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BLS - Brillouin light scattering technique
BW — Bloch domain wall

CD — The Chiral Damping mechanism
CIDWM - Current-induced domain wall motion
DMI — Dzyaloshinskii-Moriya interaction
DRAM - Dynamic random-access memory
DW — Magnetic domain wall

DW?vy.p — Up/down domain wall

DWp.y — Down/up domain wall

FIDWM - Field-induced domain wall motion
FM — Ferromagnetic layer

GMR - Giant Magnetoresistance

HDD — Hard disk drive

HM — Heavy metal layer

LLG — Landau-Lifshitz-Gilbert equation
MOKE — Magneto-optical Kerr effect microscopy
MRAM - Magnetic random-access memory
MTJ — Magnetic tunnel junction

NW — Néel domain wall

PMA - Perpendicular magnetic anisotropy
SHE — Spin Hall effect

SIA — Structural inversion asymmetry

SKHA - Skyrmion Hall angle

SKHE — Skyrmion Hall effect

SOC - Spin-orbit coupling

SOT — Spin-orbit torques

SPLEEM - Spin-polarized low energy microscopy

SP-STM - Spin-polarized scanning tunneling microscopy

SRAM - Static random-access memory
STT — Spin-transfer torques

TMR — Tunneling magnetoresistance

XMCD-PEEM - X-ray magnetic circular dichroism photoemission electron microscopy
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A, — Exchange interaction stiffness

D — The DMI constant
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Hp; — The effective “damping-like” magnetic field
Hpp — The local effective DMI field

H 4;, — Dipolar magnetic field

Hp; — The effective “field-like” magnetic field

H,;, — The thermal magnetic field

H, — The applied in-plane magnetic field

H, — The applied out-of-plane magnetic field
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Kgip — Dipolar energy constant

K,s¢ — Effective uniaxial anisotropy constant

M — The local magnetization

M — Saturation magnetization

m — The unit magnetization vector

mpy, — The DW core magnetization unit vector
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npy — the DW normal vector

T p; — The damping-like torque from SOT

T 4i, — The dipolar torque
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Introduction

In magnetism, research covers rich and different topics. Among these, we have the
investigation of the microscopic origin of the magnetization (strongly correlated electron systems,
frustrated magnetism, etc.) and nanomagnetism which focuses on the collective behaviors of the
magnetization (magnetization dynamics, magnonics, etc.). In nanomagnetism, the dynamics of
domain walls (DWs), skyrmions or vortex is attractive. These magnetic objects are interesting from
both fundamental and technological points of view. They exhibit many exotic properties that are very
promising for novel spintronics devices and applications. Spintronics, where magnetism and
electronics are combined, offers the opportunity to control the local magnetization of a material by
the spin of a free conduction electron or vice versa. Spintronics has emerged as a research field after
the discovery of three major effects. The first effect is the Giant Magnetoresistance effect (GMR),
reported in 1988 and rewarded by a Nobel Prize in 2007 that was jointly attributed to A. Fert and P.
Griinberg. Subsequently, two complementary phenomena of GMR were evidenced; the Spin-transfer
torque (STT) followed by the Tunneling Magnetoresistance effect (TMR). GMR is the change in the
electrical resistance of a multilayered device upon the modification of its magnetic state. The
multilayered device consists of two ferromagnetic layers that are separated by a conducting non-
magnetic spacer. The relative orientation between magnetizations of the two ferromagnetic layers
defines the device magnetic state, i.e. whether they are parallel or anti-parallel. STT allows changing
the magnetic state by the transfer of angular momentum that is mediated via a spin-polarized electric
current flowing from one ferromagnetic layer to another. When the non-magnetic spacer is an
insulating oxide layer, we speak instead of a TMR and the device is called a Magnetic Tunnel Junction
(MTYJ). In MTIJs, the difference in resistance can reach high ratios up to several hundred percent. The
implementation of these effects in Hard Disk Drives (HDD) has led to a significant enhancement of
the storage density capacity, reaching nowadays more than 1 Tbit/inch?. This is one example of the
huge impacts that spintronics has been bringing to the technology and the industry of electronic
devices.

Many ideas and proposals have then emerged to make use of spintronics potential in higher
levels of the memory hierarchy where the devices are based on CMOS technology. For years, the
development of CMOS devices has been following the Moore’s law that predicts a density increase
(number of components per integrated circuit) by a factor of two each year. However, it is not possible
to extrapolate such a trend to the indefinite future. Major challenges and physical limits like thermal
stability, power leakage and power consumption impede the scaling of CMOS devices. In order to
overcome these hurdles, an alternative approach relies on spintronics, as non-volatility, high data
retention and reduced power consumption in the static mode of magnetic memories are desirable.
Nevertheless, CMOS memory devices are still advantageous since they have fast bit access/write time
rates like in Static random-access memory (SRAM) typically found in the central processor unit cache
of a computer. In return, SRAM has a low density and high operational power consumption. Dynamic
random-access memory (DRAM) located in an intermediate level in the memory hierarchy is slower
but has a higher density than SRAM. In any case, SRAM and DRAM are volatile. Therefore,
development of non-volatile scalable magnetic states manipulated at faster rates (high-speed data
transfer), at low power and with low bit failure rate is required in order to have spintronics devices
embedded in or even replacing SRAM and/or DRAM.

Such a spintronics device is the Magnetic random-access memory (MRAM) that unlike HDD
has a much faster bit access time. MRAMs are composed essentially of nano-pillar-patterned MTJs
whose magnetic state defines the encoded binary data (either “0” or “1”). The STT-MRAM is
attractive because it is non-volatile and scalable. To write bits, electric current flows vertically
through the MTJ and controls the magnetic state by STT mechanism. The read out is ensured by the
TMR effect. In this technology, writing and reading schemes share the same electric current path
accelerating the aging of the tunnel barrier. This is disadvantageous when aiming for a fast switching
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rate as it requires large current densities. STT devices suffer as well from an incubation delay that is
enhanced by thermal fluctuations. Consequently, the switching time distribution can be several
nanosecond wide. Unintentional bit write event can then occur during the reading operation for
example.

In order to optimize the STT-MRAM, a great effort has been devoted for the development of
ultrathin ferromagnetic films with perpendicular magnetic anisotropy (PMA) that can be
implemented in MTJs. PMA materials are interesting thanks to their high thermal stability, which
provides a high data retention. The Pt/Co/AlOx stack is a PMA structure that was initially developed
to be a lower electrode for MTJs. In this structure, PMA originates from the strong spin-orbit coupling
(SOC) at interfaces that is induced by the structural inversion asymmetry (SIA). Research studies
carried out in this stack have put in evidence a new efficient mechanism for the current-induced
magnetic switching through SOC. The charge to spin conversion from the spin Hall Effect (SHE)
and/or the Rashba effect when an electric current flows in the plan of the stack promotes Spin-orbit
torques (SOT) that act on the local magnetization of the ferromagnetic layer. A new concept of SOT-
MRAM has then emerged. Henceforth, the writing operation is based on an electric current injected
in-plane whereas the current flowing perpendicularly to MTJ is used only for the reading operation.
Although this three terminal geometry is more demanding in terms of size, it has the advantage to
decouple writing and reading schemes solving some issues of the STT-MRAM. Consequently, the
junction experiences less stress from the electric current and the two processes can be optimized
independently. The MTJ exhibits then a better endurance as there are reports of a robust SOT-
switching up to over 10'? repeated cycles at current densities up to 4 10'> A.m™. The SOT-based
magnetic switching has also faster time rates. The spin accumulation at the interface that leads to
SOT is orthogonal to the quiescent state of the magnetization of the ferromagnetic layer. It reduces
thereby the incubation delay compared to STT. Actually, reliable and reproducible magnetic
switching were obtained with current pulses as short as 200 ps in Pt/Co/AlOx and Ta/CoFeB/MgO
stacks. By offering as many functionalities as the STT-MRAM, these characteristics make the SOT-
MRAM very competitive and a potential candidate to replace DRAM and SRAM in the memory
hierarchy.

In SOT-MRAM, the magnetic switching in PMA films takes place through nucleation of DW's
and their subsequent propagation. DWs are very thin (~ 5 nm), much thinner than the size of a typical
device. A large DW velocity is mandatory to have a fast switching time. Further on,
the critical switching current is mostly dependent on the DW mobility rather than on the initial
nucleation barrier. The control of the DW motion would allow then partial and reliable switching that
could be implemented to develop memristor devices for neuromorphic computing applications.
Besides this idea, S. S. Parkin, in 2004 at IBM, proposed another type of devices that is also based
on the DW motion. It is called the racetrack memory where series of magnetic domains,
corresponding to encoded bits, are shifted towards a read/write head by the injection of a spin-
polarized electric current. Magnetic domains are separated by DWs that can be displaced through
STT in the direction of the moving electrons. Moreover, tracks can stand vertically giving access to
three-dimensionality thus improving the storage capacity of the device. This concept is then
promising for large density and fast random-access memories. Its feasibility relies on fast and
reproducible DW motion at low critical current densities.

During several years, intensive efforts from many research groups did not succeed in obtaining
such desirable features of the DW motion with the STT mechanism. The observation of a fast motion,
up to 400 m.s™! against the electron flow, in the Pt/Co/AlOx stack by 1. M. Miron et al. in 2011 was
a breakthrough. This efficient DW motion could not be explained by STT and was attributed to the
combined action of SOT and the interfacial Dzyaloshinskii-Moriya interaction (DMI). DMI is a
consequence of SIA in this kind of materials. It ensures that DWs are driven by SOT in a
unidirectional motion, i.e. either in or against the electron direction. DMI has also enabled the
observation of other magnetic textures such as skyrmions. An intensive effort is currently in progress
to optimize DMI for the stabilization of magnetic skyrmions with a sub-10 nm size. It was predicted
that magnetic skyrmions require low current densities, compared to DWs, to be manipulated and are
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less disturbed by the presence of disorder in materials. They hold then the promise for more energy
efficient spintronic devices for either logic or ultra-high-density data storage applications. It is
therefore crucial to investigate in depth the roles of SOT and DMI in the dynamics of these magnetic
textures, e.g. DWs and magnetic skyrmions.

Concerning SOT, they act on the finite average magnetization of the DW (the DW core
magnetization). Consequently, SOT depend on the relative angle between the electric current
direction and the DW core magnetization. Thus, an oblique injection of the electric current with
respect to the DW allows modifying the action of SOT. It is called the DW motion in a “non-collinear
configuration”. C. K. Safeer et al. evidenced in 2015 an asymmetric DW motion in such a geometry
by studying DWs in Co/AlOx nanowires patterned on top of a Pt layer. On the one hand, by taking
advantage of the asymmetric DW motion, C. K. Safeer et al. designed a shape-controlled magnetic
switching that helped to demonstrate the field-free SOT magnetic switching. On the other hand, the
asymmetric DW motion in the non-collinear geometry cannot be explained by the SOT + DMI
mechanism, which calls for a more complete and complex model. Therefore, it is essential to pursue
the study of the non-collinear DW motion. It is also important to perform this study in various SIA
materials. This will allow understanding the asymmetric DW motion that is paramount to develop
efficient and flexible magnetic switching schemes.

As for DM, it defines the DW equilibrium configuration in SIA materials. For instance, the
orientation of the DW core magnetization depends on the magnitude of the DML. It is then possible
to identify the DMI by modulating the DW core magnetization. Such a modulation can be achieved
using an external magnetic field oriented in the plane of the structures. In order to understand the role
of DMI, we investigate the DW motion in the presence of an in-plane magnetic field. By studying
DWs driven by magnetic fields in the Pt/Co/Pt stack, E. Jué et al., identified, in 2015, a new
mechanism induced by SIA. It is the Chiral Damping mechanism. It consists in a magnetic damping
that depends on the DW chirality, i.e. the direction of rotation of the magnetization within the DW.
This new mechanism enriches the understanding of magnetization dynamics and implies the
reconsideration of reports of the DW motion. A first step will be to explore the role of Chiral Damping
in the current-induced DW motion.

In this context, the main objective of this thesis was to provide a more complete picture of
magnetization dynamics. I have studied then the motion of different magnetization textures (DW's
and magnetic bubbles). To push forward the understanding of SOT, DMI and the Chiral Damping, I
have chosen to study the DW motion in a non-collinear geometry relative to the injected current and
in the presence of an external in-plane magnetic field. I have carried out this study in two different
Pt/Co-based heterostructures with PMA. The investigated structures are Pt/Co/AlOx and Pt/Co/Pt.
The former structure has a large SIA whereas the latter is a low SIA material. The question is then
how characteristics of the DW motion change with the variation of SIA. By comparing results in
these two structures, this thesis unveils the dependence of the DW motion on the extent of SIA. My
results confirm the failure of the DMI + SOT mechanism and are in part explained by including the
Chiral Damping along with the DMI and SOT. I have evidenced then the interplay between chiral
energy and chiral dissipation in SIA materials. The DW motion in the non-collinear geometry has
been found to exhibit the similar features in Pt/Co/AlOx and Pt/Co/Pt. I have then tried to find out
what consequences such a motion can induce. Following this, [ have discovered that the non-collinear
DW motion can have a significant effect on current-induced skyrmion bubbles motion. The results of
this thesis give new insights on dynamics of DWs and skyrmion bubbles in SIA materials. These
efforts will help to understand magnetic textures interactions with electric current allowing the design
of desirable future spintronics devices with well-defined functionalities.

This manuscript is divided into five chapters.

In the first chapter, I present the state of the art of the DW motion in PMA multilayers. This
introduction is necessary to interpret our experimental results described in chapters three, four and
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five. We review the spin-orbit coupling induced mechanisms in SIA ultrathin layers. A special
attention is given to the following mechanisms: SOT, DMI and Chiral Damping.

In the second chapter, I describe the used experimental techniques in this thesis. I describe the
fabrication process of samples and introduce the magneto-optical Kerr effect employed to image the
motion of the magnetic textures. In the end, I present the experimental set-up to inject the electric
current and the methods to measure displacements and velocities of DWs.

The third, fourth and fifth chapters are dedicated to the experimental results and their
interpretation. In the third chapter, I present the experimental observations of the DW motion in the
non-collinear geometry relative to the electric current. This motion is asymmetric in both structures.
It is even maintained upon the variation of the DW internal structure by an external in-plane magnetic
field. The interpretation of these findings using a numerical model reveals the significant role of the
Chiral Damping along with the DMI and SOT in the current-induced motion of DWs. However, these
three combined phenomena remain insufficient to account for all observations of DWs dynamics in
both the large and the low SIA materials.

In the last two chapters, I present the two important consequences of the non-collinear DW
motion. First, [ have investigated the possible relation between the non-collinear DW motion and the
formation of the DW tilt in wires in the fourth chapter. I have experimentally evidenced that the
former mechanism is responsible for the emergence of the latter effect in the Pt/Co/AlOx structure.

Second, the asymmetric DW motion in the non-collinear geometry shows striking similarities
with the so-called skyrmion Hall effect (SKHE). These similarities have led us to extend the scope of
this thesis towards the investigation of current-induced motion of skyrmion bubbles. In the fifth
chapter, I describe the unexpected experimental results of this study in both Pt/Co/Pt and Pt/Co/AlOx
stacks. These results have demonstrated a new mechanism of skyrmion bubbles deflection; an
extrinsic Skyrmion Hall effect. The asymmetric non-collinear DW motion generates such a
contribution to the SKHE. This new concept enriches the scope of magnetic skyrmions dynamics.

Finally, I close the manuscript by giving general conclusions and the perspectives.






I. State of the art

In this chapter, I will introduce some concepts of solid-state magnetism that are essential to
address the experimental work presented in the following chapters. During the thesis, the focus was
on magnetic domain wall (DW) motion in ultrathin layers with perpendicular magnetic anisotropy
(PMA) and structural inversion asymmetry (SIA). I first present magnetic interactions that govern the
ferromagnetic state, lead to the formation of DWs and give rise to PMA. Next, I describe field-
induced DW motion (FIDWM) and current-induced DW motion (CIDWM) in materials with PMA.
Further, I discuss the emergent phenomena from SIA and their impact on DW motion: spin-orbit
torques (SOT), the Dzyaloshinskii-Moriya interaction (DMI) and the novel Chiral Damping concept.

I.1. Energies in a ferromagnetic system

In solid materials, magnetism arises from the arrangement within an atom, according to the
Hund’s rule, of quantized magnetic dipole moments associated to spins of electrons. A spin is an
intrinsic angular momentum carried by an electron, depicted as a particle that spins or precess around
its own axis. This picture is misleading as the spin has a quantum nature with only two states: a spin
up or a spin down. If the arrangement of spins leads to a partially filled shell, the atom gets a net
magnetic moment. In materials called paramagnetic materials, these magnetic moments point in
random directions giving a total zero magnetization. They yield a net magnetization when they align
parallel to an external magnetic field. Other materials involve magnetic moments that align
spontaneously in the same direction without an external magnetic field. They are the anti-
ferromagnetic, ferrimagnetic or ferromagnetic materials characterized by a spontaneous (or a
remanent) magnetization M. It is the net magnetic moment per unit volume (or mass). Depending on
their mutual interaction, the magnetic moments of neighboring atoms align anti-parallel in anti-
ferromagnetic and ferrimagnetic materials or parallel in ferromagnetic materials. Since in this work
we deal with ferromagnetic thin layers, we will consider only magnetic moments that align
spontaneously parallel to each other.

In a ferromagnet, thermal fluctuations perturb the mutual orientation of neighboring magnetic
moments. Above a certain temperature called the Curie temperature T, they end up destroying the
magnetic order and the material is henceforth paramagnetic (Mg = 0). Since we are interested in
ferromagnetic materials that can be used in everyday life from domestic refrigerator magnets to
sensors and data storage devices, we will restrict ourselves to materials with T, above the room
temperature of 300 K. This is satisfied for example by 3d transition metals (Fe, Co, and Ni) and a
wide variety of their alloys [Levy, Fanter and Wolf, 1972].

All atomic magnetic moments of a macroscopic ferromagnet are not necessarily aligned in the
same direction. The magnetic structure can be composed of microscopic regions, called magnetic
domains, within which all magnetic moments are aligned. The boundary separating adjacent regions
is called the DW. The stabilization of such complex structures and patterns results from the
minimization of the total energy in the ferromagnetic system. For instance, the total energy is
essentially the sum of several contributions commonly; the Zeeman interaction €,, the exchange
interaction €.y, the dipolar interaction €4, and the magnetic anisotropy interaction €gp;s
[O’Handley, 2000; Buschow and de Boer, 2003].



I.1. Energies in a ferromagnetic system

I.1.1. The Zeeman energy

The Zeeman energy term corresponds to the interaction between the local magnetization! M
and a magnetic field. This interaction tends to align M parallel to the applied magnetic field. It writes
as follow:

€, = —oM. H (L.1)

app

where g is the magnetic permeability of vacuum and H ,;, the external applied magnetic field.

I.1.2. The exchange energy

The exchange interaction €,, is a short-range interaction characterized by the exchange
constant J;; that couples neighboring magnetic moments §; and §;. It arises from quantum
mechanical phenomena that promotes magnetic moments to align in the same direction (J;; > 0) or
in opposite directions (J;; < 0). €., writes as follow:

€ox = — 21, JijSiSj cos Dy (L.2)

where @; ; is the angle between S; and S;. There is an energy cost when magnetic moments are
misaligned. This interaction does not specify any particular orientation for the moments. For
micromagnetic considerations, the discrete system of magnetic moments is modeled by a
continuously varying magnetization. The exchange interaction writes then as an integral over the
volume of the ferromagnet.

€ox = [ Aex [(TM)? + (VM) + (M, )] av (L3)

The misalignment is accounted for by the gradients of the components of the local magnetization M
Ay 1s the exchange interaction stiffness that incorporates the exchange constant J;; and the structure
of the material. If only the exchange interaction existed, a ferromagnetic material would be a single
macro-domain with uniform magnetization.

This short-range interaction has a characteristic length; the exchange length

lox = /244x/(1oM2). The exchange interaction is considered negligible between two moments
separated by a distance much larger than [,, and all moments located within this length can be
modeled as a unique acting macro-spin. By taking values of A,, and M, available in literature for
comparable structures to ours [Metaxas et al., 2007; Miron et al., 2010], L., is estimated to be more
than 4 nm whereas the thicknesses of the ferromagnetic layers considered in this thesis are less than
I nm. In consequence, we assume that the magnetization M does not depend on the position along
the normal to the film (the z-axis) and that the magnetic structure is two-dimensional.

I.1.3. The magnetic dipolar energy

A magnetic moment, by analogy the local magnetization M, is a magnetic dipole whose
magnetic stray field H 4;,, lines are curling around to fulfill the magnetic flux closure, as there can be

! The local magnetization M (or simply “magnetization™) corresponds to the density of all magnetic moments in a ferromagnet. Inside
. . . . .- . dm ., - .
the magnetic material, M is a function of the position vector r with M(r) = e and 1 = [[[ M(r)dr? (zf the net magnetic moment

of the material, df1 the elementary magnetic moment and dr3 the volume element).
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no free magnetic monopoles according to the Gauss’s law for magnetism, Vi, (H+ M) =0 .In a
ferromagnetic material, H 4, is then antiparallel to a neighboring M destabilizing the single domain
configuration favored by the exchange interaction. We refer to this gain in the ferromagnetic energy
as the magnetic dipolar interaction. Locally, this interaction is small compared to the exchange
interaction but it is a long-range interaction that can influence the spatial distribution of the
magnetization. Since a dipole can be viewed as an association of positive and negative charges, the
dipolar interaction can be modeled by the interaction between M and H 4;;, produced by those charges.
For ultrathin magnetic layers (Figure L.1), the strength of Hg;;, depends strongly on the orientation
of M with respect to the thin film plane. For a magnetization M uniformly oriented along an axis in
the film plane (Figure I.1.a), the uncompensated positive and negative charges are far away from
each other. The resulting H g4;,, is small. In the contrary, when M is aligned along the film thickness
(Figure L1.b), the magnetic charges are closer to each other creating a large Hg;,. In order to
minimize charges at the surfaces and thus to reduce the dipolar interaction, the ferromagnet breaks
into multiple smaller domains at the expense of the exchange interaction (Figure L.1.c).
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Figure 1.1 Distributions of magnetostatic charges in a thin magnetic film. Magnetization are (a) in-plane and (b)-(c) out-of-plane. The
green arrows indicate the local orientation of the magnetization M inside the magnetic film. The magnetostatic charges are represented
in orange. The uncompensated charges emerge at the surface of the film and they create a dipolar field H g, (orange arrow) inside
the material. In order to reduce H g3, the magnetic film breaks into domains (c).

The energy due to the dipolar field H 4;;,, also called the shape anisotropy or the magnetostatic
energy is expressed as [Hubert & Schifer 2009]:

1
€aip = — 5 Ho f M. I'Idipdr3 (1.4)
Here, H 4, is related to the magnetization M through (for a uniform magnetization)
Hdip =—N-M (I.S)

where N is the demagnetizing tensor (Héip = — X N;jM;) with i,j = x,y or z. It is very difficult to
calculate N and to have Hg;, for an arbitrary shaped magnetic material. Nevertheless, it can be
analytically calculated for some common geometries in literature [Aharoni 1998]. Qualitatively, as
we can infer from Figure I.1, it is energetically favorable for the magnetization to orient in-plane
along the largest dimension of the film so to have less magnetic charges. This is valid unless we take
into consideration an additional energetic anisotropic term.
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I.1.4. The magnetic anisotropy energy

A ferromagnetic material can be anisotropic. In other words, it has a preferential direction, for
example an “easy axis” (along which the magnetization prefers to point) and a “hard axis”. The
magnetization does not orient along the hard axis unless a large external magnetic field is applied.
The crystal structure of the material is often the source of such anisotropy. An easy axis corresponds
usually to a particular crystallographic axis. That is why the magnetic anisotropy is referred to as the
“magnetocrystalline anisotropy”. The relationship between the crystal structure and the
magnetization fundamentally arises from spin-orbit coupling (SOC). The spin-orbit interaction
couples the spin of an electron to its orbital momentum. The crystal field from the lattice breaks the
symmetry of the orbital momentum setting thus a preferential orientation for magnetic moments. In
the simplest case of an uniaxial anisotropy, the magnetic anisotropy energy can be written as:

€anis = KysSin?0 (1.6)

where K, is the uniaxial anisotropy constant and 6 the deviation angle of the magnetic moment from
the easy axis (the polar angle). The magnetocrystalline anisotropy can originate from both the bulk
and the interface. The engineering of the interface contribution can thus induce an out-of-plane easy
axis in ultrathin ferromagnetic films. Such stacks with perpendicular magnetic anisotropy have been
attracting a considerable attention for more than a decade. One reason behind this interest is the study
of DWs whose dynamics hold the promise to be fast, efficient and reproducible.

I.2. Domain walls in perpendicular magnetic anisotropy films

I.2.1. Perpendicular magnetic anisotropy (PMA) thin films

The investigated magnetic layers have thicknesses less than 1 nm. The shape anisotropy
through the dipolar field, in consequence, is large and tries to keep the magnetization in the plane. In
the meantime, by properly engineering the “interfacial anisotropy”, it is possible to bring the easy
axis out-of-plane providing thus these layers with PMA.

The interfacial anisotropy in thin films is well established and was evidenced in various
multilayers with heavy-metal/ferromagnet (HM/FM) and ferromagent/oxide (FM/Ox) interfaces
[Dieny & Chshiev 2017]. To name a few, we have as HM/FM interfaces Pt/Co, Ta/CoFeB, W/CoFeB,
Ta/CoFe, Hf/CoFeB, Pd/FePd etc. [Bandiera et al. 2011; T. Liu et al. 2012; Ahn & Beach 2013;
Lee et al. 2014]. As for FM/Ox interfaces, we cite Co/AlOx and CoFeB/MgO [Lacour et al. 2007;
Rodmacq et al. 2009; A Manchon et al. 2008; A. Manchon et al. 2008].

For the HM/FM interface, the large spin-orbit interaction plays the key role in promoting the
PMA as HMs have a strong SOC. The efficiency of such coupling depends strongly on the state of
the interface. Varying the thickness of the HM or the FM has an impact on the perpendicular magnetic
anisotropy (PMA) confirming its interfacial origin [Sokalski et al. 2012]. On the contrary, the spin-
orbit interaction is weaker in FM/Ox interfaces [Monso et al. 2002]. However, the degree of its
oxidation tunes the magnetic anisotropy. An optimal oxidation of this interface allows having a strong
PMA whereas an over- or under-oxidation reduces it drastically [Rodmacq et al. 2003]. The thermal
annealing, as it helps oxygen atoms to migrate towards the interface thus optimizes its oxidation,
gives also a large PMA [Rodmacq et al. 2009]. The PMA originates from an overlap between the
Oxygen 2p, and the transition metal 3-d orbitals confirmed by ab-initio calculations
[Yang et al. 2011].
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In the present work, the investigated systems are Pt/Co/Pt and Pt/Co/AlOx. In these systems,
both interfaces of the FM layer contribute to the magnetic anisotropy as described above. They exhibit
a stable PMA at room temperature.

1.2.2. Domain walls in PMA materials

As we have already seen in section 1.1.3, in order to reduce its dipolar field, a ferromagnetic
material tends to demagnetize at equilibrium in such a way that the net total magnetization is small
or zero. For instance, it gets divided into magnetic domains within which magnetization is uniform
(Figure I.1). The separation between adjacent magnetic domains is the domain wall (DW). A DW is
the region in which the magnetization M rotates gradually between the orientations of the two
domains (between up and down in PMA materials). Forming a DW costs energy; an exchange energy
term, as magnetic moments within the DW are not parallel with respect to each other and an
anisotropy energy term because magnetic moments deviate from the easy axis. The formation of DWs
is then the outcome of the competition between the dipolar, exchange and magnetic anisotropy
interactions. This competition dictates the DW width parameter A that writes as [O’Handley, 2000]:

A= \JAex/Kery @.7)

A large PMA tends to make the DW thinner as it reduces the number of the magnetic moments not
aligned along the easy axis. If the DW is very thin, the angle between the neighboring magnetic
moments is important so the cost in exchange energy is considerable. The exchange interaction favors
then a large DW. In ultrathin films with an out-of-plane anisotropy, DWs are usually narrow
(< 10 nm) and adopt either a Bloch or a Néel configuration (Figure 1.2). When the magnetization
rotates in the plane of the wall (around the x-axis in Figure L.2), the DW is of the Bloch-type. It is a
Néel wall when it rather rotates in the plane normal to the wall (defined by the z- and x-axis in
Figure 1.2).

(a)

Y
h.

Figure 1.2 Schematic diagrams of magnetic DWs in thin films with PMA. (a) Bloch wall: M rotates inside the DW plane. (b) Néel wall:
M rotates perpendicular to the DW plane. Here, the stripe width w is much larger than the DW width A (w > A). The dipolar energy
dictates the stable configuration of a DW. The magnetostatic charges are depicted in orange and the arrow corresponding to the
dipolar field H 43, scales with its magnitude.

Having one of this two DW configurations relies on the dipolar energy in the DW that depends
on the DW width and on the dimensions of the system. For an unpatterned magnetic film, DWs adopt
a Bloch configuration as free magnetostatic surface charges are repelled towards infinity (cf. Figure
I.2.a). Instead, a Néel wall would yield a sizeable dipolar field inside the DW. In the case of a stripe,
when the DW width A is smaller than the stripe width w, a Bloch wall would cost similarly less
dipolar energy than a Néel wall. On the contrary, a Néel wall is favored when the stripe becomes
narrow (w < A). In the case where w and A are comparable, the DW adopts an intermediate
configuration between Bloch and Néel configurations. An experimental study by [T Koyama et al.
2011] shows a transition between Bloch and Néel walls at w = 60 nm in strips made of Co/Ni
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multilayers. The competition between exchange, dipolar and anisotropy energy does not lead to any
preferential sense of rotation of M inside the wall. Therefore, there is an equal probability for the
magnetization to rotate clockwise or anti-clockwise from up to down. However, we will see later in
section 1.5.2, that Néel walls can be stabilized in wide wires if a certain interaction called the
Dzyaloshinskii-Moriya interaction is present in the FM.

The energy density per unit area of a Bloch wall g, can be written as [Heide, Bihlmayer and Bliigel,
2008; Rohart and Thiaville, 2013; Bernand-Mantel et al., 2017]:

0o = 4/ApxKory (1.8)

In Egs. L7 and L8, K, is the effective uniaxial anisotropy constant. Since the thickness of the
ferromagnetic film tpy, is much thinner than the DW width or the exchange length, the effective
uniaxial anisotropy is written Krr = Ky, — Kgipp- Kgip 1s the dipolar energy density seen in section
I.1.3 and is expressed as [Thiaville et al., 2012]:

Kaip = to M3 /2 L.9)

The DW has also a magnetostatic ‘shape’ anisotropy term K that favors the Bloch configuration in
PMA thin films [Thiaville et al., 2012].

K = NypigM2 /2 (1.10)

where N, is the demagnetizing coefficient of the wall defined as N, = tgyIn(2)/(mA)
[Tarasenko et al. 1998]. We associate with the magnetostatic ‘shape’ anisotropy an effective field Hg
within the Bloch wall whose magnitude writes [Thiaville et al., 2012]:

Hy = 2% (L11)

HoMs

We note that DWs sit perpendicularly to the wire in PMA materials in order to minimize their length
and hence their energy.

The structures with PMA are interesting thanks to their thermal stability that helps having
more stable data storage devices with higher density and retention. In the meantime, DWs are rigid
objects whether they are of the Bloch or the Néel type. With the appropriate driving mechanism, they
are able to move without their configuration being distorted. Their narrow width is important in order
to ensure a larger storage density in new concepts of mass storage devices such as the race-track
memory [Parkin, Hayashi and Thomas, 2008] based on PMA materials. Similarly, in the
SOT-MRAM, for moderate magnetic dot sizes, the magnetization switching is achieved through
nucleation and subsequent DW propagation. In both cases, the spin-orbit interaction induces a high
current-induced DW velocity (cf. section 1.1.4.2.4). Therefore, there is a need to optimize the DW
motion in PMA materials as that could be beneficial for future spintronic devices. For this purpose,
it 1s important to fully characterize and understand magnetic field- and current-induced DWs
dynamics. In the rest of this manuscript, we will adopt the following convention to refer to the
different DWs in PMA materials. Unless it is mentioned differently, our frame of reference would
always correspond to the one adopted in Figure I.2. We call an up/down DW and we designate it by
DWu.p a DW within which the magnetization M rotates from the up to the down domain when going
from the left to the right (along +u,). The other DW is the down/up DW designated by DWp.u.

1.2.3. DW motion in PMA materials

Moving magnetic DWs is possible by the application of an external magnetic field or the
injection of an electric current in the plane of the film. It is also possible to induce dynamics of DW's
by polarized laser pulses as recently reported [[Lambert et al., 2014; Quessab et al., 2018]. However,
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the scope of this thesis is limited to field-induced DW motion (FIDWM) and current-induced DW
motion (CIDWM). On the one hand, the DW motion under a magnetic field is straightforward to
imagine. To minimize the Zeeman energy, a magnetic domain expands if its magnetization M is in
the same direction as an external field. The adjacent domains, magnetized in the opposite direction,
shrink. In a stripe, two neighboring DWs move then opposite to each other (Figure 1.3). On the other
hand, the electric current induces DW motion thanks to another type of interaction: the transfer of
spin angular momentum that creates torques acting on the magnetization, the spin torques. These
torques induce a unidirectional DW motion either against or along the current flow depending on the
exact dominant mechanism and on the materials involved. From the memory application point of
view, the CIDWM is the preferred method the FIDWM, DWs are all moving in the same direction
allowing information to be conserved and transferred. This mechanism led the race-track memory
concept [Parkin et al. 2008; Hayashi et al. 2008]. Since they are important to interpret our
experimental results, we describe in the following these different mechanisms of DW motion.

(a)
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Figure 1.3 Schematic diagram of DW motion in thin magnetic films with PMA. The DWs driven by (a) an out-of-plane magnetic field
H g and by (b) a charge current J. An up (down) magnetic domain corresponds to positive (negative) M, and is represented by a
black (bright) contrast. The orange arrows give the direction of motion of DWs. Successive DWs move in opposite directions under
H o and along the same direction under the current J. The conventions represented here for the orientation of magnetization M and
magnetic field H are adopted in the rest of this manuscript

I.3. Field-induced DW motion (FIDWM)

It is easy to derive the direction of motion of a DW under a magnetic field. However, the
actual dynamics of DWs is much more complex. If one considers a single magnetic moment, a
magnetic field will induce a torque leading to an endless precession of the moment around this field.
An additional damping term allows the magnetization to eventually align along the magnetic field.
The case of a DW is more complicated as the applied magnetic field distorts its internal structure
during the motion generating other torques whose combination leads to FIDWM.

1.3.1. LLG equation

The low-energy dynamics of the magnetization M is well described by the Landau-Lifshitz-
Gilbert equation (LLG). This equation considers an effective magnetic field Hss that includes all
possible energy contributions €.rr from exchange interaction, magnetic anisotropy, dipolar
interaction, external applied field etc. The time evolution of the magnetization is then described by

an energy term including these different torque contributions and a phenomenological dissipation
term [Gilbert 2004]:

a a
a—’: = —y(m X poH,zf) + am X a—’;‘ (1.12)
1 Oe€e
HoHepp = —-— 12 (L13)
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Here m is the normalized magnetization vector m = M/M,, y the gyromagnetic ratio
Yy = ge/2m, (g the electron’s g-factor ~ 2, e > 0 the electron charge and m, the electron mass) and
a the phenomenological dimensionless damping constant (¢ > 0). When considering the LLG
equation, the amplitude of each magnetic moment per unit volume is assumed to be equal to M;. The
LLG equation is only valid for temperatures sufficiently below T, such that the amplitude of the
magnetization is conserved. Otherwise, we require another model that is the Landau-Lifshitz-Bloch
equation

[Garanin 1997]. The LLG equation can be rewritten as follows:

1+a? dm

e = ~(m X poHepp) — am x (m X Hepp) 1.14)

where the renormalization of the precession frequency resembles the form originally proposed by
[L. LANDAU, 1935].

The first term in the LLG equation is a torque that causes the magnetization to precess around
Hsr. The second term is the torque that brings back the magnetization towards the direction of Hgy.
It is the damping torque T. Its strength is quantified by a and is proportional to the time derivative
of m. The damping torque T, is perpendicular to the magnetization and to its trajectory. The damping
mechanism is associated with the relaxation of the magnetization due to the change in the electronic
levels of the lattice through SOC.

Magnetic damping from Spin-Orbit Coupling (SOC)

SOC mediates the variation of the energy of the delocalized electrons at the Fermi level in a
metallic ferromagnetic system when the magnetization rotates with respect to the crystal axis or the
magnetic easy axis. This variation leads to a dissipative effect: the magnetic damping.
[Gilmore et al. 2008] derived a model for a SOC-induced effective field that acts on the magnetization
and it has the following expression:

g{eff - __an [ Pnk ;:,Ik + Enk 0;1;1(] (1-15)
When the magnetization M rotates, the total energy of electrons varies by changing the energy of
the electronic states (d&,,/0M) and/or by changing their occupancy (dp,,/0M). Within
the perturbation limit, the occupancy p,,, of a given energy of an electronic state with a given energy
can be expressed as ppx = frnr — T(dfni/dt) with f, the equilibrium distribution function and t the
relaxation time towards this equilibrium. The first term of the Eq. I.15 can then be written as a sum
of two effective magnetic fields:

g‘feff =Hnis + H, (1.16)
d&n
H gnis = an fnk “nk (L17)
Afnk (Lenk)* OM
Ha ( w2)( dM) at (L18)

The effective anisotropy field H,,is does not depend on the rate of the precession of
the magnetization and it arises from anisotropy of the energy levels when (de,,/0M) # 0.
The second field is an effective damping field #H, that vanishes for quasistatic variations of
the magnetization (0M/dt) =~ 0. In this case, the only field acting on the magnetization is H gps.
However, when the magnetization varies rapidly, the second effective field becomes relevant, as
the electronic states does not have time to relax to the new equilibrium.
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(a)

Figure 1.4 Magnetic damping from spin-orbit coupling in metallic ferromagnets. (a) Schematic of the influence of the magnetization
M on the Fermi sphere. The Fermi sphere is deformed by SOC. (b) The emergence of the damping mechanism from SOC. An applied
H o), rotates M but the electrons do not follow adiabatically. The dashed arrow shows the magnetization vector at equilibrium with
the electronic distribution whereas the dashed line indicates the Fermi sphere at equilibrium with the rotating M. The damping field
H , arises to restore M at equilibrium with the actual electronic distribution. It induces a damping torque T, that brings M parallel

10 H gpp- A figure adapted from [Miron 2009].

A simplistic picture, as depicted in Figure 1.4, represents the SO interaction coupling the
magnetization and electron states. At equilibrium, the magnetization leads to a deformation of the
Fermi sphere. An applied external field H gy, rotates the magnetization. The electronic distribution
falls behind with the characteristic time T and does not follow adiabatically the magnetization. The
increase in the spin-orbit energy leads to the emergence of an effective damping field #,. As we can
see in Figure 1.4, the torque associated with this effective damping field cants the magnetization out
of the plane to align it with the applied magnetic field. The second term of the Eq. I.15 gives
a second mechanism of damping. The occupancy p;,, changes with the magnetization.
The magnetization is then relaxed (damping) through the SOC by electronic interband transitions.

1.3.2. Displacement of a DW by a magnetic field

To describe how a magnetic field propagates a DW in PMA materials, we use a simplified
one-dimensional representation of the LLG equation. The DW is reduced to a single normalized
magnetization sitting at its center; the DW core magnetization mpy,. The displacement of the DW is
the outcome of the action of the torques on mpy,. A torque that lies in the plane distorts the internal
structure of the DW by canting away mpy, from its initial equilibrium configuration. An out-of-plane
torque lifts up (or brings down) mpy, inducing the displacement of the DW. As a consequence,
the velocity of the motion is proportional to the out-of-plane torque.
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Figure 1.5 Mechanism of the FIDWM. Schematic diagram of the different torques acting on the DW core magnetization upon the
application of an external magnetic easy axis field H qpp,. The dashed green arrow corresponds to the initial configuration of a Bloch
DW. Hgyp,p is associated with a torque Tqpy, that rotates Mpy in the plane creating a dipolar field H gy, (emphasized Dy the
magnetostatic charges at the DW boundaries). The damping torque T o compensates T g, ensuring the stability of mpy in the steady-
state regime of motion. Finally, the dipolar torque T g4y, pulls mpy out of the plane resulting in the DW motion.
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1.3. Field-induced DW motion (FIDWM)

The torque Tqpp (Tapp = —Y(Mpw X tigH qpp)) from the external field H p,, applied along
the +z-axis, distorts the DW from its Bloch initial configuration by rotating mpy, in the (x, y) plane
(the film plane). The induced x-component (m,) of mpy, builds new magnetostatic charges at the
planes of the DW yielding a dipolar field Hg;,. This field through the dipolar torque Ty,

(Taip = —y(mpw X foH 4;p) drives the DW forward along the +x-axis. The damping torque T,
dmpwy
at
opposes the in-plane rotation of mpy,. When the in-plane component of T, fully compensates T gpp,

the DW is no more distorted and acquires an equilibrium deformation angle ¢q. It is henceforth
subjected only to T 4;, and to the out-of-plane component of T,. Finally, it is the distortion by H
that drags DWs through the creation of the dipolar field.

