N
N

N

HAL

open science

Orbital Rashba contribution to spin-orbit torques at 3d
transition metals|Al interfaces: the particular case of
Co|Al
Nicolas Sebe

» To cite this version:

Nicolas Sebe. Orbital Rashba contribution to spin-orbit torques at 3d transition metals|Al interfaces :
the particular case of Co|Al. Condensed Matter [cond-mat]. Université Paris-Saclay, 2025. English.

NNT: 2025UPASP134 . tel-05413771

HAL Id: tel-05413771
https://theses.hal.science/tel-05413771v1
Submitted on 12 Dec 2025

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

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

Auto':iiition
HAL Authorization


https://theses.hal.science/tel-05413771v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

—
<
o
@)
—
@)
@)
()
LLI
()
Ll
W
Ll
I
—

<
™
o
)
<C
o
-}
LN
AN
(@)
(o\}
|_
Z
Z

[ ]
universite
PARIS-SACLAY

Orbital Rashba contribution to
spin-orbit torques at 3d transition
metals|Al interfaces : the particular

case of Co|Al

Contribution Rashba orbitale aux couples de
spin-orbite aux interfaces métaux de transition 3d |Al :
le cas particulier de Co |Al

Thése de doctorat de l'université Paris-Saclay

Ecole doctorale n° 564, physique en Tle-de-France (PIF)
Spécialité de doctorat : Physique
Graduate School : Physique. Référent : Faculté des sciences d'Orsay

Thése préparée au : Laboratoire Albert Fert, (CNRS, Thales, Université Paris-Saclay),
sous la direction de Henri-Yves JAFFRES, directeur de recherche CNRS et la co-direction
de Vincent CROS, directeur de recherche CNRS

Thése soutenue a Paris-Saclay, le 7 novembre 2025, par

Nicolas SEBE

Composition du jury
Membres du jury avec voix délibérative

Jean-Eric WEGROWE Président
Professeur, LSI
Matthieu BAILLEUL Rapporteur & Examinateur

Directeur de recherche CNRS, IPCMS

Université de Strasbourg

Jon GORCHON Rapporteur & Examinateur
Chargé de recherche CNRS, Institut Jean Lamour

Université de Lorraine

Héléne BEA Examinatrice

Maitresse de conférences, SPINTEC

Université Grenoble Alpes




ECOLE DOCTORALE

L
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Titre : Contribution Rashba orbitale aux couples de spin-orbite aux interfaces métaux de transi-

tion 3d| Al : le cas particulier de Co | Al

Mots clés : Rashba-orbite, Couple orbital, spin-orbite

Résumé : Cette thése de doctorat se concentre
sur le domaine de la spinorbitronique, en parti-
culier sur I'étude expérimentale du couple spin-
orbite (SOT) pour la commutation magnétique
dans les dispositifs avancés SOT-MRAM. Le mé-
canisme SOT est crucial car il décrit I'interaction
entre un courant de spin, contrdlé par un cou-
rant de charge, et une aimantation locale qui
agit comme un bit de mémoire dans le disposi-
tif. Ce sujet est d'une grande actualité en spin-
tronique, tant pour ses aspects fondamentaux
que pour ses applications potentielles dans
une nouvelle génération de dispositifs spintro-
niques, tels que les dispositifs logiques et les
meémoires. Le SOT est associé a plusieurs mé-
canismes de conversion spin-charge, notam-
ment l'effet Hall de spin (SHE) dans les métaux
de transition lourds comme le platine (Pt), le

tantale (Ta) et le tungsténe (W), ainsi que l'ef-
fet Rashba-Edelstein (REE) aux interfaces. Ces
effets influencent 'amplitude et les symétries
des différentes composantes du SOT. L'objectif
principal est d'utiliser le SOT pour la commu-
tation avec une densité de courant critique ty-
pique de l'ordre de jc=10'' A/m? ou moins. Un
des buts majeurs de cette these est de réduire
les densités de courant critique en s'appuyant
sur un fort effet Rashba orbitalaire découvert a
I'interface entre le Co et I'Al. Ce programme de
thése sera principalement développé au labo-
ratoire Albert Fert, CNRS, Thales (LAF), ou divers
équipements seront utilisés, tels que la pulvé-
risation cathodique, la micro et nano lithogra-
phie, les méthodes de second harmonique f-2f
et les mesures de commutation avec l'utilisa-
tion d'un cryostat 9T.

Title : Orbital Rashba contribution to spin-orbit torques at 3d transition metals|Al interfaces :

the particular case of Co|Al

Keywords : Orbital Rashba, Orbital torque, spin-orbit

Abstract : This doctoral thesis focuses on the
field of spin-orbitronics, particularly on the ex-
perimental study of spin-orbit torque (SOT) for
magnetic switching in advanced SOT-MRAM de-
vices. The SOT mechanism is crucial as it des-
cribes the interaction between a spin current,
controlled by a charge current, and a local ma-
gnetization that acts as a memory bit in the de-
vice. This topic is highly relevant in spintronics,
both for its fundamental aspects and for its po-
tential applications in a new generation of spin-
tronic devices, such as logic devices and memo-
ries. SOT is associated with several spin-charge
conversion mechanisms, notably the spin Hall
effect (SHE) in heavy transition metals like pla-
tinum (Pt), tantalum (Ta), and tungsten (W), as

well as the Rashba-Edelstein effect (REE) at in-
terfaces. These effects influence the amplitude
and symmetries of the different components of
SOT. The main objective is to use SOT for swit-
ching with a typical critical current density on
the order of jc=10''A/m? or less. One of the
major goals of this thesis is to reduce the criti-
cal current densities by leveraging a strong or-
bital Rashba effect discovered at the interface
between Co and Al. This thesis program will be
primarily developed at the laboratory of the La-
boratoire Albert Fert, CNRS, Thales (LAF), where
various equipment will be used, such as catho-
dic sputtering, micro and nano lithography, f-2f
second harmonic methods, and switching mea-
surements using a 9T cryostat.
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2.1. Non volatile spintronic memories

This thesis is financed by the programme d’equipement prioritaire de recherche électronique
(PEPR Electronics). This public funding included in the France 2030 initiative, intends on
fostering academic research related to electronics in order to increase the technology rea-
diness levels of new technology concepts. Among all electronics applications, this thesis
work belongs to the PEPR subproject focusing on applications to computing. | am espe-
cially part of the EMCOM project aiming at developing emerging magnetic random access
memories.

Semiconductor industry managed to increase chips computing power at an outstanding
pace since 1970 thanks to two scaling laws : the famous Moore's law and Dennard’s scaling.
Both those scaling laws are related to incremental improvements of the complementary
metal oxide semiconductor (CMOS) technology. Moore’s law states that the number of
transistor on a given chip area doubles every two years. It is due to progresses both in
transistor design and fabrication techniques, notably lithography. Dennard’s scaling es-
timated that the energy consumption per unit of chip area would remain constant. The
combination of those two laws enabled for a very rapid growth of the computing power
per Joule.

50 Years of Microprocessor Trend Data

I | | T i r

7 L : Al A |
10 ‘ 4 a4 MTransistors
T FR - At | (thousands)

5 s Single-Thread

- ! AATA -
10 RS =™’ ** Performance 5
10* | soak .0"’3" | (SpecINT x 10°)
AA 4 AR A g ] F MH
03 b s :‘cz’:'ﬂl!*“" ‘.:-H.I requency (MHz)
3 v .
L4 Y *.3v% Y| Typical Power
0% - f.. g.v- 'fvv'v',;vv'ﬂﬁ'v"""i{:’:‘iox (Watts)

1 : - Ty S Y| Number of
10, s L v cad +*| Logical Cores
100 —i : . i 0:0 «::mmzo .

1 1 | 1 1

1970 1980 1990 2000 2010 2020

Year
Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2021 by K. Rupp

Figure 2.1 - Evolution of microprocessor specifications since 1970, from Ref. [Rupp, 2022]

However, while Moore’s law still stands undenied, Dennard's scaling ceased around 2006.
As illustrated figure 2.1, exponential trends in performance, frequency and typical power
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for microprocessor broke around then. These inflexions are all related to arising energy
management difficulties when the transistor size shrinks. Notably, transistor leakage cur-
rents and saturation voltage don't scale well. This worsens chip heating during operation
and therefore prevents the acceleration of CPU clock speed.

To overcome these limitations, non volatile memory stands as a promising route. Unlike
SRAM transistor so far, non volatile memories retain information even without power sup-
ply, hence eliminating static current leakages. Concept proposed for non volatile memo-
ries include resistive RAM, phase change memories and magnetic random acces memory
(MRAM). Among those different ideas, MRAM standouts in terms of endurance. Indeed,
information in MRAM is stored in a magnetization orientation rather than material para-
meters (oxidation or crystalline phase). Hence, writing and reading cycles do not involve
atomic motion.

2.2. From GMR to MRAM technology

At the origins of MRAM lies the pionneer effect in spintronics, namely the giant magne-
toresistance (GMR) effect. Discovered in 1988 simultaneously by Albert Fert and Peter
Grunberg teams, GMR is a property of thin films multilayers alternating ferromagnet and
normal metals. Such films exhibit a drastically different resistance when the ferromagne-
tic layers have their magnetizations parallel compared to antiparallel [Baibich et al., 1988,
Binasch et al., 1989]. Hence, GMR allows to probe electrically the magnetization orienta-
tion of a magnetic layer. It was thus integrated only a decade after its discovery, into hard
disk drives reading heads [Dieny et al., 1993]. The magnetoresistance is usually quantified
through the MR ratio defined as :

~ R(1y) — R(1)
ME=""F)

GMR magnetoresistance ratio typically can reached up to 100 % at room temperature
in multilayers [Chappert et al., 2007]. This discovery was followed by an even larger ma-
gnetoresistance : the tunneling magnetoresistance (TMR). TMR arises in magnetic tunnel
junctions (MTJ) made of two ferromagnetic layers separated by an insulating layer. Spin fil-
tering of the electronic wave functions at a crystalline MgO tunnel barrier allows for much
larger magnetoresistance ratios than GMR [Zhang and Butler, 2004]. This effect was first
measured in 1974 [Julliere, 1975]. TMR ratios were measured as large as 600 % at 300 K
[Ikeda et al., 2008].

MT]Js displaying such large TMR ratio became at the heart of a new technology proposal
in spintronics : MRAM. In MRAM, the MT] does not act as a read head of a hard disk drive
but rather constitutes the information bit itself. MT]s indeed have two stable states and
TMR makes reading the MT] state relatively easy. In an industrial MRAM MT]J, the magne-
tization of one of the ferromagnetic layers is pinned via a synthetic antiferromagnet so
that its magnetization is fixed : it is the reference layer. The other layer, referred to as free
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Figure 2.2 - The three MRAM concepts discussed in the text : a) field MRAM b) STT-MRAM
and c) SOT-MRAM. Adapted from Ref. [Dieny and Chshiev, 2017]

layer, defines the state of the MT]J through its orientation that can be either parallel or
antiparallel to the reference. MTJ are the common element to the three MRAM principles
depicted in figure 2.2.

Another important MRAM challenge is the writing operation. Physically, this consists in
switching the MT] free layer magnetization from parallel to antiparallel and vice versa. Se-
veral routes have been proposed and experimented [Bhatti et al., 2017]. The first was the
field MRAM. In this view, the free layer magnetization is manipulated by a magnetic field
induced via an electrical current flown through a dedicated wire in the chip (figure 2.2 a).
This design however is limited in terms of achievable memory density. If the MT]s are too
close to each other, it is no longer possible to address them separately.

The next MRAM generation introduced the effect of spin transfer torque for the writing
operation of the MT] bit, as schematized in figure 2.2 b). This design benefits from a simple
two-terminal architecture, where electrical contacts at both ends of the magnetic tunnel
junction (MTJ) enable both reading and writing through a tunneling current in a current-
perpendicular-to-plane configuration. While readout relies on the tunneling magnetore-
sistance (TMR) effect, writing is governed by STT. This torque arises when a current passes
through the MT] stack, exerting a force on the free layer's magnetization. When electrons
flow from the reference layer to the free layer, the torque favors alignment into the pa-
rallel state; reversing the current instead promotes the antiparallel configuration.

STT-MRAM were first commercialized by Everspin technology in 2018. Despite being cur-
rently deployed for targeted applications, this technique still has two main drawbacks
preventing mass adoption. First, STT is zero when the magnetization of the two layers are
perfectly aligned. This gives a upper bound to the writing speed : the incubation time.
It is typically of a few ns [Devolder et al., 2008]. Second, STT writing mechanism involves
flowing substantial electrical current through the MT]J insulating barrier. As a result, break-
down probability increases and device endurance shortens.

The next MRAM design generation overcomes those two challenges. Spin orbit torque
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(SOT) MRAM possess three terminals (figure 2.2 ). It still consists in a MT) whose state is
read through TMR, but writing operation differs from STT. In SOT, the free layer magne-
tization switches due to torques arising when a current is flown in an adjacent so-called
SOT layer. In this design, no electrical current flows through the tunnel barrier for wri-
ting and no incubation time is required. As a consequence, SOT-MRAM is promising for
increasing both MRAM writing speed and endurance.

A key challenge in SOT-MRAM operation is the need for an external in-plane magne-
tic field to achieve deterministic magnetization switching in perpendicularly magnetized
MT]Js. This requirement, absent in STT-MRAM devices, stems from the symmetry of the
torque generated by in-plane pure spin currents (from spin Hall effects). To overcome
this limitation and enable field-free switching, several strategies have been proposed
[Krizakova et al., 2022].

Moreover, in the aim of reducing the electrical current required for switching, which physi-
cal effect is the most efficient is still an open debate. Notably, Orbital Hall Effect (OHE) and
the Orbital Rashba Edelstein Effect (OREE) have been considered as two possible promi-
sing mechanisms to enhance torques, without the need to use rare and expensive heavy
metals. Theoretical investigations suggested first that the orbital degree of freedom can
be large in the 3d, 4d, and 5d transition metal series, which was corroborated by experi-
ments lead on MT]Js in a series of recent works [Gupta et al., 2025, Yao et al., 2025].

The EMCOM project, part of the PEPR Electronics initiative, is dedicated to advancing the
development of SOT-MRAM technologies. While several alternative approaches—such as
optical switching, voltage control of magnetic anisotropy, and thermally induced swit-
ching—are under exploration, this thesis focuses specifically on the optimization and cha-
racterization of spin-orbit torque (SOT). As discussed in Section 3, SOT generally emerges
in systems with strong spin-orbit coupling. However, recent hypotheses suggest that or-
bital effects could enable even greater SOT in systems composed of light metals. The
objective of this PhD work is to investigate how a specific orbital Rashba effect, obser-
ved at the Co/Al interface, contributes to SOT enhancement and to assess its potential
integration into industrial device architectures.

2.3 . Outline of this thesis

In this manuscript, we first provide chapter 3 an overview of the different physical
concepts driven by spin-orbit coupling that are key to SOT-MRAM and the experimen-
tal study of SOT. We notably describe different magnetoresistances, the emergence of
magnetic anisotropy and the SOT response to an applied electric field. Chapter 4, we fo-
cus on the orbital Rashba Edeslstein effect, both proposing a toy model and reviewing
a few experiments. Next, we explain chapter 5 the protocols we used to measure SOT
experimentally throughout our investigation.

Relying on these methods, we delve into the characterization of Co | Al interface chapter 6.
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We demonstrate thanks to experiments combined with a semiclassical transport model
the occurrence of large interfacial SOT in this system. Chapter 7, we present two ab initio
investigations that were lead on this system and forecast a large orbital Rashba Edelstein
effect in the interfacial band structure between Co and Al. Those two chapters constitute
a demonstration with theoretical and experimental arguments that orbital Rashba Edels-
rein effect leads to large SOT at Co|Al interface.

We then try to experimentally disturb this system so as to investigate its robustness on
material parameters. We present chapter 8 an experimental campaign where SOT is en-
hanced in Co|Al via ultrathin Pt addition between the two layers. We measure that it is
detrimental to SOT and perpendicular magnetic anisotropy. However, in chapter 9, we
modify the ferromagnetic layer by engineering it with CoFeB alloy and we show non zero
interfacial torques as well as substantial perpendicular magnetic anisotropy. In a last ex-
perimental chapter, we perorm magnetization switching experiments in our multilayers
and demonstrate that Co| Al orbital torques improve magnetization switching energy ef-
ficiency. We sum up our conclusions chapter 11 and expose a few perspectives to this
study.
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In this section, we present the main physical concepts in spintronics and orbitronics which
are mandatory to understand the key features of magnetic torques, the central topic of
this thesis. We consider various concepts spanning from the spin-orbit interactions to
Rashba effects involving either spin or orbital momentum locking as well as spin-orbit
torques.

3.1. Spin-orbit coupling (SOC)

3.1.1. Spin and orbital degrees of freedom in condensed matter

Spin and orbital angular momentum are two main electronic degrees of freedom that
appear in the quantum mechanics framework. They are quantified with their respective
guantum numbers :

11
S:msh,mse{—2,2} and L =mh, m €{-1l,...,0,...1}

Both electronic spin and orbital angular momentum lead to respective magnetic mo-
ments :

ps = —gsppS and pp = —grpupl

where p g is Bohr magneton. In vacuum or in systems with low spin-orbit coupling, gs ~ 2
while g;, = 1. This is a correct approximation to the case of light metals or 3d transition
metals investigated in this thesis.

In a crystalline lattice, a combination of the Pauli exclusion principle and Coulomb interac-
tions leads to the emergence of the Heisenberg exchange interaction between neighbou-
ring atoms electrons. Depending on its sign, it makes alignment of outer shells electrons
spin energetically favorable, either in the same direction (ferromagnetic case) or in the
opposite directions (antiferromagnetic material). In a ferromagnetic material, the sign of
this interaction is such that, under a transition temperature called Curie temperature, it
tends to align spins in a single direction, the majority spins direction.

The energy difference between majority and minority spin electrons leads to a spin-split
band structure, resulting in different transport properties for each spin channel. Espe-
cially, majority and minority electrons possess different conductivities : oy # o owing
to the difference in their density of states at the Fermi level. As a consequence, when a
current flows through a ferromagnet, it is spin polarized. The spin current can be written :
J = Jy — J; = (o4 — o)) E with E the electric field equal for the two spin directions.

3.1.2. Spin-orbit coupling in a crystal

A key interaction for the description of spin dependent properties of electrons in metal is
their interaction with the crystal orbitals : the spin-orbit coupling (SOC). This interaction
emerges through the Lorentz transformation of the orbital electric field into an effective
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magnetic field in the electron frame.

vxE
2

Bsoc = — :

The electron spin and this effective magnetic field interact in the Hamiltonian as :

Hsoc = —fis - Bsoc

Noting that the electric field derives from the potential (V' (r)) : E = —VV and the velocity
writes v = p/m, we can derive :

. ) el \ -
Hsoc = —fis - Bsoc = —gs (W> S-(pxVV)

Since the crystalline potential emerges from atomic orbitals, a realistic assumption is to
treat the potential V(r) = V(r) as radial. This leads to considering VV = |VV]|e,. This
assumption allows to let the orbital angular momentum operator appearin Hgoc :

A . eh VV(r
Hsoc =nsoc L-S with nsoc = —955, 93 < ( )> (3.1)
mec T

SOC lifts the spin degeneracy in the band structure similarly to a Zeeman term induced
by the orbit field. In the hydrogen atom case, the factor nsoc can be shown to be propor-
tional to Z4, Z being the atomic number. However, in crystals, calculations accounting for
screening by inner shells electrons lead to a Z2 dependence [Landau and Lifchits, 1958,
Heide et al., 2009]. SOC is therefore expected to be the especially strong in heavy metals
corresponding to large Z.

3.1.3. Magnetic anisotropy

In general, magnetic properties depend on the orientation of the magnetization. Nota-
bly, all magnetization orientations are not equivalent energy-wise. One axis has usually
a minimal energy : the easy axis. This magnetic anisotropy arise from different sources.
We discuss mostly three : the shape anisotropy, common to all magnetic samples in a non
spherical shape and particularly relevant in thin films, the magneto-crystalline anisotropy,
which is SOC dependent together with the surface anisotropy term.

Shape anisotropy

Maxwell equations impose that div (Biy,) = 0. However, noting m the magnetization
vector, at the surface of a magnetic sample, div (th) = —i - . Except for the magnetiza-
tion to be always orthogonal to the surface normal 1, this is non zero. It is allowed since
the vector that has to respect Maxwell equations is the sum of the magnetization and the
magnetic field m + H. As a result, a magnetization component orthogonal to the sample
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surface comes with a magnetic field which is opposed to it. It is thus denoted Hp, the de-
magnetizing field. A solution to minimize the induced energy is the apparition of magnetic
domains. The sample magnetization has a different orientation in each domain, notably
to avoid components orthogonal to the surfaces.

However, microscopically, the demagnetizing field is a consequence of the two ma-
gnetic dipoles interaction (Biot and Savart law). At short scales, it is negligible against
the exchange energy, or exchange stiffness A. Thus, under a distance of the order of
V A/ (2rM2), the magnetization is uniform despite demagnetizing field. Especially, in thin
films, magnetic domain may arise within the plane but not across the thickness.

For a monodomain magnetic sample, the demagnetizing field is related to the magneti-
zation through the 3 x 3 demagnetizing tensor : Hp = — [Np] m. The resulting term in
the energy writes Ep = —im [Np] m.

The case of a magnetic thin film can be approximated to an infinite magnetic plane. It
can be demonstrated that in that case, Hp = —m.. The shape anisotropy energy for a
magnetic thin film is thus :

1 1
Ep = §u0m§ = §,u0Ms2 cos® (3.2)

with 6, the polar angle that m forms with the film plane normal direction.

Bulk magnetocrystalline anisotropy

The magnetocrystalline anisotropy, generally quantified by a certain volume energy K
is a consequence of SOC in a perfect crystal. Since this interaction couples the spins to
the electronic wave functions, it induces a coupling between the magnetic order and the
crystalline lattice [Coey, 2010]. For instance, in a cubic crystal, [100], [010] and [001] are equi-
valent. Hence, the magnetocrystalline energy has to be symmetric in the magnetization
components mg, m, and m; in the crystal. Since a cubic crystal also respects inversion
symmetry, energy must be even in each m,. The possible terms to sixth order are :

2
T

Ence = Ko (m2+m +m?) + Ki (m om?)

mi + mzmg + mimg) + K> (mimymz
with K7 the anisotropy constant calculated at the order 4 of the perturbation and K>
corresponding to the order 6, generally much smaller.

Nevertheless, in the case of sputtered samples, due to the reduced symmetry of the struc-
ture (in general of a polycrystalline quality), we have only to consider the unidirectional
anisotropy introduces surfaces and interfaces, that we call surface anisotropy terms.

24



Surface anisotropy

The magnetocrystalline anisotropy is not of relevance in this thesis because our samples
mostly are polycrystalline since they are grown by sputtering. Another origin of magneto-
crystalline anisotropy is the bond distribution in metallic alloys or in thin multilayers, as
extensively explored in this thesis samples. This interfacial bonds give rise to the surface
anisotropy [Néel, 1954].

The symmetry breaking at an interface induces a different anisotropy for the atoms in
the layer concomitant to the interface due to band hybridization or lattice mismatch. The
main symmetry axis of an interface being the normal axis, the equivalent volume energy
due to surface anisotropy writes :

K |
E,=—= sin? 0 (3.3)
trym

where tr is the ferromagnetic layer thickness. Surface anisotropy is especially large at the
interfaces of transition metals thin films and heavy metals due to the enhanced SOC of the
latter [Givord et al., 1996]. Large surface anisotropy also arises at the interface between
transition 3d ferromagnetic metals and light metals oxides, which will be more extensively
detailed in section 6.1.2.

Effective anisotropy field

The sum of surface anisotropy, shape anisotropy and a magnetocrystalline term experi-
mented by a magnetic thin film yields the total energy :

Kv KS 1 .2
FE = — —uoMs | M 0 .
<Ms + M,tp 2/1/0 5) s S (3.4)

From this equation, we define an effective anisotropy field H;ff (in Si units ) :

2K 2K
Heff — v _ M. 5 .
K <,U0Ms s |+ oML (3.5)

If this effective field is positive, the sample possesses a perpendicular magnetic anisotropy
(PMA). The minimization of equation 3.4 yields § = 0 or w. The magnetization points
favorably along the direction perpendicular to the plane. If a magnetic field H,,,, is applied
in the sample plane, the magnetization will saturate parallel to the latter for H,,, > H,jff.

Conversely, a magnetic sample such that H,ﬁff < 0 possesses an in-plane magnetization.
Without external field, energy minimization brings the magnetization in the sample plane.
It will saturate parallel to an external field orthogonal to this plane for H,, > ]H,fff\.
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Figure 3.1 - Representation of the three different cases discussed in section 3.1.4. It shows

how charge currents on one hand and spin or orbital angular momentum currents on the

other hand are either null or finite. In particular, a pure spin, or orbital, current with zero
charge current is achievable.

L

3.1.4 . Charge and angular momentum flows in solids

In electronics, information is mostly conveyed by flows of electronic charges. In a quantum
framework such electronic currents are described by the anti-commutator :

Z _ {q[;ﬁi}

with {fl, B} = AB + BA is the anti-commutator of the respective A and B operators (I
and o; are the respective identity and velocity (along the ¢ axis) operators).

In spintronics, information is conveyed by the other degrees of freedom of electrons :
mostly the spin ¢, and, recently, the orbital angular momentum L. Spin and orbital cur-
rents operators can be defined similarly to the charge current, giving the following ten-

sors:

. _ {50} {£.7}

Jo = 5 B
where j, is the spin-current, j, is the orbital-current, and ¢ is the velocity operators. Spin
current can also be defined relatively to a quantization axis. We also define 7, = J; — J,
while J = J; + J, the (mean or expectation values of the) spin-current and total current
densities. From this picture, we understand three distinct situations as represented in
figure 3.1. Further on, we will note the same quantities without the 'hat’ symbol as the
guantum average (or classical) values of the corresponding operators.

and j; =

Firstly, if the flows of T and | electrons are equal, as when an electric field is applied to
a normal metal, there is a finite charge current but no spin current. That is a standard
charge current. Secondly, let's consider a ferromagnetic metal. The population of majority
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spins 1T and of minority spins | are different. As a consequence, when an electric field is
applied, 7; and J| are finite but different. In this case both charge and spin currents arise.
Both flow toward the same direction. This case is designated as polarized current. Thirdly,
we will encounter situations were J; = —J,. This is the pure spin current case. Overall
charge current is zero but a finite spin current occurs. It is still debated to what extent
the same three cases may be defined replacing the electrons spin by their orbital angular
momentum [Valet et al., 2025].

3.2. Magnetoresistances of single ferromagnetic film

It is well known that the resistance of a thin film is dependent on the amplitude and
orientation of an external applied magnetic field. The effects involved in this conduc-
tance variations are several amongst which : the Hall effect (HE), Lorentz magnetore-
sistance, anisotropy of magnetoresistance (AMR) and planar Hall effect (PHE), magne-
tic accumulation effects. Moreover, the terms that arise in the conductivity of a ma-
gnetic sample are expected to respect the symmetries defined in the equation derived
in [Goldberg and Davis, 1954] :

j=00E+aoE xH+ BEH?* + yH(E-H) + IME

where gy, , 8, v and § represent here the respective coefficients for the bare conductivity,
AHE, Lorentz MR, AMR (or PHE) and accumulation effects.

In the case of a magnetic film, in the presence of a magnetization, a same kind of ex-
pression is valid (hereafter called anomalous effects) when the external field is formally
replaced by the magnetization vector giving then rise to the so-called anomalous Hall ef-
fects (AHE) aagrpE x M to give :

j=00E + asgpE x M + SE/M|?> + AM(E - M) + 0ME
after having introduced corresponding coefficients.

It turns out that the overall conductivity of a magnetic thin film is thus anisotropic. Assu-
ming the magnetization lying along Z, it can be written as a 3 x 3 matrix as following :

Ogzx Oxy Ogxz
g = O’yg; Uyy Uyz
Ozx Ozy Ozz

where o,, = oy, # 0., and the off diagonal are antisymmetric : if i # j, 0;; = —0j;.

3.2.1. Anisotropic magnetoresistance and planar Hall effect

Anisotropic magnetoresistance (AMR) and planar Hall effect (PHE) are a first consequence
of SOCin a single ferromagnetic material. AMR is measured experimentally as a difference
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between the longitudinal resistivity of a ferromagnet when the current is applied either
parallel to the magnetization (p)) or transverse (p_ ) to it. The AMR ratio is usually defined

as:
@:Pn*m

P pL

It is generally positive, meaning that the transverse case is more conductive than the pa-
rallel configuration [Fert and Campbell, 1971]. To model the conductivity of a ferromagnet,
scattering is assumed to be mostly due to conductive the 4s bands scattering with locali-
zed 4p and 3d bands in 3d materials. Since majority and minority spins present different
band structure at the Fermi level, this scattering induces different resistances : p; and
p,- A spin mixing resistance has to be added to represent scattering events affecting the
spin orientation. In this two current framework, the resistivity of a ferromagnet writes
[Campbell et al., 1967, Fert and Campbell, 1968] :

_ prpyt oy (ot £ py)
pr+py Ay

with py | the respective majority and minority spin resistance channels. The resistivity ani-
sotropy is not apparent in this expression. It comes from spin orbit coupling induced
mixing of spin polarized and orbital polarized wavefunctions. In [Campbell et al., 1967],
the authors present a simplified model predicting AMR. They introduce the spin-orbit
coupling and show through perturbation theory that it causes scattering events mixing
dy and d, orbitals. Since the spin-orbit coupling in equation 3.1is the product of those or-
bitals angular momentum (influenced by the applied electric field £) and electrons spins
(quantified along magnetization direction), this scattering term is anisotropic. This lead

the authors to :
Ap vl —pr)py

P prten (e — o)
where v is the square of the ratio of SOC and the Heisenberg exchange.
[Kokado et al., 2012] presents a more refined two conduction model where s — s
scattering is included as well as spin dependence of the electrons effective mass to derive
the AMR ratio.

This first consequence of SOC on electronic transport in ferromagnet also affects the
transverse resistance through the planar Hall effect (PHE). For the magnetization aligned
to &, AMR can be described by the conductivity tensor :

oo — Oz O
=L 0 oy
Rotating the magnetization in the plane by a certain azimuthal angle ¢ changes the

conductivity tensor as o(p) = R;laon with R, the rotation matrix. As a consequence,

() = O COS2 0 + Tyy sin? ¢ % (Oze — Oyy) sin2¢
¥ % (Ope — Oyy)sin2¢  ouy sin? ¢ + Oyy cos® ¢
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This tensor makes clearly apparent the existence of a transverse resistance R,, =
RPHE sin 2(p.

3.2.2. Anomalous Hall effect (AHE)

The anomalous Hall effect (AHE) arises in ferromagnetic samples. It is analogous to the
classical Hall effect which predicts that when an electric field is applied on a metallic
sample inside a magnetic field, a voltage arises transversely to both fields. In the ano-
malous Hall effect, instead of an external magnetic field, the transverse voltage is propor-
tional to the magnetization component orthogonal to the current according to :

RZ) = Raup (ém xE) -
for E = E, with e, the magnetization unit vector, indicating here a specific choice of the
spin quantization along the z direction normal to the plane.

Yet, the amplitude of Ry g of ferromagnetic metals is generally much larger than the
transverse resistance expected from the classical Hall effect. The actual underlying me-
chanisms to AHE are still debated but two types of effects have been identified, either in-
trinsic or extrinsic. The intrinsic origin of AHE was first suggested by Karplus and Luttinger
in 1954 [Karplus and Luttinger, 1954]. They explain AHE solely by the electronic band struc-
ture. They show that from the Berry curvature, when an electric field is applied, electrons
acquire a momentum component transverse to both the electric field and the magneti-
zation. This theory is designated as intrinsic because it emerges from the perfect crystal
Hamiltonian and does not involve any impurity scattering.

However, in 1955, Smit reported that AHE vanishes at low temperatures [Smit, 1955,
Smit, 1958]. From this experimental assessment, he concluded that intrinsic effects alone
do not give the full AHE picture. He thus noted that in the presence of SOC, scattering
events become anisotropic, inducing a transverse voltage. He proposed two mechanisms:
through skew-scattering, an electron gets a transverse momentum proportional to E x S
when scattered. Since in a ferromagnet there is an imbalance between S = 1/2 and
S = —1/2 spin population, this generates a finite transverse current giving a transverse
conductivity oy.

Another mechanism exits, the side-jump scattering. During such scattering events, elec-
trons experience a small lateral displacement whose direction is determined by their spin
orientation. At the macroscopic scale in a ferromagnet, this mechanism also results also
in a transverse voltage with a same signature than the intrinsic mechanism (independent
of the impurity scattering rate).

Besides being a powerful tool to electrically probe a ferromagnetic sample’'s magnetiza-
tion orientation, AHE conveys information on the sample’s material properties itself. For
instance, it can be used to detect a finite magnetization arising in a metallic layers depo-
sited on a ferromagnetic layer through magnetic proximity effect [Dang et al., 2020].
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In the next section, we turn to the description of the charge-to-spin conversion effects
which are at the heart of the spin-orbit torque phenomena.

