 0.5 electrons per co-
balt atom for the used IR fluence!’. Importantly, the timescale for the torque onset is given by
the exchange field, which falls in the 10-fs range. This ensures that the wall distortion doesn’t
lag in time with the hot electrons passing through the DWs. If one considers that the additional
loss of magnetization inside the DWs is uniquely due to the coherent torque effect, a quantita-
tive estimation gives a tilting angle larger than 10°. In addition, the onset of the Bloch compo-
nents in the DW should spill out into the domains, which slightly increase the DW width. This
Is @ common conclusion of several recent studies dealing with labyrinthine magnetic domain
pattern'®®172_ In the simulation, the assumption has been made that the DW width reaches a
maximum at 1 ps when the quenched demagnetization starts to recover. After reaching its max-
imum expansion, the simulation considers that the DW width recovers its unpumped value.
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Figure 65: Out of the chiral rotation plane precession angle tilt of the DW (in red) and the DW magnetization
dynamics normalized by the domain magnetization. Image extracted from Léveillé et al®>.

A 1D magnetization profile XRMS model has been used to fit the asymmetry ratio evo-
lution (Annex B). First, one extracts the magnetization variation directly from the square root
of the CL + CR intensity. Then, the time evolution of the asymmetry ratio can be simulated
considering a 15% further demagnetization inside the DW due to both incoherent and coherent
processes. Although, it is not possible from the current experimental data to disentangle the two
effects. A measurement with the observation of multiple diffraction orders or a potential satel-
lite peak from the transient DW type would allow to separate the two contributions. A reason-
able simulation output gives a maximum precession angle of 8.5° at ~0.6 ps with a DW mag-
netization reduction relatively to domains of 87% as drawn in figure 65.
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Ratio(t)/Ratio(t=0)

The resulting asymmetry ratio time evolution obtained with this model corresponds to the green
curve in figure 63(b). It is in excellent agreement with the experiment data obtained with a
pump fluence of 4.8 mJ/cm2. In addition, if one considers a DW expansion of 10%, the small
asymmetry ratio unity overshoot after 2 ps can also be fit. The agreement is found for a DWs
angle distortion of 10.5°. It corresponds to the red curve in figure 63(b). Even though the ex-
change driven distortion in the DWs is established in hundreds of fs, it shouldn’t vanish until
longer timescale around the nanosecond. On contrary, the incoherent contribution should ac-
celerate the relaxation of the magnetization inside the DWSs, which could explain that the asym-
metry ratio exceed unity in the experimental results.

3.1.8.3 sub-nanosecond timescale (100 ps — 1 ns)

In this paragraph we concentrate on the longer timescale dynamics up to 900 ps. The
FEL results are accompanied by MOKE and VNA-FMR experiment as well as magnetic mode
calculations to look for the origin of the GHz damped oscillation clearly observed in the SUM
signal as well as in the SUM and DIFFERENCE respective peak position evolution in the hun-
dreds of picosecond time scale.

The fits performed on the experimental data in figure 62, give a smaller long recovery
time constant for the DIFFERENCE (270 + 20 ps) signal than the SUM (440 + 30 ps). At 900
ps the dichroic signal has recovered its original value while the SUM is still 10% lower. It
confirms the faster chiral recovery with respect to the domains, even at hundreds of ps, as ob-
served in Kerber et al?*,
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Figure 66: a) Evolution of the magnetic asymmetry ratio (CL - CR)/(CL + CR) up to 900 ps. The big black square
represents the measurement performed at negative delays (t = -1 ps) recorded right after the delay scan. b) the peak

position of the CL + CR and CL — CR signals. The red and blue squares are the data points taken at negative delay
(t = - 1 ps) after the delay scan. The lines fit the experimental curve with a periodic function of ~ 165 ps period.

In the hundreds of ps time, the asymmetry ratio is mostly above unity with a peak around
1.4 and slowly drifts toward its initial value. A 6 GHz damped oscillation is observed and
mainly come from the SUM signal variation. A frequency equivalent damped oscillation is also
present in the CL + CR and CL — CR maximum scattering intensity positions, with a more
pronounced amplitude in the SUM. The points taken after the delay scan, represented by big
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and coloured squares in the two graphs, show that there is no sample degradation during the
scan. The onset of this phenomenon starts around 50-100 ps. At this timescale, the magnetiza-
tion recovering dynamics is dominated by the slow process, as suggested in figure 62. Even if,
the magnetization in the DWs and domains haven’t yet fully recovered, it is typically the time-
scale at which the classical LLG micromagnetic dynamic can take over.

If one considers that the oscillations are present in the SUM and not in the DIFFER-
ENCE, it implies that the magnetization oscillation in the domain and domain walls shouldn’t
be in phase or shifted by 77/2. Indeed, at 45°, the CL + CR signal is proportional to mZ 4+ m3
while the CL - CR probes m,m,. Thus, a time-periodic magnetization oscillation should be
two times slower than the one found in the signal. Different scenarios explaining the experi-

mental 6 GHz oscillation has been checked, such as coherent magnetization precession, do-
mains or DWs breathing mode.

3.1.8.3.1 Time-resolved magneto-optical Kerr effect

First, a time resolved magneto-optical Kerr effect (TR-MOKE) measurements per-
formed on a piece of the same sample has been performed to investigate the magnetization
dynamics in the absence of domains. An out of plane magnetic field of + 0.2 T was applied
during experiments to uniformly saturate the multilayer. In the TR-MOKE setup, an amplified
Ti:Sapphire laser provides a 800 nm beam at a frequency of 1 kHz to pump the multilayer at
normal incidence. A small fraction of the pump beam is picked up, then frequency doubled (400
nm) by a f-Barium Borate crystal. The probe is focused to a 10 um diameter beam making an
angle of 45° with respect to the probe (figure 67(a)). Both pulses duration is ~100 fs long. In
the MOKE, the light polarization state after reflection on a magnetic surface depends on the
magnetization amplitude and direction. Therefore, any change in the magnetization properties
should be detected, being in the ultrafast window or in the ns regime. The time resolved rotation
of the reflected beam polarization is analyzed using a set of half-lambda waveplates, Wollaston
prism and balanced photodetector. In general, the TR-MOKE signal contains an optical and a
magnetic contribution. To obtain the curves in figure 67 (b, ¢, d and e), the experiment is per-
formed at positive and negative saturation field. The difference of the two saturated measure-
ments gives the magnetic signal (b,c) while the sum gives the optical contribution, which can
be related to the multilayer charge density.
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The TR-MOKE measurements of figure 67(b,d) were performed at two different flu-
ences that are lower than the one used at Fermi because the reflection is more than twice bigger
at 45° than at normal incidence. The scans focusing on the few ps regime show a typical ultra-
fast magnetization dynamic, with a sub picosecond demagnetization followed by a picosecond
characteristic time recovery. The long delay scan shows a smooth behavior with no oscillation.
It rules out the hypothesis of a coherent magnetic oscillation in the sample. On the optical
curves, a short peak can be observed at the ultrafast timescale. It is related to the photoinduced
generation of hot carriers. At longer times in the reflectivity curve of figure 67(e), a damped
oscillation emerges with a main frequency of 60 GHz and a beating around 3.5 GHz. The ab-
sence of this signal in the magnetic contribution and the oscillation frequency points toward
acoustic modes in the topmost portion of the metallic multilayer. Theoretical calculations per-
formed with the multilayer composition and layers thicknesses, developed in Annex C, give an
oscillation frequency close to the experimental value.
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Figure 67: (a) Experimental set-up with the probe (400 nm) and pump (800 nm) beams impinging on the sample
saturated busing a permanent magnet. The time resolved magneto-optical Kerr effect measurements at the ultrafast
(b) and hundreds of ps timescale (c). The ultrafast (d) and nanosecond (e) regimes of the reflectivity signal. All
the curves have been normalized.

3.1.8.3.2 Magnetic modes simulations

The domains contribution to the magnetic signal has still to be explored, as the MOKE
experiment is performed at saturation. The magnetic layers in the stack have an out-of-plane
magnetic anisotropy and are in multi-domains state at zero field. The nonuniformity of the
magnetic pattern can mediate excitation of magnetic precessional modes. An estimation of the
lowest precession frequency associated to the magnetic domains is given by:

f=vuo(Hy — Hyq + Hey)
(62)

Where y=28 GHz/T is the gyromagnetic ratio, u, the vacuum permeability, H, is the out of
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plane anisotropy field, H; and H,, are the demagnetizing and exchange fields. From the in-
plane and out of plane AGFM measurements, the anisotropy field part yields p,(Hy, — Hy) =

2K .
eff/M = 0.55 T. The associated frequency mode, yu,(H, — H;y) = 15.4 GHz, corresponds
S

to the sample uniform ferromagnetic resonance mode (FMR) without bias magnetic field. The
exchange field contribution to the magnetic mode originates from the nonuniform domain pat-
tern. Considering a striped domain pattern, the standing wave frequency is given by yuoHex =
2yAk2/MS, where k is the wave number. The exchange constant A is taken equal to 12 pJ m™*
from the micromagnetic simulations. The spin wave wavelength corresponds to twice the do-
main size. Thus, for A = 27T/k = 290 nm, the exchange field excitation frequency yields

yUoHex = 0.3 GHz. The contribution from the DMI should be smaller than the exchange. The
lowest frequency associated with the magnetic domains’ precession is f = 15.7 GHz. It is
twice larger than the experimentally observed frequency. Measurements of VNA-FMR have
been carried out to verify experimentally the previous calculation.

3.1.8.3.3 Vector network analyzer ferromagnetic resonance ex-

periment
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Figure 68: VNA-FMR measurement with the bias field applied (a) out of the sample plane and (b) in the sample
plane. In both cases, the applied rf field is perpendicularly to the bias and in the sample plane.

The figure 68 shows the measurements performed with a bias DC field applied out of
the sample plane (a) and in the sample pane (b). In both, the rf field is applied in the plane and
perpendicularly to the bias field. No feature has been observed for a rf field below 15 GHz. In
addition, the signal absorption is only found for a bias applied out of the sample plane. At zero
field, the maximum rf field absorption is located around 15 GHz, close to the magnetic mode
calculation. Also, the maximum absorption increases with the bias and correspond to FMR
uniform precession. The evolution of the rf field frequency maximum absorption with respect
to the field allows to estimate precisely the remanent magnetic mode as well as the effective
magnetic anisotropy.
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Frequency (GHz

Figure 69: VNA-FMR out of plane bias field map of the rf field absorption superimposed with a linear fit of the
frequency versus field evolution.

The linear fit of the signal f = f, + 9B, yields f,=15.1 GHz and 9= 0.031 GHz/T. The

origin of the graph gives an equivalent field of B, = f02n/y = 540 mT, which is in excellent

agreement with the anisotropy field found previously (550 mT). Note that, even at the hundreds
of picosecond timescale, the sample hasn’t fully evacuated the heat from the pump pulse. The
different magnetic parameters change with temperature. Therefore, the direct comparison of the
VNA-FMR measurements with the experimental result isn’t straightforward.

3.1.8.4 Discussion

The temperature variation study of some magnetic parameters has recently been per-
formed in perpendicularly magnetized magnetic films?30231.235236.249250 Temperature depend-
ent magnetometry measurements found that the saturation magnetization (M) evolves as

1

(1 — T/TC)5 between room temperature and the curie point (T¢) for various compounds?°. The

effective magnetic anisotropy temperature dependence is a bit more complex as it is propor-
tional to the square of Ms but also contains an interfacial anisotropy contribution Ks, which is
proportional to M2-5%93 and independent of the material combination®°. Finally, the exchange
stiffness can be estimated performing an IP field cooling. The fit of the Ms temperature evolu-
tion with a Bloch law, which considers that the loss of Ms is due to magnon excitations, links
the exchange stiffness with Ms. A recent study found that the exchange stiffness A varies as
M (T)\ 17152
AM = 4 (55)
ranging between 150 and 300 K. This power law is close to the power of two given by the mean
field theory and experimentally found in another paper?° on a similar CoFeB multilayer sam-
ple. For the DMI, the results are more diversified. In a study on a Pt/CoFeB/Ru multilayer
hosting a skyrmion state, the DMI strength has been estimated combining the above-mentioned
procedures and x-ray magnetic circular dichroic photoemission electron microscopy (XMCD-
PEEM) to determine the domain width. The DMI parameter is adjusted to fit the average do-
mains width using a static multilayer domain energy model?. The DMI has been found to be

with Ao and Ms(0) the values of A and Ms at T= 0 K23 for temperature
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linear with M186_ It is close to the exchange stiffness variation as found in IP permalloy?* or
in Pt/Co/MgO samples?®®. However, two other studies performed on Pt/Co thin films, using the
average domains width numerical fit procedure®*® or Brillouin light scattering (BLS)*° found
D oc MJ> for temperatures above 300 K. In general, the unambiguous monotonous variation of
the different magnetic parameters with temperature excludes a pure thermal induced mecha-
nism for the GHz oscillations found in the SUM signal.

The last remaining hypothesis is a DWs breathing that propagates in the domains. It
could be explained by the DWSs type perturbation due to the spin current induced torque that
lasts until some hundreds of picoseconds. The DWs would recover their initial pure Néel type
through a breathing mode. This explanation could explain the ratio overshoot at long timescale
as well as the maximum peak oscillation seen in the DIFFERENCE and the SUM images. No
simulations have been performed yet to explore this assumption.

In this section, the time evolution of the chirality and the domains dominated signal
have been compared using linearly polarized pump. In the following, inspired by the helicity
dependent all-optical switching found in symmetric Co/Pt multilayers®?, the effect of a circu-
larly polarized IR pump on both signal is assessed for different fluence values on a non-sym-
metrically stacked sample. The latter having the same composition as the sample studied in this
section.

3.1.9 IR pump circular polarization

In this section, we explore the effect of the pump circular polarization on a FM chiral
sample.

3.1.9.1 Reproducibility of the delay scans
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Figure 70: Repeatability measurements taken at the maximum fluence (21.1 mJ/cm?) value for each pump polari-
zation. The circular right polarization (a) and circular left (b) curves show a relatively good repeatability of the
results.

In this experiment, the FEL and IR beam size were respectively 215x330 um? and
560x550 um2. The pump beam has been circularly polarized with a quarter waveplate set-up
that can be rotated CW or CCW to switch between CL and CR polarizations, which should have
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the same fluence. As in the previous section, a delay scan contains the data taken with both FEL
circular polarization and a single pump polarization. In the following, CLr and CRr indicate
the IR polarization. The DIFFERENCE image data treatment is named chiral to avoid any pos-
sible confusion. The IR polarization order for each pump fluence has been switched to get rid
of any experiment artifact due to the relatively high IR beam fluence. Also, each pump fluence
for each polarization has been performed two times on the same sample area to verify the results
repeatability. It is important for the statistic but also due to the specific demagnetization proce-
dure described later in the text.