(T, = a(mpy X )) associated with the second term in the right side of the LLG equation

app

1.3.3. Flow regime of motion

In an ideal environment, the structure of the magnetic material does not have any
imperfections that could pin the DW. In addition, no thermal fluctuations are considered and the DW
moves solely from the combined action of torques described above. This is the flow regime of motion
of DWs. [Schryer & Walker 1974] were among the first to describe the displacement of a DW under
a magnetic field in the flow regime. According to their model, the FIDWM is divided into two
velocity regimes: a steady-state regime and an oscillatory regime (Figure 1.6).

For low applied magnetic fields, the DW undergoes a motion in the steady-state regime. As
described above, the damping torque fully compensates the distortion of the local magnetic moments.
Therefore, the displacement of the DW is equivalent to a simple translation along the x-axis.
The velocity is proportional to the applied field and depends on the DW width A and the damping
parameter a. In the steady-state regime, the DW velocity vy, is proportional to the driving force, the
applied magnetic field H 45y, through the mobility z4. vpyy, is written as:

YA
Vpw = thHapp = 7Happ (L.19)

Stead Precess.
\" :

Figure 1.6 The variation of the DW velocity as a function of an easy axis magnetic field H in the flow regime. The DW is driven in an
ideal film. The Walker breakdown at Hy, separates the steady and the precessional regimes. The mobility of the DW drops from 1
(steady-state) to i, (precessional).

Above a certain magnetic field, called the Walker field Hy, (Hy, = aM,/2), the velocity of
the DW drops drastically and then begins to increase linearly again. We refer to the decrease of
the velocity as the Walker breakdown. The motion that follows is called the precessional or oscillatory
regime of motion during which the DW core magnetization mpy, rotates continuously. The Walker
breakdown takes place when the damping torque T, does not compensate anymore the torque T gy

from the applied field. The dipolar torque T 4;, is proportional to the magnitude of the dipolar field
and the y-component of mpy (Figure LS). This torque Tg;, is maximum when the DW core
magnetization has a deformation angle ¢ = m/4 with respect to the y-axis. When H g, cants mpy,
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beyond this angle, the in-plane component of T, (proportional to T 4;,) cannot compensate anymore
T4pp- The DW does not henceforth maintain its structure during the propagation. mpy keeps
precessing around the z-axis, resulting in a periodic transformation between Bloch and Néel
configurations and the dipolar torque changing periodically its sign. Then, in the high field case, only
the damping torque drives the DW forward giving a reduced average velocity compared to the steady-
state regime [Mougin et al. 2007]. In the oscillatory regime of motion, the DW velocity is given by:

A
Vpw = HaHapp = 1oz Happ (1.20)

1.3.4. Creep regime of motion

The model used in the previous section describes the DW motion in a flow regime for an ideal
structure. Only few studies for PMA structures identified the flow regime and the Walker breakdown
in experiments [Tarasenko et al. 1998]. However, realistic ferromagnetic layers have imperfections
and defects such as impurities, intermixing with the adjacent layer, disorder, grain boundaries in
the crystallographic structure, etc. Locally at these imperfections, the magnetization M encounters
abrupt changes in magnetic interactions. Consequently, some defects act like nucleation sites where
it is easier to reverse the orientation of M and others act like pinning sites. At low magnetic driving
fields, due to their narrow width, DWs in PMA materials are trapped by these defects and
imperfections in the structure. At zero temperature and below a magnetic field threshold, the DW
does not move. However, at a finite temperature, thermal activation helps to depin the DW. The
motion of DWs is therefore governed by the pinning landscape and the thermal activation at the low
field regime. The regime where the force acting on a DW is negligible as compared to the depinning
force but where the DW is still moving, even if at a very low velocity, is called the creep regime.
Consequently, the steady-state regime and the Walker breakdown are typically obscured by this
regime in PMA materials. Most of the experimental investigations of the flow regime of motion have
demonstrated indeed the oscillatory regime of motion [Metaxas et al. 2007; Yamada et al. 2011;
Burrowes et al. 2013]. The FIDWM can be divided into three regimes: the creep regime, the depinning
regime and the flow regime (Figure 1.7).

(a) Creep Depin. Flow (b) H (Oe)
: : 10

v 1000 100 20 10 5 2

-30 T T T T
R 4 ] X 1
H 0.2 0 0.6 0.8 0

H-1I4 (oe-1/4)

Hdep

Figure 1.7 The variation of the DW velocity as a function of an easy axis magnetic field H in the creep regime. (a) Theoretical variation
of the DW velocity v in a disordered film at zero and finite temperature. The three different regimes: creep, depinning and flow are
labeled. H ey is the critical magnetic field to move a pinned DW at zero temperature. The thermal activation helps propagating the
DW at lower magnetic fields than H gep. The Walker breakdown can either be hidden by the creep and depinning regimes or occur at

larger H. (b) Logarithm of the DW velocity v as a function of the applied field. The linear variation of In(vpy,) vs Hz_l/4is a hallmark
of the creep regime of motion as expected from Eq. 1.24 . Figures extracted and adapted from [Metaxas et al. 2007].

In the creep regime, the motion of a DW in PMA materials can be modeled by the dynamics
of an elastic interface driven by a force in a weak disordered medium [Lemerle et al. 1998].
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1.4. Current-induced DW motion (CIDWM)

The variation of the DW velocity vpy, with respect to an applied magnetic field along the normal to
film H, follows the creep scaling law that writes [Gorchon et al. 2014]:
UHM*
Vpw = Vo€Xp [— < g 4] 1.21)
kpT
where U, is the height of the pinning barrier, H,, is the pinning field and kp the Boltzmann constant.
The prefactor v, can be expressed as:

Uc
vy = dofoexp [C kBT] (1.22)
with € = 1 an empirical constant, d, the average distance between two pinning centers and f,
the attempt depinning frequency. The equation (1.21) is then rewritten as:

vow = dofoexp - ;7 (H;Y* = HV) (1.23)

The term E = UCH;/ * includes all the energy contributions and H. = H,/C * gives the critical field

that determines the limit of the creep regime. The DW velocity can be expressed using the following
logarithmic equation:

In(vpw) = In(dofy) = (Hy/* = HV*) (1.24)

The linear dependence of In(vpy,) on H, /% is the signature of the creep regime of motion
as depicted in Figure L.7.b [Metaxas et al. 2007; D. Y. Kim et al. 2018]. The linear variation is clear
in the small driving force limit (H, < H_.). By increasing the magnetic field up to H, = H,, we reach
the limit of the creep regime and the equation (I.24) is not valid anymore. The curve of In(vpy,)
bends in the vicinity of H, and we have vpy, ~ dgfo.

Above the critical field, the DW velocity increases and enters the depinning regime of motion.
As the magnetic field is further increased, the motion of DW is not anymore perturbed by pinning
sites and the velocity becomes linear as predicted theoretically in the flow regime.

As mentioned earlier, injecting a current is preferred to have a unidirectional motion of DW's
in contrast with the FIDWM where different DW's move opposite to each other. The action of a current
has been usually described as that of effective magnetic fields exerted on the internal structure of the
DW. Consequently, as seen in the FIDWM, the motion under current comes via the distortion of the
DW and undergoes different regimes of motion namely; creep, depinning and flow regime.

I.4. Current-induced DW motion (CIDWM)

An electric current may induce a DW motion along or against the electron flow. In PMA
structures, the spin-transfer torque mechanism was the first to be proposed and evidenced to induce
a DW motion along the electron flow. Later, a new type of torques has emerged; the spin-orbit
torques, and is associated with the possibility of having a DW motion against the electron flow (along
the charge current direction). In this section, I introduce the main aspects of both mechanisms.

1.4.1. Spin-transfer torques (STTs)

In a normal nonmagnetic metal, the spins of conduction electrons do not orient in any
particular direction. In contrast, the spins of conduction electrons flowing in a ferromagnetic metal
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are “spin-polarized”. In other words, the spins of these electrons are polarized along the direction of
the local magnetization. The parameter P gives the extent or the degree to which these spins are
aligned with a given direction (0 < |P| < 1). Through an s-d interaction between 3d localized
electrons carrying ‘magnetism’ in transition metals (Co, Fe and Ni) and 4s conduction electrons,
conduction electrons experience a spin-dependent scattering. Conduction electrons with a spin
parallel to the local magnetization are less scattered than conduction electrons with a spin oriented in
the opposite direction. This spin-dependent scattering generates the spin-polarization of conduction
electrons in ferromagnets. Typically, in 3d transition metal ferromagnet, the spin polarization is
positive (P > 0). The mechanism of the spin-transfer torque STT arises from a transfer of angular
momentum between the spin-polarized electrons and the magnetization inside a DW as the total
angular momentum is conserved. [Berger, 1978] was among the first to propose this mechanism to
drag DWs in macroscopic film. Starting in the 2000s, the DW motion in STT became a hot topic
promoted among other reasons by advancements in the submicron lithography of nanowires and
motivated by the promise of sustainable DW motion with low current densities in PMA materials for
scalable and high-performance spintronic devices.

1.4.1.1. Adiabatic STT

Incoming spin-polarized electrons encounter a varying magnetization when they cross a DW.
Due to the magnetization gradient, their spin direction rotates to align locally with M. Thus, their spin
angular momentum varies. Because the overall angular momentum in the system must be conserved,
there has to be a change in the angular momentum of the local magnetization in the DW. The magnetic
moments in the DW rotates inducing a DW motion along the flow of the conduction electrons. This
is the mechanism induced by the so-called adiabatic torque that can be written as [Thiaville et al.,
2004, 2005; Xiao, Zangwill and Stiles, 2006]:

T,=—-(wV)m= g:‘ff (J.V)m (1.25)
where up is the Bohr magneton and J the current density vector. We refer to u as the spin drift
velocity. According to this expression, if the current flows in the x-direction (the long axis of a wire),
the adiabatic torque T 4 scales with the gradient of the magnetization (— dm/dx). In PMA thin films,
as the z-component m, of the magnetization varies along the wire x-axis, the torque T4 is normal to
the film plane. It distorts the DW by canting its internal magnetization mpy, out of the plane.
According to the LLG equation, the damping torque T, (T, = ampy XT,) has then an
x-component canting mpyy, in the (x, y) plane. By analogy with the distortion in the FIDWM (Figure
L.5), a dipolar field H 4;,, normal to the DW, is created. Consequently, H g4, induces a torque T gy,
(Taip = —y(mpw X foH 4;)) that is out of the plane and opposes Tj4. If the current is not large
enough, the canted DW internal structure mpy reaches a canting equilibrium angle ¢, at which
T 4;p fully compensates T 4. The STT needs then to overcome the maximum limit of T 4;; to be able
to propel the DW. This corresponds to a threshold current density J;;, in adiabatic STT-driven DW
motion that is intrinsic and exists even in a perfect wire. However, the prediction of such a threshold
current density considering only the adiabatic STT fails to explain experimental observations of less
important threshold densities in DW motion [Yamaguchi et al. 2004; Kliui et al. 2005]. A second
term in STT was then introduced [Zhang & 1.1 2004; Thiaville et al. 2004].

1.4.1.2. Non-adiabatic STT

This second torque is often called the non-adiabatic torque T y4 and writes can be written as:

18



1.4. Current-induced DW motion (CIDWM)

Tya = —pmx [—(u.V)m] (1.26)

The non-adiabatic torque is parameterized by a dimensionless coefficient § (8 = Tya/T4,8 > 0)
and it is perpendicular to the adiabatic STT. In PMA materials, this torque acts on a DW identical to
the torque from an applied field oriented along the easy z-axis, the normal to the film plane. This
similarity with the FIDWM mechanism renders the J;, extrinsic like the depinning field in FIDWM,
which depends on pinning landscape and thermal activation. The non-adiabatic term accompanies
then the adiabatic STT in moving DWs.

There have been several approaches and theoretical proposals for the microscopic origin of
the non-adiabatic term in STT. One approach is to consider that the electrons do not fully follow
adiabatically the gradient of the magnetization M while flowing through the DW. They can be
reflected from the DW instead of crossing it. For this to be significant, the DW width should be very
close or smaller than the Fermi wavelength (of the order of nm in 34 transition metals). In this case,
the gradient of the magnetization is too important for the spin-polarized electrons to be able to track
it [Tatara and Kohno, 2004; Barnes and Maekawa, 2005]. Another approach considers the effect of
scattering or spin-flip from SOC for the spins of conduction electrons [Zhang and Li, 2004]. When
conduction electrons cross the DW, an out-of-equilibrium spin density &s emerges. It comes from
the component of the spins that is not aligned with local magnetic moments. This spin density &s
precesses around the magnetization thanks to the s-d exchange interaction with a time constant Tg4
and scatters also due to the spin-flip with a time constant 7,¢. The theoretical description of such
interactions yields an approximation of £ as follows:

_TsdTsf Tsd
p= (r§d+r§f) - Tsf (1.27)
This approximation comes from the difference in the order of magnitude between the two time
constants (in a FM, 744 ~ 107** s and 757 ~ 107! 5). One can think that a material with large SOC
will present large spin scattering that would enhance the non-adiabatic STT. The utility and validity
of this reasoning is limited as a strong SOC decreases the spin-polarization P of the current. The non-
adiabatic STT cannot be enhanced in that case.

1.4.1.3. Displacement of a DW by STT

The LLG equation that includes both terms of STT is given by:

Z;Lll = —y(m X ,UoHeff) +am

om
X_

- — @.V)m — pm x [-(w.V)m] (1.28)

Let us consider the action of an electric current flowing along the x-axis on the core
magnetization mpy, of a DWu.p (Figure L.8). The direction of the effective magnetic field associated
with the adiabatic torque T, is normal to the DW, lying in the plane of the film while the one
associated with the non-adiabatic torque T4 is along the magnetic easy-axis. T yy4 rotates mpy in
the film plane yielding a dipolar field Hg;,. The dipolar torque Tg4;, adds then to T4 and both
combined cant mpy, out of the plane, hence moving the DW towards the —x values for a charge
current flowing towards the +x values. At small current, the rigid translation of the DW or the steady-
state regime of motion takes place as long as the damping torque T, cancels out the action of
the non-adiabatic torque T y4. According to the one-dimensional (1D) model [Thiaville et al., 2005],
the DW velocity is:

Eu E.M.] (1.29)

a a 2eMg

Upw =
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Figure 1.8 Mechanism of the CIDWM based on STT. Schematic diagram of the different torques acting on the DW core magnetization
from the STT mechanism. The dashed green arrow corresponds to the initial configuration of a Bloch DW. The rotation in the plane
of mpy, by Ty, gives rise to magnetostatic charges at the DW boundaries inducing a dipolar field H qi,. H g3, acts on mpy through
the torque T g4, adding up to T 4. This pulls mpy to the down state resulting in a DW motion along the electron flow.

Like in the FIDWM, above a critical current density, the damping torque T, is no longer
sufficient to compensate Ty, for ¢ > /4. The DW undergoes a Walker breakdown and starts to
precess continuously under the action of the current and the speed of the DW approaches the spin
drift velocity vpy, — u.

It turns out that the current, in very thin films, can experience considerable interfacial
scattering that reduces drastically the spin polarization P. This is much enhanced in FM layers
interfaced with a nonmagnetic HM (Pt, Ta, W, etc.). The study of [Tanigawa et al. 2013] showed that
P =~ 0.7 in perpendicularly magnetized Co/Ni layers adjacent to Pt layers with ferromagnetic
thickness > 4 nm and no spin polarization could be evidenced at thicknesses < 1 nm. In addition,
evidence of STT mechanism was only reported in thick ferromagnet layers [ Yamanouchi et al. 2006;
Adam et al. 2009; Ueda et al. 2014; Ueda et al. 2015; Ryu et al. 2016]. Moreover, in PMA materials,
the thickness of the FM layer needs to be very small (g, < 1 nm) to make sure that the interfacial
perpendicular anisotropy contribution (it is inversely proportional to tgy,) prevails over the dipolar
energy. The STT mechanism is expected therefore to be negligible in these kinds of materials. In such
structures based on Pt/Co/Pt layers, there is a wide disparity of reports concerning DW motion. In
some studies, no effects from currents are evidenced except a Joule heating effect [Moore et al. 2008;
Cormier et al. 2010]. In contrast, others report a current-induced DW motion along the current flow
opposite to STT mechanism [Kim et al. 2010; Lee et al. 2011; Lavrijsen et al. 2012]. This huge
disparity in DWs motion studies in Pt/Co based multilayers suggest another current-induced
mechanism rather than the conventional STT.

1.4.2. Spin-orbit torques (SOTs)

In order to account for these anomalies, another mechanism of spin angular momentum
transfer from the electric current to the magnetization M of the FM has been proposed. It is the crystal
lattice via the spin-orbit interaction in the multilayered structure that allows this type of transfer thus
the denominations of spin-orbit torques (SOTs). These torques do not depend neither on the gradient
of the magnetization nor on the spin polarization of the conduction electrons. Their actions on DW's
are then profoundly different from STT and they are dependent on the structure of the layers. The
observation of DW motion in Pt/Co/Pt was triggered by the tuning of asymmetries between the
bottom and top Pt layers via growth parameters [Lavrijsen et al. 2012]. More remarkable fast DW
dynamics against current flow were reported in FM layers sandwiched between HM and an oxide
insulator layers [Miron, Moore, et al. 2011: Ryu et al. 2012; Koyama et al. 2013]. In order to induce
a strong spin-orbit interaction capable to yield relevant SOTs on the magnetization, structure
inversion asymmetry (SIA) is required.
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1.4. Current-induced DW motion (CIDWM)

1.4.2.1. Rashba Effect and Spin Hall effect (SHE) in SIA materials

As discussed in section (I.2.1), a large SOC is needed to promote the PMA in ultrathin layers
thus the use of HM layers adjacent to the FM layer. This SOC gives also SOTs that act on
the ferromagent. The origin of such torques comes from relativistic considerations of the conduction
electrons traveling in the structure. In fact, the Fermi velocity of the moving electrons is close to
the relativistic regime. The crystalline electric field ES? transforms then in their rest frame to an
effective magnetic field H%° [Woodhouse 2003]. This effective relativistic field HS? is of the form
~ v X ESO where v is the electron’s velocity. It is then orthogonal to both the electric field and the
trajectory of the electron. This field induces a net spin polarization transferred to the magnetization
via s-d exchange interaction. In other words, the spin polarization created by the current acts as an
effective magnetic field on the magnetization (in the form of a torque) [Manchon & Zhang 2008].
Such a mechanism is usually in literature referred to as the Rashba effect in thin films. In general, the
Rashba effect describes the spin-polarization of electrons in a non-magnetic materials, that scales
with their wavevector k. The spins “up” (“down”) parallel (anti-parallel) to HC have their energy
reduced (increased). The Fermi surface gets then split. This effect has already been reported at the
surface of several metals [LLaShell et al. 1996; Krupin et al. 2005; Cercellier et al. 2006]. For a material
with an inversion symmetry, this effect vanishes since the electric field from both interfaces is zero
by integrating over the electron wavefunction. In order to have a net torque, the inversion symmetry
needs to be broken. In PMA thin films, it is possible to break the inversion symmetry and generate
a finite electronic potential E5° along the out-of-plane direction by having the FM layer sandwiched
between two different non-magnetic layers. This is the structural inversion asymmetry (SIA).

(a) (b)

ES°=0

ESC 0 ‘t

Figure 1.9 SIA multilayered structures. Schematic picture of a multilayered structure with (a) and without (b) inversion symmetry
along normal axis parallel to z. The net crystalline electric field ESO is fully compensated when FM is sandwiched between identical
non-magnetic NM layers. ESC is non-zero when the top (NM2) and the bottom (NM1) layers are different. NM can be either a HM
layer or an oxide layer.

The bulk spin Hall Effect (SHE) is another mechanism originating from the spin-orbit
interaction that could lead to spin injection into a ferromagnet. An in-plane electric current flowing
through a paramagnetic material (e.g. a HM) produces a spin current. This spin current is orthogonal
to the charge current flow. Because of the spin-dependent scattering due to the strong spin-orbit
coupling in the HM, one spin orientation scatters in one direction and the other spin orientation in the
opposite direction. Polarized spins with a transverse orientation accumulate at the upper and lower
surfaces of the layer [Hirsch 1999: Kato 2004] over a thickness related to the diffusion length of spins
(in heavy metals ~ nm). In order to have an efficient spin injection, the FM layer is usually grown on
top of a HM metal layer (e.g. Pt, Ta, W, etc.) or the way around a HM grown on top of a FM. The
strength of the SHE in a material is expressed by the spin Hall angle 85y that is the ratio between the
amplitudes of the transverse spin current ] and the longitudinal charge current J, 8sy = J¢/J. The
injected spin current transforms then into a torque exerted on the local magnetization of the FM layer.
The total spin polarization inside a HM has to remain zero. Therefore, the spin accumulation changes
sign between its upper and lower surfaces. That is why, if the FM is placed between two identical
HM layers with identical interfaces (identical scattering of spins, identical spin mixing conductance,
etc.), the net torque vanishes.

To conclude, the structural inversion asymmetry (SIA) in thin films is a general requirement
to have net SOTs acting on the magnetization, independently of their precise mechanism. Our
structures exhibiting SIA are based on a ferromagnetic thin films sandwiched between a heavy metal
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layer and an oxidized metal layer (HM/FM/MOXx) or sandwiched between different heavy metal
layers (HM1/FM/HM2). Examples of such structures are Pt/Co/AlOx, Ta/CoFeB/MgO,
Pt/CoFe/MgO, Pt/Co/Ta and Pt/Co/Pt.

Like the STTs, the SOTs are composed of two components that are perpendicular to each
other and to the magnetization M; the field-like torque Tf; and the damping-like torque Tp;. In the
following, the experimental proof of their existence and their various origins are discussed.

1.4.2.2. The field-like term of SOT

The field-like torque acts as if there were an external transverse magnetic field applied to
the structure. It is given by:

TFL =-ymX HFL (1.30)
Hp = tr(u, X J) (L.31)

The vector u, here is the unit vector normal to the structure defining the axis of the broken inversion
symmetry. The parameter 7, defines the magnitude and the orientation of the field-like torque. This
field is oriented in the plane and transverse to the current direction. In the literature, this field is often
referred to as the Rashba field despite the fact that its origin may be different from the Rashba
interaction.

[Miron et al. 2010] proposed an experimental proof of the field-like torque Tpy in
the trilayered structure Pt (3 nm)/Co (0.6 nm)/AlOx (2 nm). The experiment consisted on tailoring
the rate of nucleation of reversed magnetic domains in nanowires by short current pulses in
the presence of a transverse external magnetic field H,.,;. The measurements were carried out in an
array of 500 nm-wide wires (Figure 1.10.b). As seen above, the injection of an electric current is
supposed to produce an effective in-plane transverse field Hgy (Eq. 1.31) that is similar to a field
applied along the y-axis. The energy barrier for perpendicular magnetization reversal becomes then
asymmetric with respect to the polar angle 6 of the magnetization M as depicted in Figure 1.10.a.
The strength of the Hg; /Hy ratio (with gyHy the out-of-plane anisotropy field) lowers the energy
barrier in one direction and raises it in the opposite direction of H ;.

Initially, the nanowires have their magnetization saturated. Figure 1.10.b and .c are images of
the nanowires after the injection of the same current pulses for different conditions for Hgy,. In
the absence of H,,;, the reversal of the magnetization (dark contrast regions) occurs at almost half of
the nanowires due to Joule heating. In the presence of H,y,, the rate of the magnetization reversal
behaves asymmetrically. It increases for one direction as domain nucleation takes place in every
nanowire. For the opposite direction, the domain nucleation disappears. This behavior is in line with
the existence of a current-induced Hpj, as the Oersted field, with its fixed orientation and small value
estimated here to be about 1 mT, cannot account for it . In fact, as depicted in Figure 1.10.a, if H,,;
is parallel to Hpy, the energy barrier is even lowered and we expect more nucleation events. Inversely,
when H,,, is opposite to Hp, it is more difficult to nucleate as the two fields cancel and the energy
barrier is higher. While inversing the current direction (Figure 1.10.c), we get the same behavior by
reversing the direction of H,,,. This is a confirmation that this effect is related to the current flow as
expected from equation (I.31). The same experiment was performed in the symmetric structure of
Pt (3 nm)/Co (0.6 nm)/Pt (3 nm) and it did not show any asymmetric nucleation behavior with respect
to H,,, and to the current. This puts on evidence the general requirement of SIA as discussed above
to observe the spin-orbit torques. [Miron et al. 2010] estimated the effective transverse field Hgj, to
be about 1 tesla per ] = 1 1012 A.m™. This value is remarkably large especially in comparison with
other reports of field-like torque measurements in similar structures. It was largely overestimated due
to the measurement technique and to the role of Joule heating in the nucleation of domains.
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Figure 1.10 Perpendicular magnetization reversal in Pt/Co/AlOx wires in the presence of a current-induced field-like torque and an
external applied in-plane transverse magnetic field. (a) Energy barrier for switching of M in the direction perpendicular to the current
flow. The energy is plotted as a function of the polar angle 0 (the angle between M and the anisotropy easy axis parallel to z) with a
current flowing along the wire axis parallel to x. The current generates an effective magnetic field Hgy that gives an asymmetry in the
barrier height. As the ratio Hgy /Hy increases, where Hy is the anisotropy field, the energy barrier for nucleating a reversed domain
decreases. (b)-(c) Differential Kerr microscopy images in an array of 500-nm-wide patterned wires. The black contrast represents the
nucleated domains after current pulse injection. The same positive (b) and negative (c) current with or without an external transverse
field H gyt Hoye increases (suppresses) the nucleation of the reversed domains when it adds to (subtracts from) Hpgy. These
observations evidence the dependence of Hgy, on the sign of the current. A figure extracted and adapted from [Miron et al. 2010].

[Miron et al. 2010] attributed this effect solely to the Rashba interaction from which
the effective magnetic field Hj, is referred to as the Rashba effective field Hg and as proposed in
[Manchon & Zhang 2008], it writes:

H. = Hy = —"R% (4 x 1.32
FL R = oupMs (u, xJ) (1.32)
with ag the Rashba parameter. ap is a spin-orbit coupling dependent parameter that can be further
enhanced by oxidation [Krupin et al. 2005] or by engineering the suitable alloys [Ast et al. 2007].
Tuning a large Rashba effect emerged then as a possible route to induce an efficient switching of
magnetization with a reduced current density thanks to a possible substantial field-like torque
combined with STT.

Apart from the Rashba effect, it has been also theoretically predicted that the SHE can be one
additional origin of the field-like torque in SIA materials [Haney et al. 2013]. The ab initio
calculations performed by [Frank Freimuth et al. 2014] suggest that a SHE contribution has to be
taken into account to be able to reproduce some of the experimental results concerning the strength
of the field-like torque. In fact, some recent experimental investigations reported an increase of the
field-like torque with the thickness of the ferromagnet up to the transverse spin diffusion length and
a decrease beyond [L.o Conte et al. 2017]. Moreover, [Ou et al. 2016] claim a strong dependence of
the field-like torque on the scattering of the spin accumulation generated in the HM on the FM/Oxide
interface. Other experimental studies claimed a sizeable field-like component even by inserting a
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spacer between the HM and the FM [Fan et al. 2013; Pai et al. 2014].These are signatures of a bulk
effect coming from the SHE in the adjacent HM layer.

Following the work of [Miron et al. 2010], numerous experiments by several groups
confirmed the measurement of the field-like term, either in a similar system Pt/Co/AlOx but using a
different technique based on the anomalous Hall effect [Pi et al. 2010] or in other structures like the
Ta/CoFeB/MgO [Suzuki et al. 2011; Kim et al. 2012]. [Garello et al. 2013] proposed to measure the
effective fields from SOTs through the second harmonic analysis of planar and anomalous Hall
effects. They corrected then the previous estimate by [Miron et al. 2010] to about 4 mT per
J =110 A.m (the ratio is limited to small currents as at higher current densities the scaling is no
more linear due to Joule heating). However, other measurements performed for these same structures
or similar ones like Pt/Co/GdOx did not yield any significant field-like torque [Emori et al. 2012].
This discrepancy might be partly due to the different measurement methods and to the different
preparation procedures of samples.

1.4.2.3. The damping-like term of SOT

In addition to the field-like torque, another component has been proposed in SIA materials
and it is given by:

TDL = -—-ym X HDL (1.33)
HDL = —Tp,-Mm X (uz X]) (1.34)

with 7p; a parameter giving the magnitude and the direction of the effective field Hpy.
This spin-orbit torque is often called the “Slonzewski-like” torque in analogy to the spin transfer
torque formulated by [Slonczewski 1996] for spin valves magnetic multilayers, or the “anti-damping”
torque following the same analogy. Hereafter, we will always refer to Tp; as the damping-like torque.

A year after the proposal of the field-like torque, [Miron, Garello, et al. 2011] proposed
the existence of the damping-like torque by studying the current-induced magnetization switching,
assisted by an external in-plane field, in a 500x500 nm square-dot of Co/AlOx sitting on a Pt Hall
cross (Figure I.11.a). The magnetic switching of the dot was evidenced by measuring the anomalous
Hall resistance (that represents the M, component) as a function of the applied current density J along
with the application of a static in-plane field H,. The injection of a positive (respect. negative) current
results in the switching of the magnetization from up to down (respect. down to up) for a positive H,,
and down to up (respect. up to down) for a negative H,. As illustrated in Figure 1.11.b, by tilting M
slightly along the x-axis, the current induces an effective field Hp; with a negative out-of-plane
component that enables the switching of M to the down state. The sign of the out-of-plane Hp;
component depends on the direction of the current and on M, (defined by the direction of H,). It
stabilizes then the up state when current and in-plane field are along opposite directions
(J <0, H, > 0in Figure I.11.c and > 0 , H, < 0 in Figure I.11.d. The authors concluded that the
current flowing in the plane of the structure induces a torque. This torques enables the switching. It
is the damping-like term of SOT. Unlike the field-like torque, its effective field depends on the
orientation of the magnetization.

24



1.4. Current-induced DW motion (CIDWM)

b d Hp,,
@ (0 © (@ .
e L : =7 : —E o
\"AIOX H, Hpp % ° M.
| — Co % H ,” X 4"
g x _TM L@
Rt ‘“j g # 2 Hpyg
J
j>0,H,>0 j<0H,>0 j>0,H, <0

Figure 1.11 Description of the magnetization switching by the damping-like torque. (a) Schematic of the Co/AlOx square dot on top of
a Pt Hall cross. The black and white arrows indicate the two states of the out-of-plane anisotropy of the magnetization M, up and down
respectively. (b)-(d) dependence of switching on the applied field direction. The bias field H, tilts M yielding a non-zero x-component
M,. The injected current J generates two effective fields: Hgy and Hpy~Hpgp X My. The z-component of the effective damping-like
field Hpy, acts on the tilted M as an easy-axis field. For the case (b), ] > 0,H, > 0, Hp switches M from up to down. For the other
two cases, (¢) ] <0,Hy, >0 and (d) ] > 0,H, <0, Hp, stabilizes M in the up state. A figure extracted and adapted from
[Miron, Garello, et al. 2011].

Initially, [Miron, Garello, et al. 2011] proposed a contribution from the Rashba effect as
the origin of the damping-like torque since the SHE alone appeared too small to account for the
amplitude of the effective field Hp,. In analogy with reported observations in semi-conductors
[Kato et al. 2004], the interplay between the Rashba effective field and the conduction electron spin-
dependent mobility at interfaces can lead to an out-of-plane spin orientation at the interface. This out-
of-plane spin component can eventually induce the observed torque on M.
[Miron, Garello, et al., 2011] found also that the switching efficiency increases with the oxidation of
the upper Al layer suggesting a key role of the Rashba interaction. Right after, theoretical works
demonstrated that the Rashba effect alone has two different contributions; field-like and damping-
like terms [Wang & Manchon 2012; K.-W. Kim et al. 2012]. Later, in a comparable structure of
Pt/Co/AlOKx, [L. Liu, Lee, et al. 2012] concluded that the SHE is responsible of the emergence of Tp,
rather than the Rashba interaction. They were able to account for the current-induced magnetization
switching by considering a large spin Hall angle for Pt (g = 0.076) measured in one of their
previous works [Liu et al. 2011]. The same authors report also similar current-induced magnetization
switching for other different HM adjacent layers; Ta [L.. Liu, Pai, et al. 2012] and W [Pai et al. 2012]
in order to confirm the key role of the SHE. Mainly after that, it has been widely accepted that the
SHE is the primary origin of the damping-like torque. In this context, the parameter 7p; is often
described as:

hOsu

TpL = m (1.35)
We note that Eq I1.35 does not take into account the possible effects of spin mixing phenomena at the
interface. The strength of the damping-like torque scales with the spin Hall angle of the adjacent HM
layers. Consequently, a large number of experimental works has focused on enhancing the damping-
like torque through the optimization of gy in the stacks for a more efficient manipulation of the
magnetization. This can be done for example by modifying the HM layer, either by its thickness, its
crystal phase or oxidizing/doping the material [Hao et al. 2015; Demasius et al. 2016; Yu et al. 2016;
Ramaswamy et al. 2016]. An alternative way is to sandwich the FM between two different HMs with
opposite spin Hall angles [Woo et al. 2014; Yu et al. 2016; Guan et al. 2017;
J.-S. Kim, Yune-Seok Nam, Kim, Park, Min-Ho Park & Choe 2018]. Both induced damping-like
torques from the bottom and top layers will then add up inside the FM layer.

To conclude, several experimental and theoretical works have established the existence of net
torques coming from the SOC in ultrathin multilayers with SIA. A huge debate is still in place
concerning their exact physical mechanism due to the large discrepancy and controversy in reported
results. Both Rashba effect and SHE through spin orientation and spin accumulation can give the two
terms of SOTs. Nevertheless, a wide assumed picture is that the SHE creates |Tpy| > |Tr,| whereas
the Rashba effect gives the opposite situation [Haney et al. 2013]. The exact separation of these two
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contributions by experimental methods is not straightforward. As they share the same SOC origin,
changing any material parameter can cause modifications in both effects. Their exact roles are still
under debate and there are considerable ongoing efforts in the worldwide community concerning this
matter. Instead, the main objective of my thesis is to understand better the action of SOTs in the
mechanism of DWs motion in SIA materials with PMA.

1.4.2.4. Displacement of DWs by SOT's

Remarkable experimental observations of DW motion have been reported in SIA materials.
The pioneering work of [Moore et al. 2008] showed fast current-induced dynamics with a DW
velocity at ~ 100 m.s! opposite to the electron flow in nano-stripes of Pt (3 nm)/Co (0.6 nm)/AlOx
(2 nm). A follow-up study in the same system by the same group indicated even higher velocities up
to 400 m.s™! and considered for the first time a possible role of SOTs to account for this anomalous
DW motion [Miron, Moore, et al. 201 1]. This efficient DW motion in SIA materials was also reported
later in Co/Ni nanowires based SIA materials [Ryu et al. 2012; Koyama et al. 2013].

Initially, [Miron, Moore, et al. 2011] attributed the large velocities of motion to
the stabilization of the DW structure by the action of the field-like torque. For current densities of
the order of 10'?> A.m™, the DW is expected to propagate in the precessional regime of motion when
considering only STT action in the 500 nm wide, 10 gm long stripes of Pt/Co/AlOx. This oscillatory
regime, even in the limit case of full spin polarization (P = 1), cannot yield velocities as high as
400 m.s!. Therefore, only an STT steady-state regime can explain such fast motion. This suggests
a large non-adiabatic efficiency B since the DW velocity is proportional to §/a in this regime.
The field-like torque through its effective magnetic field allows to extend the steady-state regime to
large current densities thus obtaining a high velocity of motion. Actually, the Rashba field or Hgy, is
transverse to the stripes (Eq. I.31). It acts then along the magnetization of Bloch wall in the structure.
The DW structure is then more stable against precession from the current non-adiabatic torque T y4.
A combination of large Hp, and large [ can account for the large velocity in Pt/Co/AlOx.

This proposal should be completed to account for the unexpected direction of motion of DWs.
STT predicts a motion along the electron flow, opposite to observations in Pt/Co/AlOx. A negative
Ty 4 is necessary to account for the DW motion against the electron flow. This can arise from two
possibilities; either the spin polarization is negative P < 0 or the non-adiabatic coefficient f < 0.
However, there is no experimental evidence of P < 0 or f < 0 in Pt/Co/AlOx. A negative spin
polarization at the Pt/Co interfaces has already been considered as possible [Sipr et al. 2008;
Lee et al. 2010] and a negative f also predicted [Garate et al. 2009]. Recently, an experimental study
proposed that P < 0 holds in a Pt/Co/Pt structure [Je et al. 2017] where the thickness of the Co layer
is very thin (tgy < 0.4 nm).

We have already mentioned that the STT action is vanishing in thin materials. Even
the enhanced non-adiabatic torque allegedly attributed to SIA by [Miron et al. 2009] is put into
question. In Pt/Co/AlOx, it was estimated that f ~ 1 whereas f < 0.02 was extracted in symmetric
Pt/Co/Pt structure through DW depinning measurements in a double Hall cross. In such experiment,
the DW is subject to a simultaneous action from a current and a magnetic field and its displacement
is detected by anomalous Hall measurement. The action of T g4, as it is equivalent to an easy-axis
magnetic field, has been then extracted. However, these measurements were prior to the discovery of
the damping-like torque. Therefore, a large § induced by SIA is not anymore conclusive. Moreover,
the DW motion was observed along the electron flow in other SIA materials such as Ta/CoFeB/MgO
[Fukami et al. 2011; Emori et al. 2013]. In general, the ratio of field-like torque to damping-like
torque is smaller than 1 in Pt/FM based multilayers [Pai et al., 2015]. These distinct results suggest
reconsidering the proposal of a strong field-like torque with a large Ty, by taking into account the
action of the damping-like torque on DWs.
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1.4. Current-induced DW motion (CIDWM)

The magnitude of the damping-like term of SOTs depends on the orientation of the DW core
magnetization mpy,. The damping-like torque Tp; cannot drive a DW that has a pure Bloch
configuration as expected in ultrathin FM layers with PMA. For a Bloch wall, mpy, is orthogonal to
both u, and J. Thus, according to Eq. 1.34, the resulting Tp; is null (Figure 1.12.a). To be able to
induce a sizeable effect of Tp;, the internal structure of the Bloch wall has to be modified. A
longitudinal in-plane field H, changes the structure of a Bloch wall to the Néel configuration. In the
latter configuration, the magnitude of Tp; is maximum. [Haazen et al., 2013] presented a study of
current-induced DW depinning in Pt/Co/Pt stripes in the presence of a bias in-plane magnetic field.
An in-plane field indeed forces the DW to adopt the Néel structure. Two adjacent DWs (DWuy.p and
DWp.y) will have their moments mpy, pointing in the same direction. The effective damping-like
field Hp; will point in the same direction on both of the DWs. Consequently, DW's move opposite to
each other. The domain expands or shrinks depending on the orientation of H, (Figure I.12.b and
.c). We note that both Pt layers in this structure act as a source for SHE. They inject oppositely
oriented spin currents in the Co layer. For a symmetric Pt/Co/Pt, no depinning of DWs was reported
as spin Hall currents from the two Pt layers cancel each other. For the asymmetric structure by
choosing unequal Pt thicknesses, a net injected spin current is possible and DW depinning was
obtained. This DW depinning changes directions under the same H, while inversing
the asymmetry between Pt layers following the symmetry of a net SHE.

(a) H.=0mT IO’ TO’
Mpy

Y &

| ] H;,; =0
: (b) (c)

2 L le
& n &
&® &
-Hy,, -Hyp,, +Hpy, +Hypy,

Figure 1.12 The action of the damping-like torque Tp; on different DW configurations. Schematics are based on results reported in
[Haazen et al. 2013]. The green arrows represent the orientation of mpy, inside each DW. The injected spin current has a polarization
vector a depicted by the purple arrows and it corresponds to a bottom HM layer with Osy > 0 where the injected current is positive.
The orientation of the effective magnetic field Hp, follows X mpy,. The orange arrows represent the direction of DW motion induced
by Hpp. (a) No DW motion for Bloch DWs. The action of Tpy on Néel walls imposed by an external in-plane field H ,, positive in (b)
and negative in (c). The orientation of Hp is the same for successive DWs yielding opposite directions of motion. The up magnetic
domain shrinks (expands) under current in (b) ((c)).

