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TITRE: Nanostructures ferromagnétiques/non-magnétiques pour la
mesure électrique de l'effet Hall de spin et la détection de parois

magneétiques

RESUME: La spin-orbitronique est basée sur I'utilisation de I'interaction spin-orbite
pour réaliser la conversion directe ou inverse de courants de charge en courants de
spin. L’évaluation de I'efficacité de cette conversion est un probleme central : le besoin
de développer des méthodes de mesure directes de cette conversion apparait

aujourd’hui comme I'un des défis majeurs de I'électronique de spin.

Cette thése porte sur I'étude d’'une nouvelle nanostructure permettant de caractériser
I'effet Hall de spin, et sur la détection de parois magnétiques dans des nanofils par
effet Hall de spin direct et inverse. Le premier chapitre présente certains concepts de
base en spintronique, ainsi que I'état de I'art concernant la détection de I'effet Hall de
spin. Le second chapitre présente une nanostructure ferromagnétique/non-
magneétique, dans laquelle il est possible de réaliser la conversion courant de charge-
courant de spin. Cette nanostructure est utilisée pour mesurer I'angle de Hall de spin
et la longueur de diffusion de spin du Pt. La méme méthode permet dans le troisieme
chapitre de caractériser I'effet Hall de spin dans différents métaux, et dans des alliages
a base d’Au. Le quatrieme chapitre met en évidence I'importance du réle de l'interface
ferromagnétique/non-magnétique, montrant qu’elle est particulierement importante
dans le cas du systeme NiFe/Pt. Enfin, le dernier chapitre présente une nouvelle
méthode permettant de détecter électriguement des parois de domaines magnétiques,

et basée sur I'effet Hall de spin direct ou inverse.



TITLE: Ferromagnetic/nonmagnetic nanostructures for the electrical

measurement of the spin Hall effect and the detection of domain walls

ABSTRACT: Spin-orbitronics is based on the ability of spin—orbit interactions to
achieve the conversion between charge currents and pure spin currents. As the precise
evaluation of the conversion efficiency becomes a crucial issue, the need for
straightforward ways to observe this conversion has emerged as one of the main
challenge in spintronics. This thesis focuses on the study of a new electrical device to
characterize the spin Hall effect, and on the detection of magnetic domain walls in
nanowires using the direct or the inverse spin Hall effect. The first chapter describes
basic spintronic concepts and the state-of-the-art concerning the spin Hall effect
detection. In the second chapter, a new ferromagnetic/nonmagnetic nanostructure is
proposed, in which it is possible to realize the spin-charge interconversion. This
nanostructure is used to quantify the spin Hall angle and the spin diffusion length of Pt.
The same technique is then used in the third chapter to characterize the spin Hall effect
in different metals and Au-based alloys. The fourth chapter focuses on the role of the
ferromagnetic/nonmagnetic interface, which is in particular found to be very important
in the NiFe/Pt system. In the last chapter of this thesis, a new method is presented to

detect electrically magnetic domain walls by direct or the inverse spin Hall effect.
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INTRODUCTION

Spintronics is a field of modern solid-state physics, focusing on the manipulation of the
spin rather than the charge of carriers’?3. Spintronic devices are foreseen as
candidates for new generations of the computational devices. Beyond hard disk drives,
that have allowed the rise of the age of big data, spintronics can indeed provide new
ways to store, carry and control information. The advantage of spintronics is to gather
in a single device those multiple functionalities, while ensuring the non-volatility of
information, a low heat consumption, or a high speed of data processing and

information transfer®.

Magneto-resistances

Up to now, the backbone of spintronics is based on magnetoresistance (MR) effects,
a term widely used to refer to the change of resistance of materials under the presence
of a magnetic field. The first MR was discovered in 1857 by W. Thomson (Lord Kelvin)
in Nickel and lron®.This type of MR, the anisotropic MR (AMR), depends on the angle
between the electric current and the direction of magnetization in a magnetic material.
It has been explained much later, in 1975, by Mc Guire and Potter®, who considered
the combined actions of the magnetization direction and of the spin orbit interaction.

A decade afterwards, the discovery of giant magnetoresistance (GMR) by A. Fert and
P. Grinberg (2007 Nobel Prize), has been a breakthrough to accelerate the
development of applications based on magnetoresistance effects. The GMR, which
corresponds to the large resistance dependence of a magnetic multilayer with the
relative magnetization direction within the layers, is considered to be the birth point of

spintronics.

Unlike the AMR, which relies on the sole properties of a magnetic material, the GMR
appears only in heterostructures. Indeed, a structure composed of ferromagnetic

layers separated by nonmagnetic layers is needed to observe the GMR. This has been
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achieved thanks to the development in the 80’s of thin film deposition technologies, as

the layers have to be around one nanometer thick.

To maximize the resistance change, one has to tailor the change from a parallel to an
antiparallel magnetization state of the layers. At first, this was done using the anti-
ferromagnetic coupling between the layers, but soon the concept of spin valves has
been developed, using the exchange-bias coupling with anti-ferromagnetic materials,
thus allowing the development of much efficient read-head for hard disk drives’. Using
spin valves made from the stacking of advanced materials, the GMR can reach up to
1000%8.

Besides GMR the tunnel magnetoresistance (TMR)° appears in magnetic tunnel
junctions (MTJ)® made of an ultra-thin insulating layer, sandwiched by two
ferromagnetic thin films. As for the GMR, but usually with a much higher MR ratio, the
TMR relies on how spin polarized currents can flow in the magnetic heterostructure,
and depends on the relative orientation of the magnetization. The TMR reaches 604%
at room temperature (of the order of 1100% at 2K) in state-of-the art crystalline
CoFeB/MgO/CoFeB structurest!, which can be compared to the 100% GMR of the

best metallic tri-layer spin-valves.

GMR and TMR are at the basis of read-heads of hard disk drives, and of the first
Magnetic Random Access Memeory (MRAM) concepts?. They remain at the basis of
the second generation of spintronics devices based on the Spin Transfer Torque (STT)

and Spin Orbit Torque (SOT) phenomena to achieve reading operations.

Proposed by Slonczewski in 199647, the STT can be seen as the reciprocal effect of
the GMR/TMR. It is based on the possibility for the angular momentum carried by the
electrons to exert a torque, by transfer of the angular momentum, on a ferromagnetic
layer, and therefore to modify its magnetization orientation. It can lead to magnetic
oscillations (as in STT Oscillators) or to magnetization switching. The STT phenomena
can thus be used to write information in the soft layer of a spin valve or of a MTJ-based
device. It can then be combined to the GMR or to the TMR, which allow reading the
magnetization state. This has triggered the development of a new type of magnetic
memory device, called the Spin Transfer Torque MRAM (STT-MRAM)®%-%5, The STT

also allows acting on magnetic textures such as domain walls (DWSs) or skyrmions,
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which is highly promising for storage devices such as the racetrack memory* or DW-
MRAMs®2.63,

Recently appeared another way to exert a torque on the magnetization: the use of Spin
Orbit Torques (SOT). The torque is based on the Spin-Orbit-Coupling (SOC) of
nonmagnetic materials such as Pt. There are basically two main effects, the Spin Hall”®
and Rashba?>?¢ effects, occurring in the bulk or at the interfaces of materials,
respectively. Discovered in Pt/Co/AlOx layers®®, SOTs appears to be a very efficient
way to manipulate the magnetization of nanoscale magnets, inducing switching, spin
waves excitation, or DW motion. Together with the STTs, the SOTs are playing a very
important role in spintronic research, allowing the development of new generation of
devices such as SOT-RAMs?3,

The key of the SOT is the generations of pure spin currents (PSCs), in the bulk of
nonmagnetic layers with strong SOC and/ or at interfaces. Recently, the SOTSs, the
SHE, the Rashba effect, the conversion in topological insulators and other SOC-based

effects have been gathered into a new research area: the spinorbitronics4.

One of the key spinorbitronic phenomenon is the SHE. Whereas in conventional
spintronics the exchange interaction in ferromagnetic materials is used to spin-polarize
the charge current, spin currents can be generated directly in the bulk of nonmagnetic
materials using this effect. The SHE possesses a reciprocal effect, the inverse spin
Hall effect (ISHE), which allows converting spin currents into charge currents. These
effects could provide the possibility to develop spintronic devices without ferromagnetic
materials. They are particularly interesting in the field of magnonics and
spincaloritronics, for instance to generate and detect the magnonics currents.
Moreover, they possess an advantage over the spin valves and tri-layers structures
used for STT: in the SHE the source of the angular momentum is in contact with the
ferromagnetic materials, and the polarization of the spin accumulation can be more
easily made perpendicular to the magnetization, thus improving the efficiency of the

torque.

Although the theory of SHE has been predicted by M. I. Dyakonov and V. I. Perel in
1971?7, the first experimental observation has been realized recently by Y. K. Kato et

al. in 20047°, in a semiconductor and using the magneto-optical Kerr effect. This work
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has triggered the development of SHE experiments in various materials, like metals
and graphene?* One difficulty with the SHE is that the spin accumulation is generated
without charge accumulation (contrarily, for instance, to the extraordinary Hall effect),
which means that complex characterization techniques have to be developed.

Optical methods are proper to characterize the SHE in semiconductors possessing
long spin diffusion lengths, but heavy metals having strong SOC?’ have short spin
diffusion lengths. This is particularly important for using the SHE to create SOTS, since
to obtain strong torques and robust devices it is necessary to obtain high conversion

rates and high conductivities.

Since the first experiment in 2004, several characterization techniques have been
developed. The spin-pumping ferromagnetic resonance technique (SP-FMR),
proposed by Y. Tserkovnyak et al. in 2002% has been used for the first time by Saitoh
et al. in 2006°%, and the Spin Transfer ferromagnetic resonance (ST-FMR), proposed
by K. Ando et al. in 2008°?, has been used by Liu et al in 2011,

Non local measurement in lateral spin valves (LSV) have been developed by S. O.
Valenzuela and M. Tinkham in 20067° to characterize the SHE in Aluminum. T. Kimura
et al. in 2007%%° adapted this approach to characterize the SHE of materials with strong

spin orbit coupling and thus short spin diffusion lengths.

More recently, other transport techniques such as the Spin Hall Magnetoresistance
(SMR)!!8 have also been used to measure the SHE. Large efforts have been devoted
to develop purely electrical ways of detecting the conversion, primarily for the sake of
simplicity and versatility, but also because the long-term objective is to implement SO
effects into spintronic nano-devices. Nonetheless, there exist a large discrepancy in
the data analysis, from technique to technique and from group to group, even for a

reference material such as Pt.

The main aim of this thesis is to propose a new electrical detection technique of the
SHE. This technique is applied to characterize the SHE in spin Hall materials of heavy
metals, their alloys, and the influence of the F/N interfaces. This thesis also focuses
on an electrical device which allows detecting electrically magnetic DWs using the SHE
or the ISHE.
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This manuscript is divided into five Chapters:

Chapter |I: State-of-the-art of the charge current/spin current
interconversion using the Spin Hall effect

This chapter will briefly describe the background and the state of the art
concerning SHE measurements. In particular, some basic concepts related to
the spin dependent transport will be presented, such as the two current model,
spin currents, the SOC, and the SHE. The state-of-the-art concerning SHE

detection will then been discussed.

Chapter Il: Nanostructure for SHE detection on platinum

We will investigate a simple device for the SHE characterization, akin to the
ferromagnetic/nonmagnetic bilayers used in most spin—orbit torques
experiments, and consisting of a SHE wire connected to two transverse
ferromagnetic electrodes. This system allows probing electrically the direct and
inverse conversion in a SHE system, and measuring both the spin Hall angle
and the spin diffusion length. Care will be taken to disentangle possible artifacts

while aiming at characterizing the SHE of Pt.

Chapter Ill: Application of the spin-charge interconversion nanostructure
to characterize the SHE/ISHE in different materials

We will apply the proposed measurement technique to several SHE materials
(Pd, Au, Ta, W, AuW, and AuTa), showing that it represents a promising tool for

the metrology of spin—orbit materials.

Chapter IV: Interface effects in spin-charge interconversion
nanostructures

Exploiting the proposed measurement technique, we will compare the values of
the effective spin Hall angle of Pt measured using CoFe, Co, and NiFe
electrodes. The results show that interfaces play a significant role. We will then
study the effect of a Cu layer insertion in-between the ferromagnetic and SHE

layers.
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Chapter V: Domain wall detection by direct and inverse SHE

We will demonstrate an electrical detection method, based on the ability for a
ferromagnetic nanowire, in which a DW is pinned, to inject or detect pure spin
currents. The detection is based on the SHE in a F/N nanostructure, and
provides an electrical way to study the DW motion in a device here again akin
to the ferromagnetic/SHE bilayers typically used for spin-orbit torques

experiments.



CHAPTER [I: STATE-OF-THE-ART OF THE CHARGE
CURRENT/SPIN CURRENT INTERCONVERSION BY SPIN
HALL EFFECT

This chapter will briefly describe the state-of-the-art concerning SHE measurements,
and introduce a few spintronic concepts related to the spin-dependent transport. We
will firstly introduce the two-current model, and the concepts of spin accumulation and
spin currents. Secondly, we will present the origin and methodology of the SHE.
Thirdly, we will briefly discuss the link between SOTs, SHE and Rashba effect. Finally,
we will present the state-of-the-art concerning the measurement techniques of the

spin/charge interconversion.



CHAPTER I: STATE-OF-THE-ART OF THE CHARGE CURRENT/SPIN CURRENT
INTERCONVERSION BY SPIN HALL EFFECT

I. 1. Two-current model and spin accumulation at a F/N interface

Two-current model

The two-current conduction model proposed by Mott** is a major groundwork for the
study spin transport, applied by Fert and Campbell*>¢ to investigate specific behaviors
in the conductivity of the ferromagnetic metals Fe, Ni, Co, and of their alloys, it provides

a simple explanation of most of the electrical properties of transition metals.

In this model, the electric transport in ferromagnetic materials is mostly due to s
electrons, whereas the electric resistivity is produced by the scattering processes
suffered by the electrons between the s and d states, and during which the spin is
conserved. Thus, in this model, the high resistivity of transition metals with partial filled

d-states is explained by the dominant scattering of s electrons on the available d states.

The electrical current is supposed to be carried in parallel by the spin up and down
electrons, without mutual interaction. Therefore, electrical conductivities can be
defined for each spin population. In the following, they will be denoted o; and g, for the
majority and minority spin populations, respectively. As the currents flow in parallel,
the total conductivity of the system is given by the sum of both conductivities (¢ = o7 +

0,). Using Drude's model, the electrical conductivities for each channel can be written:

2
op = —nT:l 2 = qpo
(. 1)
nie?t;
o="—=~0-apo
(.2)

where m,, e and ny,, are the electron mass, the electron charge and the number of the
majority/minority electrons, respectively. t;,, are relaxation-times (relevant to the mean
free path of electrons) of the majority/minority electrons. Minority and majority electrons
refer to the dominant up or down spins of the partially filled 3d electron band structure.
If the minority electrons are more efficiently scattered, then 7, > t,. The dimensionless

factor 0 < ap < 1 accounts for the asymmetrical conductivity carried by each channel.
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In ferromagnets ar # 0.5, whereas ar = 0.5 stands for nonmagnetic materials
where g; = g;. In a ferromagnetic material, the spin polarization of the electrical current

pr reflects the spin asymmetry of the conductivity in the material. It can be written:

_ or — 0y 2 1
Pr = (o) + g, = “oF
(1. 3)
The current for each spin population can be written:
Lol odu
T eax’ ' e ox
(1. 4)

Where the x axis is along the current flow, and J;,, are the spin up/spin down current
densities. When J; # J,, there is a spin current density J; = J; — J; flowing in the

magnetic materials, whereas the charge current density is /. = J; +/, see Fig. I. 1(a).

In non-ferromagnetic materials, pr = 0, so that in principle, at equilibrium, the spin
current is zero in non-magnetic materials. However, under spin current injection, or in
a SHE paramagnetic material, this is not the case anymore. Eventually, the same
amount of spin-up and spin-down electrons flow in opposite direction, /; = —J,, leading
to the flow of a Pure Spin Current (PSC).

Valet-Fert model, spin accumulation and spin diffusion length

The quantity up,, in (I. 4) is the electrochemical potentials for each spin population.
The transport equations can be expressed in terms of macroscopic quantities, as long

as the electron mean free path (Is) remains smaller than the spin diffusion length (4s).
In the limit of A; > [, the equations of transport are'’

Ohm’s law:

oy e

ax = ;/l]m

(. 5)
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Diffusion equation:

0? D)
%2 (m —w) = T

(. 6)

Equation (1. 5) is Ohm'’s law for the two currents with different spin-direction. a7/, duy /4,
and 4, are the conductivities, electrochemical potentials and the spin diffusion lengths

for each spin population, respectively.