In figure 70, the two graphs taken with CRir (a) and CLr (b) pump polarization show
a good reproducibility of the results. Moreover, the chiral signal demagnetizes more than the
SUM as in the previous section. It is more pronounced due to the higher laser fluence. Although,
there is a difference in the chiral CRir curves, the green CRr chiral curve (a) was recorded after
the black CRir (a) one but between the CLr repeatability curves (b). In comparison to the
previous section, two hundred of nm thick zirconium filters have been added to decrease the
FEL power by a factor of 5. It would prevent any thermally induced damage due to the increased
laser fluence. The pump laser shot-to-shot variation doesn’t exceed 2%. Thus, the variation
shouldn’t be due to a sample degradation.

3.1.9.2 Variation of the laser fluence

The delay scans with distinct pump polarizations have been carried out for three differ-
ent fluences, taken on two different sample spots and reported in the figure 71 below. A spot
change occurred between the two pairs of 13 mJ/cm? fluence repeatability scans performed,
which is after the 8.5 mJ/cm? delay scans but before the 21.1 mJ/cm2. The data treatment has
been adapted to the lower signal to noise ratio due to the FEL intensity reduction. In the data
analysis, two different specular fit range has been used. One for the delays around the maximum
demagnetization and the other for the remaining points. It affects no more than 10 delay points
around the maximum demagnetization. No “jump” is observed around 0.5 ps in the figure 71
graphics, confirming that the change of range affects smoothly the analysis.
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Figure 71: Chiral (a) and SUM (b) normalized signal for three different laser fluences and the two circular polari-
zations. The shape of the point indicates the fluence, while the symbol’s colour corresponds to the pump polariza-
tion.
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In both graphs, the highest fluences causes more demagnetization in the sample, which
is a common feature. Then, if one looks at the 8.5 mJ/cm? curves for the chiral and SUM signals
in blue (CRir) and cyan (CLr) triangles, they follow the same trend with very little deviations.
No circular pump polarization switch effect is noticed. Increasing the fluence to 13 mJ/cm?
reveals a small separation between the green (CRir) and black (CLr) squares in the chiral (a)
and SUM (b) signal. In both graphs, the CRir curve is above the CLr. The effect is even more
pronounced at a fluence of 21.1 mJ/cm?2 (orange and red circular point curves). From figure 72,
it is not straight forward to conclude if the separation between the two polarizations curve of a
single fluence is different in the chiral and SUM signals.
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Figure 72: Asymmetry ratio normalized for 8.5 mJ/cm? (a), 13 mJ/cm2 (b) and 21.1 mJ/cm?2 pump fluence with both
circular polarizations.

In figure 72, the asymmetry ratio (chiral / SUM) curve for each fluence and polarization
have been plotted. In the three graphs, the CLir and CRir pump curves are equivalent. It means
that one IR circular polarization influences the chiral and SUM signal demagnetization propor-
tionally in the same manner. In other words, the CLr laser polarization demagnetizes more the
sample than the CRr polarization. This additional demagnetization is proportionally the same
in the chiral and SUM signal. Thus, the additional demagnetization results from a larger (or
more efficient) laser energy absorption for CLir than CRir. It raises the question of the sample
magnetic state during the experiment, as the two pump polarizations have the same fluence.
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The sample used for this experiment is similar in composition but hasn’t seen any mag-
netic field prior to the beamtime. The coils, used in the next section to produce a magnetic field
out of the sample plane, were not mounted. Thus, a beamtime specific demagnetization proce-
dure was performed to demagnetize the sample. The 50Hz repetition IR pump was set to a
fluence of 24.3 mJ/cm? and illuminated the sample during one second. This procedure was
enough to locally nucleate a chiral domain pattern like the one in the previous section, not
visible on laser-virgin sample areas. However, the magnetic texture non-homogeneity in the
sample could disturb the energy state, due to the “as grown” dipolar interaction with the probed
area. It would explain the discrepancy obtained for the maximum peak position displayed in
figure 73. The green, black, orange and red coloured symbols correspond to the same scan used
in the previous graphs while the magenta and purple curves are reproducibility scans.
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Figure 73: Maximum peak position of delay scans taken with the same pump fluences and two pump’s circular
polarizations. The top panel (a,b) shows the peak position’s evolution for a fluence of 21.1 mJ/cmz in the chiral
(a) and SUM (b) images. On the bottom part, the repeatability measurements perform for a fluence of 13 mJ/cm?
are plot. The graph with empty symbols curves (c) is from the chiral image data treatment while the symbol-filled
curves on the bottom right part (d) are extracted from the SUM image. In the legend, the data are sorted in chron-
ological order, the first scan being at the top.

As seen in figure 73, the ultrafast peak position evolution differs from scan to scan. No
repeatability scan has been done for the 8.5 mJ/cm? fluence. In the graphs’ legend, the labels
position corresponds to the delay scan order. In the figure 73 top panels (a,b), corresponding
to the 21.1 mJ/cm? fluence, the peak position values at negative delays are above the previous
section negative delay Q peak value (19 um™) for both images. Note that the previous ultrafast
decrease of the position is once again found. After the ultrafast decrease, the peak position
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seems to shift toward 19 um delay scan after delay scan. Moreover, in the tens of picosecond
timescale, the peak position varies toward a value corresponding to the next scan negative delay
peak position, with the exception of the last delay scan (in red), which converges toward the
previous scan value (orange). Since no sign of sample damage has been found in the intensity,
it could indicate that the magnetic state isn’t at its minimum energy value.

In the smaller fluence graphs (figure 73 c,d), the Qpeak has two opposite behaviours. It either
increases or decreases during the first ps. This is due to the change of probed area between the
two delay scans taken with CL pump polarization. Note that the two delay scans taken at a
pump fluence of 8.5 mJ/cm? have qualitatively the same ultrafast increase. Both sample areas
have been demagnetized with the same laser power and length.

The Q peak evolution of a sample locally demagnetized by a laser shows that the initial
magnetic pattern state can determine the ultrafast maximum diffraction peak variation. It could
be a starting point to explain the different Q peak ultrafast evolution reported in literature. How-
ever, the “instability” of the initial magnetic pattern in the above experiment weakens the am-
plitude signal interpretation, as the square of the domains’ number that scatter in the probed
region is proportional to the diffracted intensity. Those results need to be completed by a study
on a chiral system but with an opposite topmost layer chirality and uniformly demagnetized as
we suspect that this effect comes from a stronger absorption of the IR light when the circular
polarization sense of rotation is the same as the chirality. The same Pt/Co/Al tri-layer building
block could be used but with three repetitions or less.

3.2 Skyrmion lattices in FM samples

After the study of chiral domains texture, the focus turned on the study of skyrmion
lattice in field. As the magnetic diffracted signal depends on the ordering coherent length, which
varies with the applied field, the experiment was done in transmission geometry to maximize
the signal to noise ratio and drastically decrease the specular signal under the magnetic peak.

3.2.1 Description of the Ru based sample

In this section two different skyrmion lattice systems have been studied. They have been
growth on SisNs membranes, which has a high transmission at both the cobalt L edge (~ 650
nm) and M edge (~ 52 nm). The first system is a ten repetitions Pt/CoFeB/Ru multilayer growth
on Ta(5)/Pt(8) buffer layer and capped with a 3 nm Pt layer. A strong DM parameter (|D|~ 0.75
mJ m2) is usually found in Pt/Co/Ru trilayers®® for non-magnetic layer thicknesses above 1 nm.
In this sample, the nominal 1.4 nm ruthenium layers favour a ferromagnetic coupling of the
magnetic layers. The platinum layer is 1 nm thin, and the low damping (relative to Co)
CosoFes0B20 magnetic layer thickness is 0.8 nm. The use of thinner layers and of a magnetic
alloy also reduce the interfacial anisotropy value. In skyrmion lattice system, the effective mag-
netic anisotropy is usually (but it is not necessarily) tuned slightly to negative value as it in-
creases the field stability range of the skyrmionic state’® but it is not the case for our samples.

3.2.2 Magnetometry and MFM
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Following the same data treatment as in the previous section, the effective anisotropy is
obtained from the magnetization at saturation, M; = 687 kA m™, and the IP saturation field
Hgqeqy = 0.38 T. The effective anisotropy constant yields K, = 132 kJ m=.
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Figure 74: IP and OOP AGFM curve of the Pt/CoFeB/Ru based multilayer.
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Figure 75: (a) MFM image of the Pt/CoFeB/Ru multilayer after an IP demagnetization procedure. (b) MFM
images (1x1 um?) of the same multilayer with at different applied OOP fields with the related skyrmion density
plot.

The magnetic domain stripe, shown in figure 75 (a), has been obtained after sweeping a
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decreasing IP field parallel to the stripes in the final state. In the image, there are some lines
that look shifted in phase. It is due to the reversing of the MFM tip during the scan. The domain
pattern periodicity estimated from a line profile on the MFM image is 130 nm. An OOP field
dependent MFM run has been performed and exhibits a skyrmion lattice state. The skyrmion
density found in the 1x1 pm2 MFM images is maximum around 45 mT.

3.2.3 XRMS images hysteresis loop
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Figure 76: Images taken at 0 mT (a) 45 mT (b) and 54 mT at 300 K.

The hysteresis loops XRMS images have been acquired at the Iron edge since the di-
chroic signal is usually larger in Fe than in Co. The external field has been applied OOP and
the scattered signal collected with a single circular polarization, since no chiral signal should
be observed in transmission geometry. The accumulation time per image as well as the attenu-
ators has been adapted from field to field depending on the maximum intensity collected. The
same total exposure time over the acquisition time for one image ratio has been kept. The exit
slits after the monochromator stayed at 30 um during the experiment. Only one sweep from 0
T to a positive field beyond saturation has been done.

In the first image of figure 76, taken at O field, two spots, symmetric with respect to the
beamstop, are visible. This is a stripe diffraction pattern fingerprint. Increasing the field to 45
mT, a less intense diffraction ring is superimposed to the previous stripe spots. The stripe signal
disappears at 54 mT. The normalized image’s orthoradial profiles at different fields are plot in
figure 77.

123



From zero field to 37 mT, there is no evidence of a skyrmion lattice sixfold symmetry
diffraction pattern. The modulation is visible at 38 mT and disappear after 54 mT. The ortho-
radial profile has been performed with a rather large radial area to account for any magnetic
pattern periodicity variation.
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Figure 77: Normalized orthoradial profile of images taken at 0 mT (blue), 37 mT (cyan), 40 mT (green), 45 mT
(orange) and 54 mT (red). The beamstop is located around 90°.

The intensity as well as the maximum peak position and the FWHM variation with field,
extracted from the images’ radial profile, is plot in figure 78 below.
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Figure 78: Evolution of the diffracted peak area (a), position and FWHM (b) with respect to the external OOP
field. The black, red and blue filled squares are a measurement taken a zero field after saturation. The yellow area
represents the stripe state at the beginning of the experiment, while the green area delimits the skyrmion lattice
phase. The error bars only contain the uncertainty of the fit.

The yellow and green areas are defined from the presence of a sixfold modulation in the
orthoradial profile. In the yellow area, as the field increases, the intensity of the two diffraction
spots decreases. The maximum peak position and the FWHM stays constant until 30 mT where
they decrease and increase with the field, respectively. At 38 mT, where the sixfold modulation
is visible in the orthoradial profiles, the intensity slope with field changes and seems to reach a
plateau until a drastic decrease around 45 mT with a higher initial slope again. This plateau is
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also present in the peak position and the FWHM. In the former, the plateau has the length of
the skyrmion area. Those results correspond to a superposition of the stripe and skyrmion lattice
variation in field. The magnetic stripe domain order is gradually destroyed upon increasing the
OOP field and isn’t reversible as indicated by the filled squares in figure 78. To isolate the
skyrmion signal, a symmetric numerical 60° polar mask has been applied to best hide and ex-
clude the two diffraction spots from the radial profile data analysis. It is a good compromise to
minimise the alteration of the skyrmion lattice signal but still reduce drastically the intensity of
the stripe diffraction pattern. The results are gathered in figure 79.
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Figure 79: Evolution of the diffracted peak area (a), position and FWHM (b) with respect to the external OOP field
on the images where the stripe diffraction spot has been hidden. The yellow and green areas are the same stripe
and skyrmion state zones, as in figure 78. The error bars only contain the uncertainty of the fit.

As one can see, the intensity variation with field in figure 79 (a) differs from the full
image. The slight decrease between zero and 28 mT originates from the stripe pattern signal not
hidden by the mask. It is followed by an increase and reaches a maximum at ~45 mT, similarly
to figure 75 (b). This maximum value is close to the value at the same field in the data treatment
without mask. The subsequent decrease follows the same trend with values close to the one in
figure 78 (a), meaning that the stripe signal was negligible in that part. The peak position in the
masked images has a similar shape and values with the full image. With the exception that the
first decrease starts at 20 mT and that around 38 mT, the curve seems discontinuous. The max-
imum position in the vicinity of the skyrmion phase is more reliable here, as the peak is fit with
a gaussian. In the full image, the two peaks superimpose. The fit position of the peak’s maxi-
mum slowly shifts toward the skyrmion phase one, while the transition can be more abrupt
reducing the stripe signal as in the masked image. The gaussian fit function isn’t appropriate in
the vicinity of both phases if one signal isn’t suppressed. The smaller field area of the FWHM
is dominated by the tail of the stripe diffraction, explaining the larger value (~14 pm™) com-
pared to the fully stripe state (~5 um™). At ~20 mT, the FWHM increases, reaches a maximum
around 30 mT, which also corresponds to the change of curvature in the period decrease. After
30 mT, the FWHM value drop to ~12 pm™ at 45 mT and increases again. The FWHM repre-
sents the coherence length of the probe texture. It means that the skyrmion lattice is best organ-
ised at 45 mT. The skyrmionics phase isn’t as dense as in the beginning of the peak position
plateau but much more organised. The intensity of the diffracted signal is also maximum for a
45 mT OORP field.
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3.2.4 First attempt of a time-resolved study at M edge

Unfortunately, it was not possible to extract a signal with a good signal over noise ratio
at the cobalt or iron M3 edges, compromising the chance to perform the pump and probe exper-
iment. The multilayer x-ray absorption around 60 eV is too high in comparison to the magnetic
layer signal. It is mostly due to the total platinum (20.4 nm) and ruthenium (14 nm) thicknesses
together with their low attenuation length, i.e., ~9 nm and ~7.5 nm, respectively. Also, the
multilayer has been grown on a 200 nm thick SisN4 membrane, which has an attenuation length
of ~51 nm. Note that the attenuation length is underestimated as the value given above are valid
for a density close to the bulk value, while it is usually smaller in thin films. The attenuation
lengths of the different elements used in our sample at different transition metal edges is gath-
ered in Annex D. The next skyrmion lattice-based multilayer has been optimized to absorb less
X-ray at 60 eV.

3.2.5 Description of the aluminium based sample

The next multilayer is made with five repetitions of a Pt(2.5)/Co(1.9)/Al(1.4) building
block. The aluminium layers absorb much less the x-ray around 60 eV than the ruthenium.
Despite the larger platinum thickness in the building block, the signal to noise ratio should
drastically increase as the tri-layer repetition is lower and that the magnetic layer is fully com-
posed of thicker metallic cobalt. Moreover, the buffer layer has been reduce to Ta(3)/Pt(2) and
deposited on a 100 nm SisN4 membrane.