Several other experimental observations of DW depinning and motion are also a clear
evidence of the action of Tp;. [Bhowmik et al., 2015; Schulz et al., 2015] reported a current-induced
depinning and motion for a DW sitting longitudinal to the current flow in Ta/CoFeB/MgO structures.
The application of H,, in this case, fixes a Bloch DW structure. mpy, is then either parallel or
antiparallel to current. For this particular geometry, the current exerts a zero net STT on the DW.
This is because there is no gradient of local spins along the path of the current. Therefore,
the observation of the orthogonal motion of DW's with respect to the current flow is solely attributed
to the action of Hp;. Reversing the polarity of either the current J or H, reverses the direction of
the DW motion. This is consistent with the symmetry of the damping-like torque. The efficiency of
the DW depinning depends also on the relative angle of H, with respect to J. The efficiency is
maximum when both of them are parallel. Said in other words, the DW has to be in Néel configuration
to obtain an efficient current-driven motion in SIA materials. However, experimentally, both DWu.p
and DWp_y always move in the same direction without the need of any external longitudinal field in
asymmetric magnetic multilayers. The adjacent Néel walls has to alternate direction, i.e. have
a uniform chirality in the thin layer. There should be another physical mechanism in the SIA system
to stabilize such a non-trivial DW structure. It is the interfacial “Dzyaloshinskii-Moriya interaction”.
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I.5. Chiral DWs motion in STA materials

[Thiaville et al. 2012] were the first to propose a new mechanism combining the damping-like
torque Tp; and the Dzyaloshinskii-Moriya interaction (DMI). This mechanism accounts for
the direction of the DW motion as well as for the large DW velocities. This mechanism stresses
the importance of chirality of DWs in their dynamics. We will then explain the mechanism of
the combined action of DMI and Tp; on chiral DW motion in the following sections. We will also
introduce DW chirality-induced effects that alters the propagation of DWs. Among these effects,
we will consider the recently proposed mechanism of Chiral Damping [Jué et al. 2015].

1.5.1. Dzyaloshinskii-Moriya Interaction (DMI)

The DMI arises from the combination of SOC and low symmetry that gives a non-vanishing
crystal field as it was proposed historically by [I.E.Dzialoshinskii, 1957]. Typically, the crystal
structure of bulk metals lacks this asymmetry. [Moriya, 1960] introduced later a microscopic model
to calculate DMI in magnetic systems. When the dimensionality of a system is decreased, it can
exhibit a lack of inversion symmetry. [Fert, 1990] extended then DMI to thin films due to a symmetry
reduction at interfaces; it is an interfacial DMI.

( Large SOC

Figure 1.13 Dzyaloshinskii-Moriya interaction in thin films. A representation of the DMI at the interface between a ferromagnet (in
grey) and a bottom heavy metal layer with a large SOC (in blue). A figure extracted from [Fert et al. 2013].

DMI is an anti-symmetric exchange interaction between neighboring spins at atomic sites i
and j of a ferromagnet that is mediated by an adjacent heavy metal atom (Figure I.13). It scales with
the HM spin-orbit coupling. A simple picture of the action of a non-compensated crystal field at
the interface on the itinerant electrons can illustrate the DMI action on adjacent magnetic moments.
These electrons ensure the hybridization between adjacent atoms i and j. It can be simply assumed
that they keep virtually travelling from one atom to the other with an electron from the atom i always
moving opposite to an electron from the atom j. The spin of the former (respect. latter) electron is
initially oriented along §; (respect. S;) the local spin of the atom i (respect. the atom j). This is how
simply we can picture the ferromagnetic exchange coupling between adjacent magnetic moments in
a ferromagnetic material. However, each electron feels, in its own frame, an effective magnetic field
due to the non-compensated electric field provided by the adjacent HM atom. Their spins precess
opposite to each other. As with the s-d exchange interaction, the local spins of the atoms tend to align
parallel along the electron spins, a finite angle takes place between S; and S;. The DMI Hamiltonian

Hpm between spins §; and §; can be written as:
}[DM = _Dl] ) (Sl X S]) (1.36)

with D;; the DMI vector. For the interfacial DMI, this vector is usually within the film plane and
points normal to 7y, the position vector connecting the atom i to the atom j

[Crépieux and Lacroix, 1998]. Thus, unlike the exchange interaction, DMI favors neighboring spins
to align orthogonal to each other inducing non-collinear spin texture when there is no preferential
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unique orientation for spins (cycloidal spin spiral). This can occur inside a DW since the spin rotates
from a one direction to the other [Thiaville et al. 2012]. When DMI is strong enough, some exotic
magnetic textures like skyrmions can be stabilized in a uniform state. It can even destroy the uniform
state of a FM and induce a helical spin spiral phase [Hervé et al. 2018; Bode et al. 2007;
Ferriani et al. 2008].

In thin magnetic films where the nominal thickness is negligible in comparison with the width
and the length of the sample, the DMI energy density is given by [Thiaville et al. 2012]:

€py; = D[m,V.m — (m.V)m,] (1.37)

I.5.2. Chiral Néel DWs induced by DMI

In PMA materials, the DMI can induce chiral DW structure. The definition of the chirality for
magnetization textures relies on the adopted rotational direction between adjacent magnetic moments.
Depending on the relative sign of the DMI constant D, we get two opposite directions of rotation
hence two opposite chiralities. Conventionally, a right-handed (respect. left-handed) chirality
corresponds to spins rotating clockwise (respect. anti-clockwise). Based on Eq. 1.37, a negative
(respect. positive) D fixes a right-handed (respect. left-handed) chirality. Note here that the definition
of the DMI constant D sign is ambiguous in literature as several groups employ the opposite
convention [Belmeguenai et al., 2015; Gross et al., 2016; Karnad et al., 2018] while others adopt the
same convention that we use [Heide, Bihlmayer and Bligel, 2008; Gong Chen et al., 2013;
Hrabec et al., 2014; Yang et al., 2015]. The DMI favors then a tilt between two adjacent magnetic
moments at the expense of the uniaxial anisotropy and the magnetic exchange. Therefore, unless it is
strong, DMI affects mainly the DW where the magnetization M already deviates from the easy-axis.
Inside a DW, the DMI competes with the dipolar interaction. In PMA materials, the favored structure
for DWs is the Bloch structure. The magnetostatic ‘shape’ anisotropy effective field Hg (cf. Eq. 1.11
in section 1.2.2), oriented along the y-axis (cf. Figure 1.2), favors a Bloch structure. Inside a DW, the
DMl vector Dj; lies in the plane along the y-axis. According to Eq. 1.36, DMI will force then the DW
to adopt a Néel structure. This can be modeled by an effective local magnetic field H pp;; normal to
the wall (oriented along the x-axis) and defined as [Thiaville et al. 2012]:

m|D|

Hpmr = By (1.38)
with A the DW width and M the saturation magnetization. In the presence of DMI, the structure of
the DW results from the competition between these two local effective fields. Above a critical value
D, = 4AK /m [Thiaville et al., 2012], Hppyy stabilizes Néel DWs with a unique direction of rotation
in the FM layer. We speak then of homochiral Néel DWs where the DW core magnetizations of
adjacent DWs are pointing opposite to each other. When a large enough external in-plane field H, is
applied, the DW core magnetization can point in the same direction for both DWs. They have then
opposite chiralities. This difference in the chirality can reveal asymmetric behaviors between DWs.
We refer to them as chiral phenomena in magnetic DWs.

anti-clockwise anti-clockwise clockwise clockwise anti-clockwise clockwise
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Figure 1.14 Schematic diagrams of homochiral Néel walls, (a) left-handed and (b) right-handed, and Néel walls with opposite
chiralities in (¢). The DMI imposes a unique rotational direction of magnetization inside the two DWs. It is either an anti-clockwise
rotation giving the left-handed chirality or a clockwise rotation for a right-handed chirality. (c) The application of an external in-plane
field Hy breaks the symmetry and successive DWs have opposite chiralities.
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The DMI gives then an additional degree of freedom in spin configurations that is the magnetic
chirality. This enriches the possibilities of stable DWs configurations in PMA thin films; achiral
Bloch walls, homochiral Néel walls or even mixed walls in between (when |D| < D,). For a stabilized
Néel wall, the energy density gpy, decreases in comparison to the energy of a Bloch wall g, and it
can be expressed, for large values of D (|D| > D), as [Heide et al. 2008]:

opw = 09 — 7| D| (1.39)

The DW energy vanishes then at certain value of D beyond which the uniaxial anisotropy of
the system becomes weak against DMI. The magnetization is no longer uniform and the ground state
of the system is a cycloid state [Rohart and Thiaville, 2013]. Moreover, a strong DMI can have an
effect on the DW width A7 according to the Thiele definition [Nakatani et al. 2005]:

2 _ 1 f(a_m)zdsr (140)

At trMw ox

The assumption of Az~ A= /A,y /K5 is valid for small values of D. However, at larger values and

under certain conditions A} varies a lot. The variation of A; has to be then considered in the DW
dynamics. In parallel with the proposal of its existence and its crucial role in DW motion, numerous
experimental studies have focused on obtaining direct evidence of interfacial DMI.

1.5.3. Direct evidence of Chiral Néel walls in SIA materials

The first experimental evidence of interfacial DMI was reported in a single atomic layer of
Mn grown on top of a single crystal of W(110) [Bode et al., 2007]. Left-handed cycloidal spin spirals
were observed at low temperature using Spin-Polarized Scanning Tunneling Microscopy
(SP-STM). Concerning DWs, chiral Néel configurations have been reported by several imaging
techniques in SIA materials. [Chen et al. 2013] observed Néel walls, at room temperature, in
perpendicularly Ni/Fe bilayers grown epitaxially on top of Cu(001) substrate, using Spin-Polarized
Low Energy Microscopy (SPLEEM) (Figure 1.15.a-e). They evidenced the role of DMI in stabilizing
such DWs. While changing the order of film growth, the authors obtained an inversion of chirality;
from right-handed in Ni/Fe to left-handed in Fe/Ni. Due to the nature of DMI, flipping interfaces
reverses the sign of the DMI and thus the chirality of DWs. In addition, a transition from chiral Néel
DWs to achiral Bloch DWs takes place when increasing the thickness of Ni while keeping the Fe
layer very thin. Both of these observations confirm the interfacial nature of DMI and its role in forcing
homochiral Néel walls in PMA thin films. However, these reports are either at low temperature or for
epitaxial ultrathin films.
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Figure 1.15 Experimental evidence of interfacial DMI in thin films. (a)-(c) SPLEEM images of Cu(001)/2 ML Ni/2.5 ML Fe. These
images map the magnetization components: (a) My, (b) My and (c) M,,. The strong contrast in (a) (bright and dark) indicates PMA in
the structure. Magnetic contrast is only obtained at DWs in (b) and is very weak in (c). M,, is then vanishingly small in the structure
and DWs have therefore a Néel structure. Successive DWs in (b) give different contrast thus DWs are homochiral. (d) and (e) are
constructed images from the SPLEEM measurements respectively for Cu(001)/2 ML Ni/2.5 Fe and Cu(001)/10 ML Ni/1.3 ML Fe (ML
stands for an atomic monolayer). White arrows emphasize the in-plane orientation of the DW core magnetization. (d) highlights the
right-handed chiral Néel walls in Cu(001)/2 ML Ni/2.5 ML Fe. In (e)) DWs are Bloch walls with no preferential orientation
demonstrating the vanishing of DMI when Ni gets thicker. Figures are extracted and adapted from [G. Chen et al. 2013].

For more standard samples that are deposited by sputtering and that are have more compatible
with an industrial integration, the debate whether an interfacial DMI is sufficient or not to impose
chiral spin textures remained open until some imaging techniques have started to be available.
[Tetienne et al., 2014, 2015; Gross et al., 2016] used a scanning magnetometry with nitrogen-vacancy
defects in a diamond tip to probe the magnetic structure through a local measurement of the stray
field distribution from the sample surface and above a DW. These investigations evidenced left-
handed Néel walls in Pt/Co, right-handed Néel walls in W/CoFeB and Bloch walls in Ta/CoFeB
based-structures. Later, chiral Néel walls were, as well, observed at room temperature in the
Pt (3 nm)/Co (1 nm)/MgO structure grown by DC magnetron sputtering. The used imaging technique
is Photoemission Electron Microscopy combined with X-ray Magnetic Circular Dichroism (XMCD-
PEEEM) [Boulle et al., 2016]. By properly choosing the gazing angle at which the X-ray beam
impinges on the sample surface plane, this technique gives a direct imaging of the in-plane orientation
of spins. The dichroic contrast becomes sensitive to a possible DW magnetization aligned with the
X-ray beam. The peak and dip in the contrast observed while crossing adjacent DWs confirm the
stabilization of left-chiral Néel walls thanks to a strong DMI parameter of |D| = 2.05 + 0.3 mJ.m™
(Figure 1.16.a-b).
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Figure 1.16 Evidence of chiral Néel DWs using X-ray Magnetic circular Dichroism (XMCD-PEEM). (a) Image of a multidomain state
in a thin film of Pt/Co/MgO. Adjacent DWs perpendicular to the X-ray beam (white dotted line) have thin white and black lines which
correspond to a magnetization being parallel and antiparallel to the beam. This is an evidence of a left-handed Néel wall highlighted
by the linescan, in (b), of the magnetic contrast along the dotted white line. Figures are extracted from [Boulle et al., 2016].
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These findings are in line with a DMI lying at interfaces in SIA materials. Several theoretical
approaches tried then to get an understanding of the origin, sign and magnitude of the DMI in thin
films. [Kim et al., 2013] have already suggested that DMI and the Rashba effect share a common
interfacial origin. [Kashid et al., 2014] proposed that the sign and strength of DMI are determined by
the bonding between d orbitals of the magnetic (3d for Fe, Co) and nonmagnetic elements (54 for Pt,
Ir and Au), the bandwidth and the energy difference between occupied and unoccupied states of
different spin projections. This study relied on tight-binding model and ab initio calculations. One
year after, [Yang et al., 2015] found, using first-principles calculations for Pt/Co bilayers, that the
dominant contribution of DMI comes from Co spins of the interfacial Co layer. The contribution
decreases drastically as the Co layer is located further away from the interface and it is mainly
associated with the SOC of the adjacent Pt layer at the interface. Moreover, they didn’t get
a correlation between the DMI and the proximity-induced magnetism in Pt as it was proposed to be
a dominating factor of DMI in [Ryu et al., 2014]. Afterwards, [Belabbes et al., 2016] performed
a systematic study of 5d HM/3d FM interfaces via relativistic first-principles. The investigated 5d
HMs were W, Re, Os, Ir, Pt and Au and the 3d FMs were V, Cr, Mn, Fe, Co and Ni. They obtained,
for most of the considered HMs, that the ratio of DMI energy divided by the square of the spin
magnetic moment has a monotonic variation; increasing from V to Mn and decreasing from Mn to
Ni. This is similar to the dependence of the magnetic moment per atom with the 34 transition metal
ferromagnet. The interfacial DMI has then a tendency that follows the Hund’s first rule. The authors
attribute this tendency to the 3d orbital occupations and their spin-flip mixing process with the 5d
states. Several experimental studies reported as well the decrease of the strength of DMI while
increasing the thickness of the FM for various examples of elements and stacks [Cho et al., 2015;
Kimetal., 2015; Lo Conte et al., 2017] confirming the interfacial origin of DML

All of these efforts help to further understand the mechanism of DMI. This is highly important
in order to have guiding principles towards the optimization of DMI strength and sign by properly
choosing the materials and the structure. In fact, the DMI is essential to have a unidirectional motion
of DWs by SOTs in PMA materials which resulted in the regain of interest on DW motion
investigation these recent years.

I.5.4. DW motion in the presence of DMI

1.5.4.1. The effect of DMI on FIDWM

In FIDWM, the DMI effective field Hpy stabilizes the DW against precession pushing the
Walker field Hy, to a larger amplitude of H, [Thiaville et al. 2012]. It is then possible to attain larger
velocities compared to structures with inversion symmetry where the difference in energy between
Bloch and Néel wall configurations is small thus reaching the Walker breakdown at smaller values
for H,. Indeed, for a symmetric-like structure such as Pt (4.5 nm)/Co (0.6 nm)/Pt (3.5 nm),
[Metaxas et al., 2007] estimated the Walker breakdown to be about Hy, = 12.5 mT whereas in
Pt (4 nm)/Co (0.8 nm)/AlOx (3 nm), with large SIA, [Pham et al., 2016] found experimentally
Hy, = 120 mT. Beyond the Walker field, the DW velocity exhibits a saturation plateau (Figure 1.17).
[Yamada & Nakatani 2015] attributed this behavior to the emergence of multiple magnetic objects
called vertical Bloch lines across the DW in the presence of strong DMI. Between two of these
magnetic objects, the DW magnetic moment has an equilibrium azimuthal angle ¢ and does not
precess as expected. Thus, the averaged azimuthal angle for the DW remains constant near the value
reached at the Walker field. In addition, vertical Bloch lines nucleate, propagate and annihilate in
pairs continuously so the process is always accompanied by an emission of spin waves. The
combination of these effects suppresses the Walker breakdown and gives a constant average speed of
the DW. This trend is absent in the case of a weak DMI for which we retrieve the drastic reduction
in DW velocity after the Walker breakdown [Yoshimura et al. 2016].
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In the case of a large DMI (|D| > 0.14pyMZtgy,) [Thiaville et al., 2012] approximated Hy,
and the DW velocity vy, at Hy, to:

Hy ~ et (L41)
50 that vy & Yo Tk (1.42)
S

Consequently, the measurement of the saturation velocity in the flow regime of motion for SIA
materials with large DMI can be an easy and fast way to estimate the strength |D| of DML
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Figure 1.17 DW velocity vpy vs out-of-plane field in materials with different DMI. (a) Pt (4)/Co (1)/Pt (4) and
(b) Pt (4)/Co (0.8)/AlOx (3) (thicknesses in nm). The thin lines in both plots emphasize the slope of the corresponding linear variation
in the flow regime of motion, precessional and steady-state for (a) and (b), respectively. In (a), the exponential variation corresponds
to the creep regime that hides the Walker breakdown. Thanks to DMI, the extended steady-state motion allows much larger velocities
in Pt/Co/AlOx than in Pt/Co/Pt. The limit of the linear increase in Pt/Co/AlOx is followed by a plateau of a constant velocity. Extracted
Jfrom [Pham et al. 2016].

1.5.4.2. The DMI + SOT mechanism for CIDWM

Nowadays, there is a consensus in nanomagnetism and spintronic communities that uses the
DMI + SOT mechanism to interpret CIDWM in PMA thin films with SIA. The two key components
of this mechanism are the interfacial DMI that stabilizes homochiral Néel walls and the damping-like
torque, induced by the SHE in the adjacent HM layer, which drives DWs in a unidirectional fashion.
Thanks to the uniform chirality, promoted by DMI, two consecutive DWs have their internal magnetic
moments opposite to each other. Hp; alternates from a DW to the other so they move in the same
direction. The DMI + SOT mechanism defines the direction of motion of DWs depending on the sign
of two parameters; the DMI constant D and the spin Hall angle 65y of the HM layer. Note that we
consider here a dominant SHE from a bottom HM layer. The two parameters D and 6gy give four
possible combinations for a fixed current direction. Considering a positive current J = +|]|u,,
Osy > 0 gives a spin polarization o = u, X u, along the +y-direction and according to Eq. 1.34
results in Hp; pointing up for a DWy.p and pointing down for a DWp.uy if the chirality is left-handed
D > 0. The DWs move therefore along the current direction. Similarly, the combination of Ogy < 0
and D < 0 results in a motion along the direction of the current. In contrast, when these two
parameters have opposite signs, the DWs move against the current direction (along the electron flow).
All of these combinations are depicted in Figure 1.18. We see then that the DMI + SOT mechanism
solves the puzzling issue raised by DWs moving along the current direction, [Miron, Moore, et al.
2011; Ryu et al. 2013]. It reconciles also with the case of DWs that, in spite of moving along the
electron flow, do not follow the characteristics of the STT mechanism of motion as in Ta/CoFe/MgO
[Emori et al. 2013].
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Figure 1.18 DW direction of motion based on the DMI and SOT mechanism. The orientation of Hp defines the direction of the DW
motion. We consider a positive current for all for combination. The sign of D fixes the chirality of DWs illustrated by the orientation
of mpyw (green arrows). A positive (negative) spin Hall angle Ogy vields a positive (negative) spin polarization vector @ (purple
arrows) injected from a bottom HM layer. The signs of D and Ogy dictate the motion (orange arrows): it is along the charge current
for(a) D > 0 gy > 0and (d) < 0 Oy < 0 and against the current for (b) D < 0 85y > 0 and (c) > 0 65y < 0.

Under injection of a uniform current distribution along the x-axis, the dynamics of the
magnetization M is described by the augmented LLG equation:

am am
Frin —ymxHeff+ame—(u-V)m—ﬁm>< [—(u-V)m]

—ym X HFL —ymX HDL (1.43)

Here, the effective field Hzz, apart from the standard contributions, includes the local DMI effective
field Hppy. The third and fourth terms on the right side of the LLG equation represent the STT
contributions. The fifth term corresponds to the action of the field-like torque. Within the framework
of the SOT+DMI mechanism, we restrict ourselves to the damping-like torque action (the sixth term)
in concert with the Gilbert damping action (the second term). In fact, the STT and the field-like
contributions are negligible compared to the damping-like torque action. In what follows, we describe
only a left-handed Néel DWuy.p subjected to a Tp; from a bottom HM layer with 855 > 0. The
descriptions of any other type of a Néel DW is straightforward by symmetry arguments. To describe
the DMI + SOT mechanism, we use the simplified picture depicted in Figure 1.19 below.
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Figure 1.19 Mechanism of the CIDWM based on the SOT + DMI mechanism. Schematic diagram of the different torques acting on the
DW core magnetization mpy. The dashed green arrow corresponds to the initial configuration of the left-handed DWu.p. T p, rotates
mpy in the plane creating the torque from DMI, T ppyy. Tpmr pulls the mpy out of plane which results in a DW motion along the
current direction.

The effective damping-like field Hp; acts on the DW internal magnetic moment mpy, by rotating it
in the plane. As this rotation deviates mpy, from its initial equilibrium configuration, the action of
the torque Tpyy = —yMpy X Hppyy is no longer zero and cants mpy, out of the plane. The in-plane

torque associated with the damping, |T|a|,| = lampy X Tpuil ~ aTpy;, opposes Tpp whereas its
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normal component T3 = ampy X Tp, adds up to Ty (TE not shown for clarity). This induces
the motion of the DWy.p along the charge current flow. In the DMI + SOT mechanism (also referred
to as DMI + Tp; in the rest of this manuscript), the velocity of motion is given then by both T pp;
and TDL'

In the DMI+ Tp; mechanism, there is no Walker breakdown unlike STT-driven DWs. The
DW velocity vy, exhibits two regimes (Figure 1.20). Firstly, at low current, vy, increases linearly
with J. In this regime, the DW core magnetization mpy has in general both x-component m, (the
component along the current direction also referred as my) and y-component m, (the in-plane
component orthogonal to the current flow also referred as m,). Due to the presence of DMI,
|m,| > |my| and m, varies little. The variation of Hp, is then promoted largely by the increase of |
in this regime. Secondly, at high current, vy, saturates as | keeps increasing. In this regime, the DW
deviates from the Néel configuration: m,, decreases notably while m,, increases. Under sufficiently
large /, the DW tends towards a quasi-Bloch configuration. As the magnitude of Hp; scales with
the product J|m,|, for ] = oo and |m,| — 0, it is kept constant and vy, saturates in this regime.
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Figure 1.20 Calculated DW velocity vs current density for various amplitudes of the DMI. The velocity was estimated while considering
only the action of the damping-like torque. The lines depict the results obtained from 1D numerical model and are compared to
calculation from the collective coordinate model (filled round symbols). The open symbols, for D = 0.4 mJ.m?, correspond to 2D
micromagnetic simulations. Figure extracted from [Thiaville et al. 2012].

Some theoretical works, by considering the case where |Hpy;| > |Hg| (i.e. for homochiral Néel
DWs) give an analytical expression for the DW velocity [Thiaville et al. 2012; Martinez et al. 2014]:

Vpw = VoA S —2M— (L44)

2
“HDMI)
1+(—
Hpp,

We can deduce the above two mentioned regime of motion from this expression of DW velocity. At
low current, we have ((aHpy;/Hp)? > 1) thus vy, is limited by the damping-like torque (linear
with J)

A
Vpw ~ "=~ Hp, (1.45)

At large current, we have ((aHpy; /HpL)? < 1), vpy, becomes DMI-limited and saturates
Upw = YoA Py Hpui (1.46)

We see that the stronger the DMI, the larger the current density needed to reach the saturation regime
for vpy,. Using the DMI + Tp; mechanism, we can then account for the large velocities of motion
obtained in structures with large DMI [Miron, Moore, et al. 2011; Ryu et al. 2013] (cf. Figure IIL.5.a
in chapter III).

Concerning the field-like term Hpy, it acts equivalently to a transverse magnetic field that is
in-plane and orthogonal to the current direction. It cannot induce on its own the displacement of a
DW but it tailors its internal structure. Depending on its orientation, it either reduces or increases the
in-plane component of mpy,. This leads for the latter case to a decrease in vpy, and to an increase for
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the former case [Boulle et al. 2013; Boulle et al. 2014; Jué 2013]. For both cases, vpy, versus the
current density shows similar trend as the one obtained when only considering the action of Tp;. In
Pt/Co/Pt structures, we have a negligible Hp; confirmed by various torque measurements
[Drouard, 2014; Trifu, 2017]. In for Pt/Co/AlOx, there is a net Hg;, but it is still smaller than the
damping-like term [Garello et al., 2013] (torque-to-current ratios for Tr;, and Tp; about -4.0 and +6.9
mT per 10'! A.m™, respectively). For these reasons, we neglect the role of the field-like torque in our
Pt/Co based structures.

The interfacial DMI is then of great interest since it stabilizes the chiral Néel type DWs in
PMA materials, essential for an efficient CIDWM. These chiral magnetic configurations are very
promising candidates for spintronic devices in information processing applications. In particular,
looking for systems with strong DMI has become a central focus for several groups thus the need for
a precise estimation of DMI. In this context, we have several measurement techniques at our disposal
to extract the sign and/or the magnitude of the DMI constant D.

I.5.5. Techniques to quantify DMI

In this section, we briefly introduce a panoply of techniques that allow the estimation of DML
This will help to understand their strengths and weaknesses compared to methods based on the DW
motion (CIDWM or FIDWM). The techniques, described below, are not a complete list of DMI-
measurement techniques. A variety of other techniques are available in the literature.

1.5.5.1. Techniques not based on DW motion

1.5.5.1.1. Magnetic imaging techniques

One way to quantify the interfacial DMI is to image cycloidal spin spirals using imaging
techniques such as Spin-Polarized Scanning Tunneling Microscopy (SP-STM). This makes it possible
to determine with great precision the period of spin spirals and by comparison with the Density
Functional Theory, the magnitude of the DMI can be estimated. This experimental technique was
carried out on systems consisting of one or two atomic layers of ferromagnetic materials deposited
on various heavy metals; W/Mn [Bode et al. 2007; Ferriani et al. 2008] , W(110)/Fe
[Meckler et al. 2009] and Ir(111)/Fe [Heinze et al. 2011]. However, this technique requires ultra-
high vacuum, low temperatures and grown structures with highly ordered interfaces. This is not
suitable from an industrial and application point of view where room temperature applications based
on materials grown by sputtering are preferred. This explains the need for more accessible techniques.

An alternative technique employs the scanning transmission X-ray microscopy measurements
(STXM) [Woo et al., 2016; Litzius et al., 2017]. This technique allows probing the magnetic
multidomain pattern of thin films. The constant D is estimated through the investigation of the stripe
domains periodicity variation upon the application of an easy-axis magnetic field. The interplay
between magnetic anisotropy, exchange interaction, dipolar interaction and DMI stabilizes the pattern
of stripe domains. The periodicity of stripe domains as a function of the field is used to determine the
DW energy opy,. The strength of DMI can then be derived from Eq. 1.39. The disadvantage of this
technique is that it only applies to systems with large |D| and a relative thick ferromagnetic layers to
induce the dendrite phase. It is not therefore a suitable technique to quantify DMI in a wide range of
structures.

36



1.5. Chiral DWs motion in SIA materials

1.5.5.1.2. BLS measurements technique

The Brillouin light spectroscopy (BLS) technique is based on the inelastic Brillouin light
scattering of an electromagnetic wave upon its interaction with spin waves propagating in the
ferromagnetic layer following the Stokes process or the Anti-Stokes process
[Cortés-Ortunio and Landeros, 2013]. The Stokes process consists in an incident light from a laser
beam scattering with a negative shift in the frequency (it loses energy and a spin wave is created)
whereas the Anti-Stokes process consists in a positive shift in the frequency (it gains energy and a
spin wave is absorbed). With BLS spectra, we determine the difference Af between the Stokes and
Anti-Stokes frequencies. In the presence of DMI, Af is equal to Af = D - (2y/mM,) - k with k the
spin wave vector [Belmeguenai et al., 2015]. The linear regression of the variation of Af as a function
of k allows the estimation of the DMI constant D [Belmeguenai et al., 2015; Nembach et al., 2015].
Usually, the frequency resolution of the BLS technique is 0.1-0.2 GHz [Karnad et al., 2018]. This
limits the detection in some structures with weak DMI. For example, [Karnad et al., 2018] reported a
weak DMI (D = 433 pJ.m2) in the Ta (5 nm)/CoFeB (0.8 nm)/MgO (2 nm) structure measured by
the technique of FIDWM (cf. section 1.5.5.2.2). Indeed, the analysis of BLS spectra yields Af =~ 0 in
this structure despite the existence of the interfacial DMI. In addition, the accuracy of BLS, in thick
ferromagnetic films, is contested because asymmetric magnetic anisotropies at both FM interfaces
can lead to similar asymmetry in the dispersion relation [Gladii et al. 2016]. It should be noted
however that one of the advantages of the BLS technique is that it does not require to have the exact
value of the exchange stiffness A,, to extract D. This eliminates systematic errors resulting from

uncertainty in A,,. For instance, the estimation of D from DWs motion requires A,, (cf. section
1.5.5.2).

1.5.5.1.3. Chiral DW depinning measurements

Another approach is to measure the efficiency of SOTs on the depinning mechanism of a DW
as used in [Haazen et al., 2013] and later in other works [Je et al., 2017;
D. Y. Kim, Min Ho Park, Park, Yu, Joo Sung Kim, Kim, et al., 2018]. This efficiency is defined as
€sor = Mo * AHgepin/d] with H gepin the critical easy-axis magnetic field to depin a DW over the
energy barriers. Below H gepin, a magnetic field H, cannot propagate DWs. The action of the
damping-like from SOTs is equivalent to an effective out-of-plane field Hp; (or Hggr) on DWs. In
the presence of a small external out-of-plane magnetic field, and at reasonably low current density J,
H gor does not drive on its own DWs but alters significantly H gep;n. The method consists in studying
€sor as a function of an external in-plane field H, oriented normal to the DW. The dependence of
Hgepin On the current density ] is sensitive to the internal structure of the DW, i.e. to the m,
component controlled by H, (Eq 1.34). e5or saturates for a fully oriented DW along H, and is equal
to zero when the DW adopts a Bloch configuration. The in-plane field associated with €gor = 0 then
gives the amplitude of |Hpy | and therefore that of the coefficient |D| (Eq. 1.38). Note that the low
current density also helps to minimize contributions from Joule heating that would deviate H gepin
from its linear behavior with respect to J.

I.5.5.2. Techniques based on DW motion

1.5.5.2.1. DMI measurement through asymmetric CIDWM

The investigation of CIDWM in the presence of an external in-plane field H, was one of
the first indirect experimental techniques used to evidence DMI in PMA materials [Ryu et al. 2013;
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Emori et al. 2013]. The dynamics of homochiral Néel walls are tuned by the interplay between H p
and H,. When H, is parallel (antiparallel) to Hpyy, the velocity of a DW increases (decreases).
The application of H, results in an asymmetric motion between DWs with opposite chiralities, i.e.
for up/down (DWu.p) and down/up (DWp.v) with vyp(J, Hy) = vpy(J, —H,) (with vyp and vpy the
velocities of DWy.p and DWp.y, respectively). The observation of such an effect is characteristic of
the presence of an interfacial DMI in the structure. The monotonic increase or decrease of vpy,
relative to the orientation of H, indicates the sign of D (the direction of chirality). In addition, the in-
plane field modulates the m, component and transforms the DW into a Bloch wall (m, = 0) for a
certain amplitude of H,. The action of T is then zero so the current no longer propagates the DW.
By further increasing H,, m, changes sign and the DW starts moving in the opposite direction. The
field, at which vy, = 0, is the field that fully compensates H py; within the DW. The value of |D|
can then be extracted from the amplitude of H, by Eq. 1.38.

In the presence of H, and at large current, in the steady-state regime of motion, according to
Eq. 1.46, vy, can be expressed as:

Upw = VOAE (Hpmr + Hy) (L47)

This gives a linear dependence of vpy, as a function of H,. The estimation of Hpy is then
straightforward by taking the intercept of the curve with the horizontal axis (Figure I.21.a). Note that
Vpw 1S expected to saturate for large amplitudes of H, because mpy, then aligns completely parallel
to H,.
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Figure 1.21 Current-induced DW velocity vpy as a function of Hy. Curves correspond to DWuy.p (red symbols) and DWp.u (blue
symbols). (a) Pt (1.5)/Co (0.3)/Ni (0.7)/Co (0.15)/TaN (5) and (b) Pt (4)/Co (0.93)/AlOx (2). All thicknesses are in nm. The triangular
(circular) symbols correspond to a positive (negative) current in (a). The squares (stars) correspond to a positive (negative) current
in (b).The current density in (a) is ~ 1.5 10> A.m™, corresponding to a steady-state motion at large current, whereas it is ~ 8.7 10'?
A.m? characteristic of a creep regime of motion in (b). (a) extracted from [Ryu et al. 2013] and (b) from [Lo Conte et al. 2017].

The change in the DW direction of motion for H, = —Hpy; can be hindered by pinning
[Vanatka et al. 2015; Lo Conte et al. 2017]. Prior to changing its direction of motion, the DW remains
pinned for a range of H, (Figure L.21.b). [Lo Conte et al. 2017] expressed this range as

[—Hpmr — AHS ? —Hpuy + AH,?ep]. Hpy 1s then extracted by considering the exact stop field as
the center of the observed pinning ranges of H,. This estimation method can involve considerable
uncertainty. In addition, [[LLo Conte et al. 2017] observed that in structures with a significant DW
pinning, it is not possible to reverse the DW direction of motion. In this case, the estimation of DMI
becomes very difficult from CIDWM measurements.

Furthermore, neglecting other critical parameters such as the DW tilt [Boulle et al. 2013;
Martinez et al. 2014], DMI-imposed boundary conditions in wires [Rohart & Thiaville 2013], Joule
heating in data analysis may lead to an incorrect estimation of the amplitude of DMI. For these
reasons, the straightforward estimation of DMI from CIDWM in the presence of H, should be taken
with caution. In order to reduce the extent of the above-mentioned complexification, we resort to
FIDWM in unpatterned magnetic films; the study of asymmetric expansion of magnetic domains.
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1.5.5.2.2. DMI measurement through asymmetric FIDWM

This technique is one of the most widely used to verify the presence and to estimate DMI.
One of its main advantages is that we get rid of any current-induced contributions to the dynamics of
DWs that could come from SHE and/or Rashba effect. These artifacts make the analysis of the
intrinsic role of DMI more complex. Actually, a recent letter [Karnad et al. 2018] evidenced a
DMI-component generated by the injection of the electric current. In addition, it is an appropriate
technique for films since it avoids lithography processes, which makes it easier and faster to
implement.

The asymmetric FIDWM experiment consists of an out-of-plan field H, that drives the DWs
in the presence of a bias field H, applied parallel to the film plane. Each DW experiences a different
velocity of propagation along the direction of H,, shown in Figure 1.22. A magnetic domain, initially
prepared with a circular shape, becomes oval and elongates in the direction of H,.
[Kabanov et al. 2010] are among the first to have reported this effect in PMA materials. As in the
CIDWM, the asymmetric motion results from the symmetry breaking between chiral DWs by H,.
Without H, there is a rotational symmetry with respect to the normal of the film plane for the circular
domain so that it expands symmetrically under H, (Figure 1.22.a). H, breaks the rotational symmetry
and the effective total in-plane field varies across the domain and its boundaries due to H ppy; resulting
in the anisotropic expansion. For Bloch DWs, the action of H, is symmetric between the two DWs
lying normal to H, so that no anisotropic motion is induced. The presence (respect. the absence) of
an asymmetric DW motion in FIDWM would then be an indication of the presence (respect. the
absence) of a DMI in the structure.

Figure 1.22 Asymmetric expansion of a magnetic domain in the presence of an in-plane magnetic field. Differential Magneto-Optical
Kerr Effect microscopy images of a magnetic domain expansion driven by H,, in the absence of an in-plane field (a), under a positive
(b) and a negative Hy (c). The dashed line in (a) indicates the initial position of the DW corresponding to a down domain. The white
contrast represents the area swept by DWs during the expansion of the domain. The black arrows represent the equilibrium orientation
of DW internal magnetic moment induced by DMI. This indicates a left-handed chirality. The magnetic domain expansion is symmetric
in (@) and asymmetric in (b) and (c). In the presence of H,, the DWs on the left and the right move at different velocities. The inversion
of the orientation of H, reverses the asymmetry of the expansion. Adapted from [Hrabec et al. 2014].

The determination of DMI by FIDWM consists in measuring the DW speed vpy, as a function
of the applied H,. For a circular magnetic domain, vpy, is obtained by measuring the displacement
at the most right and left locations of the domain where DWs are normal to H,. In the flow regime of
motion, the mobility of the DW depends on whether we are in the steady-state regime or in the
precessional regime. According to Eqs 1.19 and 1.20, the parameter sensitive to H, is the DW width
A. vpy increases for an increase of A and vice versa in the flow regime of motion
[Vanatka et al. 2015]. A is the narrowest in PMA materials occurs for a Bloch configuration when H,
opposes H ppy. Therefore, the minimum of the vpy, vs H, curve gives an estimate of the strength of
the DMI. However, it is difficult to reach the flow regime of motion as it is often hidden by the creep
regime. In addition, the depinning of DWs in sputtered materials usually requires sub-microsecond
pulses and/or larger magnetic fields (of the order of 100 mT). It is quite experimentally challenging
to generate such magnetic fields in a uniform way in order to investigate the DW motion. Therefore,
as proposed in the pioneer work of [Je et al. 2013], the creep regime itself can be used to determine
the strength of DMI. In this regime, the dependence of vp, on H, under a constant H, can be written
as follows (according to Eq. 1.21):
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Vpw (Hy) = vo(Hy)exp[—e(H,) - H; */*] (1.48)

€(H,) denotes the variation of the energetic landscape of a DW upon applying an in-plane field.
This term includes several parameters that govern the thermally activated regime of motion and
characterize the DW: the thermal fluctuation kgT, & the correlation length of the disorder potential,
Uc the roughness of the DW segment, I' the pinning strength, M and opy, the DW energy density
per unit area. By assuming that these parameters vary little with H,, except opy,, we write € as:

1/4
e(Hy) ol = €(0) - ["DW(Z’;) (L49)
where €(0) and opy,(0) denote respectively the values of € and opy, at H, = 0. According to
the collective coordinates model of a DW [Heide, Bihlmayer and Bliigel, 2008; Thiaville et al., 2012],
Opw 1s given by:

opw(H,) = 0o + 2KAcos?(¢p) — mAMg(H, + Hpp ) cos(p) (1.50)

with g, the DW energy density of a Bloch wall and K the Bloch DW magnetostatic ‘shape’
anisotropy constant. From the minimization condition dapy,/d¢ = 0, considering an equilibrium
azimuthal angle ¢, during the motion of DW, the DW energy density as a function of H, writes:

oo — m2AMZ (H, + Hpp)? /8K for |H, + Hppyl < 4K /Mg
opw (Hy) =

L.51
0y + 2KA — mAMg|H, + Hppyl otherwise L5

The top expression in Eq. I.51 corresponds to the case where the combination of H, and H py; does
not fully transform the DW from a Bloch to a Néel configuration whereas the bottom expression is
for a Néel wall whose internal magnetic moment aligns parallel to H,.