The general solution of this differential equation can be written:
x _x
Wy = (1- sz)P*]cx + ki £ (1 pp) [koets + kse /15]

(. 7)

Here, the constant coefficients kizz depend on the boundary conditions, which are
given by the continuity of the electrochemical potentials and the conservation of the

charge and spin currents. p* is the effective resistivity defined as p* = p/(1 — p2).

We define the spin accumulation as the difference between the electrochemical
potentials of major- and minor-spin electrons, Au = u; —u;. Then, a 1-dimension

solution of the diffusion equation (l. 6) for the spin accumulation is:
Ap = Ae=/%s + Be*/s

(. 8)

Where the constant coefficients A and B depend on the boundary conditions.

The charge current is the total of the spin flows, J. = J; —J;, and combining equations

(I. 5) and (l. 6) the diffusion can be written as:

0%An _ s Orﬁ( B ):(MT_Hl)
axz 2 7 a2 TR 2

(. 9)

10
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Note that As is the “average” spin diffusion length, i.e., the average distance that

electrons diffuse between spin-flipping collisions.

An example of application of the Valet-Fert-model

In order to present the main ingredients used to describe the spin transport in this
manuscript, let us use the Valet-Fert model to calculate the spin accumulation and spin
current at the vicinity of a simple ferromagnetic/non-magnetic interface. Let us now
discuss the simple case of a current flowing through a F/N interface, as shown in Fig.
l. 1(a).

(a)
) = b -
{ — |
Ferromagnetic Non-ferromagnetic
(b) o)

\ 4

Fig. I. 1. F/N junctions with transparent interfaces: (a) Schematic representation of

the F/N junction and of the current flow. In this case, the spin polarized current is
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injected from the ferromagnetic to the non-ferromagnetic materials. The red and black
arrows denote the conductivities for up and down spin electrons, respectively. (b)
Schematic representation of the electrochemical landscape along the F/N junction, for
an electrical current along the x direction. Here, the red and blue lines represent the
electrochemical potentials for the majority and minority spin populations. The transition
from the ferromagnet to the non-magnet corresponds to a voltage drop at the interface,
due to the spin accumulation, and denoted Vac. (c) Example of PSC injection: PSC
flowing in a nonmagnetic material, created by the nearby charge injection in a lateral

spin valvels.

The spin polarization of the current decreases during its propagation in the medium,
so that far from the interface the equilibrium state of spin up and spin down electrons
is reached, with a polarization equal to pr in the ferromagnet and equal to zero in the
nonmagnet. Because of the difference of polarization between the two materials, the
vicinity of the F/N interface is occupied by a non-equilibrium accumulation of spin-up
(and a deficit of spin-down), which is directly related to the difference of the

electrochemical potentials, i.e., the local spin accumulation at the interface!®.

I. 2. Origin and phenomenology of the SHE

l. 2. 1. Spin-orbit coupling

Relativistic origin of SOC

According to the Lorentz transformations of special relativity (or more precisely to the
Joules-Bernoulli transformations), a change of frame can transform an electric field into
a magnetic field, and vice-versa?®. Thus, an electron moving in the laboratory frame at
a velocity non-negligible with respect to the light velocity, and submitted to an electric
field, will experience in his own frame, a magnetic field. The electric field therefore
transforms into a relativistic magnetic field, due to the electron momentum and which

can interact with the spin angular momentum of the electron (Fig. I. 2).

This physical phenomenon is the so-called spin-orbit coupling (SOC), and helps in

particular explaining degeneracy lifts in atoms, molecules, and solids. Recently the
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interest towards the SOC has been increasing in solid-state physics, with a focus on
several systems in which an electric field can appear, due to a non-centrosymmetric

crystallographic phase, or to a symmetry breaking by a surface or an interface.

In electron band-structure calculations, the nonrelativistic equation of the electron is
usually applied firstly, and then the relativistic correction, a spin-dependent term (an
additional Hamiltonian), can be added in order to consider the band splitting of spin up
and spin down states of electrons. In this approach the SOC can be considered as a
relativistic correction. In other words, from the comparison between the nonrelativistic
Schrodinger equation and the relativistic Schrodinger equation (Dirac equation)
emerges an additional Hamiltonian due to the SOC.

Effect of SO in atoms

In order to approach the physics of SOC, let us first consider the problem of an electron
moving in a potential in atom. Firstly, the Hamiltonian of a classical free particle moving,

with the velocity v(t), in vacuum, is simply given by its kinetic energy, so that if

p = mev(t)
(I. 10)
then
H=F"
2me
(. 11)

where me is the rest mass and r(t) is the orbit of the electron, with v(t) = or(t) /at'

Let us now consider an electron moving in the bound of an atom frame (Fig. I. 2), where

there is actually no magnetic field. The relativistic Hamiltonian can be rewritten as:

2
H= p
2m,

+ AH

(I. 12)
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The relativistic correction can be deduced from the effective magnetic field given by
Joules-Bernoulli equations and which acts on the electron spin.

Fig. I. 2. Spin orbit coupling: a moving electron in the electric field E of the nuclei
experiences (or feel’) a magnetic field Bso in its frame, that arises from the Lorentz
transformation of the static (external) electric field E, and that couples with the

momentum S of the spin electron.

From the Joules-Bernoulli equation, when considering the relativistic transformation of
two inertial frames (the nuclear frame to the electron frame), the electron in its frame
experiences the electric field E due to the nuclei as an effective magnetic field B in the

perpendicular direction:
B =y(By — - vxE),
(1. 13)

Where y = /1 + v?/c? is the Lorentz factor and Bo = 0 is the actual magnetic field of
the nuclei acts on the electron. The effective SO magnetic field is
1
B, = —yc—zvx E

(I. 14)

rov(r) _ rou(r)
ror erdr ’

where E = — with U(r) = eV (r) the electron potential energy.
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Asv =2  the SO field can be written

me '
g 1 (UGN
so =V ec2\"ar J7"P

11 <dU(r)> L

ymeecz r\ dr
(. 15)
where L is the orbital momentum.

The electron possesses a magnetic moment due to its spin,

B S
Hs = —JsUp h

(I. 16)

where S is the spin angular momentum vector or spin, g, is the electron spin g-factor,

and ps is the Bohr magneton.

The correction is defined as the coupling of the effective value of relativistic B field and
spin, SOC term, and can be simply seen as the Zeeman effect?” due to the SO

magnetic field

AH = —u. By,
(1. 17)
The correction is thus
_ Y#Bgs 1(du(r)
AH = hmeeczr( dr )L'S
(1. 18)

To sum up, another term appears, the Thomas precession of the relativistic
correction?!, which takes into account that the spin precession frequency in the
magnetic field changes when changing the frame of reference.

Ygsup 1 <dU(r)> Ls

 2hemyc2r\ dr

AHT =

(I. 19)
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Finally, the total spin—orbit Hamiltonian can be written

Ygsup 1 <dU (r)> Ls

AHgo = AH + AHy =

Zhemecz; dr
(I. 20)
If y ~ 1 (at slow speed), g, = 2, and pg = % The SOC Hamiltonian is??,
AHg, = ! <dU(r)> L.S
2mic? \ rdr
(I. 21)

This term can be interpreted as follows: when there is a gradient of potential, that is,
an electric field, a coupling appears between the orbital momentum and the spin

direction.

Existence of the SOC in different systems

A strong atomic SOC can appear in heavy metals (Pt, Ta, Pd...)?3. The SOC in solids
can appear in the bulk of heavy metals, or by symmetry breaking of the potential in the
lattice or at interfaces/surfaces. The symmetries of a crystal can include the time-
reversal symmetry (the wave function is unchanged in the t -> — t transformation) and
the inversion symmetry (the Hamiltonian is unchanged in the r -> — r transformation).
The presence of those symmetries implies that the eigenvalue satisfies the
condition E(k,T) = E(k,1), where k denotes the electron wave-vector, and T1/!

corresponds to the spin direction.

In materials lacking of the inversion symmetry, only the time-reversal symmetry is
satisfied: E(k,T) = E(—k,1) but E(k,T) # E(—k,T) and E(k,1) #+ E(—k,l), so that a k-

dependent spin-splitting of the electron band can occur.

The SOC can thus be obtained in the bulk of solids, or at surfaces and interfaces of
solid, providing that the inversion symmetry is broken. The inversion asymmetry in
noncentrosymmetric crystals can for instance be obtained in bulk semiconductor
compounds with cubic zinc blende structures?*. Concerning interfaces, a structure

inversion asymmetry can appear in multilayers. There appears a gradient of electric
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potential along the direction perpendicular to the interfaces, corresponding to an
electric field that creates a Rashba effect on the conduction electrons?>26,

l. 2. 2. Phenomenology of the SHE and EHE

Spin Hall Effect and Extraordinary Hall Effect

An interesting consequence of the SOC appears in the bulk of nonmagnetic materials:
the SHE (cf. Fig. I. 3 at the left-bottom). An applied charge current produces a
transverse PSC, that is, up-spin and down-spin electrons moving oppositely in the
transverse direction. The SHE has been theoretically predicted by M. I. Dyakonov and

V. I. Perel in 197127, with a focus on semiconductors 28:29.30.31,

The appearance of a PSC will induce spin accumulations of opposite polarizations at
the opposite edges of the samples, even in a non-magnetic material where the spin

polarization is equal to zero.

There exists a reciprocal effect, the ISHE: when a pure spin current is injected in a
non-magnetic sample, it is converted in a transverse charge current, orthogonal to both
the spin direction and the electric current (cf. Fig. I. 3 at the right-bottom). Note that no

external magnetic field is required to observe the SHE or the ISHE.

The equivalent of the SHE in magnetic materials is the anomalous Hall effect (AHE) or
extraordinary Hall effect (EHE)3%33, which has been discovered earlier3*. Since the
magnetic materials are spin polarized, the imbalance of spin up and down electrons
leads to a non-compensated charge accumulation at the edges of the sample, and
thus to a transverse voltage that can be easily measured (Fig. I. 3 at the top).
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Fig. I. 3. lllustration of spin-dependent effects (Replotted from ref. 84): anomalous (at

the top), spin Hall (at the left-bottom), and inverse (at the right-bottom) spin Hall effects

Spin-charge coupling in electrical diffusion equations

In order to give the phenomenological description of the charge-spin coupling, let us
start by the drift-diffusion equation for charge currents given by Dyakonov et al. in ref.

35, under a charge current density J./e :
Jc./e = unE + DVn

(1. 22)

where {4, E, n, and D are the electron mobility (i.e., the ratio of the particle's terminal
drift velocity to an applied force), the electric field, the electron density, and the electron
diffusion coefficient, respectively. 4 and D satisfy the Einstein relation, i. e., D = ukgT,
where ki and T are respectively Boltzmann's constant and the absolute temperature.
The drift-diffusion equation for the spin flow density qs;; flowing in the i direction with

a spin polarization in the j direction 273536 js;
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= —unkE.P: .
QSU_ ,LLTlElP] +Daxi

(I. 23)

Where P; is the j'" component of the polarization density vector P, related to the normal
spin density as S = P/2.
In a collinear model, the spins are polarized along only one direction. Rather than using

a tensor, it becomes possible to define a vector, the spin current density J¢ (in A/m?),

so that gg = Js/e. This is the approach that will be used in this manuiscript.

It has to be noted that eqgs. (I. 22) and (. 23) are presented in absence of SOC. Let us
now consider the inclusion of the spin-charge coupling with the SOC. In presence of
SHE, the full drift diffusion equations can be written (see more detail in refs. 35, 27 and
36):

Jc/e = unE + DVn + Osyp(EXP) 4+ Ogyp DV XP

(I. 24)

; on
s,y = ~HnEP, +D 5~ Osypei (umi + D )

(I. 25)

where ¢;;, is the unit anti-symmetric tensor, Osye is the spin Hall angle, i.e., the

conversion rate of between charge and spin currents.
The polarization density satisfies the continuity equation:

oP, 0qs;; P
lr—+21=0
at dx; T4

(I. 26)
where 7 is the spin relaxation time.

The third term in eq. (I. 24) corresponds to the EHE in presence of a net spin
polarization P, for instance in a ferromagnet. The fourth term in eq. (I. 24) corresponds

to the production by ISHE of a contribution to the charge current J. in response to a
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gradient of spin accumulation. The third term in eq. (I. 25) describes the SHE, where a

P;-polarized spin current in the i direction is produced by a perpendicular electrical field

Ex.

The diffusion equation (I. 25) for the SHE induced by an applied current along the y

direction, and in a collinear model with a spin polarization along the x direction, is:

s
?Z = —OsypExUnk),, 07”]52 = OSHng]cy
(. 27)
where Ey = —Vu .
Hence we can write
]SZ = QSHE]CyXSx
And in the general case,
Js = Osyp]c Xs
(I. 28)

l. 2. 3. Microscopic mechanisms

As presented in the recent work of N. Nagaosa et al.®* on the EHE in ferromagnetic
materials, and in a synthesis by A. Hoffman on the SHE?’, the mechanisms of the spin-

dependent Hall effects can be classified along two categories.

Extrinsic effects

A possible source of the SHE in bulk materials is the spin-dependent electron

scattering on impurities, i.e., the skew 2 and side jump scattering®°.

Skew-scattering events arise at an impurity location whose asymmetry can make a

strong SOC. The impurity which forms a potential landscape acts differently on spin-
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up and spin-down electrons, so that the trajectories are bended in different directions

see Fig. I. 4(a). The wave vector is not conserved during the scattering event.

The side-jump event also occurs at the impurity site, but the electron wave vector is

conserved (cf. Fig. I. 4b).

Fig. I. 4 lllustrations of (a) skew scattering and (b) side jump near a potential center 4°

The spin skew scattering also known as the Mott scattering*!, has been firstly proposed
in 1958 by J. Smit38to give account of the existence of the EHE. This concept is based
on the idea that at the vicinity of the impurity, due to the strong SOC there exists a
gradient of the effective magnetic field in the scattering plane. The spin Hall resistivity
is proportional to the longitudinal resistivity, which means that the strength of the SHE
given by the ratio of them, the spin Hall angle, can be directly related to a quantity

independent of the SOC impurity concentration*?.

In the side jump mechanism, the spin Hall resistivity is proportional to the square of the
impurity resistivity, when the impurities are the only source of resistivity (pSHapizmp )43,

In most cases, the resistivity (p;,;) includes the impurity resistivity and an additional

contribution from scattering potentials with weak SOCs.

The impurity spin Hall angle is influenced by the two mechanisms and can be written

as: Osyg = psy/Pimp = a + bpoc**, Where a and b are the coefficients corresponding

to the skew scattering and to the side jump.

Intrinsic effects

The intrinsic SHE corresponds to the mechanism where the spin dependent transverse

velocities is due to the effect of the SOC acting on the electronic band structure, in
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absence of any impurity, or periodic but asymmetric potentials. Unlike extrinsic SHE,
where the spin current is generated during the scattering events, the intrinsic SHE
produces the spin current in between the scattering events. The contribution of the
intrinsic SHE is related to the electric field due to the nonzero of the Berry’s phase
curvature*>4¢, The spin Hall conductivity is directly proportional to the spin-orbit
polarization at the Fermi level, (I - s)sz*®. According to Hund’s rules, the transition
metals with more than half-filled d—bands possesses a positive spin Hall conductivity;
the one with less than half-filled d—bands expected a negative spin Hall conductivity.
Fig. I. 5 reprints the results of the calculation of the intrinsic spin Hall conductivity in 4d

and 5d metals based on a tight binding model 446,

l.Ol T T T T T T

e
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o B
G
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S
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SHC (103Q-'¢cm™!)

5 6 7 n8 9 10 11

4d Nb Mo Tc Ru Rh Pd Ag
5d Ta W Re Os Ir Pt Au

Fig. I. 5. Intrinsic spin Hall conductivity calculated for different 4d and 5d transition
metals reprint of ref. 46

I. 3. Spin orbit torque, SHE and Rashba effect

The interest towards SOC-based effects such as the spin Hall and Rashba effects has
been largely increased by the discovery of the spin orbit torques (SOTs). These
torques are based on the ability of SOC materials to generate spin currents, which

carry a magnetic momentum that can be transferred to an adjacent magnetic layer 4’.

Before discussing the main features of the SOTS, let us remind a few elements of the

physics associated to the spin transfer torque.

Spin transfer torqgues
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Fig. I. 6. lllustration of the spin torque (replotted from A. Brataas et al. in ref. 48): The
polarization of the electron flow induces a transfer of angular momentum to the
magnetization. The conservation of the angular momentum leads to the appearance
of a torque acting on the magnetization. M and m are the magnetizations

corresponding to local and itinerant electrons, respectively.