3.3 . Charge to spin conversion : the spin Hall effect

The spin Hall effect (SHE) results in a transverse flow of electrons spins in a metallic sample
in response to an applied electric field. It arises from the bulk conducting states. SHE al-
lows to electrically create a spin flux which is of interest for many spintronics applications.
Notably, it can be used to inject a spin current in a neighbouring metallic layer.

Analog to AHE, SHE is due to the perturbation introduced by the SOC of the electronic
band structure itself (intrinsic) as well as/or the change of the electronic scattering intro-
duced by the SOC (extrinsic). It is hence especially large in metallic materials with large
SOC such as heavy metals Pt, W and Ta. However, contrarily to AHE, SHE arises in metals
without the occurrence of any electron spin-polarization in the longitudinal current and
thus does not lead to any transverse charge current.

To distinguish extrinsic and intrinsic contributions, SHE, it can be quantified with two pa-
rameters : an extrinsic skew-scattering angle ags (generally called spin-angle angle) plus
a contribution arising from an intrinsic SHE conductivity o%, to give the general for-
mula [Sagasta et al., 2016] :

it 2
—PSH = QSSPxz + UfS'TLI{Cpxx

Note that the SHC terms also may include the extrinsic side-jump component because the
latter is known to be independent on the electronic scattering time. Confounding extrinsic
and intrinsic contributions, SHE in a given material is often quantified through an effec-
tive spin Hall angle 0%, which relates the charge current density (along a longitudinal
direction) to the induced transverse (pure) spin-current :

js = HZ'HEJC

Js is expressed in charge units so that 0%, , = (ass + 05 pzs) is dimensionless. In
heavy metals, reported 6s g are typically of the order of 1 to 20 %, with significant varia-
tions between the different studies [Sinova et al., 2015].

Systems exhibiting SHE are also host to the inverse SHE (ISHE). It consists in the conversion
of an injected pure spin current into a transverse charge current 7. = 0rsgrJs (Or vice
versa for the SHE whereby J; and J. interchange in the latter expression). Note however
that the out-of-equilibrium injection of a spin-current into such metal from a neighboring
ferromagnet may induce a transverse charge current by current proximity effect. This will
be more largely emphasized further on in the section 6.4.2.
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Figure 3.2 - Representation of a) skew scattering and b) side jump mechanism on a po-
tential center. From [Niimi and Otani, 2015].

3.3.1. Intrinsic origin of SHE

As for the AHE, the intrinsic mechanism derives from a perfect crystal Hamiltonian in the
presence of SOC. With these ingredients, it is especially large in systems where SOC in-
duces a spin-dependent band splitting such that the Fermi level lies in between the resul-
ting bands.

This mechanism is similar to Karplus and Luttinger model for AHE and its relation to
band structure topology through the Berry connection and the Berry phase was esta-
blished by [Jungwirth et al., 2002]. The model was extended to non magnetic SHE systems
by [Murakami et al., 2003, Sinova et al., 2004].

Through Kubo formalism, the spin Hall effect amplitude can be evaluated for a variety of
materials. Especially, it has been reported that it is the dominant contribution in heavy
metal Pt [Guo et al., 2008]. Moreover, first principles calculations of the intrinsic SHE in 4d
and 5d transition metals predict opposite signs for Pt on one hand and W or Ta on the
other hand.

3.3.2. Extrinsic origin of SHE

The extrinsic processes for SHE are the different types of scattering events which yield
anisotropic outcomes under SOC. They are described via two families : skew scattering
and side jump scattering.

Skew scattering

Skew scattering occurs when the outcome of an electron scattering event is biased to-
ward one direction transverse to the incident flow, according to its spin orientation. It is
sketched figure 3.2 a). This anisotropic scattering can be obtained by including SOC in
a disorder potential [Sinova et al., 2015]. This scattering leads electrons of opposite spin
orientation to acquire opposite transverse velocities. Through skew scattering, a trans-
verse spin current thus arises.
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Figure 3.3 - @) Parabolic dispersion. b) Lift of degeneracy due to Rashba spin-orbit Hamil-
tonian term. ) Projection of the two different helical Rashba states onto the Fermi surface
and response of the projected spin or orbital polarization to an applied electric field or a
spin injection.

Side-jump scattering

Sketched figure 3.2 b), side jump scattering is a different type of process. SOC and disor-
der also lead to an anisotropic outcome. But during side jump, the out coming electronic
momentum is parallel to the incident wave vector. Still, the real space wave function is
shifted transversely to the electronic flow. For opposite spins, the shift is opposite.

Averaged over conducting electrons, this mechanism results in a transverse spin current
when an electric field is applied.

3.3.3 . Experimental measurements of SHE

The first experimental evidence of SHE was obtained by optical Kerr microscopy on
GaAs [Kato et al., 2004]. First successful transport experiments soon followed by non lo-
cal spin injection in Al [Valenzuela and Tinkham, 2006] and damping alteration measu-
red through ferromagnetic resonance in Pt|NiFe [Ando et al., 2008]. [Liu et al., 2012b] de-
monstrated that SHE induced spin current by f5—Ta is sufficient to drive magnetization
switching of an in plane magnetic layer.

3.4 . Spin charge conversion at interfaces : Rashba Edelstein effect

The Rashba-Edesltein effect (hereafter designed as REE) is another effect causing conver-
sion of a charge current into a spin flux. The specificity of REE is that it is an interfacial
effect. REE arises solely onto the interfacial electronic Rashba (or topological) state band
structure in response to an applied electric field.

At the interface between two different material layers, the vertical symmetry is broken.
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This allows for the existence of an effective vertical electric field E;,¢ between the two
layers due to the occurrence of an electrical dipole. For an interfacial Bloch state of
wave vector k, the Lorentz transformation of E;,¢ gives rise to an effective magnetic field
— (v X Ein¢) /c2. The Zeeman interaction between the electronic state spin and this effec-
tive magnetic field writes as a spin orbit term in the Hamiltonian according to :

Hp = —aré- (2 xk)

leading to the definition of the so-called Rashba Hamiltonian Hr with ap the Rashba
constant in unit of energy x length (eV.nm).

As a consequence of this Hamiltonian, for a given wave vector k, the spin degeneracy is lif-
ted according to the projection of the spin on the in plane direction orthogonal to k. Consi-
dering the electronic states at the Fermi level, this is manifested by the "spin-momentum
locking" or SML. This term designates the fact that spin and wave vector are orthogonal
for Fermi level states. Note that this explanation of the origin of Rashba splitting is sim-
plistic and an actual derivation can be performed more accurately through tight-binding
calculation techniques. Typically, spin-momentum locking also arises on the interfacial
states of topological insulators described by a single single helical state, unlike a Rashba
texture, emanating from the SOC Hamiltonian free of any kinetic interaction.

The application of an electric field along the & direction in such system, as represented
in figure 3.3, results in a certain population increase of the electron density with spin
pointing along —y together with a depletion of those pointing towards . This is the so-
called Rashba-Edelstein effect leading to charge-spin interconversion.

The inverse effect also emerges from equivalent band structures. If the spin population
pointing along one direction is injected, the Fermi contours are effectively shifted in the
direction transverse to the spins. This is spin to charge conversion through the inverse
Rashba-Edelstein effect (or IREE). IREE is usually quantified via a certain Rashba-Edelstein
length A\gpr [Sanchez et al., 2013] that compares the generated 2D current density confi-
ned in the 2D interface to the 3D spin-current density injected within the neighbouring
metal :

2D
AIREE = (%)

Regarding the REE efficiency (direct effect), it is sized by a scaling wave vector qrgr accor-
ding to qrer = (%ﬁﬁ) [Rojas-Sanchez and Fert, 2019].

We note that contrarily to ISHE, IREE does not induce a 3D charge flow but rather a 2D cur-
rent, confined near the interface. From a current perpendicular to plane, no vertical spin
current directly emerges from REE, i.e. from the linear response theory. Instead, REE ge-
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nerates a spin accumulation inside the interface, characterized by a population imbalance
of one spin direction. This accumulation may still couple to metallic neighbouring layers,
through diffusion processes, generating a subsequent spin-current whose amplitude is
scaled by a characteristic spin-relaxation time 7, ;.

IREE has been first measured in systems involving Bi and Ag interfacing. Spin momentum
locking was measured by angular resolved photoemission spectroscopy [Ast et al., 2007]
and IREE was measured in [Sanchez et al,, 2013, Sangiao et al., 2015]. Spin momentum
locking was also shown to arise inside 2D electron gases between oxides layers
[Lesne et al., 2016]. This system in particular presents the interest that the sign of the
spin charge conversion can be electrically tuned, paving the way to new device concepts
[Noél et al., 2020]. Regarding transition metals, spin REE has been shown to arise at the in-
terface with oxides, especially in CoFeB|MgO [Rousseau et al., 2021]. Studies even suggest
that spin momentum locking of interfacial states has a strong contribution to perpendi-
cular magnetic anisotropy (PMA) [Barnes et al., 2014]. Regarding topological insulators, Bi
alloys were exploited to achieve large REE charge-to-spin conversion and measure the
resulting torques on a magnetic layer [Khang et al., 2018, Mellnik et al., 2014].

3.5. Out-of-equilibrium orbital angular momentum generation

SHE, spin REE and reciprocals, have in common that they convert an applied electric cur-
rent into a spin current. However, recent calculations demonstrate that similar effects,
of the same geometry, lead to orbital angular momentum currents and accumulations
(polarization) rather than spin. It has been claimed that the advantage of such orbital ge-
neration over spin is that, since orbitals are directly coupled to the electric field, the orbital
response to a charge current is not expected to be proportional to SOC [Go et al., 2018].
It may thus give rise to larger responses. However, this result is still being questioned
[Valet et al., 2025].

Those effects are divided in two categories : orbital Hall effect (OHE) that induces an or-
bitally polarized current transverse to a charge current. It is the counterpart to SHE and
OREE which is interfacial and leads to orbital angular accumulation (polarization) when
an electric field is applied.

3.5.1. OREE : equilibrium orbital texture at interfaces

OREE shares the same geometry and electronic band structure as spin REE. Instead of
SML, electronic states onto the Fermi surface exhibit orbital momentum locking (OML).
This means that they bear an orbital angular momentum instead of spin, orthogonal to
the wave vector and in the plane (see figure 3.4). From this OML, an orbital accumula-
tion arises under an applied electric field through the same mechanism as REE described

figure 3.3 c).

The underlying mechanisms to the occurrence of OML are actually analogous to the ones
giving rise to REE but without the need to involve any SOC. It relies on the inversion sym-
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Figure 3.4 - Representation of the hybridization of conducting s orbitals with p, orbitals
due to inversion symmetry breaking and p, for a Bloch state of wave vector parallel to
Z. This results in an electronic state bearing angular momentum along . Over the Fermi
contour, this model yields OML.
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metry breaking characteristic of the interface. In [Go et al., 2017], the authors propose a
mechanism for materials involving s and p conduction bands, as schemed in figure 3.4. For
an electronic state propagating toward the z direction, the two s and p, orbitals couple.
Simultaneously, the inversion symmetry breaking allows now the hybridization of the two
s and p, orbitals, which is forbidden otherwise. The resulting orbital nature of the Bloch
state is mixed between s, p, and p, resulting in the occurrence of a certain orbital angular
momentum along the g direction. This is the OML. Same result can be obtained from this
model with s and d bands.

This demonstrate that OML may exist at equilibrium. Once this is verified, it follows from
linear response theory that a finite orbital angular momentum accumulation arises under
the application of an electric field.

3.5.2. OHE : out of equilibrium orbital current

OHE underlying physics is more difficult to catch and the actual microscopic mecha-
nisms are still ongoing debate. It is indeed in apparent contradiction with one result of
solid state physics : in crystals, orbital angular momentum is quenched due to symme-
tries [Mohn, 2006, Tinkham, 2003]. However, modelling the interband couplings allowed
when an electric field is applied leads to uncover a finite out of equilibrium orbital angular
momentum current [Go et al., 2018].

This effect arose interest because, unlike SHE, it has been predicted to be particularly large
in light metals which had not been investigated for SHE [Salemi and Oppeneer, 2022].
Yet, the experimental detection of orbital currents or accumulation is a challenge. On
the one hand, most of spintronics measurements techniques rely on the magnetization
response to an excitation (magnetization switching, oscillations...). But orbital angular mo-
mentum is usually negligible in transition metals ferromagnets (4.5 % in Fe and 3.4 % in
Co [Goering*, 2005]). As a consequence, without a strong SOC inside the ferromagnet,
the response to an orbital excitation is generally too low to measure. On the other hand,
when OREE and OHE are primary present and SOC is non zero, they actually cause their
spin counterparts, REE and SHE, through electronic states perturbation. In experiments,
it seems thus complicated to disentangle both effects separately.

3.6 . Spin-orbit torques (SOT)

SHE, REE and reciprocal effects, OHE and OREE all result in the generation of an out-of-
equilibrium angular momentum flows or out-of-equilibrium angular momentum accu-
mulations, for either the spin or orbital degree of freedom of the electrons. When a fer-
romagnetic material is involved, such angular momentum couples to the magnetization,
resulting in a torque being applied on the latter : the so-called spin-orbit torques (SOT).
This triggers magnetization dynamics, leading to, as for instance, controlled magnetiza-
tion oscillations or back-and-forth magnetization switching.

However, before evoking some aspects of SOT physics, we first address the case of the
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Figure 3.5 - a) Representation of the spin-transfer torque effect (STT). A flow of electrons
crosses a magnetic multilayer. In the first layer Fy it gets spin polarized along the magne-
tization direction. It then relaxes in Fq, exerting a torque on the magnetization as large as
its transverse component. Extracted from [Chappert et al., 2007] b) Representation of the
SOT geometry, in the case of a Rashba-like interfacial spin accumulation. €) SOT induced
by SHE-like spin current injection. Figures b) and c) are extracted from [Manchon et al., 2019].

spin-transfer torque (STT). STT is the phenomenon at the core of STT-MRAM writing ope-
ration actually at play in commercial devices.

3.6.1. Spin-transfer torque (STT)

In this geometry, a current is injected through a magnetic multilayer perpendicular to
the interfaces plane (refer to figure 3.5 a). The electron flow goes across the first magne-
tic layer before entering a second one, possibly by tunneling effects in magnetic tunnel
junction (MTJ) devices. The conduction electrons bearing this current get spin polarized
according to the majority spins inside the first layer. At this point, it is thus in the case of a
polarized current : both charge current and spin current are non zero. This current then
penetrates into the second layer. Inside, the electrons bearing majority spin orientation
of the first layer relax toward the majority spin direction of the second layer generating
a magnetic torque on the local magnetization by reaction process. This occurs via the
following mechanism, first predicted in Refs. [Slonczewski, 1996, Berger, 1996].

The spin current entering into a ferromagnetic layer is subject to the ferromagnet ex-
change field. Subsequently, electron spins precess around the magnetization direction m;
this is the Larmor precession. However, incident spin flow is the superposition of Bloch
states of different wave vectors k. All those wave vectors point toward the inside of the
ferromagnetic layer but can have any orientation within the corresponding half space. For
a given depth inside the ferromagnet, the precession of the spins of two electronic states
of different k is generally incoherent. Hence, on average, only the spin component parallel
to the magnetization remains after a few atomic planes [Stiles and Zangwill, 2002].

This means that the injected spin current component transverse to the magnetization va-
nishes. To satisfy conservation of angular momentum, this relaxation is accompanied by
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Figure 3.6 - a) SOT configuration for a bilayer consisting of a PMA ferromagnet. When
a current is applied, up and down magnetization states are symmetric with respect to a
mirror. For SOT induced switching to be deterministic, this symmetry can be broken by
b) applying an in plane field or ¢) by introducing an asymmetry in the bilayer fabrication.
Inspired from [Yu et al., 2014].

a torque on the second layer magnetization. This is STT. This torque corresponds to the
absorbed part of the injected spins transverse component. It is convenient to decompose
it into two different components. The damping-like component 7p;, &« 1 x (1 x o) is
the prominent term caused by spin transfer in the case of thick ferromagnetic layers. The
field-like torque 7r;, o< ™ X o is a correcting term interpreted as the exchange field in-
duced by incoming electrons [Zhang et al., 2002] or as the spin tilt that electrons undergo
when crossing an interface [Barnas et al., 2005]. Nevertheless, as described in the follo-
wing chapters, the field-like torque may become dominant over the damping-like torque
in the case of ultrathin ferromagnetic layers, at interfaces with oxides and, as one impor-
tant result of this thesis, at the interface with Al.

If the charge current is reversed (in sign), the sign of STT is also reversed. STT thus al-
lows for electrical control of a magnetization's direction. This property was quickly de-
monstrated experimentally after the first theoretical proposals : first for spin waves exci-
tation [Tsoi et al., 1998], and then then following studies reported switching of magnetic
multilayers from quasi-parallel magnetization state to the quasi-antiparallel configura-
tion [Albert et al., 2000, Grollier et al., 2001].

3.6.2. The SOT mechanism

The spin-orbit torque (SOT) differs from STT through its geometry. While STT spin-current
is parallel to the charge current, SOT spin current is transverse to it (figure 3.5). In SOT,
the spin current incoming into the ferromagnetic layer arises from a neighboring layer or
at the interface between these two. It is either the result of SHE or REE. Moreover, even
though OHE and OREE generate orbital angular momentum current or/and accumulation
instead of spin, they can still couple to the magnetization through SOC [Go and Lee, 2020,
Go et al., 2023].

As a result, four different effects lead to SOT although the orbital contributions have been
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overlooked for about two decades. Generally, it is likely that the observed SOT in a given
system is a combination of several of them. Disentangling the four contributions is howe-
ver not an easy task because assigned to the same symmetry signatures.

As STT, SOT can be used for spin wave excitation [Demidov et al., 2017] and magnetization
switching [Miron et al., 2011, Liu et al., 20123, Liu et al., 2012b, Baumgartner et al., 2017]. An
important consideration regarding SOT-driven magnetization switching of a perpendicu-
lar magnetic layer is that to be deterministic, it requires breaking of mirror symmetry as
displayed in figure 3.6.

3.6.3. Action of the two components of the torques on the SOT in PMA fer-
romagnets

In a macrospin model, the dynamics of the magnetization vector M obeys the Landau
Lifshitz-Gilbert (LLG) equation :

aM
dt

]\ZMX C%/IJrI‘DL (3.6)
with M, the magnetization/unit volume and where the first term to the right involves the
field like field torque (Bfy), the second term is the damping (or Gilbert) term with « the
damping parameter and the last term is the damping like torque (I' o). The magnetization
equilibrium of the magnetic layer is reached when the total torque equals zero. When the
damping like torque term is large due to the application of a current, the magnetization
tends to align in the sample plane, i. e. parallel to the injected spin direction. For a PMA
sample, it results in a certain indeterminacy of the out-of-plane magnetization when SOT
is relaxed, between up or down direction.

=7 (Beyp*Bpy) x M+

The application of an external in-plane magnetic field B, allows to lift this orientation
degeneracy by stabilizing the magnetization either in the up or down perpendicular di-
rection depending on the sign of B,. Consequently, the switching properties of PMA fer-
romagnetic material depends on both the current density injected and the value of the
in-plane field B, which seems mandatory for reliable switching operations. Moreover, the
value of the critical currents J. is dependent of both the Damping-like and field-like terms.
Some models have expressed J. as :

_ 2e Mgtp\/a
tohCpr/B (2 + af)y/ 2B} — B2

with (pr, the DL torque efficiency, S is the field like over damping like ratio, By, the effective
PMA anisotropy field [Taniguchi et al., 2015, Krizakova et al., 2022].

Je

3.7 .. Linear response theory in electronic transport

We present in this section the main results describing the linear response theory for a
future description of the Rashba-Edelstein response. Generally, one searches for the res-
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ponse function of a given operator O under a certain excitation described by an interac-
tion Hamiltonian H;,: = [ BF (t)d®rdt where Bis a quantum operator (e.g the velocity vy)
and F(t) is a classical source (e.g. the electric field E).

In the limit of the DC transport regime induced by E, the the response tensor y;; reads :

(501 = Xij Ej

Following the Kubo formula [Salemi et al., 2021] :

. dk S — Sy Oli(,nlvi,ln
Xig =te /Qk Q %z: ( Ty ) Wiy — 4771 37)

with €, the volume of the unit-cell of the reciprocal lattice, iwk i = exn — €k the dif-
ference between the two eigenvalues ey, at the k point, Ui,ln = (U1x|0j|Ynk) fun =
1/(el@en=er)/ksT 4 1) the Fermi-Dirac occupation and O}, = (¢nx|Oil¢x) and 7 the
intraband electron relaxation time for n = [ and responsible for the dissipative contri-
bution. The terms n # [ represent the intrinsic interband contribution whereas n = m
represents the intraband contribution (with wy,,; — 0) with a response scaling linearly
with the scattering relaxation time 7.

In the following chapters, we extensively use this formalism to predict with the orbital-
Rashba and torkance in the different structures investigated.

3.8. Conclusion

This first chapter has provided an overview of the fundamental concepts and phenomena
central to the study of spin-orbit interactions and their implications for electrical control
of magnetization. We covered the basics of spin and orbital degrees of freedom, explored
the details of spin-orbit coupling in crystalline structures, and examined magnetic aniso-
tropy and distinct transport properties. We then addressed charge to spin conversion
through SHE and spin REE. Out-of-equilibrium orbital dynamics in OHE or OREE unders-
core the open questions raised by spintronics recent development. The resulting spin-
orbit torques are powerful to control magnetic states at the nanoscale. Finally, the intro-
duction to linear response theory provided the main framework we will use throughout
this thesis to theoretically investigate electronic transport in these systems. In the next
chapter, we discuss more extensively Rashba-Edelstein effects, notably OREE which is at
the core of this thesis main results.
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4 - Emergence of the orbital Rashba phenomenon
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4.1. Introduction and motivations

The so-called orbital-Hall effect (OHE) and orbital Rashba effect (OREE) have been recently
considered as very promising efficient mechanisms to produce orbital currents allowing
enhancement of the magnetic torques, effect which could benefit to the SOT-MRAM tech-
nologies. Recent experimental findings have corroborated such novel potential introdu-
ced by the orbital degree of freedom provided by "light" materials in heterostructures
designed for enhanced torque devices. However, whereas OHE is a bulk effect which re-
quires a certain minimum thickness to be efficient, OREE appears as a pure interfacial
effect which can be more easily implemented in heterostructures consisting of ultrathin
layers. Moreover, the OREE appears without the need of any spin-orbit coupling which
opens new opportunities to light metals in the spintronic industry technology.

In this chapter, we first present a minimum tight-binding model able to describe the oc-
currence of the orbital moment locking texture and subsequent ORE before discussing
the first experimental realizations proving the occurrence of ORE.

4.2 . OREE derivation in a simple system

Orbital momentum locking (OML) can be derived within a tight-binding framework consi-
dering a s — p alloy in a two dimensional square lattice [Go et al., 2017] in the (z, §) plane.
Denotingn = pg, py, p- and s and |¢, r) the n—different Wannier functions centered
on a certain lattice vector R, we can conveniently choose the electronic states as :

1 -
[Pnk) = N Z kR |on.R)
R

constituting the Bloch wave functions basis satisfying the translation symmetry. The tight-
binding Hamiltonian in the reciprocal space is a 4 x 4 matrix :

: ) h(k)
Hlk) = ( SO )

where H,(k) is a diagonal Hamiltonian containing the energies of each of the three p
orbitals E,, (k), Ep, (k) and E,_(k), Hs(k) = E,(k), whereas h(k) and h'(k) are the off-
diagonal terms describing hopping between p and s orbitals. Because of the particular
symmetry of a 2D surface, h(k) can be written as:

h(k) = (iyspsin(kza), iyspsin(kya), Vi(k))T

with v, the hopping term between nearest neighbor s and the respective p,. or p, orbitals,
V. (k) the hopping between s and p,. V. (k) results from a potential gradient across the
plane of the two dimensional lattice.

To derive an effective orbital Rashba Hamiltonian, we consider k small and consider only
its first order (sin(k;a) ~ k;a) expression. We then treat h(k) as a perturbation to the

44



Hamiltonian of parameters k and V. (0). From the perturbation theory, the tight-binding
Hamiltonian eigenstates are respectively given by :

iYspkzQ

/ —
‘(ppz7k> - ’(pp17k> + Eg(o) _ Epz (O) ’(Ps,k>
B Yspkya
‘@;y,k> - ‘Sppy,k> + ES(O) — Epy(o) |3057k>
V..(0)
/ _ A S
‘(ppz,k> - ’(ppz,k> ES(O) o Epz (0) ’@S7k>
, iYspkza iYspkya V. (0
Psx) = Psk) T 57— [Pra k) T s |Pryk) T 7y |Pps k)
R o o () A R oX (o () L AR (- ()

From these eigenstates, one can compute an effective Hamiltonian : H.ys(k) :

. _ Hfff(k) 0
Heff(k) - < 0 Hsff(k) )

e

HY, , actually takes the form Hf, (k) = Hy(k) + Hor(k). Hor is an orbital Rashba Ha-

miltonian expressed by :

Hor(k) = O‘%t (zx k)

Assuming the three on-site energies be all equal for the p orbitals for a perfect cubic lattice,
E,,(0) = Ep,(0) = E,,,(0), aor can be expressed with the tight-binding parameters as :

1 1
QOR = G’Ysp‘/z(o) (Epzy (0) — E5(0) + Ep. (0) — ES(O)>

The orbital operator arises in the basis

00 O 0 0 ¢ 0 — 0
Ly=h| 0 0 —i |,Ly=nh 0 00 ),Ly=A| % 0 O
0 2 0 - 0 0 0 0 O

This tight binding model derived in a simple square lattice illustrates how an orbital Ra-
shba arises through inversion symmetry breaking acting onto the s — p hybridization.
[Petersen and Hedegdrd, 2000] proposes a similar approach considering sp type orbi-
tals whereas [Park et al., 2013] demonstrate from equivalent tight-binding formalism the
emergence of an orbital Rashba Hamiltonian in Co | Pt bilayers, requiring only d-type or-
bitals.

In the next section, we introduce some of the first experimental evidences of the occur-
rence of the orbital momentum locking and OREE phenomena in electronic band struc-
ture.
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4.3 . Evidences of OML and OREE
4.3.1. Cu|oxide interfaces
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Figure 4.1 - a) Orbital momentum locking at a Cu and O interface computed by DFT. b)
Resulting orbital angular momentum emerging at the Cu layer in contact with the oxygen.
Note that although spin accumulation is non zero, it is ten times lower. [Go et al., 2021]

One of the first system and interface investigated experimentally for its OREE property is
the interface of a Cu thin film with its oxide (Cu | CuOx), and more generally with an oxide
layer (Cu| Ox). Spin torque FMR experiments reported in 2016 showed an enhancement of
SOT with an optimized oxidization of a Cu layer deposited on top of NiFe [An et al., 2016].
This work was followed in 2018 by a study of [Gao et al., 2018] in which is demonstrate that
the origin of the SOT is purely interfacial, suggesting a Rashba like phenomenon arising
at the interface between the ferromagnet and the Cu oxide.

It is in 2021 that DFT was performed considering an interface between a Cu layer
and oxygen atoms [Go et al., 2021] (figure 4.1). Those first principles calculations lead
to the conclusion that the interface between Cu and an oxide is host to OREE. The
occurrence of OREE was later confirmed by so called OREE magnetoresistance in
NiFe|Cu|CuOx [Ding et al., 2022].

OREE magnetoresistance is an effect observed on an orbital Rashba system on the lon-
gitudinal conductivity. It is analogous to the SHE magnetoresistance [Chen et al., 2013,
Choi et al., 2017] having the same symmetry terms. These effects result from the addition
of the direct angular momentum generating effect and its inverse. In the case of OREE ma-
gnetoresistance, an applied electric field induced charge current would become orbitally
polarized through OREE. Polarized carriers scattering at the interface with a ferromagnetic
layer depends on the magnetization direction. This scattering in turns contributes to lon-
gitudinal charge current via IOREE (inverse orbital Rashba-Edelstein effect). This mecha-
nism is represented figure 4.2 a) and b). All in all, the longitudinal resistance depends on
the magnetization direction : hence OREE magnetoresistance. [Ding et al., 2022] reports
longitudinal resistance angular dependences consistent with this scenario. They are re-
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Figure 4.2 - Representation of the OREE magnetoresistance in the configuration a) where
the magnetization is orthogonal to the OREE induced orbital angular momentum and b)
where they are parallel. ¢) Dependence of the longitudinal resistance on the angle g of
the magnetization with the sample plane. 5 is defined as the magnetization angle with
the sample normal in the y, z plane. Extracted from [Ding et al., 2022].

produced figure figure 4.2 c).

In the studies reported above, the interface Cu|oxide is made of the boundary between
metallic Cu and naturally air oxidized Cu,0O. However, large SOT have been also shown
to arise at the interface between Cu and aluminium oxide [Kim et al., 2021]. In this study,
spin torque FMR was conducted on CoFe | Cu|Al;Og thin films as well as CoFe | Cu|BiyOs.

In the latter structures, it was found that the torque on the magnetization is due to spin
REE since Bi is an heavy atom inducing large SOC. In CoFe|Cu|Al;O3 however, no heavy
element is present and only OREE is expected to give rise to torques. The FMR measu-
rement show torques on the magnetic layer to be one order of magnitude larger with
Cu|Al;03 compared to Cu|Bi2O3 (figure 4.3). Moreover, the SOT in FM|Cu|Al;O3 are
shown to have a marked dependence on the ferromagnetic material, an orbital angu-
lar momentum SOT feature. This study illustrates the versatility of Cu as a platform for
OREE generation.

Those demonstrations of SOT generated from low atomic number materials raise the
question of to what extent it can be made more efficient by introducing heavy metals in
the multilayer. In [Ding et al., 2020], a Pt layer was inserted between air exposed Cu and
TmIG, a PMA insulating magnetic material. They observe a large increase of SOT in the
series of samples TmIG|Pt|Cu* compared to samples with only Pt deposited on TmIG
(figure 4.4 a) when Pt thickness is between 0.5 and 3 nm. They confront those data to a
model comprising two torque sources : SHE and OREE. From this model, they quantify
that such increase in SOT is mostly of OREE origin (figure 4.4 b).
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Figure 4.3 - a) Damping-like torque efficiencies # measured as a function of Cu thickness
in CoFe|Cu|Al;03 and CoFe|Cu|Bi;Os. b) Representation of orbital angular momentum
accumulation occuring at Cu | Al;O3 interface and its coupling to the magnetization inside
the ferromagnetic layer. Extracted from [Kim et al., 2021].

The author explain this effect by injection of an orbital angular momentum from Cu | CuOx
OREE into Pt, converted hereafter to spin through Pt large SOC. In other words, large spin-
orbit materials as heavy metals may act as orbital-spin converter. The subsequent spin
flow then exerts directly torques onto the magnetization. They confirm this result by OREE
magnetoresistance measurement where the signal is enhanced by a factor of 10 in the Pt
thickness range where the torques are observed to increase.
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Figure 4.4 - a) Damping-like torque efficiencies ¢£, as a function of Pt thickness in
TmIG | Pt|Cu* (series B, blue squares) and TmIG | Pt (series A, blue squares). b) Damping
like torque efficiency attributed to OREE by the authors in TmIG|Pt|Cu*. Extracted from
[Ding et al., 2020].

However, the picture of an out-of-equilibrium flux of orbital angular momentum flowing
from the OREE interface to the ferromagnetic layer is currently under debate. Yet, this
study demonstrates at least that Cu OREE and Pt SHE can be made to act constructively
together in exerting torques on a magnetization.

At Laboratoire Albert Fert, in the frame of Benjamin Bony thesis, the study
[Krishnia et al., 2024] compared the different systems comprising Cu OREE superimpo-
sed to spin generation and acting onto Co 3d transition metal. We reproduce figure 4.5 the
damping like torques measured in the different systems. In those figures, the damping-
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like effective field is plotted as a function of the current density in the Pt layer (or Cu* for
the sample without Pt). The steeper is the slope, the larger is the SOT.
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Figure 4.5 - a) and b) SOT measurements reported in [Krishnia et al., 2024]

In figure 4.5 a), Pt|Co|Cul|Al* is shown to have the largest torques compared to the
other samples. This confirms the existence of SOT induced by OREE at the Cu | AlOx inter-
face. Especially, this structure has larger torques than Pt|Co | Al* (Al* means Al fully natu-
rally oxidized), confirming that the interface Cu|AlOx plays a peculiar role. Pt|Co|Al* and
Pt|Co|Al|Pt exhibit similar SOT while Pt|Co|Cu|Pt has the lowest damping-like torque
of the samples measured [Krishnia et al., 2023]. Those three samples will be the object of
a more extensive discussion in this manuscript, chapter 6.

From the same study, figure 4.5 b) reports on the damping-like torque acquired in three
multilayers. Co|Cu* has the lowest torque compared to Co|Pt. This shows that interfa-
cial Cu|CuOx OREE induced torques in Co do not exceed those due to Pt SHE. Howe-
ver, the third samples Co|Pt|Cu* presents the largest torques, confirming that in this
system, OREE from Cu|CuOx and intermediate Pt SHE add up to have a maximal ef-
fect on the magnetization. More experimental SOT results on Cu|CuOx an be found
in [Bony et al., 2025].

We also conclude from those considerations that Pt| Co|Cu|Pt, where no interface is ex-
pected to host OREE, having the lowest SOT is also a manifestation of the absence of SOT
generation in bulk metallic Cu. The need for the interface with an oxide confirms the OREE
origin.