The open question at this stage is whether the in-plane field modifies most opyy, the prefactor v, or
both in the creep regime of motion. By considering equal DW velocities for (H,, H, # 0) and
(H,, H, = 0), [Je et al. 2013] assume that v, does not depend on H, and then obtain:

Hy €(Hy) —1/4 apw (Hx)
H_;(UDW) = [6(0) = oow(0) (1.52)
To check the validity of this approach, [Je et al. 2013] investigated the anisotropic expansion of
magnetic domains in ultrathin Co layers (Pt/Co (0.3 nm)/Pt). The analysis of the two-dimensional
contour map vpy (H,, Hy) for a DWy.p (Figure 1.23.a) shows an axis of inversion symmetry, at
H, = —26.5 mT (dashed vertical line), for all equi-velocity contours of vy, (highlighted by black
solid lines). This nonzero offset for the axis of symmetry comes from the DMI since the DW
experiences a total longitudinal magnetic field equal to (H, + Hpyy). We then obtain a direct
measurement of Hpyy in the structure, Hppyy = +26.5 mT (corresponds to right-handed chirality).
In Figure 1.23.b, the equi-velocity contours allow to obtain different curves of [H,/H,] as a function
of H,. All the [H,/H,] plots collapse onto a single curve regardless of the magnitude of vy,
suggesting that all values of [H,/H,] follow a unique function of H,. This therefore confirms the
assumption that led to the equation (I.52). e(H,) can then obtained experimentally. Its variation as a
function of H, is shown in Figure 1.23.c. It allows to verify the creep scaling law in the presence of

H, by plotting In(vpy) vs e(H,)-H, ** (the inset of Figure 1.23.c). All the plots of In(vpy) fall
onto a single line with a slope equal to —1. It is a confirmation that the creep scaling law applies for
the FIDWM in the presence of H, and that H, does not induce an effect on the prefactor v, in the
studied structure. From all these observations, [Je et al. 2013] conclude that the anisotropic magnetic
domain expansion in the presence of H, in the creep regime is governed by the asymmetric
modification apy, for the different DWs.
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Figure 1.23 DW motion in the creep regime under H, and in the presence of H,. (a) Two dimensional equi-velocity contour map of
Vpw as a function of Hy and H, in Pt (2.5 nm)/Co (0.3 nm)/Pt (1.5 nm). (b) [H,/H,)(vpy) and (c) the energetic term € as a function
of Hy. Each color of the scale bar to the right of (a) corresponds to a magnitude of vpy. The black solid lines are the best fit for the

equi-velocity contours using Eq. 1.48 and the dashed vertical line represents the symmetry axis Hy = —Hppyy. The best fit (the black
solid line in (b)) and the determination of €(0) (as the slope of In[vpy, (0)] vs Hz_l/4) help extracting € (H,.) that is plotted in (c). The

inset in (¢) shows the In(vpy,) vs €e(Hy) - Hz_l/4 for various applied H, (each color corresponds to a value of H,). Data fall into a
single curve confirming that the prefactor v, does not change with H, (vg = 8.4 + 0.4 10° m.s”). The black solid lines in (b) and (c)
were obtained by the best fit using Eq. 1.49 and Eq. 1.51. Extracted and adapted from [Je et al. 2013].

In the model developed by [Je et al. 2013], the expected features of the variation of vpy, as a
function of the applied in-plane field H,, at a constant H,, are depicted in Figure 1.24 below. Several
features are considered as fingerprints of a DMI-induced asymmetric DW motion. The vpy, curves
have a parabolic shape and overlap by an offset shift on the H,-axis. This offset is equal to 2| H ppl.
In fact, each curve exhibits a minimum of the velocity when H, compensates for the local Hpy;. This
gives the exact amplitude of Hpy; allowing the exctraction of the sign and the strength of the DMI
constant D. This model has been used as a basis for many investigations of DMI via FIDWM in recent
years [Hrabec et al. 2014; Petit et al. 2015; Vanatka et al. 2015; Soucaille et al. 2016;
Pham et al. 2016; Khan et al. 2016; Wells et al. 2017; Quinsat et al. 2017; Cao et al. 2017; Shepley
et al. 2018; Kuswik et al. 2018; Karnad et al. 2018; Shahbazi et al. 2019].
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Figure 1.24 The curve of the DW velocity vpy, as a function of H, under a constant H, in the presence of DMI. vpy, is calculated for
DWu.p (in blue) and DWp.u (in red) in the creep regime motion according to the model developed by [Je et al. 2013]. The values of
vpw are calculated at H, = +5 mT according to Egs. 1.48, 1.49 and 1.51 by taken the magnetic parameters corresponding to the
Pt/Co/Pt from [Metaxas et al. 2007; Je et al. 2013]. The curves exhibit a parabolic shape and overlap by shifting them horizontally.
These features are fingerprints of DMI-induced asymmetric FIDWM in SIA materials. Numerous studies of DMI are based on the
similarity of the vy, vs H, curves with these features. The minimum of the curve allows to derive the amplitude of DMI.

However, several reports indicate anisotropic magnetic domain expansion in SIA materials
that do not follow the model proposed by [Je et al., 2013]. [Lavrijsen ef al., 2015] reported that the
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vpw Vs H, curves in Pt (4 nm)/Co (0.6 nm)/Pt (4 nm) do not exhibit the exact expected features as
shown in Figure 1.24. Variations in the DW velocity cannot be accounted for by considering only the
modification of opy, by H,. In addition, [Lavrijsen et al. 2015] use different growth conditions to
induce a variation in the interfaces in different stacks of Pt/Co/Pt. This was confirmed by the
measurement of a variable uniaxial magnetic anisotropy constant K,,. On the contrary, the estimate
of the DMI from the minimum of the curves did give any significant variation as expected since the
DMI has an interfacial origin.

Another example was reported by [Vanatka et al. 2015] for Pt (5 nm)/Co (1 nm)/GdOx
samples where the vpy, curves show a maximum rather than a minimum making the estimation of
DMI difficult in the creep regime. [Vanatka et al. 2015] have recovered the expected variations of
vpw in the limit of the flow regime of motion (vpy, > 1 m.s™). In fact, additional contributions from
the in-plane field H, can play a role in the variation of vpy,. [Jué et al. 2016] needed to consider the
variation in Thiele DW width A; to account for the behavior of the DW mobility with H, in the
Pt (3 nm)/Co (0.6 nm)/AlOx (2 nm) structure. [Balk et al. 2017], on their side, proposed a
modification of the pinning potential of a DW by H, in order to explain the obtained peak of vy, at
H, = 0 in the Pt (35 nm)/Co (0.8 nm)/Pt (1.7 nm) structure. This velocity peak is not expected
according to the model of [Je et al 2013]. An extensive study of the
Pt/[Co (0.2 nm)/Ni (0.6 nm)]>/Co (0.2 nm)/Ta/TaN structure by the group of V. Sokalski also
confirmed the limitations of this model, as it cannot account for the inversion of the asymmetry of
the magnetic domain growth observed at larger H, [Lau et al. 2016]. The use of the DW energy
elastic band model has allowed some of these limitations to be taken into account
[Pellegren et al. 2017]. However, a more recent study in which Iridium was inserted between the
bottom Pt layer and the FM layer showed that even the elastic DW energy model does not explain all
the trends of vpy, [Lau et al. 2018].

All of these reports suggest that the simple model based on agpy, has to be used with extreme
caution for the estimation of the DMI amplitude. Actually, [D.-Y. Kim, Park, Park, Kim, Yune-Seok
Nam, et al. 2018] suggested that the scheme of [Je et al. 2013] is better applicable in ultrathin FM
layers (tgpy < 0.4 nm) where the DMI-induced asymmetry in opy, dominates the anisotropic
magnetic domain expansion. Nevertheless, the extreme caution is even more justified as recent reports
indicate major contradictions in the determination of DMI within the same structure when using the
CIDWM and/or FIDWM measurements [Vanatka et al. 2015; Karnad et al. 2018]. All these
deviations in the DW motion can be attributed to additional chirality-dependent mechanisms. One of
these mechanisms, recently proposed, suggests an asymmetric dissipation between different DW's
upon the application of H,. It is called the Chiral Damping mechanism.
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I.6. Chiral Damping in DWs

DMI is a well-established phenomenon that originates from SOC and is considered to explain
the chiral (or asymmetric) DW dynamics with H, in magnetic materials with SIA. So far, no other
mechanism has been proposed to contribute to such peculiar motion of DWs until the recent proposal
of [Ju¢ et al. 2015]. [Jué et al. 2015] experimentally evidenced, by studying the FIDWM in a series
of sputtered Pt (3 nm)/Co (0.6 nm)/Pt (t) structures (t = 1.56 — 7 nm), a new mechanism induced
by SIA (as DMI). This new mechanism is the Chiral Damping mechanism that also induces an
asymmetric DW motion.

1.6.1. The experimental evidence of Chiral Damping
1.6.1.1. The failure of the DMI-induced asymmetry mechanism

Qualitatively, the observation of the growth of a magnetic domain under the combination of
H, and H, is similar to that reported by [Je et al. 2013] for fairly similar Pt/Co/Pt structures (although
the Co layer is much thinner, 0.3 nm in [Je et al. 2013]). DWs, moving in the direction of H,, have
different velocities with a faster DWy.p when H, > 0 suggesting a right-handed chirality induced by
DML. On the contrary, as can be seen from the vy, curves in Figure 1.25, it is not possible to apply
the model developed by [Je et al. 2013] in order to evidence and extract the DMI field Hppy. The
obtained vpy, vs H, curves deviate from the parabolic shape expected in a DMI-based model (Figure
1.24). Hppy should act as a bias field that shifts the curves along the horizontal axis. However, it is
impossible to overlap the two curves by means of any lateral shifting and this for the entire range of
H, (8 - 20 mT) investigated.
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Figure 1.25 Chiral Damping induced asymmetric FIDWM in the presence of an in-plane magnetic field. (a) The measured DW velocity
as a function of H. The blue (red) symbols correspond to DWuy.p (DWp.-u). (b) The indicator A of the DW velocity asymmetry as a
function of H,. The dashed vertical lines indicate the characteristic saturation field Hyye (|Hsqe| = 40 mT). The asymmetry A varies
monotonically and then saturates at +Hgue. A change in the slope of vpy, is also observed at Hgyy for both DWs. The data shown
correspond to the measurement made at H, = 15 mT for the Pt (3 nm)/Co (0.6 nm)/Pt (1.56 nm) structure. Extracted and adapted
Sfrom [Jué et al. 2015].

The raw vpy, vs H, curves are the outcome of symmetric and asymmetric contributions from
H,. The symmetric contribution is the same for both DWs (for example H, modifies the magnetic
anisotropy and the pinning landscape). The asymmetric contribution, on the other hand, originates
only from SIA and is responsible for the chiral DW motion. It is then necessary to get rid of the
symmetric contribution to study the asymmetry of vpy, in a straightforward and quantitative manner.
This is made possible by the introduction of an indicator A which is the anti-symmetric component
of vpy:

— _ZDUTUUD (1.53)

"~ (wup+vpu)/2
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with vpy and vyp the velocities of the DWp.y and the DWu.p, respectively. The variation of A is
practically the same for any applied H,. It decreases monotonically between its two symmetric
saturation values (|Asq:| = 1 in Figure 1.25.b) and saturates around |Hgq4:| = 40 mT. This suggests
that the mechanism behind the chiral DW motion saturates at this characteristic magnetic field. In
fact, by analyzing thoroughly the raw curves of vpyy, it is clear that H,, is relevant for both DWs.
They show a change in the slope at +H,,; for both DWs. According to the DMI-induced asymmetry
mechanism, one could expect that only a single DW would exhibit a feature at H,,, due to the local
Hppyy. The other DW would have already saturated at a smaller amplitude of H,. Therefore,
[Jué et al. 2015] concluded that Hg,; cannot be identified with H ppr in their samples. In the absence
or for a low DMI, Hg,; could be directly related to the DW demagnetizing field Hg. When |H,| >
|Hk|, the DW core magnetization mpy, saturates parallel to H, for both DWs (as depicted in Figure
I.14.c).

From these observations, the DMI-induced asymmetry mechanism, developed by
[Je et al. 2013], fails to explain the anisotropic expansion of magnetic domains. This is an indication
that there should be another dominant SIA-induced mechanism, different from DMI, that governs the
chiral DW dynamics in Pt (3 nm)/Co (0.6 nm)/Pt (t).

1.6.1.2. The proposal of chiral dissipation in FIDWM

FIDWM can be described by the LLG equation (Eq. I.12) which has two terms to describe the
magnetization dynamics. The first term that includes Hyy is the energy term or the conservative
term. The second term is a dissipation term that depends on the damping rate of the magnetization.
Therefore, the asymmetry of the DW motion is either due to a conservative or a dissipative
mechanism or both. The conservative mechanism producing the asymmetry is the one described
above (cf. section 1.5.5.2.2) in which DMI modifies Hy differently for the two DWs, DWu.p and
DWp.u. An asymmetry due to a dissipative mechanism means that the difference between DW
velocities is due to a difference in the damping of the two DWs, hence the hypothesis of the Chiral
Damping mechanism. To examine this hypothesis, the different contributions to the DW motion need
to be separated. As the motion takes place in the creep regime (vpy, in the range of 10* m.s™! in
Figure 1.25.a), the scaling law of vy, (Eq. 1.24) is well suited for this investigation.

By plotting In(vpy,) vs H, 1/4 (Figure 1.26), the slope of the linear variation gives the energy
term and the intercept In(d,f,) contains information on the damping a. As d, (the average distance
between two pinning centers) is related to the crystallographic order of
the structure, a modification of a is most likely reflected in the attempt frequency f,. In principle,
both energy and damping can contribute to f, [Ferré et al. 2013]. However, we will see in
the following that the effect, here, comes exclusively from the damping parameter. In fact, there is
not an established mechanism linking a to f,. [Jué et al. 2015] conducted 2D micromagnetic
simulations of the depinning of a DW trapped by a single defect. By calculating the DW depinning
time for different damping values and with the same barrier height, they found that f, is proportional
to the inverse of the damping a (f, « 1/a). Under this perspective, the verification of the origin of
the asymmetry relies on the comparison of the In(vpy) vs H, 1/4 plots, at a constant H,, between
DWu.p and DWp.u. If H,, varies the energy of a DW, it causes a change in the slope as well as a
lateral shift (the critical field H. changes as well). In contrast, if H, changes f;, there is no variation
of the slope of the curve but only a vertical shift due to a different intercept.
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Figure 1.26 Effect of Chiral Damping on creep scaling law between different DWs. Plots of creep scaling law for vyp (red symbols)
and vpy (blue symbols) for (a) Pt (3)/Co (0.6)/Pt (1.56) and (b) Pt (3)/Co (0.6)/Pt (3). All thicknesses are in nm. Here, Hy, refers to
H, employed used in the main text to designate the in-plane field normal to the DW. The measurements were performed at
H;, = 80 mT. The solid lines are linear fits of the data. The grey horizontal line depicts the expected transition from the creep regime
to the flow regime of motion at a critical field H ., which is indicated by the black square. The black symbols are the data in the absence
of Hyy, in order to highlight the modification in the energy term of the scaling law induced by a non-zero in-plane field. The curves of
DWu.p and DWp.u exhibit a change in the slope and a lateral shift due to the change of H with respect to the case Hy, = 0. The
curves of the two DWs are parallel indicating an identical energy term at Hy, = 80 mT. The difference between vy and vpy comes
from a vertical shift due to change of the intercept In(d,fy). Extracted and adapted from [Jué et al. 2015].

Figure 1.25 shows measurements of vy, for different values of H, at a constant H, = +80
mT for Pt (3 nm)/Co (0.6 nm)/ Pt (1.56 nm) and Pt (3 nm)/Co (0.6 nm)/Pt (3 nm). It is clear that the
curves for the two DWs are different by a vertical shift and that they exhibit the same slope. The
energies of the two DWs are then similar. Consequently, the difference in the motion results solely
from a difference in the attempt frequency f;, that is accounted for by a difference in the damping «.
Moreover, the asymmetric component 4 is independent of the value of H, which modifies the velocity
Vpy confirming that the origin of the asymmetry is not related to the energy of the DW but to the
damping (not shown here, cf. [Ju¢ et al., 2015]).

By examining the creep scaling law, [Ju¢ et al. 2015] suggested experimentally that
the asymmetric DW motion in FIDWM in Pt/Co/Pt structures is due to a “Chiral Damping”
mechanism. A DMI-induced chirality is either absent or weak in these structures compared to this
new mechanism when driving DWs by H, in a bias field H,. This suggests that DWs are mostly of
the Bloch configuration (possibly with a small Néel component as DMI cannot be ruled out
completely).

1.6.1.3. A possible description of the Chiral Damping

The Chiral Damping mechanism means that the damping of the DWuy.p is different from
that of the DWp.u. As discussed above, this mechanism saturates for both DWs at the same
H, = Hg,,. This value of H, is similar to the one required to overcome the demagnetizing field of
the DW and change the orientation of mpy to move from a Bloch configuration to a Néel
configuration under the action of an H, field. In addition, the damping should increase or decrease
depending on the DW chirality, i.e. the direction of rotation of the magnetization when moving from
one domain to another. This ensures the asymmetry in the dynamics between the two DWs. In fact,
the direction of rotation of a DW is given by the gradient of the out-of-plane component of the
magnetization Vm,. By definition, this gradient reverses its orientation from the DWup to the
DWp.u. Following this, a possible chiral component of the damping would depend on the orientation
of mpy, with respect to Vm, as proposed by [Ju¢ et al. 2015]. The total damping for a DW can then
be described mathematically as:
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a < ay+ acdpo(mpy - Vmy,) (1.54)

with a, the coefficient of the chiral component of the damping and A,, a characteristic length
parameter. @ includes the intrinsic isotropic damping of the ferromagnetic layer. It offsets the total
damping to positive values preventing the unphysical behavior that is a negative dissipation in
the system. In principle, a, and a, should depend on the absolute value of the magnetization gradient
such that the following condition is always satisfied: ay > a 4., |Vm,]|. It is then possible to extract
the amount of the Chiral Damping contribution a, by adopting Eq. 1.54 for the total damping.
By expressing the chiral Damping contribution as a; = @.(4d.,|Vm,|), the anti-symmetric
component A above the saturation can be expressed as:

|Asat| — ﬁ (1.55)

2 Qo

[Jué et al. 2015] found that, approximately, the chiral damping reaches up to between 50% and 60%
of the intrinsic damping. For the Pt (3 nm)/Co (0.6 nm)/Pt (1.56 nm) stack, ay = 0.5 [Miron 2009]
which allows to estimate a, = 0.3.
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Figure 1.27 Calculation of the DW velocity in FIDWM in the presence of Hy according to the Chiral Damping mechanism. (a) DW
velocity calculated by a numerical collective coordinate model at T = 0 K and without pinning. The Chiral Damping is defined
according to Eq. 1.56. The values used in the calculation are: ag = 0.6, a. = 0.3, A= 5nm, Hx = 35 mT and H, = 0.01 mT. (b) The
velocities vyp and vpy are normalized to the average velocity at H, = 15 mT in Pt (3 nm)/Co (0.6 nm)/Pt (1.56 nm). These relative
velocities have a behavior comparable to that of the anti-symmetric component A and both saturate at Hggy. In (a) and (b), the blue
and red curves correspond to DWuy.p and DWp.u, respectively. Extracted and adapted from [Jué et al. 2015].

To demonstrate the action of the proposed description of the Chiral Damping, [Jué et al. 2015]
studied vpy, using a numerical collective coordinate model (at zero temperature and without pinning).
This model does not include explicitly |Vm,|. It is assumed as a constant, thus a, = a, is constant
as well. In principle, |[Vm,| is not constant as H, changes the DW width. Since the velocities are
calculated for DWs moving in the H ,-direction (DWs normal to the x-axis), the orientation of mpy,
with respect to |[Vm,| is described by the DW azimuthal angle ¢ (¢ is defined with respect to the +x-
axis). Thus, in the numerical collective coordinate model, the Chiral Damping has a simplified form:

a=ag+ Qa.cos (I.56)

with Q = %1 corresponds to DWu.p (Q = —1) and DWp.uy (Q = +1). The variation of vpy,, obtained
numerically and depicted in Figure 1.27.a, is comparable to the variation of the experimental
normalized velocity (Figure 1.27.b). In fact, we normalize the DW velocities by the average velocity
in the plane (in the four in-plane directions, +x and +y) so that all symmetric contributions from H
are removed. Since the numerical model only includes an asymmetric contribution, the good
qualitative agreement with the experimental data, in spite of thermal fluctuations and pinning effects,
consolidates the idea of a Chiral Damping mechanism. As expected, the numerical model shows that
both DW velocities saturate simultaneously at |H,| = |Hg|, which is the field that saturates both DW
core magnetizations.
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In conclusion, the quantitative study of FIDWM in sputtered structures of Pt/Co/Pt has
possibly revealed the existence of a new SIA-induced mechanism. The new mechanism induces
asymmetric DW motion that has the same spatial symmetry effects as those expected from the SIA-
induced DMI mechanism. However, detailed analysis of the DW velocities curves showed that
observations do not reconcile with the DMI-stabilized homochiral Néel walls scenario, suggesting
that DWs are of the Bloch-type in Pt/Co/Pt. The investigation of the creep scaling law evidenced a
chiral dissipation origin of the asymmetry between DW velocities. This has led to the introduction of
new damping term for DWs. Two successive Bloch walls acquire opposite chiralities under an in-
plane bias field. They then experience different damping hence the denomination of “Chiral
Damping” for this new mechanism. Numerical calculations including the Chiral Damping show
results that are compatible with the experimental measurements.

Chiral Damping emerges as a possible physical mechanism likely to exist in structures that
exhibit SIA. Unlike the interfacial DMI whose microscopic mechanism has been extensively studied
in literature, the origin of the Chiral Damping is not clear. Recently, some theoretical efforts have
addressed this issue.

1.6.2. Phenomenology and origin of the Chiral Damping

Dissipation can be expected to become chiral in SIA materials in order to fulfill the
Neumann’s principle asserting “any physical properties of a system possesses the symmetry of that
system”.

In the hydrodynamic limit of a magnetic system, the dynamics is considered for a continuous
magnetic texture and can be described by an extended LLG equation where the damping is written in
the form of a non-local second-rank tensor [Akosa et al. 2016]:

om(rr)

om(r) _
at

—— = —ym(r) X Hepp + m(r) X [a(r,1)- dr’ (1.57)
The physical mechanisms associated with the magnetic damping are complex (cf. section I.1.3.1) and
involve among others things, magnon scattering and itinerant electron spin relaxation.

Considering the principles of symmetry, [Akosa et al. 2016] have shown that one can construct
a chiral damping up to the linear order in magnetization gradient in noncentrosymmetric magnets
whether they are three-dimensional bulk systems or thin multilayers systems with SIA. The tensor
components of the damping a in the extended LLG equation, written above, are a function of the
magnetization direction and of its spatial gradient a” = a¥(m,Vm). [Hals & Brataas 2014]
performed an expansion of a*/ up to the first order in the magnetization gradient obtaining:

a’ij = a(l)] + Zlm Kllrjn mmy, + Zklm Ll]glm mkalmm (1.58)

with a first term representing the isotropic damping, the second an anisotropic contribution from the
crystallographic ordering and the third term yields a chiral damping. Due to the spatial inversion
symmetry breaking in the particular case of a two-dimensional system with SIA (from interfaces)
along the normal z-axis (the x and y directions are equivalent), the third term of Eq. .58 can be
rewritten in a simpler form:

a = a + aA,em - [(u, x V) x m] (1.59)

For the DW core magnetization mpyy, this equation of damping is equivalent to the Eq. I.54 proposed
by [Jué et al. 2015]. This phenomenological approach proves that a Chiral Damping can exist in
magnetic materials with SIA. However, it does not give any insights about the physical mechanism
responsible for the Chiral Damping.
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Chiral Damping is the result of symmetry breaking induced by the structural inversion
asymmetry. It can thus be expected that Chiral Damping will be associated with the effects that also
result from the spin-orbit interaction in the presence of SIA such as the Rashba effect or multiple
contributions of different phenomena (e.g. the damping-like component of SOT). In ferromagnetic
systems with such interfacial spin-orbit coupling, it has been shown that the magnetic damping is a
tensor linear in both the magnetization gradient and the Rashba strength [K. W. Kim et al. 2012;
Kim et al. 2013; Wang et al. 2014; Kim 2015]. Besides this effect, [Akosa et al., 2016] proposed two
additional mechanisms that can contribute to the Chiral Damping.

The first one is related to DML In transition metal ferromagnets, the itinerant electron spins
can also contribute to the DMI with a term that involves exchange between these itinerant spins
(s-orbitals) and local spins (d-orbitals); an effective “s-d”” DMI. Some ab initio calculations indicate
that this type of interaction can have a significant contribution to the total DMI [Kashid et al. 2014].
Consequently, due to the magnetic texture, the itinerant electron spins experience because an
additional effective field, mediated by the strength of the “s-d” DMI. According to the model of the
damping mediated by itinerant electrons, this induces an additional damping torque on m which
depends on the chirality.

A second mechanism results from the interplay between spin motive force and anomalous
Hall effect. The variation of the magnetization texture with time generates local spin currents J; that
depend on the local spatial gradient of m [Barnes & Maekawa 2007]. In a ferromagnet with
a sizeable anomalous Hall effect, these primary spin currents J; are converted into secondary spin
currents ]]§ that flow along the u; direction and are polarized along the (ui X uj) direction. These
secondary spin currents can be injected in the adjacent spin sink (the HM layer) which exhibits a
strong spin relaxation. Similar to the spin pumping mechanism [Tserkovnyak et al. 2002], a damping
torque is induced on m that depends on the spatial magnetization gradient which is similar to
the phenomenology of the Chiral Damping component.

Recently, further theoretical efforts considering various models of Rashba and Dresselhaus
types of SOC evidenced a chiral renormalization of both the Gilbert damping and the gyromagnetic
ratio for a spatially and temporal varying magnetic texture [Freimuth et al. 2017; K.-W. Kim, Lee,
Lee, Everschor-Sitte, Olena Gomonay, et al. 2018; Akosa et al. 2018]. [K.-W. Kim, Lee, Lee,
Everschor-Sitte, Olena Gomonay, et al. 2018] argue that the chiral gyromagnetic ratio is actually the
main mechanism behind the asymmetric DW creep motion in FIDWM and not the Chiral Damping
as attributed in [Jué et al. 2015; Akosa et al. 2016]. [Akosa et al. 2018] found, on the contrary, that
both chiral damping . and chiral gyromagnetism Y, are intrinsically linked to each other.

The above discussion raised the possibility of the existence of the Chiral Damping in SIA
materials. We infer that a plenty many chiral mechanisms induced by the SIA coexist, namely the
DMI and the Chiral Damping. However, there is no yet a clear idea of their exact relative strength.
We do not know exactly why DMI prevails in some structures [Je et al. 2013] whereas it is negligible
compared to the Chiral Damping in others [Jué et al. 2015]. It is also possible to obtain different chiral
mechanisms induced by the SIA of a comparable strength.

1.6.3. The coexistence of different chirality-induced asymmetries

In [Jué et al., 2015], it was demonstrated that the Chiral Damping mechanism governs the
FIDWM in Pt/Co/Pt stacks. On the contrary, [Je et al., 2013] reported that the energetic chiral term
in opy, accounted for by the DMI effective field was the main mechanism in quite similar Pt/Co/Pt
stacks. This apparent contradiction probably stems from the different balance between both
phenomena; DMI and Chiral Damping. On the one hand, in [Je et al., 2013], the Co layer is very thin
(0.3 nm) which is equivalent to 1.5 monolayer of Co atoms. This, all Co atoms experience the DMI
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that comes from adjacent interfaces. On the other hand, the Co layer in [Ju¢ et al., 2015] is much
thicker (0.6 nm) so that DMI attenuates further in the ferromagnetic layer. In addition, the deposition
conditions are not similar for the two samples studied so the SIA is not equivalent in the two systems.
Therefore, the strength of each mechanism differs from one stack to the other. In this section, we
report an example of the coexistence of DMI and another chiral mechanism (probably the Chiral
Damping) that coexist with comparable strengths in one structure.
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Figure 1.28 Coexistence of different chiral mechanisms induced by SIA in thin magnetic layers. DWu.p velocity vpy, as a function of
a magnetic in-plane field normal to the DW H, (blue curves) when driven by easy-axis magnetic field H, for various structures:
(a) Pt 2.5/Co 0.9/Cu 2.5/Pt 1.5 (sample 1), (b) Pt 4.0/Co 0.3/Pt 1.5(sample 2), (c¢) Pt 2.5/Co 0.5/Pt 1.5 (sample 3) and
(d) Pt 2.5/Co 0.9/A1 2.5/Pt 1.5 (sample 4). All thicknesses are in nm. In (c) the dotted blue vertical line gives the magnetic field of
minimum velocity Hupiy, = —80 mT. In (d) the dashed line gives vpy (H,) and the green vertical line gives the in-plane field H* at
which the asymmetry between DWs reverses. Red curves in (¢) and (d) represent the measured spin torque efficiency as a function of
H,. Extracted and adapted from [Kim, Park, Park, Kim, Yoon-Seok Nam, et al., 2018].

[Kim, Park, Park, Kim, Yoon-Seok Nam, et al., 2018] studied FIDWM in a series of Pt/Co-
based multilayers with SIA and reported that the asymmetry in the DW motion cannot be solely
attributed to DMI. All samples were deposited using the same DC magnetron sputtering technique.
However, due to changes in nominal thicknesses and/or the insertion of an additional layer, they
obtained significant differences in the stack properties as well as in the between the asymmetric DW
motion (Figure 1.28). Each of them is representative of a typical behavior.

Sample 1 (Pt (2.5 nm)/ Co (0.9 nm)/ Cu (2.5 nm)/ Pt (1.5 nm)) exhibits a large DMI
(|Hpmy| = 120 + 5 mT) evidenced by the DW velocity curve as a function of the in-plane field
(Figure 1.28.a). The parabolic shape and the symmetric variation with respect to a nonzero magnetic
field are fingerprints of DML

On the contrary, sample 2 (Pt (4 nm)/ Co (0.3 nm)/ Pt (1.5 nm)) has a negligible DMI
confirmed by the symmetric variation of the DW velocity around the zero in-plane magnetic field
(Figure 1.28.b).

The DW velocity variations of sample 3 (Pt (2.5 nm)/ Co (0.5 nm)/ Pt (1.5 nm)) and sample 4
(Pt (2.5 nm)/ Co (0.9 nm)/ Al (2.5 nm)/ Pt (1.5 nm)) are asymmetric with a minimum of velocity at
a non-zero in-plane field H,,;, (Figure 1.28.c and .d). Here, the DW velocity, in both samples, has
no symmetrical parabolic variation with respect to H,,;,. The authors then used another technique to
estimate DMI, which is the measurement of the spin torque efficiency &gr as a function of the in-
plane field (the top red plots in Figure 1.28.c and .d) [Haazen et al., 2013] (cf. section 1.5.5.1.3). The
spin torque efficiency is essentially governed by spin-orbit torques, in other terms by
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the internal structure of the DW. Therefore, the intercept with the abscissa (g7 = 0) indicates a Bloch
DW where the corresponding magnetic in-plane compensates H ;. These measurements resulted in
a vanishing DMI in sample 3 and a sizeable DMI in sample 4 (|Hppy;| = 107 £ 7 mT).
In sample 3, the minimum velocity is shifted to Hp, = —80mT largely away from
H, = —Hpy; = 0. This large shift is an indication that the mechanism of asymmetry is different
from DMI. We refer to this mechanism generically as a chirality-induced asymmetry. The velocity
versus in-plane field curve has a shape similar to that used to evidence the Chiral Damping (Figure
1.25.a). Sample 4 is a good representative of the situation where DMI and another chirality-induced
asymmetry mechanism coexist and are both sizeable (H i, is shifted from —H py). Moreover, the
interplay between these two mechanisms depends on the magnitude of the in-plane field. The
asymmetry reverses at a threshold magnetic field Ht" where the DWy.p and DWp.y curves intersect.
Several others studies have reported similar asymmetry reversal of the velocity in FIDWM
measurements for various different structures. To name a few, we cite [Lau et al. 2016;
Quinsat et al. 2017; Cao et al. 2017; Lau et al. 2018].

It should be noted that there is an independent report of the coexistence of Chiral Damping
and DMI involving different measurement techniques different from FIDWM. [Zakeri et al. 2012]
observed asymmetric damping of spin waves as well as asymmetric dispersion related to DMI in
Fe/W bilayers. This consolidates and encourages the consideration of Chiral Damping mechanism in
SIA multilayers along with the interfacial DMI.

To summarize, SIA in thin magnetic layers with PMA results in a variety of intriguing SOC
phenomena that asymmetrically modify the conservative and dissipative properties of the local
magnetization dynamics. One mechanism that influences the conservative (energetic) part is the
interfacial DMI. It has attracted a lot of enthusiasm and interest as it gives a major ingredient that
helped to understand the large velocities and the unexpected direction of motion of DWs driven by
electric current. Since then, DMI has been considered as the main mechanism for interpreting DW
motion in PMA thin layers with SIA and a substantial effort has therefore been devoted to the
estimating of the amplitude of DMI through FIDWM measurements. Until recently, due to
quantitative deviations from the expectations of the DMI-based model, other mechanisms that induce
the same spatial symmetry of DW motion were proposed and evidenced, such as the Chiral Damping
mechanism. Other possibilities involve asymmetric DW width, magnetic domains tilting etc. These
discrepancies indicate that the exact estimation of Hpy through the study of the asymmetric
magnetic domain expansion in SIA materials has to be taken with great caution. It is then
recommended to do correctly determine the various chirality-induced asymmetry mechanisms in
place in the system under consideration as suggested in [D.-Y. Kim, Kim, et al. 2018]. The
implications of these new chirality-induced asymmetry mechanisms are fundamental. As they can
coexist with DMI, a re-examination of previous investigations of DW motion is required as they did
not consider such additional mechanisms. Until now, the Chiral Damping was evidenced and studied
only measuring FIDWM. A proper experimental investigation of its role in CIDWM is required along
with theoretical work to understand its action. The Chiral Damping could be essential to control
magnetic textures for the design of spintronic devices.
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Conclusions

These recent years, thin magnetic layers structures with SIA have been extensively studied to
understand and control the manipulation of magnetic textures by external magnetic fields and electric
currents. The efficient DW motion and the observation of a propagation in the direction of the injected
charge current encouraged the abandonment of the standard model of motion based on STTs in favor
of new emerging phenomena originating from SOC. The investigation of magnetization dynamics
involving DMI and SOT has become a hot topic especially for the topological protected skyrmions,
very promising for spintronic and data storage devices. Magnetic DWs are still attractive, at least
from a fundamental point of view, as they represent a tool for a faster, easier to implement and more
direct investigation of the magnetization dynamics. The study of DW motion can uncover the SIA-
induced phenomena not yet fully explored. This is crucial for more efficient manipulation of magnetic
textures.

This first chapter then intended to present the main basic concepts essential for apprehending
DWs and their dynamics. I started by introducing the relevant magnetic energies and explained how
they lead to the formation of magnetic DWs in thin ferromagnetic layers. All possible configurations
of DWs were then described for the structures with perpendicular magnetic anisotropy since they
represent the scope of this thesis.

In order to discuss the different formalisms behind DW motion, I introduced the LLG equation
which describes the temporal evolution of the magnetization. The theory explaining the magnetic
field driven DW motion was reviewed subsequently. This is essential because the action of an electric
current on a DW is equivalent to that of a set of effective magnetic fields. More precisely, an injected
electric current acts on the local magnetization via various mechanisms. The standard action of a spin-
polarized current through the STT mechanism was first briefly introduced at first to understand its
limitations with respect to recent reports in structures with SIA. Subsequently, a particular importance
was given to the SOT mechanism. A thorough understanding of SOT is required to be able to interpret
the experimental results of this thesis.

The SOT has emerged as the main mechanism responsible for the efficient DW motion thanks
to an additional concept which is DMI. I have detailed the origin of this asymmetric interaction in
SIA structures and its important role in inducing homochirality in magnetic thin layers. In this context,
various methods to identify the DW chirality and to quantify the amplitude of DMI were described.
The asymmetric DW motion in FIDWM is one of these methods. Interestingly, we have seen that it
has led to the introduction of an additional SIA-induced mechanism, ‘“Chiral Damping”.
The Chiral Damping, the dissipative counterpart of DMI, has emerged as an important mechanism to
be considered in magnetic DW dynamics whether driven by magnetic fields or electric currents.

Chiral Damping enriches the spectrum of the phenomena induced by SIA and implies that a
re-examination of the well-established SOT + DMI mechanism is needed. The possible co-existence
of DMI and Chiral Damping reveals that the DW motion is very rich and ambiguous phenomena.
Many questions concerning the DW motion are still open. The main objective of this thesis is then to
understand better the DW motion in SIA materials that is crucial from both fundamental and
technological points of view. For that end, we have chosen to study the DW motion in a non-collinear
geometry or configuration relative to the electric current. In this geometry, we fix the path of the
electric current independently from the DW orientation. We dispose then of an additional degree of
freedom which allows controlling the spatial and temporal distributions of current-induced torques
on the magnetization. Such a non-conventional geometry is attractive because on the one hand it helps
to uncover new aspects of SIA. On the other hand, it has recently allowed the demonstration of Field-
free SOT magnetic switching by means of shape controlled magnetic switching of Co/AlOx pillars
with different flexible geometries on top of a Pt pad
[Safeer et al., 2015], very promising for future spintronic devices. In addition, we apply an external
in-plane magnetic field that modulates the DW core magnetization. By using this method, we intend
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to control the action of SOT thus exploring and unveiling any possible interplay between the various
chiral mechanisms induced by SIA.

We have carried out these investigations on two representative structures, Pt/Co/AlOx, a large
SIA material and Pt/Co/Pt, a low SIA material. The Pt/Co/AlOx system is very interesting. Actually,
SIA induces robust effects as fast DW motion and efficient magnetization reversal have been already
reported in such a material. However, it is difficult to modulate the DW core magnetization in
Pt/Co/AlOx by the in-plane magnetic field due to a large DMI. On the contrary, Pt/Co/Pt offers the
opportunity to tune effectively the DW core magnetization. It is then the ideal system to understand
the role of DMI and to discover as well the Chiral Damping effects in CIDWM. We were able to
demonstrate an asymmetric DW motion in the non-collinear geometry in both structures. These
studies show incompatibilities between the widely accepted DMI + SOT mechanism and several
features of the DW motion. They also evidence an important interplay between DMI and Chiral
Damping in the low SIA structure.

In the following parts of this thesis, we present some consequences of the mechanism of the
asymmetric DW motion in the non-collinear geometry. We have thereby studied its potential role in
the formation of the DW tilt. Next, we have investigated the possible effects of the asymmetric DW
motion on chiral skyrmion bubbles. This last study have led to the proposal of a new mechanism
responsible for a well-defined deflection of skyrmion bubbles. We have found that the consequences
of the asymmetric DW motion in the non-collinear geometry depends on whether the structure has a
low or a large SIA. All of this experimental work will be described in the following chapters.
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I1. Experimental techniques

In this Chapter, I describe the experimental procedures used in this thesis. I begin with the
fabrication protocol of the Pt/Co/Pt and Pt/Co/AlOx samples. Next, I present the wide-field magneto-
optic Kerr effect technique employed to probe DWs motion. Finally, I discuss the electric current
injection experimental setup and methods to measure DW displacements.

I1.1. Samples fabrication

I1.1.1. Thin films deposition

Pt/Co/Pt and Pt/Co/AlOx multilayered systems have been extensively studied for many years
in SPINTEC. They are interesting materials thanks to the efficient interaction between electric current
and local magnetization mediated by the spin-orbit coupling, promising for DW- and skyrmion-based
spintronic devices. They are thereby well suited to study and uncover the action of SIA and SOT on
magnetic textures. Pt/Co/Pt and Pt/Co/AlOx stacks were deposited on 100 mm-Silicon wafer with
either lum or 500 nm-thermally grown SiO: using DC (Direct Current) magnetron sputtering
technique. The exact structures are Pt (3 nm)/Co (0.6 nm)/Pt (1.5 nm) and
Pt (3 nm)/Co (0.6 nm)/AlOx (1.28 nm) referred to as Pt/Co/Pt and Pt/Co/AlOx in this manuscript.
The films were grown at room temperature, under 2 10> mbar of Ar and at a background pressure of
10" mbar. The deposition rates were 0.0731 nm.s™! for Pt, 0.0348 nm.s™! for Co and 0.0954 nm.s™! for
Al In the Pt/Co/AlOx stacks, the AIOx layer was prepared by oxidizing the top Al layer with a radio-
frequency (RF) oxygen plasma at a pressure of 3 10~ mbar and a RF power of 10 Watt for 85 seconds.
The multilayers show also a good stability of their magnetic properties over time. No further capping
layer is then required to protect the samples.

These two structures exhibit perpendicular magnetic anisotropy (PMA) as grown. These
materials constituted the basis of previous works at SPINTEC just as [Miron, 2009; Jué, 2013;
Chenattukuzhiyil, 2016] to name a few. The magnetic hysteresis loops, available in [Jué, 2013;
Chenattukuzhiyil, 2016] and measured via Extraordinary Hall effect, exhibit square shapes. This
indicates the out-of-plane anisotropy with 100% remanence. [Ju€ et al., 2015] measured an anisotropy
field of about yyH;pis ~ 0.7 — 1 T in Pt/Co/AlOx and gyHgpis ~ 0.38 — 0.55 T in Pt/Co/Pt.

I1.1.2. Fabrication of wires for DW motion

To study the CIDWM in Pt/Co/Pt and Pt/Co/AlOx, the required current densities are in the
order of 10'> A.m?. It is then necessary to inject current in confined geometries, i.e. micro or
nanowires wires. Wire dimensions are 10 ym wide and 20 ym long (Figure IL.1). In principle, the
width should be reduced in order to inject large current densities. Instead, we privileged a large width
in our devices in order to follow DWs motion in a two-dimensional geometry. Actually, we stabilize
circular magnetic domains with a diameter that needs to be larger than the resolution limit of our
imaging techniques (~ 500 nm). Besides, the wire resistance is proportional to its length. The latter
ought to be scaled down to reduce the Joule heating but it needs to be large enough to observe
cumulative DW displacements. The choice of 20 um is a compromise between these two criteria.

54



11.2. DWs under Magneto-optic Kerr effect (MOKE) microscopy

Figure I1.1 Optical image of the patterned device.