3.2.6 Magnetometry and field dependent MFM images
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Figure 80: IP and OOP AGFM curves of the Pt/Co/Al based skyrmion lattice.

The sample with 1.9 nm cobalt layer thickness has been characterized performing
AGFM measurements that are plot in figure 80. The system exhibits a slightly IP easy axis with
a magnetization at saturation around 910 kA m™. The anisotropy is obtained from the OOP
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2Ky

saturation field =~ 0.15 T which is equal t0 Hsqr(1) = oM, The interfacial anisotropy K;
N

is related to the effective anisotropy constant K.rr = —0.45 MJ m3. In absolute value, it is
more important than the previous Pt/Co/Al multilayer which doesn’t exhibit a skyrmion lattice
state. Those figures have to be handled with care as the similar saturation magnetization field
for both, IP and OOP curves, indicates a way smaller effective anisotropy. Additionaly, the
sample was ~7 x 7 mm?2, which is too big to give an accurate saturation magnetization value
in AGFM, with an error that can exceed 20%.

MFM images at different OOP field has been performed on a multilayer grown on top
of the 50 nm SisNs+ membrane after an IP demagnetization. The images have been taken on the
cliff between the SizN4 membrane and the bulk. It was too complicated to perform the images
in field at the center of the membrane due to the set-up vibration. The sample has seen the
AGFM field before. The MFM field was varied from 0 to 133 mT.
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Figure 81: MFM images performed on the membrane at different OOP fields taken from 0 to 133 mT .

In the images, the stripy domain phase resulting from the IP demagnetization procedure
is well ordered at zero field, where its periodicity is estimated to 150 nm. It dominates the
magnetic texture until ~63 mT. Beyond that field, a disordered skyrmionics phase appear,
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where the skyrmion size is above 100 nm. At this field, the typical distance between skyrmions
is approximately of 300 nm. There is a large distribution in the skyrmion size and distance,
making a precise image analysis complicated.

3.2.7 XRMS Hysteresis loop.

The XRMS cobalt L edge hysteresis loop images have been performed in the COMET
chamber on SEXTANTS beamline. The required OOP field to saturate the sample is around
150 mT and RESOXS can produce a field up to 110 or 120 mT maximum. In this experiment,
as well as in the M edge dynamic performed at Fermi FEL, a CMOS sensor has been used3,
It offers a higher acquisition rate compared to the previously used CCD detector. For instance,
at Fermi, a factor of 30 in collection time is gained. In COMET experimental chamber, the
CMOS is mounted on a detector stage that can move in the direction of the beam. The sample
to CMOS distance can thus be adapted to maximize the diffracted ring contrast. The following
static and dynamic results have been obtained with a single sample containing multiple mem-
branes. It is an important feature as the signal can result from different membranes since they
are separated by 500 um in both directions. Consequently, a 50 um pinhole was placed 200 mm
upstream to the sample and the incident X-ray centered on one membrane. Despite our effort,
a signal was still detected from a different membrane and the bigger beamstop was used.
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Figure 82: Images taken at 0 mT (a) and 150 mT (b) applied OOP.

-50 -40 -30 -20 -10 O 10 20 30 40 50

In figure 82 (a), the image taken at zero field displays a ring without any intensity mod-
ulation visible by eye. It indicates a labyrinthine domain pattern. In figure 82 (b), corresponding
to an image taken at 150 mT, no diffraction ring is observed. The signal around the beamstop,
comes from at least one other membrane and is relatively close to the diffraction ring. The
image at saturation have been subtracted to every image in field to reduce drastically the com-
ponent coming from the multi-membrane specular. An image was acquired for each field be-
tween +150 mT, beginning at 0 mT toward positive values. During the hysteresis loop, each
time the field sweep reached +150 mT, a field of £300 mT was applied without taking any
image. It ensures that the sample was saturated before changing the field evolution sign. The
orthoradial profiles of images taken at different field during the first field sweep is plot in figure
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Figure 83: Orthoradial profile of images taken at 0 mT (black), 50 mT (red), 80 mT (green), 110 mT (orange)
and 130 mT (blue).

The orthoradial profile doesn’t cover the +180° range because a polar mask covering
140° has been applied where the beamstop is. No sign of modulation is observed, which con-
firms the poor skyrmion lattice ordering seen in the MFM images. The radial profile exploita-
tion, done in the same manner as in the previous skyrmion lattice, is displayed in figure 84. In
the intensity hysteresis loop, the increasing and decreasing field curves don’t match. The shift
between the two curves is about 10 mT, which is almost an order of magnitude bigger than the
COMET magnet remanent field. The shoulder around +90 mT could be a sign of the skyrmion
lattice.

The maximum peak position at zero field corresponds to a periodicity of ~160 nm. It is
larger than the stripe periodicity found in the MFM image but qualitatively coherent with the
higher period found in labyrinthine domain patterns. The shift in the Q peak hysteresis curves
is around 20 mT. As the field increment is 10 mT, it is legitimate to question the accuracy of
the specular and gaussian fit. In transmission geometry, with a diffracted signal hundreds of
pixels away to the beamstop, the specular contribution is almost zero. Thus, the gaussian fit
doesn’t depend on the specular signal removal. A similar hysteresis loop has been performed
on RESOXS (not show here) and found a 15 mT shift, knowing that the field step was 5 mT.
In RESOXS, the magnetic field is produced with four electromagnets, on contrary to COMET
that uses four permanent magnets. The RESOXS quadrupole remanent field isn’t larger than 2
mT, meaning that the shift effect between increasing and decreasing field curves comes proba-
bly from a hysteretic behaviour of the sample magnetic pattern. As in the previous skyrmion
lattice sample, increasing the field in absolute value results in an increase of the magnetic pe-
riod. A small shoulder, similar to the intensity curve one, is also observed around +90 mT with
the black and red curves amplitude antisymmetric to each other with respect to the field. The
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asymmetry is more pronounced in the FWHM curves but more erratic for fields above 90 mT.
The FWHM value is close to the previous skyrmion lattice sample FWHM.
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Figure 84: Intensity (a), peak position (b) and FWHM (¢) of the diffraction peak’s radial profile at different field
during the hysteresis loop. The black triangles depict the points taken with an increasing field while the red trian-
gles are points from the decreasing part of the field sweep.

Despite the lack of sixfold symmetry signal, the sample dynamics has been studied. At
Fermi, the gain in the data collection time using the CMOS came at the cost of the sample to
detector distance that couldn’t be as close as the CCD. Together with the smaller CMOS pixel
size and the relatively small magnetic domain periodicity, it was not possible to get the full
diffraction ring. A polar mask selects the signal that is used in the data treatment. The ac-
ceptance angle is around 80°. It prevents any artifact in the radial profile that could come from
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the signal proximity with the image’s limit but also reduces the error due to the center determi-
nation. The latter is higher compared to the images with a full diffraction ring.

Figure 86: Image taken with the CMOS detector at negative delay. The red lines depict the polar mask used in the
analysis to avoid any influence due to the image’s limit proximity. The black circle at the right of the image is a
numerical beamstop that hides the specular.
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Figure 85: Intensity (a), peak position (b) and FWHM (c) of the magnetic diffracted signal in the 80° mask window.
The red rectangles indicate the part of the curves where the signal is almost negligible.

The hysteresis measurement has been reproduced at the cobalt M3 edge. In the DiProl
chamber, the magnetic field is produced by four electromagnets. During the static measurement,
the field step was 5 mT. The asymmetry shift between the positive and negative field don’t go
over 7 mT and is maximum for small coil current. The intensity, maximum peak position and
the FWHM are plotted in figure 86. A rapid comparison with the hysteresis loop performed at
the L edge, shows that the antisymmetric shift is still present. Its value is still around 10 mT in
the intensity curve, 20 mT in the periodicity and even higher in the FWHM. The values are
sensibly the same as at the cobalt L3 edge. However, there is no more visible shoulder around
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90 mT. The different behaviour could come from the higher signal to noise ratio in the experi-
ment performed at the Lz edge (1.59 nm) in COMET than the one at cobalt M3 edge (20.8 nm)
in DiProl.

3.2.8 Time-resolved study

The sub-nanosecond dynamic has been performed with the laser and FEL fluences set
at 1.55 mJ/cm? and ~2 mJ/cm?, respectively. The fields applied during the delay scans ranged
from zero to £88.8 mT with steps of 29.6 mT. The field delay scans have been realized by pair
of field absolute value without following a specific order. Between each delay scan, the sample
was saturated at +200 mT. Then, some fields have been measured again to check the reproduc-
ibility. The domains’ diffraction intensity variation at different fields is plot in figure 87.
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Figure 87: Plots of delay scans performed at different field which are focused on the ultrafast (a) and hundreds of
picosecond regime. The scans that have the same field in absolute value share the same point type.

In the graph focusing on the ultrafast time scale, all delay scans exhibit a typical subpi-
cosecond and follow the same curve. The demagnetization time constant (~160 +20 fs) is close
to the one found in reflection geometry on a similar sample composition, but the magnetization
minimum is reached at (~300 fs). The remagnetisation time is almost three time smaller (~360
+50 fs). It qualitatively corresponds to the trend observed in literature, i.e., the remagnetisation
time decreases with the fluence. Between 10 and 30 ps, the diffracted signal suddenly decreases
until 100 ps. The drop is of 30% at zero field and increases with the field to reach 60% at +88.8
mT. The results are reproducible, as well as the separation between the +88.8 mT curves after
100 ps that may result from the asymmetry in the hysteresis loop. However, after each scan, the
scattered intensity decreases without significant change in the peak position and FWHM, which
indicates an absence of sample degradation. This observation is quite surprising as in transmis-
sion geometry the beam is more homogeneously distributed between the layers than in reflec-
tion, where sample degradation was observed for a FEL fluence twice smaller. The data collec-
tion time is also much shorter than previously, the normalized data reproducible and the signal
slowly recovering. To determine if the effect originates from a sample degradation, a delay scan
has been performed on a [Co(0.6)/Pt(0.8)].0 multilayer grown on SisN4(50)/Ta(2) and capped

133



with 2 nm of aluminium. The result of one stripe domain diffracted spot pattern is plot in figure
88.
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Figure 88: Evolution with the delay of the intensity (a), the peak position (b) and the FWHM (c) of the symmetric
Co/Pt multilayer.

As one can see, the intensity drop isn’t present in figure 88 (a). The intensity doesn’t fully
recover at 900 ps. Looking at the peak position and the FWHM, they respectively decrease and
increase, indicating a change in the domain pattern toward a more labyrinthine state, which
could explain the 6% intensity decrease due to loss of long-range ordering.

The intensity drop observed in the skyrmion lattice system around 30 ps should not
originate from the sample degradation since the effect is abrupt compared to the degradation
observed in reflection. Also, the CMOS delay scans are way faster (~45 minutes) than the ones
performed with CCD (more than 300 minutes). Thus, if the physical behaviour is real, the
change in the intensity could originate from the change of effective anisotropy favouring the
in-plane magnetization in the domains. Indeed, the interfacial anisotropy depends to the power
of 2.5 to the magnetization saturation while the dipolar, responsible for the IP easy axis in planar
geometry, evolves with the square of Ms. As the saturation magnetization decreases when the
temperature increases, the magnetization easy axis should tend more IP. This qualitative expla-
nation doesn’t explain why the sudden magnetization drop between 10 and 30 ps as well as the
small oscillations after 100 ps. The periodicity of the latter is about 8.3 GHz, which is a bit
higher than in the other Pt/Co/Al multilayer.
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Figure 89: Peak position evolution of delay scans performed at different field which are focused on the ultrafast
(a) and hundreds of picosecond regime (b). The scans that have the same field in absolute value share the same
point type.
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The normalized peak position evolution in the ultrafast regime shows almost no evolu-
tion as depicted in figure 89 (a). At longer timescale, no signal evolution is seen before 30 ps.
Then, an increase of the peak position kicks in and is followed by a ~8 GHz oscillation. The
first oscillation maximum seems to increase in delay and in amplitude with the field absolute
value. The variation in the peak position doesn’t exceed 3% of the initial value at any applied
field. Thus, only a strong variation in the FWHM could explain the intensity drop by a domain
magnetic pattern variation.

At zero applied field, a small (2%) monotonous decrease at negative delays would indi-
cate a gradual domain pattern change toward a more ordered state due to the laser pulses if it
wasn’t below the error bar value (~2.5%). In the ultrafast regime, the FWHM decreases by
10%, which is different to the behaviour typically observed. A smaller decrease (~5%) is ob-
served for £29.6 mT. At £59.2 mT almost no change is observed and at +88.9 mT the FWHM
increases by few percent in the sub picosecond regime. At this timescale, no noticeable differ-
ence has been found in the intensity signal with field. The FWHM in the sub-nanosecond re-
gime fluctuates by few percent around 95% of their initial value for all fields except +88.8 mT
that increase around 30 ps and then tend toward the same value. The peak position and FWHM’s
evolution diversity in time at different field as well as the low variation percentage discards the
magnetic pattern origin for the intensity drop between 10 and 30 ps.
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Figure 90: Normalized FWHM at the ultrafast (a) and sub-nanosecond regimes (b).

To further investigate the origin of the intensity variation, the diffracted signal field
dependence, only swept from negative to positive field due to time restriction, at 300 ps has
been realized and is plot in figure 91.
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Figure 91: The single field sweep data analysis intensity (a), peak position (b) and FWHM (c) evolution.

Compared to the hysteresis performed at negative delay, the intensity and peak position
drop quickly with field, while the FWHM evolves similarly as the black curve in figure 86 (c).
At field inferior to 70 mT in absolute value, the FWHM value at 300 fs is inferior to the negative
delay one. The domain magnetic pattern is thus less resilient against an external magnetic field
but, according to the FWHM, more ordered.

The explanation of the intensity drop’s origin observed in the skyrmion lattice sample but not
in symmetrical Co/Pt or multilayers with the same Pt/Co/Al composition is still missing. Over-
all, at the M edge, well-ordered skyrmion lattices are required to obtain a noticeable sixfold
symmetry modulation in the signal. It could be obtained from an IP demagnetization of the
samples, with the drawback that the stripe state isn’t fully reversible with field and laser. How-
ever, little skyrmions are preferred for potential high density storage applications. The study of
skyrmion lattice samples at the L edge provides better results as the magnetic dichroism is
stronger but also, the use of ruthenium, giving more ordered skyrmion lattices than Al-based
multilayers, is less detrimental to the magnetic contrast. The skyrmion dynamics is yet to be
properly performed on a sixfold symmetry diffraction pattern.