The torque due to the spin current is the sum of two components, the in-plane torque
(so-called Slonczewski torque or anti-damping torque or spin transfer torque) and the

out-of-plane torque (so-called field-like torque, cf. Fig. I. 6) 544947
T~ MXém = 14p + Tp, = a;MX(MXm) + bjMXm
(I. 29)

where ém is the additional magnetization given by the spin accumulation. AD and FL
correspond to anti-damping and field-like, and the a;and bj parameters depend on the
current, on the magnetization, and on the geometry and material properties. The
magnetization dynamics is thus given by the Landau-Lifshitz—Gilbert—Slonczewski

expression:
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om oM
o = YMXH s + aMXW + aMX(Mxm) + bjMXm

(I. 30)

where y is the gyromagnetic ratio (y = g“B/h), Hett is the effective magnetic field,

which controls the magnetization precession described by the first term of the equation,
a is the Gilbert damping constant. The four terms of this equation (the precession,

damping, antidamping and field-like terms) are represented in Fig. I. 7.

Heﬁ“ Damping
Precession Ty
M x H 4 M Spin torque

Fig. I. 7 lllustration of the magnetization dynamics according to the Landau—Lifshitz—

Gilbert—Slonczewski equation.

In GMR and TMR stacks, the STT has been shown to be able to induce the precession
of the magnetization and to induce the switching of the magnetization. This allowed
the development of the STT-MRAM?50. 51,52, 53, 54,55
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[#0

Fig. I. 8. Spin torques on a magnetic domain wall.

The STT can also act on textured magnetizations such as a magnetic domain walls. In
Fig. I. 8 a polarized current is applied to create a spin accumulation in the area of a
Bloch DW. This spin accumulation creates a torque possessing here again two
components, known as the adiabatic torque and the non-adiabatic torque®®, and that
can lead to DW motion®”%85% DW depinning® or DW oscillations®® 47: 61 The ability to
induce the motion of DWs using currents allows developing memory applications, such

as the racetrack memory4 or the DW motion MRAM®2 63,64,

Spin-orbit torgues

The discovery of spin-orbit torques®® has allowed to extend our ability to control the
magnetization using currents. Indeed, the efficiency of the classical spin-transfer
torgque is limited to the equivalent of one unit of h angular momentum transferred per

unit charge in the applied current.

Fig. I. 9 describes a typical SOT experiment for DW motion, switching or second
harmonic generation®. When an in-plane current is injected into a N/FM/Oxyde trilayer,
a torque acts on the magnetization, possessing two components (field-like and
antidamping). The origin of these torques are the SHE that is produced in the SOC
material, and the Rashba effect at the interface. Both indeed convert the charge current
into a spin current which can act on the magnetization (cf. Fig. I. 9). The switching of a

perpendicularly magnetized element by spin-orbit torques has been demonstrated in
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the absence of any external magnetic fields®’. The DMI86%.70 has been found to be a
key element, and the study of spin-orbit torques is now extending towards new systems

such as antiferromagnets’?, dichalcogenides’>’3 or topological insulators’.

Tpp=Mxm TrL

M Tap = M x (M xm)

= z

Spin Hall Rashba

Fig. I. 9. Scheme of a typical SOT experiment: an in-plane charge current is applied in
a SOC-material/FM/Oxyde tri-layer.

Whatever, the symmetry, magnitude and origin of spin—orbit torques remains a matter
of debate, even in simple systems. This complexity pleads for measuring separately
the charge/spin conversion by SOC, and the torque created by the spin current.
Although this thesis does not deal with spin orbit torques, it shall be considered as a
little step in that direction: indeed, one of its main objective is to propose a new

technique, which allows quantifying the charge/spin conversion due to the SHE.

Let us discuss now of the state-of-the-art concerning the measurement of this

conversion.

l. 4. Measurement techniques of the SHE

Lots of efforts have been recently made to develop techniques allowing to study the
spin-charge interconversion, by SHE in the bulk of metals” 7677, semiconductors’®7°

or in superconductors®, by Rashba effect in 2D electron gas 8182, or at the surface of
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topological insulators®. In this part, we will give a glance at the measurement

techniques used to characterize the SHE®*.

l. 4. 1. Optical techniques

Optical methods such as the magneto-optical Kerr effects®® allow measuring
magnetization in ferromagnets, through the rotation of the light polarization due to the
Kerr effect. They can also be used to measure the current-induced spin accumulation
at the edges of a non-magnetic SHE stripe, providing that the spin diffusion length is
bigger than the optical wavelength. This method has thus for now been restricted to
semiconductors. The first experimental optical observation of intrinsic SHE has been
realized in GaAs-based samples at 30K”°. Wunderlich et al.?% has studied the extrinsic
mechanisms of the SHE in semiconductors, using AlGaAs/GaAs spin-LED. Using the
spin drift model (shown in ref. 87 by F. Zhang in 2000), they reported a spin Hall angle
of 10 and a spin diffusion length of 1-10 um.

A polarized light can also be used to generate a spin accumulation, and consequently
a spin current which can be then after transformed into an electric voltage by ISHE®S.
Both optical generation and detection of SHE have been shown in a recent work by H.
Zhao et al.?. These optical tools have developed rapidly, to become a conventional
technique for the characterization of SOC-based effects (including the Rashba effect)

in semiconductors23.124,

I. 4. 2. Technigues based on magnetization dynamics

The precession of the magnetization in a ferromagnetic layer can lead to the injection
of a PSC in a neighboring SHE layer. This idea is at the basis of the spin pumping
ferromagnetic resonance (SP-FMR) experiments®®9: the resonance induces a spin
accumulation at the interface of a SHE material/ferromagnetic bilayer. The
corresponding PSC is transformed by ISHE into a DC current or a voltage that can be

measured as shown in Fig. I. 10a.

Reciprocally, when a charge current is applied in the plane of the SHE layer, a spin

current generated by the direct SHE flows through the interface to the ferromagnetic

layer, the corresponding angular momentum transfer altering the magnetization
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precession. This technique, known as Spin Transfer FMR or ST-FMR (Fig. I. 10b), has

been first studied by Ando et al.®? and refined by Liu et al.%,

NigFeyq ‘
/ dampmg H

(b)

J, spin torque
\ acour HZ
\ forque
{ %
o
spin current J.

Fig. I. 10: (a) Principle of the SP-FMR (from ref. from ref. 135): a spin current is
injected from the ferromagnetic (FM) layer into the SOC layer, and converted into a
transverse charge current by ISHE. This charge current is probed by measuring the
voltage (V). (b) Principle of the ST-FMR (from ref. 92): a DC current Jc is applied in
the SOC material (Pt), producing a spin current Js by direct SHE. This spin current
transfers a DC torque to the magnetization M, resulting in the alteration of the FMR

spectrum. o denotes the spin-polarization vector of the spin current.

Since SP-FMR and ST-FMR experiments do not require nanofabrication and can be
used for almost all materials, these techniques have become a basic tool for the SHE
characterization. Large SHAs have been observed in heavy metals such as Pt (by SP-
FMR 91, 94, 95, 96, 97, 98, 99, 100, 101, 102, 151, 130, 103, 134; by ST-FMR 92, 93, 104,146, 158)’ B-Ta1°5' 151’
B-W150 pd®4 106,107, in AuW-alloys 18 114 and even in p-type silicon film with a very

small intrinsic spin Hall angle of 0.01%.

The most important difficulty linked to these techniques is that the data can be polluted

by parasitic effects, coming from the ferromagnetic layer such as AMR, and —as in all
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methods based on a bilayer-, by the difficulty to take into account the influence of the

FM/NM interface!34.146,
l. 4. 3. Magneto-transport techniques
A- Techniques based on lateral spin-valves

Nonlocal measurements

Johnson and Silsbee demonstrated in 198510 the injection and non-local detection of
a spin accumulation using a lateral spin-valve, which is a device consisting in a non-
ferromagnetic bridge (NM) connecting two ferromagnetic electrodes (F). Fig. I. 11
shows the set-up used for the nonlocal detection of the spin accumulation in a lateral
spin valve. This technique has evolved to become a conventional way to characterize
the spin dependent transport properties of materials such as conductor metals and

semiconductors.

24 Spin curent v Pure spin curent )

X NM

Fig. I. 11: Nonlocal measurement in a lateral spin valve: the charge current flows
through the F1/NM interface (along the —x direction), creating a spin accumulation at
the vicinity of this interface. A PSC is injected into the NM wire along the +x direction.
The ferromagnetic electrode F» plays the role of a spin detector. The electrochemical
potentials in F2 probes the spin accumulation produced by Fi1 at the F2/NM interface.
When the magnetization states between Fi and F» are parallel (TT or 1l ), F2 probes
the electrochemical potential of majority spins so that the voltage is positive. When the
magnetizations of F1 and F2 are antiparallel (T or 1), F2 probes the electrochemical
potential of the minority spins, so a negative voltage appears, due to the deficit of

minority spins.

Nonlocal spin transport in materials with long spin diffusion lengths
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A LSV can be used to inject a PSC in the NM material, which can in turn be exploited
to study the SHE in an adjacent SOC-nanowire. Valenzuela and Tinkham (2006,
2007)78: 111 thus adapted a LSV to perform the non-local electrical detection of the ISHE
in Al, using the experimental set-up shown in Fig. I. 12(a). However, since the spin
current needs to reach the Hall cross , this technique requires materials with long spin
diffusion lengths , and is thus restricted to materials with low SO coupling. It has been

for instance applied to GaAs using a Fe-spin-injector by K. Olejnik et al.'12,
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Fig. I. 12: (a) Pure-spin-current-induced Hall effect in ref. 111: the spin current with
perpendicular-polarized spins is converted into a transverse voltage by ISHE. (b) and
(c) Nonlocal detection of the HE with vertical spins (adapted from ref. 130 ): the graph
(b) depicts the measurement setup. The applied field orients the magnetization M in
the x direction. The spin current is injected towards the Pt channel through the Cu-
bridge. The spin current is absorbed in the z direction of the Pt, as shown in (c) creating

a charge current by ISHE along the Pt wire (b).

Nonlocal spin transport with planar magnetization

The limitation of nonlocal transport for materials with short spin-diffusion lengths, which
are usually the materials of interest in terms of spin Hall angles, has been overcome
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by Kimura et al.**° in 2007. The detection electrode of the LSV shown in Fig. I. 12(b)
is replaced by a platinum nanowire (cf. Fig. . 11). The external field is applied in-plane
along the x direction to induce the injections of spins with a polarization along x. The
PSC flows along the Cu-channel and is absorbed at the Cu/Pt interface in the z
direction, and then converted into a charge current in the y direction. The conversion
rate is large in comparison with previous reports on Al and semiconductor (the spin
Hall angle of Pt in this NiFe-Cu-Pt system was deduced of 0.37%). Shortly thereafter,
the study of L. Vila et al.'*3 showed that the spin Hall conductivity is nearly constant as
a function of temperature, and evolves in a quadratic form with the charge conductivity,
which means that the SHE in Pt is dominated by the side jump or intrinsic mechanisms.
The method has also been applied to characterize other SOC-metals'®? such as Nb,
Ta, Mo, Pd, and Pt, with obtained spin Hall angles of -0.87, -0.37, -0.80, 1.2, and 2.1%,

respectively.

With the advantage of being able to measure the SHA in both systems with long or
short SDL, the LSV-based method has been applied to detect SHE in many materials,
such as in the heavy-metal-impurity-alloys of Auw1%114 CuBi'?°, and Culr!®, in 5d
iridium oxide!*®, in ferromagnetic alloys of NiPd''’ and in the heavy-metal-based
superconductor of NbN&. Additionally, and similarly to the spin pumping method, the
LSV-based method can also be applied to detect the inverse Rashba-Edelstein effect
in 2D electron gas, for instance at the Cu/Bi interface 28, Nonetheless, finite element
method are often required to take into account the shunt by the Cu wire at the vicinity
of the SHE material especially when this last one has a much larger resistivity than Cu.

B- Spin Hall magnetoresistance

A new magnetoresistance, the spin Hall magnetoresistance (SMR), appears in FM-NM
bilayers, and allows measuring SHA18:119.120 Fig |, 13 illustrates a simplified ballistic
picture of the spin currents reflected at the YIG/Pt interfaces, which is the origin of the
SMR. The SMR is a promising technique for the SHE detection in metals. In Pt/YIG ,
H. Nakayama et al. '8 report a spin Hall angle of 4 % and a spin diffusion length of 2.4
nm; whereas N. Vlietstra et al.»?° reported the values of 8% and 1.4 nmm respectively.
One can note that despite the apparent discrepancy, they found a similar Osne.4s

product.
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Fig. l. 13: SMR in a YIG/Pt bilayer (from ref. 118): the charge current is applied along
the x direction in the Pt, generating a spin current of y-polarization in the z direction
(Js). The resistance of the stack is measured along the x direction, as a function of the
orientation of the magnetization in the YIG, which is controlled by an external magnetic
field. When the YIG magnetization aligns with the polarization of the SHE spin
accumulation, the reflected spin current (J2*<k) in the —z direction is maximal,
consequently producing an additional negative charge current by ISHE, and thus
increasing the apparent resistivity. This charge current is minimal when the

magnetization is perpendicular to the polarization of the initial SHE spin current.

C- Other electrical detection techniques

Hankiewicz et al. (2004)*%¢ considered the concept of Hirsch in 19997° but on a planar
structure shaped as an H, simpler to fabricate. Briine et al. (2010)?° realized the planar
H-shape structure to observed the SHE in HgTe. The principle of the device is shown
in Fig. I. 14a. The device can measure the SHE without any applied field, nor
ferromagnetic injection/detection. However, it is only applicable to materials with long
spin diffusion lengths and to high spin Hall angles: since it needs two conversions,
firstly by SHE and secondly by ISHE, the conversion rate is proportional the square of

the spin Hall angle.
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Fig. I. 14: (a) Principle of the H -based device (from ref. 84): A charge current is

applied in the left hand wire (the black arrow), creating a spin current in the bridge.
This spin current is then converted into a charge current by ISHE which can be
measured by a voltmeter along the right hand wire (black arrow). (b) Principle of the
SHE detection device proposed by Garlid et al. in ref. 127: Two thin Fe electrodes
are laid along the (In)GaAs Hall cross. Firstly, the magnetizations in the Fe-electrodes
is initialized in the anti-parallel or in the parallel states. The charge current is applied
along the semiconductor wire to create the spin accumulations of the perpendicular-
polarization by SHE in (In)GaAs. An in-plane field B is applied perpendicularly to the
Fe-electrodes to induce the precession of the spin accumulation. The spin signal is the
measured voltage Va— Wb. Vi is used as a reference, to eliminate parasitic effects such

as the normal Hall contribution due to the stray-field.

A simple device, shown in Fig. I. 14b, has been originally proposed by F. Zhang®’ in
2000, and realized by Garlid et al. in 2010*%7 to measure the direct SHE in GaAs and
InGaAs semiconductors. This experiment showed that both the skew and side-jump
scattering contribute to the spin Hall conductivity in these semiconductors. This
technique was further developed by M. Ehlert et al.*?! in Fe/(Ga,Mn)As/GaAs samples.
Finally, one shall mention the transport experiment proposed by L. Liu et al.*?? to

realize the SHE tunneling spectroscopy in a CoFeB/(MgO,Al203)/Ta system.

For the strong SOC materials, possessing short spin diffusion lengths, the possible
techniques of the detection remains limited. The spin Hall angles and spin diffusion
lengths have been reported with very large uncertainty ranges, and strongly depend
on the techniques of characterization. For example, the reported value of the spin Hall
angle and spin diffusion length in Pt, which is the archetype SHE material, are in range
of 0.3% to 36% and 0.5 to 12nm, respectively (see in Chapter Il Fig. 1l. 9 and Table 1).
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This state of the art thus shows that the measurement of the SHA remains a major
metrology problem in spintronics, especially concerning the techniques applicable to

heavy metals, which possess large conversion rates but short spin diffusion lengths.

In this context, the next chapter will propose a new electrical technique to measure the

SHE and the spin diffusion length in materials with high spin-orbit coupling.
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As seen in Chapter I, there exist several ways to detect the charge-to-spin conversion
induced by SO effects, the most used being probably the optical methods’®123.124
second harmonic and ferromagnetic resonance techniques® %1 °2. 93 | arge efforts
have also been devoted to develop purely electrical ways of detecting the conversion,
primarily for the sake of simplicity and versatility, but also because the long-term
objective is to implement SO effects into spintronic nanodevices. Direct ways to probe
the conversion electrically are the H-shaped double Hall cross'?>1%6 or the method
proposed by Garlid et al.*?” (See more in Section I. 4. 3. C-), but they remain limited to
materials with long spin-diffusion lengths (e.g., semiconductors), which are generally
associated to low conversion rates. The insertion of SO materials in lateral spin-valves
also allows observing the conversion in systems with large SO coupling, such as SHE
heavy metals or Rashba interfaces®128, However, the nanodevice remains complex:
a nonmagnetic channel is required to transfer the spins from the source to the
detectort?9130.13L132 = which multiplies interfaces and thus render delicate the

guantitative extraction of the conversion rate.