Devices were patterned by standard photolithography and subsequent ion beam milling (IBE)
following the protocol developed at the PTA platform in the CEA Grenoble. The magnetic multilayer
is coated by a positive AZ 1512 HS photoresist by spin coating at 2000 rotations/minute for 60
seconds. The resist is then baked at 100°C for 90 seconds. UV exposure and development of the resist
define the mask for the IBE. The etching process gives the desired shape for the device. We monitor
by SIMS (Secondary Ion Mass Spectroscopy) the atomic species that are being etched which allows
us to precisely stop the etching at the bottom Pt layer. This process used for the devices studied in the
experiments described in Chapters III, IV and V.

I1.2. DWs under Magneto-optic Kerr effect (MOKE) microscopy

In this thesis, we investigate the CIDWM using the wide field magneto-optic Kerr effect
microscopy (MOKE) imaging technique. We use a commercial MOKE from “Evico Magnetics”.
This technique is well suited as long as magnetic domains and DW displacements are on the
micrometer scale.
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Figure I1.2 Different Kerr effect geometries. (a) Polar Kerr effect. (b) Longitudinal Kerr effect. (¢) Transverse Kerr effect. White
arrows indicate the orientation of the local magnetization.

The Kerr effect results from a magneto-optical interaction between a linearly polarized light
and a magnetic material. The penetration depth of the incident light depends on the material and is in
the order of 10 nm. The study of magnetism via the Kerr effect is then limited to ultrathin layers or
surfaces of bulk systems. The polarization of the optical wave rotates upon reflection at the surface
of the magnetic material by an angle whose value depends on the magnetization of the ferromagnetic
layer. This angle changes sign upon reversal of the local magnetization. The state of the magnetization
can thus be determined by measuring the rotation of the polarization of the reflected light. More
particularly in our case, the analysis of this polarization by means of an optical polarizer make it
possible to image the different magnetic domains. Depending on the direction of the magnetization
with respect to the incidence plane of the light and to the sample surface, we have three different
geometries of the Kerr effect: polar, longitudinal and transverse Kerr effects (Figure IL.2). For the
studied PMA materials in this thesis, we employ the polar Kerr effect where the magnetization is
perpendicular to the reflection surface and parallel to the incidence plane. In this geometry, the Kerr
signal is maximum when the incident light is normal to the surface of the material. For the longitudinal
Kerr effect, the magnetization is parallel to both the incidence plane and the reflection surface. As for
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the transverse Kerr effect, the magnetization is perpendicular to the incidence plane and parallel to
the reflection surface.

In our polar MOKE microscope, the light beam, from a red LED source, passes through a
polarizer. The linearly polarized light is then projected normal to the sample through the objective.
The same objective collects the reflected light that subsequently passes through the analyzer to detect
the rotation of the light polarization. Finally, it reaches the CCD camera where a magnetic image of
the sample is constructed and recorded. Magnetic domains are imaged with different magnetic signals
or contrasts (dark or bright). Actually, the signal intensity depends on magnetization, the surface
reflectivity, incident light intensity, wavelength, relative alignment between the polarizer and the
analyzer, etc. To better visualize the effect of a controlled excitation on the ferromagnet, we use the
differential imaging mode of the microscope (Figure I1.3). An image taken before the excitation (i.e.
an electric current pulse or a magnetic field pulse) is subtracted from an image taken afterwards. Only
regions where the magnetization has been reversed give a magnetic contrast: it corresponds either to
a nucleation of a magnetic domain or to a DW displacement. The differential mode has the advantage
of enhancing the magnetic contrast and limiting any contribution from the topography of the material
surface. In the case of a DW displacement, the magnetic contrast, either dark or bright, depends on
the type of the DW, either a DWy.p or a DWp.y, and on its direction of motion. In this manuscript, a
dark (bright) contrast corresponds to a magnetization that has been reversed from down (up) state to
up (down) state. Consequently, we determine the direction and the amplitude of a DW displacement.
By using MOKE, we only get the static state of the magnetization. The exact timescale of the
dynamics remains unknown and requires other advanced imaging techniques.
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Figure 11.3 The differential mode of MOKE. (a), (b), (d), (e) are MOKE images with bright and dark contrasts corresponding to down
and up magnetic domains, respectively. The DW is the boundary that separates the two areas of different contrasts. (c¢) and (f) are
MOKE differential images. (c) ((f)) is the subtraction of (a) ((d)) from (b) ((e)) taken after applying an external magnetic field. The
orange arrow indicates the direction of motion of the DWp.uv in (¢) and (f).

Wide-field MOKE microscopy is well suited to monitor the spatial and temporal evolutions
of magnetic domains over relatively large time scales and micrometer displacements. Indeed, the
diffraction of the light limits the resolution of the MOKE to around 500 nm. It can be improved to
about 300 nm using for example a different light source and an oil immersion technique. MOKE
technique cannot resolve the internal structure of a DW (its width A = 5 nm in our structures) but it
allows the study of its dynamics under an external driving force (magnetic field, electric current, etc.).
Moreover, no special treatment for the multilayer surface is required to perform MOKE microscopy.

For further details concerning the magneto-optic Kerr effect and Kerr microcopy, we refer to
the following review [Schifer, 2007].
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I1.3. DW motion by the injection of an electric current

I1.3.1. Current-induced DW Motion set-up

The experimental set-up used for the injection of electric current pulses into the samples is
shown in Figure II.4. The sample is fixed on a sample holder that has two copper contact pads. These
copper contact pads are connected to the sample using micro bonding. The input is connected to an
ultrafast voltage pulse generator and the output grounded. Two parameters can be set on the generator:
the pulse duration and the voltage amplitude. Effects induced by current pulses variable duration
(0.3 ns - 20 ns) and voltage amplitude (1 V — 90V) are then investigated under MOKE. The pulse
duration is chosen according to the pulse amplitude. The application of a pulse for a relatively long
period of time causes over-heating which can cause nucleation events or even damage the sample.
Another pulse generator triggers the ultrafast voltage pulse generator and sets the total number of
pulses and their frequency. Samples have a resistance in the range of 600 - 900 Ohms. To reduce the
impedance mismatch with the generator and have a better transmission of the electrical pulses, we
connect a 50 Ohms resistance in parallel. The pulses up to 90 V did not cause substantial damages to
the contacts or devices which allowed the DW motion to be probed with the maximum available
current density for each structure.

v

Figure I1.4 Schematic representation of the experimental setup used for current injection. The pulse generator is shown in red. By
micro bonding, we connect the device to the copper pads. The 50 Ohms resistance is connected in parallel to reduce the impedance
mismatch between the device and the generator. The sample holder is grounded to close the circuit. External magnetic fields can also
be applied.

Current densities are calculated by dividing the injected current by the wire width and the total
effective thickness of the conductive layers, assuming uniform conduction in the metallic layers.
Actually, the values of the bulk resistivity of the ferromagnet and the heavy metal are
Pco = 62.4107° Om and pp, = 105 1072 Qm, respectively. Due to the higher resistivity of Pt, one
would expect the current to flow mainly through the Co layer thus a non-negligible STT effect on
DWs. Taking into account the thickness dependence of the resistivity, the roles are inverted between
Co and Pt. For t;, =0.6 nm and tp, =3 nm, pg, = 9.6 1077 Qm and pp; = 2.7 1077 Om
[Lacy, 2011; Alejos et al., 2017]. The current then flows mainly through the Pt layer (cf.
[Cormier et al., 2010] for further discussion), which justifies a dominant SOT mechanism on DWs in
our samples as discussed in section I.4. Our estimation is not accurate but still gives a good
approximation of the current density flowing in the sample.
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I1.3.2. DW motion in the presence of external magnetic fields

In Chapter III, we will present the effect of a longitudinal magnetic field H,, on CIDWM. The
in-plane magnetic field H, is applied using an electromagnet placed on a support plate with the
sample holder placed between its poles. In this arrangement, any tilt of the electromagnet support
plate generates an out-of-plane field component for H, which can contribute to the DW motion.
Based on the symmetry of our system, these errors are removed by adjusting the tilt of the support
plate. For this purpose, we examine the displacements of a DWy.p under a positive current in the
presence of a positive in-plane field and of a DWp.y under a negative current in the presence of a
negative in-plane field. In the presence of a tilt, the opposite in-plane fields are not equivalent
resulting in different displacement amplitudes between the two DWs. By progressively changing the
orientation of the support plate, we consider the tilt as negligible when both displacements are equal
thus respecting the 180° rotation symmetry operation around the z-axis.
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Figure I1.5 The arrangement of the electromagnet with respect to the sample. With a tilt, H, gives an out-of-plane field component
(along the z-axis) that breaks the symmetry between DW displacements. When H, is perfectly in plane, DWs displacements are
equivalent by a 180° rotation around the z-axis.

In addition, a Helmholtz coil, made of copper wire, was mounted between the poles of the
electromagnet. It generates an external out-of-plane field H, that helps nucleating DWs and
stabilizing magnetic bubbles for our experiment described in Chapter IV. The device is placed in the
center of the Helmholtz coil so that H,, is nearly uniform. The amplitudes of H, and H, are controlled
by bipolar power supplies. The voltage range of the power supplies limits the maximum applied
fields. H, for example was limited to £150 mT. The rise and fall times of the H,-pulses were
approximately 200 ms. Therefore, we used a home-built Labview program to ensure that the
application of H, and the injection of the desired current pulses take place during the plateau of H,.
From this point of view, the action of H, is similar to that of a continuous magnetic field.

I1.3.3. Measurements of DW motion

We extract the DW velocity from series of Kerr images. We determine the DW displacement
by averaging measurements from at least 10 images taken under the same conditions of pulse duration
and amplitude. To obtain DW displacements on the micrometer scale, the pulses were repeated
between 3 and 60000 times, depending on the current density /. The elapsed time between the end of
one pulse and the beginning of the next can be varied from 10 us to 1 second. The variation of the
elapsed time between pulses did not influence the overall DW displacement. The elapsed time is then
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always long enough for the heat produced during a single pulse to be evacuated. Therefore, when
increasing the number of pulses under a given current density, the DW motion is cumulative and the
displacement induced by a single pulse is estimated by dividing the total displacement by the number
of the pulses. Following this exact procedure, we determine DW displacements for a single pulse with
at least three different durations. During the rise and fall times of a pulse, the amplitude of the current
density is not well defined. In order to determine the intrinsic DW velocity corresponding to the
desired current density, we have to remove contributions to the DW displacement during the rise and
fall times. We take then advantage from the fact that rise and fall times are identical for any pulse
duration. We determine then the DW velocity of the DW with the slope of the linear fit of the
displacement variation as a function of the pulse length (examples are shown in Figure II1.6). This
procedure eliminates errors due to the influence of the rise and fall times. The standard deviation of
the slope is used as error bars for the velocity measurement. I have followed this procedure to
measure the DW velocity under an electric current in the Pt/Co/Pt structure, depicted in Figure
IIL.1.c. For the current-induced magnetic bubbles motion (Chapter IV), I used another procedure to
estimate the velocity of these bubbles: the injection of series of fixed-duration pulses. The velocity is
then the slope of the linear fit of the total displacement versus the integrated duration of the current
injection (single pulse duration x number of pulses) (Figure V.18). As discussed, this method is a
source of errors that lead to an underestimation of the intrinsic velocities. Nevertheless, it still gives
an approximation of the order of magnitude of the velocities.

3,0 10 3
s J~ 147 s J~203 a J~ 284
— — —
£ 25 E s £ ° 1
NG NG NG
2 2,0 E ERES
2 z 5 2
8 1s g s
=3 T 4 =3
= 1,04 = = 2
= = =
2]
0,0 : , . 0 . . . 0 . . 4 . .
7 8 9 10 1 4,0 45 5,0 55 6,0 16 1,8 2,0 22 2.4
pulse length (ns) pulse length (ns) pulse length (ns)

Figure 11.6 DW displacement as a function of the pulse duration at three different current densities for Pt/Co/Pt. The slope of
the fit gives the DW velocity. The fit does not extrapolate to the origin as the DW is static during most of the pulse rise and fall times.
Current densities are in units of 10> A.m™.
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II1. The asymmetric non-collinear current-induced DW motion
in SIA materials

II1.1. The non-collinear DW motion

In MRAMs, research efforts are still focusing on improving the write operation efficiency of
the magnetic bits. The writing process relies on torques that are induced by the electric current
injection in the MTJ (Magnetic Tunnel Junction). Thereby, it is important to generate efficient
current-induced torques in order to reduce both the power consumption and the time rate of the write
task. In the case of SOT-MRAMs, the electric current paths of the read and the writing tasks are
separated (Figure III.1.a). For the read operation, the current travels perpendicular to the Magnetic
Tunnel Junction (MTJ) through the tunnel oxide barrier whereas it flows in the plane of the HM layer
for the write operation. The tunnel barrier is then less subject to stress which grants the SOT-MRAMs
with a better endurance than the STT-MRAMs where the current shares the same path for both
operations.

(b)
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Figure I11.1 The spatial distribution of SOT and the non-collinear DW motion. (a) The complex magnetization switching specific to
SOT. Based on the in-plane injection of the current, the lower electrode (HM layer) and the magnetic free layer can be shaped
independently. By designing the contour of the HM, SOT exhibits a spatial distribution in the plane while the geometry of the free layer
dictates the magnetization reversal scheme. A Magnetic Tunnel Junction can be placed on top of the free layer. (b) Schematic diagram
of the non-collinear current-induced DW motion. In the case of SOT, the current direction is no more restricted to the direction normal
to the DW. The DW can then freely be placed at a finite angle ¢; with respect to the current direction. This non-collinear geometry
allows studying the action of a spatial dependent SOT. (a) extracted from [Safeer et al., 2015].

In addition, the generation of SOT does not require the current to pass through the
ferromagnetic layer. It is then possible to apply the current in any in-plane direction in the HM layer.
Consequently, we can shape independently the ferromagnetic layer (Figure II1.1.a). This additional
degree of freedom can bring novel approaches to control the temporal evolution of the magnetization
(M(x,y,t)) by a spatial dependent current-induced torques (SOT((x,y))). Actually, the size of the
magnetic bits in the SOT-MRAMs is larger than the DW width parameter A. The magnetic bits are
of few tens of nanometer whereas A is less than 10 nanometers in PMA materials. The magnetic
switching takes then place through nucleation of the DWs and their subsequent propagation.
Therefore, the understanding of the influence of the spatial distribution of SOT on the DW motion
can help optimizing the magnetization reversal. As discussed in section 1.4.2.4, SOT drive the DWs
essentially through the action of the damping-like component T p;. According to Egs. .33 and 1.34,
the action of Tp; depends on the DW core magnetization mpy, (the unit magnetization vector at the
DW core). We express Tpy as Tpp ~ [mpy X (J X u,)] X mpy, with u, the unit vector which gives
the normal to the film along which the inversion symmetry is broken (SIA). The relative orientation
between the injected electric current J and mpy, defines then the amplitude of T . Thus, by varying
the angle ¢, between J and mpy,, we can study the action of a spatial dependent SOT on the DW.
This is the non-collinear DW motion with respect to the current: we fix the direction of the current
while rotating the DW in the (x, y) plane (Figure IIL.1.b).
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Ill. The asymmetric non-collinear current-induced DW motion in SIA materials

[Safeer et al., 2015] were the first to propose the investigation of the current-induced DW
motion in the non-collinear geometry. They fabricated wires of Co/AlOx on top of a Pt pad
(Figure II1.2.a). The current is injected in the Pt electrode with a fixed horizontal direction while the
wires have different orientations with respect to the current direction. Each wire has its long axis at
an angle that varies clockwise from 0° to 90° in steps of ~ 15°. The measurements of the DW velocity
Vpw as a function of the tilt angle, for the DWy.p under positive and negative currents, are given in
Figure II1.2.b. The DW motion shows a strong dependence on the angle between the current and the
DW. For a positive current, it moves asymmetrically with respect to the current direction and has its
maximum velocity at a finite angle ¢;"**. In the manuscript, we refer to ¢;*** as the angle of the
maximum velocity or the angle of the largest displacement. As for the DWp_y, we obtain the variation
of its velocity by applying the (x, z) plane mirror symmetry operation to the DWy.p that has been
studied in the tilted wires (in Figure II1.2.a). Following this symmetry operation, the DWp.y motion
under a positive (negative) current in wires at angles varying clockwise from 0° to 90° is the same as
the DWu.p motion under a negative (positive). Consequently, in a tilted wire at ¢, = +45° (anti-
clockwise rotation) only the DWp.u moves under a positive current whereas only the DWy.p moves
in a tilted wire at ¢; = —45° (clockwise rotation) (Figure I11.3.a).
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Figure I1I1.2 First observation of the non-collinear DW motion in Pt/Co/AlOx. (a) MOKE image of the magnetic wires (500 nm width)
of Co/AlOx on top of a Pt layer. The bright contrast, corresponding to a saturated down magnetization, highlights these wires. (b) The
DW velocity versus the tilt angle. These measurements correspond to the DWu.p under a positive (negative) current in red (green) with
a density of 1.81 102 A.m?. The tilt angle is the angle between the wire axis and the current direction. (a) extracted from
[Safeer ez al., 2015] and (b) from [Chenattukuzhiyil, 2016].

Even though their physical mechanisms are not clear, [Safeer et al., 2015] have introduced an
interesting concept of magnetic devices based on the specific properties of the non-collinear DW
motion. It is the shape-controlled SOT magnetization switching, i.e. the geometry of the device
dictates the magnetization reversal scheme. An example of such a device is the “u-shape” device
(Figure IIL.3.c) that is made by joining two tilted wires at opposite angles (¢; = £45°) at the two
ends of a staright wire (¢p; = 0°) [Safeer et al., 2015]. For a functional SOT-MRAM, the read element
(the top part of the MTJ) would be placed on top of the straight wire. The tilted wire at ¢p; = +45°
selects the polarity of the moving DW (either DWp.y or DWy.p) thus it determines the polarity of the
magnetization switching (either from up to down or from up to down) depending on the direction of
the injected current (either positive or negative). The reversed domains are nucleated in the narrower
parts of the tilted wires by the first current pulse. Due to the selectivity in the tilted wires
(Figure II1.3.b), a “u-shape” device with an initial up magnetization switches to the down state only
under a consecutive positive current (the bottom panel in Figure IIL.3.c). If the magnetization is
already down, no switching takes place (the top panel in Figure IIL.3.c). In fact, only the selected
DWnp.u in the wire at ¢; = +45° moves under a positive current from left to right into the straight
wire thus resulting in the expansion of the down domain. Following this, in order to switch from
down to up, we have to apply a negative current (Figure II1.3.d). In this case, only the DWp.y,
moving from right to left, is selected in the wire at ¢p; = —45°. Beyond this example, it is possible to
imagine various geometries opening the way for a wide range of magnetic switching schemes. More
particularly, the design proposed by [Safeer et al., 2015] is not dictated by any magnetic in-plane field
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I1l.1. The non-collinear DW motion

which is beneficial from the application point of view. As long as the magnetic device size remains
larger than the DW width A, the magnetic switching scheme remains based on the nucleation-
propagation scenario. Therefore, it is still crucial to have a better understanding of the non-collinear
current-induced DW motion. This experiment should be extended into many multilayered structures
with different SIA since we expect the DW motion to be strongly dependent on the materials.

(b)
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ﬂ

Figure II1.3 The shape-controlled magnetic switching devices. (a) The asymmetric DW motion in tilted wires. The devices are based
on the specific feature consisting in a single DW type moving in a wire tilted at 45°. (b) The DW selection in a pin-shaped tilted wire.
In the narrow region of the pin-shaped wire, a reversed domain is nucleated due to Joule heating. Following (a), only one DW of the
reversed domain is selected to move under the current. The operation mode of the ‘u-shape’ device under a positive (negative) current
in (c) ((d)). The dark and white colors represent the up and down magnetic domains, respectively. The light grey rectangle is the heavy
metal conductive layer. The black arrows indicate the DW motion. Extracted and adapted from [Safeer et al., 2015].

E

We can apply also an external in-plane magnetic field H, to tune the action of SOT. This
method has been widely used to determine the sign and the amplitude of the DMI (cf. section 1.5.5.2).
The equilibrium orientation of the DW core magnetization mpyy is set by the effective magnetic fields
within the DW: the magnetostatic ‘shape’ anisotropy field Hg that favors the Bloch configuration
and the DMI field Hpy;; that promotes the Néel configuration (cf. 1.5.2). The in-plane field H, can
modify the orientation of the DW core magnetization mpy,. By varying the amplitude of H,, the
angle between mpy and the current J changes similarly to the DW motion in the non-collinear
geometry. For instance, a positive in-plane field H, reverses the chirality of the Néel wall from the
left-handed (the top panel in Figure II1.4.a) to the right-handed chirality (the bottom panel in Figure
IIL.4.b). The angle ¢; between mpy, and J has been then changed from 0° to 180°. Consequently,
the SOT-induced direction of the DW motion reverses between the two cases. It is possible to
combine the two methods to tune the action of SOT: the non-collinear DW motion in the presence of
H,. This provides a more comprehensive picture of the CIDWM in SIA materials. In the absence of
H,, the motion of the DW sitting at a finite angle ¢; with respect to the current (the left panel in
Figure II1.4.b) is not similar to the DW motion in a straight wire. On the contrary, a large negative
H, saturates mpy (the right panel in Figure IIL.4.b). In this case, the SOT action is expected to be
the same whether the DW is in a collinear or a non-collinear geometry. Therefore, this study allows
verifying the validity of the DMI + SOT mechanism that was experimentally founded on the basis of
the DW motion in a one-dimensional geometry. If the DW motion asymmetry persists, it indicates
that new and complex physical mechanisms are involved in the CIDWM.
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Figure I11.4 The modulation of the DW core magnetization mpy, by the in-plane magnetic field H,. (a) Effect of H, on Néel walls in
a straight wire. By assuming a motion in the current direction for the left-handed chirality, a positive H, reverses the direction of
motion of the NW. (b) Effect of Hy on the non-collinear DW motion. A large negative H, saturates mpy, for the DW sitting in a tilted
wire. Thus, the SOT action is similar to that on the NW in a straight wire ((a)). The orange arrows give the direction and the amplitude
of the SOT-induced DW motion.
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Ill. The asymmetric non-collinear current-induced DW motion in SIA materials

However, the extent of the modulation of the DW core magnetization mpy, by H, depends
strongly on the amplitude of the DMI, which in turn depends on SIA. A large SIA induces strong and
robust effects: e.g. a large interfacial DMI that stabilizes homochiral NWs. It is then very difficult to
modulate mpy,. In contrast, it is expected to be less difficult to modulate mpy, in a low SIA material.
The characteristics of the non-collinear DW motion can thereby differ between a large SIA and a low
SIA structures. The Pt/Co/AlOx stack has large SIA since bottom and top interfaces are totally
different. It exhibits large DMI (|D|=2.71mJm? via BLS measurements
[Belmeguenai et al., 2015]) and large SOT (torque-to-current ratios for Tg; and Tp; about -4.0 and
+6.9 mT per 10'! A.m™, respectively [Garello et al., 2013]). The Pt/Co/AlOx stack has attracted a lot
of attention after the report of fast CIDWM, up to a velocity of 400 m.s!, in the current direction
without any Walker breakdown [Miron et al., 201 1] (Figure IIL.5.a). As for the Pt/Co/Pt stack, it has
low SIA. It is almost a symmetric structure as the Co layer is sandwiched between two layers made
of the same element Pt. The low SIA is produced by crystallographic differences between top and
bottom interfaces, inherent in the growth of the layers by sputtering. Unlike Pt/Co/AlOx, the SIA
does not induce strong effects. Indeed, we have measured smaller DW velocities in Pt/Co/Pt
(Figure IIL5.b). Similarly to the creep (current density J < 1.45 10'2 A.m™) and the depinning
regime (1.45 <] <2 10?2 A.m™) seen in the FIDWM (cf. section 1.3.4), the DW mobility increases
with the current density. In the flow regime (J > 2 10'> A.m™), the DW velocity reaches a saturation
plateau. Whereas for comparable current densities, the DW mobility is constant in Pt/Co/AlOx, which
allows achieving larger velocities. Moreover, the ingredients of the DW dynamics under magnetic
fields, in Pt/Co/Pt, are better understood so far after the proposal of the Chiral Damping mechanism.
The Pt/Co/Pt stack gives then the opportunity to uncover the Chiral Damping role in the non-collinear
DW motion.
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Figure I11.5 Measurements of CIDWM in straight wires in different SIA materials. The DW velocity vpy, versus the current density |
in (a) the Pt/Co/AlOx structure and in (b) the Pt/Co/Pt structure. (a) Extracted from [Miron et al., 2011].

The objective of this work is to have a better understanding of the current induced non-
collinear DW motion. We propose thereby to study the non-collinear DW motion in the presence of
a bias in-plane magnetic field in materials with different SIA. This chapter contains two main parts.
After describing the procedure used to study the non-collinear DW motion, I will first present the
experimental results obtained in Pt/Co/AlOx (large SIA) and next in Pt/Co/Pt (low SIA). I will discuss
also the possible mechanisms that can explain these results.
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II1.2. Asymmetric distortion of magnetic circular domains

In my experiments, [ have studied the non-collinear DW motion using a different method from
that described in [Safeer et al., 2015]. The DW motion in a 2D geometry or in a non-collinear
geometry means that the current is not injected perpendicular to the DW but in an oblique injection.
Consequently, instead of fabricating tilted wires on top of the HM layer, I have investigated the effects
of the current on a magnetic circular domain. In a 10 #m x 20 ym magnetic wire, we inject a current
density J in the presence of a magnetic field H,. This allows us to nucleate reversed DWs at the four
wire corners. An out-of-plane field H, is subsequently applied to propagate these DWs towards the
wire center. By controlling their motion so that different DWs do not collapse into each other, a
circular domain is formed in the wire center, away from edges, with a diameter of 4-8 ym. We then
assume a uniform current-distribution for the circular domain that we probe using a MOKE.
Figure IIl.6.a shows, on the left, a representative sketch of a circular domain with an up
magnetization (black or dark contrast). On the right, a MOKE image gives an example of a prepared
up circular domain in the magnetic wire.

(a) (©) Tipw collinear configuration
o
] normal configuration
—_—
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Figure I11.6 Magnetic circular domains for the study of the non-collinear DW motion. (a) ((b)) Sketch of a prepared up (down) circular
domain with the corresponding MOKE image. Sketch of a: (c¢) collinear and (d) non-collinear configuration for CIDWM. In the MOKE
images, a dark (or a black) contrast represents the up magnetization and a white (or a bright) contrast corresponds to the down
magnetization.
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—
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This method allows the DW propagation to be simultaneously monitored in the collinear and
the non-collinear configurations. In the collinear configuration, the DW stands normal to the current
flow, i.e. npy, the DW normal vector that is parallel or anti-parallel to the current density vector J
(the straight wire in Figure IIL.6.c). In the non-collinear configuration, npy has a nonzero angle ¢,
with respect to J (the tilted wires in Figure I11.6.d). In addition, this method enables following the
behavior of the two different DWs, i.e. the DWu.p and the DWp_u, at the same time. Each side of the
magnetic circular domain corresponds to a different DW. Figure IIL.7 emphasizes the advantage of
studying the motion of a semi-circle shaped DW in a continuous film. Furthermore, since the DW
spans continuously all angles (from -90° to +90°), it is then possible to measure accurately the angle
@;"** as a function of the current density and/or the applied in-plane field H,. This is valuable for a
more complete picture of the non-collinear DW motion.

65



Ill. The asymmetric non-collinear current-induced DW motion in SIA materials

yA

/4300 Npw ¢y # 0°

] ] g.a" ) 0° ]

A ﬁDW normal vector of a DW

Figure I11.7 Schematic diagram of the semi-circle shaped DW in a continuous film. The dark grey circle corresponds to an up circular
magnetic domain under a positive current density J. The DWu.p spans all the angles ¢; from -90° to +90° while crossing the position
at ¢; = 0° (collinear configuration). At the same time, the other side of the magnetic circular domain gives the DWp.v motion.

The study of the magnetic circular domains helps also removing some artefacts associated
with the study based on the patterned wires. The ferromagnet wires are patterned separately on top of
the HM layer. This may distort the rectilinear current flow distribution so that it contributes to the
observed DW motion asymmetry. Moreover, the DW can be tilted so that it is no longer sitting
perpendicular to the wire (cf. chapter IV). In that case, the angle ¢; between the wire and the current
direction is not necessarily the angle between the DW normal vector npy, and the current direction.

(a) nitial state (b)

4pm " major-axis

Figure II1.8 Asymmetric current-induced distortion of the up magnetic circular domain in SIA materials. (a) Initial MOKE image.
(b) Differential MOKE image after the current injection. (c) Illlustration of the elliptical distortion obtained in (b). The dashed line
emphasizes the final elliptical shape of the magnetic domain. The displacements of the semi-circle shaped DWs (magnetic contrast
regions towards the center of the wire) are not symmetric with respect to the horizontal axis in (b). The orange arrows indicate the
largest DW displacements in (c). In a differential MOKE image, a bright (dark) contrast corresponds to the magnetization that has
been reversed from the up (down) to the down (up) orientation.

As observed in the Pt/Co/AlOx stack [Safeer et al., 2015], the largest current-induced DW
displacement is towards positive and negative angles for the DWp.y and the DWu.p, respectively.
The displacements of the semi-circle shaped DWs are not then symmetric with respect to the current
direction (the x-axis). Therefore, the magnetic circular domain is distorted by the electric current and
shows an elliptical shape (Figure IIL.8.c). We call this effect the asymmetric distortion of the
magnetic domains. We have then followed the asymmetric distortion of the magnetic domains under
MOKE to study of the non-collinear DW motion in Pt/Co/AlOx and Pt/Co/Pt.

II1.3. Non-collinear DW motion in Pt/Co/Al1Ox

In Pt/Co/AlOx, a down magnetic circular domain is distorted asymmetrically as depicted in
Figure I11.9. This behavior takes place at different DW regimes of motion with the DW velocity vpy,
increasing from vpy, ~ 0.02 m.s™! (the creep regime) for a current density of / ~ 0.7 (Figure I11.9.a)
to vpy ~ 100 m.s™! (the flow regime) for a current density of J ~ 2.73 102 A.m™? (Figure I11.9.d).
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Figure II1.9 Asymmetric distortion of the down magnetic domain for different current densities in Pt/Co/AlOx. We have applied
different current density amplitudes, number of current pulses and current pulse lengths. (a) ] ~ - 0.70 10> A.m™%, 5000 pulses, 20 ns
each. (b) J ~ - 0.83 10”2 A.m™, 500 pulses, 20 ns each. (c) | ~ - 1.45 10> A.m’?, 80 pulses, 5 ns each. (d) J ~ - 2.73 10" A.m?, 40
pulses, 1 ns each. All MOKE differential images exhibit qualitatively the same asymmetry.

From the MOKE images in Figure II1.9, we are able to deduce the asymmetric variation of
the DW displacement, as schematized in Figure II1.10. We observe opposite asymmetries between
the DWu.p and the DWp.y in a good agreement with [Safeer et al., 2015]. Moreover, this asymmetric
non-collinear DW motion is independent of the DW regime of motion because it is qualitatively the
same for different current densities (Figure II1.9). Actually, the DW dynamic deformation by the
DMI + SOT mechanism predicts this kind of asymmetric motion but only in the flow regime.
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Figure II1.10 Schematic diagrams of the asymmetric non-collinear DW motion observed in Pt/Co/AlOx. (a) for the DWu.p and (b) for
the DWp.u. The dashed circular lines give the initial position of the semi-circle shaped DWs. The green arrows highlight the asymmetric
variation of the DW displacement as a function of the angle ¢;.

I11.3.1. The DMI + SOT mechanism in the flow regime

In non-collinear DW motion, the electric current effects are not linear. According to Figure
IIL.2.c, at ¢p; # 0°, series of positive current pulses followed by identical series of negative pulses do
not bring the DW back to its initial position. If these effects were linear, the total displacement would
be equal to zero. Following Egs. I.33 and 1.34, the action of the damping-like torque Tp; on mpy, is
nonlinear either. Upon reversal of the current polarity, the extent of the canting of mpy, by Tp is not
necessarily the same. This is due to the variation of the x-component (m,) of mpy, during the DW
distortion. One is then tempted to interpret the asymmetric DW motion with ¢; in terms of the DMI
+ SOT mechanism.

In Pt/Co/AlOx, the strong DMI stabilizes left-handed chiral NWs. The distortion of such NWs
by SOT results in the asymmetric motion with ¢; in the flow regime. To visualize this mechanism,

we consider the action of the damping-like torque Tp, on the DW core magnetization mpy
(Figure IIL.11). In the left-handed NW configuration, the DW core magnetization mpy, sits
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perpendicular to the DW plane, pointing from the down towards the up magnetic domain. While
injecting the current, Tp; cants away mpy from its equilibrium orientation inducing a terminal
deformation angle = of the DW internal structure.

(a) (b)
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Figure I11.11 Schematic diagram of the distortion of left-handed NWs by SOT in the non-collinear configuration. (a) The DWu.p and
(b) the DWp.u. Tpy, cants away Mmpy with a deformation angle Z. At 7', the deformation angle Z aligns mpy with the current thus
the maximum DW velocity. The angle v is the angle between mpy and Npy with npy parallel to vpy for any angle ¢;. The blue
(red) arrows represent the velocity vector of the DWuy.p (DWp-u). The dark red arrows corresponds to the damping-like torque Tp.

The DW core magnetization Mpy, is given by a (dotted) straight green arrow (before) after being distorted by Tpj.

By analogy with FIDWM, the DW velocity vpy, is dictated by the damping-like field Hp; in the
steady-state regime. According to Eq. I.19, the DWuy.p velocity vyp can be written as (Figure
II1.11.a):

A
vyp = = [Hpy| (1)
where Hp; = JHp, (uy X mDW).Thus, Tp, rotates mpy, anti-clockwise with an angle = > 0 giving
m, = —Cos(E +¢ ])ux in the non-collinear configuration. Eq. IIL.1 is rewritten as:
A -
Vyp = V; JHp,, cos(E + ¢;) (11L.2)

On the upper half of the DWu.p (0° < ¢; < +90°), vy decreases monotonously due to the term
cos(E + ¢ ]). At ¢; = 0°, vyp is not maximum since the distortion by Tp;, reduces the component
m, (cosZ < 1). Instead, the fastest motion occurs on the lower half of the DWunp
(—90° =< ¢; < 0) at the position 1 where the distortion makes mpy, collinear with the current J (for
& = —¢;). This is in line with the obtained negative angle ¢;"** for the DWu.p. The distortion of
mpy is clockwise for the DWp.y thus a maximum velocity at the position 2 as shown in
Figure II1.11.b (a positive angle ¢;***).

Micromagnetic simulations, in literature, confirm such a scenario. Without disorder and for a
high current density of 2 10> A.m? (the flow regime of motion), [Eduardo et al., 2016] fitted the

normalized DW displacement d(], ¢ ]) by its maximum d,,,, as a function of (¢ ) ) following
the equation:

——L = cos(¢p; — £) (IIL3)
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where ¢, and Z are expressed in their absolute values. The dependence on (d) ) ) is in line with
Eq. IIL.2 expressed for the DW velocity vpy,. Accordingly, the angle of the largest displacement is
determined as ¢;"** = £ for chiral NWs. It depends on both the initial DW structure and the
amplitude of the distortion by Tp. Therefore, ¢p;*** is expected to be a function of the current density
J, material parameters (the DMI constant |D| and the spin Hall angle 6y of the HM layer) and the
injection time of the current. In addition, ¢;*** can be a function of the applied in-plane magnetic
field H, if the latter is capable to modify the initial DW structure through the modulation of the DW
core magnetization mpy,. We propose then to test the validity of the DMI + SOT mechanism by
examining the variation of the angle ¢;"** as a function of the current density J and of H,. To that

end, we have studied the non-collinear DW motion in the presence of H,.

I11.3.2. The DW motion in the presence of an in-plane magnetic field
IT1.3.2.1. Effects of the in-plane magnetic field

Here, we present the effects induced by the magnetic field H, on the asymmetric distortion of
magnetic circular domains in Pt/Co/AlOx. Asymmetric DW motion with ¢; is maintained up to
|H,| = 150 mT. The up magnetic domain, in Figure IIL.12, loses its round shape to adopt an
elliptical form similar to that obtained at H, = 0. Thus, the angle ¢;"** keeps the same symmetry
for the two different DWs in the presence of H,.

. CL (a) initial state (b) Hy = 0 mT
X

Figure I11.12 Asymmetric distortion of the up domain in Pt/Co/AlOx in the presence of H, under a positive current. (a) Initial MOKE
image of the up domain before the injection of current. (b) Differential MOKE images of the final state of the up domain after current
injection at Hy, = 0 in (b), at a positive (respect. negative) Hy in (c) (respect. (d)). The current density is | ~ + 2.75 10" A.m™.

From the MOKE images (Figure I11.12), we can detect the effects of H, by following the
motion of the center of the magnetic circular domain. Due to the asymmetric non-collinear DW
motion, the center has a vertical motion (along the y-axis) along with the horizontal motion (along
the x-axis). To determine the direction of motion of these two components, we compare the position
of the center of the final magnetic domain state with that of the initial magnetic domain state in the
differential MOKE image. In all the MOKE differential images, we focus on the magnetic contrast
regions towards the wire center. The magnetic contrast region on the left gives the displacement of
the semi-circle shaped DWp.u while the magnetic contrast region on the right corresponds to that of
the semi-circle shaped DWu.p. Whether H,, is positive or negative, the DWp.u contrast is always
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bright while the DWy.p contrast is dark. Thus, according to the description of the MOKE microscopy
in section IL.2, the center of the up domain moves horizontally in the current direction for any applied
in-plane field. In addition, each contrast region has an asymmetry with respect to the x-axis, similar
to that obtained at H, = 0. This confirms that the angle ¢;*** does not change its sign for both DWs.
In Figure III.12, the initial up magnetic domain is then represented by the bright contrast region
associated with the central grey textured region. The central grey textured region associated with the
dark contrast region gives the final up magnetic domain state. We infer then that the center of the up
domain moves upwards (downwards) for a positive (negative) H,. Such a vertical motion can be
accounted for by the competition between H, and the DMI effective magnetic field H pj; within each
DW. Since DMI stabilizes left-handed NWs in Pt/Co/AlOx, a positive H, is parallel to H py; within
the DWp.u whereas they are anti-parallel inside the DWu.p. The action of the damping-like torque
Tp; is then less effective on the DWy.p than on the DWp.u. This results in an asymmetric motion
between the two DWs with the semi-circle shaped DWp.u being faster. As its largest displacement
takes place at a positive angle ¢;"**, the size of the up magnetic domain reduces for a positive H,
(Figure III.12.c) and the center moves in the +y-axis direction. It is the opposite situation for a
negative H, that is parallel and anti-parallel to Hpy; inside the DWy.p and DWp.y, respectively.
Thereby, since the angle ¢;"%* is negative for the DWu.p, the up magnetic domain increases its size
for a negative H, with its center moving in the —y-axis direction as obtained in Figure III.12.d. These
different scenarios of the asymmetric distortion of the up magnetic circular domain under a positive
current in Pt/Co/AlOx are summarized in Figure I11.13.

(a) H,=0mT (b) H,>0mT (¢c) H,<O0mT
[—

final position
of the domain center

" major-axis

major-axis : i ) .
o . major-axis
initial position

of the domain center

Figure I11.13 Schematic diagram of the asymmetric distortion of the up magnetic circular domain under a positive current in the
presence of H, in Pt/Co/AlOx. H, = 0 in (a), positive in (b) and negative in (c).

To confirm that the observed phenomenon is not an artifact, we have checked the domain
distortion for the other magnetization and/or current polarities. An up domain under a negative current
is equivalent to an up domain under a positive current by the 180° rotation symmetry operation around
the z-axis. Their respective distortions should follow the symmetry operation as illustrated in
Figure IIl.14.a-d. Under a negative current, the up domain is expected to expand with its center
moving upwards at a positive H, while it shrinks with its center moving downwards at negative H,,
which has been found to be in agreement with the experiment (Figure 111.14.e-f).
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Figure II1.14 Asymmetric distortion of the up magnetic domain in Pt/Co/AlOx in the presence of H, under a negative current.
(a)-(d) The image of the distortion of an up domain under a positive current by the 180° rotation symmetry operation around
the z-axis in Pt/Co/AlOx. The image of an up domain under a positive current at a positive H,. in (a) (respect. negative (c)) is an up

domain under a negative current at a negative H, in (b) (respect. positive (d)). The obtained distortion of the up domain under
J ~-2.73 10" A.m? at a negative (respect. positive) H, in (e) (respect. (f)).