In that chapter, the time-resolved behaviour of different chiral systems has been studied.
First, the evolution of the SUM and DIFFERENCE (chiral) signals in reflection geometry has
been performed on a Pt/Co/Al multilayer exhibiting a labyrinthine domain pattern with chiral
DWs. It results that the DIFFERENCE signal demagnetizes more and recovers faster than the
SUM signal, the former mostly originates from the chiral DWs while the latter from the do-
mains. A model that relies on spin polarized hot electrons currents from the domains flowing
into the DWs has been developed to explain our results. The hot electrons coming from both
sides of the DWs are opposite in polarisation and interact with the DWs magnetization. The
torque that comes from the hot electrons flow, induced a transient distortion of the DW type
and further demagnetizes the DWs compared to the domains. The faster recovery of the chiral
signal is visible at the sub nanosecond time scale. Indeed, the DIFFERENCE intensity recover
its initial value while the SUM is at 90% of the negative delays value. In the SUM, 6 GHz
damped oscillation have been observed. MOKE, VNA-FMR and magnetic modes calculations
have been realised to get its origin, but no such frequency has been found. On the same sample,
the effect of the pump circular polarization has been studied. A different evolution between the
CLir and CRr pump polarization is noticed and scales with the pump fluence. The results must
be confirmed with an experiment realised on a sample with an opposite chirality. Finally, time-
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resolved experiments on samples hosting a skyrmion lattice state was done in transmission ge-
ometry to get more signal. The results obtained on a sample with a rather poor skyrmion lattice
order, didn’t show any specific behaviour in field at the ultrafast regime. However, a drop in
intensity has been found around 30 ps and increases with an external magnetic field. Its origin
is still unclear.
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Conclusion and perspectives

Conclusion

During this PhD work, the static and the time-resolved evolution of different chiral mag-
netic textures has been studied with XRMS. XRMS gives access to the magnetic DWs sense
and type of winding analysing the dichroism in the off-specular scattering diffraction pattern.
The sense of winding corresponds to the magnetic chirality (CW or CCW) and the type of
winding indicates the cycloidal (Néel) or helicoidal (Bloch) rotation of the spin inside the DWs.
This information can be found in the DIFFERENCE image with the orthoradial distribution.
The intensity of the diffracted signal is obtained by radial integration of the diffracted signal in
the DIFFERENCE (CL — CR) and SUM (CL + CR) images. The intensity of the DIFFERENCE
image is linked to the interference between the magnetization in and out of the scattering plane,
which is defined by the incoming and out-going photons wave vector. In a magnetic domain
state, the SUM signal is dominated by the OOP component of the magnetization, that we can
assigned to the domains and the DIFFERENCE by the interference between domains and DWs
magnetization. The comparison of the SUM and DIFFERENCE signals evolution with time
gives a qualitative information on the domains and DWs behaviour, respectively. A part of the
experiment has been performed in reflection geometry. Due to the geometrical projection, the
specular beam doesn’t vanish and both, off specular and specular contributions coexist. Conse-
quently, a python analysis code has been written to fit and subtract the specular signal, which
is often stronger than the magnetic one. It has been first tested in static condition in order to
validate it.

The formal XRMS calculations presented in chapter 2 considered a single magnetic
layer. It holds true for multilayers, as shown experimentally by Chauleau et al??2, The difference
IS that each magnetic layers re-emit a part of the incoming beam. The different beams interfere
with each other, but some are coming from more layers that are more buried and thus attenuated.
The constructive interference effect is obtained at the multilayer Bragg peak since the chemical
and magnetic periodicities are equal. Thus, XRMS experiments on FM multilayers are usually
performed at an integer of the multilayer chemical periodicity in the reciprocal space. The tuna-
bility of the magnetic interactions in multilayers fuelled the research for the optimal composi-
tion for applications. In spintronics, a project aims to use ultra-small magnetic textures for stor-
age devices. Skyrmion is a good candidate to that purpose as it is usually tens of nanometer
large. Isolated skyrmions have already been stabilized in FM multilayers but their electrically
driven displacement exhibits a transverse motion. A way to cancel this effect is to nucleate
skyrmions in SAF samples, which are multilayers composed of AFM coupled FM layers. For
the XRMS study, the magnetic period is thus twice the chemical one meaning that SAFs studies
have to be performed at half odd integer multiple of the Bragg peak. In this PhD work, SAF
samples have been tailored to stabilize a spin spiral magnetic texture at RT. The spin spiral
periodicity gives a direct information about the exchange energy over the DMI strength ratio.
The XRMS signals temperature dependent study of SAF samples with different repetitions in-
dicates that both contributions vary similarly in temperature. Then, the incident angle
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dependence of the SUM and DIFFERENCE signal has been done at RT. The variation of the
incident angle towards higher values increases the depth probed by the X-rays. Thus, the change
in the XRMS signals depends on the 3D magnetic texture and the interference effect. A pro-
gram, fuelled by a micromagnetic simulation of the magnetic texture, has been developed to
simulate the on and off-specular signal. It was able to reproduce the angular variation around
the first half Bragg peak but failed to reproduce the variation at 3Qgragg/2 because the roughness
isn’t yet taken into account.

It paves the way toward the 3D reconstruction of spin texture with XRMS that ideally
will have a wavelength limited only spatial resolution (i.e. few nm in the soft x-ray range). It
has been done in Flewett et al'®., where the authors reproduce the signal from a sample with
an hybrid chiral texture containing a Bloch part, a Bloch orientation of the DWs texture sand-
wiched between two opposite Neel chiral DWs in the vertical direction. The evolution of the
Bloch part depth with field has been successfully tracked. This kind of FM sample stabilize
with the dipolar interaction, two opposite chirality in the vertical direction.

In the time-resolved study part of that PhD work, multiple chiral samples have been
studied. The first one is a Pt(3)/Co(1.5)/Al(1.4) (nm) trilayer with PMA, repeated five times
and tailored to exhibit a high interfacial DMI strength. All time-resolved results on that sample
were obtained in reflection geometry (45°) at the cobalt M3 edge (~20.6 nm) which has a low
attenuation length (~4 nm) in Pt and Co. Thus, only the topmost CW Néel layers are probed
but mostly dominated by the top one. Despite the unexpected hybrid chirality found in our
sample, the probed layers are of the same chirality allowing a safe analysis of the diffraction
pattern. During the experiment, the sample was in a labyrinthine state. The evolution of the
DIFFERENCE and SUM signals with time revealed a bigger demagnetization in the DIFFER-
ENCE than in the SUM. Also, the DIFFERENCE signal recovers faster at few ps times scale
as well as at the sub-nanosecond one, as found in Kerber et al?**. This result is reproducible and
can be explained by a model relying on the generation of spin polarized hot electrons coming
from the domains. The hot electrons’ spin, coming from both sides of the DW with opposite
polarization, interact with the DWs magnetization. The interaction induces a torque T « m X 8,
with m the DW local moment and .sthe spin carrier polarization, which should have two effects.
The first one is an incoherent effect due to the isotropic emission of the hot electrons that causes
a disorder in the DW structure, increasing the effective temperature of the DWs” spin. The other
effect comes from the hot electrons that comes perpendicularly toward the DWs. It induces two
opposite transient spin precession components out of the DW magnetization rotation plane on
both DWs side. Due to the reduced exchange energy in the excited s-p levels, the precession
angle could reach ~10° at the ultrafast regime and should remain on longer time scale. The
determination of the ratio between the incoherent and coherent effect is not possible in our case.
It requires another diffraction order in the off-specular diffraction pattern as the two effects
shouldn’t affect the intensity of the higher order peak(s). In the peak maximum position in the
reciprocal space, which indicates the magnetic pattern periodicity, an ultrafast decrease of 2.6 %
can be seen. A similar results has been found in Pfau et al.®® work realised in transmission
geometry on a symmetric Co/Pt multilayer with a labyrinthine magnetic texture, while other
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studies either found a change at few picoseconds!’? after the laser pulse or no change in laby-
rinthine and stripes structures, respectively’317,

At hundreds of picosecond delays, a damped 6 GHz oscillation is seen in the SUM signal
as well as in the peak position of both signals. The origin of those oscillations has been explored,
performing MOKE, VNA-FMR experiments and magnetic modes calculations. Except the
MOKE reflectivity results that matches the theoretical calculations of the multilayer phonons
modes, the magnetic oscillation frequency hasn’t been found. At hundreds of picoseconds, the
system hasn’t yet released all the heat received by the laser pulse, knowing that temperature
affects the different magnetic contributions.

On the very same sample, the effect of the circular polarization of the pump has been
explored. At the lower tested fluences, no changes were detected between CLr and CRir. At
higher laser fluences, the CLr polarization is below in signal than CRr in both, the DIFFER-
ENCE, and the SUM. The result is reproducible but a further study with a sample of opposite
chirality must be performed before concluding about its origin. Nevertheless, the asymmetry
ratio of CLir and CRr were equal at a given fluence, indicating that the separation between the
two pump polarization results from a higher absorption of the CLir polarization. We suspect
that this effect is due to a stronger absorption of the IR light when the circular polarization sense
of rotation is the same as the chiral winding sense.

The final part of this PhD work deals with skyrmion lattice samples. The skyrmion lat-
tice was nucleated by increasing an OOP field from a labyrinthine magnetic domain pattern. At
the ultrafast regime, no change was noticed in field. However, from 30 ps, a surprising drop of
the off-specular scattered intensity is observed. This drop increases with the field. Neither a
dramatic change in the peak position or of the FWHM is noticed. Thus, a sudden change of
magnetic texture is excluded. The origin of that phenomena is still unclear and will be subject
of further investigation.

Perspectives

Through this PhD thesis, the different behaviour between the SUM and DIFFERENCE
off-specular signals has been found by two different teams?*42°* in different FM samples in the
ultrafast regime. However, the results on the evolution of the peak position are still debated as
well as its link with the mechanism explaining this change. One hypothesis is that the DWs
width varies. To investigate this point, FM samples with a good signal to noise ratio in the
intensity of the higher diffraction orders is needed. The experiment should also be performed
in the labyrinthine and stripes state to disentangle a potential magnetic texture dependence. The
other perspective on chiral FM is to pursue the study on the pump circular polarization effect
on two opposite chiral system. Finally, we could think about performing a time-resolved exper-
iment at various angle on FM sample with a hybrid chirality to follow the Bloch part depth at a
transition metal L edge. Supported by micromagnetic calculations, it could give a more precise
insight on the different magnetic contributions’ evolution at the ultrafast time scale.
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Then, the study of systems hosting a well ordered skyrmionics state could also be
achieved. In our results, no sixfold symmetry has been found, despite the clear evidence of a
skyrmion lattice nucleation with field shown in MFM but lacking of long range order. The
tracking of the sixfold symmetry signal evolution, decorrelated from the other magnetic texture
should give a good insight about the skyrmionics state evolution after a laser pulse. It should
also provide a comparison with the drop of intensity found in our sample.

Finally, more study on SAF samples should be performed. The first should be static to
characterize the robustness of the spin spiral texture with field, as electrically done by Maccari-
ello et al.? but with XRMS in this case. The second is the laser-induced behaviour of the spin
spiral state, that we attempt at the cobalt M3 edge, performed at the L edge of a transition metal
at Qgragg/2 Or 3Qeragg/2. The ultrafast model proposed to explain the higher demagnetization in
the DWs assumes that the domains are far bigger than the DWs. In a spin spiral state, there is
no such distinction. Thus, the DIFFERENCE and SUM signal should have a similar time-re-
solved behaviour if our spin polarized hot electron model dominates the demagnetization mech-
anism.
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ANNEX A: Variability of the results with the
fit parameters for the specular signal removal

The diffraction center determination is also important for the data radial profile. Con-
sidering that one can manually find it with a precision of 10 pixels or less, a perturbation test
has been performed.
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Figure S1 : Same difference image taken at negative delay with two concentric circles but with a different center,
shifted by 10 pixels in both directions (a&b). In graph c), the curves correspond to analysis performed with differ-
ent center position for the sum (CL + CR) signal. The figure d is the same but for the difference image. The way
the signal is obtained at each delay is further described in the main text.

As noticed in figure S1 (a&b), the 10 pixels shift in the center of the concentric circles is visible.
The associated influence on the data analysis of the 10 pixels shift in absolute value and in both
directions is plotted for the sum image (figure S1(c)) and the difference (figure S1(d)). The
center position, within an uncertainty of 10 pixels, has almost no influence on the difference
signal. The sum signal is more sensitive to it. However, except one center point, the variation
is relatively small (less than 10%) indicating a good manual choice for the center with a third
order polynomial fit.

Another crucial parameter for the data analysis, is the range used for the specular fit. There are
two areas separated by the diffracted magnetic signal. The range with a radius delimitation
greater than the magnetic signal is larger since it imposes a fit curvature where there is only the
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specular signal at all delays. The variation of the magnetic signal amplitude, depending on the
range fit, using the third order polynomial function has been addressed.
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Figure S2 : Influence of the parameter range for the third order polynomial fit in the sum (a) and the
difference (b) signal.
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ANNEX B : Simulation of the XRMS asym-
metry ratio with a transient mixed
Bloch/Néel/Bloch DWs

A one-dimension magnetization profile of a mixed Bloch/Néel/Bloch type DWs with a
time dependence can be written as follows:

My (2, 6) = cos(0(8) M(D [ 1= (ranh (1:22))" = 1~ (cant (122’ ] ;

M, (x,t) = sin(0(1)) M(t)\/l — tanh <(/1 ;gt—(;/)z)> - \/1 — tanh <(/1 ;(Zt—(;c/)z)) ;

M,(x,t) = M(t) tanh (% * vf(i)) ;

A A
With x; (x) = sin <rrx7+4 + %), X, (x) = sin <7'rx/1L - %) and x;(x) = sin (Zn %), X is the po-
sition center around 0 and A the domain periodicity. Both are in nanometer. ©(t) is the out of
the DW rotation plane tilt angle due to the torque induced by the spin polarized hot electrons,
w(t) is the DW width that changes with time and M(t) is the time dependent magnetization

which is proportional to VSUM intensity.

In figure S3(a), the simulated magnetization profile for ® = 0° and ® = 40° and a DW width
of 20 nm is displayed. The corresponding resonant magnetic scattering amplitude in dipolar
approximation®°220:2% is given by:

b= (—(;c k'l:% k) '

The diffracted intensity for a given incident polarization expressed with the scattering ampli-
tude is written as follows*®:

I=Trfpf']
Where f and fT are the Fourier transform of the scattering amplitude £REXS and its complex
conjugate, respectively, and p is the density matrix relative to the incident x-ray beam. The

density matrix for a CL and CR polarized beam in the Stoke-Poincaré representation®? is ex-
pressed as follows:

PcL = %(} _11) and pcg = %(_ll ;)
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The simulated asymmetry ratio variation with the wiggling angle is plot in figure S3(a).
We can see that considering a similar demagnetization inside DWs and domains leads to a
wiggling angle of ~23°, which is quite high as discussed in chapter 3. The additional demag-
netization experienced by the DW spins is written as dependent on the wiggling angle and is
proportional to cos(0), cos?(®) or 1- sin(®), as depicted in figure S3(b). These analytical func-
tions were chosen arbitrarily for their simplicity and any other model could be used. In this
PhD, the DWs magnetization amplitude has been chosen to evolve as 1- sin(®). It is the function
that gives the smaller and more reasonable wiggling angle among the three. The asymmetry
ratio variation with the DW width is plot in figure S3(c). It is normalized by the simulation
performed for a DW width of 20 nm and a 0° wiggling angle © that corresponds to the static
value found in the micromagnetic simulations (see chapter 3). This model can account for the
DWs width dilatation as well as the greater demagnetization in the DWSs and the tilt angle, both
due to hot electrons’ induced torque.
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ANNEX C: Frequencies of acoustic modes

The optical pump pulse generates transient elastic strain near the surface of the multi-
layer stack Si | SiO2 | Ta(5) | Pt(8) | [Co(15) | Al(1.4) | Pt(3)]x4 | Co(1.5) |
Al (1.5) (thicknesses in nm). The strain pulse propagates from the surface into the inner part
of the stack, experiencing multiple reflections from the interlayer interfaces and outer surfaces.
These reflections lead to proliferation of strain pulses bouncing back and forth between various
interfaces. The interference between these pulses leads to formation of standing waves. Their
characteristic frequencies, which may be present in the time-resolved signals measured from
the topmost part of the sample, are determined by the times of the pulse round trips across the
individual layers or sets of those and by additional phase shifts that may be produced by reflec-
tions. The strongest wave amplitude is expected for confinement between interfaces causing
the strongest reflections. The strength of a reflection from an interface increases as the mis-
match of the acoustic impedances of the adjacent layers increases.