In this chapter, we demonstrate a simple way to probe electrically the direct and inverse
conversion in SHE systems, using a system akin to the ferromagnetic/nonmagnetic

bilayers used in most spin-orbit torque experiments0®.
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II. 1. Principle

(b)

Fig. Il. 1. Measurement principle: (a) Scheme of the conversion device. Two
ferromagnetic electrodes are connected on top of a SHE nanowire. The magnetization
within the ferromagnetic electrodes, represented by black arrows, is along the x
direction. A charge current J; flows along SHE wire (in the Y direction), and generates
a spin current Js along the Z direction, as down-spin and up-spin electrons are
deflected along the positive and negative Z direction, respectively. Consequently, a

spin accumulation appears at the edges of the SHE wire, which can be probed by the
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ferromagnetic electrodes. (b) and (c) SEM images of the device, with schemes of the

measurement setup for the SHE (b) and ISHE (c) detections.

The spin-charge conversion device proposed here is illustrated in Fig. Il. 1a, and
consists simply of a SHE wire connected to two transverse ferromagnetic electrodes.
The device is designed so that the easy axis of magnetization is parallel to the
ferromagnetic electrodes. Two electrical measurement schemes can be used. The first
one, shown in Fig. Il. 1a and 1b, corresponds to the measurement of the direct SHE.
The charge current flowing in the SHE wire generates a spin accumulation at the top

surface of the SHE material, which is probed using the ferromagnetic electrodes.

The second measurement scheme, shown in Fig. Il. 1c, corresponds to the ISHE. The
flow of a charge current along the ferromagnetic electrodes induces the injection of a
spin current within the SHE wire. This spin current is then converted by ISHE in a
charge current along the SHE wire, so that in the open circuit conditions used here this

generates a voltage between the two ends of the SHE wire.

lI. 2. Experimental spin signals

An example of spin signal obtained in the SHE configuration is given in Fig. Il. 2a, using
a device with a Pt wire and CosoFe4o electrodes. The ratio Rsxe between the measured
voltage and the constant applied current is measured as a function of the magnetic
field applied along the X axis, which corresponds to the easy axis of the ferromagnets,
and thus to the quantification axis. The CoFe electrodes are designed so that they
possess different switching fields. The variations of the resistance in the loop are due
to the magnetization switching of the electrodes. This can be understood as follows: at
any point of the SHE material, the relationship between the local charge current and

local PSC is as shown in eq. (I. 28),

Js = Ospyp Jc XS

(II. 1)
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where Jc, Js and s denote the charge and spin current density vectors, and the spin-
polarization vector of the spin current, respectively. This leads to a spin accumulation
at the surface, with majority spins along the X direction as illustrated in Fig. Il. 1a. If the
magnetization of a ferromagnetic electrode is along +X (or —X), the Fermi level of the
electrode aligns with the electrochemical potential of the majority spins (or minority
spins, respectively). When the magnetizations of the electrodes are parallel, there is
no voltage difference between the electrodes, which are probing the same
electrochemical potential. However, when they are antiparallel a voltage difference
appears, corresponding to the difference between the spin up and spin down
electrochemical potentials. This voltage is positive for positive fields, where the
electrodes are in the head-to-head magnetic configuration. For negative fields, the
antiparallel state is the tail-to-tail configuration, the electrodes now probe the opposite
spins, and thus the measured difference of electrochemical potentials becomes
negative. Note that in this CoFe/Pt device, the amplitude of the spin signal is 8.0 +
0.5mQ. This has to be compared to typical SHE signals measured in lateral spin
valves, which are of the order of 0.1 mQ or lower (i.e., two order of magnitude smaller
130,132,131y phecause of the spin relaxation in the channel and at the interfaces.
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Fig. Il. 2. Observation of SHE and ISHE: Examples of SHE and ISHE signals in a Pt-
based device, probed using CoFe electrodes (a) and (b), and NiFe electrodes (c) and
(d). The SHE and ISHE measurement configurations correspond to Fig. Il. 1 (b) and
Fig. Il. 1(c), respectively. The Pt wire is 7 nm thick, and 400 nm wide (a) and (b) or 300
nm wide (c) and (d). The ferromagnetic electrodes are 15 nm thick and 50 nm wide.
The electrodes are deposited on top of the SHE wire. The vertical arrows depict the
magnetic state of the two ferromagnetic electrodes. The horizontal arrows indicate the

field sweep direction.

The spin signal obtained in the ISHE configuration is shown in Fig. Il. 2(b). Apart from
the sign, which depends only on how the voltmeter is set up, it is similar to what is
obtained in the SHE measurement, with exactly the same spin signal amplitude. The
equivalence of the SHE and ISHE measurements, predicted by the Onsager reciprocal

relations, has been verified in all our samples. The case of the ISHE configuration can
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be understood by considering that when the magnetizations of the electrodes are
antiparallel, a spin current is injected in the SHE material. This spin current is then
converted into a voltage by ISHE. For negative fields, and in the antiparallel
configuration, the spin current is still injected, but its spin direction is reversed, which
leads to a change of sign of the ISHE voltage. Fig. Il. 2c and Fig. Il. 2d correspond to
the SHE and ISHE signals when using NisiFeis electrodes instead of CoFe. The
observed behavior is identical, although with a lower spin signal amplitude that we
attribute to the fact that the effective spin polarization of CoFe is higher!33,

I1. 3. FEM simulations of the conversion

Lots of efforts have been recently devoted to develop an accurate measurement
method of the spin transport parameters of SHE materials, i.e., the spin diffusion length
A and the spin Hall angle OsHe. To extract these parameters from our experiments,
numerical finite elements method (FEM) simulations have been performed, using a 2-
current drift diffusion model (see Annexes B), and taking into account the presence of
the EHE in the ferromagnetic electrodes.
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Fig. Il. 3. Results of 3D FEM simulations: For ISHE calculations (a, b and c¢), a 1A
current is applied along the ferromagnetic electrodes. Fig. (a) is a cross section of the
device along the XZ plane, showing the geometry of the current lines. The current flows
from the ferromagnetic electrode to the SHE material, and then to the second
electrode. Note that the current circumvents the lateral edges of the SHE wire, which
are supposed to be insulating (previous transport experiments indeed showed that the
interfaces that are not etched during our nanofabrication process remain insulating).
(b) and (c) Cross-sections showing the spin accumulation (i.e., half the difference
between electrochemical potentials). The spin current is proportional to the gradient of
this spin accumulation. In our ISHE measurement setup we are measuring only the Z
component of the spin current. In the parallel case (b), the spin accumulation pattern
is antisymmetric, and the Z component of the spin current is in average equal to zero.
In the antiparallel case (c), the spin accumulation pattern is symmetric, the Z
component of the spin current is non-zero, which leads to the appearance of an ISHE

41



CHAPTER II: NANOSTRUCTURE FOR SHE DETECTION ON PLATINUM

signal. For the SHE measurement configuration (d), a 1A current is applied along the
SHE wire. There is a large PSC along the Z direction due to the SHE. The spin
accumulation at the top surface of the SHE material is probed by the ferromagnetic
electrodes.

Fig. Il. 3 presents the main results of these simulations. Fig. Il. 3a shows that in the
ISHE configuration the current lines are deflected into the SHE material. The
corresponding spin accumulation p for the parallel and anti-parallel states are shown
in Fig. 1. 3b and Fig. Il. 3c, respectively. In both cases, a gradient of the electrochemical
potential appears where the current gets into or out of the SHE wire. This gradient,
which corresponds to a spin current, possesses a component along the Z direction. As
the magnetization is along X, the ISHE generates a charge current density along the
Y direction that will be detected by the voltmeter. In the parallel magnetization state
Fig. Il. 3b, the spin accumulations are of opposite signs, so that the generated current
densities cancel out. In the antiparallel state Fig. Il. 3c, the spin accumulations are
symmetric, the ISHE generated current densities add up, and as seen in the

experiments a voltage difference appears between the ends of the SHE wire.

Fig. Il. 3d shows the spin accumulation in the SHE configuration, when the charge
current flows along the SHE wire. The ferromagnetic electrodes are in contact with the
spin accumulation that takes place at the top surface of the SHE wire. In the antiparallel
state of magnetization, a voltage difference appears between the two ferromagnetic

electrodes, which probe different electrochemical potentials.
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Il. 4. Thickness dependence and spin diffusion length of Pt

In order to improve the physics involved, we derived an analytical expression, obtained
in the framework of a 1D spin diffusion model. The amplitude of the spin signal varies

according to equation (see more details in Annex C):

NAN hy
AR _ AV 2PFOSHEAN \ COSh /AN )
SHE/ISHE = 7| = Thy hp) hE N F
__F tanh + = * t h
(pN + PF PF pN}{N an ( //’lN) an ( /A )

(II. 2)

where wnir, hne, and g are the widths, the thicknesses of the nanowires and the gap
between the electrodes, and pr, A and p are the spin polarization, spin diffusion length
and resistivity, respectively. Subscripts F and N correspond to the ferromagnetic and
non-ferromagnetic layers, respectively. Note that it is also possible to add to this 1D
model the contribution of the EHE in the electrodes (see more details in Section Il. 4.),
even though comparison with 3D simulations show that the 1D model overestimate the
EHE contribution for SHE materials with high resistivity.

In eq. (Il. 2), the spin signal amplitude is found to be linear in @sxe. If the spin diffusion
length An is also unknown, it is possible to extract it by studying the dependence of the
spin signal with the thickness of the SHE layer hn. This study has been done for the
Pt\CoFe system. Fig. Il. 4 shows the experimental dependence of the spin signal
amplitude on the Pt thickness. According to eq. (ll. 2), a maximum of the spin signal
amplitude appears for hy~224,, which leads to Apt= 3.0 £ 0.6 nm (note that as the spin
diffusion length values of Pt are spread in the literature between 1.2 and 12.0 nm, it is
difficult to claim good agreement with previously reported values 104 130, 132,134, 135, 136)
Note however that the value of ppilpt = 0.84 + 0.17 fQ.m? is close to what has been
measured in several recent studies, for example the values of 0.77, 0.63, 0.61, and
0.80 fQ.m? are shown in refs. 104, 134, 135, and 136, respectively.

Fig. 1. 4 also exhibits the expected variations of spin signal according to the 3D
numerical simulations. Simulations were realized with varying Pt thicknesses. If we
assume that Apt= 3.0 nm, the calculated curves reproduce the experimentally observed

behavior for a value of the spin Hall angle of ©skte = 19%. For the 1D model, if we
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assume again that Art= 3.0 nm, the best Oshe value to reproduce the experimentally

observed behavior is around 13%.
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Fig. 1. 4. Spin signal amplitude vs. Pt thickness in devices with CoFe electrodes:
experimental results (symbols), 3D FEM simulations (dashed lines, calculated with .t
= 3.0 nm and Osue = 20%), and 1D analytical model (solid lines, calculated with et =
3.0 nm and Osnxe = 13%). The dependence is plotted for various channel width. The

maximum of the spin signal amplitude is theoretically expected for a Pt thickness equal

to two times the spin diffusion length.

As expected from eq. (ll. 2), at large thicknesses the amplitude of the spin signal
decreases roughly as 1/WPt' This can be understood by the fact that in the SHE

experiments the signal is proportional to the current density, which decreases with we:.
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[l. 5. Parasitic effects

The contribution of the EHE to the signal can be calculated, as well as the contribution

from the thermal and normal Hall effects to the measured signals.

[I. 5. 1. EHE contribution to the signal

AMR, planar Hall effect (PHE), and spincaloritronic effects have been considered as
possible artifacts leading to the same kind of signal. They can be ruled out for
symmetry reasons and/or because their amplitudes in this geometry are small.
However, for systems with small spin Hall angles we found out that the contribution of
EHE has to be taken into account to estimate properly the spin Hall angle. Indeed, the
contribution of EHE to the signal has the same symmetry as that of the SHE. Its

amplitude depends on the resistivities and on the device geometry as well Fig. II. 5.

A crude 1D model has been developed to calculate the EHE contribution to the signal.
The more exact way to calculate the EHE contribution remains the use of 3D
simulations. In the simulations, we took into account the EHE by measuring
experimentally the Hall angle in Hall crosses, and by computing both the effect of the
SHE and the EHE. These calculations showed that the ratio between the EHE and
SHE contributions is of the order of 12% for Pt, 11% for Pd, 19% for W, 35% for Au,
and can go up to -100% for Ta. The high ratio for Ta is due to the very high resistivity
of Ta (200 uQ.cm) in comparison with Pt (18-32 uQ.cm depending on the thickness),
which forces the current to flow in the ferromagnet and thus increases the EHE signal.
W is also resistive, but its SHE angle is higher than the spin Hall angle in Ta, so that

the ratio remains lower.
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Fig. ll. 5. Geometry effect on the EHE: Design used in the FEM simulations of Section
Il. 3, with a spin Hall angle equal to zero, used to estimate the EHE contribution to the
signal due to the CoFe. (b) Zoom on the current line in the contact area with the Pt
wire: it climbs and drop down because of the shunting effect by Pt. Note that we
assume that the current circumvent the lateral side of the Pt wire because this interface
is not cleaned during the nanofabrication. (c) Simulated EHE contribution to the signal
vs. Pt thickness, in the CoFe(15)/Pt(3-13) system. The EHE contribution depends on
the thickness of Pt because it leads to a change of the current line distribution in the

CoFe wire.
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[I. 5. 2. Thermal effect

Concerning spincaloritronic effects, we checked the dependence of the spin signal
amplitude with respect to the applied current. It is found to vary linearly (Fig. Il. 6) up

to large current densities.
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Fig. Il. 6. Amplitude of the spin signal vs. applied current, in a Py(20)/Pt(20) device

with a 500 nm wide channel, and fit by a linear law. Most measurements are done

using 100 or 200 pA so with current densities much smaller than 1011 A/mz2.

Also, we performed tried to observe the contribution of spincaloritronic effects in the
spin signals as shown in Fig. Il. 7. There is no signal in the second harmonic
measurement of the SHE, and it remains very small in the ISHE second harmonic
measurement (in comparison to the ISHE signal of Fig. Il. 2b). The signal could be
explained by the magnonic current produced by the heat gradient at the two interfaces,
leading to the injection of a spin current through the Pt. Whatever, the linearity of the
signal with the applied current and the absence of significant second harmonic signal

seems to indicate that spincaloritronic effects do not play any role in our experiments.
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(b)

O

Fig. Il. 7. Second harmonic measurements in the (a) direct SHE and inverse SHE
configurations. The signals were obtained in the sample of Fig. Il. 2 (b) and (c):
CoFe(15)/Pt(7) with 400 nm of Pt wire width.

[l. 5. 3. Normal Hall effect

The normal Hall effect could lead to the appearance of a signal with the same
symmetry: in the antiparallel configuration the stray field produced in the SHE material
by the ferromagnetic electrodes possess a component along Z, thus possibly
generating a Hall voltage. This Hall voltage changes sign when going from a head-to-

head to a tail-to-tail magnetic configuration, and would disappear in the parallel state.

Micro-magnetic simulations of the stray field generated by the electrode®®’ shows that
in the antiparallel configuration, the stray field is localized at the vicinity of the

electrodes tips (Fig. Il. 8).
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Fig. Il. 8. (a) Top view of the magnetic configuration inside the CoFe electrodes. b)

Side view of the demagnetizing/stray field map arising from the CoFe electrodes. The
arrows represent the stray field, which is strong only at the vicinity of the tips of the

electrodes.

For a 7 nm thick Pt layer with 15 nm thick CoFe electrodes, the average Bz component

in the Pt volume is -70mT. Taking the normal Hall coefficient'®® of Pt, Ry =

—0.23x1071%m3/C, this leads for a 300 nm wide Pt wire to a signal of R = RHtBZ =

0.2 mQ, smaller than the measured spin signal (typically 12 mQ) by two orders of
magnitude. Note that this is a worst case estimation of the effect (small thickness, no

deviation of the current in the cross branches).

From all the materials used here, tungsten has the largest normal Hall contribution, but

for the used geometry the Hall contribution remains small, around 0.4 mQ.
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II. 5. Comparison with recent results

In order to determine the spin Hall angle in materials with short spin diffusion lengths,
techniques based on lateral spin valve!3°, SP-FMR, ST-FMR%%9 and second harmonic
measurements are the most used. Additionally, a new technique, the SMR is also being

now used to investigate the SHE.

The results we obtained on Pt can be compared with what can be found in the literature.
Table 1 reports material parameters of Pt obtained using different methods.