As for the down magnetic domain, Figure III.15 (respect. Figure II1.16) gives the effect of
H, under a positive (respect. negative) current. In both cases, the observed distortion follows, by the

corresponding symmetry operation, the image of the distortion of the up magnetic domain under a
positive current in Figure IT1.12.
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Figure III.15 Asymmetric distortion of the down magnetic domain in Pt/Co/AlOx in the presence of Hy under a positive current.
(a)-(d) The image of the distortion of an up domain by the (x, z) plane mirror symmetry operation in Pt/Co/AlOx. The image of an up
domain under a positive current at a positive H, in (a) (respect. negative (c)) is a down domain under a positive at a negative H, in

(b) (respect. positive (d)). The obtained distortion of the down domain under J ~ + 2.75 10> A.m™® at a negative (respect. positive) H
in (e) (respect. (f)).
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Figure I11.16 Asymmetric distortion of the down magnetic domain in Pt/Co/AlOx in the presence of H, under negative current.
(a)-(d) The image of the distortion of an up domain by the (x, z) plane mirror symmetry operation followed by the 180° rotation around
the z-axis in Pt/Co/AlOx. The image of an up domain under a positive current at a positive H,, in (a) (respect. negative (c)) is a down
domain under a negative current at a positive H, in (b) (respect. negative (d)). The obtained distortion of the down magnetic domain
under J ~ -2.73 102 A.m? at a positive (respect. negative) H,. in (e) (respect. (f)).

We have seen that for all polarities for the magnetization and/or the current, the distortion of
the magnetic circular domain follows well the symmetry operations. This rules out any possible
contribution from artefacts. The in-plane field H, does not then alter the asymmetric DW motion
with ¢; in Pt/Co/AlOx.

Hy = + 100 mT
—)

Hy=-100 mT H,=-125mT Hy=;150 mT

|

— —

Figure I11.17 Asymmetric distortion of the down magnetic domain under J ~ -0.70 10" A.m™ in the presence of H, in Pt/Co/AlOx.
The obtained distortion at a positive (respect. negative) H,. in (a) (respect. (b)).

These observations were obtained for current densities of J ~+ 2.75 102 A.m? and
J ~ —2.73 10'2 A.m™, which corresponds to the high velocity regime (the flow regime). We obtained
the same features for | ~ 0.70 10'> A.m? (the creep regime according to Figure IIL.5.a) in Figure
II1.17 and for J ~ 1.45 10'> A.m™ (the depinning regime according to Figure IIL.5.a) in Figure
ITIL.18. Therefore, the asymmetric DW motion with ¢; in the presence of H, is independent of the
DW regime of motion.
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J " J

Figure I11.18 Asymmetric distortion of the down magnetic domain under | ~ — 1.45 10'? A.m? in the presence of H, in Pt/Co/AlOx.
The obtained distortion at a positive (respect. negative) H, in (a) (respect. (b)).

Even though H, induces an asymmetric motion between the two different DWs, we did not
obtain any reversal of the DW direction up to |H,| = 150 mT. In addition, the angle ¢;"** keeps the
same symmetry at any in-plane field for both DWs. These features indicate that it is difficult to
modulate the DW core magnetization mpy, by H, which is expected since the DMI is large in the
Pt/Co/AlOx stack. According to Eq. 1.38 and parameters for similar nominal structures
(ID] = 2.71 mJ.m? [Belmeguenai et al., 2015], My = 1090 kA.m™' [Miron et al., 2010] and
A= 5.64 nm [Jué, 2013]), a rough estimation gives |Hpy;| = 690 mT which lies far beyond the
available experimental range of H,. In the meantime, the DW displacement varies significantly in the
presence of H,. This indicates that the action of SOT in the non-collinear DW motion has been
significantly modified. Thus, we expect the angle ¢;"** to show a net quantitative variation in the
presence of H,.

I11.3.2.2. Measurement of the angle ¢;"**

In this work, I have not carried out quantitative measurements of current-induced DW motion.
Since it is the similar Pt/Co/AlOx system, I refer to measurements of the CIDWM in the presence of
an in-plane magnetic field done in the previous works of [Ju¢, 2013] in straight nanowires (¢; = 0°)
and of [Safeer et al., 2015] in tilted nanowires (¢; # 0°) (Figure IIL.19). [Ju¢, 2013] observed that
H, changes significantly the DW velocity vpy, . In the flow regime, even at a moderate amplitude of
the in-plane field (|H,| = 75 mT), the DW velocity vpy, changes with more than a factor of two
compared to the velocity at H, = 0 (Figure II1.19.a). [Safeer et al., 2015] obtained a similar trend
for the DW displacements, measured in wires placed at different angles ¢; in steps of
~ 15° (Figure I11.19.b). According to the DMI + SOT mechanism, these observations indicate that
the action of SOT is significantly dependent on H,. [Safeer et al., 2015] reported an estimation of
@;"** in the flow regime of motion only at H, = 0 with ¢;"** ~ 20°. For H, varying from -150 up
to +150 mT, the largest DW displacement is always situated between ¢; = 15° and ¢, = 30°
(Figure IIL.19.b). Following the DMI + SOT mechanism, the angle ¢;*** is expected to vary between
these two values in the presence of H,. We have performed then exact measurements of the angle
@;"** at different H, and under different current densities J.
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Figure II1.19 The CIDWM in the presence of an in-plane magnetic field in the Pt/Co/AlOx structure. (a) The DW velocity vpy, versus
H; for the DWp.u measured in a straight wire. Here, H stands for a longitudinal in-plane field that is equivalent to H,.
(b) DW displacement (in um) versus H, under a current density of 1.6 10> A.m™? at different angles ¢;. Each color corresponds to a
value of ¢;. The wires tilted at 15° (blue) and 30° (red) exhibit the largest DW displacement independently of Hy. (a) extracted from
[Jué, 2013] and (b) from [Safeer et al., 2015].

In fact, the first detected DW displacement gives the angle ¢;"** (Figure IIL20.a).
It corresponds to the first region under MOKE that yields a magnetic contrast. ¢;"%* is then the angle
between the wire axis and the line connecting the center of the initial circular domain to the magnetic
contrast region. Here, the angle ¢;"%* is taken as the angle of the first and largest displacement of the

DW and can be considered then as the angle of maximum velocity.
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Figure II1.20 Measurement of the angle ¢*** in the non-collinear DW motion in Pt/Co/AlOx. (a) Schematic diagram describing the

estimation procedure of ¢[*** via MOKE. The light grey area corresponds to the first DW displacement induced by the current. Here,

the measurements are performed for the DWu.p driven by a negative current. (b) The angle ¢pj*** versus the current density ] at

H, = 0 mT. (c) The angle $]*** versus H, under J ~ - 2.75 10> A.m™. Dashed red lines in (b) and (c) give the average ¢pJ***.

In the absence of H,, the estimation of the angle ¢;"** was conducted for different current

densities varying from ~ 0.47 10'> A.m?to ~ 2.77 10'> A.m™? (from the creep to the flow regime of
motion). We have obtained a constant ¢;"** with an average value of ~ 21° (Figure IIL.20.b). In the
presence of H,, the angle ¢;"** does not show any net variation (considering the error bars) in the
flow regime (for J ~ 2.75 10'> A.m?) (Figure IIL.20.c). We can estimate an average angle (oY
equal to = 20.5°. These measurements are in a good agreement with measurements in the flow regime
at H, = 0 done by [Safeer et al., 2015]. We note that we were not able to measure the angle ¢;"** at
H, > +50 mT as the faster DWp.y rapidly collapses into the DWu.p. The estimation of the angle
¢;"** as a function of H, in the creep regime was not performed. Due to pinning effects, more
statistics are needed to conduct this kind of measurements in this regime. This is beyond the scope of
this thesis.

These findings are in conflict with the DMI + SOT mechanism in Pt/Co/AlOx. We deduce
that such a mechanism is incomplete and cannot explain all the features of the DW motion in the flow
regime in large SIA materials. There is a need to consider other mechanisms. Besides these
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incompatibilities in the flow regime, the DMI + SOT mechanism show limitations with the
experimental observations in the creep regime of motion.

I11.3.3. Asymmetric DW motion in the creep regime

In the DMI + SOT mechanism, the DW velocity depends on the terminal deformation angle
of the DW core magnetization mpy, that is induced by the damping-like torque Tp;. A significant
DW distortion gives a large velocity whereas a limited velocity is synonym of a small distortion. In
the creep regime, we cannot describe the DW dynamics by simply considering the DMI + SOT
mechanism. The DWs need to be considered as elastic interfaces in a disordered medium so that they
are sensitive to imperfections or defects. These defects act as local pinning centers. While being
driven by the current, the DW is either pinned or hopping between the pinning centers. Therefore, the
average velocity of the DW can be written as:

Al Al

(vpw) = — =
At Atdepinning*’Athopping

(TTL.4)

where Al is the total displacement of the DW and At the integrated time or the current injection time.
The DW spends a large time trying to depin itself from the pinning centers and moves only for a short
period; Atgepinning > Atnopping- The DW velocity vpy, is then largely determined by the depinning
time even though Aty ,pping depends, in principle, on the angle ¢; between the current direction J and
the DW normal vector npy . Following such a scenario, the DW velocity is small and its variation
with the angle ¢, is not as visible as it is in the flow regime. Therefore, the asymmetry of the DW
motion is expected to reduce in the creep regime and the angle ¢;*** of the largest DW displacement
to approach the angle ¢p; = 0° (the collinear configuration).

Micromagnetic simulations have confirmed that the angle ¢;"%* decreases in the creep regime
by incorporating the thermal fluctuations, edge roughness and a random distribution of the anisotropy
K, in grains in 512 nm-wide stripes to mimic the pining landscape [Eduardo et al., 2016]. The angle
¢;"** is reduced from 45° in perfect wires to 30° in realistic wires for a large current density
(Figure I11.21.b).
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Figure I11.21 The DWu.p displacements versus the tilt angle ¢ for different current densities from micromagnetic simulations based
on the DMI + SOT mechanism. The comparison between PS (perfect stripes with no imperfections) and RS (stripes at room temperature
with disorder) for an injected current density of (a) 0.8 10> A.m™ and (b) 2 10"? A.m™. The disorder and thermal effects reduce oYl
Decreasing the current reduces also ¢pj***. Extracted and adapted from [Eduardo et al., 2016].

Moreover, simulations did not yield any DW displacement without taking into account the thermal
fluctuations under / = 0.8 102 Am™. The regime of the DW motion corresponds then to the
thermally activated regime with the angle ¢;"** equal to 15° (Figure IIL.21.a). This tendency
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confirms that the angle ¢]*** is expected to show a notable reduction when decreasing current

density. This is not in line with our experimental measurements of the angle ¢;*** shown in Figure

I11.20.b.

To conclude, we have pursued the study of the non-collinear DW motion in the Pt/Co/AlOx
structure that has a large SIA. By providing a comprehensive picture thanks to our experimental
results, we have confirmed that the DMI + SOT mechanism fails to explain all the DW motion
features in the flow regime. The asymmetric motion in the non-collinear geometry is not altered
neither by the current nor by the in-plane magnetic field. These results are difficult to analyze since
it is difficult to modulate the DW core magnetization in this kind of structures. Next, I present the
results of the study carried out in the Pt/Co/Pt structure. In this low SIA material, the non-collinear
DW motion is expected to exhibit different behaviors since the DW core magnetization can be
manipulated by the in-plane magnetic field.

II1.4. Non-collinear DW motion in Pt/Co/Pt

In this section, I will address the current-induced non-collinear DW motion in Pt/Co/Pt. The
SIA is low in this material. Nonetheless, the FIDWM in the presence of a bias in-plane field is
asymmetric between the two different DWs implying that a significant chiral mechanism, originating
from SIA, acts on the DW motion. This investigation has led to the proposal of a novel phenomenon:
the Chiral Damping [Jué et al., 2015]. Initially, the goal behind our study was to verify if the Chiral
Damping (CD) mechanism has a role to play in the CIDWM.

Our preliminary investigations of the CIDWM have suggested an acting DMI and SOT in the
Pt/Co/Pt structure. I have thus determined the sign of both the DMI and the damping-like torque Tp
by means of a qualitative study of the CIDWM. We have then studied the non-collinear DW motion
in the presence of an in-plane field H,. To explain our results, we have included the Chiral Damping
in the used numerical model. Our investigation have evidenced the important interplay between chiral
energy (DMI) and chiral dissipation (Chiral Damping) for the DW motion in SIA materials.

I11.4.1. The presence of the DMI in Pt/Co/Pt

()

Figure II1.22 The current-induced DW motion in Pt/Co/Pt. The DWs move in the current direction. MOKE images of the
DWop.u motion under a current density of J~ + 1.13 10" A.m? in (a) and J~ — 1.09 10> A.m? in (b). In (a) and (b), on the left, an
image of the initial state of the DWp.u. On the right, a differential MOKE image of the DW displacement. The orange arrows highlight
the direction of the DW motion.

In the Pt/Co/Pt structure, the CIDWM is in the current direction as shown in Figure I11.22.
This is contrary to what is expected in the case of STT-driven DWs. As discussed in section 1.5.4.2,
the damping-like torque Tp; can induce such a unidirectional motion only if the DW core
magnetization mpy, has a chiral in-plane component m,.. Thereby, the interfacial DMI is present in
spite of the low SIA of the Pt/Co/Pt stack. These observations suggest that the DMI + SOT mechanism
plays a main role in the CIDWM similarly to the Pt/Co/AlOx stack. We need then to determine the
sign of both Tp; and DMI in Pt/Co/Pt.

The action of Tp; on the DWs is equivalent to an out-of-plane local effective field Hpj, that
alternates its sign between the two different DWs. This effective field is written as
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Hp; = Hp;. (u, X J) X mpy. The orientation of the DW core magnetization mpy, then fixes the
sign of Hp;. In order to identify the chirality of the DWs in Pt/Co/Pt, we need to determine the exact
sign of Hp,; for each orientation of mpy,. To that end, we have followed the DW motion under a
positive electric current in the presence of a large in-plane field H,. The orientation of mpy, saturates
parallel to a large H,. In Figure II1.23, the down magnetic domain in the wire shrinks for a negative
applied H,. Then, Hp; points upwards for m, < 0. For a positive applied H,, the down domain
expands so that Hp; points downwards for m, > 0.

@

(b)

Figure II1.23 The sign of the damping-like effective field Hp; in Pt/Co/Pt. MOKE images of the down magnetic domain reduction
(respect. expansion) in (a) (respect. in (b)) for a positive current in the presence of the in-plane field Hy. The current density is
J ~+2.7510"” Am? and |H,| = 150 mT. H,. is large enough so that it saturates mpy, along its direction. Sketches, on the right in
(a) and (b), show the dependence of Hpy on the orientation of mpy (green arrow). The orange arrows highlight the direction of
motion of the DWs. In (a), Hp; reduces the down magnetic domain (dark contrast). It is then pointing upwards. Whereas in (b), the
down magnetic domain expands (bright contrast) so that Hp, is pointing downwards.

Based on these observations, we can deduce the chirality of m,, whether left-handed, .i.e.
pointing from the down magnetic domain towards the up magnetic domain, or right-handed, .i.e.
pointing from the up domain towards the down domain. As highlighted in Figure I11.24, the DWs
must have the left-handed chirality for the current-induced motion to occur in the current direction as
obtained experimentally. The sign of the DMI and of the damping-like torque Tp, are similar to that
in the Pt/Co/AlOx structure [Garello et al., 2013; Belmeguenai et al., 2015].

+Hpy -Hpy, -Hpy, +Hpy,

Figure I11.24 Schematic diagrams of the DW chirality effects on the CIDWM. The orientation of Hp with respect to mpy is deduced
Jfrom the reasoning presented above (Figure I11.23). The left-handed chirality gives a motion in the current direction (a) as observed
experimentally in Pt/Co/Pt whereas the right-handed chirality gives a motion in the electron flow (b).

The exact measurement of the amplitude of the DMI was not possible via the techniques
available at hand. The measurements based on the FIDWM proved to be not suitable since the Chiral
Damping was found to be the governing mechanism. As for the CIDWM, it is difficult to determine
the exact in-plane field that stops the DW motion (cf. section 1.5.5.2.1). During our investigation, the
DW has remained pinned for a wide range of applied H,. Nonetheless, as we have started to observe
the DWs moving in the opposite direction beyond |H,| = 20 mT. We may consider this amplitude
to be the upper limit of the DMI effective magnetic field |H pp;|. Consequently, the DMI is weak in
the Pt/Co/Pt stack. This is confirmed by comparing the measured DW velocity vpy, (shown in Figure
ITL.5.b) with predictions of [Thiaville et al., 2012] based on the DMI + SOT mechanism (Figure
1.20). In fact, the wvpy curve in Pt/Co/Pt follows the scenario of a weak DMI
(ID] < 0.4 mJ.m? in Figure 1.20). The DW velocity vy, increases with the current density / and
then saturates in the flow regime. Indeed, the BLS measurements, carried out in the Pt/Co/Pt stack,
did not yield any fingerprints of a sizeable DMI. Moreover, the magnetostatic ‘shape’ anisotropy
effective field was estimated to be around |Hg| ~ 40 mT [Jué et al., 2015]. Therefore, the DMI is not
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strong enough to stabilize homochiral NWs and the DWs should be in an intermediate configuration
between the Bloch and the Néel configurations in the Pt/Co/Pt structure.

The Pt/Co/Pt structure is then very interesting. On the one hand, it presents many similarities
with the Pt/Co/AlOx structure (same sign of the DMI and Tp;). On the other hand, the DW core
magnetization mpy, can be easily manipulated by an in-plane field H,. Furthermore, the DW motion
ingredients are better understood in Pt/Co/Pt after the evidence of the Chiral Damping mechanism. It
offers then the possibility to have a better understanding of the non-collinear DW motion.

I11.4.2. Asymmetric non-collinear DW motion

Like in the Pt/Co/AlOx structure, we have followed the current-induced non-collinear DW
motion by studying the asymmetric distortion of the magnetic circular domains (cf. section II1.2) in
the Pt/Co/Pt stack. We have started by examining the evolution of an up magnetic circular domain
under a positive current J ~ + 1.13 10'> A.m™. The obtained asymmetric distortion is shown in
Figure II1.25.d. The magnetic circular domain is no longer circular after the current injection and
shows an elliptical shape that is similar to that obtained in Pt/Co/AlOx. The asymmetry of the
non-collinear DW motion is then the same in the two structures. These same effects have been
observed upon the reversal of the current polarity and/or the magnetization orientation in agreement
with the associated symmetry operations, excluding then any possible contributions from a
non-uniform current distribution, pinning or any other artefact.
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Figure II1.25 Asymmetric current-induced distortion of the magnetic circular domains in Pt/Co/Pt. All the possible
magnetization/current polarities are shown. The positive current density is J~+ 1.13 10" Am? and the negative is
J ~ -1.09 10> A.m?. MOKE images for (a) an initial down domain and a negative current, (b) an initial up domain and a negative
current, (¢) an initial down domain and a positive current and (d) an initial up domain and a positive current.

For current densities of J ~ — 1.09 10'> Am™ and J ~ + 1.13 10> A.m?, the DW motion
takes place in the depinning regime. We have then investigated the distortion of the magnetic domains
for other current densities, each one corresponding to a different DW regime of motion based on the
vpw curve (cf. Figure IILS.b). For J ~ 0.90 10'> A.m™, the DW motion is in the creep regime
whereas it is in the flow regime for | ~ 1.92 10'> A.m™. The DW velocity vy, reaches the saturation
plateau of the flow regime for J ~ 2.58 10'> A.m™. From ] ~ 0.90 10'2 A.m™?to J ~ 1.92 10'> A.m™,
the DW velocity vpy, increases by about four orders of magnitude (from vpy,, ~ 0.002 m.s! to
vpw ~ 10 m.s™}). We have observed that the asymmetric DW motion with respect to ¢ ; 1s still the
same (Figure II1.26), which means that it does not depend on the DW regime of motion. It should
be noted that quantitative measurements of ¢;"** were not possible in Pt/Co/Pt. Unlike in Pt/Co/AlOx
where the asymmetry is more pronounced, it is difficult to determine the position of the largest DW
displacement from the first injected current pulses in Pt/Co/Pt.
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To summarize, we have obtained similarities in the non-collinear DW motion between
Pt/Co/AlOx and Pt/Co/Pt. It is then possible that, in Pt/Co/Pt, the asymmetric non-collinear DW
motion comes also from the DMI + SOT mechanism. However, we have seen that the DWs are not
stabilized in the Néel configuration. Besides that, another mechanism, originating from SIA, is
present, i.e. the Chiral Damping (CD). To establish the physical mechanisms behind the asymmetric
DW motion in Pt/Co/Pt, we have calculated the DW velocity vpy, as a function of the angle ¢, using
the numerical collective coordinate model.

(@) initial state

Figure 111.26 Asymmetric current-induced distortion of the down magnetic circular domain in Pt/Co/Pt for different current density
amplitudes, number of current pulses and current pulse lengths: (a) J~- 0.90 102 A.m? 30000 pulses, 20 ns.
(b) ] ~ - 1.09 10> A.m?, 540000 pulses, 20 ns. (c) J ~ - 1.92 10> A.m™?, 80 pulses, 5 ns. (d) | ~ - 2.58 10> A.m%, 750 pulses, 2.4 ns.
All differential MOKE images exhibit qualitatively the same asymmetry.

I11.4.3. The numerical collective coordinate model

To determine the DW chirality in Pt/Co/Pt, we have considered the DW motion in a straight
wire within the DMI + SOT (or DMI + Tp;) mechanism. In order to model our results in the
non-collinear configuration, we have included the Chiral Damping mechanism (CD). We refer to the
combined action of all of these mechanisms as the DMI + SOT + CD mechanism
(or DMI + Tp;+ CD). We use the numerical collective coordinate model g — ¢ that we describe in
this section.

In Pt/Co/Pt, the DWs are in an intermediate configuration with a Bloch component and a Néel
component m, whose chirality is left-handed. In the model, this configuration is represented by the
internal DW angle ¢(t) (the azimuthal angle of mpy). ¢(t) is defined with respect to the
+x-axis (Figure II1.27). The DW dynamics is described by the two collective coordinates; The DW
azimuthal angle ¢(t) and the DW position q(t). This model was initially introduced by
[Schryer &  Walker 1974] and  [Slonczewski, @ Graham and Rhyne, 1972;
Malozemoff and Slonczewski, 1979]. It consists in solving the coupled differential equations
numerically in order to obtain the time-dependent variables ¢(t) and ¢ (t). We consider here the
DM]I, the damping-like torque Tp; (or Hp;) and the Chiral Damping while neglecting STT and the
field-like component of SOT. The thermal fluctuations were taken into account via the thermal field
H.p(t) as proposed in [Brown 1963] and [Martinez et al. 2007]. The phenomenological Hp(t)
models a form of disorder in our calculations (cf. Appendix section A.1.1).

In our study, we divide the circle-shaped DW into small portions, called cells, in which the
DW is straight. We apply the collective coordinate model in each cell to obtain the corresponding
@(t) and ¢(t). The thermal field, noted H ih, is computed at each time step At in the cell i whose
volume is expressed as V! = L} X tpy X A with A the DW width parameter and tgy, the FM layer
thickness. L' is a phenomenological parameter that gives the DW length in each cell i. The oblique
injection of the current is set by the angle qb]i between the current density vector J and the DW normal
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Ill. The asymmetric non-collinear current-induced DW motion in SIA materials

vector nkyy,. The current flow has been chosen to be from left to right (positive current) and gb]i varies
as qb]i = 21 (in degrees) with i an integer going from O to 179. We have reproduced then the circle-
shaped domain by varying qb]i from 0° to 358° in steps of 2° (cf. Figure III.27.c). Afterwards, the
asymmetric distortion under current is obtained by calculating ¢ and g for each gb]i (in each cell 7).
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Figure 111.27 The intermediate Bloch-Néel configuration of the DWu.p in Pt/Co/Pt considered in the numerical collective coordinate
model. mpy, is represented by the green arrow. Hppyy induces a left-handed Néel component of the DWu.p (m, < 0). Hg is the
magnetostatic ‘shape’ effective field oriented along the y-axis (not shown here) that favors a Bloch DW. We assume |Hppy| < |Hg|
so that the DW is in an intermediate configuration between Bloch and Néel DW. Hg does not have a preferential orientation thus the
Bloch component (my) is either left-handed (a) or right-handed (b). In (a) and (b), the DW is in the collinear configuration. (c¢) The
frame (x',y',z) of the DWu.p has an angle ¢; with respect to the reference frame (x,y,z). The DWu.p is then in the non-collinear
configuration.

In principle, three configurations are possible for the semi-circle shaped DW. They differ in
terms of the chirality of the Bloch component of mpy, and are depicted in Figure II1.28. In PMA
materials, the chirality of the Bloch wall is degenerate so there is no preference between left-handed
(m, < 0 in Figure III.27.a) and right-handed (m, > 0 in Figure IIL.27.b) chiralities. The chirality
can then be defined, either left-handed or right-handed, but it may also not exist with a random
orientation of mpy along the DW as shown in Figure III.28.c although this configuration is less
favorable due to uncompensated magnetostatic charges. In the absence of the thermal fluctuations
(T = 0 K), we need to introduce the coupling parameter between neighboring mpy, (i.e. neighboring
cells) to model this configuration, which is not the case in the study presented here.

(@) ®) (©

left-handed Bloch Wall right-handed Bloch Wall

Bloch Wall without a fixed chirality

Figure I11.28 Different configurations of the DW for an up circular magnetic domain in Pt/Co/Pt. Across the boundary of the domain,
the chirality of the Bloch component is left-handed (a,) right-handed (b) or random (c). The green arrows correspond to mpy.
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I11.4. Non-collinear DW motion in Pt/Co/Pt

In the model, some of the magnetic parameters come from the previous experimental works
such as the saturation magnetization yyM; = 1.3 T, the isotropic Gilbert damping a, = 0.5, the CD
coefficient @, = 0.3, Hy = 40 mT, A= 5 nm [Ju¢ et al. 2015] and tgy; = 0.6 nm. The total damping
is expressed as @ = ag + a.(mpy. Vm,) (cf. Eq. 1.54). The presence of DMI was accounted for by
|Hpyi| = 20 mT, smaller than |Hg| so that to not induce a NW. The action of SOT is taken into
account by the effective damping-like field Hp;. We have set |Hp;| = 10 mT for high current
densities (which corresponds to the saturation plateau of the DW velocity vpy, according to Figure
IIL5.b) and |Hp,| = 1 mT for low current densities. The time step is taken as At = 5 10"'? seconds
(5 ps) for a total current injection time of 200 ns. Finally, we chose L' = 50 nm (which gives a circular
magnetic domain of about 3 ym in diameter).

In what follows, we give calculations for the up circular domain under a positive applied
current J and, when mentioned, at a negative in-plane field H,. All the other situations (the other
magnetization/current/in-plane field orientations) can be obtained by the symmetry operations. Using
our model, we have evidenced the key role of the thermal fluctuations in the DW motion. For that
purpose, we compare the DW velocity calculations in the non-collinear geometry in the absence and
in the presence of the thermal fluctuations.

I11.4.4. The role of the thermal fluctuations
111.4.4.1. The DW motion in the absence of the thermal fluctuations

Initially, the thermal fluctuations were not included (T = 0 K) for a low current density
(Hp;, = 1 mT). The DMI + Tp;+ CD mechanism gives an asymmetric DW motion as illustrated by
the results of the calculation of the DW velocity vpy, as a function of the angle ¢, depicted in Figure
IT1.29. The calculated asymmetries in the DW motion depend on the chirality of the Bloch component
of the DW, left-handed or right-handed. The two asymmetries are opposite to each other. Three major
contradictions emerge from the comparison with our experimental observations. First, the DW moves
in the normal geometry with respect to the current (vpy, # 0 at ¢p; = 90° and 270°). Secondly, the
motion is against the current flow at certain non-collinear positions along the semi-circle shaped DW.
This is not expected as we have not considered yet any external in-plane field. For instance, the DW
velocity vpyy is pointing inwards (towards the center of the up domain) at 30° < ¢; < 90° for the
semi-circle shaped DWu.p (Figure II1.29.a). Finally, the asymmetry (simply; the sign of the angle
¢;"**) depends on the chirality whereas no such discrepancy is reported in the experiment. A more

detailed discussion of the mechanism behind the asymmetry at T = 0 K is available in Appendix
A.1.2.1.
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Figure II1.29 The DW velocity vpy, versus the angle ¢; from calculations at T = 0 K using the DMI+SOT+CD mechanism in the
collective coordinate model under low current (Hp, = 1 mT). The current is positive, flowing from left to right and ¢; goes from 0° to
360° in the anticlockwise direction. For the DWu.p, ¢; is between 0° < ¢; < 90° and 270° < ¢p; < 360°. For the DWp.u, ¢; is
between 90° < ¢p; < 270°. The DWu.p is moving along (against) the current flow when vpy, is positive or pointing outwards (negative
or pointing inwards) and vice versa for the DWp.u. The reference vpy, = 0 (no motion) is represented by the red dashed line and the
blue line gives the calculated vpy, at ¢ for a left- and a right-handed BWs, respect. in (a) and (b).

This discrepancy between the model and the experiment could mean that we are still missing
a key ingredient to describe the CIDWM that is the thermal fluctuations.

111.4.4.2. The DW motion in the presence of the thermal fluctuations

The thermal field H.,(t) is included for the injected high current densities
(modeled by Hp;, = 10 mT). The Figure II11.30 shows the calculated DW velocity vy, as a function
of the angle ¢; in green (in blue) when considering the DMI (the DMI and the CD). The two curves
merge practically indicating that the DMI governs the DW motion. The CD does not induce any
significant change in the amplitude of the DW velocity vpy,. According to our calculations, the
DMI + SOT + CD mechanism gives the maximum DW velocity at the angle ¢;"** ~ +34° (— for
the DWy.p and + for the DWp.u). Unlike the previous case at T = 0 K, the two chiralities of the
Bloch component of the DW give the same DW velocity vpy,. The calculations are in a good
qualitative agreement with the experiment results (cf. Figure I11.25.d) revealing the key role of the
thermal fluctuations.
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Figure I11.30 The DW velocity vpy, versus the angle ¢; calculated at T = 300 K using the collective coordinate model under high
current density (Hp, = 10 mT). The model uses the DMI + T py only (in green) or the DMI + Ty + CD (in blue). The shown data are
the average of 5 different calculations. The DW velocity vpy, does not show any dependence on the chirality of the Bloch component
of the DW.
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I11.4. Non-collinear DW motion in Pt/Co/Pt

The stochastic thermal field H,, demagnetizes the DWs. The action of the current, on average,
is then equivalent to that exerted on homochiral NWs. In other terms, the thermal fluctuations mix
the two chiralities of the Bloch component of the DW. In fact, during the injection of the current, the
DW core magnetization mpy, precesses around H,, which has a random orientation at each time step
At. As the BW magnetostatic ‘shape’ field Hg does not have any preferential orientation, the
y-component of mpy, has a zero mean value ((my) = 0). On the contrary, the distribution of m, is
skewed due to the DMI. H pp; points inwards (outwards) for the DWu.p (the DWp.u) so that we have
(m,) < 0 ((m,) > 0). This results in the DWs in Pt/Co/Pt having an equivalent configuration of NWs
like it is depicted in Figure IIL.11. Without the injected current, the DW core magnetization mpy,
sits normal to the DW pointing inwards (outwards) for the DWuy.p (the DWp.u). m, is anti-parallel
(parallel) to the current J. The DW motion, induced by Tp,, is then in the current direction for any
angle ¢, as obtained by the calculations and observed experimentally. In the absence of an in-plane
field (Hy, = 0 mT), the mechanism responsible for the asymmetric non-collinear DW motion in
Pt/Co/Pt is then the same as the mechanism described in Figure IIL.11 (cf. section II1.3.1) for the
DWs in Pt/Co/AlOx. As the signs of the DMI and T p; are identical, the asymmetric DW motion with
the angle ¢; is then qualitatively comparable in Pt/Co/Pt and Pt/Co/AlOx with a maximum vy, at a
finite angle ¢;*** # 0°.

In principle, the CD mechanism has a contribution to the asymmetry with respect to the angle
¢; (vpw x 1/a in Eq. IIL.2). By substituting the DW normal vector npy, for the magnetization
gradient Vm, in Eq. 1.54, we unveil the dependence of the chiral component a, on the angle ¥ (the
angle between npy, and mpy, in Figure II1.11). For instance, we write « for the arc-shaped DWu.p
as:

a=ay+ampy -Vm, = ay— a-Mpy - Npy = @y — & COSY (IIL.5)

Consequently, the damping a varies across the semi-circle shaped DW and is not symmetric with
respect to ¢; = 0° (due to the modification of the angle 1 induced by the distortion of mpy).
However, the CD contribution is not significant, in comparison to the DMI contribution, as shown in
Figure II1.30. In fact, for large current densities, the DW velocity vpy, reaches the saturation plateau
for which the DW distortion is at its maximum (cf. section 1.5.4.2 and [Thiaville et al., 2012]). The
DW velocity vpyy, is then largely determined by the out-of-plane torque T pyyy, induced by the DMI,
on which the variations of the damping « have little impacts.

Finally, according to Eq. IIL.2, the maximum DW velocity is linked to the amount of the
distortion and the initial DW internal structure. Therefore, the angle ¢;"** is expected to be a function
of the current density J and the in-plane magnetic field H, in Pt/Co/Pt. However, we were not able

to verify these assumptions as it was not possible to conduct measurements of the angle ¢;"**.

By including the thermal fluctuations, we are able to account for the asymmetric non-collinear
DW motion by the DMI + SOT + CD mechanism in Pt/Co/Pt in the flow regime. We apply, next, an
external in-plane field H, in order to investigate the interplay between the DMI and the CD.
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Ill. The asymmetric non-collinear current-induced DW motion in SIA materials

II1.4.5. The interplay between the DMI and the Chiral Damping

I11.4.5.1. Effects of the in-plane magnetic field

Here, the magnetic circular domains are examined under the current along with the
longitudinal field H,. By varying the amplitude of H,, we tune the DW configuration. We are able
then to observe the effects induced by the variation of the DW internal structure on the non-collinear
DW motion in Pt/Co/Pt. The Figure II1.31 gives a summary of the effects induced by H, on the
asymmetric distortion of the up magnetic circular domain under J ~ + 1.13 102 Am™2. From
H, = 0 up to +65 mT, the DWp.y (the semi-circle shaped DW on the left) is faster as its magnetic
contrast region (its displacement), in the MOKE differential images, is larger than that of the DWu.p
(the semi-circle shaped DW on the right). These effects can be related to the interplay between H
and the local H py; inside each DW as discussed in section 1I1.3.2.1, since the DMI has the same sign
in both Pt/Co/AlOx and Pt/Co/Pt structures. In the case of a weak DMI, like in the Pt/Co/Pt stack, it
is possible to reverse the chirality of the Néel component of the DW by an-in plane field hence the
motion against the current observed for the DWu.p starting from H, = +37 mT.

Hy=-37mT Hy=-65mT Hy=- 120 mT Hy=-145mT
fa—rn—] e———] Ee—_"_1

J

—_—

J

—_

Figure I11.31 Asymmetric distortion of the up domain in Pt/Co/Pt in the presence of H, under a positive current. (a) (respect. (b))
MOKE differential images at a positive (respect. negative) H . The injected current density is | ~ + 1.13 10" A.m™.

Similarly to the Pt/Co/AlOx structure, we follow the asymmetric distortion by studying the
motion of the center of the up magnetic circular domain in Figure III.31. For a positive (respect.
negative) H,, the round grey-textured area towards the center of the wire, surrounded by a bright
(respect. dark) contrast, corresponds to the final (respect. initial) state of the up domain. The larger
round area, enclosing it, corresponds to the initial (respect. final) state of the up domain. By
comparing the initial and final states of the magnetic domain, we determine the direction of motion
of its center. From H, = 0 up to +65 mT, the center has a horizontal motion in the current direction
even though the DWy.p moves against the current direction. This results from the asymmetric motion
between the two DWs that is induced by the DMI. However, at H,, > +65 mT, the center shows a
motion against the current flow. This is an unexpected effect that indicates a reversal of the
asymmetric motion between the two DWs at large H,. In fact, following the DMI mechanism, the
asymmetric motion should maintain the same sign as long as H, is not reversed and regardless of the
amplitude of H,. Besides these effects, the center has a vertical motion. For a positive H,, its final
position is always located on top of its initial position. As seen in the Pt/Co/AlOx, this is a signature
of the asymmetric non-collinear DW motion. The asymmetric non-collinear DW motion is then
maintained in the presence of H,. Even though the DWuy.p reverses its direction of motion, it keeps

the same symmetry for the angle ¢;"**.
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I11.4. Non-collinear DW motion in Pt/Co/Pt

The DWs interchange their roles for a negative H,, as depicted in Figure IIL.31.b. The
DWyu.p is, initially, faster than the DWp.u and the center of the domain moves in the current direction.
Similarly, for a large H,, the asymmetric motion between the two DWs is reversed and the center
moves against the current flow. The presence of a vertical motion of the center indicates also that the
asymmetric DW motion with ¢; is maintained (the center is now located below its initial position).
To confirm these effects, we have verified their presence for all the magnetization and/or the current
polarities.
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Figure 111.32 Asymmetric distortion of the up domain in Pt/Co/Pt in the presence of H, under a negative current. (a)-(d) The image
of the asymmetric distortion of the up domain by the 180° rotation symmetry operation around the z-axis. The image of an up domain
under a positive current at a positive (respect. negative) H, in (a) (respect. (c)) is an up domain under a negative current at a negative
(respect. positive) H, in (b) (respect. (d)). The experimentally obtained distortion of an up domain under | ~ -1.09 10> A.m at a
negative (respect. positive) H,. in (e) (respect. (f)).

In Figure I11.32, we show the distortion of the up domain under a negative current in Pt/Co/Pt.
In this case, the effects induced by H, should be the image by the 180° rotation symmetry around the
z-axis of the up domain under a positive current as depicted in Figure II1.32.a-d. We show diagrams
only at |H,| = 65 and 145 mT since they are representative of the two opposite horizontal motions
of the center of the domain in the presence of H,. Indeed, the obtained results in Figure I11.32.e-f
are in a good agreement with the symmetry operation.
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Figure I11.33 Asymmetric distortion of the down domain in Pt/Co/Pt in the presence of H, under a positive current. (a)-(d) The image
of the asymmetric distortion of the up domain by the (x, z) plane mirror symmetry operation. The image of an up domain under a
positive current at a positive H, (respect. negative) in (a) (respect. (c)) is a down domain under a positive current at a negative H,
(respect. positive) in (b) (respect. (d)). The experimentally obtained distortion of down magnetic domain under J ~ + 1.13 10> A.m™
at a negative (respect. positive) Hy in (e) (respect. (f)).

As for the down magnetic domain, Figure II1.33 (respect. Figure I11.34) gives the effects
induced by H, under a positive (respect. negative) current. In both cases, the observed distortion
follows the image by the corresponding symmetry operations of the distortion of the up domain under
a positive current in Figure IT1.31.
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Figure I11.34 Asymmetric distortion of the down domain in Pt/Co/Pt in the presence of H, under a negative current. (a)-(d) The image
of the asymmetric distortion of the up domain by the (x, z) plane mirror followed by the 180° rotation symmetry operation around the
z-axis. The image of an up domain under a positive current at a positive H, (respect. negative) in (a) (respect. (c)) is a down domain
under a negative current at a positive H, (respect. negative) in (b) (respect. (d)). The obtained distortion of an up domain under
J ~ - 1.09 10"? A.m at a positive (respect. negative) H,. in (e) (respect. (f)).
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I11.4. Non-collinear DW motion in Pt/Co/Pt

We have seen that for all the polarities of the magnetization and/or the current, the asymmetric
distortion of the magnetic circular domains in the presence of H, follows with a good agreement the
symmetry operations. This rules out any possible contribution from artefacts. It is evident then that
H, does not alter the asymmetric non-collinear DW motion in Pt/Co/Pt, like in Pt/Co/AlOx. Unlike
Pt/Co/AlOx, the asymmetric motion between the two DWs is reversed for large in-plane fields
(|Hy| > 65 mT).
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Figure I11.35 Asymmetric distortion of the down magnetic circular domain under | ~ - 0.90 10" A.m? in the presence of H, in
Pt/Co/Pt. The experimentally obtained distortion at a positive (respect. negative) H, in (a) (respect. (b)).

The distortion of circular magnetic domains in the presence H, has been also examined for
different current densities. In Figure IIL.35 (respect. Figure 1I1.36), we show MOKE differential
images of the down magnetic domain for J ~ — 0.90 10'> A.m (respect. ] ~ — 1.92 10'> A.m?). In
both figures, we have obtained effects that are similar to that for J ~—1.09 10> Am? in
Figure I11.34. We deduce that the H,-modulation of the asymmetric non-collinear DW motion is
independent of the DW regime of motion in Pt/Co/Pt.

We note that the amplitude of H,, above which the center of the magnetic domain moves
against the current direction, increases with the current density. For J ~ — 0.90 10> A.m?, such a
field is about 100 mT (Figure IIL.35). For J ~ — 1.09 10'> Am? and J ~ + 1.13 10> A.m™, the
reversal of the motion takes place for a larger field, about 120 mT. In contrast, for
J ~—1.92 10" A.m™, no motion against the current direction is observed. For the largest applied
field (|[H,| = 150 mT), the center of the domain does not exhibit any horizontal motion (Figure
II1.36) indicating that the two DWs have the same displacement. This implies that the center of the
domain might move against the current direction for |H,| > 150 mT for high current densities.