K G p q Ct Z Zy
(GPa) | (GPa) | (kgm™3) | (kms™?) | (kms™) | (MPasm™) | (MPasm™)

Co 153 83 8800 55 3.1 48 27
Pt 236 62 21500 3.8 1.7 83 37
Al 81 25 2700 6.5 3.0 18 8
Ta 204 69 16700 4.2 2.0 70 34
Si 37 80 2300 7.9 5.9 18 14

SiO, |40 28 2200 5.9 3.6 13 8

Table S1 Properties of the stack’s constituent layers.

Table S1 summarizes the values of the bulk modulus, K, the shear modulus, G, and the density,
p, of the stack’s constituent layers, together with the corresponding values of the speed of lon-

gitudinal, ¢; = (K + %G)/p, and transverse, ¢, = /G /p, sound and those of the longitudinal,

Z, = pcy, and transverse, Z, = pc;, acoustic impedances. The strongest impedance mismatch
occurs at the SiOz | Ta interface. This promotes formation of a standing wave across the me-
tallic stack with a total thickness of L = 39.6 nm. Due to the impedance of the substrate being
lower than that of the metallic stack, the wave’s wavelength is equal to 2L, while its frequency
is equal to the inverse of the round-trip time of the acoustic pulse. Table S2 presents the wave’s
frequencies for speeds of the order of those shown in Table S1. The frequencies corresponding
to sound speed values characteristic for longitudinal phonons in the sample have a similar
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magnitude to the 60 GHz value observed experimentally in TR-MOKE experiment. This is
consistent with the fact that optical pump pulses cannot couple to transverse phonons in our
experimental geometry, in which the optical spot size is greater than the film thickness by orders
of magnitude.

Speed of sound (kms™) |2 |3 |4 |5 |6

Frequency (GHz) 25 |38 |50 |63 |76

Table S2 Estimates of the standing wave frequency for different values of the speed of sound.

These considerations can be put on a more rigorous footing by calculating the spectral
response of a one-dimensional stack of elastic materials to a time-periodic force source at its
outer surface. The real part of the velocity response is then peaked at the resonant frequencies
of the structure. The response can be easily found by solving the one-dimensional wave equa-
tion, for which we employed a custom-made simulation. The figure S4 shows the result of this
calculation for the surface of a structure with properties described in Table S1 and subjected to
a longitudinal force, i.e. acting normal to the film plane. The response exhibits several resonant
peaks. The finite widths of the peaks, of about 4-5GHz, are due to the sound escaping from the
stack into the semi-infinite space representing the substrate. The three lowest resonant frequen-
cies are 48.6, 104.9, and 155.8 GHz, respectively. This further confirms the identification of
the 60 GHz contribution to the reflectivity signal (figure 67 (d&e) in the main text) as an acous-
tic mode.
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Figure S4 : The calculated longitudinal acoustic spectral response of the studied sample.
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ANNEX D: Attenuation lengths at different
transition edges

The following attenuation length values are taken from Henke data booklet?’.

Element\ transition Co Lzedge Co Msedge Fe Ls edge Fe M3 edge

1560 nm 710 nm 1210 nm 570 nm

100 nm 10.5 nm 477 nm 21 nm

62 nm 8.9 nm 55.5 nm 9.3nm

85.5 nm 7.5nm 71 nm 6.4 nm

88.5 nm 9.5 nm 70 nm 34 nm

Table S3 : Attenuation lengths for various elements and transition edges.

With: Co Lz edge = 778.1 eV, Co M3 edge = 59.9 eV

And Fe L3 edge = 706.8 eV, Fe M3 edge = 52.7 eV
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ENERGY TRANSFER FROM NON-THERMAL ELECTRONS TOWARD THERMAL ELECTRONS (GREEN), LATTICE (BLUE) AND SPIN SYSTEM
(RED). THE ARROWS' THICKNESS QUALITATIVELY INDICATES THE AMOUNT OF ENERGY EXCHANGED. DOTTED LINES BETWEEN THE
THREE BATHS DEPICT THEIR RELATIVE COUPLING. FIGURE TAKEN FROM SHIM ET AL%>. (B) TYPICAL TIMESCALES FOUND IN
MAGNETIZATION DYNAMICS. 1 uvveevveeeureesureessseessseensseessseassssesssssssssessssensssesssssssssesssssssssesssesssssesssessssessssessssesssseessses 25

FIGURE 6: SCHEMES OF THE DIFFERENT SCATTERING MECHANISM RESPONSIBLE FOR THE DEMAGNETIZATION. ON THE TOP,
REPRESENTATION OF A MAJORITY HOT ELECTRON SCATTERING WITH A D ELECTRON, YIELDING TWO HOT ELECTRONS WHOSE
FINAL SPIN RELATIVE ORIENTATION DEPENDS ON THE D POLARIZATION. THE THICKNESS OF THE BLACK ARROWS QUALITATIVELY
DEPICTS THE RELATIVE PROBABILITY OF THE EVENT CONSIDERING THE UP ELECTRONS AS THE MAJORITY ELECTRONS. IN THE
MIDDLE, A MIXED SPIN STATE DUE TO SPIN ORBIT COUPLING SCATTERS WITH A PHONON. IT RESULTS IN EITHER A SPIN-
INDEPENDENT ELECTRON-PHONON SCATTERING OR AN ELLIOTT-YAFET LIKE SPIN-FLIP MECHANISM. AT THE BOTTOM, A
MAJORITY HOT ELECTRON FLIPS ITS SPIN WITH THE EMISSION OF A MAGNON. .....vvterureerireenseeenseeesseeesseesseesssesssseesssesssnes 27

FIGURE 7: SCHEME OF THE DIFFERENT SUPERDIFFUSIVE PROCESSES AFTER AN OPTICALLY INDUCED ELECTRON EXCITATION. THE
DIFFERENT MEAN FREE PATH BETWEEN MAJORITY AND MINORITY ELECTRONS IS REPRESENTED BY THE NUMBER OF COLLISIONS
EXPERIENCED. THE GENERATION OF CASCADE ELECTRONS BY INELASTIC SCATTERING IS DEPICTED. THE INSET REPRESENTS THE
GEOMETRY USED IN THE ELECTRON FLUX CALCULATION PERFORMED IN BATTIATO ET AL. WORK WHOSE IMAGE IS ALSO FROM42,

FIGURE 8 : CROSS SECTION OF THE DIFFERENT PROCESSES IN THE CARBON TOTAL CROSS SECTION. THE GLOBAL CROSS SECTION IS
DOMINATED BY THE PHOTO-ELECTRIC EFFECT (T) UNTIL 10 KEV WHERE THE COHERENT SCATTERING (Scon) PLAYS A SIGNIFICANT
ROLE. AFTER 10 KEV, COMPTON SCATTERING (Zincor) IS THE MAIN CONTRIBUTION UNTIL HIGH ENERGIES (107 EV FOR CARBON)
WHERE NUCLEUS-PHOTON INTERACTIONS START TO TAKE OVER: Ky FOR THE PAIR PRODUCTION IN THE NUCLEAR FIELD, K¢ THE
PAIR PRODUCTION IN THE ELECTRON FIELD AND %4 THE PHOTONUCLEAR ABSORPTION. THE FIGURE WAS TAKEN FROM HUBBELL
ETAL. ). PHYS. CHEM. REF. DATA'9, 1023 (1980)185. ... oottt ettt ettt ettt et st e st s st e sreesaeeteenee e 32

FIGURE 9: ILLUSTRATION OF THE VIRTUAL TRANSITION AT ONE OF THE L EDGES DUE TO THE FERMI GOLDEN RULE SECOND ORDER
PERTURBATION CONTRIBUTION IN A TRANSITION METAL. THE EXCHANGE COUPLING CAUSES A DIFFERENCE IN THE FERMI DENSITY
OF STATE BETWEEN SPIN UP AND DOWN. THE 2P LEVELS CAN BE CONSIDERED AS A RESERVOIR OF SPINS. THEY ARE SPLIT IN TWO
LEVELS OF ENERGY DUE TO SPIN ORBIT COUPLING. THE 2p12 LEVEL HAS ITS ORBITAL MOMENTUM ANTIPARALLEL TO ITS
ELECTRONS SPIN MOMENTUM, WHILE IN THE CASE OF THE 2p32 LEVELS, THEY ARE PARALLEL TO EACH OTHER. SINCE
CIRCULARLY POLARIZED LIGHT CARRIES AN ANGULAR MOMENTUM, A DICHROIC EFFECT IN THE ABSORPTION CAN BE OBSERVED

RESULTING FROM THE DIFFERENT VIRTUAL TRANSITION PROBABILITY BETWEEN THE TWO CIRCULAR POLARIZATIONS.............. 36
FIGURE 10: REAL (') AND IMAGINARY (') PART OF THE CHARGE (FO) AND PURE MAGNETIC (F1) SCATTERING AMPLITUDE AT THE IRON
L2,3 EDGES TAKEN FROM VL. ELZO ET ALY .ottt e et e e e et e e e et e e e e e e e e eaeeeaeeeeeeeeeaes 38
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FIGURE 11: SCHEME OF THE REFLECTIVITY CALCULATION. A IS THE INCOMING BEAM, Di THE PSEUDO VECTOR CONTAINING THE
POLARIZATION STATE IN THE VACUUM AND THE REFLECTED BEAM R. T IS THE TRANSMITTED BEAM. Am — 1Am TRANSMITS
THE POLARIZATION STATES ON BOTH SIDE OF THE INTERFACE. P IS THE OPERATOR THAT PROPAGATES THE WAVE IN A
MEDIUM. THE GREY AREAS AT THE INTERFACES REPRESENTS THE ELECTRONIC ROUGHNESS WHICH IS MODELIZED BY AN ERROR
FUNCTION, ERF..vvtevesseseetesseseesesseseesesseseesesseseesessessesessessasessesessessessasessessasessessesessessesessessesessessasessessssessessesessesenns 41

FIGURE 12: (A) SCHEME OF THE RADIATION EMITTED BY A CHARGED PARTICLE IN THE NON-RELATIVISTIC CASE (8 = vc < 1) AND IN
THE RELATIVISTIC CASE (8 = 1). (B) BRILLIANCE SPECTRAL DISTRIBUTION OF THE SYNCHROTRON RADIATION FOR DIFFERENT
STORAGE RING ENERGIES. THE CRITICAL ENERGY £C, DEPENDS ON THE STORAGE RING PARAMETERS (I.E., ELECTRON ENERGY AND
SIZE OF THE STORAGE RING) AND SEPARATE THE CURVE INTO TWO PARTS CONTAINING EACH 50% OF THE ENERGY EMITTED. (C)
SKETCH OF THE ELECTRON MOTION IN AN INSERTION DEVICE (WIGGLER OR UNDULATOR) WITH ITS MAGNETIC PERIODICITY Au,
THE ELECTRON WIGGLING ANGLE @ AND THE SYNCHROTRON RADIATION EMISSION CONE DEPICTED IN YELLOW. THE CONE ANGLE

DEPENDS ON THE ELECTRON VELOCITY THROUGHY = 11 — 2. ALL FIGURES ARE TAKEN FROM BALERNA ET AL%%4, .......... 43
FIGURE 13: SCHEME OF THE SEXTANTS BEAMLINE WITH THE MAIN OPTICAL ELEMENTS AND THE THREE END-STATIONS DESIGNED
WITH A, B AND C. IMAGE TAKEN FROM SACCHI ETALZ0Z. ..ottt ettt ettt ettt se et sttt esaesaesresaeenaenneneas 46

FIGURE 14: A) SKETCH OF THE GONIOMETER WITH THE MOVEMENTS POSSIBLE FOR THE SAMPLE STAGE. X, Y, Z REPRESENTS THE X-
RAY BEAM BASIS AND X', Y’, Z'THE SAMPLE TRANSLATIONS. THE MISMATCH BETWEEN THE TWO REFERENTIAL CAN BE
COMPENSATED BY THE 8 AND X ROTATIONS. THE GREEN PART CORRESPONDS TO THE COLD FINGER THAT HOSTS THE SAMPLE
HOLDER AND IS THE ONLY ONE ROTATING AROUND Z’ ( X ROTATION). THE BLUE PART HOLDS THE MAGNETIC DEVICE WHICH
TURNS AROUND Y THE SAME WAY AS THE COLD FINGER. THE IMAGE IS TAKEN FROM JAOUEN ET AL2%0, B) SKETCH OF THE
FUTURE MAGNET WITH THE SAMPLE HOLDER AND THE COLD FINGER PASSING THROUGH IN THE MIDDLE OF THE COILS........... 47

FIGURE 15: (A) REPRESENTATION OF THE MASK USED FOR THE COHERENCE CHARACTERIZATION WITH ITS CALCULATED DIFFRACTION
DIAGRAM (B) AND THE ASSOCIATED 2D FOURIER TRANSFORM (C). IMAGES WITH THEIR RESPECTIVE 2D FOURIER TRANSFORM
(p)-(E) AND (F)-(G) WERE TAKEN WITH A VERTICAL AND HORIZONTAL BEAMLINE ACCEPTANCE OF 150 uRAD AND 40 uRAD
RESPECTIVELY. THE SAME GREY SCALE HAS BEEN APPLIED FOR ALL THE EXPERIMENTAL DATA. FIGURE TAKEN FROM SACCHI ET

FIGURE 16: PLOT OF THE RADIATED POWER BY THE ELECTRON VERSUS THE DISTANCE SPENT INSIDE THE UNDULATOR TO DESCRIBE THE
SASE EFFECT. THE THREE GRAPHICS ARE NUMERICAL SIMULATIONS OF THE ELECTRON DENSITY DISTRIBUTION?>. THE YELLOW
DOT IS ON THE AREA WHERE THERE IS NO MODULATION IN THE ELECTRON BEAM (BLUE DOTS). THE POWER OF THE BEAM
INCREASES LINEARLY WITH THE DISTANCE. AT THE ORANGE DOT, A MODULATION APPEARS, BUT IS STILL NOT PERFECT. THE
PHOTON FLUX INCREASES EXPONENTIALLY. FINALLY, AT THE RED DOT, THE MICROBUNCHING IS ACHIEVED. THE PHOTONS
(YELLOW ARROWS) ARE EMITTED COHERENTLY BUT THE RADIATED POWER SATURATES. THE IMAGE IS TAKEN FROM VALENTIN

CHARDONNET PHD WORKI®®. ... ottt sttt ettt ettt ettt bt teete st eaeebe st eseebe st eseebesbessebe s ensebesseasetessensebessennans 51
FIGURE 17: SCHEME OF THE ORTHOGONAL BASIS USED WITH RESPECT TO THE SAMPLE PLANE. ....veeuverueereeereeeneeeneeeneeeneesseenseensens 54
FIGURE 18: SCHEME OF THE CYCLOIDAL ROTATION (NEEL) AND OF THE HELICOIDAL (BLOCH) ROTATION OF THE SPIN THROUGH A DW.