Table 1: Experimental spin Hall angle and related parameters of Pt

Ferro pn (MQ.cm) As (nm) Osue (%) | Technique Reference
NiFe 15.6 - 0.34 NL-LSV Kimura et al. 2007130
NiFe 18.0 7 0.9 NL-LSV Vila et al. 2007113
NiFe 7-70 0.59-10.1 2-14 NL-LSV Sagasta 20161%
NiFe 15.6 7 8 SP-FMR Ando et al. 2008%
NiFe 41.7 10 £2 1.3 SP-FMR Mosendz et al. 2010%*
NiFe 50 10 4 SP-FMR Ando et al. 2011%
NiFe 41.3 3.7 SP-FMR Azevedo et al. 2011%
NiFe 23.3 8.3 1.2 SP-FMR Feng et al. 2012140
NiFe 76.9 7.7 1.3 SP-FMR Nakayama et al. 2012%
YIG 40.8 1.5-10 3 SP-FMR Hahn et al. 2013152
NiFe 25 4 2.7 SP-FMR Vlaminck et al. 2013%
NiFe 98 8 2.01 SP-FMR Hung et al. 201314!
NiFe 41.7 1.3 2.1 SP-FMR Bai et al. 2013%
NiFe - 1.2 8.6 SP-FMR Zhang et. al. 2013#?
NiFe - 1.2 12 SP-FMR Obstbaum et al. 2014192
Co 17 3.4 5.6 SP-FMR Rojas-Sanchez et al. 2014135
- 47.6 7.3 10 SP-FMR Manchon et al. 2014143
NiFe 27.8 1.2 2.2 ST-FMR Kondou et al. 2012103
NiFe 20 3 7.6 ST-FMR Liu et. al. 2011%
CoFe 27.8 2.1 4-15 ST-FMR Ganguly et al. 2014144
CoFe 20 14 33 ST-FMR* Pai et al. 2015145
NiFe 27.8 2.1 3-75 ST-FMR Ganguly et al. 2014144
Co 15 1.4 11 ST-FMR Parkin et al. 20156
NiFe 15 1.4 5 ST-FMR Parkin et al. 20156
NiFe 15 14 19 ST-FMR Parkin et al. 2015146

50




CHAPTER II: NANOSTRUCTURE FOR SHE DETECTION ON PLATINUM

YIG 83 2.4 4 SMR Nakayama et al. 201318

YIG 33 - 200 15 11+8 SMR Althammer et al. 2013147

CoFe 28 3 19 F/N nano- This work
structure

NiFe 28 3 75 F/N nano- This work
structure

For the NiFe/Pt samples, the spin Hall angle value is in good agreement with other
results recently obtained using NiFe as a ferromagnetic material. The value of the spin
Hall angle of CoFe/Pt samples seems pretty large, but it is close to the intrinsic value
reported by Zhang et al.**® in 2015, when the CoFe/Pt interface is taken into account
(cf. Chapters Ill and 1V), and it remains lower than the report of C.-F. Pai et al. 20154
in CoFe/Pt.

35 T T T T T T T
I L g
30 .
X 25 .
220-
= i ]
<
O 15t ]
© n
I 10l 3‘ i
£ " o= n u
o B u |
(d)) 5_ : ) . ° [ ]
0 . 1 . 1 . 1 -.’. ! . 1
0 2 4 6 8 10 12

Pt spin diffusion length (nm)

Fig. Il. 9. Spin Hall angle and spin diffusion length of Pt, obtained using SP-FMR/ST-
FMR, LSV transport and SMR techniques and with different ferromagnetic materials:
NiFe (black squares), CoFe (blue diamond), YIG (red circles), and Co (green triangles).
Our results are represented by spheres in pink (for the NiFe/Pt system) and purple (for
the CoFe/Pt system).
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To conclude, we have proposed a simple electrical device in which it is possible to
realize the interconversion between charge and spin currents by SHE and ISHE. The
observed behavior can be reproduced roughly using a 1D-analytical model, and more
precisely using 3D-FEM simulations. We showed that it allows to extract the spin-

dependent transport properties of the SHE material.

Beyond its relative simplicity, the main interest of the proposed method is that the
interconversion between spin and charge currents is done using a device akin to the
ferromagnetic/nonmagnetic bilayers on which most spin-orbit torques experiments
rely. In standard spin-orbit torque experiments the produced spin current is observed
indirectly, through its effect on magnetization. The proposed technique should thus

help shedding light in the role of the SHE in spin-orbit torques.

Finally, the same design could in principle be adapted to study the conversion by SOC
of other materials such as semiconductors, alloys, oxides, 2DEG?811%8, or topological

insulators48.149,
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CHAPTER Illl:  APPLICATION OF THE PROPOSED
TECHNIQUE TO DIFFERENT METALS

In the previous chapter, we proposed to use a new transport technique to characterize
the SHE properties of Pt, showing that it gives access to both the spin Hall angle and
the spin diffusion length. In the following, we will use the same technique to measure
the spin Hall angle of various materials: heavy metals like Pt, Pd, Au W and Ta, and
Ti, a light metal, as a reference. The spin Hall angles of Au-based alloys: Auw and
AuTa, have also been determined, and compared to the results obtained using Spin

pumping techniques and lateral spin-valves.
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[ll. 1. Application to pure metals

The proposed method for studying the spin to charge conversion has been applied to
several SHE systems: Pd, Au, Ta and W. The main results are summarized in Table 2
and in Fig. lll. 1. The observed spin signals in those systems are similar to those
observed in the NiFe/Pt and CoFe/Pt systems. In particular, we observe a decrease of
the spin signal amplitude with the width of the SHE wire wn (Fig. IIl. 1).

—*— Pt(7)\CoFe(15)
121 % — e Pt(5)\CoFe(15) T
.\ —e P{(10)\CoFe(15) |
_ —— CoFe(15)\Pt(20)
g sl \* —@— CoFe(7)\Pd(20)
£ . —e—Pt(10)\NiFe(25)
W \'\ —=— P{(10)\Cu(3)NiFe(25)|
n * * CoFe(15)\Au(40)
m4r o \'\ —m— W(10)\CoFe(15)
5 e
< 9 e
ot ]
l/./.

200 400 600 800 1000 1200 1400
Width of SHE-wire (nm)

Fig. lll. 1: Measured spin signal amplitude vs. channel width, for different systems. The
sign of the reported signal corresponds to the sign of the spin Hall angle of the SHE
material (experimentally, the sign of the measured voltage actually depends on the
stacking order, F\N or N\F).

This can be understood by considering the SHE configuration: the spin accumulation
at the top surface depends on the current density. For a given applied current, the
current density and thus the signal will decrease when increasing the channel width.

Note that this can also be seen in the wn dependence of equation (ll. 2).
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The extracted values of the spin Hall angle are given in Table 2.

Table 2. Extracted material parameters. The polarization and the spin diffusion
length of the ferromagnetic materials have been taken from the literature on electrical
transport in lateral spin-valves. The error bars on Osxe do not take into account the
uncertainty on the values of 4, .4 and Pr, and are only related to the experimental

uncertainty of the proposed technique (noise level and reproducibility from device to

device).

Oste (1D-
pF PN OceHE ) Oske (3D-

System Ar (nm) An (nm) pr Analytical)
(MQ.cm) | (uQ.cm) (%) FEM) (%)

(%)
NiFe/Pt | 3.5+05 | 3.0+£0.6 30 28 0.28 | 0.32 | 40+05 7.5+05
CoFe/Pt | 3.5+05 | 3.0+£0.6 20.5 28 0.58 | 0.63 | 10.0+0.5 19+0.5
CoFe/Pd | 3.5£0.5 13132 20.5 21 0.58 | 0.63 | 4.0+0.5 45+0.5
CoFe/Au | 351205 35 136 20.5 4.2 0.58 | 0.63 | 25+0.3 15+0.3
CoFe/Ta | 3.5+0.5 1.8 152 20.5 200 0.58 | 0.63 - -2.7+3.0
CoFe/W | 3.5%+0.5 1.41%0 20.5 135 0.58 | 0.63 - -6.5+1.0
CoFel/Ti | 3.5+£0.5 13182 20.5 52 0.58 | 0.63 - =0

As expected from previous studies, the spin Hall angle is lower for Pd than for Pt32,
and it is small in Au'3¢. The values of An for Ta and W have been taken from studies
where the materials possess similar resistivities®1%0 (and similar growth conditions
for W).

For Ta samples, and despite trials with numerous nanofabrication processes and
geometries, the obtained magnetoresistances were flat. Indeed, a relatively high noise
level has always been observed with the devices made with this material (+/- 2.0 mQ).
Several methods have been used including one where the F and Ta materials are
deposited by shadow evaporation, in such a way that the wires and the F/NM interface
are built in a single evaporation sequence in vacuum and so that the interface is
expected to be clean. Our interpretation of this flat but noisy signal is that the EHE and

SHE contributions roughly cancel out, so that the signal remains lower than the noise
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level. The error bar for Ta is thus large, because the spin signal is supposed to lie

within the noise level, or that it is exactly cancel out by the EHE.

Although reports have been made of a large negative spin Hall angle in Ta 1%, we find
here a negative but relatively small SHE angle (-2.7%), in agreement with recent
measurements using lateral spin-valves, spin pumping or spin Hall

magnetoresistance!32.151

The spin Hall angle in the W sample (-6.5%) is clearly negative, and larger than that of
Ta. Note that for those two materials, the 1D model is inaccurate and has to be
considered as not applicable: the comparison between 1D and 3D calculations shows

that when p is too large the 1D model overestimates the EHE contribution.

Let us now briefly discuss the results obtained using different ferromagnetic electrodes
to connect the Pt stripe. Even for Pt, which is considered to be the reference SHE
material, the measurement of spin Hall angles remains an important metrology
problem194134 which underlines the need for new measurement tools such as the

method proposed here.

As can be seen on Fig. Ill. 1, and the Table 3, different spin Hall angles are estimated
when using CoFe or Py as ferromagnetic electrodes (19 % and 7.5 %, respectively).
This points out the importance of interfacial effects. In this chapter, as interface effects
are not taken into account in our data analysis, the calculated values of SHE angles
have to be understood as effective values, i.e., taken as lower bounds of the intrinsic
values. A study of those interface effects will be presented in more details in Chapter
V.

Reference experiment with Ti

In order to estimate the contribution of the EHE in our method, we have performed a
reference experiment on a CoFe(15)/Ti(20) sample. Ti is indeed a light metal (its
electronic configuration is Ar 3d? 4s?), known to have a very small spin Hall angle (e.g.,
0.036% measured by C. Du et al.'?). The expected signal amplitudes have been
calculated by FEM-simulation, assuming that Osne = 0, and that all the signal comes

from the EHE in the CoFe layer (Fig. Ill. 2). We observe a very nice agreement with

56


https://en.wikipedia.org/wiki/Argon

CHAPTER III: APPLICATION OF THE PROPOSED TECHNIQUE TO DIFFERENT
METALS

the experimental results. This agreement between experiences and simulations can

be regarded as a validation of the method used to calculate the EHE contribution.

m  Experiment
e Simulation

AR_ . (MmQ)

300 350 400
Width of Ti-wire (nm)
Fig. Ill. 2. Experimental signal amplitudes obtained in CoFe(15)/Ti(20) samples, and

signal amplitudes calculated by the 3D FEM-simulation assuming that Osxe = 0, and

that all the signal comes from the EHE.

lll. 3. Application to Au-based alloys

Most of the recent reports on strong SHE focused on single heavy-elements, the main
materials of interest being Pt, Ta and W. As discussed in Chapter I, the extrinsic
mechanisms associated to the spin dependent scattering on impurities or defects are
an alternative way to generate efficiently transverse spin currents*3,

We studied the SHE in AuW and AuTa alloys using the proposed spin-charge
interconversion device, and compared the obtained results to those obtained in our
group by spin-pumping and using lateral spin valves. These materials have been
developed during the PhD of Piotr Laczkowski'®3 and the post-doctoral stay of Yu Fu,
in collaboration with the unité Mixte de physigue CNRS/Thales Palaiseau.

The samples have been fabricated by conventional e-beam lithography, e-gun or
sputtering deposition, followed by a lift-off process on thermally oxidized SiO:2

substrates. The alloy layers were deposited by co-sputtering, and are placed
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underneath the ferromagnetic electrodes, which are deposited using e-gun
evaporation (as in Chapter IlI). A gentle ion beam etching was used before the

deposition of the FM electrodes, to clean the top interface of the SHE material.

lll. 2. 1. Spin Hall effect in AuW alloy
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Fig. lll. 3 Experimental spin signals of (a) SHE and (b) ISHE in a CoFe/AuW sample.
The schemes of the measurement setup have the same as those used previously cf.
Fig. Il. 1(b) and I. 1(c) (c) Variations of the spin diffusion length of AuwW alloys of
different stoechiometries as a function of the alloy resistivity, extracted from53.154, The
values of Lsf have been measured using spin-sink experiments in lateral spin valves.
(d) Amplitude of the spin signal using the new technique, and results of the finite
element method simulations with a spin Hall angle of 6.5 % (the spin diffusion length
of AuW is taken to be 2.8 based on the AuW resistivity of 41 uQ.cm).
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Fig. lll. 3 illustrates the spin signals of the direct and inverse SHE measured in a
CoFe(15)/AuW(10) sample. The amplitude of the signals is 3.2 mQ, for a 300 nm wide
AuW-wire. The SHE and ISHE measurements reciprocate as expected. The absolute
signal amplitude is about two times smaller than that of a CoFe/Pt sample with the
same geometry.

The spin diffusion length of AuW alloys has been measured using a spin-sink technique
in lateral spin-valves during the PhD of P. Laczkowski. The decrease of the spin

diffusion length with the resistivity (and thus with the concentration in W) can be
observed in

Fig. lll. 3(c). From the measured resistivity of the alloy used in our experiment (41

puQ.cm) we can infer its spin diffusion length to be 2.8 nm.

Comparison with results from lateral spin valves and SP-FMRtechnigues
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Fig. lll. 4. Results from SP-FMR and LSV-based techniques 153 154 Spin Hall angle

(a) and product /4OsHe (b) as a function of the alloy resistivity. The spin Hall angles
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have been measured using LSVs (green), or SP-FMR with either NiFe - red or CoFeB

electrodes8!155,

Our experimental data are well fitted using this spin diffusion length and a spin Hall
angle of 6.5%

Fig. 1ll. 3(d). This value can be compared to what has been obtained prior to my PhD
using SP-FMR and LSV-transport techniques. Fig. Ill. 4 shows the evolution of the Spin

Hall angle, and of the product .4tOske, as functions of the alloy resistivity.

The measured value is similar to which has been obtained both by spin pumping and
using a LSV, when NiFe is used as ferromagnetic electrode. As said before, this value
of the spin Hall angle has to be considered as an effective value, calculated by
assuming the transparency of the interfaces, and therefore as a lower bound of the
real value. Note also that, similarly to what was observed with the Pt system, different
ferromagnetic electrodes can give different effective values: with a CoFeB electrode,

spin-pumping experiments give a lower effective spin Hall angle value (6.5%).

lll. 2. 2. Spin Hall effect in AuTa alloys

[$,]
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Fig. lll. 5. (a) Amplitudes of the spin signal using the proposed measurement
technique, and results of FEM simulations. A good fit of the experimental data is

obtained using a SDL of 2.6 nm and a spin Hall angle of 7.4% for the sample s1, and

60



CHAPTER III: APPLICATION OF THE PROPOSED TECHNIQUE TO DIFFERENT
METALS

1.6 nm and 11% for the sample s2. (b) SEM image of a sample which was heated at

180C during the fabrication process.

The technique proposed in this manuscript has also been used to characterize
AuTar.s%, a new Au-based alloy which can produce a very high conversion rate (around

35% according to recent SP-FMR experiments'> done in our laboratory).

The analysis of the experimental results of Fig. Ill. 5(a) show that the amplitude of the
spin signals is not as high as expected. Two series of CoFe(15)/AuTa(10) samples
have been studied, with the same nominal concentration (7.5%). The resitivities were
found to depend on the fabrication process. The first sample, s1, was heated at 180°C,
resulting in a resistivity p= 52 uQ.cm, and thus, if one assumes that the results of ref.
154 can be applied, to a SDL of 2.6 nm. The second sample, s2 was heated only at
60°C p =60 uQ.cm, leading to a SDL of 2 nm.

The spin Hall angles corresponding to these samples using the FEM model are 7.4%
and 11%, for s1 and s2, respectively. These values are much lower than what was
obtained in the SP-FMR experiments (35%, cf. ref. 154 ) with a NiFe electrode.

The difference between the two samples could be due to the nanofabrication process.
For the s1 sample, the resistivity of the AuTa alloy was around 52 uQ.cm, and
appeared to be much lower (7.5%) after the nanofabrication process. This could be
due to a clustering of the Ta atoms, leading to an inhomogeneous alloy. The SEM
image in Fig. lll. 5(b) shows that indeed the AuTa wire is very rough after processing,
and that there might be a problem of stability in this alloy. The origin of the difference
observed with the SP-FMR experiment is not clear for now, it might also be related to

the fact that the nanofabrication process could damage the alloy.