Hy=- 100 mT Hy=-125mT Hy=-150 mT
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—

Figure 111.36 Asymmetric distortion of the down magnetic circular domain under | ~ - 1.92 10" A.m™ in the presence of H, in
P1t/Co/Pt. The obtained distortion at a positive (respect. negative) H in (a) (respect. (b)).
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Ill. The asymmetric non-collinear current-induced DW motion in SIA materials

In summary, the effects induced by H, on the non-collinear DW motion in Pt/Co/Pt have
showed some similarities with the Pt/Co/AlOx structure. In fact, these effects do not depend on the
injected current density. Like in Pt/Co/AlOx, the symmetry of the angle ¢;"** is not altered for both
DWs. On the contrary, the asymmetric motion between the two DWs have been found to reverse in
the presence of H, in the Pt/Co/Pt stack. A possible explanation behind this asymmetry reversal in
the flow regime of motion can be given by the Chiral Damping contribution that we have included in

our numerical model.

I11.4.5.2. The role of the Chiral Damping in CIDWM

We were able to explain qualitatively the asymmetric non-collinear DW motion with the angle
¢; at H, = 0 in the flow regime using the DMI + SOT + CD mechanism along with the thermal
fluctuations in the numerical model. We have then employed the same method to try to understand
the effects induced by H,.. In what follows, the calculations represent the up magnetic circular domain
under a positive current at a negative H, (pointing to the left) (corresponding to the experimental
results shown in Figure I11.31.b).
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Figure 1I11.37 The calculated DW velocity in the non-collinear configuration at H, =—20 mT in Pt/Co/Pt.
(a) The DW velocity vy versus the angle ¢y at T = 300 K with Hy = 0 mT (in blue) and H, = —20 mT (in green). The calculations
are based on the DMI + SOT +CD mechanism. (b) The DW velocity vpy, versus the angle ¢; at T = 300 K with Hy = —20 mT from
different mechanisms. The calculations are based either on DMI + SOT + CD (in blue) or only on DMI+SOT (in green). The used
model is the numerical collective coordinate model under a high (Hp;, = 10 mT) positive current density, flowing from left to right, at
a negative H, (pointing to the left). The shown data are the average of 5 and 7 different calculations at H, = 0 mT and
H, = —20 mT, respectively.

For the DWuy.p, the negative H, = —20 mT is parallel to Hpy so that the DW velocity is
larger than that at H,, = 0 as given by the numerical model (Figure II1.37.a). In the meantime, H,
and H ppyy are anti-parallel within the DWp.u. For 180° < ¢; < 225°, the DWp.u still propagates in
the current direction (the DW velocity vpy, points inwards) but with limited velocities compared to
the velocity at Hy = 0. In fact, the in-plane field H,, by modulating the DW internal structure,
reduces |m,| thus the action of SOT is less effective in this range of the angle ¢,. In the remaining
configurations (other values of the angle ¢;), the DWp.u moves against the current direction ( the
DW velocity vpy, points outwards). This can be explained by the reversal of the DW chirality,
induced by H,. Although it has reversed its direction of motion, the DWp.u shows a larger velocity
Vpw than that at H, = 0 at some configurations (e.g. the angle ¢p; = 120°). This can be explained by
the increase in |m,|, thanks to H, = —20 mT, that enhances the efficiency of SOT. To summarize,
the variation of the DW velocity vy, with the angle ¢; from the numerical model is asymmetric
which gives a center of the up domain moving horizontally in the current direction (in the +x-axis
direction) and vertically in the —y-axis direction at H,, = —20 mT. The asymmetric motion between
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I11.4. Non-collinear DW motion in Pt/Co/Pt

the two different DWs and the asymmetric non-collinear motion are in a good qualitative agreement
with the experimental observations.

In order to determine which mechanism governs the non-collinear DW motion for
H, = —20 mT, we compare the calculations based on the DMI + SOT + CD mechanism to those
based on the DMI + SOT mechanism in Figure IIL.37.b. The two vpy, curves nearly coincide
indicating that the DMI is still dominant over the CD similarly to the case for H, = 0. Nevertheless,
by including the CD, the velocity of the DWu.p is reduced. We infer that the CD contribution cannot
anymore be totally neglected and it is competing with the DMI contribution. Indeed, the calculations
based on the CD + SOT mechanism (without the DMI) have yielded the opposite asymmetric motion
between the two DWs for H, = —20 mT (cf. Figure A.5 in Appendix) with the DWp.y having a
larger velocity than the DWu.p.

The numerical calculations demonstrate that the DMI governs the asymmetric non-collinear
DW motion for a small H, (cf. Figure A.4). However, when H, is larger, a transition in the DW
motion takes place. It is the outcome of the interplay between the DMI and the CD contributions.
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Figure II1.38 The calculated DW velocity in the non-collinear configuration at H, = -50 mT in Pt/Co/Pt.
The DW velocity vpy, versus the angle ¢; at T = 300 K in the presence of Hy = —50 mT under a positive current with a high current
density (Hpp, = 10 mT) using the numerical collective coordinate model. Here, we compare the calculations using the
DMI + SOT + CD mechanism (in blue) with the calculations using only the DMI in (a) and using only the CD in (b). The shown data
are the average of 5 different calculations.

From the calculations shown in Figure IIL.38, neither the DMI nor the CD dictates the
amplitude of the DW velocity vpy, at H, = —50 mT. The calculations that are based on the combined
action of the DMI and the CD (in blue in Figure II1.38) do not coincide with the calculations based
on the DMI or the CD alone. At H, = —50 mT, the DMI alone still promotes a sizeable chiral
energetic contribution that gives a faster DWyp than the DWpy (in green in
Figure II1.38.a). In the meantime, the CD contribution has increased yielding alone DW velocities
with comparable amplitudes (in green in Figure I11.38.b). On the contrary, the asymmetry between
the two DWs, induced by the CD, is opposite to that induced by the DMI. Consequently, by including
both the DMI and the CD, the calculations give a quasi-symmetric expansion of the up magnetic
domain. The center of the domain does not show any net horizontal motion. The asymmetric
non-collinear DW motion, in contrast, is maintained at H, = —50 mT. In fact, the center of the
domain still has a vertical motion in the —y-axis direction. This is in agreement with the experimental
observations for |H,| between 65 mT and 120 mT (in Figure II1.31) where the MOKE images do
not exhibit any horizontal motion of the center of the magnetic domain. Our numerical model has
evidenced then a transition in CIDWM that takes place when the contributions from the DMI and the
CD become comparable. The asymmetric motion between the two different DWs vanishes whereas
the asymmetric non-collinear motion is still present. This transition occurs for H,, that is larger Hp
and comparable to Hg, the DW magnetostatic ‘shape’ anisotropy effective field that favors a Bloch
configuration.
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Ill. The asymmetric non-collinear current-induced DW motion in SIA materials

The increase in the amplitude of the CD contribution from H, = 0 mT to H, = =50 mT
implies that it may dominate over the DMI for larger H,.. Indeed, the numerical model evidences that
the CD is the governing mechanism of CIDWM in Pt/Co/Pt at H, = —150 mT (Figure I11.39).
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Figure I11.39 The calculated DW velocity in the non-collinear configuration at Hy, = —150 mT in Pt/Co/Pt. The DW velocity vpy,
versus the angle ¢; at T = 300K in the presence of Hy = —150 mT under a positive current with a high current density
(Hp, = 10 mT) using the numerical collective coordinate model. Here we compare the calculations using the DMI + SOT + CD
mechanism (in blue) with the calculations using only the DMI in (a) and using only the CD in (b). The asymmetric distortion of the up
magnetic circular domain is dictated by the Chiral Damping mechanism. The shown data are the average of 5 different calculations.

At H, = —150 mT, the DMI does not induce any asymmetric motion between the two DW as
illustrated in Figure I11.39.a (in green). The center of the domain does not exhibit any motion which
is in contradiction with the experimental results. In contrast, the vpy, curves coincide in Figure
II1.39.b. Both asymmetries, between the two DWs and with the angle ¢,, are dictated by the CD at
H, = —150 mT. On the one hand, the asymmetry between the DWy.p and the DWp.u is reversed so
that the center of the domain moves against the current direction. On the other hand, the asymmetric
non-collinear DW motion remains qualitatively the same. The vertical motion of the center of the
domain is, as previously, in the —y-axis direction. These calculations are in a good agreement with
the experimental observations at |H,| =145 mT for J~+ 1.13 10 A.m? and for
J ~—1.09 10" A.m™. An intermediate situation (H, = —100 mT), at which the DMI contribution
is still significant according to the numerical model, is shown in Appendix section A.1.3.

In order to illustrate the role of the CD, we resort to a simplistic picture of the motion of the
DWnbp.u (depicted in Figure I11.40). Across the semi-circle shaped DW, the DW core magnetization
mpy points in the —x-axis direction for a large negative H,. The damping-like torque Tp; is then
uniform and it rotates mpy, anticlockwise in the (x, y) plane with an angle =. According to Eq. IIL.1,
considering only the isotropic damping, the DW velocity vpy, is symmetric with respect to the angle
¢; = 180° (the collinear configuration).
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I11.4. Non-collinear DW motion in Pt/Co/Pt
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Figure I11.40 The asymmetric non-collinear DW motion induced by the Chiral Damping at large H . in Pt/Co/Pt. Schematic diagram
of the velocity across the semi-circle shaped DWp.u induced by the distortion of mpy by Tp, at Hy, = =150 mT based on;
(a) the DMI with isotropic damping and on (b) the Chiral Damping (CD). The straight (dashed) green arrows correspond to mpy
after (before) the distortion by Tpy, at the angle ¢;. The red arrows indicate the in-plane anti-clockwise rotation of mpy by Tpy. The
blue arrows correspond to the DW normal vector fipy at ¢; with | the angle between mpy and npy. The orange arrows give the
DW velocity at each angle ¢;. In (@), uniform velocity with ¢;. In (b), the distortion of mpy gives rise to a non-uniform damping with
[0) I8 which results in an asymmetric non-collinear motion.

In the presence of the chiral damping component «, the uniform action of SOT gives an asymmetric
motion with the angle ¢;. Based on the proposal of the phenomenological equation for the CD by
[Jué et al., 2015] (Eq. .54 in Chapter I) and by substituting the DW normal vector npy for the
magnetization gradient Vm,, we express the damping for the DW as:

a=ay—aMpy.Npy = Ay — ACOSY (I11.6)

with 1 the angle between mpy, and npy, (Figure I11.40.b). apy (ayp) refers to the damping for the
DWnp.u (the DWu.p). At the collinear configurations with respect to the current J (¢; = 0° for the
DWu.p and ¢p; = 180° for the DWp.u), cos i has opposite signs between the DWp.y and the DWu.p
resulting in apy < ayp. Based on the Eq. III.1, one obtains vpy > vyp. The CD mechanism
promotes then the asymmetric motion between the two DWs at H, = —150 mT that is opposite to
the asymmetric motion induced by the DMI. Concerning the asymmetric motion with the angle ¢,
we focus on the semi-circle shaped DWp.u (90° < ¢, < 270°) prior to and after the distortion by
Tp, . Initially, the angle ¥ variation is symmetric with respect to the angle ¢; = 180°. However,
while distorting the DW, SOT makes the angle 1 asymmetric. Thereby, the minimum of apy,
corresponding to the largest vpy, becomes located at a non-collinear configuration
(180° < ¢p; < 270°) where Y = 0°. This scheme applies also for the DWu.p. Therefore, the CD
mechanism is behind the asymmetric DW motion in the non-collinear configuration. The numerical
model based on the DMI + SOT + CD mechanism predicts that the angle ¢;"** varies in the presence
of H, (Figure IIL.41). The angle ¢;"** is taken here as the angle of the maximum velocity. It saturates
near -90° for the DWy.p and shows a drastic decrease for the DWp.u at large H,. Since we were not
able to extract any exact measurements of the angle ¢;"** in Pt/Co/Pt, the predictions shown in
Figure I11.41 could not be verified.
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Ill. The asymmetric non-collinear current-induced DW motion in SIA materials
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Figure II1.41 The angle ¢*** versus the in-plane field H, using the numerical collective coordinate model. The model is based on
the DMI + SOT + CD mechanism and the angle ¢*%* is taken as the angle of the maximum velocity for each DW. Blue (red) symbols
correspond to the DWu.p (the DWp.u).

We have also included the Thiele DW width parameter in our numerical model (not shown).
It did not modify the general trend of the DW velocity with the angle ¢; in the presence of H,. Its
contribution is symmetric and induces an increase in the DW velocity vpy,. This confirms that the
asymmetry in CIDWM in the flow regime in Pt/Co/Pt is governed by the interplay between the DMI
and the CD.

The DMI + SOT + CD mechanism is related to the action of SOT. Whether it results from the
DMI and/or the CD, the asymmetry in the CIDWM is associated to the distortion of the DW core
magnetization mpy by the damping-like torque Tp,. We are then able to model our experimental
results only in the flow regime of motion. As seen in Figure II1.26 and Figure II1.35, the same
features of the CIDWM are obtained in the creep regime of motion where the DMI + SOT + CD fails
as discussed in section II1.3.3. The physical mechanisms of the CIDWM are still then mysterious and
call for additional theoretical and experimental efforts.

In this section, we have evidenced experimentally in Pt/Co/Pt an asymmetric non-collinear
DW. This asymmetry is present whether a bias in-plane H, field is applied or not. We have as well
observed a reversal in the asymmetry between the two different DWs upon the increase of the
amplitude of H,. We were able to account for these observations in the flow regime of motion by
considering the action of SOT in the presence of both the DMI and the CD. A good qualitative
agreement between the numerical calculations and the experimental results was only achieved after
taking into account the thermal fluctuations. The numerical model shows that the motion of the DW's
is the outcome of the interplay between the DMI and the CD. At small H,, the DMI dominates and
imposes the sign of the asymmetry whereas the CD induces the opposite asymmetry at large H,.
These results demonstrate the relevance of the CD mechanism in CIDWM in SIA materials.
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Conclusions

We have studied the current-induced non-collinear DW motion in Pt/Co/AlOx and Pt/Co/Pt.
Both materials exhibit the structural inversion asymmetry (SIA): a large SIA in Pt/Co/AlOx and a
low SIA in Pt/Co/Pt. In both structures, it is the Pt/Co bottom interface that has the dominant
contribution to two of the phenomena that originate from SIA; DMI and SOT. This might explain the
observed similarities in the non-collinear DW motion. These similarities consist in the DWs having

a preferential motion at a finite angle ¢;"** with respect to the current direction independently of

both the current density and the bias in-plane field. The angle ¢;"** is negative for the up/down DW
and positive for the down/up DW.

The DMI + SOT mechanism in the flow regime predicts an asymmetric non-collinear DW
motion in Pt/Co/AlOx. However, this model is not in line with our experimental measurements of the
angle ¢;*** as a function of the in-plane field. Actually, we have found a constant angle ¢;*** ~ 21°.

In the Pt/Co/Pt structure, we were also able to explain qualitatively our experimental results
only in the flow regime. Nevertheless, we needed to include the thermal fluctuations and the Chiral
Damping mechanism. Thanks to the thermal fluctuations, the current actions is equivalent to the
action of SOT on homochiral Néel walls though DWs are likely to stabilize in an intermediate
configuration between Bloch and Néel since DMI is weak. We have evidenced that both the DMI and
the Chiral Damping contribute to the asymmetric non-collinear DW motion. For a small in-plane field
H,, the DMI is the governing mechanism and dictates the asymmetric motion between the two
different DWs. Whereas for a large in-plane field H,, the Chiral Damping dominates and induces the
opposite asymmetry between the two DWs. These findings are the evidence of the interplay between
chiral energy and chiral dissipation in CIDWM in SIA materials.

The observation of the asymmetric motion in the creep regime in both materials suggests that
the standard model based on the SOT action is limited. Therefore, to understand fully DWs dynamics
in SIA materials, a broad and complex model of physical mechanisms, besides SOT, DMI and Chiral
Damping, is still required.

Even though we do not understand its exact physical mechanisms, the non-collinear DW
motion in SIA materials induces some intriguing consequences. We propose, in the following
chapters, to examine these consequences on the DW motion and on the skyrmion bubble motion.
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IV. The DW tilt in SIA materials

In this chapter, I will discuss about the formation of the DWs tilt during their current-induced
motion in nanowires in SIA materials. I will address, in particular, the possible connection between
the DW tilt and the current-induced non-collinear DW motion, described in the previous chapter. For
that end, I have studied the DW tilt in Pt/Co/AlOx and Pt/Co/Pt. From these investigations, we have
shown that the non-collinear DW motion can be responsible for the DW tilt in large SIA materials.

IV.1. The formation of a DMI-induced DW tilt

In order to minimize its energy by reducing its length, the DW sits perpendicular to the wire.
However, numerous studies in SIA materials showed a tilt of the DWs during their motion.
[Ryu et al., 2012] reported, in the Pt/Co/Ni/Co/TaN structure, a DW tilt that is opposite to the tilt
expected from the Oersted field (Figure I'V.1). Later, a DW tilt was also reported in the Pt/Co/AlOx
structure [Lo Conte et al., 2017]. This suggests a common origin of the DW tilt in PMA materials
with large SIA. Similarly, [Kwon et al., 2017] reported a sizeable DW tilt angle y while the DWs are
driven by an out-of-plane field H,. Although in the latter case the authors suggested a significant role
of the edge roughness, all of these observations are believed to be a consequence of the DMI. Some
theoretical studies based on analytical models and micromagnetic simulations proposed an
explanation for the formation of such DMI-induced DW tilt [Boulle et al., 2013; Martinez et al.,
2014]. It results from the energy minimization process of the chiral NWs while being distorted by the
driving mechanism, e.g. the out-of-plane field H, or the damping-like torque Tp,. The DW core
magnetization mpy, is canted away from the normal to the DW. Therefore, in order to recover its
favored Néel configuration, the DW tilts its surface. This effect scales with the DMI hence it is not
significant in weak-DMI structures. Micromagnetic simulations showed that even under pinning in
thermally activated motion, the DWs develop a net DMI-induced tilt angle y. It has been evidenced
that this effect is established after a time constant that is proportional to w? (w is the width of the
wire).
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Figure IV.1 The DW tilt in the Pt/Co/N/Co/TaN structure. (a) MOKE images of the DW tilt in CIDWM. Dark (bright) contrast
corresponds to down (up) magnetization. The tilt is opposite between the DWp.u (left-side) and the DWuy.p (right-side). (b) The DW tilt
angle vs the current pulse length tp. Square (circle) symbols are for the DWp.u (the DWu.p). Solid (open) symbols represent the positive
(negative) current pulses. A positive current flows from left to right in (a). The positive (negative) tilt angle corresponds to anti-
clockwise (clockwise) rotation of the DW surface. The tilt angle increases and saturates for long pulses. Extracted from
[Ryu et al., 2012].
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IV. The DW tilt in SIA materials

IV.2. The DW tilt and the non-collinear DW motion

The asymmetric non-collinear DW motion was observed in tilted wires and in circular
domains that are located in the center of a large wire and away from the edges. This rules out any
possible contributions from complex current flow distributions. Still, one can ascribe the asymmetric
non-collinear DW motion to the DW tilt. Indeed, the symmetry of the DW tilt angle in the Pt/Co-
based structures (Figure IV.1) is similar to the symmetry of the angle ¢/*** observed in Pt/Co/Pt and
Pt/Co/AlOx. It is possible that the DW tilt plays a role in the emergence of the asymmetric motion of
the DWs with the angle ¢;. [Safeer et al., 2015] examined the dependence of the DW depinning
current with ¢; in 500 nm-wide stripes. It yielded a dependence similar to that of the DW velocity
Vpw With the angle ¢;. In these measurements, the current pulses are too short to enable a DW motion
over large distances. Consequently, no DW tilt takes place. Moreover, the time resolved X-ray
measurements of the DWs dynamics in dots of 500-nm-diameter in Pt/Co/AlOx revealed a fast and a
preferential DW motion at a finite angle with respect to the current [Baumgartner et al., 2017] (Figure
IV.2). The symmetry of that angle follows the angle ¢;***. This technique (time resolution of 100
ps) probes the transient magnetic configuration during the application of sub-nanosecond current
pulses. These are time scales that are shorter than the DW tilt time constant [Ryu et al., 2012; Boulle
etal., 2013]. Therefore, these two experiments confirm that the asymmetric non-collinear DW motion
is an intrinsic property of the DWs dynamics in Pt/Co structures and is not induced by the DW tilt
mechanism.
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Figure IV.2 Time resolved X-ray measurements of the DW dynamics in Pt/Co/AlOx. (a) X-ray images of the magnetization switching
in a 500-nm-dot of Co/AlOx on a Pt line by a 2-ns-long current pulse. I,, and By indicate, respectively, the current direction and the
in-plane field. The current density is 2-4 10> A.m™. The applied B, is +94 mT and -124 mT. The red dots give the DW nucleation point
and the green arrows its propagation direction. (b) Micromagnetic simulations of the tilt and motion of the DWp.u between two frames
separated by 200 ps under a positive current. The black area represents the area swept by the DWp.u and the red arrow highlights the
direction of the fastest motion. Note that the asymmetric motion of the DWs is in the presence of B,. Extracted from
[Baumgartner et al., 2017].

In an alternative way, the DW tilt angle y can be a consequence of the asymmetric
non-collinear DW motion rather than being induced by the DW energy minimization process that
aims to restore the DMI-induced Néel configuration, by analogy to suggestions in
[Baumgartner and Gambardella, 2018; Kim et al., 2018]. The variation of the pinning forces in a wire
transforms a straight DW into an arc-shaped DW during the motion. Due to the asymmetry of the
DW velocity vpy, with the angle ¢;, the upper half of the DW is faster than the lower half or vice
versa depending on whether the DW is the DWp.y or the DWuy.p. The DW faster front is then expelled
from the wire and the DW tilt takes place. The angle y is fixed by the angle of the DW slower front
(Figure 1V.3).
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Figure IV.3 Snapshots from micromagnetic simulations of the arc-shaped DWu.p driven by electric current. The current density is
4.5 10" A.m®. The wire is 4.5-um-length and 1.5-um-width. After = 1.5 ns, the fastest DW is expelled from the wire. The final tilt
angle corresponds to the DW slowest front and is in agreement with previous studies of the Pt/Co structures. Extracted from
[Baumgartner and Gambardella, 2018].

IV.3. The DW tilt in Pt/Co/A1O0x

We have investigated the formation of the DW tilt in our samples. For the Pt/Co/AlOx stack,
it has only been observed in the low current density regime (or the creep regime) (Figure IV.4.a). It
seems that it is rather induced by the asymmetric non-collinear DW motion. If the DMI were behind
the emergence of the DW tilt under low current, the DW tilt would be as well present under a larger
current while keeping the same pulse duration. Within this scenario, a pulse duration of 18 ns,
sufficient to establish the DW tilt in Figure IV.4.a, is larger than the DMI-induced tilt time constant.
However, the DW tilt is absent under a larger current density with 18-ns-long pulses in Figure IV.4.b.
Following the description in Figure IV.3, the asymmetric non-collinear DW motion can be behind
the DW tilt in the creep regime (note that Figure I'V.3 represents the DWu.p whereas Figure IV.4.a
shows the DWp.y hence the opposite signs of the tilt angle). As the motion is no longer in the creep
regime while increasing the current density, the DW profile remains straight. The DW tilt is then less
apparent under large current densities since the arc-shaped DW profile is absent.

Figure IV.4 MOKE images of the DWp.u tilt. (a)-(d) in Pt/Co/AlOx and (e)-(h) in Pt/Co/Pt. We have applied multiple current pulses
with different number of pulses, pulse time lengths and current density amplitudes. (a) 2500 pulses, 18 ns, J~ + 0.59 10> A.m™.
(b) 4 pulses, 18 ns, ]~ +0.99 10" A.m?. (c) 5 pulses, 2.4 ns, J~ + 2.00 10”2 A.m>2. (d) 10 pulses, 1.0 ns, J~ + 2.75 10> A.m™.
(e) 1000 pulses, 20 ns, J~ + 1.09 102 A.m™%. (f) 300 pulses, 9.4 ns, ]~ + 1.58 10" A.m?. (g) 850 pulses,3.6 ns, |~ + 2.24 10> A.m™.
(h) 10000 pulses, 2.0 ns, ]~ + 2.73 10> A.m™.
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IV.4. The DW tilt in Pt/Co/Pt

In the Pt/Co/Pt wires, the DW tilt is present in CIDWM (Figure IV.4.e-h). Unlike
Pt/Co/AlOx, the tilt angle y follows the symmetry of the Oersted field and is opposite to the expected
DMI-induced tilt. In Pt/Co/Pt, the DMI has the same sign as in the Pt/Co-based structures with large
SIA. Since the motion is along the current direction, the symmetry of the DMI-induced DW tilt in
Pt/Co/Pt would follow the example shown in Figure IV.1. The absence of such a tilt corroborates
then with a weak DMI in Pt/Co/Pt. Actually, other studies argued that in Pt/Co/Pt the Oersted field
can lead to large effects in wires with large widths [Yoo, Moon and Choe, 2013]. According to
[Yamanouchi et al., 2006], in a thin uniform metallic conductor (t < w), the Oersted field generated
by the current is concentrated on the two edges of the wire and its averaged out-of-plane component
writes:

Hy=FLZ[3+2m (%) (IV.1)

As t = 5.1 nm in Pt/Co/Pt, the Oersted field can reach values up to 9.3 mT under /] = 1.10%? Am™
for a 10 gm-width wire. These values are not negligible and can contribute to the DW motion at the
edges. The Oersted field effect in Pt/Co/Pt exceeds probably the DW speed asymmetry that might
result from the non-collinear geometry with respect to current. Therefore, unlike Pt/Co/AlOx, the DW
tilt might be induced by the Oersted field in Pt/Co/Pt.
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Conclusions

In this chapter, I have mainly examined the formation of the DW tilt during its motion in
different SIA structures: Pt/Co/AlOx and Pt/Co/Pt. Initially, the DW tilt that was observed in several
large SIA structures was attributed to the DMI effect. The current-induced torques distort the DW
internal structure so that the counter effect consists on the DW tilting its surface to recover its
DMI-stabilized Néel configuration. In the meantime, there have been other proposals suggesting a
possible role of the asymmetric non-collinear DW motion in the emergence of such a DW tilt. [ have
then verified these two possible scenarios by investigating the DW motion in wires. In the Pt/Co/AlOx
structure, the DW tilt is significant only in the creep regime motion. We have then proposed the
combination of the asymmetric non-collinear motion and the arc-shaped DW profile to be responsible
for the formation of the DW tilt. In the flow regime, the DW remains straight so that no tilt emerges.
In the Pt/Co/Pt structure, we have evidenced that the DW tilt is induced by the Oersted field effect.
Following our study, it appears that the mechanism of the non-collinear DW motion does not lead
systematically to the emergence of the DW tilt in the SIA materials.
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V. The extrinsic mechanism of the Skyrmion Hall Effect

In Chapter III, we have evidenced the asymmetric non-collinear DW motion with respect to
the injected electric current in Pt/Co/Pt and Pt/Co/AlOx. The DWs have a preferential direction of
motion at an oblique finite angle ¢;"**. Interestingly, the angle ¢;"** exhibits striking similarities
with the skyrmion Hall Effect (SKHE) (Figure V.1). The SKHE is the deflection of the magnetic
skyrmions from their trajectories, while being driven by the current along a nanowire, by an angle
called the Skyrmion Hall angle (SkHA) Osy. As for the asymmetric non-collinear DW motion,
it distorts a magnetic circular domain into an ellipse whose the major-axis direction is fixed by the
angle ¢;"** of the front DW. Thereby, the major-axis of the down (up) domain rotates anti-clockwise
(clockwise) with respect to the current direction. As for the SKHE, a Néel down (up) magnetic
skyrmion is deflected anti-clockwise (clockwise). The angles ¢;*** and 6,y have then the same
symmetry. It is noteworthy to remind that Pt/Co/Pt and Pt/Co/AlOx contain the required ingredients
for the formation and the manipulation of Néel magnetic skyrmions, namely the interfacial DMI and
SOT, both originating from SIA. Therefore, it is legitimate to imagine a causal connection (gyration)
between these two phenomena since the motion of magnetic skyrmions is analogous to chiral NWs
dragged by SOT [Sampaio et al., 2013]. We have then studied the current-induced motion of the
chiral magnetic bubbles, or the skyrmion bubbles, in Pt/Co/Pt and Pt/Co/AlOx. This experimental
investigation has allowed us to demonstrate the extrinsic mechanism of the SKHE. It consists in
a well-defined deflection of the skyrmion bubbles that is induced by the asymmetric non-collinear
DW motion.

@ ®)

Figure V.1 Similarities between the non-collinear DW motion and the Skyrmion Hall Effect. (a) and (b) are the MOKE images of the
asymmetric non-collinear DW motion in Pt/Co/Pt and Pt/Co/AlOx, respectively. The angle ¢*** of the front DW of the magnetic
circular domain is highlighted. On the left, MOKE image of the initial state of the magnetic circular domain. On the right, differential
MOKE image of the final state of the magnetic circular domain after the current injection where bright (dark) contrast gives the

DWp.u (DWu.p) displacement. (c) Schematic diagram of the SKHE for the Néel skyrmion moving in the current direction. The up (down)

panels correspond to the domain/skyrmion with the down (up) magnetization. The angles ¢;*** and Ogy follow the same symmetry

with respect to the magnetization and to the current polarity (negative current not shown here).

In order to evidence the extrinsic SKHE, we first introduce the conventional SKHE mechanism
or the intrinsic SKHE. This will enable us to emphasize that the mechanism of the asymmetric non-
collinear DW motion and the intrinsic SKHE are independent. Next, we will describe the procedure
used to stabilize and manipulate the chiral magnetic bubbles in Pt/Co/Pt and Pt/Co/AlOx. As the
intrinsic SKHE 1is vanishingly small, the sizeable deflection of these skyrmion bubbles reveals the
extrinsic contribution to the SKHE. To account for such contribution, we propose a mechanism based
on the asymmetric non-collinear DW motion. Finally, we will discuss the relevance of the extrinsic
SKHE for the compact magnetic skyrmions.
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V. The extrinsic mechanism of the Skyrmion Hall Effect

V.1. The intrinsic SKHE

V.1.1. Magnetic skyrmions

Skyrmions are smooth magnetic objects that resemble the DWs [Skyrme, 1962]. The interest
in the magnetic skyrmions had surged after the observation of a skyrmion lattice in a bulk MnSi due
to the symmetry breaking in the structure by the DMI [Miihlbauer, 2009]. Upon crossing a skyrmion,
the magnetic texture corresponds to a 360° Bloch or Néel wall. We speak for the former of the
Bloch-type skyrmion and for the latter of the hedgehog or the Néel-type skyrmion (Figure V.2). The
difference between the Bloch-type and the Néel-type skyrmions comes from the microscopic
mechanism responsible for the DMI in the system. The bulk DMI induces a DMI vector D; usually
parallel to the vector 7 that connects the neighboring magnetic moments at the atomic sites i and j.
It favors the helical magnetization spirals with a fixed chirality (Bloch-type skyrmion)
[Yu et al., 2010]. In contrast, the interfacial DMI (cf. section 1.5.1) induces the cycloidal
magnetization spiral (Néel-type skyrmion). In the presence of the DMI, the skyrmions have a fixed
chirality: either left-handed or right-handed whereas both chiralities are possible for trivial magnetic
bubbles in dipolar systems. In this work, we only focus on the Néel-type skyrmions because the DMI
in our ultrathin ferromagnetic layers has an interfacial origin.
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Figure V.2 Magnetic skyrmions in systems with Structural Inversion Asymmetry. (a) Hedgehog or Néel-type skyrmion with a left-
handed chirality. (b) Bloch-type skyrmion with a right-handed helical spiral. The magnetization of the skyrmion core is pointing down.
Extracted from [Everschor-Sitte, 2012].

Skyrmions are topologically protected magnetic objects. The topological protection is
associated to the topological quantization parameter n (the winding number). It is expressed as
[Chen, 2018]:

=L [fm(Zx —) dx dy (V.1)

n is the number that counts how many times the local magnetization M is wrapped around a unit
sphere. Thanks to the chiral structure of the skyrmion, 7 is an integer that depends on the orientation
of the magnetization at the skyrmion center (n = +1 for M pointing up and n = —1 for M pointing
down). We refer to n also as the topological charge. The skyrmion is topologically not equivalent to
the other magnetic configurations like the uniform magnetization state with n = 0. It is not possible
to deform these configurations continuously into each other without having to overcome an infinite
energy barrier (topological classification). As a picture, the skyrmion resembles a knot tied into a
rope that cannot be untied without using the ends or by cutting the rope. However, the energy barrier
is finite in real magnetic systems and skyrmions can be annihilated at the sample edges or distorted
by defects [Braun, 2018]. We note that the definition of n is independent of the skyrmion size. In this
manuscript, we use the term “skyrmion bubble” to describe a skyrmion that has a plateau region in
their center in opposition to a compact skyrmion where a single spin is reversed. The competition
between the DMI and the other magnetic interactions sets the skyrmion size. Large or compact,
skyrmions are topologically equivalent like it is demonstrated by micromagnetic simulations
[Jiang et al., 2017]. In literature, the reported size of a skyrmion can go from sub-100 nm up to 2 gm.
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Owing to their small size and their stability, the magnetic skyrmions have emerged as
promising candidates for spintronic devices [Sampaio et al., 2013]. Compared to the DWs, their
motion require a reduced critical current density [Iwasaki, Mochizuki and Nagaosa, 2013], which is
useful for low-energy cost functionalities. Moreover, the modeling of defects and impurities did not
reveal any significant effect on their motion, essential for a better reliability. An intensive research
effort has then been conducted to demonstrate the stabilization and the manipulation of magnetic
skyrmions at room temperature. Recently, skyrmions were experimentally detected in sputtered
Pt/Co/MgO structures [Boulle et al., 2016]. Subsequently, multiple works have reported the
manipulation of skyrmions at very high speed by current.

V.1.2. Current-induced motion and the SKHE

In experiments, the skyrmion motion can be strongly hindered by pinning [Jiang et al., 2015;
Yuetal., 2016; Jiang et al., 2017; Legrand et al., 2017] and can also be efficient with velocities up to
120 m.s! [Woo et al., 2016, 2017, 2018; Hrabec et al., 2017; Litzius et al., 2017; Juge et al., 2019].
Usually, there is no direct evidence of the chiral magnetic texture of the bubble because a suited
imaging technique is difficult to provide. The distinction between skyrmions and trivial bubbles relies
on the direction of motion induced by the electric current. Based on the DMI + SOT mechanism, a
unidirectional displacement along or opposite to the current flow is a hallmark of the Néel-type
skyrmion [Jiang et al., 2015; Woo et al., 2016, 2017, 2018; Yu et al., 2016; Litzius et al., 2017]. The
Bloch-skyrmion would have a transverse motion with respect to the current flow
[Tomasello et al., 2015]. The observation of the current-induced deflection is also considered as an
indication of the topological charge, characteristic of the hedgehog skyrmions [Hrabec et al., 2017;
Wang et al., 2019].

This deflection is usually identified as the intrinsic SKHE that was predicted from several
theoretical works [Zang et al., 2011; Nagaosa and Tokura, 2013] and micromagnetic simulations
[Tomasello et al., 2015; Zhang, Zhou and Ezawa, 2016]. It results from the emergent
electromagnetism that can be important for the moving skyrmion.

V.1.2.1. The emergent electromagnetism

In a conductor, the moving charged particles are deflected perpendicularly to their velocities
in the presence of a magnetic field. This is the Hall Effect from the Lorentz force. By analogy, the
skyrmion has a nonzero topological charge n that plays the role of a local finite fictitious field
(corresponding to the central magnetization M) for conduction electrons in a thin magnetic field. We
can then expect a mechanism similar to the classical Hall effect to be related to the intrinsic SKHE.
This mechanism is the Berry phase curvature [Everschor-Sitte and Sitte, 2014].

In fact, the state of the spin of a conduction electron is characterized by a wave with an
amplitude and a phase. When these two parameters change simultaneously and adiabatically
following a cyclic variation (going back to the initial configuration), the system recovers the initial
eigenstate but with a phase factor. The phase factor has two contributions. The first comes from the
time evolution whilst the second from the variation of the eigenstate with the changing Hamiltonian.
This second contribution is the so-called Berry phase and it is nonzero for a system undergoing an
adiabatic cyclic variation. It has a major effect on many observed properties in solid-state physics
such as electric polarization, orbital magnetism, quantum Hall Effect and anomalous Hall Effect. In
the adiabatic limit, a free conduction electron crossing a spatially inhomogeneous magnetic structure
adjusts constantly its spin to the direction of the local magnetization M. Consequently, the spin of the
electron picks up a Berry phase while flowing through a magnetic skyrmion. The Berry phases are
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V. The extrinsic mechanism of the Skyrmion Hall Effect

opposite for the up and the down skyrmions and they act as emergent fields felt by an electron
traveling in a uniform magnetic state. These emergent fields are the orbital magnetic field B¢ and the
electrical field E€ whose components are expressed as follows [Everschor-Sitte and Sitte, 2014]:

h d d
Bf =Zem- (aij" x ) (V.2)
d d
Ef = hm- (32 x 22) (V.3)

with h the reduced Planck constant or the quantum of angular momentum. The topological charge n
of the skyrmion ensures a net emergent magnetic flux as can be obtained after integration of Eq. V.2:

[ B¢ -dop = 4mthn (V.4)
with gp denoting the Pauli matrix. The emergent electric field is only finite for a time-dependent spin
profile. A skyrmion moves with a drift velocity v,. Since dm/dt = —(v,4 - V)m, the magnetic and
the electric fields are coupled as [Everschor-Sitte and Sitte, 2014]:

E° = —vy X B° (V.5)

The Eq. V.5 reflects the Faraday’s law of induction, i.e. a change of the magnetic flux causes an
electric field. These emergent fields lead to Lorentz forces acting on the conduction electrons and
giving a contribution to the Hall signal. Since the magnetization texture enters in the expressions of
B and E®, the Hall signal is called the topological Hall effect. There are several reports of
measurements of the emergent topological Hall effect [Schulz et al., 2012;
Soumyanarayanan et al., 2017; Leroux et al., 2018; Maccariello et al., 2018; Zeissler et al., 2018].

The back reaction (the counter-force) of the topological Hall effect is the intrinsic SKHE
[Everschor-Sitte and Sitte, 2014]. The gyrotropic force or the “Magnus force” emerges and deflects
the skyrmions perpendicularly to their velocities. The notion of the Magnus force is taken by analogy
with classical mechanics. The Magnus force acts on a spinning ball in the air bending its path like a
soccer ball. Accelerated air on one side of the spinning ball and decelerated air on the other side give
rise to a force acting on the air. Consequently, the ball experiences the opposite force that is the
Magnus force. As for the skyrmion, the emergent fields from the Berry phase induce the Lorentz
forces deflecting the current that in turn lead to the counter-effect, the “topological Magnus force”.

These emergent fields give a canonical conjugate relation between the coordinates X and Y of
the skyrmion core center (Eq. V.5). This relation helps to describe analytically the intrinsic SKHE
through the Thiele Equation of motion. Multiple theoretical works have demonstrated the good
agreement between micromagnetic results and the Thiele Equation
[Iwasaki, Mochizuki and Nagaosa, 2013; Tomasello et al., 2015].
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V.1.2.2. The Thiele Equation of motion

We consider the motion of the magnetic skyrmion within the framework of the soliton
dynamics with a mass M and a position vector R. Its equation of motion is given as [Thiele, 1973
Tretiakov et al., 2008; Tveten et al., 2013]:

MR—-GXR—aD-R=F (V.6)

The time-resolved X-ray investigations of SOT-driven excitations, on the nanosecond time scale,
suggest the absence of inertial effects for skyrmions in quasi-infinite geometries [Litzius et al., 2017;
Woo et al., 2017]. They demonstrated that the skyrmion velocity follows the current pulses without
any delay. In contrast, other observations reported strong inertial effects for trivial bubbles in narrow
confined geometries [Biittner et al., 2015]. In fact, the mass M scales inversely with the rigidity of
the spin structure. Thanks to the DMI, the spin structure of a skyrmion is rigid thus lowering the
effective mass. In addition, we usually manipulate skyrmions in wide and long patterned tracks.
Therefore, the assumption of a rigid massless-particle is valid. The Eq. V.6 is simplified to obtain the
Thiele Equation of motion:

GXv—aD-v+F=0 V.7

withR =v = (vx, vy) the velocity of the skyrmion center. The first term is the transverse force acting
on the skyrmion called the “topological Magnus force” or the gyrotropic term. The second term is the
“frictional force” and the third term F represents the sum of effective forces acting on the skyrmion.

The topological Magnus force

This force (G X v) is nonzero for magnetic objects with a nonzero topological charge n. It is
characterized by the gyromagnetic coupling vector G:

G = (0,0, —4mn @) (V.8)

G changes then sign between the opposite orientations of the skyrmion magnetization. Skyrmions
with opposite orientations are thereby deflected in opposite directions. The intrinsic SKHE is then
attributed to the presence of the gyromagnetic coupling vector G. In the absence of the DMI, there is
no unique topological charge for the magnetic bubbles so the random transverse motion is expected.