THE DOMAINS ARE IN STRIPES AND PARALLEL TO THE SCATTERING PLANE (YELLOW RECTANGLE)..ccuveeiveeeveesreesveesveesnveens 57

FIGURE 19: SCHEME OF THE THEORETICAL DIFFERENCE IMAGE OBTAINED FOR A CW AND NEEL TYPE STRIPES THAT ARE ALIGNED
WITH THE SCATTERING PLAN. THE IMAGE IS LOOKED FROM THE PHOTON DIRECTION OF PROPAGATION (IN FRONT OF THE
SENSOR). +eeeeutreeeeiureeeeaisreeeaessaeesateeeeaasseseeasssaeaassaseeaassaseaaasasaeasssssaansssseaassssaesasssaaeastseseenssaeesassaaaeansseeeenssaeeeansenas 60

FIGURE 20: SCHEME OF THE DIFFERENCE IMAGE OBTAINED IN THE SAME EXPERIMENTAL CONDITIONS AS FIGURE 19 EXCEPT THAT THE
MAGNETIZATION ROTATION IS CCW IN THE DWVS. .ttt ettt et e e e sttt e e e e e s e eieeee e e e e e s e anbeeeeeeeaeaas 61

FIGURE 21: DIFFERENCE IMAGE SCHEME OF A CW BLOCH DWS WITH STRIPES ALIGNED PERPENDICULARLY TO THE SCATTERING PLANE.

FIGURE 22: CCW BLOCH DWS DIFFRACTION PATTERN IN THE DIFFERENCE IMAGE WHEN THE STRIPES ARE ALIGNED PERPENDICULARLY
TO THE SCATTERING PLANE. uvvteuvveetueesseeesseeessseessesessesessesesssesssssesssesssseessseessseesssesssssessessssessnsesssessssessssesssseesssens 64
FIGURE 23: SIMULATION OF THE DIFFERENCE (BLUE) AND SUM (RED) DIFFRACTED INTENSITY WITH THE CORRESPONDING
ASYMMETRY RATIO (BLACK) FROM A MAGNETIC MONOLAYER WITH A PERFECT STRIPPED NEEL SPIN SPIRAL TEXTURE PARALLEL TO
THE SCATTERING PLANE, LIKE FIGURE 19. THE DIFFERENCE SIGNAL CANCELS OUT AT 90° FROM THE SAMPLE PLANE,
REFLECTING THE FACT THAT NO DICHROISM CAN BE OBSERVED IN TRANSMISSION...uvveevreerrreersreesureesreessseessseessseesssessenes
FIGURE 24: MAGNETIZATION PROFILE FROM THE 1D MODEL DESCRIBED IN EQUATION 53 FOR A DW WIDTH OF 21 NM
FIGURE 25: SPATIAL PROFILE OF THE DIFFERENCE AND SUM SIGNALS FOR DIFFERENT DW WIDTHS. ......uvtieiiiiiiiiiieereeeeeieees
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FIGURE 26: VARIATION OF THE MAGNETIC DIFFRACTED INTENSITY IN THE SUM AND DIFFERENCE IMAGES WITH THE DW WIDTH
FROM A MAGNETIC MONOLAYER WITH STRIPPED NEEL DOMAIN TEXTURE PARALLEL TO THE SCATTERING PLAN. THE
DIFFERENCE SIGNAL CANCELS OUT IN THE ABSENCE OF DW IN THE MAGNETIC PATTERN. 1.vvevuvererereeeeeeseeneesseesseesseeneens 68

FIGURE 27: ASYMMETRY RATIO EVOLUTION OF THE FIRST AND THIRD DIFFRACTION ORDER WITH THE DW WIDTH. ....c0eeverrrereennen. 69

FIGURE 28: REFLECTIVITY CURVES OF A FIM MULTILAYER PERFORMED OUT OF A TRANSITION METAL RESONANT EDGE (750 EV) WITH
BOTH CIRCULAR POLARIZATIONS. MULTIPLE BRAGG PEAKS ARE VISIBLE AND CORRESPONDS TO THE CHEMICAL PERIODICITY OF
THE IMULTILAYER . ¢t euteeuteeuteseeesseesseesseessesssesssesssesssesssesseensesnseesssassesssessssssesssesssesssesseesseesseenseenseesssessesseesssensenssens 70

FIGURE 29: (A) CALCULATED ORTHORADIAL PROFILE OF THE XRMS IMAGES ON THE MULTILAYER BRAGG PEAK. THE ORANGE (GREEN)
COLOUR REPRESENTS THE CW (CCW) CHIRALITY OF THE DW AND THE FULL (DASHED) FILLING DEPICTS THE NEEL (BLOCH) DW
TYPE. (B) A COMPARISON BETWEEN THE CALCULATED CW NEEL AND THE EXPERIMENTAL ORTHORADIAL PROFILE OF A
[IR(1)/Co(0.8)/PT(1)]X5 MULTILAYER. THE RED COLOURED AREA DEPICTS THE BEAMSTOP POSITION. THE IMAGE IS TAKEN
FROM CHAULEAU ET AL2Z2. ..ottt ettt ettt et ettt ete ettt et eaeete et eaeete et easete et easete et essetessenseteesensesessenseteeseneens 71

FIGURE 30: REPRESENTATION OF A NEEL (A) AND BLOCH (B) TYPE SKYRMION. BELOW, THE PROJECTION OF ONE OF THE SKYRMION
RADIUS LOOKING AT THE TOP OF IT. HERE THE TOPOLOGICAL NUMBER IS EQUAL TO -1 AS THE SPIN DIRECTION MAKES A 360°
ROTATION IN THE TRIGONOMETRIC DIRECTION AND THE CORE MAGNETIZATION POINTS DOWNWARD. THE TOP IMAGES ARE
TAKEN FROM FERT, A. REYREN, N. & CROS, V. NAT. REV. MATER. 2, 17031 (2017)2%. ...onveeeeeeeeeeeeeeeeeveeeeeve e 72

FIGURE 31: ON THE TOP PANEL, THE ASYMMETRY RATIO IMAGE OF MULTILAYERS WITH A DMI FAVOURING A CW NEEL DW'S TEXTURE
WITH 5 (A), 10 (B) AND 20 (C) REPETITIONS. ON THE BOTTOM, THE ASYMMETRY RATIO IMAGES ON 5 (D), 10 (E) AND 20 (F)
REPETITIONS MULTILAYERS WITH A STACKING ORDER THAT SHOULD INDUCE CCW NEEL DWSs. THE LEFT INSET OF EACH IMAGE
ARE THE CORRESPONDING SUM IMAGES WHILE THE RIGHT INSET SCHEMES THE MULTILAYERS STACKING. FIGURE TAKEN FROM
W. LEGRAND ET AL. SCI. ADV. 4, EAATOA15 (2018)52. .....vovieieeeeeeeeceee ettt sttt ettt ereeneeneenean 73

FIGURE 32: REPRESENTATION OF ONE DW SPIN TEXTURE CROSS-SECTION FOR A TWENTY-REPETITION COBALT BASED ASYMMETRIC
TRILAYER. THE DMI STRENGTH HAS BEEN VARIED FROM -1.0 T0 2.0 MJ/cM? (A TO D) WITH A 1 MJ/CM? INCREMENTAL
VALUE. THE RED (BLUE) ARROWS DEPICT THE MAGNETIZATION DIRECTION ALONG THE -Z (+Z) DIRECTION. THE TRANSVERSE
MAGNETIZATION COMPONENT (My) IS REPRESENTED BY THE COLOR OF THE GRID FROM BLACK (My=0) TO WHITE (My=1).
FIGURE TAKEN FROM W. LEGRAND ET AL. SCI. ADV. 4, EAATOA15 (2018)%2.....cevieieeieeeeeieteeeeeeeeese et 74

FIGURE 33: SCHEME OF THE DIPOLAR AND DM INTERACTION IN A MULTILAYER HOSTING A SKYRMION. THE BLACK ARROWS REPRESENT
THE DM FIELD, ACTING IN THE SAME WAY THROUGH THE MULTILAYER I.E., FAVOURING A CCW CHIRALITY. THE COLOURED
ARROWS DEPICT THE DIPOLAR CLOSING LOOP FIELD ACTING ON THE MAGNETIC MOMENTS. IN GREEN, THE DEMAGNETIZING FIELD
FAVOURS A CCW CHIRALITY IN THE BOTTOM LAYER, WHILE THE RED ARROWS, SYMBOLISING THE DEMAGNETIZING FIELD IN THE
TOP LAYERS, PROMOTE A CW CHIRALITY AT THE TOP OF THE SAMPLE. THE SCHEME HAS BEEN TAKEN FROM WILLIAM LEGRAND

PHD THESIS . ottt et ettt et ettt et ettt ettt et et ete et et eseebe b eseebesbessebe b essebebensebe b essebeebensebeebenseseebenseseetensensebessensans 75
FIGURE 34: MFM IMAGE ON A SAF SAMPLE IN AIR AT 300 K. ..ceeiiiiiiiiiiieiiieiiiiet ettt e e s 76
FIGURE 35: IP AND OOP AGFM CURVES OF THE SAF TEN REPETITIONS SAMPLE AT 300 K.....uviiiieiiiiiiiiiiiee e 77
FIGURE 36: REFLECTIVITY CURVE PERFORMED AT 690 EV IN BLACK WITH THE FIT ATTEMPT IN BLUE. THE INSET SHOWS THE

REFLECTIVITY CURVES PERFORMED WITH CL AND CR POLARIZATIONS AT THE SAME PHOTON ENERGY....evveereeereninrieereeeaannae 78

FIGURE 37: (A) X-RAY REFLECTIVITY CURVE RECORDED ON SAF8 AT RT AND FE L3 EDGE (707 EV) USING CL POLARIZED LIGHT. THE
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CORRESPONDING TO THE ARROWS IN THE REFLECTIVITY CURVE. (C) GEOMETRICALLY CORRECTED DIFFERENCE IMAGES (CL—
CR) VERTICALLY ALIGNED WITH THE CORRESPOND SUM IMAGE AND THE IN-DEPTH RECIPROCAL SPACE PERIODICITY. IMAGE
TAKEN FROM LEVEILLE ET AL. PHYS. REV. B 104, LO60402 (2021)2%7. ...eeeeeieeeeteeee ettt ettt enaesaee e snean 80

FIGURE 38: TEMPERATURE DEPENDENCE OF THE SATURATION MAGNETIZATION (A), THE RKKY AFM COUPLING FIELD AND THE
EFFECTIVE ANISOTROPY FIELD (B) OBTAINED FROM SQUID MEASUREMENTS. THE RED LINE IN FIGURE (A) RESULTS FROM A FIT
WITH A BLOCH TYPE LAW. IN (B), THE NEGATIVE FIELD FOR THE ANISOTROPY INDICATES AN [P EASY AXIS.....covverreerreenreerenns 81

FIGURE 39: REFLECTIVITY CURVES PERFORMED OFF RESONANCE AND AT DIFFERENT TEMPERATURE ON THE SAF6 (A), SAF8 (B) AND
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FIGURE 40: REFLECTIVITY CURVES PERFORMED WITH THE CIRCULARLY POLARIZED PHOTON ENERGY TUNED AT THE L3 IRON RESONANT
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FIGURE 41: EVOLUTION IN TEMPERATURE OF ALL SAFS ASYMMETRY RATIO (A), PEAK POSITION (B) AND FWHM (C). .....vvveeuneene. 83

FIGURE 42: IP AND OOP MAGNETIZATION COMPONENT PROFILES AT 340 K OBTAINED FROM A MICROMAGNETIC SIMULATION THAT
USES THE SAF10 TEMPERATURE DEPENDENT MAGNETIC PARAMETERS. 1.vveeuveesversresseesseesseesseesessesssessesssesssesssessssssessnes 84

FIGURE 43: (A) THE DWBA XRMS SIMULATION OF THE EIGHT REPETITIONS SAF SAMPLE REFLECTIVITY CURVE. GRAPHICS (B) AND (C)
DISPLAY THE SIMULATIONS (LINES) AND THE EXPERIMENTAL POINTS (DOTS) OF THE SUM (CL + CR) AND THE DIFFERENCE
(CL—CR) SIGNAL INTENSITY FOR THE SAF8 (BLUE) AND SAF10 (RED). SIMULATIONS AND EXPERIMENTAL DATA WERE DONE
FOR A PHOTON ENERGY OF 707 EV. FIGURE EXTRACTED FROM LEVEILLE ET AL. 104, L060402 (2021)%.....coovvevererenenn. 86

FIGURE 44: HYSTERESIS CURVES WITH THE EXTERNAL FIELD APPLIED PERPENDICULAR TO THE SAMPLE PLANE (MAGNETO OPTICAL KERR
EFFECT MEASUREMENTS) AND PARALLEL (BY ALTERNATING GRADIENT FIELD MAGNETOMETER). THE SAMPLE EXHIBITS A CLEAR
OUT OF PLANE EASY AXIS, MEANING THAT THE INTERFACIAL ANISOTROPY IS STRONGER THAN THE SHAPE ANISOTROPY, AS

INDICATED BY THE POSITIVE SIGN OF KErFeeeeeeiuurtreeeeerereiiireeeeesesesiireeeeeeesesmrereeeeesesamnnnereeesesamnnnereeesesennnnneneeesssanans 90
FIGURE 45: MFM IMAGE AFTER AN OUT OF PLANE DEMAGNETIZATION AND THE CORRESPONDING 2D FAST FOURIER TRANSFORM

APPLIED ON THE IMAGE ON THE RIGHT . 1uuiunitiiiiiiiiiieie ittt st e sa st s e s e s e e sa st s e s e saassasanssansansannes 90
FIGURE 46: MFM IMAGE AFTER AN IN-PLANE DEMAGNETIZATION PROCEDURE WITH THE CORRESPONDING 2D FAST FOURIER

TRANSFORM BELOW. .. euiiuiiiiiniiiii ittt ettt s s e et s st s e st s et e sa s et sa st saaeta e aesa st sansassanssasanssassansanssnsenssanssnssnnes 91

FIGURE 47: REFLECTIVITY CURVE TAKEN AT THE CO L3 EDGE, 778.4 EV, (IN BLACK) WITH THE REFLECTIVITY FIT FROM THE DYNA
SOFTWARE (IN BLUE). THE POINT JUMPS OBSERVED IN THE BRAGG PEAK AROUND 33° CORRESPOND TO A KEITHLEY’S RANGE
CHANGE AT AROUND THIS CURRENT INTENSITY. IN INSET, THE CL AND CR CURVE MATCHES, MEANING THAT THERE IS NO NOT
MAGNETIC MOMENT IN THE SAMPLE. SEVERAL CHEMICAL BRAGG PEAK CAN BE SEEN. THE SMALL DIFFERENCE BETWEEN THE
TWO CURVES, OBSERVED AROUND 40°, CORRESPONDS ONCE AGAIN TO THE EXPERIMENT NOISE LIMIT.....c.vevvererenrereereneene 92

FIGURE 48: OFF RESONANCE DATA EXPERIMENT TAKEN AT 750 EV (IN BLACK) WITH THE REFLECTIVITY FIT FROM THE DYNA SOFTWARE
(IN'BLUE). IN INSET, THE CL AND CR CURVE MATCHES. SEVERAL CHEMICAL BRAGG PEAK CAN BE SEEN. THE SMALL DIFFERENCE

BETWEEN THE TWO CURVES, OBSERVED AROUND 40°, CORRESPONDS TO THE EXPERIMENT NOISE LIMIT.c.ccuvveeervreeesereeenns 92
FIGURE 49: CIRCULAR LEFT AND CIRCULAR RIGHT SUM IMAGE AT 8.7°. THE INTENSITY MODULATION OF THE RING INDICATES A

NEARLY LABYRINTHINE DOMAIN ORGANISATION WITH A SMALL ORIENTATION TOWARD THE QX DIRECTION. ....ecevvreeerereeanns 94
FIGURE 50: CIRCULAR LEFT AND CIRCULAR RIGHT DIFFERENCE IMAGE, CORRECTED FROM THE PROJECTION ANGLE, TAKEN AT 8.7°.