[1l. 3. Conclusion

In this chapter we have shown the applications of the proposed spin-to-charge inter-
conversion device to several materials. This technique has been applied to
characterize the SHE in various heavy metals. Both positive (Pt, Pd, and Au) and

negative spin Hall angles (W) have been measured, which is consistent with what can
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be found in the literature. In a control experiment using a light metal Ti, a negligible

spin Hall angle was obtained.

This technique has then be applied to newly developed alloys. The results with AuwW
show a good agreement with previous results obtained using SP-FMR and LSV
devices with a NiFe electrode. Preliminary results on the AuTa alloy show that for alloys

there might an issue concerning the stability linked to the nanofabrication process.
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As mentioned in Chapter Il and Chapter Ill, the effective values of the spin Hall angle
measured in Pt are found to depend on the nature of the ferromagnetic layer: a smaller
spin Hall angle was in particular measured in the NiFe/Pt system (7.5%) than in the
CoFe/Pt system (19%).

This chapter focuses on the origin of this effect. After determining the transport
parameters of Co, using the gap dependence of LSVs, we will compare the values of
the effective spin Hall angle in Pt measured using CoFe, Co, and NiFe electrodes. We
will show that interfaces play a significant role on the spin signal, notably by studying
the insertion of a Cu layer in-between the ferromagnetic and Pt layers. By comparing
the effective spin Hall angle obtained on all those systems, we show that the NiFe/Pt
interface is clearly not transparent, and we provide a lower bound for the value of the

spin Hall angle in Pt.
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IV. 1. Evaluation of the transport parameters of Co

The extraordinary Hall angle of Co(15nm) has been measured using four probes

measurements in Hall crosses, as shown in Fig. IV. 1.
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Fig. IV. 1. (a) Schematic of the measurement setup in Hall crosses: The in-plane
current is applied along the x direction and the out-plane magnetic field is applied along
the z direction. 4-probe MR and Hall measurements were simultaneously performed.
The resulting signals are expressed in Ohms, by dividing the measured voltage by the
applied current.: (b) EHE loop and (c) MR loop.

The resistivity of the Co layer has been measured both by using the Van der Pauw
method in the single Hall cross, and by using a 4-probe resistance measurement along

the Co wire. Both methods give pco = 25.2 uyQ.cm at room temperature.

The extraordinary Hall angle can be extracted from the extraordinary Hall resistance:

Oy = hc";‘ﬂ = 1.13%, where hco = 15 nm is the thickness of the cross and ARene
Co

= 190 mQ is the extraordinary Hall resistance shown in Fig. IV. 1b. Additionally, the
MR loop in Fig. IV. 1c demonstrates that the AMR of Co is around 0.7 %56,
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Fig. IV. 2. SEM image of the LSV, and schematic of the NL measurement setup. (b)
NL spin signal for a gap of 100 nm. (c) Amplitude of the spin signal and results obtained
by FEM simulations.

We performed transport experiments on LSVs made of Co-Cu-Co to extract the
polarization and the spin diffusion length of Co (cf. Fig. IV. 2). The schematic non-local
measurement setup is shown on Fig. IV. 2a. The charge current is applied from one
Co electrode to the Cu channel leading to a spin accumulation at the Co/Cu interface.
The PSC is injected into the channel and diffuses up to the second Co electrode where
the spin accumulation is probed by measuring the voltage drop at this interface.

The non-local signal is shown in Fig. IV. 2b. The value of the voltage drops down when
the magnetizations in the Co wires are antiparallel. By using FEM simulation we can
reproduce the amplitude evolution of the spin signals with the gap(see more in ref.

133), using as transport parameter of Cu and Co Acu = 320 nm, Aco =38 nm, pcu =5.2
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pMQ.cm, pco =25.2 yQ.cm and pr=0.1. The free parameters used to fit the experimental
data are Aco and pr. The obtained values are in agreement with a previous work by

Villamor et al.17,

IV. 2. Nature of the ferromagnetic electrodes and effective spin Hall angle

In order to study the influence of the F/N interfaces, we firstly performed measurements
using CoFe, Co, and NiFe electrodes deposited on the top of a Pt wire similarly to what

was shown in Fig. Il. 1(a) and Fig. II. 1(c).

The dependence of the spin signal on the type of electrode is shown in Fig. IV. 3. The
amplitude of the spin signal probed by NiFe is the lowest. The signal from the CoFe/Pt
system is stronger than that of the Co/Pt sample, for the same geometrical parameters.

The comparison of the spin signals can be considered as meaningful, because the
resistivities of the different ferromagnets, measured using a four probe configuration,
are similar (30.5 uQcm for NiFe, 25.2 uQcm for Co, 20.0 for CoFe). Note also that the
differences of polarization of the ferromagnets cannot explain the change of spin
signal. Indeed, even though the polarization of Co (0.1%) is lower than that of NiFe
(0.26%*3), the spin signal amplitude of the Co/Pt system is stronger than that of
NiFe/Pt.
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Fig. IV. 3. Comparison of the spin signals using different ferromagnetic layers. (a)
CoFe(15)/Pt(7), (b) Co(15)/Pt(7) and NiFe(15)/Pt(7) with the Pt wide of 400 nm show
the spin signals of 8.0, 4.2, and 1.6 mQ, respectively.

This problem also appears when calculating the effective spin Hall angle.
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Fig. IV. 4 shows the Pt-width dependences of the spin signal amplitudes in different
systems. The spin signal amplitudes decrease in accordance with the increase of the
Pt wire width, which leads to the reduction of the resistances of the systems.
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Fig. IV. 4. Simulated and experimental amplitudes of the spin signals as a function of
the Pt-wire width in systems of (a) CoFe/Pt, (b) Co/Pt, (c) NiFe/Pt.

FEM simulation were performed to extract the effective spin Hall angles. As was done
previously, the interfaces in the simulations were assumed to be transparent to the
spin currents, as well as perfectly conductive to the charge currents. The parameters
for the simulations were taken from Section IV. 1 for the Co electrode and from
Chapters Il and Ill for the CoFe and NiFe electrodes. The experimental curves are well

fitted in Fig. IV. 4 using the effective spin Hall angle shown in Table 3.

Table 3 Effective values of the Pt spin Hall angles extracted using FEM simulations

System Oce (%) 2Osie (M) | Oshe (%)

CoFe/Pt 0.63 0.56 24.5
ColPt 1.13 0.62 27

NiFe/Pt 0.32 0.25 11

Measurements made in a Hall cross patterned in the 7 nm thick Pt wire give a resistivity
of 36 yQ.cm. If one assumes that both the spin and momentum scattering rates
increase similarly when the resistivity increases, the product of the spin Hall angle by

the spin diffusion length of Pt is preserved 4. The effective value of ppifet measured
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in Chapter Il and averaged over several Pt thicknesses is 0.84 + 0.17 fQ.m? for the
system of CoFe/Pt (see Section Il. 3). The spin diffusion length of the 7nm thick Pt
layer can then be inferred to be .+ = 2.3 nm. The simulations are performed using this

values.

Table 3 shows that the high values of effective spin Hall angles are obtained with CoFe
and Co electrodes, with a value of Opwirt close to what was measured in Chapter |I.
(Opttrt= 0.56 nm for CoFe in Table 3, Opt.rt= 0.57 nm for CoFe in Table 2). The value
of Opiirt for NiFe/Pt is also close to the value obtained in Chapter Il on this system
(0.23 nm instead of 0.25 nm).

The discrepancy between the values obtained using Co (or CoFe) or NiFe show that
the measured spin Hall angles have to be considered as effective. Our interpretation
is that the origin of this discrepancy is that interface effects are neglected in our

analysis.

The importance of such effects has been indeed found to be relatively great. For
instance, using a SP-FMR technique J. C. Rojas Sanchez et al. 3% attributed a
significant role of the spin memory loss at the Co/Pt interface. This mechanism takes
into account the probability of spin relaxation at a resistive interface, leading to a
depolarization of the current. The spin reflection at the ferromagnet/Pt interface has
also been proposed by W. Zhang et al.'“¢to explain results obtained using the ST-FMR
technique.

The central idea is that part of the spin current is lost at the interface, thus lowering the
apparent conversion rate between charge and spin current. In that sense, the effective
spin Hall angles which are extracted while considering that all interfaces are

transparent are lower bound of the real values.

Thus, the differences observed for the spin signal amplitudes of the Co/Pt, NiFe/Pt and
CoFe/Pt systems could be due to the different transparencies of their interface

relatively to the spin current.

The similar values of the effective spin Hall angles of Pt in the systems with Co and
CoFe reveals that the Co/Pt and CoFe/Pt interfaces play a similar role to the spin
currents. The highest value of @sne probed by Co shows that Co/Pt interface is very
transparent. The smallest value of Osne in the NiFe/Pt samples however demonstrates
the bad quality (exhibiting very high spin losses) of the NiFe/Pt.
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Concerning this poor quality of the NiFe/Pt interface, our results are in line with a recent
work performed by the group of Kelly et al.*>8, where a very large depolarization due
to Rashba field was found by ab initio calculation at the NiFe/Pt interface.

IV. 3. Insertion of a nonmagnetic material

Fig. IV. 5. Scheme of the SHE device with inserting the Cu-layer.

A simple way to study the effect of the interface is to add, in-between the ferromagnetic
and SHE layer, a nonmagnetic layer such as Cu, possessing a long spin diffusion
length. As such, this non-magnetic layer can be considered as passively transmitting

the PSC in-between the ferromagnetic and SHE layers.

Fig. IV. 5 shows how the device proposed in this manuscript can be adapted by
inserting a Cu layer. Note that there is also a Ti(3nm) buffer layer, not shown in this
Fig., which is not active (except for its electrical shunting effect) cf. Fig. lll. 2. The Ti
and Pt layers were deposited during a single evaporation step. The 3nm-Cu layer is
deposited with the pattern of the ferromagnetic electrodes.
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Fig. IV. 6. Simulated and experimental amplitudes of the spin signal as a function of
the Pt wire width, in (a) CoFe/Cu/Pt, (b) Co/Cu/Pt, and (c) NiFe/Cu/Pt, and using the
design of Fig. IV. 5.

The results obtained when inserting Cu are shown in Fig. IV. 6, which plots for the
different ferromagnetic materials the simulated and experimental amplitudes of the
spin signals. By fitting the experimental data Fig. IV. 6 , the effective spin Hall angles

of Pt (still calculated with the assumption of perfectly transparent interfaces) are given
in Table 4.

Table 4 Effective values of the Pt spin Hall angles, extracted using the FEM simulation

shown in Fig. IV. 6 with a resistivity of the Cu insertion of 5.2 uQ.cm.

System Ocre (%) AsOspe (nm) | Oshe (%)
CoFe/Cu/Pt 0.63 0.62 27

Co/Cu/Pt 1.13 0.62 27
NiFe/Cu/Pt 0.32 0.36 155

These results can be analyzed as follows:

e Concerning the CoFe/Pt and Co/Pt systems, the insertion of Cu does not modify
strongly the value of the effective spin Hall angle, which is found in both case to

be 27%. It suggests that the transparency is very high in those systems.

e The value of 27% for the effective spin Hall angle in Pt is very large, but

according to our analysis it remains a lower bound of the exact spin Hall angle.
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e Concerning the NiFe/Pt system, the insertion of Cu improves the value of the
effective spin Hall angle (from 11% to 15%), which shows that the combined
transparency of the NiFe/Cu and Cu/Pt interfaces is better than that of the
NiFe/Pt interface.

e The NiFe/Cu/Pt system exhibits a spin Hall angle of 15.5%, much lower than
that of the Co and CoFe-based systems. It is surprising that by inserting the Cu
layer, we did not retrieve the high values observed with Co and CoFe. As the
Cu/Pt interface is also probed in the Co/Cu/Pt and CoFe/Cu/Pt stacks, this low
value of the spin Hall angle might be the result of a lower transparency at the
NiFe/Cu interface. It could also be due to the fact that the electrical resistance

of the interface must actually be taken into account.

e The use of a NiFe electrode is found to be an awful way to probe the SHE in Pt,
or to do spin-orbit torques experiments. Co and CoFe seems to be two good
candidates, with a slight preference for CoFe.

IV. 4. Conclusion

The value of the spin Hall angle measured with the technique proposed in Chapter Il
is found to be an effective value, varying with the nature of the ferromagnetic electrode,
in particular leading to a low effective spin Hall angle for the NiFe/Pt system. Our
interpretation of these variations is that it is due to interface effects, which are already
pointed at in the literature for their importance!3®146.145 The neglecting of these
interface effects when extracting the spin Hall angle values implies that the obtained
effective spin Hall angle angles have to be considered as lower bound of the exact spin

Hall angle.

The insertion of Cu layers lead to an important improvement of the transparency in the
NiFe/Pt system, but does not modify strongly the value of the spin Hall angle in the
CoFe/Pt and Co/Pt systems. This comforts previous studies (cf. Table 1 and Fig. Il. 9)
showing that the NiFe/Pt system might not be a very good candidate to study spin-

charge conversion effects or spin-orbit torques.
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If several questions, such as the microscopic origin of the non-transparency, or the low
effective spin Hall angle of the NiFe/Cu/Pt, remain unanswered, our results show that

the proposed technique is a promising tool to study the role of interfaces.
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CHAPTER V: DOMAIN WALL DETECTION BY DIRECT AND
INVERSE SHE

Domain wall (DW) manipulation in spintronic nanostructures has become a very active
field of research during the two last decades, as nanofabrication techniques allowed to
isolate a single domain wall in a nanowire, and because of the discovery of spin
transfer torques acting on DWs160, Recently, the interest towards current-induced
DW motion increased, when it appeared that the angular momentum carried by PSC
can be used to manipulate DWs. This can be done in lateral nanostructures, using non-
local measurements!61.162 byt the most exciting way to produce PSCs is obviously the
use of spin orbit effects such as the spin Hall effect (SHE) "84 and the Rashba effects®?,
which can generate SOTs in a ferromagnetic layer®5105163 Beyond the fundamental
guestions concerning the physics of spin transfer and spin-orbit torques, this field of
research has been driven by possible spintronic applications such as magnetic

memories!®* and logic devices!®®.

In this chapter, we will show that if the SHE can generate SOTS, it is also possible to
use the SHE or the ISHE to detect the presence of a DW. A DW in a ferromagnetic
wire can indeed be used to inject or detect a PSC in an adjacent SHE nanowire. The
injected PSC can then be transformed by ISHE into a voltage, thus allowing the
electrical detection of the DW. Conversely, in the reciprocal measurement scheme, the
spin accumulation produced by SHE can be used to probe the presence of a DW.

After explaining the measurement principle, we will give the main results, and show

that the use of simulations allows extracting the spin Hall angle.
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V. 1. Principle

Fig. V. lillustrates the principle of the detection method by ISHE. W. Savero Torres et
al. have recently shown that a DW in a ferromagnetic nanowire can be used to inject
or detect a PSC in an adjacent non-magnetic nanowire'®®, The same kind of
nanostructure, with a different electrical setup, also allowed to perform non-local

measurements with high spin signal amplitudes*6”

Here, the principle is to inject the PSC from a ferromagnetic wire into a SHE wire. A
constriction is thus patterned in the ferromagnetic wire on top of the SHE material, in
order to pin a DW (cf. Fig. V. 1). When a current is applied along the ferromagnetic
wire, part of the charge current is deflected in the SHE material, thus creating a spin
accumulation. When a DW is pinned at the constriction, the spin accumulation profile
leads to the appearance of a PSC along the Z direction. This charge current is then
converted into a charge current by ISHE’®, according to the equation J. = Ogyr Js Xs.
In the open circuit conditions used here, it will create a voltage along the SHE wire.
When there is no DW, we will show below that there is no injected PSC, and thus no
voltage. Also, we will see that tail-to-tail and head-to-head DWs leads to spin

accumulations of opposite signs, and thus to opposite voltages.
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Fig. V. 1. Scheme of the DW detection device. The ferromagnetic nanowire is
connected to the SHE nanowire, made of Pt. The black arrows represent the
magnetization direction when a DW is pinned. Magnetic fields are applied along the X
direction. An applied charge current J. flows along the ferromagnetic wire, and when a
DW is pinned it leads to the injection of a spin current Js along the Z direction, into the

SHE wire. This spin current is then converted in a charge current along Y by ISHE.