4.4 . A phenomena common to many spintronics materials?

Besides Cu and oxides interfaces, OREE has been shown to arise in other systems that are
at the foundations of latest findings in spintronics. Notably, [Go et al., 2017] demonstrated
theoretically BiAgs is not only a seminal platform for spin REE but is also host to a non zero
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OREE. They find a significant orbital momentum locking in the opposite direction to the
spin momentum locking.

Regarding oxides 2D electron gases, systems, [Kim et al., 2014] applies tight-binding
model to surface states of SrTiO3 and KTaOs oxide materials and finds a significant
OREE. Recently, OREE was also reported from spin pumping experiments in epitaxial
LaAlO3 | SrTiO3 oxide systems [El Hamdi et al., 2023]. This latter work notably demonstrate
from DFT calculations different response symmetry for spin REE and OREE. In epitaxial
films, it is thus possible to disentangle spin and orbital REE through angular dependence
of spin pumping.

Another crucial system for interfacial physics are the topological insulators. Their electro-
nic surface states have been extensively studied for hosting spin momentum locking. In
a work of 2012 probing those surface states via angular resolved photoemission spectro-
scopy with circularly polarized light, authors report orbital angular momentum locking at
the surface of BiySes, opposite to SML. They accompany this experimental results with
DFT calculation that confirm this conclusion [Park et al., 2012].

Finally, a theoretical work of 2011 suggests that OREE is actually more fundamental than
spin REE [Park et al., 2011]. The authors derive a model where the interfacial electric field
due to the inversion symmetry breaking induces a non zero orbital angular momentum
in the interfacial states. This yields orbital angular momentum locking causing OREE. In
turn, spin momentum locking emerges due to coupling with this texture rather than from
the effective Zeeman potential mentioned section 3.4.

4.5 . Conclusion

In this section, we have explored the different aspects of OREE physics. We proceeded
to a theoretical derivation of the orbital Rashba Hamiltonian in a simplified system, un-
der general assumptions. It illustrates the microscopic mechanism at play at the origin of
this effect as well as how general this effect may be to interfaces. We then reported va-
rious demonstration and calculations of OREE at Cu |oxide interfaces. This gives insights
into how this effect manifest and how it can be optimized through materials engineering.
We briefly extended this discussion to consider whether OREE is common across various
spintronics materials. OML and subsequent OREE are key concepts of this thesis since
one of the main result is the discovery of such effect at the interface between metallic
Co and Al In the next chapter, we describe the experimental method that we employ to
quantify SOT in magnetic thin films. Such measurements will allow us to precisely assess
the out of equilibrium spin and orbit properties of the samples investigated throughout
this thesis.
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5.1. Introduction

An accurate measurement of the two SOT components is mandatory for both fundamen-
tals and applied spintronic and orbitronic research. A fine knowledge of both components
dependence on materials and metallic structures parameters allows to draw conclusions
regarding their physical origin as well as investigate the potential of a given structure for
electric control of magnetization dynamics and optimize it. Several methods are available.

One of them is spin-transfer torque (STT) ferromagnetic resonance (FMR) or STT-
FMR [Liu et al., 2011]. Even though FMR has been extensively studied in spintronics, this
experiment is made difficult to employ because it requires radio-frequency circuits and
set-ups besides a cautious analysis to disentangle the different rectification effects.

Another technique is two measure SOT induced magnetization oscillations or magneti-
zation switching via optical Kerr effect [Fan et al., 2016, Tsai et al., 2018]. The drawback of
optical detection of the magnetization perturbation by SOT is the strong detection sensi-
tivity required and that, in PMA samples, it usually allows for only one component to be
accurately measured.

Measuring SOT can also be achieved by harnessing critical magnetization switching cur-
rents. However those critical currents depend on a variety of factors else than SOT. Espe-
cially, considering magnetization switching as that of a single magnetic domain requires
the fabrication of small magnetic elements (less than 100 nm typically) which involves de-
manding processes.

It can also be stressed that ongoing research on ultrafast picosecond pulses enables the
precise temporal resolution needed to directly observe the dynamics of SOT driven ma-
gnetization dynamics. By synchronizing these pulses with pump-probe techniques, re-
searchers can disentangle thermal and spin contributions to SOT, offering unpreceden-
ted insights into energy-efficient spintronics [Jhuria et al., 2020]. This approach however
requires ultrafast optics and simulation developments.

In this thesis, we will thus rely on harmonic Hall techniques [Pietal., 2010,
Hayashi et al., 2014, Garello et al., 2013] to investigate SOT. Those techniques involves
only electrical measurements, are relatively quick to operate and allow for a precise
disentanglement of the two SOT components with an appropriate model.

Throughout this chapter and manuscript we will not « and 6 the respective azimutal and
polar angles of the unit magnetization vector m with the Z direction corresponding to the
normal direction to the layers. In the same way, ar and 6 will correspond to the azimutal
and polar angles of the external applied magnetic field.
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Figure 5.1 - Definition of polar § and azimuthal ¢ angles that we use in this thesis. The
plane (x,y) is the sample plane.

5.2 . Quantifying SOT with Harmonic Hall measurements

5.2.1. Harmonic Hall measurements principle

The transverse resistance R,, of a magnetic sample arises from the combined effects
of Anomalous Hall Effect (AHE) and Planar Hall Effect (PHE). The amplitude of these ma-
gnetoresistances depend differently on the Euler angle, the respective azimuthal (¢) and
polar (#) angles of the magnetization vector m (vectors represented figure 5.1). When an
alternating electrical current is applied to the sample at a certain frequency or pulsation
w, the spin-orbit torque (SOT) becomes time dependent, leading to periodic variations in
6 and ¢ at the same frequency. As a consequence, V,,, also exhibits this time dependence,
written as :

Viy(t) = Ray(t) 1o sin(wt) (5.1)

If the applied current pulsation w is much smaller than magnetization dynamics (that are
typically in the GHz range), both angles 6 and ¢ oscillate mainly in-phase with the AC
current. This allows us to express them as: 6§ = 0y + Afsinwt and ¢ = pg + Apsinwt.
Assuming small variations of 6 and ¢, the transverse resistance can be approximated
to the first order as : R,,, = Ro(6o, o) + %AH sinwt + %—%Agp sin wt. Substituting this
expression into equation 5.1, we thus obtain :

Vay(t) = <Ro + %AH sin wt + %]ZOA@ sin wt) Iy sin(wt)

Thus,
Vay(t) = —Raw 1o + Rolo sin(wt) + Ray, 1o cos 2wt (5.2)
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Figure 5.2 - First harmonic resistance acquired respectively on OOP (a and b) and IP
(c and d) magnetized samples : a) out of plane hysteresis loop of a sample having PMA.
b) In plane hysteresis loop of the same sample. Experimental data in blue and fit with
Stoner-Wohlfarth model in orange. Parameters for the fit : Ragyp, H,iff and 6. c) out of
plane hysteresis loop of a sample having in-plane anisotropy. d) In plane rotation of the
field over 360°. The amplitude of the signal is Rpy .

The second harmonic resistance Ry, is given by :

1
Ro,, = <8R0 ORy

Hence, the second harmonic of V,,, is directly linked to the transverse resistance changes
due to magnetization oscillations. By expressing this dependence in terms of the SOT
effective fields, one can extract respectively the damping-like Hprand the field-like
Hpyr,components from transport measurements according to specific experimental confi-
guration.

5.2.2 . Parameters extracted from the first harmonic Hall signal
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The transverse resistance Ry in equation 5.2 stems from the superposition of AHE and
PHE within the sample. This relationship is expressed as :

Ry = RAHECOSH+RPHEsin295in2<p (5.4)

From this equation, we note that when a magnetic field, sufficiently strong to force
the magnetization direction (saturation regime), is applied in the sample plane, Ry =
Rppgsin2p. This allows for precise measurement of the PHE amplitude (figure 5.2 d).
Additionally, by applying a field perpendicular to the sample plane and sweeping it from
positive values to negative values yields a signal proportional to the Z component of the
magnetization through the AHE. If the maximum applied field is strong enough to satu-
rate the magnetization along 2, R,, spans from —Rapr to +Ragg. This measurement
provides an accurate value of the R4 g (figure 5.2 b-c).

The equilibrium values of 6 and ¢ are determined by minimizing the energy when a ma-
gnetic field B = puoH?PP is applied. The application of such a magnetic field introduces
a term —m - H?PP in the magnetization energy. Assuming no in plane axis anisotropy,
the azimuthal angles of the magnetization and of the applied field align, i.e., o = Ym.
Consequently, the energy term simplifies to —porn - H2PP = — g M HP cos (0 — 0).

In the samples investigated in this thesis, two additional energy terms must be consi-
dered. On one hand, the demagnetizing field of a thin film produces an energy cost of
AFE = %poMf cos? 0,,. This energy term tends to minimize the magnetic moment inside
the sample to reduce the magnetostatic energy cost. It tends to drive the magnetization in
the plane of the sample. On the other hand, our exhibit an interfacial anisotropy favoring

a magnetization out of the sample plane, contributing to the energy as: AE = tfﬁ sin? 6
The overall energy incorporating those different contributions is given by :
MH
E = —puoMsH?P cos (0 — 0) — o ——*— cos? 0 (5.5)

where the effective anisotropy field H;ff is defined in equation 3.5.

Given the magnetic parameters of the sample and the applied magnetic field, the angle ¢
can be determined through numerical minimization of the energy. However, experimen-
tally, the unknown variable is the effective anisotropy field H,‘jff. It can be determined
conversely from AHE by acquiring the first harmonic transverse resistance while swee-
ping the magnetic field or rotating it out of the sample plane and fitting that signal with
equation 5.4. In this procedure, 8 is known and 6 estimated by energy minimization with
H,fff as a free parameter.

Thus, the analysis of the first harmonic allows for the experimental and independent mea-
surement of Ragg, Rpyr and H,:’ff.
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5.2.3 . Second harmonic of Hall voltage

For the 24 harmonic component, following equation 5.3, it is necessary to differentiate
Ry and estimate the amplitudes of the magnetization oscillations A8 and Ayp. The first
step yields :

1
Ro, = D) [(—RAHE + 2Rppp cosfsin2p)sin A0 + 2Rpyp sin? 6 cos 2<pA<p] (5.6)

To compute A and Ay amplitudes, an effective field approach has been used. At equili-
brium, the angles § and ¢ align with an effective field H. s, which results from magnetic
anisotropy and applied magnetic field HPP = iB. To determine this effective field, we
have to derive a relationship expressing the change in the magnetization angles 46 and
dp as a function of a perturbation of the applied field H*?P(0y, ¢5r) by a small transverse
field §HY (polar) or §HY (azimuthal).

The change in 6 (resp. ¢) is only related to §HY (resp. §HY). Assuming these perturbation
fields are small compared to the applied field and the anisotropy effective field, we have :

SHY SHY
00 ~ tan d0 = QL and dp ~ tandp = SOL (5.7)
off Hyg

These relations define the two effective field components Hfff and H;"ff. Regarding the
polar angle ¢, assuming no in plane easy axis, the only field competing with a pertur-
bation field /Y is the in-plane component of the applied field, whose norm is H;” =
HPPsin 0. Consequently H, . = HPsin 0y giving:

SH?

op= —————
14 HopP gin O

For the azimuthal angle 6, the out-of-plane anisotropy must be considered. We use the
energy functional to derive §6. The equilibrium value of # minimizes the energy given by
equation 5.5. Therefore,

;Tlo% = —MsH"Pgin (0 — 0) +MSH£ff sinfcosf =0

Heff
H"P sin (§; — 6) = ’; sin 26 (5.8)

Differentiating this equation, we obtain :
H cos (0 — 0)(605 — 00) = H'' cos 26 56

leading to :

app _
56 = AP cos (0n 0}2 ; 50 (5.9)
Herp cos (0 — 0) + H' ' cos 20
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This formula relates §6 to §6. 06 is a small variation of the magnetization azimuthal angle
while §65 is a small change in the applied magnetic field polar angle. Such small change
00y in the applied field orientation is equivalent to apply a field orthogonal to H2PP of
amplitude §H®P+ = 50, HPP, The projection of this field on the azimuthal vector of
the magnetization yields dHy = H%Pt cos (0 — ) = HP cos (0 — 0)50y. Thus the
numerator of equation 5.9 is H, . We thus identify equation 5.9 to equation 5.7, and find :

HET = HP cos (05 — 0) + HE cos 26 (5.10)

In Cartesian coordinates, the SOT effective fields are expressed as follows :

—cosf 0
HDL = HDLﬁ’l X 3} = HDL 0 and HFL = HFL 1 (5.11)
sin 6 cos 0

Projecting SOT effective fields on azimuthal and polar vectors, we obtain :

HégOT:HFLSingDCOSG—HDLcoscp (5.12)

HZO" = Hpp cos g+ Hpp singp cos 0 (513)

Dividing those SOT effective fields by the equilibrium effective fields computed above, we
derive :

Hpyp si 60— H
Af — FL Sin g cos Dei;:os © (5.14)
HaP cos (0 — 0) + H, ' cos20
Hpp cosp + Hpy sinpcos 6
Ap = A
4 Havp'sin O (5:15)

5.2.4 . SOT measurement through in-plane angular dependence (IP)

To measure SOT, a possible experimental protocol involves rotating the applied magnetic
field within the plane of the sample, with its amplitude stronger than the anisotropy ef-
fective field. Under these conditions, the magnetization polar angle § aligns with the field,
such that 0 = 0y = 7. Applying equations 5.6, 5.14 and 5.15 results in :

H H
DL cos i + 2RPHE£ (2 cos® (p — cos go) (5.16)

Ry, = —_—
7
Herr — HY, Herp

1
- R

2 AHE
In the previous formula, the contributions of Hpy, and Hpp, are expressed as two ortho-
gonal trigonometric functions of . Hence, it is straightforward to separate them during a
full in-plane rotation measurement of Rs,,. By measuring these two components for dif-

ferent values of applied field H*’P and knowing the anisotropy field, one can accurately
estimate the two SOT effective fields Hpr, and Hpy,.
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Figure 5.3 - Representation of the different thermal effects leading to a transverse current
in a typical Co| Pt bilayer. (a) Nernst effect induced by an in plane thermal gradient, a com-
mon consequence of asymmetric electrical contacts. (b) Nernst effect arising from a ver-
tical thermal gradient. This thermal inhomogeneity typically results from higher conduc-
tivity in Pt than Co. (c) Spin-Seebeck effect occurring due to a vertical thermal gradient.

5.2.5. SOT measurement through magnetic field dependence (OOP)

Regarding samples with PMA, the in-plane rotation protocol requires the application of
very large magnetic fields. A more practical approach is to apply the field slightly off-axis
within the plane of the sample and sweep its amplitude from positive values (exceeding
the anisotropy) to negative values. When the field surpasses the anisotropy, the magneti-
zation aligns to it. Conversely, when it is zero, the magnetization becomes perpendicular
to the sample plane. The magnetization response to SOT is maximized when the applied
field amplitude is close to the effective anisotropy field where the magnetization has an
intermediate position. This approach is similar to that presented [Garello et al., 2013].

The magnetization response to this experimental protocol can be simulated with good
precision. By energy minimization, we determine the equilibrium position of the magne-
tization, which in turn gives the first harmonic transverse voltage. Calculating it with a
perturbing SOT field allows to estimate the second harmonic signal. Experimental mea-
surements are then fitted to this simulation on the whole field range to extract values for
SOT effective field. A fully analytical approach is proposed in [Hayashi et al., 2014].

5.2.6 . Thermal effects in harmonic Hall measurements

Injecting a high current density into metallic thin films and stacks results in Joule hea-
ting. In general, this heating is not homogeneous and temperature gradients may arise
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from cooler to warmer areas. Those thermal gradients in turn generate a flow of charge
carrier from the warmer regions to the coolers. Consequently, Joule heating causes addi-
tional spin and charge currents that may contribute to the transverse voltage through
anomalous Nernst effect (ANE), planar Nernst effect (PNE) and spin-Seebeck effect
(SSE) [Bauer et al., 2012].

Among the possible configurations, in-plane temperature gradients are expected to arise
due to asymmetries in the electrical contacts. This is typically a likely consequence of wire
bonding. Inside the Co layer, the ensuing charge current contributes to the transverse
voltage similarly to AHE (figure 5.3 (a)). This contribution is a component of the anomalous
Nernst effect.

Besides longitudinal gradients, vertical temperature gradients arise inevitably and are ex-
pected to be larger than in-plane counterparts. Indeed , there is a manifest discrepancy
between the heat dissipated to the substrate and the heat dissipated at the surface that
is in contact to air or vacuum. This discrepancy creates an out of plane temperature gra-
dient. Moreover, since each deposited metallic layer has a different conductivity, the cur-
rent densities differ from layer to layer. Since Joule heating scales with the current density
squared, this induces temperature gradients between the different layers.

In Co | Pt bilayer, this typically induces two additional transverse currents. One occurs in
Co due to Co SHE. This is the perpendicular ANE figure 5.3 (b). This component is not
expected to be significant in the studied samples of this thesis as Co thickness does not
exceed 2 nm. However, the same temperature gradient in Pt also adds to the transverse
voltage via Pt SHE. This is the spin-Seebeck effect (figure 5.3 (c)).

ANE and SSE lead to transverse charge currents in the form of :
Iyt = —arVT x (5.17)

with a a certain thermal prefactor. From this expression, we see that vertical thermal
gradients induce a transverse current proportional to the longitudinal component of the
magnetization m, while longitudinaal thermal inhomogeneity drives a current proportio-
nal to m.. In the open circuit conditions, those currents add to the trnasverse volatge V,,,
that we measure in harmonic Hall measurements.

Moreover, the thermal gradient VT is proportional to R,I?, the power dissipated by the
applied electrical current. Consequently, the current induced by VT obeys

IQ
Iyt x aRI(t)* a;o [1 — cos 2wt]

From this equation, It is evident that thermal effects affect both the offset and the second
harmonic component of the transverse voltage.

In harmonic Hall measurements, it is therefore crucial to account for these thermal ef-
fects and distinguish between the signature of the torques and that of thermal gradients.
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In the following sections, we explain how these considerations are addressed in our ex-
perimental protocols.

5.3 . Experimental procedure

5.3.1. Sample preparation and measurements

After deposition of the multilayers using magnetron sputtering, the samples are patter-
ned into 5 um wide Hall bars for electrical transport measurements. The patterning pro-
cess involves UV lithography and ion beam etching. Once patterned, the samples are
mounted onto a sample holder and wire bonded to its pads. They are then loaded into a
magnetotransport setup adapted for harmonic Hall measurements.

The two setups used during my thesis (figure 5.4) can generate a controlled and uniform
magnetic field across the sample area. One setup employs a standard electromagnet ca-
pable of producing 0.7 T magnetic field, while the other uses a superconducting coil spe-
cified for 9 T measurements. Both setup allow for sample rotation within the magnetic
field. The electromagnet setup can rotate the sample along one axis, either out of plane
orin plane, depending on the chosen sample holder head. The superconducting coil setup
features a "3D" head that can rotate along to orthogonal axes, enabling any orientation
of the sample within the magnetic field.

Electrical currents are applied to the samples using AC current sources of typically 19 Hz
frequency (choosing another frequency under 1kHz was not found to affect the measure),
and the transverse or longitudinal voltages are measured with the help of lock-in ampli-
fiers. These amplifiers not only reduce noise but also allow for the measurement of any
harmonic of the applied current frequency. Hence they are well suited for harmonic Hall
measurement techniques.

5.3.2 . Measuring torques in in-plane magnetized samples
Protocol description

For samples with in-plane magnetization, the most practical method to measure SOT is to
rotate an applied magnetic field within the sample plane (¢ = 90° and ¢ spans 0° to 360°
range). This approach requires relatively low field to saturate the magnetization. During a
full rotation of the sample, the first and second harmonic signals are given by the following
equations (from 5.4 and 5.16) :

Rw = RPHE sin 2g0 (5.18)
Ry =0©cosp + P (2 cos® ¢ — cos gp) (5.19)
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Figure 5.4 - Picture of the setups used for transport measurement. (a) 0.7 T transport
setup. The electromagnet, the cryostat tube containing the sample holder as well as the
electronics rack behind are visible. (b) System designed for up to 9T magnetic field. The
sample holder is plugged in the cryostat, allowing for 3D sample rotation.

where
1 H
0= RAHE% + I()OZVT
2 Heavr — H,
Hpp,
¢ = RPHEHapp

It is thus convenient to deduce from the first harmonic signal the origin of ¢ and Rpyg
and then extract both © and ® through a decomposition of the signal into orthogonal
trigonometric functions. Since the vertical magnetization component is constant in this
measurement m, = 0, thermal effects appear on the component proportional to cos ¢ as
they are proportional to the longitudinal magnetization m, [Avci et al., 2014].

Notably, the terms containing SOT depend on the applied field H%P whereas the thermal
effects term Ipa VT does not. This holds true as long as the applied magnetic field is
strong enough to saturate the magnetization parallel to it. In order to extract the spin-
orbit torques (SOT) using this technique, we therefore follow this sequence/protocol :
1. Estimate Rpp g from first harmonic transverse resistance with rotating in plan field
as large as possible (figure 5.5 (a)).
2. Rotate the field in sample plane for several magnetic field amplitudes stronger than
the anisotropy.
3. Extract © and ® for each applied field value (figure 5.5 (b)).
4. Plot © as a function of HGW’+H;H and @ as a function of .
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5. Extract Hpyr, and Hpy, as the slopes of the resulting lines (figure 5.5 (c)).

Uncertainty estimation

When we apply this protocol to a given sample, for each in plane magnetic field value, we
typically measure second harmonic signals at four different applied current amplitudes.
This gives four different values of © and ®. They are proportional to the current ampli-
tude. Each point figure 5.5 c) is thus the outcome of a linear fit of four measurements.
The actual values of the two SOT components are then calculated from another linear fit,
represented by the grey lines figure 5.5 c).

On the example figure 5.5, this process yields SOT estimates of :

* Hpr, =0.80 £0.01 Oe/mA

* Hpr, =5.03+0.05 Oe/mA
The uncertainties reported here are the outcome of scipy.optimize curve_fit procedure. It
propagates the uncertainties between the different fits. They are relatively very small, of
around 1 %.

However, there is another notable uncertainty source in our measurements as the sample
plane is not perfectly aligned to the field. Due to this misalignment, § # 90° and equation
5.19 is not exact. We assume this misalignment is less than 5°, which is already conside-
rable.

Figure 5.6, we represent the second harmonic signal calculated by our semi analytical mo-
del for an in plane field rotation having a 5° disorientation (dashed blue line). We assume
in plane magnetization (H,jff = —100 Oe), an applied field of 6000 Oe, an AHE resis-
tance of 1 ) and PHE of 0.5 . For SOT, we choose Hp;, = —Hpy, = 16 Oe. We then fit
this simulation as we would experimental values, with equation 5.19. The fit outcome is :
Hpp, = 15.77 Oe and Hpy, = 15.63 Oe. This is a relative error of less than 2.3 %.

To conclude, after combining these two uncertainty sources, it is safe to consider that this
SOT measurement protocol comes with less than 4 % relative uncertainty on each torque
component.

5.3.3 . Measuring torques in out-of-plane magnetized samples
Protocol description

Even though the same protocol can be applied to samples with PMA, it requires very large
magnetic fields to saturate the magnetization in the sample plane. Therefore, we have
chosen an alternative method to measure the two components of SOT in PMA samples :
sweeping the applied magnetic field from positive values stronger than the anisotropy to
negative values along two orthogonal axes within the sample plane (represented figure
5.7 b) and c)).

During this field sweep, equilibrium magnetization state results of a trade-off between
applied magnetic field and anisotropy. Magnetization almost aligns with the field H*PP
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Figure 5.5 - Electrical measurements performed to measure SOT in an in-plane geometry
forin-plane magnetized samples. The multilayer is Ta(s) | Pt(8)| Co(0.3) | CFB(1.1) | Al(3) | Pt(3)
(a) First harmonic of the transverse resistance when magnetic field is rotated in the plane.
(b) Second Harmonic signal and its decomposition according to equation 5.19. (c) Field like
and damping like torqued extracted from second harmonic measurements at different
applied magnetic fields. Each point in magnetic field results from a range of measure-
ments of applied current amplitudes between 5 and 10 mA peak. The amplitude of Ry,
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when it exceeds the anisotropy. As the field decreases below the anisotropy, the magne-
tization tilts increasingly out of the sample plane. When H?PP = 0, the magnetization is
perpendicular to the sample plane. As H2PP becomes negative, the magnetization tilts in
the opposite direction. It is convenient to set the field direction slightly out of the sample
plane, by 4° for instance. This causes the magnetization to switch when the applied field
becomes sufficiently strong in the opposite side of the sample. When the field is swept
to negative values, the magnetization undergoes the same cycle on the other side of the
sample.

By monitoring the magnetization position through AHE during this cycle as a function of
H?PP the effective anisotropy field value can be extracted via fitting (figure 5.7 a)). This
is achieved by fitting the experimental transverse resistance (proportional to the z com-
ponent of the magnetization) to numerical simulations.

The second harmonic signal is proportional to the SOT induced modulation of the magne-
tization around its equilibrium position. The signal is small when the field is either larger
or much smaller than the anisotropy, as the magnetization is dominated respectively by
the applied field or the anisotropy. However, when the applied field amplitude is close to
the effective anisotropy, the magnetization oscillations are then maximized.

The component of magnetization variations that drive the larger second harmonic si-
gnal is Af. As a consequence, when magnetic field is transverse to the applied current
(¢ = 90deg), the dominant term in the second harmonic voltage is due to field-like torque
component (figure 5.7 b)). Thus, R;”fj is even in magnetic field. However, when field and

current are parallel (¢ = 0deg)itis the damping-like torque, which is odd in magnetic field
(see figure 5.70).

Accounting for the thermal effects in this measurement protocol is not as straightfor-
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Figure 5.7 - Electrical measurements performed to measure SOT in an out of plane geo-
metry. a) First harmonic response of the transverse resistance when magnetic field is
scanned in the sample plane. b) Second harmonic signal with external magnetic field pa-
rallel to applied current. (Ta(s nm)|Pt(8 nm)|Co(0.9 nm)|Al(3 nm)|Pt(3 nm)) ¢) Second
harmonic signal with external magnetic field orthogonal to applied current.
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Figure 5.8 - Effective SOT fields (a) damping like and b) field like) extracted by fitting our
model to the measurements displayed figure 5.7 (Ta(s nm)|Pt(8 nm)|Co(o.9 nm)|Al(3
nm) | Pt(3 nm))

ward as in the in-plane case. Thermal effects indeed vary as the magnetization orientation
changes. According to equation 5.17, a transverse thermal induced current is the sum of a
term proportional to m, and a term proportional to m.. The latter is hence proportional
to the first harmonic R, signal (x m. Ragg). It can be removed by subtracting a term
—aR,, such that there is no "opening" in Ry, at HP = 0.

To extract the SOT from a given metallic structure according to this method, we actually
repeated the process described above for different applied currents (typically between 4
and 10 mA). We then extract an estimation of the effective SOT fields as the slope of the
straight formed by Hsor as a function of I, in Oe per applied mA (see figure 5.8).

Uncertainty estimation

To evaluate the uncertainty on the parameters extracted from the measurement descri-
bed above, we distinguish two types of uncertainties. Type A uncertainty is evaluated from
the measurements performed in the same conditions at different applied currents. For a
quantity x independent of the current estimated from a series of measurement z;,

Ua(z) =/ Var(z;)

For a quantity x linear in the current I, as the SOT effective fields, we assimilate this un-
certainty to the uncertainty on the slope of z(I) (figure 5.8).

Type B uncertainty on each parameter measurement is evaluated from the covariance
matrix returned by scipy.optimize curve_fit procedure. Each measurement at a certain
applied current outcomes an estimation x; and a type B uncertainty for it Up; (on figure
5.8, this is the error bar of each blue point).
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The overall uncertainty is evaluated as :

Ulz) = \/ Ua(z)?+ ) b, (5.20)

Here are the values that we find for the quantities extracted figures 5.7 and 5.8 :

| Quantity | Estimated value | Absolute uncertainty | Relative uncertainty |

H,‘:ff 17000 Oe 200 Oe 1.2%
6(DL) 85.1° 0.2° 2%
¢(DL) 1.8° 0.9° not relevant

Hpy, -3.3 Oe/mA 0.3 Oe/mA 9%
O(FL) 87.8° 0.1° <1%
¢(FL) 89.9° 0.5° not relevant

Hpy, -4.9 Oe/mA 0.3 Oe/mA 6%

To conclude, we can safely estimate that the uncertainty of our measurements of each
SOT component is of less than 10 %.

5.4 . Conclusion

In this chapter, we examine two essential methods for measuring and quantifying SOT,
both relying on harmonic Hall measurements principle. We detail how the transverse re-
sistance contains information regarding magnetoresistances and magnetic anisotropy.
We then derive to a certain extent the equations governing the second harmonic trans-
verse resistance of a magnetic layer subject to alternating current and subsequent SOT.
We present two protocols based on this derivation to measure SOT field like and damping
like components. One relies on the angular dependence of the signal while the second ex-
ploits the field amplitude dependence. We use these two protocols across this thesis to
accurately characterize the two SOT components of various magnetic multilayers of inter-
est.
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6.1. SOT involving 3d transition and light metals

6.1.1. SOT optimization in ultrathin PMA multilayers

The prospect of designing an efficient SOT magnetic random access memory (SOT-MRAM)
devices implies identifying a material combination that exhibits both optimized PMA for
data retention and large SOT for energy efficient writing. As both properties are signi-
ficantly enhanced by exploiting SOC at the interfaces of the free magnetic layer, most
advanced SOT-MRAM proposals include a SOT track constituted of a thin 5d heavy me-
tal layer such as 5-W, Ta or Pt [Garello et al., 2018, Yasin et al., 2024].. Another free layer
property to account for in designing MRAM is the magnetic damping but this will be not
investigated in this thesis.

There are two primary avenues for tuning SOT and PMA. The first is to optimize PMA
through the surface anisotropy that arises between a ferromagnetic material and a metal
oxide. This approach is already utilized in industrial processes with the CoFeB/MgO stack,
which demonstrates both good PMA and tunneling magnetoresistance (TMR), another
key property for MRAM. For a recent review, refer to [Dieny and Chshiev, 2017].

The second avenue focuses on engineering the SOT line of the device to leverage new
concepts and materials, aiming for improved writing energy efficiency. Among numerous
materials possibilities, topological insulators stand out for enabling notably large charge
to spin conversion as a SOT track. Moreover, 2D materials may allow to fabricate sharpest
interfaces, either being used as the tunneling barrier, ferromagnetic layers, or SOT track
[Dieny et al., 2020, Yang et al., 2022].

Regarding new physical concepts, orbital effects OREE and possibly OHE are gaining in-
creased interest. Yet, systems exhibiting strong orbital effects adding up to spin contri-
butions, such as observed recently in copper (Cu), tend to display in-plane magnetiza-
tion [Sala and Gambardella, 2022, Bose et al., 2023, Fukunaga et al., 2023, Kim et al., 2023,
Krishnia et al., 2024, Bony et al., 2025, Xu et al., 2025]. Hence, in order to fully harness the
potential of orbital effects in generating spin-orbit torque (SOT), it is essential to identify
multilayer structures combining these effects keeping however significant perpendicular
magnetic anisotropy (PMA) [Gupta et al., 2025].

In the following two sections, we explain why our attention was drawn to Al. At the in-
terface with a ferromagnet, its oxidized form Al2O3 has indeed previously been proven to
induce a strong PMA (section 6.1.2) and was recently identified as a source of Dzyaloshins-
kii-Moriya interaction (DMI), an interaction associated to SOC (section 6.3.2).

6.1.2. Co|AlOx for PMA

In spintronics, both Co and Al are already at the core of the discovery of a system made
of low-SOC materials (light elements) exhibits strong SOC related properties : Co|AlOx
interface. Back to 2002, Ref. [Monso et al., 2002] found that the magnetic anisotropy in
Pt| CoFe | AlOx samples becomes perpendicular for a certain oxidization degree of Al. This
result drew a lot of attention because of the large PMA observed.
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Figure 6.1 - a) Out of plane hysteresis loops measured by AHE in Pt(3 nm)|Co(0.6
nm)|Al(1.5 nm) for different exposition times to oxygen plasma [Rodmacq et al., 2003].
b) Representation of Bruno model explanation of interfacial PMA at Co | AlOx

Soon after this discovery, similar results were obtained in
Pt|Co|AlOx [Rodmacq et al., 2003] (figure 6.1 a)), as well as in Pt|Co|MOx struc-
tures where M is a varying light metal (Al, Mg, Ta, etc...), especially as described
in [Manchon et al., 2008]. The authors of these different studies found out that the PMA
could be optimized through the tuning of the oxidization degree of the capping metallic
layer. This indicated that the PMA was resulting from the oxygen atoms concentration at
the Co interface.

Further characterizations studies through X-ray absorption spectroscopy (XAS) and X-ray
photo-emission spectroscopy (XPS) exhibited the creation of Co-O bonds at the inter-
face [Manchon et al., 2008]. The authors correlate the maximum amplitude of PMA with
the most uniform oxidization at Co interface. These experimental conclusions suggest
that the interfacial PMA is thus originating from Co and O orbital bonding and hybri-
dization. It is emphasized in [Balan et al., 2024] where it is demonstrated through X-ray
photoelectron spectroscopy that gate voltage control of the PMA in Pt|Co|AlOx is to be
attributed to oxygen atom migration within the metallic layers.