THE SIGN OF THE DICHROISM POINTS TOWARD A NEEL TYPE DOMAIN WALL WITH A CLOCKWISE CHIRALITY .....uvveeeeevreeeneeen. 94

FIGURE 51: CIRCULAR LEFT AND CIRCULAR RIGHT DIFFERENCE IMAGE CORRECTED FROM THE PROJECTION GEOMETRY TAKEN AT
15.8°. THE DICHROIC SIGN STILL INDICATES A NEEL TYPE DOMAIN WALL WITH A CLOCKWISE CHIRALITY BUT WITH A SMALLER
INTENSITY COMPARED TO THE IMAGE TAKEN AT 8.7°. IT ORIGINATES FROM THE HIGHER INCIDENT ANGLE THAT SCATTERS LESS. IT
CAN ALSO BE DUE TO A DEGRADATION OF THE DIFFRACTED SIGNAL DUE TO HYBRID CHIRAL NATURE OF THE SAMPLE.............. 95

FIGURE 52: DIFFERENCE DIVIDED BY THE SUM IMAGE (ASYMMETRY RATIO) FOR 8.7° (LEFT) AND 15.8° (RIGHT). THE TWO IMAGES
EXHIBIT THE SAME DOMAIN WALL TYPE AND CHIRALITY (I.E., NEEL CW). THE AMPLITUDE OF THE SIGNAL IS A BIT HIGHER IN THE
FIRST BRAGG PEAK THAN IN THE SECOND. 1.vtevvterureesureesureesseeessseessssesssesssesessseessssesssssssssesssssssesesssesnsssesssssnssessssesssnes 95

FIGURE 53: CIRCULAR LEFT AND CIRCULAR RIGHT DIFFERENCE IMAGE CORRECTED FROM THE PROJECTION GEOMETRY TAKEN AT
23.7°. NO DICHROIC SIGNAL IS FOUND ON CONTRARY TO THE IMAGES TAKEN AT 8.7° AND 15.8°. IT PROBABLY COMES FROM
THE DIFFRACTED SIGNAL CANCELLATION DUE TO THE HYBRID CHIRAL NATURE OF THE SAMPLE....ccouvterureenreerireenreesireenneens 96

FIGURE 54: DETERMINATION OF THE SYMMETRIC AND ASYMMETRIC EXCHANGE ENERGIES. (A) MAP OF THE ENERGY DENSITY €
DERIVATIVE BY THE DOMAIN PERIOD P AS A FUNCTION OF THE EFFECTIVE DMI D AND EFFECTIVE EXCHANGE ENERGY A. THE
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FIGURE 55: SIMULATION OF THE MAGNETIZATION PROFILE IN DW OF THE TOPMOST COBALT LAYER. THE RED (BLUE) SYMBOLS
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THE PRECISE PERIOD FOR A VARIATION OF 10 NM. THE IMAGE IS TAKEN FROM SUPPLEMENTARY MATERIALS IN LEVEILLE ET ALZ4,

FIGURE 56: (A) SUM IMAGE (CL + CR) WITHOUT INTENSITY MODULATION IN THE RING, TYPICAL OF A LABYRINTHINE DOMAIN
PATTERN. (B) DICHROIC DIFFRACTION PATTERN (CL — CR) EXHIBITING A CLOCKWISE NEEL DW SIGNAL. THE TWO IMAGES HAVE
BEEN GEOMETRICALLY CORRECTED FROM THE PROJECTION ANGLE. BOTH IMAGES WERE TAKEN AT A NEGATIVE DELAY TIME AND
ARE FROM LEVEILLE ETALZ%%, ..ottt ettt et ettt ettt e e ete et et ete et eaeete et e s ete et enseteesenseteeseseteetensessereseseas 100
FIGURE 57: FIT ATTEMPT OF THE SPECULAR SIGNAL UNDER THE DIFFRACTED MAGNETIC PEAK BY DIFFERENT FUNCTIONS AT NEGATIVE
DELAYS (A) AND AROUND THE MAXIMUM OF DEMAGNETIZATION (B). THE ORANGE POINTS BEFORE THE FIRST GREEN DOTTED
LINE AT 130 PIXELS CORRESPOND TO THE EXPERIMENTAL RADIAL PROFILE. THE NON-REGULAR SHAPE IS DUE TO THE NON-
CIRCULARITY OF THE BEAMSTOP. ......veuveueeveeeseeseeseseesessessesessessesessessesessessesessessesessensesessessesessensesessensesessensesessenenns 101
FIGURE 58: RADIAL PROFILE OF THE SUM IMAGE FOR DELAY TIMES OF -0.5 PS (A) AND 0.5 PS (B) THAT CORRESPONDS TO THE
MAXIMUM OF DEMAGNETIZATION. THE RED LINE IS A CUBIC FUNCTION THAT SIMULATES THE SPECULAR SIGNAL FITTING DATA
ENCLOSED IN THE TWO AREAS MARKED BY THE VERTICAL GREEN DOTS. TAKEN FROM LEVEILLE ETALZ. ..o, 102
FIGURE 59: EXPERIMENTAL DATA POINTS FOR THE SUM IMAGE (A) AND THE DIFFERENCE (B) AFTER SPECULAR SUBTRACTION. THE
COLOURED LINES ARE GAUSSIAN FIT OF THE DIFFERENT DELAYS. THE CURVES AND FITS HAVE BEEN RESCALED TO THE -0.5 PS
VALUE FOR CLARITY. IMAGE TAKEN FROM SUPPLEMENTARY MATERIALS OF LEVEILLE ET AL%. .ovvvieeeeeeveeeveeveeeve e 102
FIGURE 60: (A) THE SUM SIGNAL RESULTING FROM THE DIRECT SIGNAL INTEGRATION UNDER THE MAGNETIC PEAK AND THE
AMPLITUDE OF THE GAUSSIAN FIT. (B) ORTHORADIAL PROFILE IN THE DIFFERENCE IMAGE FOR DIFFERENT DELAYS. THE
SYMMETRICAL MASK, REMOVING POTENTIAL SIGNAL ARTIFACT FROM THE BEAMSTOP HOLDER IS VISIBLE AT 90° AND 270°. 103
FIGURE 61: TIME DEPENDENCE OF THE SUM (CL + CR) AND DIFFERENCE (CL — CR) MAGNETIC INTENSITY NORMALIZED FOR TWO
IR LASER FLUENCES. THE BIG SQUARES REPRESENT POINTS TAKEN AFTER THE DELAY SCAN AT A NEGATIVE DELAY. ............... 104
FIGURE 62: TIME-RESOLVED EVOLUTION OF THE SUM (CL + CR) AND THE DIFFERENCE (CL — CR) SIGNAL. THE RED AND BLUE
CURVES ARE FITS FROM THE EXPERIMENTAL DATA POINTS CORRESPONDING THE SUM AND DIFFERENCE, RESPECTIVELY... 105
FIGURE 63: A) INTEGRATION OF THE DIFFRACTION RING CL + CR) AND DICHROISM (CL — CR) SIGNAL NORMALIZED BY THEIR
RESPECTIVE VALUE AT NEGATIVE TIME DELAYS. B) THE ASYMMETRY RATIO OBTAINED FROM THE EXPERIMENTAL DATA SHOWN
ABOVE (EMPTY CIRCLES) AND TWO ADDITIONAL DELAY SCANS, PERFORMED AT A DIFFERENT BEAMTIME, WITH ONE AT THE SAME
PUMP FLUENCE (4.8 MJ/CM?2) IN BLACK DOTS AND THE OTHER HIGHER IR PUMP FLUENCE (10 MJ/CM?) IN CYAN. THE
COLOURED LINES REPRESENT SIMULATIONS WITH DIFFERENT MODELS. THEY ARE EXPLAINED IN DETAIL BELOW. C) FWHM (RED
DOTS) AND POSITION OF THE DIFFRACTED PEAK (EMPTY BLUE CIRCLES) IN RECIPROCAL SPACE TIME EVOLUTION. IMAGE TAKEN
FROM LEVEILLE ETALZ%%, .ottt ettt ettt ettt ettt e st et et e ssete et essete et essete et ensebe et e s eseebe s essebanseseebenseseans 106
FIGURE 64: A) SCHEMATIC REPRESENTATION OF THE TORQUE (BLACK ARROWS) ACTION INDUCED BY THE SPIN POLARIZED HOT
ELECTRONS FLOWING FROM THE DOMAINS TOWARD AND PERPENDICULARLY TO THE DWS. THE ORANGE ARROWS REPRESENT
THE MAGNETIC MOMENT NEEL ROTATION IN THE HOT ELECTRON FRAME. THE RESULTING TRANSIENT DW MAGNETIZATION

CONFIGURATION IS ILLUSTRATED IN B). IMAGE EXTRACTED FROM LEVEILLE ETALZ%, o..evieiiiceeeteeeeeeeeeeeee e 109
FIGURE 65: OUT OF THE CHIRAL ROTATION PLANE PRECESSION ANGLE TILT OF THE DW (IN RED) AND THE DW MAGNETIZATION
DYNAMICS NORMALIZED BY THE DOMAIN MAGNETIZATION. IMAGE EXTRACTED FROM LEVEILLE ETALZ. .o, 110

FIGURE 66: A) EVOLUTION OF THE MAGNETIC ASYMMETRY RATIO (CL - CR)/(CL + CR) uP TO 900 PS. THE BIG BLACK SQUARE
REPRESENTS THE MEASUREMENT PERFORMED AT NEGATIVE DELAYS (T = -1 PS) RECORDED RIGHT AFTER THE DELAY SCAN. B) THE
PEAK POSITION OF THE CL + CR AND CL — CR SIGNALS. THE RED AND BLUE SQUARES ARE THE DATA POINTS TAKEN AT NEGATIVE
DELAY (T = - 1 PS) AFTER THE DELAY SCAN. THE LINES FIT THE EXPERIMENTAL CURVE WITH A PERIODIC FUNCTION OF ~ 165 PS
PERIOD. 1.vutteuteesteeseeneesneesseesseesseenseenseansesssesnsesseesseesseesseensessssassensesnsesnsesssesssesssesssesseesseensesnseensesssenssesseensennsens 111

FIGURE 67: (A) EXPERIMENTAL SET-UP WITH THE PROBE (400 NM) AND PUMP (800 NM) BEAMS IMPINGING ON THE SAMPLE
SATURATED BUSING A PERMANENT MAGNET. THE TIME RESOLVED MAGNETO-OPTICAL KERR EFFECT MEASUREMENTS AT THE
ULTRAFAST (B) AND HUNDREDS OF PS TIMESCALE (C). THE ULTRAFAST (D) AND NANOSECOND (E) REGIMES OF THE REFLECTIVITY

SIGNAL. ALL THE CURVES HAVE BEEN NORMALIZED. .....veuveveereseseesesesessesseseesessessesessessssessessssessessesessessssessessesessesenns 113
FIGURE 68: VNA-FMR MEASUREMENT WITH THE BIAS FIELD APPLIED (A) OUT OF THE SAMPLE PLANE AND (B) IN THE SAMPLE PLANE.
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Résumé étendu en francais

Pendant ce travail doctoral, I’évolution en champ et/ou résolue en temps de différentes
textures magnetiques ont été étudiées par diffusion magnétique résonante des rayons X
(XRMS). La XRMS donne accés au type et au sens de 1’enroulement de I’aimantation dans les
parois de domaines (DW) par le motif dichroique dans le signal diffracté hors du spéculaire. Le
sens de I’enroulement de I’aimantation correspond a la chiralité magnétique (sens horaire, CW
ou anti horaire, CCW) et le type d’enroulement indique la rotation cycloidale (Néel) ou héli-
coidale (Bloch) du moment angulaire de spin dans les DWs. Cette information peut étre trouvée
dans le profile ortho-radiale de ’image DIFFERENCE des polarisations circulaires gauche et
droite.

Bloch Néel
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Figure R1 : Motifs dichroiques de diffraction pour différents types et chiralités magnétiques des DWs

<

L’intensité du signal diffractée est obtenue par intégration radiale des images DIFFE-
RENCE (CL — CR) et SOMME (CL + CR). L’intensité de I’image DIFFERENCE est liée a
I’interférence des composantes de 1’aimantation situées hors et dans le plan de diffusion, défini
par les vecteurs d’ondes incidents et partants des photons. Dans un état magnétique avec des
domaines, le signal SOMME est dominé par la composante de I’aimantation hors du plan de
I’échantillon (OOP), que 1’on peut assigner aux domaines. Le signal DIFFERENCE provient
de I’interférence de I’aimantations des domaines et des parois de domaine. La comparaison de
I’évolution temporelle des signaux de SOMME et DIFFERENCE donne une information qua-
litative sur le comportement relatif des DWs et des domaines. L’expérience a été réalisée en
géométrie de réflexion. A cause de la projection geomeétrique du faisceau incident, la réflexion
spéculaire se superpose au signal magnétique diffracté hors du spéculaire. Cela est particulie-
rement vrai pour I’image SOMME. Par conséquent, une code python a été développé pour
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simuler et soustraire le signal spéculaire, qui par ailleurs peut étre plus important que le signal
magnétique pour les faibles angles d’incidence.