V. 2. Nanofabrication and experimental results

Similarly to the nanostructures of the previous chapters, the samples have been
fabricated by conventional e-beam lithography, e-gun deposition, and lift-off processes
on thermally oxidized SiO2 substrate. The chosen materials are NisiFeig and Pt, as
they are archetypal ferromagnetic and SHE materials, and because their magnetic
behavior and spin transport properties have been previously precisely
characterized¢®16°, The top surface of the Pt nanowire is cleaned by Ar ion etching
prior to the deposition of the NisiFei9 nanowire. The last step consist in adding Au

electrical contacts.
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Fig. V. 2(a) and Fig. V. 2(b) exhibit the SEM image of the resulting nanostructure,
together with the measurement set-up in the SHE and ISHE configurations. The
thicknesses of both layers is 20 nm. The widths of the NisiFe19 and Pt nanowires are
100 and 500 nm, respectively. The constriction is patterned by e-beam using a dose
modulation. Efforts have been made during the mark detection process in order to
precisely overlay the constriction on the middle of the SHE stripe. This was ensured
by using quite long and averaged detection scans on the alignment mark, prior to the

patterning of both the SHE and ferromagnetic wires.

Fig. V. 2. (a) and (b): SEM images of the device (with artificial colors), representing the

measurement configurations for the domain wall detection by the SHE (a) and by ISHE

(b).
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The transport measurements were performed using a lock-in amplifier working at 732
Hz, with an applied current of 100 or 200 pA. The spin signal R is, as usual, defined as

the ratio between the detected voltage and the applied current.

In all experiments, the field is applied along the ferromagnetic wire. A nucleation pad
(unseen in the Fig. V. 2) is patterned at one end of the ferromagnetic nanowire, so that
the switching occurs by nucleation in the pad, followed by DW propagation along the
wire, DW pinning on the constriction, DW depinning at higher field, and finally magnetic

saturation by DW propagation towards the end of the nanowire!,

In Fig. V. 2(b), we added a simultaneous two-probe measurement of the nanowire
magnetoresistance, in order to detect the magnetization switching by Magnon

magneto-resistance®®.
The main result of this chapter is shown in Fig. V. 3.

The sharp spin signal variations correspond to the pinning and depinning of the DW
on the constriction. As already discussed, when the DW gets pinned, the injected spin
current is converted by ISHE into a charge current in the Pt wire (Fig. V. 3. a). Also,
the signs of these variations are opposite for head-to-head (positive fields) and tail to
tail (negative fields) DWs.

As expected from Onsager relations, the obtained signal is similar in the ISHE
configuration Fig. V. 3. b. The amplitude of the signal is of 1.0 mQ in both the SHE and
ISHE configurations.
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Fig. V. 3 Spin signals obtained by applying a magnetic field along the ferromagnetic
nanowire direction. (a) Spin signal in the SHE configuration. The arrows represent the
magnetic configuration along the ferromagnetic wire. The spin signal variations
correspond to the introduction and to the depinning of a DW from the constriction. (b)
Spin signal in the ISHE configuration (in blue-red), and two-probe magnetoresistance
measurement along the ferromagnetic wire (in black). Both curves have been obtained

simultaneously.

As explained in Chapter Il, magnetoresistance effects, such as anisotropic, magnon or
giant magnetoresistances, could not lead to the observed signal, which is odd in field.
A planar Hall effect contribution would also be even in field, and spincaloritronic effects
can be ruled out, as for these small applied current densities the signal is found to vary

linearly with the current.

However, the normal and the extraordinary Hall effects possess the right symmetry in
field, and could contribute to the observed signal. Simulations of the normal Hall effect
in Pt, which is due to the stray field of the electrodes, show that its contribution is
insignificant!®®, The extraordinary Hall angle of NiFe has been measured in patterned
Hall crosses, and found to be of 0.32%. FEM simulations (described below) show that
the EHE plays a significant role, with a contribution of around 28% of the observed spin
signal. This contribution could be reduced by using thinner NiFe wires, but in any case

it was taken into account carefully for the evaluation of the spin Hall angle of Pt.
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If the signal is mostly due to the SHE, two features of the obtained loops differs from
what is expected from a simple analysis. The first one is that the overall offset is
expected to be zero. The unexpected offset of the transverse voltages varies from
device to device. We attribute it to imperfections of the nanofabrication, which can
slightly break the symmetry of the device. For instance, let us assume that in the SHE
configuration the two sides of the ferromagnetic nanowire are slightly misaligned.
There would appear a voltage drop between the two sides, due to the charge current
along the SHE wire. Small misalignments (typically 10-20 nm) could explain the

appearance, the magnitude, and the random sign of the offset resistances.

The second feature is the small variation of the spin signal between saturated states
in positive and negative fields (around 0.16 mQ). This offset between the two saturated
has necessarily another origin than the overall offset discussed previously, because it
is dependent on the magnetization orientation. It implies that when there is no pinned
domain wall the spin currents do not cancel out. Its existence pleads here again for an
asymmetry, but relevant to the spin current injection: simulations show that a geometric
asymmetry, such as a not well centered notch, or a misalignment, cannot lead to such
an effect. The origin of this offset might be for instance due to an asymmetry of the
spin transport properties (e.g., the interface transparency), leading to an asymmetry of

the spin accumulations. Such asymmetries can also be observed in LSVs!70.171,

The pinning and depinning fields are similar to those observed previously in similar
nanowires!t®172, Also, the MR curve of Fig. V. 2b is mostly due to the MMR, with
possibly a small AMR contribution®. The depinning field measured in the MR curve is
consistent with the value observed in the simultaneous ISHE measurement. Note that
the pinning field is difficult to measure in the MR curve, because of the shunting effect
of the SHE wire below the pinned DW.

V. 3. Simulations and extraction of the SHE parameters

In order to estimate the EHE contribution and the spin Hall angle of Pt, a finite element
method (FEM) simulation was performed within the framework of a 2 spin-current drift

diffusion model*”3, with collinear magnetization of the ferromagnetic wire along the
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easy axis. The results are shown in Fig. V. 4. As for Chapters Il and Ill, the simulations
were performed using the free softwares GMSH"4 for geometry construction and mesh
generation and post-processing, and the associated solver GETDP!’>. Further details

concerning the FEM model can be found in Annexes B or in ref. 168.

Fig. 3 illustrates the results of the FEM simulations. In the ISHE configuration, as all
the equations are linear, a unit current of 1A is applied along the ferromagnetic wire so
the voltage values are in unit of Volts. As seen in Fig. V. 4a, the current is deflected to
the Pt wire because of the resistivity difference between Pt and NisiFeis (prt = 28.0
MQcm and pnire = 30.5 uQcm), and because of the device geometry. This leads to the
appearance of hot spots of the spin accumulation where the current gets in and out of

the SHE material, as seen in Fig. V. 4b and V. 4c.

When there is no DW pinned at the constriction, the spin accumulation profile is
antisymmetric cf. Fig. V. 4b, so that the average Z component of the PSC is equal to
zero. In that case there is spin injection from one of the ferromagnetic wire, and spin

extraction from the other ferromagnetic wire.

When a DW is pinned, however, the spin accumulation pattern is symmetric Fig. V. 4c,
the total Z component of the PSC is non-zero, which leads to the appearance of the
ISHE signal experimentally observed. Also, in Fig. V. 4b we can see at the vicinity of
the DW a slight spin accumulation, around 10 times weaker than that of the hot spots,
due to the small current density in the ferromagnetic wire. Nonetheless, the contribution

of this spin accumulation to the transverse voltage remains relatively small.
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Fig. V. 4. Results of 3D finite element method simulations. (a) Cross section
perpendicular to the SHE wire, showing the current lines in the ISHE configuration.
The upper part is the ferromagnetic wire, the lower part is the SHE wire. (b) and (c)
Cross-sections showing the spin accumulation us (i.e., the difference between
electrochemical potentials). In (b) the wire magnetization is saturated, in (c) a head-to-

head DW is pinned on the constriction. (d) Spin accumulation in the SHE configuration.

For the simulation of the SHE configuration, the current is applied along the SHE wire.
A large PSC appears along the Z direction, due to the SHE. The spin accumulation at
the top surface Fig. V. 4(d) of the SHE material is probed by the ferromagnetic wire:
the fermi level tends to align with the electrochemical potential corresponding to the

magnetization direction. When a DW is pinned, the two parts of the ferromagnetic wire

81



CHAPTER V: DOMAIN WALL DETECTION BY DIRECT AND INVERSE SHE

separated by the constriction detect opposite electrochemical potentials, thus leading
to the observed spin signal.
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Fig. V. 5. Simulation and experimental amplitudes of the of the spin signal vs. width of
the Pt wire.

Fig. V. 5 shows the experimental data and results of FEM simulations, with a plot of
the variations of the spin signal amplitude as a function of the Pt width. The decrease
of the spin signal amplitude according to the increase of the Pt width can be understood
as the reduction of the resistance of the intersection volume as given in eq. (B. 9) with
the gap g = 0 in the ISHE configuration, or the decrease of the spin current density in

the case of the SHE configuration.

The parameters used for the simulations were either measured on patterned Hall
crosses (prt= 28.0 uQcm, pnire = 30.5 pQcm, Oene (NiFe) = 0.32%), extracted from
previous studies on lateral spin-valves (pr = 0.26, Anire = 3.5 nm, and Art = 3.0
nm)'%8.172 The only free parameter is the spin Hall angle of Pt, @ske, so that by fitting

the experimental data it is possible to extract its value (see in Fig. V. 5).

As in most experiments, the extracted value of Osue is strongly dependent on the
supposed value of A and the relevant parameter is rather Osne A.The obtained spin

Hall angle is Osyr = 7.5%), which gives a Oske 4 value of 0.225 nm, in good agreement
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with recent works on Pt135168, This value of the spin Hall angle is in good agreement
with the results discuss in Chapter Il and Chapter Il for the case of NiFe/Pt (7.5%).

The device therefore provides an electrical way to detect the DWs, and can be
employed as a conversion rate measurement technique, which can be useful for SOTs
experiments. Let us note however that the nanofabrication process is more difficult

than that of the devices shown in Chapter Il and Chapter Ill.

V. 4. Conclusion

This device forms a new DW detection method, based on the ability for a domain wall
to inject or detect a PSC in or from an adjacent SHE wire. It allows distinguishing
between the head-to-head and the tail-to-tail configurations, and can be used to
estimate the spin Hall angle of SHE materials but remains a complication in
comparison to the SHE device shown in in Chapters I, Ill, and IV. This technique
provides a new electrical way to study the DW motion, in a device akin to the

Ferromagnetic/SHE bilayers typically used for spin-orbit torques experiments.

Spin orbit torque experiments could be performed by applying a current along the SHE
wire, so that a PSC can be injected through the NiFe/Pt interface to the ferromagnetic
nanowirel’6.177.178.179 Eor instance, a DC current or pulses could be applied, together

with a small AC current to detect the DW motion.
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GENERAL CONCLUSION AND PERSPECTIVES

General conclusion

This thesis focuses on the study of new electrical devices to characterize the SHE, and

on the detection of magnetic DWs in nanowires using the direct and inverse SHE.

Chapter I: A general introduction to the physics presented in this manuscript has been
given by describing basic concepts of spin dependent transport, and the state-of-the-

art concerning SHE measurements.

Chapter II: This chapter presented a simple electrical device allowing the measurement
of the spin-charge interconversion. The device was applied to study the bulk SHE/ISHE
in Pt, with different materials of the ferromagnetic electrodes. The spin Hall angle and

the spin diffusion length of Pt were extracted using FEM simulations.

Chapter Ill: The proposed nanostructure has been applied to characterize the SHE in
different metals (Pd, Au, Ta, W, Ti) and Au-based alloys. The results are in relatively
good agreement with what can be found in the literature, with in particular a negative

spin Hall angle for W and a small spin Hall angle for Ta.

Chapter IV: The effective spin Hall angle of Pt, measured with the proposed technique
and assuming that the interfaces are transparent, is found to depend on the nature of
the ferromagnetic electrodes. Nanostructures using Co, CoFe and NiFe electrodes
have been studied, as well as the influence of an additional Cu layer in-between the
ferromagnetic and the Pt layers. The results seems to indicate that the Co/Pt and
CoFe/Pt interfaces are rather transparent, but that the strong decrease of the
conversion efficiency in NiFe/Pt could be due to the NiFe/Pt interface. In any case, this
reminds that the measured effective spin Hall angle is a lower bound of the exact spin

Hall angle.

Chapter V: A new DW detection method has been proposed, based on the ability for a

ferromagnetic nanowire, in which a DW is pinned, to inject or detect pure spin currents.
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The detection is based on the SHE in a F/N nanostructure, and provides an electrical
way to study the DW motion, in a device here again akin to the ferromagnetic/SHE

bilayers typically used for spin-orbit torques experiments.

During this thesis, | realized most of the clean room work, using the nanofabrication
facilities of the PTA/CEA Grenoble (Plateforme Technologique Amont). | did almost all
the fabrication steps, including the chemical process (resist test), SEM microscopy, e-
beam evaporation, ion milling and the lift-off process. The e-beam lithography has been

done by Laurent Vila.

| performed all the transport measurements, and analyzed the data with the help of
Laurent Vila, Jean-Phillipe Attané, and Alain Marty. Concerning the simulation parts, |

performed the FEM calculations, using the code developed by Alain Marty.

The work on the ferromagnetic/nonmagnetic nanostructures for the electrical
measurement of the SHE which is presented in Chapter Il and in part of Chapter Il

has been published in Nano Letters'8,

The work shown in Chapter V and concerning the electrical detection of magnetic
domain walls by inverse and direct spin Hall effect has been published in Appl. Phys.
Lett. 109, 192401 (2016).

Several results have yet to be published:
e The results on interface effects shown in Chapters IV
e The results obtained on Au-based alloys

e Additional results on the probing of SHE using a single ferromagnetic electrode,

which are not discussed in this manuscript

| also used the experimental skills developed during this PhD to contribute, as co-

author, to several works which are not discussed in this manuscript:

e The comparison of the use of NiFe and CoFe as electrodes for metallic lateral
spin-valves (G. Zahnd et al. Nanotech. 27, 035201 (2015))
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A study on the introduction and pinning of domain walls in 50 nm NiFe
constrictions using local and external magnetic fields (G. Zahnd et al. J. Magn.
Magn. Matter. 406, 166-170 (2016))

e Another study on the use of domain walls to perform non-local measurements
with high spin signal amplitudes (Savero Torres et al., Appl. Phys. Lett. 109,
042405 (2016))

e The demonstration of the control of the extrinsic SHE in Au-based alloys (P.

Laczkowski et al.1%4).
e A study of the Hanle effect in GMR lateral structures (to be published)
e A study of the shift from CPP structures to lateral structures (to be published)

e A study of the measurement of spin diffusion lengths of CoFe, Co, NiFe, Pt and

Ta using spin absorption in LSVs (to be published)

e A comparison of the transverse and longitudinal absorption in NiFe, Co and
CoFe (to be published)

Perspectives

The detection technigue of the spin-charge interconversion nanostructures presented
in this thesis in Chapters Il, Ill, and 1V is a promising tool, that could be applied not only
to the study of SHE and interface effects, but more generally to the spin-charge
interconversion by SOC. It could be in particular adapted to the study of the Rashba
effect in two dimension electron gas®-1?® or to the conversion at the surface states of

topological insulators48149,

The physics involved at the F/N interface is also a promising field of application of this
technique, the work presented in Chapter IV being only a preliminary work

demonstrating the usefulness of the method.

The DW detection device proposed in Chapter V could be used to perform SOT

experiments, while controlling the direction of the injected spins6®: 105, 163,180,
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Annexes

A. Nanofabrication

The fabrication of the samples has been performed at the Plateforme Technologique

Amont (PTA) in Grenoble, using the following process.

Resist deposition

The resist has been deposited on SiO2 substrates and spin-coated at 4000 rpm, with
an acceleration of 2000 rpm. After that, the sample with the resist is heated in order to
remove the solvent. In the case of the polymethyl methacrylate (PMMR) resist, the

sample has been heated at 180° Celsius for 2 minutes.

PMMR
Sio,

Fig. B 1 Scheme of the PMMR resist deposition

E-beam lithography

The electron-beam lithography has been performed in a Jeol 6300FS e-beam nano-
writer using an acceleration voltage of 100 keV. In this nano-writer the exposure can
be made using two modes: high speed, EOS3 (4th lens, with beam step size of 1nm
and field size of 500 um) and high resolution EOS6 (5th lens, with beam step size of
0.125 nm and field size of 62.5 nm). In this work, we mainly use the high speed mode

with currents of 1 nA.
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PMMR

SiO;

Fig. B 2 E-beam lithography: the e-beam only acts on the PMMR area of the design.

Developing process

(@)

PMMR

SiO,

Fig. B 3 Developing process: (a) the sample is developed in the MIBK solvent, to

remove the PMMR resist in the irradiated area (b).

Materials deposition
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PMMR
SiO;

Fig. B 4 Metal deposition on the sample surface.