Ab-initio calculations were able to reproduce those trends. Those calculations also find
out that this property is very robust : it can be observed varying both the transition metal
and the oxide. Among the different theoretical studies investigating the different aniso-
tropy terms reported in the review [Dieny and Chshiev, 2017], we only report one relevant
interpretation of the PMA catching the main physical ideas.

Based on a model coined by Patrick Bruno in the 9os [Bruno, 1993], hereafter quantitati-
vely confronted to DFT in later studies [Liang et al., 2014, Kanai et al., 2014], the PMA ari-
sing at transition metal oxides interface is a consequence of both SOC and hybridization
of p, oxygen orbitals with d,» 3d transition metal orbitals.

The mechanism is as follows : in the bulk of fcc transition metals (Co or Fe), the charge
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distribution is quasi-isotropic, meaning there is no preferred axis for the orbital magnetic
moment. Consequently, there is no specific uniaxial crystalline anisotropy. However, at
the interface with an oxide, the 3d,» orbitals of transition metal hybridize with the 2p, or-
bitals of oxygen. This outcomes in a depletion of 3d,» electron population. However, due
to spin-orbit coupling, the 3d,» also mix with 3d,. and 3d, . orbitals; 3d,. and 3d,. orbitals
occupations are reduced, as electrons preferentially occupy the 2p, orbital of oxygen. As a
result, the most occupied orbitals in the ferromagnet are the 3d,2_,» and 3d,,, orbitals lea-
ding to an out-of-plane orbital magnetic moment. In the presence of SOC, this causes the
out of plane magnetization orientation to minimize energy. Therefore, this redistribution
of electrons causes a PMA at the interface (figure 6.1 b).

6.2 . Growth and material characterization

The fabrication by sputtering and characterizations of ultrathin layers of Co, Pt and Al are
critical in the assessment of their physical properties. Notably, these ultrathin films are
particularly susceptible to interlayer atomic diffusion, which can significantly affect their
structural and magnetic properties at very small thicknesses. To ensure the high quality
and reliability of our samples, an extensive characterization is mandatory. In this regard,
we employed a range of advanced characterization techniques to thoroughly assess the
quality of our metallic layers. Growth was performed using Magnetron Sputtering and
charactrizations relied on X-Ray Reflectometry (XRR), X-Ray Photoelectron Spectroscopy
(XPS), Scanning Transmission Electron Microscopy (STEM), and Superconducting Quan-
tum Interference Device (SQUID) measurements. Each of these methods provides unique
insights into the structural, chemical, and magnetic properties of the films. Our compre-
hensive analysis consistently indicated the excellent quality of our samples, demonstra-
ting well-defined layers with minimal intermixing as well as large magnetic moments in
the ultrathin limit. In this section, we outline the methodologies and findings that unders-
core the integrity and potential of our ultrathin Pt, Co, Al and Cu films.

6.2.1. Magnetron sputtering

The different stacks were grown using Plassys MPgooS magnetron sputtering system at
Laboratoire Albert Fert. This technique is industry compatible due to its ability to achieve
excellent resolution for each layer's thickness over a large area, while also allowing for
relatively quick growth, low roughness and limited chemical interdiffusion.

Sputtering refers to the process where atoms are ejected from a material’s surface due
to collisions with energetic particles from a plasma. This phenomenon was first observed
by Sir William Grove in 1852 as a "dirt effect" during his experiments on electric discharge
in gaseous media. Advances in vacuum technology have since enabled the exploitation of
this effect to grow thin films on substrates. A significant technological improvement has
been the use of a magnetron. In a magnetron sputtering chamber, a plasma is generated
by applying an electrical voltage between the target and the vacuum chamber. To en-
hance the collision rate of plasma particles while maintaining low pressure, a magnetron
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Figure 6.3 - a) Summary of the different quantities available from an XRR mea-
surement, from [Yasaka, 2010]. b) XRR measurement (blue) and fit (red) performed
on a Pt8 nm)|Co(0.7 nm)|Al(1.4 nm)|Pt(3 nm) sample. Parameters of that fit
[Krishnia et al., 2023]

confines secondary electrons near the target.

At the Laboratoire Albert Fert, the magnetron plasma is generated from Ar atoms at a
pressure of 2.5 x 1072 mbar and a DC power of less than 100 W. The chamber can accom-
modate up to seven targets simultaneously, allowing multilayered samples to be grown
without air exposure. The substrate is positioned 75 mm away from the target, resulting in
thickness inhomogeneities of less than 2 % across a 2-inch wafer. All samples presented
in this thesis were grown at room temperature on Si|SiO, silicon substrates with ther-
mally oxidized surfaces of 250 nm thickness. | conducted myself the growth of most of
this thesis's samples.

6.2.2 . X-Ray Reflectivity (XRR)

X-Ray Reflectometry (XRR) is a non-destructive optical characterization technique for thin
films. It measures parameters such as layer thickness, density, surface roughness, and
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interface width. XRR is suitable for analyzing crystalline, polycrystalline, or amorphous
samples with a total thickness of less than one micrometer.

An XRR measurement involves shining X-rays onto the sample’s surface at varying inci-
dence angles § and measuring the specular reflection intensity at angle 71— 6. The resulting
spectrum is expressed as a function of 26, the angle between the X-ray source and the de-
tector. Since X-ray refractive index of silicon is slightly smaller than 1, the light undergoes
total reflection below a certain angle 6¢ (typically less than 1°, related to material density).
Above this angle, the X-rays penetrate in the thin films and the intensity of the reflected
beam decreases sharply. For SiO4, no total reflection occurs (refractive index greater than

1).

As illustrated figure 6.3 a, the reflected beam results from the interference of rays reflec-
ted at the sample’s different interfaces. As a consequence, varying 6 produces oscillations
patterns in the intensity, known as the Kiessig fringes. The period of these oscillations is
inversely proportional to the thickness of each layer. Additionally, the decay of the total si-
gnal as well as the decrease of oscillations period with increasing 6 are due to the various
interfaces roughness [Yasaka, 2010].

The resulting XRR measurement is thus a complex signal which can be fitted
to theoretical functions that account for the information contained in the re-
flectivity. Figure 6.3 b shows the XRR measurement of on one of our samples
(Pt(8 nm)|Co(o.7 nm)|Al(1.4 nm)|Pt(3 nm)). The fit, obtained using dedicated software,
extracts as parameters the thicknesses of the sample’s different layers, and finds values
slightly thinner than the nominal ones. We consider this differences to be reasonable
since they are of less than 10 %.

Furthermore, this procedure reveals a typical roughness of about 0.37 nm at Pt|Co in-
terface and 0.56 nm at Co| Al interface. Given the roughness of 0.49 nm at the substrate
interface SiO- | Ta, the roughness of the sputtering grown layers remains reasonable. XRR
measurement of that sample has been performed by Sachin Krishnia.

6.2.3 . X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is a powerful technique used to determine the
chemical nature of elements in a sample as well as their bonding states. This method
relies on the photoelectric effect, where an incoming radiation causes electrons to be
emitted from the sample. During an XPS measurement, the energy of the incident photons
is known, and the emitted electrons flux is measured as a function of their kinetic energy.
This allows for the calculation of the binding energy Ejy;y,qing using the following equation

Ebinding = Ephoton — Ekinetic (61)
The binding energy represents the energy required to remove the electron from its elec-

tronic environment within the material. By analysing the spectrum, which exhibits peaks
at the binding energies of the system'’s electrons, one can accurately identify the present
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Figure 6.4 - a) XPS measurement carried out on our sample
of Pt(8 nm)| Co(o.7 nm)|Al(1.4 nm)|Pt(3 nm) in red and
Pt(8 nm)|Co(0o.7 nm)|Al(1.4 nm)|Pt(2 nm), with thinner Pt capping, in black,
from [Krishnia et al., 2023]. b) XPS spectra of Pt(8 nm)|Co(0.9 nm)|Al* with Al* thi-
cknesses of 0.3, 0.6 and 0.7 nm near Co 2p binding energy, on our samples. Reference
spectrum for 60 nm Co is shown in red. [Krishnia et al., 2025]

elements as well as their chemical bonds. However, a limitation of XPS is its surface sensi-
tivity; electrons emitted from depths larger than nanometers are likely to scatter before
reaching the surface and therefore are not collected by the detector.

Still, since our samples are in total a few nanometers thick, XPS is relevant for characteri-
zing the oxidization state of the different buried layers. For instance, we have conducted
a study to determine the thickness of Pt capping layer necessary to fully prevent the oxi-
dization of Al. We measure the photoemission spectra around the Al 2s binding energy
(around 118 eV) in samples Pt(8 nm)| Co(0.9 nm)|Al(1.4 nm) | Pt(tp;), as shown in figure 6.4
a. For the sample with tp; = 2 nm, the XPS peak could be fitted as a superposition of the
Al 2s peak and Al 2s peak shifted due to Al-O bonding. However, when tp; = 3 nm, only
the Al 2s peak is present. From these results, we have concluded that a 3 nm Pt capping is
sufficient to maintain the Al layer fully metallic, preventing its oxidization. Consequently,
this is the Pt thickness that we have used for the capping layer in all our samples.

We have also used XPS to determine the oxidization degree of Co in
Pt(8 nm)|Co(o.9 nm)|Al*(t 4;,), where Al* represents Al exposed to air. As we repro-
duce figure 6.4 b), with 0.7 nm deposited Al*, the XPS spectrum around Co 2p binding
energy matches very well that of 60 nm Co reference sample. However, with ¢ 4;, = 0.3 nm
(topmost plot), the XPS spectrum around Co 2p binding energy significantly deviates
from the reference. This indicates Co oxidization. Notably, we observe a additional peak
at 781.9 eV, that we attribute to CoO 2p3/, electronic orbital. We interpret those results
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Figure 6.5 - @) HAADF image of a Pt(8 nm)|Co(0o.7 nm)|Al(1.4 nm)|Pt(3 nm) and b) EDX
elemental map of the same sample.
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Figure 6.6 - a) HAADF image of Pt(8 nm)|Co(0.9 nm)|Al*(0.7 nm) sample. b) EDX ele-
ment map of Pt (light gray), Co (blue), Al (green) and O (red) spatial distribution. ¢) Depth-
profile of Pt, Al, Co and O atomic fractions integrated along the thickness. Adapted from
Ref. [Krishnia et al., 2025].

as 0.7 nm of deposited t 4;, to be enough to prevent any oxidization of Co. Besides, we
measured the spectrum for t 4;, = 0.6 nm and noticed it exhibits a small peak at 781.9 eV.
Hence, we conclude that 0.7 nm is the minimum Al thickness needed to maintain fully
unoxidized metallic Co in samples free of any Pt capping.

6.2.4 . Scanning transmission electron microscopy

Scanning Transmission Electron Microscopy (STEM) is an imaging technique that offers
very fine spatial resolution. The principle is to focus an electron beam, typically less than
1 A'in size, onto the sample [Crewe and Wall, 1970, Muller, 2009]. From the interaction of
this beam with the sample, various signals can be collected and analysed, providing struc-
tural and chemical information at the atomic scale.

The interaction between the electron beam and the sample generates characteristic X-
Rays [Goldstein et al., 2017] among other emitted radiations. Specifically, an electron from
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the beam can eject an inner orbital (in K or L shell) electron from a sample atom, leaving it
in an excited ionic state. One possible relaxation mechanism involves an outer shell elec-
tron transitioning to the inner orbital, emitting a photon with a precisely defined energy.

The X-rays emitted during a STEM experiment can be collected through Energy Dispersive
X-ray spectroscopy (EDX) which measures the X-ray occurrence as a function of the pho-
ton's energy. This results in a spectrum with sharp peaks corresponding to the available
energy transitions of the present atoms. From such a spectrum, the chemical nature of
the atomic species present under the beam’s spot can be accurately determined.

For even higher spatial resolution, High Angle Annular Dark Field (HAADF) imaging can
be employed. This technique relies on collecting electrons from the incoming beam that
have scattered on the nuclei of the sample’s atoms [Otten, 1991]. These electrons are
transmitted through the samples at wide angles, depending on the atomic number of the
sample’s atom. Measuring these electrons produces an image of the sample with sharp
contrast between the different chemical species, although it provides less information
about each element than EDX. Therefore the two techniques complement each other.

These experiments were conducted on our Pt|Co |Al|Pt ultrathin multilayers at the For-
schungszentrum Julich Ernst Ruska-Centre for Microscopy and Spectroscopy with Elec-
trons, in collaboration with T. Denneulin. In figure 6.5 a), the sharp contrast between Pt,
Al and Co layers is clearly visible. Additionally, figure 6.5 b), shows the elemental distribu-
tion obtained from EDX. We can clearly observe well separated Pt, Co and Al layers at the
scale of the colorbar window. This indicates minimal intermixing between the layers and
no oxidization of Al or Co.

In order to further assess the quality of our multilayers, we have also performed these
characterisations on Pt(8 nm)|Co(0.9 nm)|Al*(0.7 nm) samples without Pt capping (fi-
gure 6.6). Here, Al is oxidized, in contrast with samples exhibited figure 6.5. On the HAADF
image figure 6.6 a), we identify Pt and Co polycristalline nature and evaluate the typical
grain size to be around 4 nm. The interfaces between the layers are still very sharp, indica-
ting that intermixing is low. Pt atomic planes are even visible to be parallel to the surface,
revealing the (111) orientation of Pt. The different elements distribution probed by EDX are
displayed 6.6 b-c). The Co and AlOx layers are clearly distinct and the interface between
the two is sharply marked.

6.3 . Magnetic properties of Pt|Co|Al* and Pt|Co|Al structures

Besides those detailed structural characterizations, measurements of the samples ma-
gnetic properties as well as ab initio caluclations were conducted. Saturation magneti-
zation M was measured using Superconducting Quantum Interference Device (SQUID)
which enables to quantify the total magnetic moment of a sample. To gain further in-
sights on the nature of magnetism, these measurements of the total magnetization have
been complemented by X-Ray Magnetic Circular Dichroism (XMCD). This latter technique
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Figure 6.7 - @) Spontaneous magnetization measured by SQUID in

Pt(8 nm)|Co(0.9 nm)|Al*(ta1.) samples. b) Spin magnetic moment (in red) and or-
bital moment (in blue) per atom deduced from XMCD measurements on the same
samples. c) Ab initio profile of the magnetic moments expected at the fully oxidized
interface between a Co layer and an Al layer. d) Same estimation via DFT for a fully
metallic interface. Adapted from Ref. [Krishnia et al., 2025].
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consists in measuring the difference in the sample absorption spectra for two X-Ray
beams having opposite circular polarization. Through the "sum-rules" applied to the ab-
sorption rate at the L, 3 edges, information can be deduced on the spin and orbital mo-
ments born per atoms of the magnetic sample. XMCD was performed at the DEIMOS line
of the synchrotron SOLEIL in collaboration with Philippe Ohresser and Nicolas Jaouen.

The outcome of SQUID and XMCD combined investigations led on Pt|Co|Al* are shown
figure 6.7 a-b). They are represented as a function of the air exposed Al* layer thickness.
We show through XPS section 6.2.3 that as this thickness increase, the oxidization degree
of the Co|Al interface decreases from full oxidization below ¢ 4;, = 0.7 nm to full metallic
character.

We observe a monotonous decrease in both M, and magnetic moment per atom when
the Al* layer is grown thicker. Figure 6.7 a), the M, decreases from 1.4 to 0.8 MA/m bet-
ween 0.7 nm Al* (oxidized Co | Al* interface) and 3 nm Al* (metallic Co | Al* interface). This
isa70 % decrease. Figure 6.7 b), spin magnetic moment per atom (red dots) drops from 1.9
15 to 0.9 up while the orbital moment (blue circles) declines from 0.25 i to 0.12 . This
is a reduction of a factor of two for those two quantities, larger than the M reduction
amplitude. We note that the proportion of orbital moment over spin moment remains
roughly constant. The dotted horizontal lines figure 6.7 b) represent the magnetic mo-
ments, both spin (red) and orbital (blue) per atom of bulk Co.

From DFT calculations, this trend is reproduced as the oxidization degree of Co|Al in-
terface is set from 100 % to 0 %. Calculations exhibit a competition between two effects
occurring together and causing this magnetization weakening.

Most significantly, at oxidized Co | Al interface, interfacial Co spin magnetic moment is ri-
sen by 15 % (blue circles figure 6.7 €) and oxygen atoms acquire a magnetic moment,
around 0.1 up (red circles figure 6.7 c)). On the contrary, when the interface is fully metal-
lic, interfacial Co is predicted to lose magnetic moment (blue circle figure 6.7 d)) and no
moment arises in Al. This predicts a diminution of moment per atom as well as M when
increasing Al* thickness.

In opposition to this effect, metallic Al is expected to exert a positive strain on the Co
layer. This positive strain is found from DFT calculations to induce a small increase of
the magnetic moment born by Co. However, when transitioning from oxidized Co|Al*
interface to the metallic case, this increase of magnetic moment is negligible compared
to the increase predicted above [Krishnia et al., 2025]. Thus, ab initio calculations explain
qualitatively the experimental trend.

Besides this Al* thickness dependence of the magnetic properties, we also conduct
M, characterization, via room temperature SQUID, of samples with Pt capping and
thus fully metallic Al. The resulting M, values are reported as a function of the
Co thickness figure 6.8. We consider two series of samples : one with 1.4 nm
Al : Ta(5 nm)|Pt(8)|Co(tc,)|AL(1.4)|Pt(3) (fuchsia circles) and one with 3 nm Al :
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Figure 6.8 - Saturation magnetization measured by SQUID on two se-

ries of samples : Ta(5nm)|Pt(8)|Co(tco)|Al(1.4)|Pt(3) (fuchsia circles) and
Ta(5)|Pt(8)|Co(tco)|AL(3)|Pt(3) (blue disks).

Ta(5 nm)|Pt(8)|Co(tco)|Al(1.4)|Pt(3) (blue dots).

The two series were measured to have M, around 1.1 MA/m. Regarding the samples with
1.4 nm Al, we note a small increase in the M, values from 0.95 MA/m for 0.5 nm Co to
1.1 MA/m for 1.4 nm Co. The samples with 3 nm Al have M, values nearly independent
on Co thickness. They are a little larger than that of 1.4 nm Al series and lie between 1.1
and 1.2 MA/m. We attribute the difference between the two series by the exalted strain
exerted on the Co layer by 3 nm Al compared to 1.4 nm Al. This is consistent with the DFT
calculations predicting an enhanced M for a larger strain.

Together, XRR, XPS, XMCD, HAADF, EDX and SQUID demonstrate the high quality of the
films we have grown with magnetron sputtering. The interfaces are very flat and each
layer is well defined, with low intermixing. Moreover, the magnetic properties of Co are
consistent with DFT calculations for layers as thin as less than 1 nm.

6.3.1. PMA property

The PMA properties have been investigated in all characterized samples using first harmo-
nic hysteresis loops of Hall resistance. As discussed in the section 6.1.2, PMA is expected
to be maximal in samples with optimized Co|Al oxidization, where Co-O bonds are uni-
formly formed without in depth Co oxidization. From our XPS analysis, we have identified
this condition to be reached for the Pt|Co|Al*(0.7 nm) sample (refer to section 6.2.3).

However, our study reveal a strikingly more complex behavior. The red dots figure 6.9 a)
show that the measured magnetic anisotropy of Co in Pt|Co|Al* decreases when Al* is
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Figure 6.9 - a) Magnetic anisotropy effective fields measured in three series of
sample. One reference series of Pt(8 nm)|Co(0.9 nm)|Cu(tc,)|Pt(3 nm); a series of
Pt(8 nm)| Co(o.9 nm)|Al(t 4;) | Pt(3 nm) where Co | Al is metallic in all samples; and one se-
ries Pt(8 nm)|Co(0.9 nm)|Al*(¢ 4;.) where oxidization of the interface varies with Al* thi-
ckness. Extracted from Ref. [Krishnia et al., 2025]. b) Magnetic anisotropy effective fields in
series where the Co layer thickness varies. Both series have Pt capping and they differ by
the Al layer thickness.

grown thicker than 0.7 nm down to losing PMA for Al* thicker than 1 nm. Yet, in samples
with ta, > 1.4nm, the anisotropy undergoes another sign change. The samples with
tal > 1.4nm possess strong PMA, stronger than Pt|Co|Al*(0.7 nm), despite their pure
metallic Co| Al interface.

The evolution of anisotropy in this sample series can be compared to those capped with
3 nm Pt, preventing any oxidization of Al as described earlier. When the Al thickness is
varied, Al remains metallic, and the anisotropy corresponds to out of plane magnetiza-
tion without exhibiting any sign change (black triangles on figure 6.9 a). Compared to
the reference sample without Al (Pt(8 nm)|Co(0.9 nm)|Pt(3 nm)), whose anisotropy is
HE = 0.75 T, the effective anisotropy field increases with the addition of Al, reaching a
maximum of 1.72 T at t5; = 3nm. It is remarkable that the metallic Al induced anisotropy
surpasses that induced by Pt or AlIOx.

For Al layers thicker than 2 nm, the effective anisotropy of Pt capped and uncapped
samples perfectly overlap. This indicates that the mechanism leading to the second PMA
sign change in the Pt| Co|Al* series does not involve oxygen orbitals and that metallic Al
grown on Co plays a particular role.

Additionally, we compare figure 6.9 a) the anisotropy arising from Co|Al interface with
samples without Al : Pt| Co|Cu|Pt, represented by blue squares. While increasing Cu thi-
ckness, the anisotropy remains stable and roughly equal to reference sample Pt| Co | Pt. In
contrast, it increases by roughly a factor 2 when t 4; is raised. We confirm from that com-

83



parison that the anisotropy strength in Al samples can not be explained by sole Pt|Co
interface, which is common to the two series, and highlight the crucial role played by Al
atoms in this system while Cu remains neutral regarding PMA.

In figure 6.9 b), the effective anisotropy fields are plotted as a function of the inverse of
Co thickness. For Co thicknesses comprised between 0.9 nm and 2.5 nm (1.1nm~! and 0.4
nm~1), it exhibits a linear relationship of the form ¢;!. That is consistent with the model
distinguishing bulk anisotropy, demagnetizing field and surface anisotropy (equation 3.5):
1 K*

Ko MstCo

H = (HY — M) + (6.2)
Fitting a straight line to these experimental data, we find that the slope of the series with
1.4 nm of Al is of 2.3 T.nm, a fifth lower than that of samples with 3 nm Al (3.0 T.nm). This
confirms that the maximum in anisotropy as a function of Al thickness for t4; = 3 nm
figure 6.9 a) stems from surface anisotropy. We note that samples with Co thinner than
0.8 nm do not fit with the same straight line. Still, their anisotropy is also linear in taé.

In conclusion, our measurements of PMA varying the thicknesses of different layers in
our samples demonstrate that the coupling between Co and Al generates an additional
magnetic surface anisotropy. This anisotropy can not arise from the same mechanism
than previously proposed for Co | AIOx. It involves neither oxygen nor strong SOC material.

6.3.2. DMI in Co|AlOx
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Figure 6.10 - a) Scheme of DMI at a ferromagnetic and heavy metal interface. Anti-
symmetric exchange is mediated by the heavy metal SOC [Kuepferling et al., 2023]. b)
Values of DMI reported in [Krishnia et al., 2025] in Pt|Co(0.9 nm)|Al* (red dots). The
blue square is Pt|Co(0.9 nm)|Al;O3 from Ref. [Belmeguenai et al., 2015] and the star is
Pt|Co(1.0 nm)|Al(1.4 nm)|Pt(3 nm), where Al is purely metallic, from [Ajejas et al., 2022]
corrected for ferromagnetic thickness.

Apart from the PMA properties previously described, the interfacial Dzyaloshinskii-Moriya
Interaction (i-DMI) is also at the forefront of actual nanomagnetism research. Also known

84



as antisymmetric exchange, the DMI between two spins is represented in the following
Hamiltonian :
Hpmr =Di; - (Si X Sj) (6.3)

To be non-zero, this interaction requires inversion symmetry breaking in the presence of
SOC and is hence expected to arise at the interfaces of ferromagnetic layers and heavy
metals [Fert, 1990]. DMI is anticipated to play a crucial role in the development of spin-
tronic technologies since it determines a chirality in the spin texture. This chirality has
been shown to stabilize topological spin textures such as skyrmions [Fert et al., 2013], en-
able fast domain wall motion [Thiaville et al., 2012] and play a role in magnetization swit-
ching [Baumgartner et al., 2017].

In addition to PMA, DMI has been measured to be particularly strong in Pt| Co|AlOx sys-
tems, with values of D close to 2 p)J/m [Belmeguenai et al., 2015, Kuepferling et al., 2023].
However, studies involving the Co | AlOx interface have reported a broad range of different
values, from 0.5 to 2.5 pJ/m [Kim et al., 2017, Lo Conte et al., 2017]. Therefore, our system
provides an excellent platform for investigating DMI as a function of the oxidization de-
gree of Co|Al interface.

The i-DMI has been evaluated in our samples by Brillouin light scattering (BLS) (collabo-
ration with A. Thiaville, LPS, Orsay). It was measured in Pt|Co | AI* samples, where Al* is a
layer of aluminium exposed to air of varying thicknesses, as shown figure 6.10 b). We show
that sample Pt| Co(0.9 nm)|Al*(0.7 nm) has a strong effective DMI greater than 2 mJ/m?2.
DMI then decreases as Al* thickness is increased from 0.7 nm to 2 nm where it reaches a
saturation value of 0.8 m)/m? (refer to figure 6.10 b) [Krishnia et al., 2025]. The i-DMI mea-
sured in our samples closely match measurements from previous studies in the oxidized
regime (blue square figure 6.10 b, [Belmeguenai et al., 2015]) and metallic regime (black
star, [Ajejas et al., 2022]).

This DMI reduction as the interfacial oxidization decreases is predicted from DFT calcu-
lations performed by our collaborators from SPINTEC (L., Vojacek, M. Chshiev). The cal-
culations show that as the oxygen content of the interface is increased, a charge transfer
operates from Co atoms to O. This induces interfacial charge dipole. Such dipole is respon-
sible for an i-DMI which adds up to that emerging at bottom Pt|Co interface. This occurs
through the Rashba type i-DMI mechanism [Belabbes et al., 2016, Yang et al., 2018]. More
details on this experiment and calculations can be found in [Krishnia et al., 2025].
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6.4 . Transport properties (AHE) of SOT layers

In this section, we describe in details the anomalous Hall effect (AHE) properties of the
multilayers used in SOT characterizations. Our motivation is guided by the particular as-
pect that in CIP, both electron and spin experience the same boundary conditions (reflec-
tion/transmission/loss) than in a normal injection geometry adapted to model SOT (CPP).

We introduce two types of electronic processes to describe the relevant scattering events.
On one hand, spin-current proximity effects are generated throughout the structures in
the CIP geometry. On the other hand, we propagate the out-of-equilibrium Fermi dis-
tribution from interfaces. This is denominated as the "non-local (transverse) conducti-
vity" as proposed by [Zhang and Butler, 1995], pioneered by the so-call Fuchs-Sondheimer
[Sondheimer, 2001] approach and extended it to the case of two spin-channels.

6.4.1. Spin-dependent scattering properties

In ferromagnetic layers, AHE via the acquisition of both longitudinal (R,,) and transverse
(R.y) resistances, provide a deep knowledge of bulk and interface physical properties. It
makes the most of the relation between spin-orbit assisted electron scattering at the na-
nometer scale within each layer's bulk (magnons, phonons, impurities...) and scattering
at the interfaces. These different contributions can be modeled in an "extended Fuchs-
Sondheimer" model involving spin polarized conducting electrons (Camley-Barnas frame-
work [Camley and Barnas, 1989]) and spin-orbit mediated interactions.

a) Normal metal

+7N¢ =
|

b) Ferromagnetic metal

Figure 6.11 - Comparison between a) in plane SHE in a normal metal and b) in plane AHE
in a ferromagnetic metal. A and NV respectively designate up and donw spins.

For this thesis, we thus model AHE resistances in a spin-dependent in-plane current geo-
metry (CIP) transport model. The longitudinal and transverse resistances of Hall bars of
dimensions L x W are respectively given by [Dang et al., 2020] :

L 1

Row = = <+ (6.4)
w Zi,s aé’iti
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and

0,8,
%,S O-l”ytl

Jra—— (6.5)
i,s
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(S i,

with o3 = o5a™, ai’j = aﬁ;;;’L and t; the respective spin-dependent longitudinal, trans-
verse conductivities and thickness of each layer ("(7)") constituting the stack.

Following T.-H. Dang et al. [Dang et al., 2020], in the CIP geometry, the strategy for the AHE
calculations in multilayers consists in :

1. A representation of the profile of the charge and spin polarized current chan-
nels inside the whole multilayer through an out-of-equilibrium Fermi distribution
Fs(zk) = Foo(z, k) +0fs(z k) with 6 f5(z, k) = 3 947 (2, k) a perturbation of the dis-
tribution function introduced by interfaces between two materials (of index 'i" and
'j=it 1'). The source of spin currents in this system is the spin-polarization of the
bulk part of the ferromagnet. In turn, it leads to spin injection in the adjacent non
magnetic layers by proximity effect such that spin currents are not strictly confined
into the ferromagnet. Nevertheless, the spin-dependent interfacial transmission is
also included in the present model.

2. Accounting for the occurrence of electron scattering at the different interfaces, des-
cribed by spin dependent reflections and transmissions which are partially non-
specular [Stewart et al., 2003].

3. The presence of heavy metal layers (such as Pt) introduces an additional contribu-
tion to the spin-orbit assisted scattering processes to the ones existing in the Co
layer, and is another source of transverse current.

According to those considerations, the procedure to obtain the change in the AHE origina-
ting from interfaces is to consider a self-consistent solution for g,(z, k) in each separate
layer satisfying :

eB,75 0fso(v)

(z,v) = me o gu, | T AL(V)exp (=5 )| forv: > 0 (6.6)
gs\z, - eEy7 Ofs,0(v) 14+ AS (V) exp (+—2—)|forv., <0 .
o vy + P 75 |vz] Z

with m* the effective mass, v, the electron velocity at the Fermi level, 7, the spin-
dependent momentum scattering time, and where A7 (k) and A° (k) are the two spin-
dependent constants to find to match the boundary conditions (E, is the electric field
along the z direction), leading to exponential evanescence of the distribution functions
near interfaces. The current density for the spin s is given by :

J(2) = e (f)z&/vvxgs(z,v) By

where V is the unit volume of the 3D velocity space and including the result that fs(z, k) =
fs0 + gs(2,k) (fs0 is the Fermi-Dirac distribution at equilibrium ).
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In the following, we use this model to extract transport parameters of our multilayers from
experimentally obtained values of AHE as a function of the different layers thicknesses.
Section 6.6, we rely on those parameters to model the SOT arising in Pt|Co|Al|Pt thin
films.

6.4.2 . Extracting interfacial parameters from AHE

We model the interlayer spin-dependent electronic diffusion in our multilayers applying
equivalent multiscattering approach, as than the one described more extensively in sec-
tion 6.6 for CPP transverse spin-currents. This framework accounts for the considerations
explained above as well as multiscattering processes experimented at the various inter-
faces. From this model, we are able to quantitatively predict AHE in three series of samples
reported in figure 6.12

Figure 6.12 presents AHE resistances (Rapg) measurements obtained for various sta-
cking sequences as a function of layer thicknesses. In figure 6.12 a) the depen-
dence of AHE on the Co thickness (t¢,) in Ta(5)|Pt(8)|Co(tc,)|Al(1.4)|Pt(3) and
Ta(5)|Pt(8)|Co(tc,)|Al(3)|Pt(3) is displayed. It emphasizes an increase of AHE with t¢,
for the two series (Al 1.4 and Al 3 nm). Regarding equation 6.5 numerator o, c,, such
R, behavior manifests the gradual rise of the spin-current polarization in ultrathin Co
as Co layer is made thicker [Bony et al., 2025]. This polarization is smaller in the thin-
nest samples due to spin-memory loss occurring during electron scattering at interfaces
(Fuchs-Sondheimer model). From the denominator o, cotco perspective, once electronic
polarization saturates at tc, > 2.5 nm (mean-free path of the electrons in Co), R,, de-
creases proportionally to 1/t¢,. We do not reach this regime in figure 6.12a but observe
the saturation of Ray k.

We also note that AHE appears larger for 1.4 nm Al compared to 3 nm Al. This is partially to
be assigned to an additional current shunting channel in Al. Note that Al in itself has also
previously been observed to be detrimental to spin transmission between Co and Pt, also
as reported in [Sharma et al., 2008]. We investigate this property in figure 6.12b) through
AHE resistance R,, as a function of Al thickness in Ta(5)|Pt(8)|Co(0.9)|Al(t ;) |Pt(3). We
observe a rapid drop of R,, from 120 mQ to 55 m{2 when a thin 1 nm Al (or thinner) is
inserted between Co and the top Pt. This behavior confirms that Al prevents the electron
spin transmission between Co and Pt. AHE then reduces slowly as t4; increases since Al
does not contribute to transverse transport but only causes a small current shunting in
this "thin" regime (t4; < 5 nm).