Le formalisme de la XRMS est présenté dans le chapitre 2 en considérant une seule
couche magnétique. La XRMS est également valable dans les multicouches FM, comme montré
expérimentalement par Chauleau et al.! La différence est que chaque couche magnétique réémet
une partie du rayonnement incident. Les différents faisceaux interférents entre eux mais leur
somme est tout de méme dominée par les couches plus en surface du fait de leur plus faible
atténuation. Dans les multicouches FM, I’interférence constructive est obtenue au pic de Bragg
de la multicouche car les périodicités magnétique et chimique sont égales. Par conséquent, les
images de XRMS sur les multicouches FM sont effectuées a un angle correspondant & un mul-
tiple entier de la périodicité chimique dans I’espace réciproque. Le fait de pouvoir moduler les
interactions magnétiques dans les multicouches a motivé les recherches pour trouver les com-
positions optimales pour différentes applications. Dans la spintronique, un objectif est d’utiliser
des textures de spin tres petite pour coder I’information pour des dispositifs de stockage de
données. Les skyrmions magnétiques sont de bons candidats pour réaliser cet objectif car ils
peuvent étre aussi petit que quelques nanometres. Des skyrmion magnétique isolées ont été
stabilisés dans des multicouches FM mais a cause de leur texture de spin qui s’enroule, ils
subissent une force latérale a leur direction de déplacement quand ils sont controlés électrique-
ment. Cet enroulement est aussi responsable de leur plus grande stabilité par rapport aux DWs.
Cette propriété est appelée protection topologique. Un moyen d’annulé la force transverse serait
de nucléer des skyrmions magnétiques dans des échantillons antiferromagnétiques de synthese
(SAF). Les SAFs sont des multicouches composeées de couches FM couplées antiferromagneti-
quement (AFM) entre elles. Pour I’étude par XRMS de ce type de multicouche, 1’angle d’inci-
dence des rayons X doit correspondre a un multiple impair et demi entier du pic de Bragg dans
I’espace réciproque. En effet, la périodicité magnétique est deux fois plus grande que la pério-
dicité chimique dans I’espace réel du fait du couplage AFM. Une interférence constructive du
signal magnétique est obtenu pour un multiple impair et demi entier du pic de Bragg alors
qu’une interference destructive est obtenu pour un multiple entier du pic de Bragg comme mon-
tré dans la figure R2.

Dans ce travail de these, les échantillons SAF ont été congus pour stabiliser une texture
en spirale de spin a température ambiante (RT). Cette texture correspond a une rotation sinu-
soidale de I’aimantation. La périodicité de la spirale de spin donne une indication sur le rapport
entre 1’énergie d’échange et I’interaction Dzyaloshinskii-Moriya (DMI) dans le cas ou le champ
dipolaire est négligeable tout comme 1’anisotropie effective, ce qui est le cas ici. La dépendance
en température du signal XRMS d’échantillons SAF avec différentes répétitions de la multi-
couche indique que le ratio échange-DMI ne change pas en température. Ensuite, la variation
angulaire des signaux de SOMME et DIFFERENCE a température ambiante a été effectuée a
température ambiante. La variation de 1’angle d’incidence vers des valeurs plus ¢élevées aug-
mente la profondeur sondée par les rayons X mais diminue la périodicité des interférences ob-
servées dans I’espace réel. Par conséquent, la variation d’intensité du signal XRMS dépend de
la structure 3D de la texture du spin mais aussi des effets d’interférences.
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Figure R2 : (a) Courbe de réflectivité X effectuée sur un échantillon SAF avec8 répétitions a température ambiante
et au seuil L3 (707 eV) du Fer en utilisant une lumiére polarisée circulairement. Les fleches verticales indiquent
I’angle utilisé pour chaque paire d’images prise avec deux lumiéres polarisées circulairement. Les fléches rouges
et oranges pointent vers les angles correspondant aux multiples entiers du pic de Bragg alors que les fleches verte
et bleue sont placées aux multiples demi entier impairs de la multicouche. (b) Images SOMME (CL + CR) corri-
gées de la projection géométrique correspondant aux fléches sur la courbe de réflectivité. (c) Images DIFFE-
RENCE corrigées de la projection géométrique alignées verticalement avec les images SOMME correspondantes.
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Pour simuler cette dépendance, un programme prenant comme donnée d’entrée les si-
mulations micromagnétiques des différentes couches magnétiques a été développé par S.
Flewett et al.? pour simuler les signaux dans et hors du spéculaire. Ce programme est capable
de reproduire la variation angulaire des signaux XRMS atour du premier demi pic de Bragg
(QBragg/2) mais n’a pas été capable de bien reproduire celle a 3Qgragg/2 car la rugosité n’est pas
encore prise en compte.
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Figure R3: Les graphiques (a) et (b) montrent les simulations (lignes) et les points expérimentaux (points) de
I’intensité des signaux SOMME (CL + CR) et DIFFERENCE (CL — CR) pour le SAF 8 répétitions (bleu) et 10
répétitions (rouge). Les points expérimentaux comme les simulations ont été réalisées a une énergie de photon de
707 eV.

Cette méthode ouvre la voie vers la reconstruction 3D de texture de spin avec la XRMS
qui idéalement a une résolution spatiale seulement limitée par la longueur d’onde (c’est-a-dire
guelques nm dans la gamme des rayons X mous). Cela a été fait pour la premiere fois par
Flewett et al.? Qui ont réussi & reproduire la variation du signal en angle et en champ dans un
échantillon avec une chiralité Néel hybride avec entre les deux une partie Bloch dans la direc-
tion verticale. Plus spécifiquement, 1’évolution de la profondeur de cette partie Bloch en fonc-
tion du champ magnétique appliqué a été réalisée. La chiralité Neel hybride dans la direction
verticale peut étre stabilisé dans des échantillons FM par la fermeture des boucles de champ
démagnetisant qui favorise un chiralité Néel CW prés de la surface et Neel CCW en profondeur.
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Figure R4: Schéma des interactions dipolaire et DM dans une multicouche accueillant un skyrmion ma-
gnétique. Les fléches noires représentent le champ du DMI qui agit uniformément dans 1’échantillon, fa-
vorisant une chiralité CCW. Les fléches colorées représentent les boucles du champ dipolaire qui agissent
sur les moments magnétiques. En vert, le champ démagnétisant favorise une chiralit¢é CCW dans les
couches les plus enterrées alors que les fleches rouges, symbolisant le champ démagnétisant dans les
couches supérieures, promeuvent une chiralit¢ CW

Dans la partie temps résolus de ce doctorat, plusieurs échantillons avec une texture de
spin chirale ont été étudies. Le premier est un échantillon composé d’une tri-couche
Pt(3)/Co(1.5)/Al(1.4) (nm), ayant une anisotropie magnétique perpendiculaire (PMA) au plan
de I’échantillon, répétée cinq fois and optimisée pour avoir un DMI interfaciale élevé. Tous les
résultats obtenus en temps résolus sur cet échantillon ont été obtenue en géométrie de réflexion
(45°) et au seuil M3 du cobalt (~20.6 nm) qui a une longueur d’atténuation faible (~9 nm) dans
le cobalt et le platine. Par conséquent, seule la couche magnétique la plus en surface sera son-
dée. Malgré la chiralité hybride de notre échantillon, seul une couche magnétique est sondée
permettant 1’analyse du motif de diffraction avec une interférence des couches du dessous né-
gligeable. L’échantillon a été étudié avec une texture labyrinthique des domaines magnétiques.
L’évolution des signaux DIFFERENCE et SOMME avec le temps révele une désaimantation
plus importante ainsi qu’une ré-aimantation plus rapide de la DIFFERENCE que de la SOMME
que c¢a soit a des temps de quelques picoseconde mais aussi de quelques nanosecondes. Ce
résultat confirme ce qui a été trouvé en premier lieu par Kerber et al.®
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Figure R5: (a) Intégration du signal magnétique dans I’anneau de diffraction dans ’image SOMME (CL + CR)
ainsi que dans 1’image DIFFERENCE (CL — CR). (b) Ratio asymétrique (DIFFERENCE/SOMME) normalisé
obtenu des données expérimentales mentionnées précédemment (cercles vides) ainsi que de deux autres balayages
en temps effectués a la méme fluence laser (4.8 mJ/cm?, cercles noirs) et I’autre a une fluence plus élevée (10
mJ/cm?, cercles cyans). Les lignes colorées sont des simulations effectuées avec différents modeles. En rose, le
modéle considére une désaimantation similaire entre les DWs et les domaines. En bleu, le modele reprend la méme
base que précédemment mais y ajoute une expansion des parois de domaines. En vert, la simulation prend en
compte I’effet des électrons chauds polarisés en spin sur I’aimantation des DWs (expliquer plus en détail ci-des-
sous). En rouge, la simulation reprend le modele vert mais y ajoute une expansion des DWSs. (c) Evolution de la
largeur & mi-hauteur du pic (FWHM) représentée par les points rouges ainsi que de la position du maximum du
pic dans I’espace réciproque (cercles bleus vides).

Ce résultat est reproductible et peut étre explique par un modele reposant sur la généra-
tion d’électrons chauds polarisés en spin venant des domaines situés des deux cotés des DWs.
Les domaines magnétiques de part et d’autre des DWs sont opposés en polarisation de spin. Le
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spin des électrons chauds interagit avec 1’aimantation locale dans les DWs et induit un couple
T « m X 8, avec m I’aimantation local dans le DW et . le spin de I’¢lectron chaud. Le couple
devrait avoir deux effets. Le premier est un effet incohérent due a 1’émission isotrope des élec-
trons chauds qui cause un désordre des moments magnétiques dans les DWs, augmentant « la
température effectives » des spin dans la paroi. L’autre effet (cohérent) vient des électrons
chauds venant perpendiculairement aux DWs. Il induit une précession différente des spins en
dehors du plan de rotation de 1’aimantation initiale du DWs, opposée de chaque coté du DWs.
Du fait de la réduction de I’énergie d’échange dans les niveaux excités S-p par rapport aux
niveaux d, I’angle de précession hors du plan du DW peut atteindre ~10° dans le régime ultra-
rapide et devrait rester pendant quelques picosecondes.

« Coherent » process

Side view

— N

rp=]lge —eg|| ) —

« incoherent » process

Figure R6: Schéma des processus induit par les électrons chauds polarisés en spin venant des domaines.

Dans notre cas, il n’est pas possible de déterminer la prédominance d’un processus sur
I’autre. Cela nécessiterait 1I’observation d’un ordre de diffraction plus grand (ordre 3, 5...) hors
du spéculaire car chaque processus affecterait différemment ’intensité des pics de diffraction
suivant leur ordre. La position du maximum du pic magnétique dans 1’espace réciproque in-
digue la périodicité de la texture magnétique. Dans notre cas, une augmentation de 2.6% peut
étre constatée a I’échelle ultra-rapide. Un résultat similaire a été obtenu par Pfau et al.* en 2012
sur un échantillon avec empilement symétrique de Co/Pt étudié en transmission avec des do-
maines magnétiques dans un état labyrinthique. D’autres études ont trouvé un changement a
’échelle de la picoseconde® aprés 1’impulsion laser ou alors aucun changement de la position
du pic dans des échantillons avec des domaines labyrinthique ou en bande®’, respectivement®.

A des délais de plusieurs centaines de picoseconde, une oscillation de 6 GHz dont I’am-
plitude s’atténue avec le temps est observé dans I’intensité du signal SOMME mais aussi dans
la position du pic de la DIFFERENCE et de la SOMME. L’intensité diffractée est proportion-
nelle au carré de I’aimantation, ce qui donne une fréquence d’oscillation de 3 GHz de I’aiman-
tation. L’origine de cette oscillation a été explorée par MOKE résolue en temps (tr-MOKE) et
par résonance ferromagnétique a réseau d’analyseur vectoriel (VNA-FMR). Aucune oscillation
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n’a été trouvée dans le signal magnétique du tr-MOKE. Dans la courbe de réflectivité, une
oscillation correspondant aux modes de phonon théoriques de la multicouche a été observée.
La mesure par VNA-FMR montre une fréquence de 15 GHz a rémanence, corroborée par le
calcul des modes d’oscillation attribuable aux domaines. La mesure de VNA-FMR a été effec-
tuée a température ambiante alors qu’a des temps de 1’ordre de la nanoseconde, toute la chaleur
de ’impulsion laser n’a pas été évacuée. Cependant, cela ne peut expliquer un si grand écart de
fréquence.

Sur le méme échantillon, 1’effet de la polarisation circulaire de la pompe a été exploré
(jusqu’alors, la pompe était polarisée linéairement). Aux fluences les plus faibles (8.5 mJ/cm?),
aucun changement n’est observé entre CLir et CRir. A des fluences plus grandes (13 & 21
mJ/cm?), les courbes DIFFERENCE et SOMME obtenues avec la polarisation de la pompe
CLir sont inférieurs en intensité que celles obtenues avec CRir. Le résultat est reproductible
mais la méme étude avec un échantillon de chiralité opposée doit étre faite afin de conclure sur
I’origine de cet effet. Néanmoins, les rapports d’asymétrie (DIFFERENCE/SOMME) sont
égaux pour CLr et CRir a fluence égale, ce qui indique de la séparation des courbes résultat de
la plus grande absorption de CLr par rapport a CRir. On suspecte que cet effet pourrait étre
due a une absorption plus forte de la polarisation circulaire quand celle-ci tourne dans le méme
sens que la chiralité.

La derniére partie de ce travail de thése se focalise sur des multicouches FM accueillant
un état skyrmionique liquide. Cet état est nucléé en augmentant le champ extérieur hors du plan
de I’échantillon depuis un état de domaines magnétiques labyrinthique. L’échantillon a été étu-
dié en géométrie de transmission pour maximiser le rapport signal sur bruit. A des temps infé-
rieurs a 5 ps, aucune différence n’est observée en champ. Cependant, a partir de ~20 ps, un
décroit soudain de I’intensité diffractée par les domaines est observé avant sa stabilisation au-
tour de 100 ps. L’intensité décroit d’autant plus que 1’on augmente le champ appliqué. Ni la
périodicité des domaines, via la position du pic, ni la largeur de ce pic ne change dramatique-
ment a ces temps-la. Par conséquent, un changement de texture magnétique est exclu. De méme,
I’ordre de réalisation des courbes ainsi que leur temps d’acquisition exclu un mécanisme de
dégradation comme origine. L’origine de ce phénoméne serait plutot liée au changement de
signe de I’anisotropie effective, passant d’un axe facile hors du plan a un axe dans le plan. Cela
expliquerait la baisse de I’intensité diffracté car en géométrie de transmission, seule la compo-
sante de 1’aimantation hors du plan participe au signal.
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Figure R7: Graphiques des balayages temporels a différents champ appliqués hors du plan focalisés sur les temps
ultra-rapide (a) et sur les temps sous la nanoseconde (b). Les balayages ayant la méme valeur de champ en valeur
absolue partagent la méme forme de point.
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