The deposition of the different materials has been done using a PLASSYS e-beam
evaporator. In this machine the material deposition is performed at a pressure of
around 0.5 x 107 mbar. The rate of material deposition is controlled using a quartz

detector, within the range of 0.1 to 1 nm/s.

Lift-off process

(@) (b)

SiO2

Fig. B 5 Lift-off process: (a) the PMMR resist is removed by the acetone solvent and

the metallic film above it is lifted off. Then (b), there remains the patterned nanowire.

The lift-off process has been performed to remove the resist that was not insulated
during the e-beam lithography, keeping only the metal in the zone that were insolated.
It was done by inserting the deposited sample into the acetone and keeping it inside
usually the whole night in order to assure the chemical reaction.
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lon-gun etching

The process was done in order to clean the surface prior to metal deposition. An Ar

plasma etching has been used, with an acceleration voltage of 400V.

B. Analytical modelling and FEM simulations

1D model of the SHE contribution

An approach based on the diffusive model exposed in Section I. 1 can be used to
express the voltage obtained at the ends of the transversal SHE-wire, when a current
flow through the magnetic wire. We assume that the vertical current density Jcz flowing
locally through the ferromagnet/SHE interface gives rise locally to a spin accumulation
profile in the ferromagnetic and normal sides. If one takes z = O at the interface, the

spin accumulation profile from (I. 6) is

_ cosh(—hx\jz) in th ial
W(z) = —zy H(0) in the SHE material (z<0)
cosh(m)
(B. 1)
_ cosn(*5) in the
u(z) = ey h(0) in the ferromagnet (z>0)
cosh(ﬁ)
(B. 2)

Where |, h e, Arn are the spin accumulation, the thicknesses and the spin diffusion

lengths, respectively. Subscripts F and N denote the ferromagnetic and SHE materials.

At the interface, which we assume to be transparent, the spin current is conserved so

we can write:
1 1
— = 0z0+ Ppje, = ——20
p} zH pF]cz ON zu

(B. 3)

where pr is the polarization of the ferromagnet, jc; is the charge current density flowing

from the ferromagnetic material to the normal one along the Z direction, p is the

92



Annexes

p

resistivity of the material, and pp = a ;2)
“PF

is the effective resistivity of the ferromagnetic
materials.

Combining expressions (B. 1), (B. 2) and (B. 3) leads to the local spin accumulation at
the interface.

ijcz
lexlN tanh (hN//’IN) + ,D;«:%F tanh (hF/AF)

u(0) =

(B. 4)

Locally the transverse current density jcy, generated through the SHE effect by the

vertical spin current density is

Ozl

o @i = —
Jcy SHE]sz SHE

(B. 5)

The integration of this current density over the section of the SHE wire gives the

transverse current generated by ISHE:

0 1
Loy = ||| Joyrdz = Ogus = [ (10) = u(=y))

—hy
(B. 6)
Using (B. 5) and (B. 4), we obtain:
LY U
PN cosh (hN/A )
N .
Iey = Osyppr Iy 1 Iy J Jezdx
e tanh ( /AN) + p;—/lFtanh ( /AF)
(B.7)

The integral can be written| j.,dx = 2I/wy. The factor 2 appears here because the

current gets out from one electrode, and gets into the other one.
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1 / 1 1
Ay NN\ cosn("N/y )
w

I, = 20sgpp -2
y SHEFF 1 hyn 1 hr
F pNANtanh( /AN)+p}AFtanh( /AF)

I

(B. 8)

Within the open circuit condition for the channel, and with the approximation of the
backflow resistance Roackiiow being due that of the parallel F and N materials, the

transverse induced voltage can be written as:

leywp
AVy = Rbackflowlcy = h h h
(_N 4 _F) wy —2E g
PN PF Pr
(B. 9)
Finally,
1 _ 1
PnAN hy
AR _ Ay 2prOsypdy COSh( //11\/)
SHE/ISHE =~ = 1 A 1 A
hy , hr hr tanh ("N +——=—tanh( F
<(ﬁ * E) WN T Eg> pniy ( /AN) pily ( /AF)

(B. 10)

This is the results presented in equation (1. 2) in Chapter Il .

1D analytical model of the EHE contribution

In the following, we show that is also possible to develop a crude 1D analytical model
to calculate the EHE contribution. The origin of this contribution is illustrated in Fig. B.
1. Basically, the charge current within the ferromagnetic electrodes possesses a
component along the z direction. The EHE leads to the appearance of electrical fields
along the Y axis. These electrical fields somehow add up in the antiparallel
configuration Fig. B. 1a, and cancel out when the magnetizations are parallel Fig. B.
1b. The charge current density due to the EHE is given by

Jene = OgggjcXm
(B. 11)
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where m, OenEe, je, and jene are the magnetization unit vector, the EHE angle, the

applied charge current density and the EHE charge current density, respectively.

Far away in the ferromagnetic wire, the current lines are homogeneously spread and
parallel to the Y axis. Above the interface, the current lines dive from the ferromagnet
to the SHE material, leading to a component of the current density along the z direction
jcz. The magnetization is along the X direction, so only jc; contributes to the EHE. This
current density component is equal to zero at the top surface, and varies approximately

linearly with z. For the left electrode, for instance, it can be written

. _ I (Z - hF)

(B. 12)
where Lr = (wn - g)/2, and with

jEHE,y = Opnejcz

(B. 13)

95



Annexes

(@)

Ll e
L

X

(b)

Fig. B. 1. Origin of the EHE contribution in the ISHE measuring configuration. The EHE
contributions of the electrodes add up in the antiparallel magnetization configuration
(a) and cancel out in the parallel magnetization configuration (b).

hp

. hg
Igpg = zf Jeng(2) Lpdz = Opypl —
Wg

0

(B. 14)
Finally, the detected voltage is:

hp
VEHE - RbackflowIEHE - QEHEI (hN hF) hF

PN PF N e 9

Pr

(B. 15)
where Rbackilow IS given by eq. (B. 9).

Note that the comparison with 3D simulations shows that this rough 1D model tends to
overestimate the EHE contribution when the resistivity of the SHE channel is large,
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and has therefore to be used cautiously. Indeed, this 1D modeling does not take into
account the lateral spread of the current lines in the part of the channel not covered by

the ferromagnetic wire.

FEM simulation

The FEM simulations were carried out within the framework of a 2 spin-current drift
diffusion model*”3, with collinear magnetization of the electrodes along the easy axis
of the ferromagnetic wires. For a magnetization axis along X, the current densities for

spin up and spin down electrons can be written:

1 0 0 1+p
S = - (0 1 J—FQSHE> o VH/
0 FOsyp 1 PN

(B. 16)

- -

J.=J+],
(B. 17)

where jT/l and p,,, are the current densities and electrochemical potentials of spin up
and down electrons, respectively. Equations (B. 16) and (B. 17) imply that in the
ferromagnet the extraordinary Hall angle is Oz = prOtyg , Where 0% is the spin Hall
angle of the ferromagnetic materials. In the SHE material, the polarization in eq. (B.
16) is zero.
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Fig. B 6. 3D-mesh for the FEM calculation of the SHE devices shown in Chapter II

Apart from the non-etched lateral edges of the SHE wire, the ferromagnet/normal metal
interfaces are assumed to be transparent, without spin memory loss (i.e., the
probability of spin flip events at the interface is null), and thus the electrochemical
potentials are continuous along the entire device. The boundary conditions are of
Neumann type, and account for the current imposed to the device at the contact
interfaces. The simulations were done using the free softwares GMSH"4 for geometry
construction, mesh generation and post-processing, and with the associated solver
GETDP’>. The wires and the channel were taken long enough (i.e., more than 3 times
the spin diffusion length in the considered material, and much larger than the nanowire

widths) so that the spin accumulation vanishes at their ends.

In the 3D FEM simulations, the polarization and the spin diffusion length of the
ferromagnetic materials are taken from the literature and our own results on electrical
transport in lateral spin-valves. The spin diffusion lengths of the SHE materials are
either measured (Pt) or taken from the literature. The resistivities and the EHE have

been measured directly on hall crosses patterned close to the devices, so that finally
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the only free parameter of the FEM simulations is the spin Hall angle. The extracted

spin Hall angle is the value that reproduces the observed spin signal amplitude.

C. Electrical measurements

The resistance measurements were performed using a Lock-in Amplifier, with an

applied AC current of 100 or 200 pA and a frequency f, in the range 300-750 Hz.

Rper sin2m - f, - 1) _,I
Yy | ® ég;nsr | Voltage
C) + Filter (Real)
~ —l

Asin(2mt - f, - 1)

Low
,®— Pass |— Voltage
Filter| ~ (Imaginary)

®— Sample

cos(2m - f, - 1) ——

Fig. C. 1. Block diagram of a lock-in amplifier measurement setup.
Fig. C. 2 plots the block diagram of the resistance measurements using a Lock-in
Amplifier. The sample is introduced by a cable to a chamber of the electromagnets in
which a uniform field is produced. The detected voltage is read by a PC whose

LabVIEW-programs can record and analyze the data.

Sample Holder

Pickup
Coils

Electromagnet

Fig. C. 2. Sample in the field created by the electromagnet
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D. Resumé en Francais

La spin-orbitronique est basée sur l'utilisation de I'interaction spin-orbite pour réaliser
la conversion directe ou inverse de courants de charge en courants de spin.
L’évaluation de I'efficacité de cette conversion est un probleme central : le besoin de
développer des méthodes de mesure directes de cette conversion apparait aujourd’hui

comme 'un des défis majeurs de I'électronique de spin.

Cette thése porte sur I'étude d’'une nouvelle nanostructure permettant de caractériser
I'effet Hall de spin, et sur la détection de parois magnétiques dans des nanofils par

effet Hall de spin direct et inverse. Nous allons ici en résumer les principaux résultats.

Il existe différentes facons de détecter la conversion de courants de charge en
courants de spin, les méthodes les plus utilisées étant optiques ou basées sur la
résonance ferromagnétique. Des efforts importants ont été fournis afin de développer
des méthodes purement électriques, non seulement par souci de simplicité, mais
également parce que I'objectif a long terme est d’intégrer les effets spin-orbite dans

des dispositifs spintroniques.

Certaines méthodes électriques, telles que la double barre de Hall en forme de H, sont
limitées aux matériaux a grandes longueurs de diffusion de spin, comme les

semiconducteurs, qui possedent en général de faibles taux de conversion.

L’insertion de matériaux spin-orbite dans des vannes de spin latérales permet
également d’'observer la conversion dans des systemes a large couplage spin-orbite,
comme des métaux lourds ou des interfaces Rashba. Ceci étant, les nanodispositifs
sont complexes : un canal non magnétique est requis pour réaliser le transfert de spins
de la source vers le détecteur, ce qui multiplie les interfaces et rend délicate

l'interprétation des données.

Dans ce manuscrit, nous proposons une méethode simple de mesure de la conversion
directe et inverse dans un matériau a effet Hall de spin, en utilisant un systéme proche
des bicouches ferromagnétiqgue/non-magnétique utilisées dans la plupart des

expériences portant sur I'étude des couples spin-orbites.
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(b)

Fig. 10. Principe de la mesure: (a) schéma de la nanostructure. Deux électrodes
ferromagnétiques sont connectées a la surface d’une nanopiste a effet Hall de spin.
Les fléeches noires représentent la direction d’aimantation des électrodes
ferromagnétiques. Un courant de charge Jc est envoye le long de la nanopiste a effet
Hall de spin, générant un courant de spin dans la direction Z. Une accumulation de
spin apparait ainsi a la surface de la nanopiste, qui peut étre sondée par les électrodes
ferromagnétiques. Configuration de mesure de l'effet Hall de spin (b) direct et (c)
inverse.

La nanostructure proposée est présentée sur la Fig.1la, et consiste en une nanopiste

de matériau a effet Hall de spin connectée a deux électrodes ferromagnétiques
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transverses. Deux méthodes de détection peuvent étre utilisées (cf. Figs. 1b et 1c),

correspondant a la mesure de I'effet Hall de spin direct ou inverse.

Un exemple de signal de spin obtenu est donné dans la Fig. 2a, en utilisant une
nanopiste de Pt et des électrodes de CosoFeao. Le ratio RsHe entre la tension mesurée
et le courant appliqué est mesuré en fonction du champ magnétique appliqué dans la
direction X, les variations du signal de spin étant dues aux renversements des

électrodes.

(8) ———

SHE in Pt\CoFe

ISHE in Ph\CoFe 1

2300 -200 100 0 100 200 300 300 200 100 0 100 200 300
B (mT) B (mT)

Fig. 11. Observation de l'effet Hall de spin direct et inverse: Exemples de

signauxobtenus dans une nanostructure Pt\CoFe

Ces signaux peuvent étre reproduits par simulation, en prenant en compte a la fois
I'effet Hall de spin et I'effet Hall extraordinaire. Ces simulations permettent d’extraire
la valeur de I'angle de Hall de spin effectif du Pt, et si une dépendance en épaisseur
est réalisée, la valeur de la longueur de diffusion de spin. Les comportements observés

sont bien reproduits a la fois par ces simulations et par des modeles analytiques 1D.

Ce type de structure devrait en principe étre applicable pour étudier la conversion de

courants de spin en courants de charge par effet spin-orbite dans d’autres matériaux
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tels que des semiconducteurs, des oxydes, des gaz 2D d’électrons, ou des isolants

topologiques.

Nous avons utilisé cette méthode pour mesurer I'angle de Hall de spin effectif de
différents métaux (Pd, Au, Ta, Ti and W) et alliages (AuTa et AuW). Les résultats les

plus importants sont résumeés dans la table ci-dessous.

System Ar (Nm) An (nm) P PN pF Ocre Osue (3D-
(MQ.cm) | (uQ.cm) (%) FEM) (%)
NiFe/Pt | 3505 | 3.0+x0.6 30 28 0.28 | 0.32 7505
CoFe/Pt | 3505 | 3.0x0.6 20.5 28 0.58 | 0.63 1905
CoFe/Pd | 3.5+0.5 13132 20.5 21 0.58 | 0.63 4505
CoFe/Au | 3.5£0.5 351%6 20.5 4.2 0.58 | 0.63 15+03
CoFe/Ta | 35+0.5 1.81%1 20.5 200 0.58 | 0.63 -2.7+3.0
CoFe/W | 35+0.5 1.4150 20.5 135 0.58 | 0.63 -6.5+1.0
CoFe/Ti | 3505 13152 20.5 52 0.58 | 0.63 =0

Les résultats sont qualitativement en accord avec ce qui était attendu au regard de la
littérature existante. Le point le plus remarquable est sans doute la mesure d’un fort

angle de Hall de spin pour Pt.

Un autre élément intéressant est la mesure d’angles différents lorsque la nature des
électrodes change. La valeur effective de I'angle de Hall de spin du Pt a été mesurée
en utilisant des électrodes de CoFe, Co, et NiFe, et en insérant éventuellement une
couche de Cu entre les difféerentes couches ferromagnétiques et la couche de Pt. Les
différences observées montrent que les interfaces jouent un role trés important dans
'analyse quantitative de I'effet et que la mesure ne donne qu’un angle de Hall de spin
effectif, limite inférieure de I'angle de Hall de spin réel. Dans certains échantillons,
'angle de Hall effectif du Pt atteint 27%. Il semble que I'interface NiFe/Pt soit, dans ce

contexte, de relativement mauvaise qualité.
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Enfin, nous avons montré que si I'effet Hall de spin est susceptible de générer des
couples spin-orbite sur une paroi de domaine, il est également possible d’utiliser I'effet
hall de spin ou l'effet Hall de spin inverse pour détecter la présence d’'une paroi
magnétique. Une paroi dans un nanofil peut en effet étre utilisée pour injecter un pur
courant de spin dans un nanofil de Pt adjacent. Ce pur courant de spin est alors
transformé en un courant par effet Hall de spin inverse, ce qui permet de détecter la

présence de la paroi (cf. Fig. 3).

Figure 3. Schéma de la nanostructure permettant la détection d’une paroi. Les fleches
noires représentent la direction de l'aimantation lorsqu’une paroi est piégée. Un
courant est appliqué le long du fil ferromagnétique, créant un courant de spin dans la
direction Z, converti par effet Hall de spin inverse en un courant de charge le long du
fil de Pt.

Cette nanostructure permet la détection par effet Hall de spin direct ou inverse, et la
mesure de I'angle de Hall de spin par comparaison avec des simulations. Notons enfin
gue le systeme utilisé est la encore tres proche de ceux utilisés pour les études de
couples spin-orbite.

Ces travaux ont donné lieu a publication dans Nano Letters et Applied Physics Letters.
Les résultats concernant les effets d’interface, les alliages a base d’Au, et certains
résultats sur les dispositifs de mesure sont en cours de publication. Au-dela, et grace
aux techniques développées durant cette these, I'auteur de ce manuscrit a contribué
comme co-auteur a huit études publiées ou en cours de publication.
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