Finally, figure 6.12 ¢) shows how AHE is dependent on the thickness (¢p;) of bottom Pt
SHE layer. AHE decreases from 130 mf2 to 26.5 m£2 when bottom Pt thickness is increased
from 2 nm to 8 nm. Since the thicknesses of Pt in those samples are typically larger than
the spin mean-free path (\* ~ 1.5 nm), the resulting decrease of AHE with tp; is due to
current shunting in added Pt.

The analysis of the AHE data using our scattering model (dotted lines figure 6.12) allow us
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Figure 6.12 - AHE resistances measured in series of multilayers. a) Co thickness variations
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to estimate the parameters at the various interfaces. These parameters are reported in
table 6.1 along with the corresponding error bars.

The transmission coefficients that we induce from AHE are especially helpful for a SOT
model. We find them to be particularly spin polarized in the Pt|Co and Co|Cu interfaces
(0.9 for majority spins in the two case and respectively 0.4 and 0.3 for minority spins).
In contrast, we find a considerably lower transmission for both spin channels at Co|Al
interface. Regarding the capping Pt layer, we come up with a relatively large transmission
of 0.6 between Pt and Cu while it is significantly quenched to the value of 0.2 when Cu is
replaced by Al. This is consistent with the picture of Al preventing spin diffusion between
Co and Pt while Cu is relatively transparent.

We also arrive at quantifying the spin memory loss parameters ¢, with notably § = 0.4
at Pt|Co and Cu|Ptinterfaces and 6 = 0.25 at Co|Cu. This corresponds to depolarization
probabilities (1-e~?) of respectively 33 % and 22 %. The derived ¢ value for Co|Cu is close
to the estimation of 0.25 in [Eid et al., 2002], while we find significantly lower ¢§ for Pt|Co
and Cu|Ptthan [Nguyen et al., 2014] (0.9 for Pt| Co) [Kurt et al., 2002] (0.9 for Cu| Pt at low
temperature).

These information are precious for a fair determination of the SOT extracted from our
model 6.6. In particular, the role of the specularity in both reflection and transmission will
be largely discussed in the chapter g dealing with CoFeB.
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| Parameters | Symbols || Values for 1 spin | Value for | spin

Co conductivity Oco 2(1‘7_6};0 j=T7A4+£1.0x 10° 2(1‘_’§;C ; =16+£03x 10°

Cu conductivity O 1.34+0.3 x 107 1.3 x £0.3107

Pt conductivity Opt 2.5+ 0.5 x 10° 2.5+ 0.5 x 10°

Al conductivity oAl 741 x10° 741 x10°

mean free path of Co ACo 70+£1 2.0+£0.3

mean free path of Cu ACu 70x£1 70+£1

mean free path of Pt Apy 2.0£0.5 2.0+£0.5

mean free path of Al Al 6.0£1.5 6.0E£1.5
: e Trijco Trt/co

Pt/Co int. transmission Tptjco W =09+0.1 W =0440.1
. . . Co/Cu  __ Co/Cu_ _

Co/Cu int. transmission Tco/cu 71_;00 = 0.9+ 0.05 1;%0 o= 0.3+0.1
: fed Co/Al Co/Al

Co/Al int. transmission Tcoal Troam = 0.1 £0.05 Troan — 0.1 £0.05

Cu/Pt int. transmission T pt Tcu/pe = 0.6 0.1 Tcu/pr = 0.6 £0.1

Al/Pt Interface transmission || T/ p; Tayype =02+0.1 Taype =02+£0.1

Pt/Co spin-memory loss dpt/Co 0.4+£0.1

Co/Cu spin-memory loss dCo/Cu 0.254+0.1

Cu/Pt spin-memory loss dcu) Pt 0.44+0.1

Co/Al spin-memory loss dco/Al negligible

Table 6.1 - Physical parameters for bulk Pt, Co, Cu and Al and their interfaces ex-
tracted from our AHE fitting procedure. The conductivities ¢ are given in the unit
of S.cm™! and the electronic mean free path (\) in the unit of nm. Y4/ is the
spin-asymmetry coefficient at the interface between layers A and B. ¢ is the cor-
responding spin-memory loss coefficient.
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6.5. SOT integrating metallic Co| Al interface

In this section, we present the main experimental spin-orbit torque (SOT) results integra-
ting Co| Al interfaces. We also describe a theoretical description and model of transverse
spin-currents (inducing torque) within the whole structures. Unlike the previous section,
which focused on spin currents associated with the AHE in the CIP configuration, this ana-
lysis addresses the dynamics of spin currents in the CPP geometry.

6.5.1. SOT enhancement from Co|Al interface
light metal thickness dependence

In Figure 6.14 we present the effective SOT fields measured in the series of samples
Pt|Co|Al(t 4;) | Pt and Pt|Co|Cu(tcy)| Pt (as the reference sample series). The results for
the two series are drastically different. Compared to quasi-symmetric reference sample
Pt|Co|Pt (ta/cy = Onm), inserting Cu on top of cobalt slightly increases both SOT com-
ponents. However, increasing the thickness of this Cu layer from 1 nm to 5 nm does not
significantly affect the SOT.

Ta(5 nm)|Pt(8 nm)|Co(0.9 nm)|LM = Al or Cu (taycy)|Pt(3 nm)

15
204(a) — LM= 3nmAl (b)
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Figure 6.13 - @) Raw second harmonic signals obtained while applying a magnetic field pa-
rallel to the current lines ("damping-like torque" configuration) with a slight out of plane
disorientation in Ta(s nm)|Pt(8 nm)|Co(0.9 nm)|LM|Pt(3 nm). LM being 3 nm Al, 1.4 nm
Al or 2 nm Cu. b) Same with field applied orthogonal to current ("field-like torque" confi-
guration)

In contrast, when Al is grown between Co and the capping Pt layer, SOT increase conside-
rably. The Damping-like torque effective field increases by a factor of five, while the field
like componentincreases by one order of magnitude. This substantial increase in SOT can
be partially attributed to Al preventing spin propagation from the capping Pt layer into the
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Figure 6.14 - c) Damping-like torque effective fields measu-
red in Pt(8 nm) | Co(0.9 nm) | Al(¢ 4;) | Pt(3 nm) (red dots) and

Pt(8 nm)|Co(0.9 nm)|Cu(tc,)|Pt(3 nm). d) Field-like torque effective fields measu-
red in the same series of samples. Adapted from Ref. [Krishnia et al., 2023].

Co layer, as previously discussed.

Indeed, in our multilayers, significant SOT arises from SHE in Pt. In the reference sample
Pt(8 nm)|Co|Pt(3 nm), SHE from the two Pt layers partially cancels out by 60%. We can
model this with an effective spin Hall angle HZJ;_}CE summing the bottom and capping Pt
contributions :

0% = 05t exp(—8) (F(tpr = 8 nm, Toopr) — Ftpe = 30mM, Toonmpr)) (6.7

where ¢ is the interfacial spin memory loss and F(tp;, T) quantifies the spin-backflow in
Pt and the interface transmission. It approximates to :

(TGyp,) rft tanh <2t/<’1§t>
.F(tpt,T) == il

1+ (TGgp) r¥t coth (i’,’;})
where )\ff andrlt = pp; x )\fft are the respective spin-diffusion length and spin-resistance
of Pt. (TGsn) = Gy is the so-called spin-mixing conductance, product of the Sharvin
conductance (Ggp) with the transmission coefficient of the transverse spin component
(7). Itis clearly visible from those equations that preventing transmission from capping Pt
to Co enhances SOT. We attribute part of the SOT increase in the Al based samples to this
effect : Tco)a11pc diminishes when Al thickness increases as shown by AHE measurements
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Figure 6.15 - a) Damping-like SOT efficiencies measured in

Pt(8 nm)| Co(tc,) | Al(1.4 nm)| Pt(3 nm) (pink empty circles) and
Pt(8 nm)|Co(tco)|Al(3 nm)|Pt(3 nm) (blue filled circles). The two stars correspond
to samples without Pt capping, with 0.9 nm Co thickness and 0.7 or 3 nm of air exposed
Al. b) Field-like SOT efficiencies. c) Ratio of the two components.

(cf. figure 6.12 (b)). Meanwhile, the Cu layer is mostly transparent to spin diffusion over a
few nanometers. T, cu py Darely varies with Cu thickness and is close to T¢, p¢ (table 6.9).
As a consequence, there is a much smaller increase in the SOT with Cu inserted. A more
detailed description of our electronic transport model can be found section 6.6.

Co thickness dependence
To further understand SOT generation in our system, we also measure the dependence

of SOT on the cobalt layer thickness t¢,. We display figure 6.15 the obtained SOT efficien-
cies {pr/rr- Those are dimensionless quantities corrected for magnetization variations
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between the different samples through integration over the Co thickness :

2e ,UOHDL/FL)
= — St o _—
§pr/FL 3 Mto ( o

Figures 6.15 a) and b), we plot respectively the damping like and the field like torque ef-
ficiencies in two series of samples of varying Co thickness : one with 1.4 nm of Al grown
between Co and capping Pt an one with 3 nm Al. Regarding the damping like efficiency,
the series with 1.4 nm Al (fuchsia open dots) saturates around {p, ~ 0.08 for ¢, thicker
than 1.2 nm. The series with 3 nm, blue dots, presents a maximum of ép;, = 0.131 + 0.005
fortc, = 0.9 nm.

The field efficiencies that we report figures 6.15 b) exhibit a similar decreasing trend in the
two series as the Co layer is grown thicker.

Consistently with the Al thickness dependence shown in figure 6.14 where SOT is maxi-
mized at ta; = 3nm, we observe larger SOT in samples with 3 nm Al than in those with
1.4 nm Al for all Co thicknesses investigated. For tc, = 0.9 nm, {pr, = 0.131 + 0.005
and {rpr, = 0.21 4+ 0.01 with 3 nm Al, which compares to {p;, = 0.077 £ 0.002 and
Err = 0.105 4+ 0.007 with 1.4 nm Al. We fit our transport model (described section 6.6)
to those SOT efficiencies and represent it as dashed lines figures 6.15 a) and b).

From this model, we extract a typical transverse spin penetration length inside our Co
layers of 1.2 + 0.1 nm. This length is larger than a previous estimation of 1.7 nm based on
Spin Pumping Ferromagnetic Resonance (SP-FMR) measurements [Taniguchi et al., 2008].

Figure 6.15 c) displays the ratio between the two SOT components {1 /{pr. This ratio
reaches high values in the thinnest samples as large as 2.5 for t¢, = 0.7 nm. This is unex-
pected for Pt|Co. Indeed, in Pt|Co, SOT originates from SHE in Pt and the spin mixing
conductance at the interface is mostly real, which results in a stronger Damping-like com-
ponent [Stiles and Zangwill, 2002].

Additionally, in figure 6.15 we also include the SOT efficiencies measured in samples wi-
thout Pt capping (green and olive stars). With 0.7 nm of air exposed Al, for which Al is
fully oxidized while Co is not, the torque efficiencies do not match those measured in
Pt|Co|Al| Pt samples. In particular, the value of the ratio is smaller than for the two cap-
ped samples (£p;, = 0.096 + 0.007 and {rr, = 0.103 £ 0.005, giving a ratio of 1.07 + 0.09
significantly smaller than 1.5 £ 0.1).

Conversely, with 3 nm of Al exposed to air, where we had shown that the interface is
fully metallic, we find exactly the same SOT efficiencies as in the Pt capped series: {p1, =
0.127+0.009 and £y, = 0.2140.02 (compared to {py, = 0.1314+0.005and gy, = 0.214+0.01
with capping).

This additional considerations allow enable two important validations. First, the same SOT
measured in Pt|Co|Al| Pt and Pt|Co|Al*(3 nm) rule out any role of the capping Pt layer in
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Figure 6.16 - a) Effective spin Hall angle G?EE extracted from our torque measurements.
Fitin continuous line. b) Ratio of the two SOT components for varying bottom Pt thickness.

the SOT generation for sufficiently thick Al interlayer. This confirms that thick Al prevents
spin transmission and diffusion from capping Pt to Co layers. Second, the different SOT
efficiencies in Co | Al*(0.7 nm) highlight that physics at play at metallic Co | Al interface are
different than the already extensively investigated oxidized Co | AlOx system.

Pt thickness dependence in Pt(t5;)| Co|Al | Pt

In order to accurately quantify the contribution of the bottom Pt layer to the SOT, we also
measured the SOT in Pt(tp;)| Co(0.9 nm)|Al(5 nm) series in which Al is metallic at its in-
terface with Co. In figure 6.16 a), we plot the effective SHE angle 6%}/ extracted from our
measurements as the damping-like torque efficiency corrected by a transmission coeffi-
cient as discussed equation 6.7. Since Co and Al layers remain unchanged in this series of
samples, their contribution is constant. HggE increases as Pt layer thickens and reaches a
plateau above 5 nm. We can fit this behavior with our model, a Pt spin diffusion length of

1.5 nm and 6%, . ~ 0.08 in agreement with previous studies [Rojas-Sanchez et al., 2014].

Comparing figure 6.16 a) to figure 6.16 b), we note thatthe Hr;,/Hp ratio has an opposite
trend to the Pt SHE. This ratio remains larger than one in all samples and decreases as Pt
SHE rises up to its maximum. This trend further indicates that an explanation based on
the sole SHE Pt contribution is not fully satisfactory. However, those measurements clearly
show that Hy,/Hpy increases while SHE decreases (small Pt thickness), emphasizing the
Rashba origin of the strong Field-like torque.
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6.6 . Transverse spin-transport model for SOT

In this section, we describe in details our model used for qualifying the transverse spin
accumulations and spin-currents in metallic multilayers. Itis used to understand the origin
of the SOT. The case of Rashba angular moment polarization (at Co|Al interface) will be
also investigated with additional input given in the next two chapters (7 and 8) dealing
with density functional theory (DFT) developments.

In the following description of the spin-transport model, we will note :

+ g is the direction of the spin flow.

* = e+ iﬂy

* To=Tow+1Toy
with v hat marker on the top indicating the respective spin-density and spin-currents
transverse to the local magnetization direction é,, (assumed to be oriented along the z
axis) and where Z corresponding to the incident spin-current direction.

6.6.1 . From complex decoherence length to SOT
Introducing complex decoherence lengths

We propose a model enabling to understand the relation between the transverse
spin accumulation and the resulting SOT components. This model adapts the drift-
precession-diffusion theory framework as first proposed in the pioneering work of
Ref. [Zhang et al., 2002, Stiles and Zangwill, 2002] which shows how an exchange interac-
tion between the magnetization and the spin accumulation may explain SOT. This ap-
proach was later complemented by introducing complex spin diffusion lengths accoun-
ting for spin precession in a ferromagnetic layer of finite thickness [Petitjean et al., 2012,
Shchelushkin and Brataas, 2005]. Following those principles, we have derived the equa-
tions in systems comprising a ferromagnet and a light metal.

In [Amin and Stiles, 2016], it is shown that this approach can be handled through gene-
ralized spin-dependent Boltzmann equations. This simplification for the treatment of
the specific spin degree of freedom is possible in the limit of vanishing SOC (case of
3d ferromagnet). The same qualitative conclusion in favor of a generalized diffusion
scheme for the transverse spin component is also deduced from the Keldysh frame-
work [Pauyac et al., 2018].

We assume that in the Co ferromagnetic layer, besides the transverse momentum re-
laxation time 7, the spin-relaxation is described by : a longitudinal relaxation (spin-
flip) time 7,y (generally quite long), a transverse decoherence term (e.g. from ma-
gnon emission/absorption) 7a (generally short), and a certain Larmor time 7; due
to precession. Noting i = T7r (Vi,|6|¥y,), the out-of equilibrium spin density and
Jr = Tr{Wu,|{6,T}|¥:,) the spin current, their coupled dynamics are given by
Jungwirth et al., 2014] :
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0T» Jo Jo JoXém D .

S — Vi (6.9)
t TA Tp TJ VETp

\.

where é,, is the unit vector of the local magnetization m. For the following calculations,
we remind the notation for the reduced complex spin accumulation i = vp (pz + ipy)
and complex transverse spin-current Iy = Jo, +1J5,. D1 is the diffusion constant for
the transverse component of the spin angular momentum.

In the steady state regime, % = 0, equations 6.8 and 6.9 become :

1 1 i .
i(—+~———|+V. T =0 (6.10)
M<)\A Asf AJ)

. /1 1 i D,
gl (. = V.u0=0 6.11
‘7<AA+AP AJ>+U%TP fi (6.11)

Here, the correspondence between a characteristic time time 7; and the characteristic
~ -1 ~ -1
-, _ . i _ 1 1 : _ 1 1 4
length A; is : \; = vp7;. We define A\, = (E + bl ﬁ) and \y = (K + P ﬁ)
2
two complex scaling length. Noting that <”FTT”) = D, the diffusion constant, the combi-

nation of the two equations yields :

= () 2 g, (3,) 2 (6.2

where ), is the common propagation scaling length. It is defined by 5\1% = (%) Its real
part represents the decay of the transverse spin components (accumulation and current)

in the ferromagnet while its imaginary part represents its precession feature.

Generalized complex spin-resistance

The characteristic lengths described above are specific to each layer. In order to accura-
tely model diffusion between different layers, it is needed to include in the model the
different electrical resistivities. This is dealt with by introducing a selective layer spin-
resistance r°. Generalizing the approach used to describe non-collinear spin transport
in [Cosset-Cheneau, 2022], we define r* as :

iYW
r = — 61
an\l, (6.13)
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Regarding non magnetic materials, where A\x and \; are zero, this writes : (Gg,r®) =
\/%. For instance, in Pt, (Gg,7®) ~ 2 as obtained from THz emission experiment
[Krishnia et al., 2024]. It is greater than 1 as in all materials where 7,y > 7,. Notably, in
low SOC materials as Cu or Al, it is typically larger than 10. In non collinear ferromagnets,
the spin-resistance is complex, rendering spin precession.

Relation between SOT and spin currents

The two components of the integrated spin-orbit torques (SOT) 7sor are defined as the
time variation of the volume integral of the local magnetization vector, defined as M,
when an out-of-equilibrium spin current occurs which is opposite to the torque genera-
ted on the spin-accumulation f (in the limit of small SOC). From total angular momentum
conservation, the sign of the cross product term has then to be opposite to that of equa-
tion 6.8 :

fsor = | —-dV = —/ em X1 gy (6.14)
v o TJ

Moreover, equation 6.8 rewrites in the steady-state regime of spin-injection :

UF,[L _ _aja
A Ay
From this equation,
. . 1 1 .
-~ 1 ajo‘ Z+TJ (Ti—i_ Tsf) ajo‘
p==\Tr T _3)9, " 1 1\12 ] 0Oz
TA Tsf TJ 1+|:7_J (E_'_Tf)]

Noting that in our framework i x é,, = —iji, we can derive :

/Wémdv—/ Dy = /H”"(TZ*%) 97,
vy o TJ B V_TJ’u __V1+|:TJ<1+1>]2 0z

TA Tsf

The integral over the volume of % yields the integrated torque 7sor in the FM thickness
we are searching for :

(T2 = T (6.15)
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This equation teaches us that the torques applied on the ferromagnetic layer are pro-
portional to the balance between spin current entering through one interface " and
outgoing through the other interface 7. The proportionality constant is complex, ac-
counting for precession of the spin current around the magnetization. The real part of the
resulting 7sor is the damping like torque component while the imaginary part is the field
like torque. In the following, we will propagate the spin currents between the different
layers of our samples.

From the latter equation, we can observe that the ratio between the Field-like and the
Damping-like torques are closely dependent on the ratio between 7; and 7. For thick FM
layers, thicker than the decoherence length, an increase of the decoherence rate Tgl en-
hances the Field-like term (from almost zero) and reduces the Damping-like component.

6.6.2 . Multiple scattering approach (case of ultrathin layers)

l +1
Ajél)_ Aj§l+1>+
D —_—
AJCSZH AjoglJrl)f
— -
AFED+ A=
— B S—

Figure 6.17 - Spin currents definition at one interface

Estimating the spin currents 72" and J2" in the ferromagnetic layer of Pt|Co|Al|Pt is
challenging due to the presence of different spin current sources and multiple interfaces
scattering. We have to consider multiple scattering processes at several interfaces and
boundaries. Our approach consists in a multiscattering formalism that enables to write a
super-scattering matrix S from each individual interface scattering matrix S. We describe
this approach in this section.

In the following, we note the out-of-equilibrium spin-polarized current by A7, (z) =
(Jy —J,). Those are generated by the diffusion of the out-of-equilibrium spin-
accumulation fi(z).

Let's consider a single interface between layers [ and | + 1 (figure 6.17). The purpose
of a scattering matrix is to write a linear relationship between the two outgoing spin-
accumulation flow (spin-currents) to the left and to the right, respectively Ajg(l)* and
AJFIDT ) connected to the two in-going spin-current A7t and AZY . This also
may involve two sources terms (SHE) generated from either side materials jaz(m and

jf(lH)_. Because the source term imposes different boundary conditions, we need two
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scattering matrices S and S:

A~

AFED+ =S

We employ a superscattering approach to propagate this single interface equation to a
whole multilayer. Following this approach , we derive a superscattering matrix S such
that:

AFO- 00+

v =S S8 jOE(H—l)— (6.16)

AJs

where the right hand term can be computed from assumptions on spin current sources,
transmission and reflection at interfaces.

6.6.3 . Single interface scattering matrix

Each single scattering matrix at a given interface between two semi-infinite materials is
written as :

~ [ e % (6.17)

_ _ | ReT
S=[% T waam® T

T Ry

where R, (resp. R;) is the reflection coefficient for a spin-current (resp. for a source term)
arriving from layer [ to the interface between [ and I + 1; whereas 7; (resp. 7)) is the
corresponding transmission coefficient for a spin current (resp. for a source term) arriving
from layer [ to the interface between [ and [ + 1. The coefficients noted with ’ are the
equivalent coefficients for the opposite flow direction on the same interface.

We have derived those coefficients from the boundary conditions that we impose on the

interface. The general self-consistent solutions can then be solved by using either jg(l)i

or Ap((,l)i as relevant physical quantities. We chose the Aja(l)i basis able to treat both

SHE and REE. Those are :

(i) the continuity of the total current when the spin-memory loss is zero giving :

TEOH - AGO 4 AGDF = —gEEDE L AGIDT ZAGIDS (6a8)

(i) equality between diffusive spin-current and interfacial spin-current parameterized by
the spin-mixing conductance (G4, = G, T) according to :

FEO+_AFO- L AFOF = Gy, |:Ts(l) (Ajo('l)_ n Aj(f(l)+> _ ps(+1) (Aja(l“)‘ i Aja(l—i—l)-i-)}

(6.19)
when the spin-memory loss is absent.
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(iii) When necessary, the introduction of a fictitious layer interface of evanescent thick-
ness t,ss With spin-diffusion length )\, taking into account the previously defined spin-

memory loss parameter § owing to § = (i“’—)

loss

This yields the formulae of R, and 7; as a function of material and interface parameters
according to :

e ~

=) (_¢
77 _ 2T Ts (sinhé) (6.20)
1+ 6 coth (3)Tyy (70 + 7)) + o212 707D

1+ 3 coth (5) Ty (740 — 70)

Ri (6.21)

1+ dcoth (5)Tyy (70 +7) + errp O

Regarding S matrices dealing with the scattering of the source terms, the current discon-
tinuity equation remains unchanged. However, contrary to the previous case, the source
term does not solely derive from a spin accumulation. R; and 7; then become :

HONG'IS
7;: TT»L s (sinh(s) (6.22)

1+ 0 coth ()T, (7 + 7)) + s2r V7Y

1+ dcoth (5) TTi f§l+1)
R =

N (6.23)
14 6 coth (6)Th (fgl) + fgl+1)) + 52TT2¢77£,Z)77§Z+1)

From these expression, one can extract the total spin-loss A; at the interface [ according
to: 7, + R; + A; = 1 (an equivalent expression exists for the tilde equations)

6.6.4 . Treating self-consistently back-and-forth reflections in the multiple
scattering approach

In our ultrathin metallic multilayers, not only reflections and transmissions of spin at a
single interface have to be taken into account but also multiple diffusion even originating
from all interfaces. The single interface scattering approach described so far does not
include such multiple reflections explicitly. The general solution can be solved using the
multiple scattering path approach in the spirit of its use in finding the quantum electronic
eigenstates in a solid.

The general solution for the self-consistent layer-resolved scattering matrices S is :

Stn = S1 0t + Sy P St (6.24)

or equivalently :
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Figure 6.18 - Illustration of the scattering represented by s9; (equation 6.28) in the two
interfaces case. a) Zeroth order scattering represented by Sgi), b) First order scattering,

exhibiting multiple reflections. ¢) representation of the four terms ofS(ﬁ) matrix (see equa-
tion 6.31)
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St=57"1-P (6.25)

with P = Py, the propagation matrix of the out-of-equilibrium spin accumulation and
currents away from the interface (I) to the interface (n) or (vice versa) with the constraint
{ =n=+1. We remind that Sl are the single interface scattering matrix of the interface (1)
entering as a diagonal block matrix in such 'supermatrix’.

The two different (complex) propagation matrix required for n = { + 1 (P, ,+1 = P2) and
n=1—1Py41,, = P1) write respectively :

0 0 0 ex (—7}”“ )
Ppps1 = e ) o | iPrtin = PA\7x0 (6.26)
-5 0 0

(6.27)

In the following, we demonstrate that in fact it does account for it through a two inter-
face example (figure 6.18). From equation 6.16, in the case of two interfaces, the super
scattering matrix S can be written by blocks as :

Sii Sia ]
S=| = ~ 6.28
[ So1 S22 (6.28)

In this matrix, So; describes e.g. the non-local influence on the second interface (between
layers 2 and 3) of incoming information on the first interface (between layers 1 and 2).
From block-wise inversion of equation 6.16, we can compute So; as :

- - 1 ~
21 2P 5.5.5,P, 1 (6.29)
which can be developed as :
ggl = SQPQ 1+ Z (511@1321[”2) 31 (6.30)
n=1

The different terms of this sum are explicitly encoding the multiple reflections undergone
between two interfaces. The first term S;P,S; describes incoming information at the first
interface contribution to information outgoing the second surface, without multiple re-
flections (figure 6.18 a). The second term is SyP>S;P1S2P»S; describe an information on-
going at the first interface, undergoing one reflection on the second interface followed by
a second reflection on the first interface before outgoing on the second interface (multiple
reflections represented figure 6.18 a).
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Figure 6.19 - a) respective Field-like and Damping-like components of SOT due to SHE,
no REE, dependence on Co layer thickness. b) Field-like torque for different values of the
parameters representing Al resistivity and the virtual Rashba layer transmission coeffi-
cients. SHE set to zero, dependence on Co layer thickness. ¢) Scheme of the model for
Pt| Co| Al multilayers with relevant coefficients. 7; and 75 represent the transmission co-
efficient between adjacent layers whereas 7;; and 7;3 represent transmission from layers
to interface Rashba states. §; and - are spin-memory loss coefficients.

To illustrate this further, let's compute the first term §§(P = S,P»S; as a function of the
different transmission and reflection coefficients. We derive :

. _t2 _ . _t2 _
g0 _ | Ree »Ti Roe 2R4 [7"12 t/12] (6.31)

~ _Q ~ ~ _f72 ~ = t12 7,/
7‘26 >\27'1 7'26 AQRll 12

We identify in this matrix the effective reflections and transmissions coefficients r;2 and
t12 of a wave incoming on the first interface and outgoing at the second interface. We
represent on figure 6.18 ¢ the physical processes they result from.

6.6.5 . Semi-phenomenological modeling of SHE and REE

We choose to model Pt|Co|Al system as a stacking of four layers (see figure 6.19 €) : a
SHE layer representing Pt (of spin resistance r%,), a ferromagnetic layer with complex
relaxation lengths representing Co (of complex spin resistance rg), a layer | representing
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the Rashba interface and a light metal layer representing Al.

The Rashba interface is represented by a virtual "interfacial" layer possibly having small
transmission coefficients toward the neighbouring layers. In case this transmission is non
zero, it stands for a small coupling existing between interfacial evanescent Rashba states,
which are evanescent wave functions, and bulk Bloch states. Since those two types of
electronic states are in principal orthogonal, this transmission coefficient remain in any
case small compared to 1. This tiny transmission results in a large spin accumulation inside
this virtual layer representing the Rashba electronic states.

The overall SOT in Co is the sum of three terms : the SOT emerging from SHE integrated
over the ferromagnet thickness t¢, (equation 6.15), the SOT due to the virtual layer angular
momentum accumulation, and the SOT due to diffusion of this accumulation inside the
ferromagnet, which is also integrated over t¢,. The damping like component is given by
the real part of the SOT while the field like is the imaginary part.

Complex diffusion length effect on torques in the ultrathin regime

Our primary observation is that applying this model without Rashba effect is enough to
explain the faster increase of the field like torque over the damping like at the lowest
thicknesses of Co (figure 6.19 a). This can be understood noting that in equation 6.15,

(T — Jevt) o <1 — exp (— tao )) To the first order in t¢,, the imaginary part of this

)\Co
quantity is linear (proportional to a sine) while the real part is quadratic (cosine).

This contrasts with the usual representation of Co|Pt interface in the thick Co limit by a
sole, mostly real, spin-mixing conductance G| [Amin and Stiles, 2016, Brataas et al., 2006,
Cosset-Chéneau et al., 2021]. While such spin mixing conductance yields stronger dam-
ping like than field like, we observe that in thin Co, this ratio is opposite and strongly
depends on Co thickness. Indeed, when Co is thinner than the spin penetration length,
spin transport is greatly influenced by spin precession in Co (through complex diffusion
lengths) and reflections at the interfaces (through multiscattering).

Modeling of Rashba states by an added virtual interfacial layer

We now discuss the modeling of Rashba contributions by a virtual layer. In our model, the
low transmission coefficients that we impose on that layer mechanically lead to simula-
ting a large angular momentum accumulation because spins are not able to "escape". To
exhibit that clearly, we simulated four cases :

1. A case where Al spin resistance (here dimensionless) is of 2, a value close to Co
resistivity (2.5) and the two transmission coefficients are set to a small value : 0.1
(blue line on figure 6.19 c).

2. A case (orange line on figure 6.19 ¢) where the transmission toward Co is increased
to 0.8.
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3. A case (green line on figure 6.19 €) where the transmission coefficient toward Al is
risen to 0.8 while the one toward Co is kept to o0.1.

4. In the last case, the transmission coefficient toward Al is again large (0.8) but the
resistivity of Al is increased to 10.

Comparing the second case to the first, we see a reduction in the field-like torque despite
a better transmission of spins from the virtual layer to Co. This counter-intuitive result
stems from the fact that increased transmission lowers the accumulation of spins more
than it increases the angular momentum transfer. In the third case, the field like torque is
the lowest because not only transmission of spins to Co is low but also electrons diffuse
the best inside the Al layer where they exert no torque.

Finally, the fourth case recovers the same amplitude of field like torque as the first case
due to the rise in Al resistivity. This is expected since a great resistivity difference between
two consecutive layers prevents electronic diffusion equivalently to low transmission.

This model reproduces expected behavior of REE on SOT. The resulting torques are a
trade off in the coupling of the Rashba states with the neighbouring metals : while bet-
ter coupling with the ferromagnetic states improves transfer of angular momentum, it
also decreases the lifetime of Rashba polarized electronic states and therefore the total
amount of out of equilibrium momentum accumulation.

6.6.6 . Rashba-Edelstein effect (REE) at Co| Al interfaces

In section 6.5.1, we have reported a large increase in the ratio &pr/épr in
Ta(s)| Pt(8)| Co(tco) | Al | Pt(3) and Ta(s)|Pt(8) | Col(tc,) |Al* samples with ultrathin Co (fi-
gure 6.15). We have noted from the experimental results that this strong ratio is incom-
patible with a model comprising only Pt SHE and mostly real spin-mixing conductance at
Pt|Co interface.

Additionally, we have written a multiple scattering model to model this system and fed it
with parameters extracted from AHE measurement. When we only include in this model
a spin current source term in the Pt layer, we reproduce this increase in the ratio £ /p1,
(section 6.6.5, figure 6.19 b). It arises due to the precession of the electron spins around
Co magnetization.

However, this does not match our experimental data (figure 6.20 b). According to our SOT
measurement, theratio{xr /{py is equal to1attc, ~ 1.2 nm while the model applied with
parameters consistent with the AHE resistances measured predicts this at t¢, ~ 0.5 nm.
We therefore confirm with this transport model that Pt SHE does not explain alone our
experimental SOT measurements of section 6.5.1.

When the Rashba term is turned on through a non-zero source term in the virtual interfa-
cial layer, we are able to precisely match the experimental data for each SOT component
(figure 6.20 a). This ultimately leads us to the conclusion that there exists a strong inter-
facial SOT generation at Co|Al interface through spin or orbital Rashba Edelstein effect.
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Figure 620 - a) Damping-like and field-like SOT efficiencies for

Ta(s) | Pt(8)| Co(tco) | Al(1.4) | Pt(3) and b) ratio of the two component as a function of
Co thickness using our multiple scattering approach. The dots and crosses are expe-
rimental values. Plain and dashed lines are simulated using our multiple scattering
approach and AHE compatible with AHE resistances. In b) is also plotted the ratio of the
torques simulated with the same parameters but no Rashba effect (dashed line).
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6.7 . Conclusion

We assess in this chapter the good quality of the magnetic thin films Ta | Pt| Co | (Al*, Al | Pt
or Cu|Pt) grown with our magnetron sputtering. To this purpose, we employ XRR, XPS
and TEM structural characterizations as well as XMCD and SQUID to investigate magnetic
properties. This characterization unveils experimental trends compatible with DFT calcu-
lations led by collaborators. We also examine the PMA properties of these metallic struc-
tures and find a first result of this thesis : metallic Co|Al interface induces a surface ma-
gnetic anisotropy comparable to that of Pt|Co or Co|Al;Os.

We lead our investigation further with transport measurements. We first study experi-
mentally the different trends in AHE of our different thin films structures. Combined with
CIP model, we extract from these measures spin dependent transport parameters. We
then use harmonic Hall techniques to evaluate SOT in our multilayers and find that the
metallic Co| Al interface generates large SOT on the Co magnetization, notably of field like
geometry. We disentangle this effect from the roles of Pt SHE in our samples and use a
CPP model enriched by the parameters deduced from AHE to quantitatively harness SOT
origin. With this study, we demonstrate the emergence of a large OREE at metallic Co | Al
interface. In the next chapter, we report two DFT calculations of Co|Al interface predic-
ting OREE in this system, quantitatively compatible with the experimental results of the
present chapter.
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7 - Insights from first principle calculations
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7.1. Introduction

In this section, we develop and describe our main results/calculations obtained from the
density function theory (DFT) framework. These deals with (i) the emergence of the elec-
tronic band structure at Co| Al interfaces (ii) the calculation of the linear response for the
orbital and spin polarization/accumulation (Rashba-Edelstein effects) and (iii) the calcula-
tions of the torquance onto Co generated by the angular momentum accumulations.

7.2 . Insights from DFT on the OREE emergence mechanism

The strong SOT and orbital torque (OT) evidenced at metallic Co|Al interface cannot be
explained neither by standard SOT mechanisms nor by processes already explored invol-
ving oxidized light metals as e.g. CuO largely investigated in a recent literature. In order to
gain insights onto the actual underlying physics, first principle calculations, performed by
density functional theory (or DFT), are a powerful tool and seem mandatory to distinguish
spin and orbital contributions. These following calculations allow to draw SOT following
three consecutive steps :

* The use of DFT yields the equilibrium band structure of the system. Especially, OML
or SML can be computed from this step.

+ The implementation of the Kubo formalism for linear response theory is mandatory
to compute out of equilibrium spin and orbit accumulations when an electric field
is applied.

+ The two torque components (or torkance on magnetization can be calculated and
then compared to the corresponding angular momentum accumulations.

7.3 . Orbital momentum locking (OML) at Co| Al

The first principle calculations of metallic Co12|X12 with 'X' = 'Al', ‘Cu’ (the numbers refer
to the number of atomic planes in an hexagonal stacking, 12 atomic plane corresponds
about to 2.5 nm in thickness) were led in collaboration with Sergey Nikolaev from Osaka
University, Mairbek Chsiev team from Spintec in Grenoble concerning the elctronic band
structure and Rashba-Edelstein effects and Armando Pezo in Laboratoire Albert Fert re-
garding the band structure and torque calculation. The results of those collaborations are
published in two consecutive article [Nikolaev et al., 2024] and preprint [Pezo et al., 2025].

In those works, DFT is also used to compare Co|Al to Co|Cu as in the experimen-
tal study described chapter 6 [Krishnia et al., 2023] because we learnt from this study
that Co|Cu systems do not present any torque amplification (field-like) or any OML
unlike Co|Al. In Ref. [Nikolaev et al., 2024] DFT is performed using the Vienna ab-
initio Simulation Package (VASP) [Kresse and Furthmuller, 1996, Kresse and Joubert, 1999,
Monkhorst and Pack, 1976]. From the band structure of the two metallic stacks, we exhibit
the occurrence of hybridization between the p orbitals of the light metal and the d orbital
of Co. However, the nature of this hybridization is totally different in the two systems.
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In Ref. [Pezo et al., 2025], a different simulation package (SIESTA [Soler et al., 2002]) is used
to perform the calculations. The energy minimization yields a slightly different lattice pa-
rameter at Co|Al interface (2.94 A) whereas Nikolaev found 2.63 A. Both corresponds
to energy minimization. Still, concerning band structure, we don't find big changes bet-
ween the two packages. The overall calculations yield same qualitative results. The main
difference is that the calculations of the torkance by Wannierization techniques used in
[Nikolaev et al., 2024] were very difficult to implement and converge and thus abandoned.
We will present together the main results of the two studies.

Band structure differences between Co|Cu and Co | Al

Regarding the interface between Co and the Cu or Al light metal, while a weak coupling is
found in the case of Cu, it is very strong for the Co | Al interface, especially at the K point
of the Brillouin zone edge. This is manifested in the clear difference between the band
structures of Co|Al and Co | Cu around the Fermi level as displayed in figure 7.1a) (Co | Cu)
and b) (Co|Al). Notably, at the K —point, we can observe electronic states in Co|Al that
do not appear in Co|Cu. The band structures thus differ a lot at the edges of the Brillouin
zone.

In figure 7.1 ¢), we report a first consequence of the different hybridization of Co and Al
layers compared to Co and Cu. This graph represents the computed spin magnetic mo-
ments (in red) and orbital magnetic moments (in blue) for the different Co atomic planes
in Co| Al (fulllines) and Co | Cu (dotted lines). In the latter case, both moments are relatively
constant across the whole Co layer. Cu does not affect magnetic properties of Co.

On the opposite, a striking feature arises in Co|Al : the magnetic moment drops from 1.7
up to 1.3 in the Co atomic plane in contact with Al. This is also true to orbital moment
that decreases from 0.11 up to 0.07 pp. This large fall of moment per atom underlines the
strength of the impact of Co-Al hybridization and is consistent with the DFT calculations
reported chapter 6.

Moreover, we also note from those calculations that the out-of-plane orbital momentum
in the inner Co layer respects the symmetry of honey comb packed (hcp or AB stacking)
lattice (figure 7.2 a-b) L. (k). Its alternating pattern vanishes at the interfacial layer with
Al, consistently with figure 7.1 c).

Emergence of an orbital momentum locking (OML) at Co | Al interface

The most striking outcome of the hybridization at Co|Al interface is the emergence of
an Orbital Momentum Locking (OML) texture in the 2D Brillouin zone. In figure 7.2 a),
we clearly observe at the level of the Co; layer (first Co plane in contact with Al) a strong
finite in-plane angular momentum orthogonal to the in-plane electronic wave vector k.
Note that the amplitude of OML onto the Fermi surface reaches 0.8 . This appear larger
than the values observed onto topological surface states (TSS) [Pezo et al., 2024]. On the
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Figure 7.1 - Electronic band structure of Co(12)/Cu(12) a) and Co(12)/Al(12) b) along the high-
symmetry path M —I' — K where the colorbar displays the mean value of the (I - §) ope-
rator. The dashed rectangle in b) displays a more pronounced value for the spin-orbit
interaction (SOC) operator near the Fermi level in Co/Al compared to the case of Co/Cu
in @). Extracted from Ref. [Pezo et al., 2025] €) Spin and Orbital momentum computed for
each layer of Co. Adapted from Ref. [Nikolaev et al., 2024]
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Figure 7.2 - @)Orbital and spin momentum computed in the Brillouin zone of Co|Al and
b) Co|Cu. The plots on the top (Co;) represent each spatial component of orbital angular
momentum in the three Co layers superimposed to Al in the stack. The bottom graphs
exhibit the spin momentum as a function of the wave vector. ¢) Resulting orbital texture
in Co|Al and Co|Cu. Adapted from [Nikolaev et al., 2024]

contrary, in the Co | Cu system, no significant orbital texture appear, showing the absence
of any OML.

In [Nikolaev et al., 2024], we report that the orbital momentum texture results from non-
zero (d,»| L, |dy) and (d2| iy |d.) transition matrix elements, this coupling being media-
ted by the respective p, and p, Al orbitals. This result is consistent with other mechanisms
proposed for OREE emergence in Co|Pt [Park et al., 2013] and Co|CuOx [Go et al., 2021].

It was also verified by DFT that such OML persists whatever the A or B stacking order
at the direct Co|Al interface. Neither is it affected by the on site Coulomb repulsion in
Co, which is responsible for the energy difference between majority and minority spins.
Additionally, in [Pezo et al., 2025], DFT calculations were performed for different lattice
parameter values around the optimum and OML was found to emerge in each case with
a maximum value close to the minimization energy corresponding to the chosen lattice
parameter. Moreover, OML remains as large with switching on and off the SOC in Co
layer, Al layer, or in the two layers simultaneously, proving the pure orbital nature of the
underlying physical mechanisms.

Regarding the spin degree of freedom (plots at the bottom of the figure 7.2 a), an in-plane
texture arises in Co | Al. However it is very negligible in amplitude compared to the orbital
momentum previously observed (less than 4 % according to [Nikolaev et al., 2024]).
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We thus demonstrate here from our band structure calculation that electronic states in
Co|Cu and Co|Al at the equilibrium are of different nature. The most striking result is the
prediction of a large OML, although localized in the first layer of Co in contact with Al. It is
completely negligible when replacing the light metal Al with Cu. Moreover, this property
seems independent of assumptions used for DFT. In the next section, we will describe
how we can compute the out-of-equilibrium angular momentum accumulation resulting
from OML under the application of an external electric field.

7.4 . Orbital Rashba-Edelstein effects : Out-of-equilibrium orbital polari-
zation

The out-of-equilibrium orbital and spin-polarization density (accumulation) emerging
from OML when an electric field E = E,ex is applied can be calculated from the linear
response theory as introduced section 3.7. We remind that we may define the "orbital"
response x5, as:

<Ly> = ngEOU

where the quantum average has to be performed (L,) over the unit surface of the system
in the case of a 'Rashba’ quantity leading to the definition of the so-called 2-dimensional
(2D) orbital accumulation iz = (L,) (still) as a complex quantity with the 'tilde’ symbol (@)
referring to the 2D density of the operator O (/m?).

In the Kubo formalism, this quantity can be computed from the band structure (obtained
by DFT) as a summation of two components. A so-called intraband component sums the
contributions of the Fermi level electronic states whereas the so-called interband terms
results from the virtual coupling within same bands with lower energies electronic states.
The two responses are given by the following formulae :

O0fn - 2
X = —eTZ (8{ k) (unk| La [unk) (tnk| Ogx [tnk) (7.1)

nk

mter — ieh Z fnk fmk <unk‘ L ’Umk> <Umk’ 'l)ﬁk ]unk>

(7.2)
- 6nk - 6mk) (enk — €mk — thr— )

where we remind that @51( is the velocity operator (along the direction () at a certain k
point.
Comparison with the semiclassical approach.

In this linear approximation, A. Johansson et al. [Johansson, 2024] noted that the inter-
band contribution to REE vanishes in a system respecting time-inversion symmetry. In
Co, this symmetry is broken due to the strong ferromagnetic character. This leads us
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to expect a well larger contribution from the intraband since it doesn’t require symme-
try breaking and owing to the fact that the orbital response should be mostly insensi-
tive to the exchange term. It is also worth noting that the intraband term corresponds
to the orbital accumulation that would be computed in a semiclassical Boltzmann ap-
proach [Johansson, 2024].

To go beyond and anticipate the Rashba-Edelstein response, we can apply such semi-
classical Boltzmann approach to a circular 2D contour with OML (similar to the one used
in the past for topological insulators surface states). This approach consists in summing
the orbital momentum of either populated or depleted electronic states when an electric
field is applied. Noting that, under an electric field, the displacement of the Fermi contour
is 0k = —eE,/h (7, is the momentum relaxation time), and the variation in occupation
factor is written a{: o0k = af 86 410k, the Boltzmann approach yields :

fic =2 Npos (cos® @) (evpTpEy) (Ph) (7.3)

with (cos® ¢) = 3 in the 2D geometry and ¢ the azimutal angle in the plane (¢ = 0 in
the current direction). In this expression, we used that ‘95 = hvr and introduced the 2D
density of states 8f = N 0s as well as the mean orbltal polarization of the electronic
states at the Ferm| IeveI P of the order ~ 0.8 up (figure 7.2).

The quantities of equation 7.3 can be identified to those of the intraband term equation
7.1as:

7

Prcos ¢« (L)
vE cos @ > (Vak)

0
N335 — ()

Noting kr the Fermi wave vector, equation 7.3 can be simplified to :

\.

ekpT,
Xﬁy = 2 £ (Pﬁh)

Quantitative results

The response of Co| Al to an electric field in terms of both spin and orbital angular accumu-
lations are computed in our Refs. [Nikolaev et al., 2024, Pezo et al., 2025]. Despite slight
qguantitative differences, the two studies draw the same qualitative conclusion : a large
orbital response occurs in the first atomic plane of Co superposed to Al. Both calculations
find a much larger susceptibility for the orbital accumulation than the spin accumulation
(see table 7.1).
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[Pezo et al., 2025] | [Nikolaev et al., 2024]
lattice param. (R) 2.94 2.86
Xé,/intra 5.94 ~ 20
Xé‘,@,jnter 0.20
Xa e 0.12 ~ 0.15
Xogmter -0.002

Table 7.1 - Outcome of calculations performed in Refs. [Nikolaev et al., 2024,
Pezo et al., 2025]. OREE response y are given in unit of 107'°%4 /(V/m) (per atom).
The orbital polarization of (orbital accumulation density) induced by OREE is then

/:l»c = ngE'

Still, one difference is worth noting. In Nikolaev et al. [Nikolaev et al., 2024], the response
in spin accumulation is approximately ten times smaller than the orbital response, whe-
reasin Pezo et al. [Pezo et al., 2025], it is smaller by a factor close to 50. Regarding the SOT
generation, we need to bear in mind that the torques exerted by the orbital accumulation
within Co are mediated by SOC which is typically of the order of 0.07 eV in Co.

Consequently, Ref. [Nikolaev et al., 2024] does not exclude the role of Rashba induced spin
accumulation in SOT while Ref. [Pezo et al., 2025] fully rules out such contribution compa-
red to the pure orbital momentum accumulation contribution. This difference between
the two works at this point might stem from an additional approximation introduced by
the Wannierization technique being used in Ref. [Nikolaev et al., 2024] (which is presently
not the case in Ref. [Pezo et al., 2025]). This approximation reduces the number of bands
used for computing sums 7.1 and 7.2 by focusing on electronic states and bands close to
the Fermi level.

7.5 . SOT resulting from OML : the orbital torque

We now turn to the qualitative and quantitative description of the spin-orbit torque (SOT)
and orbital torque arising from orbital and spin accumulation produced by OREE. After
having described the general formalism of SOT adapted to DFT, we compare the theore-
tical results to our experiments with very good agreement.

7.5.1. First estimation

Estimating SOT from an out-of-equilibrium orbital density (accumulation) is not straight-
forward. From Landau-Lifschitz standpoint, the SOT vector I" can be defined as an effec-
tive field acting on the local magnetization m such that :

dM

Tsor = - = B . x M (7.4)

with v, = (5%;) the gyromagnetic factor. This equation defines the effective SOT field

2mx

nggT. Nevertheless, in the steady-state regime of spin-current injection in a timescale
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larger than the typical electronic spin relaxation time, one has to remind that such /o-
cal torque, f(z) can be directly linked to the spin-current influx, —Q,. = V.J,. deriva-
tive of the spin-current (2 and ¢ are respectively the carrier flux direction and the spin
orientation). We have extensively used the latter correspondence for the establishment
of our analytical semi-classical SOT model. The validity of the quantum correspondence
has been given in [Go et al., 2020].

Additionally, from an effective Hamiltonian perspective, we have :

H = Hiin + Hsor — Aeze (M) 0 (7.5)
with Hein and Hsos the respective kinetic and spin-orbit terms and A.,. the sp-d
exchange-correlation interaction energy (in unit of energy).

Applying the Ehrenfest theorem to the sum of occupied states, we find :

L)~ (52) [(2)- ()

with i, the 2D spin density (in unit of vh/m?). We remind that M is the 3D magnetiza-
tion vector). In the latter expression, we can identify the SOT effective field to Bg’gT =

(ﬁj—;ﬂ;) fis. However, the linear response theory applied to Co|Al as explained above

yields a stronger response in orbital out of equilibrium momentum £ than in spin 4.
The conversion of orbital angular momentum to spin can be considered as a perturba-
tion of the spin Hamiltonian, which, inside a ferromagnet, is mostly governed by the ex-
change term (compared to the SOI). In the light of this remark, we can approximate /i, to

(%) fis. This results in :

exc

e Asor =
BYgr = ( Vip ) P (7.6)

Typical value of spin-orbit Asoc = 70 meV and value of electric field of 10° V/m (current
density of 4 x 10'' A/m?) would give a field-like torque field of about Bp;, = 4 mT, in
very good agreement with our experimental results. More refined calculations of the two
torque components will be extracted from the DFT-based linear response theory in the
end of this chapter.

7.5.2 . SOT from the electronic band structure

If we note that, from angular momentum conservation, SOT represent the time derivative
of the local magnetization due to the exchange field introduced by the out-of-equilibrium
spin accumulation fi(z), a rigorous expression of SOT can be derived from first prin-
ciples [Go et al., 2020] simply by considering the commutator of the expected spin opera-
tor with the Hamiltonian according to :

1

Tsor = i ([6,7—2} ) (7.7)
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This representation however still admits one limit : the commutator of H with & yields
generally two terms, one corresponding to the local exchange field discussed just above
and one representing interaction between spins and crystal wave functions via the SOC
interactions. Only the former then represents the SOT we are searching for, while the lat-
ter represents angular momentum relaxation in the crystal field. However, this relaxation
is proportional to SOC while SOT comes with exchange interaction. Since in a 3d ferroma-
gnet like Co, SOC is negligible compared to exchange interaction, we consider that this
equation 7.7 is a valid approximation.

From this formula, we can directly apply the Kubo framework to the calculation of SOT wi-
thout the requirement to compute previously the out-of-equilibrium angular momentum.
For DFT implementation, we can this time write both intraband and an interband torkance
t defined as total SOT as Tsor = tE. Denoting i = x,y or z the direction of the SOT and
j the direction of the applied field, we can derive :

I [ (Wien| 5 [aam) (e 05 )

; h
pinter _ E1t o f 8
B =g k%;m (Fn = fm) o) (7:8)
. I .
57 = 22> Re | (ienl T [ien) (icnl 95 [n) | & (s = ) 7:9)
k,n

where f,, and f,, are the Fermi occupation for the respective n and m electronic states.

Symmetry analysis

In this section, we discuss the main physical properties and existence rules for the oc-
currence of the different effects discussed previously considering simple symmetry argu-
ments. We remind that :

* In the presence of an inversion symmetry center, e.g. in the bulk of a given material,
the occurrence of a spin-Hall effect and/or orbital-Hall effect is possible but Rashba
effects are excluded.

+ Rashba effects may appear in the absence of any inversion symmetry center, e.g. at
a surface of a material, at the interface between two materials, or in the bulk as in
a ferroelectric material (GeTe,...)

* In the absence of the time reversal symmetry (magnetic materials or magnetic he-
terostructures), the anomalous Hall effect, that is the production of a transverse
charge current, is possible.

* The occurrence of a magnetization (exchange interaction) tends to decrease the Ra-
shba interactions in many systems.
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Now, let's consider a system admitting a symmetry plane (&, 2) perpendicular to the ¢
direction (noted 9,) as well as the time-reversal symmetry operation T (non-magnetic
structure). Assuming an electric field applied along & and the magnetization along Z, the
torque component 7, represents the field-like torque and 7, the damping-like term. Sym-
metry considerations lead to :

~—

) =Tz ‘3(7;; Y
Tz My(Ty) =Ty
The combination of the two symmetries 9, results in the following rules :

My (vz) = —ve TMY(Te) = =T TM(Ty) =Ty

We now apply those symmetry rules onto the interband contribution, noting that time
reversal symmetry transforms a quantum state |¢) into (—ig,) K |¢) with K the complex
conjugate operator :

e "= T [{Wnl T W) (] B 100

tinter —
xrxr 2
k,m#n (6m N Gn)
o "= T [ (W] T ) (Wil B 1)
™y, oA (ém — €n)?

This expression boils down to the imaginary part of a complex number being equal to
the imaginary part of its conjugate. This is possible only if this imaginary part is zero. As
a consequence, from those symmetry rules, t7¢" is null, meaning there is no interband

contribution to field-like torque. However, there is no such constraint on ¢.¢".

Regarding the intraband contribution, symmetry rules unfold as :

. h n=0ccC .
fintra _ ;T Re |:<7/Jkn’ Ty [Vxn) (Yxn| 02 Wknﬂ 5 (er — en)
K
T;Ty *% - Re |:<11[}kn’ 7;/ |’¢kn> <1/)kn‘ @x |wkn>i| ) (EF — €n)

This means that tgj;”“ real part has to be zero in this case which implies that the intraband
contribution contributes only to field-like torque.

We are brought to the conclusion that in a system with a symmetry plane orthogonal to
the sample layers and time reversal symmetry, the field-like torque originates from the
intraband term whereas the damping-like torque results from the interband contribution.
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Figure 7.3 - t,, (field like torkance) computed in bilayers made of a) Al(12)| Co(12), b)
Al(11)| Co(13) and c) Al(10)|Co(14). d) represents t,, computed under three different as-
sumptions : full SOC where SOC is on in Co and Al, SOC Al with SOC on only in Al and SOC
Co with SOC on only in Co. Adapted from Ref. [Pezo et al., 2025]
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Quantitative results

The torkance tensor is computed in our Ref. [Pezo et al., 2025], assuming that ¢t and
ti@tm are zero. The integrated torque acting on a volume unit of Co (per unit surface) are
given in unit of [eag] (ag is the Bohr radius). The corresponding effective SOT magnetic
[e ao]

MCo Nco

s,at

tization and N¢, the number of Co planes in the thickness.

fields Bsor are then given by : Bsor = tzo B with Mj 4, the atomic magne-

Avalue of t,, = 1 gives Bsor = 4.5 mT for E = 2.5 x 10* V/m (current density in Pt of
J. = 101t A/m?). The average over the whole Co thickness presents a factor of 10 between
the component associated to field like ¢,, = 0.37 [eap] and the damping like component
tzy = —0.04 [eag]. This confirms that SOT emerging at Co|Al interface are prominently of
field-like symmetry.

Figure 7.3, we plot the ¢, torkance as a function of the atomic layer obtained from DFT
under different assumption relative to Co|Al bilayer. In 7.3 a, b and ¢, we present the
outcome of the calculations for, respectively Al(12)| Co(12), Al(11)| Co(13)and Al(10)| Co(14)
bilayers where the numbers in parenthesis are the number of atomic planes. Changing
the number of atomic planes results in changing the configuration of the atomic planes
in contact at the interface between Co and Al.

For all three configurations represented figure 7.3 a,b and ¢, the same profile is obser-
ved. This indicates that the ab initio results in Co|Al are largely independent on stacking
order at the interface. Co|Al exhibits a large torkance on the Co atomic plane next to Al.
The torkance then decreases monotonously as the distance to the interface is increased.
Integrated torque value > t,, ~ 0.5 [eag] over the two first Co atomic planes gives then a
sot field close to Bgor =2.5 mT for 0.9 nm thick Co (and 10! A.m~2 current density). This
is of the order of the experimental values.

The monotonous decay of the torkance throughout the Co layer is the signature of the
torques being generated by an angular momentum accumulation localized in an interfa-
cial layer, as suggested and explored in our Rashba model developed chapter 6. Indeed
torques originating from an angular momentum current (as from SHE for instance) are
subjected to precession around the magnetization which manifests in oscillations of the
torkance. However, here, the torkance diminishes monotonously. It does as if it results
from the coupling of Co to interfacial evanescent electronic states.

The torkance was also computed in cases where SOC was turned-off in both Co or Al
(figure 7.3 d). Itis zero when SOC is off in Co (green line figure 7.3 d), while removing SOC
from only Al yields the same results as when all SOC is on (blue and red lines figure 7.3 d).
This demonstrates that all the torque is generated inside Co from coupling with the out-of
equilibrium orbital accumulation. SOC in Al does not play any role because of the absence
of any magnetic moment induced in Al by proximity effects as emphasized previously.

Those ab-initio calculations of the SOT at Co | Al interface show that those torques are very
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localized onto the very first Co layer, mostly generated in the very first layers of Co, due
to a large out-of-equilibrium orbital angular momentum giving rise to a mostly field-like
symmetry torque. This brings us to confirm that they are caused by OREE.

7.5.3 . Comparing Spin-Hall (SHE) and Rashba Effects (REE) efficiencies

We discuss in this section how to directly compare the respective efficiencies of the spin
Hall effect and the Rashba-Edelstein effect, particularly in relation to the experiments des-
cribed. Even though SHE is more related to the damping like torque whereas REE is the
main source of the field like torque, such comparison is mandatory to compare the DFT
calculations within the linear response theory framework that we lead next chapter 8.

We rephrase this question as : which value of the Rashba-Edelstein response X:fy at the
Co|Alinterface gives rise to field like torque exceeding the damping like torque generated
by Pt at Co| Pt interface? Our answer follows from the arguments :

» The SHE current from Pt scales as Jsup = o5, % E with 021'F = spp 04, the
corresponding spin-Hall conductivity (SHC).

+ Correspondingly, the equivalent REE current (accumulation flow) is given by Jrepr =
(%) with x5, E the 2-D carrier spin density (in unit of m~2) and 7g,ey = ZVLF the
typical dwell time of carrier in the localized state at the Co|Al interface (v is the

typical elastic broadening energy near the Fermi level).

* From perturbation calculations, the spin density (x;, E) is related to the orbital den-

sity (ngE) and estimated from the typical ratio egp = (AAS—&C) ~ 0.1 between the

spin-orbit strength and the crystal-field splitting between two consecutive energy
levels (AE,).

Equating Jspr and Jrer, we then get the value of the orbital-Rashba response giving
rise to the same efficiency than the SHE of Pt:

h
Xoy = oniE (eesm) ~ 10 () /(V.m) ~ 107°(h) /(atom.V/m) (7.10)

considering that affE ~ 10° §/m for Ptand v ~ 0.1 eV (dwell scattering time of the order
of 10 fs).

In Table 7.1, we report values for Xﬁy as large as 6 x 107194 /atom. We thus confirm that
our resulting DFT calculations are in line with the expected order of magnitude for Xﬁy.

7.6 . Conclusion
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Through this chapter, we pursue our investigation of the Co|Al system by ab-initio cal-
culations in collaboration with Sergey Nikolaev of Osaka University and Armando Pezo
from Laboratoire Albert Fert. Using two different simulation packages this calculations
have consistent results. They exhibit a peculiar hybridization between Al and Co interfacial
electronic states compared to Co|Cu. This hybridization induces OML at Co | Al interface.

From this OML demonstration, we quantify the expected SOT following two approach. On
one hand, we first estimate the linear response of orbital accumulation, and then translate
this in terms of SOT : Bry, ~ 4 mT (for jp; = 10t A/m?). On the other hand, we are able to
directly implement linear response theory of the SOT (the torkance) inside DFT framework
(Brr ~ 2.5 mT for jp; = 10 A/m?). This values are of the order of the measurements
reported chapter 6. Finally, we demonstrate that the orbital response that we predict with
DFT in Co|Al is comparable to Pt|Co SHE.

Along chapter 6, the present chapter provide theoretical and experimental demonstra-
tions of OREE at Co|Al interface. Reckoning this acquired knowledge on Co|Al, we will
bring experimental modifications to this system in the next chapters to test our hypothe-
sis and envision applications.
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8 - Probing orbital torque via interfacial Pt insertion
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8.1. Introduction

In this section, from the knowledge acquired in the previous chapter on the occurrence of
OREE and subsequent orbital torque (OT) acting on the ultrathin Co, we propose to test
the OT on Co by varying the properties of the Co |interface via Pt insertion (Pt) at the ato-
mic scale by introducing a Pt layer of nominal thickness down to 0.25 nm. This challenges
our Rashba model developed chapter 6 based on the typical tunneling escape properties
out of a fictitious interfacial layer host to OREE. In this perspective, we distinguish bet-
ween two competitive effects. First, a possible loss of the orbital-Rashba texture due to Pt
introduction if this texture originates from the direct Co|Al bonding. Second, a possible
enhancement of the OREE via SOC enhancement introduced by Pt.

To this aim, we provide experimental results as well as density functional theory (DFT) cal-
culations developed at the laboratory concerning the electronic band structure and the
linear response expected for the torque. In particular, in light of these new series of ex-
perimental results, the DFT should give us the answer of the strong localization (or not) of
the orbital polarization generated by an external electric field from the model developed
chapter 7.

8.2. Modification of Co|Al interface : Pt dusting

8.2.1. Motivation

The significant orbital torque (OT) arising from OREE at the metallic Co|Al interface is
unique because it involves only a combination of light metals and, consequently, only in-
volves weak spin-orbit coupling (SOC). To validate this interpretation of our experiments,
we propose to introduce additional SOC into the system and measure its impact on spin
transport properties within the multilayers.

In order to conduct these experiments, we grew a sequence of samples with the following
structure Ta(5 nm)|Pt(8 nm)|Co(0.9 nm)|P;t(tP~t)|Al(3 nm)|Pt(3 nm) with ¢ 5, in the range
0.25-3 nm. In the initial samples series, the nominal Pt layer is thinner than crystalline Pt
atomic lattice parameter, leading us to refer to this layer as "dusting Pt".

Since Pt itself possesses strong SOC and a resulting SHE, it will also actively generate SOT,
with however an opposite contribution to the main one coming from the bottom 8 nm Pt.
As we transition from multilayers without dusting Pt to those with a relatively thick Pt,
the system should exhibit a shift from SOT originating fromm OREE to SOT dominated by
SHE. The transitory regime will provide insights into how SOC-mediated electron diffusion
between Co and Al influences orbital torque generation.

8.2.2. First characterizations of Pt-dusting structures
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Figure 8.1 - AHE amplitude measured in Ta(s nm)|Pt(8 nm)|Co(0.9 nm)|]5t(tpt)
|[A(3 nm)|Pt(3 nm) structures. Comparison with sample without Al
Ta(s nm)|Pt(8 nm)|Co(0o.9 nm)|Pt(3 nm), green star, and without dusting Pt,
Ta(s nm)|Pt(8 nm)|Co(o.9 nm)|Al(3 nm)|Pt(3 nm), blue dot. The dotted line repre-
sents our model fitted to the data.

Anomalous Hall effect

AHE resistance measured in this sample series is very instructive. The results are repor-
ted on figure 8.1 for different Pt thicknesses together with the results of our modeling
described in chapter 6. When a very thin Pt is inserted between Co and Al, R s gradually
increases from 36 m< (Pt| Co|Al|Pt) to 48 mQ for 0.25 nm Pt and reaches a maximum of
93 mSQ for 2 nm Pt. AHE then decreases mainly due to current shunting introduced by Pt
in its "thick limit".

Such AHE enhancement produced by the insertion of Pt originates from a pure spin cur-
rent proximity effect. This adds a contribution of spin-polarized electrons scattering in-
side Pt with enhanced efficiency due to Pt large SOC compared to Co. Indeed, the ad-
ditional spin-charge conversion in Pt is very efficient compared to Co whose spin Hall
angle, previously measured to be around 0.007 [Bony et al., 2025]. First, this feature ex-
plains why the maximum R4y with added Pt is more than twice the R4y measured
in Pt| Co|Al|Pt. Second, these measurements clearly emphasize the low electronic trans-
mission amplitude at the Co|Al interface as previously suggested when discussing AHE
effects in the seminal Pt|Co| Al series.
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Above 2 nm Pt, AHE decreases. Indeed Pt layer is then thicker than the electronic mean-
free path in Pt, A\p;, the typical lengthscale of the spin-current proximity effects in Pt.
Consequently, the added Pt layer does not contribute more to the transverse conductivity
while providing clear current shunting.

The rise of AHE originating from Co | Pt interfaces becomes even more apparent (Rang =
120 m€) in Ta(5)|Pt(8)|Co(0.9)|Pt(3). In this sample, there is no current shunting by the

Al layer and an intermediate Pt layer.

Saturation magnetization

1.6
1.4
*
1.2 o
g 1.0
S 0.8
Eva.6-
0oal ® Ta(5)|Pt(8)|Co(0.9)|AI(3)|Pt(3)
Ta(5)|Pt(8)|Co(0.9)|Pt(te:)|Al(3)|Pt(3)
027 % Ta(5)|Pt(8)|C0(0.9)|Pt(3)
0.0 — . . —
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Pt thickness (nm)
Figure 8.2 - Room temperature magnetization saturation M, measured by

SQUID for Ta(s nm)|Pt8 nm)|Co(0.9 nm)|f’t(tf~,t)|AI(3 nm)|Pt(3 nm) (orange
squares), Ta(s nm)|Pt8 nm)|Co(0.9 nm)|AI(3 nm)|Pt(3 nm) (blue dot) and
Ta(s nm)| Pt(8 nm)|Co(o.9 nm)|Pt(3 nm) (green star)

We report figure 8.2 the saturation magnetizations measured by SQUID in the dif-
ferent Ta(s nm)|Pt(8 nm)|Co(0.9 nm)|l5t(tpt)|AI(3 nm)|Pt(3 nm) samples and com-
pare them to Ta(s nm)|Pt(8 nm)|Co(0.9 nm)|Al(3 nm)|Pt(3 nm) and the reference
Ta(s nm)|Pt(8 nm)|Co(0.9 nm)|Pt(3 nm). We note that the saturation magnetization in
the series where an additional Pt layer is added between Co and Al increases from ~ 1
MA/m to ~ 1.4 MA/m as this Pt layer is grown thicker. We attribute this feature to some
magnetic moments emerging in Pt [Wilhelm et al., 2000].

Compared to this series, we note that sample with Co(0.9 nm)|Al(3 nm) interface (blue
dot figure 8.2) and reference sample Pt| Co| Pt have an intermediate M value. They were
both measured to have M, ~ 1.2 MA/m.
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Figure 8.3 - a) Anisotropy effective fields for Ta(s nm)|Pt(8 nm)|Co(0.9 nm)|
ﬁt(tﬁt) | Al(3 nm)|Pt(3 nm). Room temperature saturation magnetization in shown in in-
set. b) Damping-like and c) field-like torque efficiencies in this sample series. For com-
parison, the blue dots are representing the sample with Co|Al without Pt dusting :
Ta(s nm)|Pt(8 nm)|Co(0.9 nm)|Al(3 nm)|Pt(3 nm) and the green star is the reference
sample without Al, Ta(s5 nm)|Pt(8 nm)|Co(0.9 nm)|Pt(3 nm).

8.3 . Results of SOT on Pt dusting series

All the samples of the Pt series exhibit PMA. This indicates a good interface quality. Fi-
gure 8.3 a) displays the effective anisotropy fields Hf(ff > 0 measured in the 0.25to 3 nm
Pt thickness range. We observe that the effective anisotropy field H]fff decreases from
1.75 T in the sample free of any Pt (blue dot) to 1.35 T for 0.25 nm Pt and down to 0.79 T
for 3 nm Pt. This coincides with the Hf(ff value measured in Pt(8)|Co(0.9)|Pt(3) (0.75 T,
green star).

We now turn to the discussion of the damping-like and field-like torque components
measurements in this samples (figure 8.3 b-c). As a 0.25 nm dusting Pt is inserted bet-
ween Co and Al layers, we observe a steep decrease of both torque components : by
a factor of four for the field-like torque (£, drops from 0.22 to 0.055) and by a factor
of two regarding the damping-like torque component ({pz, falls from 0.13 to 0.065). The
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ratio g—gi reaches a value lower than 1, as would be expected when the Rashba indu-

ced field-like torque component becomes small compared to the SHE (as introduced by
Pt). As the Pt dusting gradually increases up to 3 nm, the two torque components conti-
nuously decrease, as expected, down to their value (€273 = 0.02) corresponding to almost
perfectly compensated reference structure Pt(8)| Co(0.9)| Pt(3). An experimental ratio for
Pt = 3 nm is then reached Hpp/Hpr ~ 0.3, as expected from our reference data and
theory [Stiles and Zangwill, 2002, Krishnia et al., 2023].

The ensemble of these experimental data, and notably the fact that the amplitude of the
drop of the field-like torque is twice that of the damping-like component (for as thin as
0.25 nm Pt) indicates that the full Pt-thickness dependency of the torque may be explained
by three subsequent phenomena :

1. The orbital Rashba momentum locking at Co | Pt| Al interface disappears rapidly due
to band structure modification introduced by Pt. This suggests that the large OML
at Co| Al interface requires pristine Co| Al interface. The consequence of modifying
the band structure is a vanishing field-like torque.

2. the occurrence of enhanced electronic spin-flip scattering onto Pt for small Pt. This
reduces the reflection of spin propagating at the top Co interface and therefore
reduces the lifetime of spins incoming from bottom Pt in Co. Hence damping like
shrinks.

3. Finally, for the thicker Pt layers, the rise of an SHE contribution opposite to the bot-
tom Pt layer leads to a partial torque compensation (mainly of damping-like torque
symmetry).

8.4 . Ab-initio calculations of Co|Pt|Al

This experimental study is completed by ab-initio calculations performed in collaboration
with Armando Pezo using the framework described chapter 7. DFT and linear response
theory furnish guidance on how to interpret in details the consequences of dusting Pt
insertion between Co and Al. We describe here how it predicts a transition from a system
governed by orbital accumulation to a system governed by SHE induced torques.

8.4.1. OML disappearance with Pt insertion

Figure 8.4 a) and b) display the average values of the orbital angular momentum (respecti-
vely [, and [,) computed in the Brillouin zone in Al(11) | Pt(1) | Co(12) (numbers in parenthesis
here are simulated atomic planes). Despite an OML texture being visible, we clearly ob-
serve that its amplitude is ten times weaker than that of Co| Al reported in figure 7.2. DFT
hence shows that Pt dusting is detrimental to the observation of the OML arising between
Co and Al.

In line with these observation, the out-of-equilibrium orbital angular momentum density
(accumulation) response to an applied electric field is dramatically reduced in simulated
Co|Pt|Al compared to that found for Co|Al. We compute in figure 8.4 g) that it drops by
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Figure 8.4 - Equilibrium a) (l,;) and b) (l,;) operators over the Brillouin zone in Al| Pt(1) | Co.
Out of equilibrium orbital accumulation emerging under an applied electric field projec-
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lated stacks. Extracted from Ref. [Pezo et al., 2025].
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Figure 8.5 - Profile of the damping-like torquance (t,,) torquance projected on each ato-
mic layer in a) Al| Co, b) Al|Pt(1)| Co, (c) Al| Pt(2)| Co, d) Al | Pt(3) | Co. Profile of the field-like
torquance (t,,) projected on each atomic layer in e) Al| Co, f) Al| Pt(1)| Co, g) Al|Pt(2) | Co,
h) Al | Pt(3) | Co. Extracted from Ref. [Pezo et al., 2025].

about a factor of three when only one dusting Pt atomic plane is inserted between Co and
Al. It is nearly fully suppressed when Pt becomes thicker.

On figure 8.4 c-f), we report on the orbital accumulation expected to arise in each atomic
layer when an electric field is applied. In ¢), we reproduce the strong orbital accumulation
arising in the first Co layer of Al|Co as stated chapter 7. In d,e,f, 1,2 and 3 Pt layers are
inserted between Co and Al. We clearly observe an extinction of the orbital accumulation
inside Co, source of the orbital-torque (of field-like symmetry). However, this accumula-
tion is non zero over the whole metallic stacking since it presents an oscillating behavior
over Pt and Al layers. The non zero torkance projected in the Pt layer is a signature local
magnetic moment arising due to proximity effect.

8.4.2 . Anatomy of Torques in Co|Pt|Al systems.

We now turn to the expectation values of the torkance for each structures. We re-
mind, from the previous chapter, that they have been derived from the linear response
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tew (€00) | tay (eap)
ColAl 0.37 -0.04
Co|Pt(1) | Al -0.08 0.33
Co|Pt(2)| Al 0.10 -0.08
Co|Pt(3)| Al 0.15 0.13

Table 8.1 - Torkance integrated over the whole Co layers in the different investi-
gated multilayers.

theory and Kubo formula adapted to the torque operator acting on the local spin density
[Pezo et al., 2025].

The torkance profiles projected on each layer atomic plane are displayed in figure 8.5 un-
der different conditions. The two top graphs (a and b) exhibit the already discussed case
of Co|Al interface. The torque response is primarily of a field-like torque symmetry (¢,.)
and monotonously evanescent in Co, due to OREE. Its evanescent character is indicated
by the localization of the torque on the only two-first planes of Co whereas it is clearly
noticeable that no torques occurs inside Al because of the absence of any local magnetic
moment. However, this stands in stark contrast to simulated Al| Pt| Co trilayer as soon as
one atomic plane of Pt is inserted.

With Pt between Al and Co, both ¢, and t,, torkances have significant values and are of
oscillatory behavior inside the Co layer (figure 8.5 b to h). This is the expected signature of
a spin-current propagating inside Co and experimenting Larmor precession around the
local magnetization. In addition, the integrated torkance over the Co layer is also shown
table 8.1 to be balanced between ¢, and t,,, components.

This calculation thus illustrates how different in nature are torques due to OREE and those
due to Pt SHE. It also displays how sensitive OREE is, in agreement with our experiments
and interpretation reported in section 8.3. As far as a single atomic plane of Pt inserted,
orbital character is lost. It is replaced by an SOT response governed by Pt SOC.

Regarding the torkance unit, we remind here, from chapter 7, that an integrated torkance
on the FM side of 0.37 [eao] is equivalent to a field torque By = (1?4&1(\)/) tr€ (M, is the
atomic magnetic moment and N the number of Co atomic planes) giving Brr, ~ 2 mT
(for an applied electric field £ = 2.5 x 10* V/m or equivalently, effective current density in
bottom 8 nm Pt of 7/* = 10! A/m?, a typical value in our experiments).

8.5 . Conclusion

The experimental and theoretical investigation of adding dusting Pt between Co and Al
that we reported so far in this chapter sheds light on the peculiarity of Co|Al interface.
When a layer of Pt as thin as 0.25 nm is inserted between Co and Al, SOT efficiencies
shrink by factor of two in damping like and four in field like. This ultrathin Pt layer is thus

135



detrimental to SOT despite bringing SOC to the multilayers. It reinforces our interpretation
of SOT at Co| Al interface originating because of OREE occurring in the atomic layer of Co
next to Al and that the resulting orbital accumulation is converted to SOT inside Co. Adding
Pt suppresses this angular momentum source.

Furthermore, we are able to reproduce our experimental observations in DFT calcula-
tions, following the principles described chapter 7. Those DFT calculations disclose the
transition from OREE governed torques in Co|Al to SHE dominated system Co|Pt|Al A
striking difference that emerges is the precessional behavior of diffusive SHE spin currents
contrasting to thee evanescent decay of interfacial Rashba electronic states.

In the following chapter, we no longer try to modify the non magnetic layers of our struc-
ture but rather investigate if we can keep large SOT while changing the ferromagnetic
material to CoFeB alloy that is more suited to industry requirements.
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9 - Impact of CoFeB substitution on PMA and orbital
torques
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9.1. Harnessing orbital torque in CoFeB based systems

Investigations conducted in the previous chapters focus on samples where the ferroma-
gnetic layer consists of pure Co. However, CoFeB alloys have become in the last decades
a cornerstone in industrial spintronics due to their superior properties compared to pure
Co, particularly in terms of magnetic anisotropy, interfacial characteristics, its perfect in-
tegration in MgO-based magnetic tunnel junctions, tunnel spin-polarization and overall
device performance. For these reasons and given that one objective of my PhD is to ex-
plore new strategies for reducing the writing energy cost in SOT-MRAM, we propose to
investigate the implementation of the orbital torque (added to the SOT) in equivalent
CoFeB-based structures made from CoygFe40Bog material.

One of the key advantages of CoFeB is its ability to promote strong PMA when interfa-
ced with MgO [Hirohata et al., 2020, Dieny and Chshiev, 2017]. This interfacial anisotropy
is essential for memory technologies such as STT- or SOT- MRAM. In contrast, Co lacks the
same level of tunability in interfacial PMA, which limits its scalability for such applications.

In addition to its magnetic anisotropy, CoFeB is known for enabling exceptionally high
TMR in MgO-based magnetic tunnel junctions (MTJs), surpassing 150 % at room tempe-
rature in seminal works [Yuasa et al., 2004, Parkin et al., 2004]. TMR ratios of 600 % have
later been achieved [Ikeda et al., 2008]. This remarkable performance is assigned to the
high spin-polarization of CoFeB and its ability to form an epitaxial relationship with MgO
upon annealing, thus facilitating efficient spin-dependent tunneling. In contrast, pure Co
generally suffers from poorer interfacial crystallization and cannot reach similar TMR le-
vels.

Another advantage of CoFeB is its tunable magnetic properties, achieved by varying B
concentration. At a B contents above 6 atomic percent, CoFeB remains amorphous, which
is ideal for creating smooth and uniform interfaces. When the boron content is reduced
below this threshold, the alloy can crystallize into a body-centered cubic (bcc) CoFe phase
with controlled magnetic properties, including saturation magnetization (M), damping
constant («), and exchange stiffness [Kim et al., 2022]. This tunability allows device engi-
neers to optimize performance parameters such as switching energy, which is not pos-
sible with the fixed composition of pure Co. In this thesis, we chose to investigate samples
made with Co4gFeqoBoy because it was reported to be a good trade-off between damping
and anisotropy of the free layer [Dieny and Chshiev, 2017].

From a magnetization dynamics standpoint, CoFeB offers low Gilbert damping, typically
around 5 x 1073, which supports ultrafast magnetization switching processes at the na-
nosecond timescales [Weber et al., 2019]. This characteristic is essential for developing
energy-efficient memory devices and spin-torque nano-oscillators. In comparison, the hi-
gher damping of pure Co hampers high-speed performance and leads to larger energy
dissipation [Zhu and Zhu, 2007].

From the ensemble of those considerations, CoFeB presents numerous advantages over
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Figure 9. - Saturation magnetization M, measured in series of samples

Ta(s nm)|Pt(8 nm)|FM|AI(3 nm)|Pt(3 nm) where FM is a varying ferromagnetic
layer. The FM thickness in the X axis is the total ferromagnetic thickness in the samples.

Co in the development of industrial spintronic devices. In order to see if the OREE we
identified at the Co| Al interface could be reproduced with this ferromagnetic alloy, | have
grown four samples series made of the same Pt|Co|Al structure than previously investi-
gated where Co is replaced by a ferromagnetic layer based on Co4oFe49B2o accompanied,
or not, by ultrathin Co layers :

* Ta(5 nm)|Pt(8 nm)| CosgFesoBao(tcoren) |Al(3 Nm)|PL(3 nm)

* Ta(5 nm)|Pt(8 nm)|Co(0.3 nm) | CogoFesoBao(tcoren) |Al(3 NM)|PL3 nm)

* Ta(s nm)|Pt(8 nm)| CosoFes0Bao(tcoren)| Co(0.2 Nnm)|Al(3 Nnm) | Pt(3 nm)

+ Ta(s nm)|Pt(8 nm)|Co(0.3 nm) | CogoFe0Bao(tcores)| Co(0.2 nm)|Al(3 nm)|Pt(3 nm)
The magnetic and transport properties of the resulting multilayers have been studied
through AHE, PHE, anisotropy and SOT measurements. In the next sections of this manus-
cript, if the concentrations of the different elements are not specified, CoFeB designates
CoypFeyoB9p.

9.2 . Magnetic properties

9.2.1. Saturation magnetization

We measured via SQUID the saturation magentization M, of the samples combining ul-
trathin Co and CoFeB. The results are presented figure 9.1. The samples with pure Co fer-
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Figure 9.2 - Renormalized transverse AHE resistance R,, vs. OOP field scan in
Ta|(5 nm)|Pt(8 nm)| CoFeB(0.6 (orange) and 1.6 nm (blue)) | Al(3 nm)| Pt(3 nm).

romagnetic layer M, are reported on the same graph. They exhibit a saturation magneti-
zation around 1.2 MA/m measured mostly independent on the Co thickness. We observe
smaller Ms than Co in the CoFeB based samples (as expected) with values comprised
between 0.6 and 0.8 MA/m. Those values are similar to previous reports concerning Co-
FeB thin films [Devolder et al., 2013]. We note that the series with Co(0.3 nm)| CoFeB(t) and
Co(0.3 nm)| CoFeB(t) | Co(0.2 nm) (yellow and blue diamonds) have very close M, as a func-
tion of the total ferromagnetic thickness. The sample without Co deposited under CoFeB
(grey diamond) has a M, of 0.8 MA/m, larger than the two other series for tpy; = 1.0nm,
which M, is around 0.6 MA/m.

We observe an increasing trend of M, while thickening the ferromagnetic layer in the
series Co(0.3 nm)|CoFeB(t) and Co(o.3 nm)|CoFeB(t)| Co(0.2 nm). This increase with
tooren has been already reported in CoggFeggBog ultrathin limit (under 3 nm thickness)
[Panda et al., 2019] and in CoygFe40B2o|Pd multilayers whose CoggFey9Ba thicknesses
were less than 5 A [Silva et al., 2021].

Therefore, from these magnetization characterizations, we conclude that mixed ferroma-
gnetic layers made of CoFeB grown onto or under an ultrathin Co layer are of a particular
interest to engineer PMA toward anisotropy weaker than pure Co.

9.2.2. Magnetic anisotropy

In terms of anisotropy, all samples of the Ta|Pt(8 nm)| CoFeB(tcorer) | Al(3 Nnm)|Pt(3 nm)
series were found to exhibit in-plane anisotropy. Figure 9.2 displays the transverse resis-
tance R,, vs. the out-of plane applied magnetic field for both the thinnest and thickest
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Figure 9.3 - Transverse resistance renormalized by AHE during an out of plane
field scan in Ta(s nm)|Pt(8 nm)|Co(0.3 nm)|CoFeB(0.6 nm)|Al (3 nm)|Pt(3 nm)
(blue), Ta(snm)|Pt(8 nm)|CoFeB(0.8 nm)|Co(0.2 nm)|Al(3 nm)|Pt(3 nm) (orange),
Ta(s nm)|Pt(8 nm)|Co(o.3 nm)|CoFeB(0.8 nm)|Co(o.2 nm)|Al(3 nm)|Pt(3 nm) (green).

samples in this series. The two measurements clearly demonstrate the absence of any
hysteresis behavior and any remnant magnetization.

Hence, the chosen strategy to achieve PMA in samples based on CoFeB has
been to include an ultrathin Co at the outer interfaces. Then, in order to dis-
tinguish the role of each interface, we have elaborated three series of such
samples : Ta(s nm)|Pt(8 nm)|Co(0.3 nm)|CoFeB(tcrp)|A(3 nm)|Pt(3 nm),
Ta(s nm) | Pt(8 nm) | CoFeB(tcrp)| Co(0.2 nm)|Al(3 nm) | Pt(3 nm),
Ta(s nm)|Pt(8 nm)|Co(0.3 nm) | CoFeB(tcrp)| Co(0.2 nm)|Al(3 nm)|Pt(3 nm).

Our idea is that increasing the Co content at the interfaces might recover the properties
measured previously in Pt|Co|Al system, with, however, a reduced anisotropy size. On
one hand, we anticipate a surface anisotropy to arise at both interfaces. On the other
hand, a higher Co concentration interfacing Al is expected to enable OREE.

The OOP magnetic hysteresis of some samples of these series are displayed in figure 9.3.
We note that two samples out of three possess a PMA property : those with Co interfa-
cing Pt, whereas the thinnest CoFeB with Co interfacing only Al still possesses an in plane
magnetization (FM = CoFeB(0.8)| Co(0.2)). This shows that the surface anisotropy at the
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Figure 9.4 - Effective anisotropy field measured in different series of samples
Ta(s nm)|Pt(8 nm)|FM|AI(3 nm)|Pt(3 nm) as a function of the ferromagnetic layer thi-
ckness inverse. FM is a varying ferromagnetic layer. The FM thickness in the X axis is the
total ferromagnetic thickness. Each sample series is fitted to a straight line. Each line's
slope is indicated in T.nm.

Pt|Co interface is really required for observing the magnetic transition from IP to PMA.
Moreover, PMA is further increased with Al interfacing Co, as observed from the higher
value of the coercive field for the sample FM = Co(0.3) | CoFeB(0.8)| Co(0.2).

The magnetic anisotropy strength are gathered in figure 9.4. We observe that all
the CoFeB based samples present an IP magnetization while the samples with pure
Co present large PMA up to 2 nm Co thickness. As demonstrated in figure 9.3, ad-
ding an ultrathin Co layer between CoFeB and Pt enables PMA in the ultrathin limit
(ferromagnetic thickness comprised between 0.75 and 1.5 nm). Still, those samples
exhibit a significantly reduced effective anisotropy field compared to Co ones. In
Ta(s nm)| Pt(8 nm)| Co(0.3 nm)| CoFeB(0.6 nm)|Al(3 nm)| Pt(3 nm), we deduce an effective
anisotropy field of 0.4 T whereas the sample with 0.9 nm of pure Co as a ferromagnetic
layer possesses an anisotropy of 1.7 T.

In figure 9.4, we present the evolution of the effective anisotropy vs. the inverse of the
(total) ferromagnet thickness, and fit the anisotropy with a line (with exception of some
of the thinnest samples), similarly to figure 6.9. According to the model of equation 6.2,
the slope of the lines corresponds to the surface anisotropy and the offset to saturation
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magnetization. This model renders :

HY(FM|Pt) | HE(FM|A]

(9.1)
trm trm

H = (HY — M) +

The comparison between the two FM = Co and FM = CoFeB series demonstrates that the
sum of Al- and Pt- induced interface anisotropies is much smaller for CoFeB (0.52 T.nm
slope) than for pure Co (2.85 T.nm slope) as expected from the softer CoFeB magnetic
material.

We only measured the anisotropy of the FM = CoFeB | Co(0.2) series thinnest sample be-
cause we found out it does not posses PMA (grey diamond in figure 9.4. Still, we note that
the anisotropy in this sample is close to that of the CoFeB series. We thus conclude that
Co| Al interface grown on our CoFeB does not induce a large interface PMA.

Nevertheless, we measure that the slopes in Hy, vs. t gy, for the series FM = Co(0.3) | CoFeB
(yellow diamond in the Figure 9.4 and FM = Co(0.3) | CoFeB | Co(0.2) (blue diamond), respec-
tively 1.84 T.nm and 1.98 T.nm, are four times larger compared to sole CoFeB (0.52 T.nm).
This suggests that a Co insertion on top of Pt generates a pretty large interface aniso-
tropy at the scale of about a single atomic plane (0.3 nm). This clearly goes in favor of
a very good quality of the sputtering growth maintaining the interface memory between
both Co|CoFeB and Pt|CoFeB. Regarding the opposite 'top’ interface, the small difference
in the anisotropy between FM = Co(0.3)| CoFeB and FM = Co(0.3) | CoFeB | Co(0.2) seems to
indicate that Co does not enhance anisotropy when inserted between CoFeB and Al.

The overall measurements reveal that the magnetic anisotropies emerging at Pt and Al
are significantly smaller, by a factor of almost 6, for CoFeB thin films compared to pure Co
films. Adding a thin Co layer at the Pt interface restores a large surface anisotropy while
inserting Co between CoFeB and Al has a minimal effect onto the magnetic anisotropy. We
conclude that the interface between Pt and an ultrathin Co is of very good quality while
the Co| Al grown onto our CoFeB thin films does not reproduce the properties observed
in section 6.3.1.

On the one hand, we note that the anisotropy reduction can be of interest in the perspec-
tive of magnetization switching as, for a given SOT amplitude, a sample with lower aniso-
tropy switches at lower critical current. On the other hand, the anisotropy dependence on
the ferromagnetic film thickness suggests the FM | Al interface has different SOC related
properties when Co is replaced by CoFeB. We thus conduct SOT measurements in this
series of samples in order to investigate how they compare to the pure Co case.

9.3 . Transport analyses via AHE

In the figure 9.5, we show the evolution of the transverse resistance Rapg Vs.
the FM thickness. It follows a different trend than observed for Co. We first no-
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Figure 9.5 - R4pp measured in series of samples Ta(s nm)|Pt(8 nm)|FM|AI(3 nm)|Pt(3
nm)where FM is a varying ferromagnetic layer. The FM thickness in X axis is the total ferro-
magnetic thickness in the samples. The blue dotted lines are a fit according to the model

described section 6.4.2
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tice larger AHE in the samples made of pure CoFeB ferromagnetic layer than in
samples made of sole Co. Ta(5)|Pt(8)| Co(1.2) | Al(3) | Pt(3) yields Ramr of 53 mf2 whereas
Ta(s)| Pt(8)| CoFeB(1.2) |Al(3) | Pt(3) Rafk is as large as 98.3 m(). We can interpret this as
a manifestation of a larger spin-polarization of free carriers in CoFeB. This has been re-
ported in [Huang et al., 2008] where the author make the most of Andreev reflections to
assess a polarization of 63 % in CogoFe40B2 while polarization in Co was measured to 45
% using the same technique [Strijkers et al., 2001].

Yet, we additionally propose another explanation for the presently higher AHE. Indeed,
only increasing the spin-polarization in our model didn't allow to fit AHE data acquired on
the CoFeB series as well as the pure Co series. The shift of the maximum AHE towards
lower CoFeB thickness of about 1.5 nm (figure 9.5) suggests either a decrease of the (spin-
dependent) electron mean-free path, owing to the larger resistivity of CoFeB compared
to Co or a larger electron specularity at CoFeB | Al interface as emphasized below.

In the samples with a mixed ferromagnetic layer made of CoFeB and interfacial ultrathin
Co layer, we find smaller AHE amplitudes, slightly weaker than those measured in Co.
Such reduction in the AHE when an ultrathin Co layer is inserted at both CoFeB|Pt and
CoFeB|Al interfaces is a signature of a partial loss of the spin-dependent transport pro-
perties at those interfaces. This implies here a loss of the scattering specularity and/or
the introduction of a spin-memory loss effect unlike the aforementioned case of homo-
geneous CoFeB layer.

From our simulations (see figure 9.5) in pure Co samples, the amplitude difference bet-
ween Pt|CoFeB|Al AHE and Pt|Co| Al stems from lower specularity in reflection at Co | Al
interface compared to CoFeB|Al. In Pt|CoFeB|Al trilayers, part of AHE is due to CoFeB
conduction electrons reflected at the interface with Al, crossing CoFeB and transmitted
into the bottom Pt. In Pt, they produce a substantial transverse AHE current due to Pt en-
hanced spin-orbit scattering. If the reflection at the Al interface is specular, the electrons
contribute significantly to AHE due to the large Pt SHE.

However, this contribution is suppressed in two cases. Either tc,rep is thicker than the
(spin) mean free path and, consequently the maximum in AHE is reached at about two
times this length (around 1.5 nm from figure 9.5) and then, AHE decreases for thicker
CoFeB layer; or the reflectivity at the FM | Al interface is reduced or made less specular, as
for Co|Al. Therefore, the AHE reduction with ultrathin Co layers inserted at the interfaces
of CoFeB reciprocally validates the memory of the grown sputtered interfaces at the scale
of 0.3 nm in thickness.

9.4 . SOT quantification

9.4.1. Pt|CoFeB|Al compared to Pt|Co|Al

The SOT efficiencies extracted in Pt(8)| CoFeB(tcoren) | Al(3) | Pt(3) samples (green dots) are
reported in figure 9.6 a) besides Pt(8)| Co(tc,) | Al(3) | Pt(3) samples (blue dots) with pure
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Figure 9.6 - a) Damping like and b field like SOT efficiencies measured in
Ta(5)| Pt(8)| Co(tco) | Al(3) | Pt(3) (blue dots) and Ta(s)|Pt(8)| CoFeB(tcoren)|Al(3)|Pt(3)
(green dots) series. Dotted lines reproduce the model presented in chapter 6.

Co already presented in chapter 6. The Damping-like efficiency vs. the CoFeB thickness
first decreases from 0.13 to 0.1 from tcope = 0.7 M to toores = 0.9 Nm. It then mono-
tonously increases to {pr, = 0.15 for toorep = 1.6 Nm. This dependence on the ferroma-
gnetic thickness is different from the Pt(8)| Co(tc,) | Al(3) | Pt(3) samples. Indeed, the latter
(blue dots) instead present a maximum of {ép;, = 0.13 at to, = 0.9 nm. Despite these
opposite trends, the two series of samples have damping like efficiencies of the same or-
der, around ¢{p;, = 0.12. Consequently, the samples series in which CoFeB replaces Co
displays as large Damping-like torque despite their much weaker magnetic anisotropy up
to in-plane magnetization.

Regarding the Field-like torques reported in figure 9.6 a), we measured significantly lower
efficiencies in the CoFeB series (green dots) compared to Co (blue dots). The two series
exhibit the same monotonously decreasing trend vs. the ferromagnetic layer thickness.
However, at ¢ty = 0.9 nm, the Field-like torque efficiency is 4.5 times larger when FM =
Co (£pr, = 0.13) compared to the case of CoFeB ({xr, = 0.03).

This difference between the two sample series strongly suggests a weaker (orbital) Ra-
shba character in Pt|CoFeB|Al compared to Pt|Co|Al. We managed to reproduce the
experimental thickness-dependence using our semi-classical torque model described in
chapter 6. The green dotted line figure 9.6 represent the outcome of this model involving
no (zero) Rashba induced torques and the modification of some characteristic lengths
compared to Co discussed hereafter. The blue dashed line is reported for comparison. It
conveniently reproduces the model adapted to Pt| Co|Al. Even though we could not adapt
our transport model to CoFeB experimental data as well as to Co, we capture some of the
observed feature. Notably, figure 9.6 a), the model reproduces the non monotonous be-
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havior of the measured £py. This is permitted by a reduction of the exchange length \;
set to the model : from 0.6 nm in Co to 0.4 nm in CoFeB.

In Figure 9.6 b), we then reproduce the Field-like efficiency reduction in CoFeB by suppres-
sing the Rashba source of the SOT. We also have to extend the transverse decoherence
length Aa from 1.2 nm in Co to 2.54+0.5 nm in CoFeB. A factor two in this characteristic
length between CoFeB and Co may reveal a better interface quality at CoFeB| Al interface
allowing a longer ballistic transport length as expressed previously in the AHE experimen-
tal data.

9.4.2 . SOT in series incorporating ultrathin Co layers at interfaces with Co-
FeB

In figure 9.7, we summarize our SOT measurements in Pt|Co|Al, Pt|Co|CoFeB|Al, and
Pt|Co|CoFeB|Co|Al series. The Pt|Co(0.3)| CoFeB(tcoren) | Al(3)| Pt(3) series (yellow dia-
monds figure 9.7) exhibit a similar dependence of Damping-like efficiency as for the series
incorporating solely CoFeB, as described in section 9.4.1. Figure 9.7 a), although we do not
observe any decreasing at the lowest thicknesses, we measure an increase in {py, in the
trpy = 1 — 1.8 nm window.

Regarding the Field-like efficiency however (figure 9.7 b), even though the trend is
a monotonous decay with increasing thickness as with sole CoFeB, the amplitude
is substantially larger. It is comparable to what was observed in Pt|Co|Al|Pt. For
instance, at tpyy = 1.2 nm, £, = 0.136 with pure Co and épr, = 0.1 in
Pt(8 nm)|Co(0.3 nm)|CoFeB(0.9 nm)|Al(3 nm)|Pt(3 nm)

In the samples with ultrathin Co inserted at the two CoFeB interfaces, we measured the
highest Damping-like torque efficiencies (blue diamonds figure 9.7 a). For instance, in
Ta(s nm)|Pt(8 nm)|Co(0.3 nm)|CFB(0.9 nm)|Co(0.2 nm)|Al(3 nm)|Pt(3 nm), we measu-
red £pr, as large as 0.18.

In parallel, the Field-like torque efficiency of this samples series (blue
diamonds figure 9.7 b) overlap very well with those measured for the
Pt|Co(0.3)| CoFeB(tcoren) | Al(3)| Pt(3) series (yellow diamonds). We then tried to adapt
our model parameters in order to reproduce the experimental data. Now, the (orbital)
Rashba torques are not set to zero but is reduced by a factor of two compared to the pure
Co case. By additionally extending the transverse decoherence length to 3 nm, we are
able to reproduce well the experimental trends between within the tcopep = 1.3 — 2 nm
window.

Moreover, in Figure 9.4.1 €), we plot the ratio of the two torque components as a func-
tion of the ferromagnet thickness. We note that our model does not match the two thin-
nest samples of Pt|Co(0.3)| CoFeB(tcorer) | Al(3) | Pt(3) series. Indeed, figure 9.4.1 a), we
observe that the model does not reproduce the decrease of £p;, at the lower thicknesses.
Still, with the parameters adapted to the samples in the range 1.3-2 nm, the model yields a
steep increase of the ration {r1,/¢py, to values larger than one. This is strongly indicative
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Figure 9.7 - Summary of the SOT efficiencies measured in the Ta(s nm)|Pt(8
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of the existence of Rashba induced SOT in this system as emphasized in this section.

9.4.3 . Evaluation of orbital Rashba from DFT
Besides this experimental investigation, we have led DFT calculation of the orbital and spin
momentum lockings, corresponding Rashba-Edelstein response and torque efficienciesin
CoFe|Aland Fe|Al. The calculations were performed by Armando Pezo. Calculations have
been then performed assuming epitaxial bilayers. The results are reported on table 9.1.

X107 m/V] X [107 %% m/ V] t,, [eaq]

Co/Al 5.94 0.20 0.37
Fe/Al 2.05 0.25 0.13
Cog sFeq 5/Al 3.85 0.19 0.26
X0 R/ V] \ET 0 R m/ V] tuy [eao]

Co/Al 0.12 -0.002 -0.04
Fe/Al 0.18 0.07 0.05
CogsFeqs/Al 0.38 0.08 -0.05

Table 9.1 - Rashba-Eldelstein response and orbital torques (Field-like t,, and
Damping-like ¢,, torques) for Co/Al and Co,_,Fe,B/Al (x = 0.5, 1) structures.

We observe that progressively alloying Co with Fe, the orbital Rashba-Edelstein (intra-
band) response decreases from 5.94 [107!1%% m/V] for pure Co to about half value,
3.85 [1071°7 m /V] for CosoFeso, and to 2.05 [10~19% m/V] for pure Fe. Correspondingly,
the Field-like torque (t,,) decreases from 0.37 eaq for pure Co to 0.26 eaqy for CosgFeso
and to 0.13 eag for pure Fe proportionally to the orbital Rashba response. Note that in all
cases, the spin response is still much smaller than the orbital counterpart.

Our conclusionsis that DFT output calculations for the linear response theory are in agree-
ment with the previous conclusions raised concerning the regular decrease of the (orbital)
Rashba contribution to the SOT when Co is alloyed with Fe.

9.5 . Conclusions and short-term perspectives

We grew metallic multilayers with the same non-magnetic structure as the samples in-
vestigated in chapter 6 but integrating CoggFe40B2g instead of pure Co as the ultrathin
ferromagnetic layer. We show that contrarily to the Co case, this samples do not possess
PMA and are characterized by in-plane magnetization. However, adding an ultrathin Co
layer on the interfaces of the CoFeB layer, we were able to demonstrate restored PMA,
however significantly weaker than in the pure Co multilayers. Through this engineering
of the ferromagnetic layer, we thus manage to tune the magnetic anisotropy.

Regarding SOT, we measured large Damping-like efficiencies in all the CoFeB based
samples, in the range of the values measured for pure Co and even larger in some cases.
Regarding the Field-like component, it is largely suppressed with CoFeB as ferromagnetic
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layer but partially restored by the addition of Co ultrathin layers at each interface. We
can approximately adapt the transport model described in the chapter 6 to those series
of samples. To do so, besides relaxation lengths maodification in the ferromagnet, in or-
der to fit with experiments, we have to suppress the (orbital) Rashba contribution in the
samples with only CoFeB and partially restore it, although reduced compared to pure Co,
in the samples with ultrathin interfacial Co layers. Those result indicates that CoFeB | Al
interface is not host to Rashba states but the growth of ultrathin Co layers may allow to
restore part of this character. The experimental results are in agreement with the DFT
calculations of the orbital torque from the linear response theory framework.

In the view of magnetization switching experiments, we make the most of the ani-
sotropy reduction compared to pure Co as well as the large Damping-like efficien-
cies in order to target lower switching critical currents. We thus selected the sample
Ta(s nm)|Pt(8 nm)|Co(o.3 nm)|CoFeB(0.8 nm)|Co(0.2 nm)|Al(3 nm)|Pt(3 nm) to include
in our switching study chapter 10. This sample possesses among the largest Damping-like
efficiencies ((pr, = 0.15) as well as out of plane anisotropy, but reduced compared to Co
(H,jff = 0.2 T). Experimental results and the interpretations are presented in the next
chapter 10.
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10 - Orbital torque assisted magnetization switching
in Pt|Co|Al elements
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10.1. Introduction

This chapter presents our key findings on magnetization switching experiments in
Pt|Co|Al and Pt|CoFeB|Al systems using current injection across the GHz frequency
range with short-term perspectives aiming at THz range. These experiments are reali-
zed on deep submicronic lithographed pillars and results were compared to reference
structures, e.g. Pt| Co systems, to assess the impact of the orbital torque enhancement
from OREE introduced at the Co|Al interface. This enhancement aims to reduce the cri-
tical current density required for switching. Orbitally induced spin-orbit torques (SOTs)
have already shown promise for enabling more energy-efficient magnetization switching,
see [Gupta et al., 2025, Huang et al., 2023].

10.2 . Field-like torque in magnetization switching

Different approaches have been proposed to model SOT-driven magnetization switching
according to the two SOT components efficiency, magnetic anisotropy, damping parame-
ter and DM strength. Macrospin simulations, assuming coherent dynamics of the magne-
tization over the whole magnetic sample, show that the damping-like torque causes the
magnetization to rotate toward a given hemisphere, whereas the field-like torque triggers
precessional motion [Lee et al., 2013, Park et al., 2014]. [Lee et al., 2013] derives a formula
for the critical switching current :

Jo =

Heff
26’MstF< k HJ»‘) (10.1)

h OsuE V2

2 V2
with H, the constant magnetic field applied along the injected current.

However, it is known that the macrospin model represents an oversimplified approxima-
tion for magnetic elements of size larger than approximatively 50 nm. In our context,
models that account for the role of the Dzyaloshinskii-Moriya interaction (DMI) are
more appropriate, as supported by previous work [Mikuszeit et al., 2015]. These mo-
dels have been validated through time- and space- resolved experimental investiga-
tions [Baumgartner et al., 2017] in which the switching process of a 500 nm wide magnetic
pillar has been studied using time-resolved XMCD. Their results revealed that switching
initiates with the nucleation of a magnetic domain at the edge of the pillar, followed by the
propagation of a domain wall across the structure, as illustrated in figure 10.1 a). In par-
ticular, one of the key observations is that the nucleation of the domain wall takes place
deterministically in one of the four quadrants of the magnetic pillar depending on the
signs of the current and applied magnetic field H,. They explain this feature by conside-
ring the various effective fields contributing to the domain-wall mediated reversal. Owing
to energy minimization, DMI induces a significant canting of the spin at the edges of the
magnetic pillar (figure 10.1 b). The applied in-plane field H, is parallel to this canting on
one side of the pillar and enhances it (left side figure 10.1 c).
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Figure 10.1 - a) domain nucleation (red dot) and domain wall propagation (green arrow)
observed in [Baumgartner et al., 2017] for all combination of current and applied field si-
gns. b) Spin canting in the magnetic nanopillar due to DMI, ¢) Canting configuration due
to the addition of an in plane field. €) In red, the preferred point of domain nucleation
determined by the competition between field-like and damping like effective fields polar
components. Extracted from [Baumgartner et al., 2017].

On the dot side, the local magnetization thus possess the maximal in-plane component
of the whole nanopillar. The action of the damping-like torque on that in plane spin com-
ponent is to destabilize it into nucleating a magnetic domain opposite to the main ma-
gnetization direction. We thus expect to observe domain nucleation along the dashed line
parallel to the applied field figure 10.1 ¢). However, experimentally, domain nucleation is
observed to appear in one of the red points shown in figure 10.1 a).

To understand this, we need to account for damping-like (DL) torque competition with the
field-like (FL) torque. Both SOT effective fields i.e. DL and FL, have a finite projection on
the canted spin polar direction (the direction causing nucleation). On top of the dashed
line in figure 10.1 ¢, those two components are opposite according to the convention cho-
senin [Baumgartner et al., 2017]. Under this line, they add constructively (inset below the
nanopillar figure 10.1 d). In this configuration, the spins of the nanopillar that are the most
destabilized into nucleating a magnetic domain are lying in the lower left quadrant (red
dot figure 10.1 d).

Once a domain wall has nucleated in a favorable configuration, it may propagate across
the magnetic pillar. The observed angle between the propagation front and the cur-
rent is consistent with domain wall propagation under an effective field along the y
axis [Martinez et al., 2015]. It is thus a signature of the role of the effective field associated
to field-like torque. In [Baumgartner et al., 2017], the authors explain by using this argu-
ment supported by a micromagnetic model, that nucleation and domain wall propaga-
tion symmetry may be consistent or not depending on the sign of the ratio Hpr./Hpr.
In the consistent case (represented figure a), starting from the nucleation point, domain
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Figure 10.2 - a) SEM image of a magnetic pillar at the intersection of two arms of a Hall
cross obtained by e-beam lithography. b) Scheme of the metallic structure.

wall propagation direction points towards the rest of the pillar. SOT driven switching is
hence made more efficient by the action of the FL component Hry. However, for oppo-
site Hpy,/Hpy sign, domain wall propagation is hindered and the switching critical current
largely increases.

10.3 . Submicronic nanopillars fabrication using e-beam lithography

In chapters 6, 8 and g, we have employed second-harmonic SOT measurement technique
to characterize the magnetic and spin-transport properties arising from Co | Al interfaces.
Building on this, we aim to compare the efficiency of SOT-driven magnetization switching
across our various metallic structures. In particular, a key challenge in studying the ma-
gnetization switching properties in nanopillars is to clearly identify and benchmark the
dominant physical mechanisms (such as magnetic torques) against theoretical models.

To this purpose, we have patterned our multilayers into pillars of an ultrathin magnetic
element deposited onto a SOT track as represented in figure 10.2, equivalent to the SOT-
MRAM geometry. For that, we use the e-beam lithography and ion beam etching. The first
step consists in patterning 500 nm wide Hall crosses of the full metallic stack. Then, in
a second e-beam lithography step, we define an ellipse at the center of this cross and
etched the surrounding area of the cross down to the exact 8 nm thick bottom Pt layer.
This etching step is monitored through the secondary ion mass spectrometer (SIMS) avai-
lable in our etching system. The resulting device is then observed with Scanning Electron
Microscopy (SEM) as shown in figure 10.2 a).

10.4 . Magnetization switching experiment protocol

Among the two Hall cross arms, one is used as a conduction line to apply electrical pulses
while the other allows the acquisition of the transverse resistance R, of the pillar. In this
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manner, we track the normal component of the magnetization through AHE. For each
sample, our investigation consists in the quantitative evaluation of the critical switching
current as a function of a "writing" electrical pulse width. The protocol we have adopted
is thus the following :

1. Saturate the magnetization along a given direction perpendicular to the sample’s
plane (either £2z) by the application of a magnetic field H, = 6400 Oe.

2. Apply a magnetic field H, parallel to the "current injection" arm of the Hall cross
along the applied current direction.

3. Apply a "writing" pulse electric current of a given amplitude and width along the
same "current injection" arm of the Hall cross.

4. Apply an electric current "reading" pulse of typically 1 ms and 100 pA intensity to
probe the transverse AHE resistance R, of the pillar.

5. Steps 3 and 4 are repeated varying the "writing" pulse amplitude. We typically per-
form a cycle where the first "writing" pulse has a small amplitude. It is then increased
up to a maximum value before being decreased down to the opposite of this maxi-
mum value in the negative amplitudes. We conclude a full cycle by applying pulses
of increasing amplitude back to o. (An experimental cycle is typically described in
figure 10.3 c).

These experiments use a combination of quasi-static currents (with pulse duration around
1ms, referred to as the "reading" pulse) and RF currents (or 'writing’ pulses, which can be
as short as a few tens of nanoseconds). Consequently, the measurement setup includes a
bias-T to combine the two current sources along with an oscilloscope to probe the pulse
shape (the circuit is represented in figure 10.3 a).

For each studied sample, we verify that reversing the in-plane magnetic field H, leads to
a reversal in the polarity of the magnetization switching cycle (as shown in figure 10.3 d).
This behavior confirms that the switching process is primarily governed by the SOT me-
chanism.

From one experimental cycle of a given "writing" pulse duration, we extract the critical
switching current as the minimal "writing" pulse amplitude after which R,, > 0.4 Ragg
for a switching from "down" to "up" states or R,, < —0.4 R4 for a switching from "up"
to "down" states (the scheme is represented in figure 10.4 a). Assuming that the magne-
tic configuration within the pillar consists solely of 'up’ and ‘'down’ domains, this criterion
corresponds to 70 % of the pillar's total magnetization having switched. Red dots in fi-
gure 10.4 b) represent the critical switching currents extracted from one experimental
realization.

10.5 . Benchmarking the critical switching currents

As described in section 10.3, we have fabricated small dots on four
different metallic  stacks, respectively : Ta(s)|Pt(8)| Co(0.9)| Al(1.4) | Pt(3),
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Figure 10.3 - a) Scheme of the setup for the application of the electrical pulses to the
samples and the measurement of the magnetization state through R,,. b) Atypical 500 ns
width electrical pulse measured by the oscilloscope. ¢) Magnetization switching cycles ob-
tained for two opposite in-plane magnetic field H, and o perpendicular field H..
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Figure 10.4 - a) Estimation of the characteristic critical switching currents from a given
switching cycle. b) Outcome on two experimental cycles acquired at room temperature.
H, = +6.3 kOe.

Ta(s)| Pt(8)| Co(0.9) |Al(3)| Pt(3) Co|Al based samples differing by their Al thickness,
Ta(s)| Pt(8)| Co(0.3) | CoFeB(0.8) | Co(0.2) | Al(1.4) | Pt(3) sample comprising CoFeB charac-
terized by a reduced PMA compared to Co and Ta(s)|Pt(8)|Co(0.9)|Pt(3) reference
sample.

10.5.1 . Impact of the fabrication onto the material properties

During the nanopillar fabrication process (Figure 10.2), which involves two electron beam
lithography steps, we observed that the procedure has a measurable influence on the
magnetic anisotropy of the samples. As shown in figure 10.5, PMA is moderately redu-
ced following the e-beam processing. For instance,in the (Ta(s) | Pt(8)| Co(0.9) | Al(3) | P(3))
structure, the effective anisotropy field H,'jff, previously measured at 1.7 T in UV litho-
graphy samples, was found to decrease to H,jff=1.4 T after nanopillar patterning. Similar
trends were observed across other sample compositions, with H,iff values measured at
1.1 T for Ta(s) | Pt(8) | Co(0.9) | Al(1.4) | Pt(3), 0.5 T for Ta(5) | Pt(8) | Co(0.9) | Pt(3) and 0.16 T for
Ta(s) | Pt(8)| Co(0.3)| CoFeB(0.8) | Co(0.2) | Al(3) | PL(3).

10.5.2 . 100 ps-long pulse width

Figure 10.6 displays the switching cycles obtained at room temperature with 100 ps long
pulses and for a H, = 200 Oe in-plane magnetic field for the four different samples. In
figure 10.6 a), we report the switching cycles for two samples, namely Pt| FM | Al(3 nm) | Pt
where FM denotes either for Co(0.9 nm) or the hybrid ferromagnetic layer Co(0.3
nm)| CoFeB(0.8 nm)|Co(0.2 nm). Notably, the sample incorporating the CoygFeyoB2g fer-
romagnetic layer exhibits the lowest critical current. This enhanced switching efficiency
is primarily attributed to its significantly reduced magnetic anisotropy, combined with a
damping-like torque comparable in magnitude to that observed in Pt| Co|Al structures.
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Figure 10.5 - Transverse rescaled by R4z g vs. the applied magnetic field in the sample
plane for two samples. Both are made from Ta(s) | Pt(8) | Co(0.9) | Al(3) | Pt(3) metallic struc-
ture. One (in orange) was patterned in Hall bars through UV lithography. The other was
fabricated into nanopillars via electron beam lithography.
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Figure 10.6 - Switching cycles obtained for 100 ps long pulses in varying metallic struc-
tures patterned as nanopillars. An in-plane field H, = 200 Oe is applied. a) Samples
Pt|FM|AI(3 nm)|Ptwhere FM = Co(0.9 nm) and Co(0.3 nm)| CoFeB(0.8 nm)|Co(0.2 nm).
b) Samples having the same magnetic layer Co(0.9 nm), with either 3 nm Al grown on top,
1.4 nm Al, or no Al and directly the 3 nm Pt capping.
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In figure 10.6 b), we display the 100 us switching cycles for the samples constituted of
the same Co(0.9 nm) ferromagnetic layer. The sample with the lowest critical current
is Ta(s)| Pt(8)| Co(0.9) |Al(3)| Pt(3) integrating the 3 nm Al layer, despite possessing the
largest magnetic anisotropy (1.4 T) of the present series : Jp; = 10 + 0.5 10! A/m?.
This critical current is lower than for the sample containing 1.4 nm of Al on top of Co
(Jpe = 11 £ 0.51011 4/m?).

Finally, the two samples, Ta(s)|Pt(8)|Co(0.9)|Al(1.4)|Pt(3) and the reference
Ta(s) | Pt(8)| Co(0.9)| Pt(3), exhibit similar critical current density for magnetization
switching. However, since the sample with Al layer has about twice the anisotropy of the
reference sample, this comparison provides further evidence that incorporating Al can
significantly reduce the critical current required for switching. In this case, this impro-
vement is attributed to the suppression of the partial compensation of SOT originating
from the 3 nm capping Pt as well as the emergence of OREE with 1.4 nm Al. Despite the
higher magnetic anisotropy, the reduced critical current highlights the beneficial role of
the Co|Alinterface in enhancing SOT efficiency, leading to improved energy performance
in magnetization switching.

10.5.3 . Orbital-assisted switching at shorter pulse duration

The experiments presented in the previous section were performed using relatively long
pulses (100 ps). To better understand the specific influence of the orbital related effects
on magnetization switching under conditions relevant to SOT-MRAM applications, we ex-
tended our investigation to shorter pulse duration, down to the 50 ns range.

As expected, reducing the pulse width necessitated higher pulse amplitudes to reach the
switching threshold, consistent with previous observations [Garello et al., 2014]. Howe-
ver, such high amplitudes can pose a risk of device degradation. To avoid this and keep
current amplitudes within a moderate range, we applied a relatively strong in-plane ma-
gnetic field (6 kOe), thereby facilitating the switching process without compromising de-
vice integrity.

In figure 10.7, we present the switching cycles for Ta(s)|Pt(8)]| Co(0.9) | Al(1.4) | Pt(3) and
Ta(s)| Pt(8)| Co(0.9) | Al(3)| Pt(3) samples under 500 ns pulses. A clear reduction in the re-
quired pulse amplitude for magnetization switching is observed in the sample with 3 nm
Al compared to the 1.4 nm Al sample. This result is in contrast to what is expected from
the difference in magnetic anisotropy between the two samples, and is consistent with
the behavior observed under 100 us pulses.

We repeated this experiment gradually decreasing the pulse width. In figure 10.8, we show
the resulting critical current densities in Pt for switching. The error bars are estimated
as the standard deviation of 20 different switching cycles of alternating polarity. Both
samples exhibit an increasing trend in critical current with decreasing pulse width. Across
all pulse widths, the sample with 3 nm Al consistently requires a lower critical current
than the one with 1.4 nm Al. This confirms that SOT generated by OREE at Co | Al interface,
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more than compensates for the increase in the magnetic anisotropy enabling efficient
magnetization switching.

10.5.4 . Impact of the Rashba torques on the Damping-like field and critical
currents

An important conclusion is that the reduction of the critical switching current for
Ta(s)| Pt(8)| Co(0.9) | Al(3)| Pt(3) sample cannot be attributed to an increased field-like com-
ponent of SOT. In fact, this component typically acts against domain wall displacement in
presence of DMI. Therefore, the reduced critical current in systems with larger PMA must
result from an enhanced damping-like torque. This raises the question : what mechanism
is responsible for this enhancement in our Al-based samples?

The answer lies in the additional damping-like torque component generated by the OREE
mechanism at Co| Al interface. While OREE primarily promotes a strong field-like torque
due to quantum confinement effects at the Co| Al Rashba states, between field-like and
damping-like components becomes possible through leakage currents towards the bulk
Co electronic states. These currents are parameterized by the 7;; transmission coefficient
defined in chapter 6.

From our torque data (f-2f) and from our theoretical modelling, we have performed nu-
merical simulations able to explain the evolution of the two torques components, in
particular comparing Ta(s) | Pt(8) | Co(0.9)| Al(1.4) | Pt(3) and Ta(s) | Pt(8)| Co(0.9) | Al(3) | Pt(3)
samples. This enables us to quantify the proportions of each SOT component induced by
OREE or SHE. We list here after the main assumption and conclusions :

* The spin Hall effect (SHE) arising from the bottom Pt|Co layer is parameterized by
a bare spin-angle angle of s r = 0.20 + 0.02 and a spin-memory loss coefficient
0 = 0.4. Such SHE spin current is also subject to spin-backflow at this interface. The
efficiency of the torques calculated for t¢, = 0.9 nm are respectively ¢3HE = 0.045
and ¢3HE = 0.03.

* The Ta(5) | Pt(8)| Co(0.9)| Al(1.4) | Pt(3) sample experiments OREE giving rise to addi-
tional torque components ¢9FEE = 0.03 and ¢QFFE = 0.075. The Field-like torque
(FLT) by OREE then represents 70% of this additional OREE torque (DLT represents
30%) showing the major role of REE to generate the Field-like torque component.
This ratio is parameterized by the T;;, ~ 0.2 transmission coefficient (coupling) from
the Rashba virtual layer to bulk Co states as largely previously emphasized (chap-
ter 6). The OREE represents then 40% of the total DLT and 70% of the total FLT.

+ The Ta(s)| Pt(8)| Co(0.9) | Al(3) | Pt(3) sample experiments OREE giving rise to additio-
nal torque components (YEFE = 0.07 and ¢9FEE = 0.21, still compared to SHE.
The Field-like torque by OREE then represents 75% of this additional OREE torque
(DLT is only 25%). This ratio is parameterized by a coupling 7;1, ~ 0.15 (transmission
coefficient) from the Rashba to bulk Co states.

* Those calculations reproduce then well the amplitude of the experimental
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torques reported on the previous chapter 6. The final conclusion is that,
Ta(s)| Pt(8)| Co(0.9) | Al(1.4) | Pt(3) and Ta(s) | Pt(8) | Co(0.9) | Al(3) | Pt(3) samples, the to-
tal DLT efficiency increases from {pr, = 0.075 to £p;, = 0.12 whereas for the FLT,
the increase goes from &pr, = 0.11 to {pr, = 0.23.

The reduced critical switching current observed in the Co| Al sample can thus be attribu-
ted to the ability of the OREE to enhance the damping-like component of the spin-orbit
torque. While OREE is typically associated with a dominant field-like torque, our switching
experiments demonstrate its effectiveness as a powerful tool for probing the damping-
like torque and, more broadly, for torque metrology. Table 10.1 summarizes the measured
values and relative contributions of both torque efficiencies, {rr, and {p;, efficiencies for
the two samples.

gFL gDL

SHE OREE total SHE OREE total

Ta(s) | Pt(8)| Co(0.9)| Al(1.4) |Pt(3) | 0.03 0.075 0.105 0.045 0.03 0.075
29% 71% 100% 56 % 44% 100%

SHE OREE total SHE OREE total

Ta(s) | Pt(8)| Co(0.9) | Al(3) | Pt(3) 0.03 0.21 0.24 0.045 0.07 0.115
3% 87% 100% 39% 61% 100%

Table 10.1 - Values and relative contributions of OREE and Pt SHE in
both torque ¢p; and &pp efficiencies for the two samples. For instance, in
Ta(s)| Pt(8)| Co(0.9) | Al(3) | Pt(3), SHE induces 0.03 field like efficiency and OREE
0.21. OREE thus induces 87 % of the field like torque.

10.6 . Conclusion

Using electron beam lithography, we patterned the samples into nanopillars to emulate
the configuration of a SOT MRAM free layer. We then compared the critical switching cur-
rents for the various metallic multilayers that we investigated in my PhD. Due to its lower
anisotropy compared to the other samples, the sample with a CoFeB magnetic layer ex-
hibits significantly lower critical current. In contrast, the Co-based samples with a Co|Al
interface demonstrate enhanced switching efficiency despite higher anisotropy. By com-
paring two such Co| Al samples under pulse widths as short as 50 ns, we confirm that the
OREE mechanism is responsible for the observed reduction in critical switching current.

This result is not immediately expected from our SOT analysis. While we have shown that
the OREE primarily enhances the field-like torque component, theoretical models of ma-
gnetization switching generally indicate that this component contributes less to switching
efficiency and can even be detrimental. Nevertheless, as discussed at the end of this chap-
ter, our results reveal that OREE also leads to a significant enhancement of the damping-
like torque in our samples, which accounts for the improved switching performance.
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11 - Conclusions & perspectives
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11.1. Conclusion

The main objective of my PhD has been to thoroughly investigate the peculiar magnetic
torque properties of Co | Al metallicinterface, notably related to the contribution of orbital
angular momentum, and to evaluate how much it could help to reduce the energy cost
of the writing operation in a MRAM bit. Our initial interest in Co|Al system stems from
an unexpectedly large PMA in samples in which this interface is fully metallic, compared
to the seminal Co| AlOx surface anisotropy. Our main experimental tool is SOT metrome-
try, enabling us, through the precise measurement of the damping-like and field-like SOT
components, to conduct rich comparisons from sample to sample.

Strikingly, we discover large SOT arising at Co | Al interface, notably for the field like geo-
metry. To gain further insight on the microscopic mechanisms at play, we model spin
dependent transport and resulting SOT inside our multilayers using a semiclassical fra-
mework parameterized by complex diffusion lengths representing precession around the
magnetization vector. We fit this model as close as possible to our fabricated samples
considering transport parameters extracted experimentally from AHE measurements and
demonstrate then the occurrence of a Rashba effect at Co|Al interface.

To understand better the origin of this Rashba effect, and in the light of our semi-classical
model fitting, we compare our results to recent first principles calculations of Co | Al done
in the lab. Setting these DFT calculations with different assumptions, we find that they all
converge to showing an orbital angular momentum locking at Co|Al interface electronic
states. This enables us to demonstrate the emergence of a strong orbital Rashba Edel-
stein effect (OREE) at Co | Al. We then apply linear response theory to estimate the orbital
torques on the magnetization induced by this OREE conversion mechanism. One of the
important result of my PhD is that the outcome is in close agreement with our experi-
mental data and is comparable in amplitude to the expected SOT induced by Pt through
SHE.

Building on our understanding of the Co|Al interface, we introduce an ultrathin Pt layer
between Co and Al to deliberately modify the interfacial properties. With these experi-
ments, we aim at probing how OREE is affected by enhanced SOC electron scattering.
Measuring SOT in those samples, we clearly see that both damping-like and field-like
components drop when as thin as 0.25 nm Pt is inserted. We can reproduce this beha-
vior with our DFT model. The fact that the addition of Pt—despite increasing the overall
SOC—suppresses the increase of SOT highlights the unique interfacial character of the
OREE in the Co|Al system.

To explore materials more suitable for integration into SOT-MRAM devices, we further
modify our multilayer stacks by replacing pure Co by CoyoFe4oBsp. In addition to being
more compatible with industrial applications, this alloy exhibits reduced perpendicular
magnetic anisotropy (PMA). CoFeB alloys are, in fact, among the most widely adopted
materials for magnetic tunnel junction (MT)) fabrication due to their favorable properties.
Our measurements reveal that the surface anisotropy in Pt| CoFeB | Al is significantly lower
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than in Pt|Co|Al, to the extent that PMA is no longer observed in these samples. They
also indicate that OREE at CoFeB|Al is strongly reduced as far as Co species is replaced
by Fe atoms. We then fabricate samples with an ultrathin pure Co layer inserted at CoFeB
interface. This modification partially restores PMA, although its magnitude remains lower
than in pure Co|Al systems. Furthermore, our transport model reveals the emergence
of Rashba-type interaction in this samples series. Overall, from this study, we are able to
tune the PMA of our magnetic multilayers while preserving a strong SOT. It represents an
important step toward optimizing materials for SOT-driven magnetization switching.

Provided all these experimental and theoretical insights, we compare the efficiency of
magnetization switching for different series of samples. As anticipated, the sample com-
prising CoFeB reduced PMA switches with the lowest critical current. Among the other
samples investigated, we find that Co|Al OREE reduces critical currents for pulse widths
comprised between 50 ns and 100 us. This occurs despite an increase in PMA and a do-
minant enhancement of the field-like SOT component over the damping-like one.

It is worth recalling that my PhD work was carried out within the framework of the PEPR
Electronics program and was the first to receive funding under this initiative. One of the
goals of this support was to demonstrate that spintronic approaches—based on emerging
and fundamental physical phenomena—can offer concrete prospects for reducing the
energy cost of writing operations in next-generation spintronic devices.

Through the studies conducted and the obtained results, particularly on the role of orbital
effects and the fine engineering of magnetic interfaces, | hope to have convinced that this
PhD has contributed significant advances at the state of the art. These results align closely
with the ambitions of the EMCOM project from PEPR Electronics, which aims to establish
spintronic solutions as a lasting part of national strategies in microelectronics.

11.2 . Perspectives

In the following, | outline several perspectives stemming from my PhD work, aimed at
deepening our understanding of orbital- and interface-related effects in spintronic mate-
rials, with the goal of further reducing the current densities required for magnetization
switching in SOT-MT] devices. An important open question concerns the ultimate times-
cale over which the SOT enhancement observed in this study remains effective. Lastly,
a promising avenue for future research lies in the post-growth engineering of thin film
properties, offering additional flexibility for device optimization.

11.2.1. Toward ultrafast dynamics assisted by orbital torques?

In the prolongation of the previous chapter dealing with the magnetization switching in
the ns timescale, ultrafast switching and magnetization control up to the THz frequency
(picosecond characteristic time for switching) is a key challenge to bring spintronics into
high-speed communication devices. This is an opportunity of the SOT-MRAM device since
the thin free ferromagnetic layer may be subject to fast dynamics via coupling to sub-
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Photoswitch Magnet

Figure 11.1 - Scheme of the picosecond pulse circuit. We note the Auston switch on which
is shone a trigger optical pulse as well as the magnetic element composed of the metallic
structure under study, whose magnetization is probed optically. The plot in the back re-
produces the time profile of the electrical current pulse. From Ref. [Jhuria et al., 2020].

picosecond spin-currents. The present section reports briefly on the preliminary results of
a collaboration with Institut Jean Lamour team in Nancy (IJL). This type of experiment will
improve our understanding of OREE by probing magnetization response in the ultrafast
regime. At the same time, the development of this experiment itself will benefit from
samples having larger field-like torque than damping-like, offering possibilities to tune
SOT.

Experiment principle of picosecond switching experiments

IJL team developed a setup to probe ultrafast SOT induced magnetization switching. Ul-
trashort pulses of a few picoseconds are generated by shining a photoconductive Auston
switch with a femtosecond laser. The amplitude of the electrical pulse flowing through
the magnetic sample is adjusted via the voltage AV figure 11.1. The magnetic element ma-
gnetization state is probed via time resolved magneto-optical Kerr effect (MOKE) through
a pump-probe process. The setup is extensively described in [Jhuria et al., 2020].

This experiment is a powerful framework to investigate ultrafast magnetization response
to an electric pulse. When an in plane magnetic field is applied, magnetization switching
occurs for sufficient bias voltage. Without this in plane field, or with reduced biased vol-
tage, full switching does not occur but the electrical pulse triggers magnetization preces-
sion or oscillations.

Combined with micromagnetic simulation, this experiment gives another quantitative in-
sightinto currentinduced torques. The model developed by Nancy team includes thermal
induced demagnetization, SOT as well as torques due to thermal anisotropy fluctuation.
The micromagnetic simulation can then be fitted to the measured oscillations to estimate
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the different torques strengths.

11.3 . Materials engineering through film irradiation

Light ions irradiation to tune magnetic properties

As anticipated, the results obtained during this PhD on SOT-assisted switching—whether
or not assisted by orbital contributions—have underscored the critical role of the magne-
tic layer properties in governing this effect. It is therefore of great interest to explore ad-
ditional methods for tuning these properties, even after the material design and sample
growth are complete. To this end, we conducted a preliminary study on the use of light
ion irradiation as a post-growth modification technique for our metallic multilayers. This
method, carried out in collaboration with Yanis Sassi, Noél Montblanc, and Dafiné Ra-
velosona from Spin lon Technologies, has proven to be a powerful tool for tailoring the
magnetic properties of thin films.

Using ion energies in the range of 5 to 150 keV, irradiation can alter structural parameters
such as chemical composition, crystallinity, and grain morphology. One of the key advan-
tages of this approach is its ability to decouple modifications of magnetic properties from
changes in surface topology. Moreover, ion irradiation can be applied locally with spatial
resolutions down to 50 nm, allowing for selective tuning of magnetic behavior without
affecting neighboring regions. A comprehensive review of the potential of light ion irra-
diation for magnetic materials engineering can be found in [Fassbender et al., 2004].

11.3.1. Preliminary results on Co| Al

Lightionirradiation has been performed on our Ta(5 nm)| Pt(8 nm) | Co(0.9 nm)|Al(3 nm) | Pt(3 nm)
sample with increasing fluence (energy irradiated per surface unit). We display the M;

and H,jff that we measured in those samples in figure 11.2. The blue dot is a reference
sample without irradiation. The orange dots are irradiated samples subjected to increa-

sing irradiation fluence. Sample "a" underwent the smallest irradiation fluence while
sample "h" the largest.

In figure 11.2 @), we show the saturation magnetization in the irradiated samples. While M
appears to be relatively insensitive to irradiation fluence, it exhibits a significant reduction
between the non-irradiated sample (M; = 1.18 MA/m) and the irradiated ones (M ~ 0.78
MA/m). This M, degradation may arise from a loss of Co structural quality or irradiation
induced intermixing.

In Figure 11.2 b), we display the anisotropy effective fields measured in these samples.
All samples still possess PMA but H,jff amplitude plummets as the irradiation fluence
increases. Reference sample has an anisotropy effective field of 1.7 T while the most ir-
radiated sample exhibits H// = 0.3 T. This decline in anisotropy suggests that interface
modifications might have occurred. If these samples maintain large SOT, it opens oppor-
tunities to enhance the efficiency of SOT-driven magnetization switching in combination
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Figure 11.2 - (a) Saturation magnetization measured via room temperature SQUID in re-
ference sample "ref" Ta(s nm)|Pt(8 nm)|Co(o.9 nm)|Al(3 nm)|Pt(3 nm) (blue dots) and
samples "a" to "h" which were exposed to light ions irradiation of increasing fluence (yel-
low and orange dots). (b) H,iff effective fields obtained in the same samples during the
SQUID measurements.

to torque enhancement at Co|Al interfaces. SOT characterization of irradiated films will
soon shed light on the possibilities offered by light ion irradiation.
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