The frictional force

It is the force (—aD - v) that is due to the magnetic damping mechanism represented by the
dissipative tensor D. The components of D are given by [Hrabec et al., 2017]:

LoMst om) 2
Dy = Dy, = L0 | (a) dxdy (V.9)
ny = Dyx =0 (V.10)

The equations V.9 and V.10 are derived under the assumptions that the skyrmion maintains its
rotational symmetry during the motion. Subsequently, the exact numerical evaluation of D,., for the
Néel skyrmion can be well approximated to the following analytical formula for d > 2A where d is
the skyrmion diameter and A the DW width parameter [Hrabec et al., 2017]:
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. MoMstpy _ (d | 4A
Dy ~ LEIEEM n($+%) (V.11)

As for the effective force F, we write it as follows:
F=Fu+FSTT+FOe+FSOT (V.12)

The first term F" on the right side assembles forces due to the changes in the potential energy of the
skyrmion. We define it as F* = —VU with U the potential energy at the coordinates
(X, Y) of the skyrmion center. In principle, F* can have a component transverse to the current
direction, which can have an impact on the SKHE. In the present work, we do not consider the action
of any possible F*. Fgpr is the force that results from the action of the adiabatic T4 and the
nonadiabatic Ty, torques from the STT mechanism (cf. section 1.4.1). As the STT mechanism is
neglected in thin layers with SIA, Fgrr is not taken into account. The third term Fg, is the force
originating from the Oersted-field gradient in the wire and is always transverse to the current
direction. Therefore, Fg, contributes to the skyrmion deflection. For a uniform current along the
x-axis, Fge 1s given by [Yu et al., 2016, 2017; Hrabec et al., 2017]:

oHP¢
Fo, = gdZtFMMS Uy (V.13)

with 0H2¢/0dy the change in the out-of-plane component of the Oersted field across the skyrmion
diameter.

The effective SOT force

The fourth term Fggoyr is due to SOT induced by the current flowing in the adjacent HM layer.
We neglect the field-like component and only the damping-like contribution from the SHE is taken
into account (cf. section 1.4.2). We write then [Jiang et al., 2017]:

FSOT = 4B ] (V.14)

Here, B is the tensor that quantifies the efficiency of the damping-like torque over the spin profile of
the skyrmion [Wang et al., 2019]. The components of B for the rigid Néel skyrmion are given by:

Byx = Byy = 11f (Z—': X m)y dxdy (V.15)

By = Byy =0 (V.16)

with 7 the parameter characterizing the strength of the damping-like torque Tp;. Upon applying a
uniform current along the x-axis, the generated Fgor from the bottom HM layer writes
[Hrabec et al., 2017]:

h
Fsor = 4nByJuy = £ bOsy ]ty (V.17)

where b is a skyrmion characterisitc length (half its perimeter when d > A) and the orientation of
Fgor 1s set by the spin Hall angle 65y and the magnetic texture chirality by the symbol + (+ for the
left-handed and - for the right-handed chirality).

We note that the Thiele Equation of motion does not include neither pinning nor modifications
of the internal degrees of freedom (the mass) of the skyrmion. It allows us to characterize the intrinsic
SKHE by the skyrmion Hall angle (SkHA) 6,5 ; the angle between the current flow and the skyrmion
position.
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V.1.2.3. The Skyrmion Hall angle (SKHA)

Based on the Thiele Equation of motion and upon neglecting Fg,, we express components of
the skyrmion velocity, v, and vy, as:

Dxx

Ve = —azfm;x Fsor (V.18)
G

Vy = Govarpz, [soT (V.19)

The SKHA 6y 1s then expressed as:

- _1( G
Oy = tan™1 (:—y) = tan~! (anx) (V.20)
Based on Eq. V.11, we have:
_ an (d | 4A\"1
HSkH = tan 1 [— 771 (K + 7) ] (V.21)

In the limit of large skyrmion bubbles (d > A), Og,y is simplified to [Hrabec et al., 2017;
Litzius et al., 2017]:

Ogy = tan™?! (— %n) (V.22)
We should note here the difference in the approximated formula of fg;p in literature. It results from

different assumptions concerning the spin profile of the skyrmion in order to evaluate the dissipative
tensor component D,.,.. For instance, in [Jiang et al., 2017], B¢y writes:

Bsen = tan™' (——25-n) (V.23)

Finally, the SKHE is detrimental from the application point of view since it pushes skyrmions
towards the edges of the patterned devices resulting in their annihilation. Nevertheless, it can be useful
for novel applications like the topological sorting as up and down skyrmions are deflected in opposite
directions. In the meantime, there are proposals to use the ferrimagnets or the antiferromagnets to
inhibit or even make disappear the intrinsic SKHE [Zhang, Zhou and Ezawa, 2016; Woo et al., 2018].
The direct observation of the SKHE was reported recently in several experimental works.

V.1.2.4. Experimental observations of the intrinsic SKHE

By evidencing the vertical motion that follows the symmetry of the topological Magnus force
(Eq. V.8), many groups have confirmed the direct observation of the intrinsic SKHE [Yu et al., 2016;
Hrabec et al., 2017; Wang et al., 2019]. Nonetheless, only a few were able to perform quantitative
measurements of the SKHA allowing the confrontation of the theory predictions with the experimental
findings [Jiang et al., 2017; Litzius et al., 2017; Juge et al., 2019].
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Figure V.3 Observations of the drive-dependent skyrmion Hall effect. (a) The measured SkHA versus electron flow density j, in
Ta (5 nm)/CoFeB (1.1 nm)/TaOx (3 nm). Above the threshold current density, the SkHA exhibits a linear dependence and then saturates.
Here, skyrmions, with a topological charge Q, move along the electron flow j,. The up (down) panel I (II) corresponds to skyrmions
with down (up) magnetization driven by a positive j,. The SkHA decreases by increasing (decreasing) the skyrmion diameter (out-of-
plane field) from d = 800 £ 300 nm (+5.4 Oe, blue symbols/-5.2 Oe, green symbols) to d = 1100 + 300 nm (+4.8 Oe, red symbols/
-4.6  Oe, purple symbols). (b) The measured SkHA Ospy as a function of the skyrmion velocity in
[Pt (3.2 nm)/CoFeB (0.7 nm)/MgO (1.4 nm)]is for a skyrmion with d = 110 nm. The linear fit (red line) is a guide to the eye.
(¢)-(d) The mean SkHA as a function of the current density | from micromagnetic simulations where the magnetic film is modeled as a
granular system in which grains positions and sizes are random. DMI has a Gaussian distribution within grains. The uniform case
(constant DMI) in black symbols is fitted to a line showing a constant SkKHA. In (c), different grain sizes are g = 60 nm (blue symbols),
g = 30 nm (gold symbols) and g = 15 nm (red symbols). In (d), g = 15 nm (red symbols), g = 10 nm (blue symbols) and g = 5 nm
(green symbols). Extracted and adapted from (a) [Jiang et al., 2017], (b) [Litzius et al., 2017], (¢) and (d) [Legrand et al., 2017].

In fact, some observations have evidenced a strong dependence of the SKHE on the regime of
motion (Figure V.3) [Jiang et al., 2017; Woo et al., 2018; Juge et al., 2019]. This is not in line with
the predictions of a constant SKHA. The Eq.V.22 does not contain any term connected neither to the
current density nor to the velocity of motion. Under low current densities (the creep regime of
motion), there is a cancellation of the SKHE. Skyrmions move in a hopping-like mode without a net
deflection angle (Figure V.3.a). The SKHA is observed under larger current densities and it increases
with current/velocity. Eventually, the angle O,y saturates at its expected theoretical value when the
skyrmion is driven in the flow regime. Such behavior is reminiscent of a strong pinning effect. The
competition between the topological Magnus force and disorder leads to a drive-dependent SKHA.
Under low current densities, skyrmions are pinned. As they become able to overcome defects, the
SkHA emerges. These variations of the SKHA can be reproduced in micromagnetic simulations that
include pinning as random distributions of magnetic parameters within the film grains
[Kim and Yoo, 2017; Legrand et al., 2017]. The non-uniformity of the magnetic parameters between
neighboring grains makes skyrmions suffer from a dispersion of their equilibrium diameter. They
even get a transverse motion opposite to the expected SKkHA. In Figures V.3.c and .b, we show the
SkHA variation with the current density from micromagnetic simulations where the DMI is the only
parameter randomly distributed in the granular system. For any given mean grain size g, the reduction
of the SKHA is qualitatively the same. The most significant suppression of the SKHA is obtained for
g = 15 nm that is comparable to the average skyrmion diameter d considered in the study
[Legrand et al., 2017]. For a smaller grain size, the local variations of the magnetic parameters are
averaged over the skyrmion size whereas for a larger grain size the gradient of local variations is
weak so that in both cases the reduction of the SKHA is less stressed. Micromagnetic simulations
show that the variations of My induce the strongest SKHA reduction whilst the weakest effects come
from DMI distributions [Legrand et al., 2017].
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V.1.3. The intrinsic SKHE and the asymmetric DW motion in the non-collinear
configuration

S initial up
s

bubble

@® Magnetization-up state
| @ Magnetization-down state
1 1

b : 250 300 350 400
initial downjy :
bubble y T (K)

Figure V.4 Oblique elongation of the magnetic bubbles in GdAFeCo/Pt ferrimagnet structure. (a) MOKE image of a nucleated circular
up bubble. Dark and bright areas correspond to down and up magnetizations, respectively. (b) The oblique elongation of the up bubble
obtained after the current injection into (a). (c) MOKE image of a nucleated circular down bubble. (d) The oblique elongation of the
down bubble. (e) The elongation angle 6 as a function of temperature T of the ferrimagnet. The angle 0 vanishes near the compensation
temperature of the ferrimagnet. Extracted from [Hirata et al., 2019].

As they have the same symmetry with the topological charge n, the intrinsic SKHE and the
asymmetric non-collinear DW motion can be two linked phenomena. In fact, the magnetic circular
domains are skyrmion-like objects thanks to the DMI in Pt/Co/Pt and Pt/Co/AlOx. In principle, the
intrinsic SKHE is expected for these objects. It contributes then to or even might be responsible for
the observed asymmetric non-collinear DW motion. However, the asymmetric non-collinear DW
motion has been initially evidenced for magnetic domains with relatively large diameters
d~4—8um.

According to the analytical formula (Eq. V.22 or .23), the angle g,y is determined by the
skyrmion size d, the DW width A and the damping parameter a. The dependence on 1/d imposes a
decreasing Oy for an increasing d, which is confirmed by micromagnetic simulations. They give a
ratio |vy / vxl (Osky = tan_l(vy / vx)) that varies with the ratio of d /A for a constant current density
[Legrand et al., 2017]. For a compact skyrmion (at the limit d = mA), the SKHA is very large and
increases initially with d. Once d > A, the SKHA reduces drastically and vanishes for micrometer-
sized magnetic bubbles. This trend of the angle 6s,y was confirmed experimentally by
[Litzius et al., 2017] where the increase in d, at a constant skyrmion velocity, from d = 96 nm to
d = 130 nm reduces the SKHA from Og,; = 21°to Og,y = 6°. [Jiang et al., 2017] observed the same
effect for different current densities (cf. Figure V.3.a). Nonetheless, despite a large d = 10 um,
[Hirata et al., 2019] reported a sizeable intrinsic SKHE in a GdFeCo ferrimagnetic film (Figure V.4).
Similarly to the effect of the asymmetric non-collinear DW motion, [Hirata et al., 2019] observed an
oblique elongation of magnetic domains at an angle 8. On one hand, the angle 8 changes sign with
the topological charge n of the magnetic domain. On the other hand, it is equal to zero at the
compensation temperature that corresponds to the zero net magnetization of the ferrimagnet, i.e. the
zero topological charge n. Thereby, [Hirata et al., 2019] attributed these observations to an intrinsic
SKHE. Such a sizeable angle 8y is possible since the DW width parameter A is large (A= 15 nm)
and the magnetic damping « is ultra low (@ = 0.003) in the ferrimagnetic film. In Eqs V.22 and .23,
these values compensate the decrease in the angle 8y from the factor 1/d for the magnetic bubbles
with large diameters.
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In contrast, the DWs are short (A = 5 nm) and the damping is strong (a = 0.5) in Pt/Co/Pt
and Pt/Co/AlOx. Consequently, the SKHA is negligible for d ~ 4 — 8 ym (maximum s, = 0.6° for
d = 4 uym). Therefore, the asymmetric non-collinear DW motion and the intrinsic SKHE are two
independent phenomena. In the meantime, we can rule out that the mechanism of the asymmetric
non-collinear DW motion can be relevant for magnetic skyrmions. We examine therefore the current-
induced motion of small chiral magnetic bubbles in Pt/Co/Pt and Pt/Co/AlOx.

V.2. Chiral magnetic bubbles in Pt/Co/Pt and Pt/Co/AlOx

V.2.1. Formation of chiral magnetic bubbles

To obtain chiral magnetic bubbles in our samples, we have followed the same procedure
already described in section III.2. At first, we form a magnetic circular domain with a large size in
the center of the wire. Subsequently, by applying short pulses of an out-of-plane field H,, we reduce
the domain diameter down to a minimum of 1 gm. Due to the MOKE resolution limit, we are not able
to reach smaller sizes. For a similar investigation in the TbFeCo ferrimagnet film,
[Tanaka et al., 2015, 2017] used an assisted-heating nucleation technique with a laser beam. Their
technique is less time consuming and allows to choose freely the magnetic bubble nucleation site.
The bubble diameter distributions in Pt/Co/Pt and Pt/Co/AlOx are shown in Figure V.5.a-b. In both
samples, the average diameter is 1.6 ym.
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Figure V.5 Chiral magnetic bubbles diameter distributions (in um). (a) For Pt/Co/Pt and (b) for Pt/Co/AlOx. (c) - (d) MOKE
differential images of the initially prepared chiral magnetic bubbles. The images are taken after moving or collapsing the bubbles. The
initial up (down) magnetic bubble is the round region with a bright (dark) contrast in (c) ((d)).

We have followed the magnetic bubble motion using MOKE in the differential mode. In these
static measurements, we detect the motion by comparing final and initial positions of the bubble. For
the up bubble, the magnetization located at its initial position has been reversed to the down
orientation whereas the magnetization at the final position has been reversed from down to up.
Consequently, these two positions exhibit different contrasts. Based on the description of our MOKE
in Chapter 1I, the final position has a dark contrast whilst the initial position has a bright contrast
(Figure V.5.c). It is the inverse for the down magnetic bubble. When MOKE differential mode
exhibits just one circular region with a magnetic contrast, it means that the magnetic bubble has been
annihilated after the current injection. To ensure a stable bubble for a sustainable motion, we apply
an easy-axis magnetic field along with the current.
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V.2.2. Stabilization of chiral magnetic bubbles with an out-of-plane field

We have controlled the current-induced magnetic bubbles using an external out-of-plane field
H,. Otherwise, the bubbles have a high collapse rate. The applied H, is parallel to the bubble core
magnetization. Depending on its amplitude, the bubble dynamics differ. At a critical amplitude H™?,
the bubble is stable and moves without a substantial change in its size. Below H™?, the bubble
collapses whereas it grows without moving above H™. The amplitude of H™ depends strongly on
the current pulse. It varies with the current density, the pulse duration, the total number of pulses and
the pulse period. Therefore, for each current density J, we have to determine the exact corresponding
H™ in order to reproduce the magnetic bubble motion. Afterwards, we are able to extract
characteristics of the current-induced motion from significant amounts of statistics. For instance,
Figure V.6 gives an example of the parameters determined to obtain a sustainable up bubble motion
in Pt/Co/AlOx under a current density of /] ~ 1.95 102 A.m™. In Appendix section A.2, we give the
chosen parameters for all the possible current/magnetization polarities in each sample. In Figure V.6,
the sequence consists of 7 positive current pulses with 6.6 ns time width each. The time elapsed
between two consecutive pulses (the pulse period) is varied from 10 ys up to 100 ms. We adjust then
the time width of H, (H, and H™ are used interchangeably in the rest of the manuscript). We take
as a constraint that all the current pulses must be injected while H, is applied. This is crucial in order
to reduce the annihilation rate of the bubbles when the current in injected. Consequently, the time
width of H, varies here from 10 ms to 700 ms. The H ,-pulse has a rise/fall time of 2 ms. In order to
have the bubble motion under a quasi-constant H,, we fix the time delay between the onsets of the
H ,-pulse and the first current pulse. The same time delay is set between the terminations of the last
current pulse and H,. The time delay can be varied independently. We choose to change it from 5 to
75 ms in the example described in Figure V.6. H, was set in consequence at two different amplitudes,
+1.8 and +2.4 mT. A particular attention is taken to keep its amplitude smaller than the DW
propagation field. We verify that H,, applied during the same time width, does not induce any notable
growth of the bubbles. We consider then that the contribution of H, to the bubble motion is negligible.

H,=+1.8; +2.4mT

J

.‘ ’

J ~+1.95102 Am?

- x -
\i) d ° 5..75ms * single pulse width = 6.6 ns
‘ * 7 pulses injected
* period = [10 gs, 100 us, 1 ms, 10 ms, 50 ms, 100 ms]

\ J
!

10..700 ms

Figure V.6 The determined parameters for the up magnetic bubble motion under a current density of | ~+ 1.95 10> A.m? in
Pt/Co/AlOx. The fixed parameters are the pulse time width and the total number of current pulses. The other parameters can be
adjusted and varied.

The action of H, helps extending the lifetime of the magnetic bubbles during the injection of
the multiple current pulses. It counteracts the interactions that cause the bubble collapse. The bubble
phase formation in PMA films is attributed to the interplay between the long range (dipolar) and the
short range (exchange) interactions [Ng and Vanderbilt, 1995]. We use then a simplistic picture to
emphasize the role of H,. These different energies induce effective forces acting on the magnetic
bubble edges (the DWs) (Figure V.7). On the one hand, the formation of a bubble with a diameter d
costs exchange and anisotropy terms (the DW energy opy,). They are proportional to d thereby
compressing the bubble through the effective force F, . On the other hand, the dipolar energy favors
opposite domains so that the effective force F g, tends to expand the bubble. These effective forces
act normally to the DWs and the bubble is stable when F; and F4;, compensate each other. F g, is
M;-dependent thus it is sizeable in our materials since the Co thin film has a large saturation value

(Mg = 1090 emu.cm™3 [Miron et al., 2010]). The dipolar interaction can then stabilize the magnetic
bubbles (Figure V.7.a). Due to the thermal fluctuations and pinning, one effective force can dominate
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V. The extrinsic mechanism of the Skyrmion Hall Effect

over the other during the current injection. Let us assume that the current action on the magnetic
moments of the DW is equivalent to an effective force F; (from SOT). A dominant F 4z, opposes F;
on the bubble left edge and adds up to it on the right edge (Figure V.7.b). The amplitude of Fef;,
the sum of the forces acting on the left edge of the bubble, is smaller than its counterpart Fg;qp, hence
the right edge of the bubble moves faster leading to the bubble elongation during its motion
(Figure V.7.e). As for a dominant F, (Figure V.7.c), the left edge becomes faster. It may then catch
up with the slower right edge resulting in the bubble collapse. The action of H, adds up to Fg;,
compensating the dominant F,. This way, the difference between Fef; and Fpigp, is waned so the
bubble moves without any notable change in its size (Figure V.7.d). The worst-case scenario is a
decrease in d rather than the bubble collapse (Figure V.7.f). Figures V.7.e and .f are subsequent
states of the same bubble moving under the same current density in the presence of the same field
H,, which evidences the stochastic effect of the thermal fluctuations and pinning on the balance
between F gy, and F . H™) is the field that ensures a sustainable bubble motion along with its size
fluctuation (either a slight decrease or a minor increase of d). Above H™ F Left 18 €ither zero or flips
its orientation so the bubble expands without any motion. Below H™P, the bubble has a high
annihilation rate.

(@)

Figure V.7 The stabilization of the magnetic bubbles for the study of their current-induced motion. (a)-(c) Schematics of the total
effective forces acting on the left edge (Fies,) and the right edge (Frignt) of the up magnetic bubble. Fiop; and Fpigp, include the
current-induced force Fy, the DW energy o force F 5 and the dipolar force F g3, MOKE images of a moving up magnetic bubble while
maintaining its size (d), growing (e) and shrinking (f). The bright (dark) round contrast corresponds to the initial (final) position of
the up bubble. (f) is the image that follows (e) for the same initial bubble. The orange arrows give the bubble direction of motion
(pointing from the initial to the final position of the bubble).

After identifying H™?, we have studied the magnetic bubble motion by applying subsequent
trains of multiple current pulses. We are able to displace bubbles along distances as large as 10 um
with velocities as high as 100 m.s™\. We keep injecting the current pulses until the bubble collapses,
expands considerably, merges with a neighboring magnetic domain or reaches the end of the wire.
The current-induced bubble motion exhibits properties similar to those of the Néel skyrmions.

V.2.3. Vanishing intrinsic SKHE in Pt/Co/Pt and Pt/Co/AlOx

The magnetic bubbles have a unidirectional motion in the current direction in Pt/Co/Pt and
Pt/Co/AlOx. Thanks to the presence of the interfacial DMI and by following the discussions in section
V.1.2, we can consider these magnetic bubbles as chiral skyrmion bubbles in Pt/Co/Pt and
Pt/Co/AlOx. They have then a nonzero topological charge n corresponding to their core
magnetization. Therefore, they are expected to experience the topological Magnus force hence the
intrinsic SKHE.
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V.3. The emergence of the extrinsic SkKHE

In the meantime, these chiral skyrmion bubbles have a large average diameter d = 1.6 ym.
Even though the intrinsic SKHE is expected to be small for the micrometer-sized magnetic skyrmions,
a sizeable angle 6g,y was reported for large skyrmions with d = 1.1 ym (Figure V.3.a) and
d =2 um in [Jiang et al., 2017] and [Yu et al., 2017], respectively. The SKHA reaches a value as
high as Og,y =~ 35° in the Ta (5 nm)/CoFeB (1.1 nm)/TaOx (3 nm) structure [Jiang et al., 2017]. In a
similar structure, [Yu et al., 2017] measured O,y = 13°. In fact, the observed SKHE results the large
DW width A= 12 — 21 nm and the low damping @ ~ 0.02 in this kind of structures. On the contrary,
[Miron, 2009] extracted, from analysis of the FIDWM, a strong damping parameter (¢ = 0.5) in the
Pt/Co-based heterostructures. This large value is due to the nonlocal increase in the magnetic damping
in comparison to the measurements through conventional ferromagnetic resonance (FMR)
[Gerrits et al., 2006; Weindler et al., 2014]. In addition, the DWs are thin in Pt/Co/Pt and Pt/Co/AlOx
with A= 5 nm. Consequently, according to Eqgs. V.22 and .23, the angle Og;y is vanishingly small
(Bsky < 1.4°) for the chiral skyrmion bubbles that we have studied in Pt/Co/Pt and Pt/Co/AlOx.

It is not possible to detect such a small angle of deflection using MOKE. The observation of
a sizeable deflection of these skyrmions bubbles in our samples results then necessarily from an
extrinsic contribution to the SKHE. In the following, we start by presenting our investigations in
Pt/Co/Pt and next in Pt/Co/AlOx. The motion of chiral magnetic bubbles were recorded in videos in
the differential mode of MOKE. The presented images hereafter are taken from these videos.

V.3. The emergence of the extrinsic SKHE

In the following, I will describe the current-induced motion of the skyrmion bubbles in our
samples. First, I will address the experimental results obtained in the Pt/Co/Pt stack. Secondly, I will
present the current-induced motion in the Pt/Co/AlOx structure. For each sample, the description will
be divided in two parts according to the injected current density amplitudes. I will begin by presenting
the experimental results obtained under low injected current densities and next the results obtained
under high injected current densities. By low current densities, we refer to the current densities J for
which the DW motion occurs in the creep or in the depinning regimes (J < 2 10'> A.m™ in both
structures, cf. the DW velocities curves in Figure IILS in chapter III). The high current densities
correspond to the flow regime of motion (J = 2 102 A.m™). In fact, the characteristics of the current-
induced motion of the skyrmion bubbles show a dependence on the DW regime of motion. By
comparing the results between Pt/Co/Pt and Pt/Co/AlOx structures, we have evidenced the extrinsic
SKHE and proposed a possible mechanism behind its emergence.

V.3.1. The effects of the asymmetric non-collinear DW motion on the skyrmion
bubbles

In this section, I will address the effects induced by the mechanism of the asymmetric
non-collinear DW motion on the skyrmion bubbles. By studying the current-induced motion of the
skyrmion bubbles in Pt/Co/Pt, we have observed their elliptical distortion. Such a distortion is induced
by the asymmetric non-collinear DW motion. Moreover, we have evidenced that it can promote a
deflection of the skyrmion bubbles. However, this vertical motion is not systematic in the Pt/Co/Pt
structure. Furthermore, it is strongly drive-dependent. It shows a well-defined symmetry under low
current densities whereas it becomes randomly oriented under high current densities.
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V. The extrinsic mechanism of the Skyrmion Hall Effect

V.3.1.1. The distortion of the skyrmion bubbles into ellipses in Pt/Co/Pt

Based on our preliminary observations, the skyrmion bubble does not necessarily maintain its
initial round shape during its motion in Pt/Co/Pt. It has the possibility to undergo an elliptical
distortion. In Figure V.8.a, we give a schematic diagram of the observed elliptical distortion of the
up skyrmion bubble under a positive current. The final ellipse has a major-axis (dashed green line)
that rotates clockwise with respect to the current direction (i.e. the horizontal axis). The direction of
this rotation follows the sign of the angle ¢;*** of the distorted up magnetic circular domain
(Figure V.8.b). As discussed in Chapter III, the asymmetric non-collinear DW motion induces this
kind of asymmetric distortion of the magnetic circular domains. Thereby, it induces the same effect
on the skyrmion bubbles. We have obtained the elliptical skyrmion bubble distortion for all the
magnetization/current polarities under low current densities (Figure V.8.d). The elliptical distortion
follows the symmetry operations as emphasized in Figure V.8.c ruling out any possible role from
artefacts.
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Figure V.8 The distortion of the skyrmion bubbles into an ellipse under low current densities in Pt/Co/Pt. (a) Schematic diagram of
the elliptical distortion of the up bubble for a positive current. (b) Asymmetric distortion of the up magnetic circular domain for a
positive current in Pt/Co/Pt. (¢) Schematic diagram of the elliptical deformation for all the magnetization/current polarities obtained
from the symmetry operations and experimentally in (d). The injected current densities are J~—1.09 102 Am? and
J~+ 1.13 10”2 A.m™. In (d), the dashed green line represents the skyrmion bubble major-axis and the orange arrows indicates its
direction of motion.

The effect of the asymmetric non-collinear DW motion is also present under high current
densities in Pt/Co/Pt. The skyrmion bubble still exhibits a final elliptical shape after the current
injection that is similar to that obtained under low current densities (Figure V.9). Besides the effects
on its shape, we can imagine other effects on the skyrmion bubble motion. In fact, the elliptical
distortion drags the skyrmion bubble axis away from the current direction. It is possible that it endows
the skyrmion bubble with a vertical motion despite the fact that the intrinsic SKHE is vanishingly
small in Pt/Co/Pt as seen in section V.2.3. We have found that the presence of such a well-defined
deflection depends on the regime of motion (whether in the creep or in the flow regime) as it is
described next.
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Figure V.9 The distortion of the skyrmion bubble into an ellipse under high current densities in Pt/Co/Pt. The up bubble under
J~+2.77 10"? Am? in (a) and under J~ — 1.96 10> A.m? in (b). A down bubble under |~ + 1.93 10" A.m? in (c) and under
J~—1.96 10”2 A.m?in (d). The elliptical distortion under high current densities is similar to that elliptical under low current densities
in Figure V.8. The asymmetric non-collinear DW motion is relevant also under high current densities in Pt/Co/Pt.

V.3.1.2. The “apparent” SKHE in Pt/Co/Pt under low current densities

We have studied the skyrmion bubbles motion under current densities of
] ~—1.0910'2 Am?and J ~+ 1.13 10'2 A.m™. As expected in the creep regime, the skyrmion
bubble velocity vgy, in the current direction, is small and is in the order of ~ 0.1 m.s’'. In this regime,
we have observed a deflection of the skyrmion bubble with a rate of ~ 26%. In Table V.1, we present
the data obtained from summing up all the statistics of the current-induced motion for all the
magnetization/current polarities. By following symmetry operations, we make the data correspond to
the case of the up skyrmion bubble driven by a positive current. The statistics for each single
configuration are available in Appendix.

o pinning
o 0000

) \?‘
number of displacements 53 92 56

Percentage % 26.37 45.77 27.86

Table V.1 The modes of the skyrmion bubble motion in the creep regime in Pt/Co/Pt. Each column corresponds to a distinct mode of
motion. From left to right, deflection mode, horizontal mode and pinning mode (no motion and the skyrmion bubble expands). On top,
each schematic diagram represents the corresponding mode of motion for the up skyrmion bubble under a positive current.

The obtained deflection of the skyrmion bubble has a well-defined symmetry that depends on
the skyrmion bubble magnetization. It is similar to the SKHE, for the Néel skyrmion, that depends on
the topological charge n (cf. Figure V.1.c). Under a positive (negative) current, the down skyrmion
bubble drifts upwards (downwards) whereas the up skyrmion bubble drifts downwards (upwards)
(Figure V.10).
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Figure V.10 The skyrmion bubble deflection in the creep regime in Pt/Co/Pt. (a) Schematic diagram of the expected deflections for all
the magnetization/current polarities by the symmetry operations and those obtained in the experiment (b). In (b), The MOKE images
on the top (bottom) panel correspond to the deflected down (up) skyrmion bubble. The dashed red horizontal line and the red arrow
highlight the bubble drift in the MOKE images. The deflection emerges along with the elliptical distortion of the skyrmion bubble
(represented by dashed green lines). The injected current densities are | ~ — 1.09 10" A.m? and | ~ + 1.13 10> A.m™.

Figure V.11 shows the drift angle distributions for the up and the down skyrmion bubbles.
Despite the insufficient statistics, it is clear that the average finite drift angle ¢4 is much larger than
the expected SKHA 6Og;.p in Pt/Co/Pt (¢4 > 1.4° = Oy ). The angle ¢, cannot then be attributed to
the intrinsic SKHE. Moreover, the skyrmion bubbles deflection is always accompanied by the
elliptical distortion (Figure V.10.b). This suggests that the asymmetric non-collinear DW motion is
indeed behind this well-defined deflection in Pt/Co/Pt. However, the skyrmion bubble does not
necessarily move with a vertical deflection.
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Figure V.11 The drift angle distributions (in degrees) of the skyrmion bubble in the creep regime in Pt/Co/Pt. (a) For the up and (b)
for the down skyrmion bubble. The drift angle is the angle between the line connecting the centers of the final and initial p ositions of
the bubble and the current direction.

As shown in Figure V.12, the skyrmion bubble moves usually horizontally (the horizontal
motion is the major motion mode with a rate of ~ 46%, cf. Table V.1) before or after showing a
deflection. In the horizontal mode, the elliptical distortion can be either absent (the bubble recovers
the round shape Figure V.12.b and .d) or present (Figure V.12.e). Thus, the elliptical bubbles
distortion is not stable and does not induce systematically the bubble deflection. It needs to act with
another mechanism to provide the bubble deflection. Figure V.12.f shows the situation where the
pinning promotes an oblique elongation of the bubble following the asymmetric non-collinear DW
motion. It is then possible that the enhancement of the bubble elliptical distortion, due to a significant
pinning (obtained with a rate of ~ 27%), participates in the emergence of the well-defined deflection.
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Figure V.12 MOKE images of the different motion modes of the skyrmion bubbles in the creep regime in Pt/Co/Pt. (a)-(c) Subsequent
images of the down bubble under |~ + 1.13 10> A.m™. Initially, a deflection (a) then an horizontal motion (b) and finally a deflection
(c). In (b), there is no elliptical distortion. (d)-(f) The up bubble under J~ — 1.09 10'? A.m. The horizontal motion without (d) and
with (e) the elliptical distortion. (f) Oblique elongation due to pinning.

The non-uniformity and the stochastic nature of the pinning can be behind the emergence of
the deflection mode. For the up skyrmion bubble under a positive current, there are two possible
scenarios. In the first scenario, the strong pinning acts only on the front DW (the right edge of the
bubble). The back DW (the left edge of the bubble) moves then faster so that the bubble collapses.
With static measurements under MOKE, we are not able to detect if whether the bubble had moved
horizontally or had been deflected before its annihilation in this scenario. In the second scenario
(Figure V.13), the strong pinning acts initially only on the back DW. The bubble undergoes then an
oblique elongation following the asymmetric non-collinear motion of the front DW. For the current
pulses that are injected afterwards, the pinning becomes stronger on the front DW. The elongated
bubble shrinks so that it recovers a size comparable to its initial state. Henceforth, the center of the
up skyrmion bubble is located below its initial position. Under MOKE, we observe then an “apparent”
SKHE in the creep regime of motion in Pt/Co/Pt. Therefore, the “’apparent” SKHE might result from
the interplay between the strong pinning and the asymmetric non-collinear DW motion.

(a) (1) (b) (c)
o o ©
3 o

Figure V.13 The possible mechanism responsible for the “apparent” SKHE in the creep regime in Pt/Co/Pt. The represented scenario

applies for all the magnetization/current polarities. (a) A first current pulse elongates the up bubble with an oblique angle following
max

the angle "™ since the back DW is pinned. (b) For a second pulse, the front DW becomes pinned. (c) Finally, the bubble sits below
its initial position. The orange arrows indicate the largest displacements for each DW at the angle ¢[*** following the asymmetric
non-collinear DW motion.

Following this description, we expect the “apparent” SKHE to occur in less proportions under
high current densities, for which the skyrmion bubble is able to overcome the strong pinning. We
present next the skyrmion bubbles motion in the flow regime in Pt/Co/Pt.
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V. The extrinsic mechanism of the Skyrmion Hall Effect

V.3.1.3. Hopping-like motion in Pt/Co/Pt under large current densities

We have injected current densities for which the DW motion is in the flow regime according
to the variation of the DW velocity wvpy, (cf. Figure IILS.b in chapter III), namely
J~—1.96 10" Am?, J~ + 193 10" Am?, J~ —2.73 10> Am™ and J~ + 2.77 10" A.m™. For
these current densities, the DW velocity vpy, saturates in Pt/Co/Pt. Consequently, we have not
obtained a notable variation in the skyrmion bubble velocity vg, between these different injected
densities (vgy, in the order of ~ 1.2 m.s™!). In this regime, the pinning is less significant. The statistics,
in Table V.2, give the skyrmion bubble oblique elongation, due to the pinning, with a reduced rate
of ~ 7%. The rate of the “apparent” SKHE has waned also down to ~ 11%. We note that a new mode
of deflection emerges with a non-negligible rate of ~ 15%. It deflects the skyrmion bubble in the
direction opposite to the “apparent” SKHE.

o 0 0-0-0-0 pinning
~ O \9‘
number of displacements 55 75 335 37
Percentage % 10.96 1494 66.73 7.37

Table V.2 The modes of the skyrmion bubble motion in the flow regime in Pt/Co/Pt. The columns, from left to right, correspond to the
“apparent” SKHE, the new deflection mode, the horizontal motion and the pinning mode.

Figure V.14 illustrates these two types of the deflection in the flow regime. Actually, the
elliptical distortion takes also place along with the new mode of deflection. This is an additional
confirmation that the asymmetric non-collinear DW motion does not induce systematically the
“apparent” SKHE in Pt/Co/Pt. The bubble deflection becomes random and no finite average value can

be extracted from the drift angle distributions (Figure V.15).
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Figure V.14 MOKE images of the random deflection of the skyrmion bubbles in the flow regime in Pt/Co/Pt. The up skyrmion bubble
under |~ —1.96 102 Am? in (a) and (b). The down skyrmion bubble under |~ —2.73 10" Am? in (c) and under
J~—=1.96 10> A.m? in(d). (a) and (c) follow the “apparent” SKHE. (b) and (d) represent the new deflection opposite to the “apparent”

SkHE. The elliptical distortion (highlighted by the green dashed line) emerges in both modes of the deflection.
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Figure V.15 The drift angle distributions (in degrees) of the skyrmion bubble in the flow regime in Pt/Co/Pt. (a) for the up and (b) for

the down skyrmion bubble.
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Under large current densities, the pinning is no longer as significant as in the creep regime. It
is not able anymore to induce, in concert with the skyrmion bubble elliptical distortion, the “apparent”
SKHE. Nevertheless, the pinning effects do not vanish. It prevents the major motion mode that is the
horizontal motion (with a rate of ~ 67% in Table V.2) from being sustainable. The skyrmion bubble
motion is then a hopping-like motion with random deflections due to pinning in Pt/Co/Pt.

We have evidenced that the asymmetric non-collinear DW motion acts on the skyrmion
bubbles in Pt/Co/Pt. It deforms the skyrmion bubbles into ellipses but does not induce systematically
the bubble deflection. In fact, the elliptical bubble shape is not favored in Pt/Co/Pt. The bubble
deflection or the “apparent” SKHE emerges only when the pinning is significant enough to trap the
skyrmion bubble in the elliptical shape preventing it from recovering the round shape. The motion is
then mostly horizontal in Pt/Co/Pt. On the contrary, the study of the skyrmion bubbles motion have
evidenced a reproducible well-defined deflection in Pt/Co/AlOx.

V.3.2. Evidence of “extrinsic” SKHE in Pt/Co/AlOx

In this section, I will describe the current-induced skyrmion bubbles motion in the Pt/Co/AlOx
structure. Like in Pt/Co/Pt, the mechanism of the asymmetric non-collinear DW motion acts on the
skyrmion bubbles. The elliptical deformation has been found to be more pronounced and more stable
than in the Pt/Co/Pt stack. Interestingly, the skyrmion bubbles motion is exclusively associated with
a well-defined deflection in Pt/Co/AlOx.

V.3.2.1. The skyrmion bubbles motion under low current densities

We have begun studying the skyrmion bubbles motion under low current densities of
J ~+0.8810'2 A m?and J ~ — 0.86 10?2 A.m™. The skyrmion motion is in the creep regime with
a velocity vgy, in the order of ~ 0.2 m.s™'. Similarly to Pt/Co/Pt, the asymmetric non-collinear DW
motion changes the skyrmion bubbles into ellipses. On the contrary, unlike Pt/Co/Pt, the skyrmion
bubble does not recover its initial round shape. The elliptical distortion is actually more pronounced
in Pt/Co/AlOx. Figure V.16 gives the examples of the skyrmions bubbles turning into moving “flat
oblique discs” under low current densities.

um
[

Figure V.16 The distortion of the skyrmion bubbles into an ellipses under low current densities in Pt/Co/AlOx. The up bubble under
J ~+0.88 102 A.m? in (a) and under ]~ — 0.86 10" A.m™ in (b). (¢) The down bubble | ~ + 0.88 10'> A.m™. The distortion is more
pronounced than that in Pt/Co/Pt (cf. Figure V.8.d).

The elliptic distortion takes place along with the vertical drift of the skyrmion bubble, which
is the preferential motion mode as given by the statistics in Table V.3. Unlike Pt/Co/Pt, the pinning
is not a hurdle to the skyrmion bubbles motion in Pt/Co/AlOx. Indeed, we have obtained the oblique
elongation of the bubbles with a rate less than 3% (compare with the rate of ~ 28% in Table V.1 for
the Pt/Co/Pt stack). When it does not induce the oblique elongation, the acting pinning can prevent
the bubble deflection and be behind the rarely obtained horizontal motion (rate of ~ 1%).
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pinning

Og | 00
= \.i‘
number of displacements 241 3 E

Percentage % 96.02 1.19 2.79

Table V.3 The modes of the skyrmion bubble motion in the creep regime in Pt/Co/AlOx. The columns, from left to right, correspond to
the deflection mode, the horizontal motion and the pinning mode.

The deflection motion mode exhibits a well-defined symmetry. It depends on the core
magnetization orientation (the topological charge n) of the skyrmion bubble (Figure V.17). Its
symmetry is similar to that of the intrinsic SKHE for the Néel skyrmion that moves in the current
direction. Under a negative current, the down (up) skyrmion bubble drifts downwards (upwards).
Under a positive current, the down (up) skyrmion bubble drifts upwards (downwards).

2um
-

Figure V.17 The skyrmion bubble deflection in the creep regime in Pt/Co/AlOx. (a)-(b) The down skyrmion bubbles. (c)-(d) The up
skyrmion bubbles. The current densities are J~ — 0.86 10> A.m™ and |~ + 0.88 10" A.m?.

As seen in Table V.3, the pinning still has minor effects on the skyrmion bubbles motion in
Pt/Co/AlOx under low current densities. We expect then these effects to disappear allowing the
deflection motion mode to occur at a rate of ~ 100% in the flow regime under large injected current
densities.

V.3.2.2. The skyrmion bubble motion under large current densities

The injected current densities are |J|~ 1.95 10'> A.m™ and |J|~ 2.75 10> A.m?, which
correspond to the steady-state regime of motion for the DWs in Pt/Co/AlOx (cf. Figure IIL.5.a in
chapter III). Following the constant DW mobility in this regime, the skyrmion velocities vg, are large
and increase from ~ 50 m.s™' under |J|~ 1.95 10'> A.m™ to ~ 100 m.s™! under |J|~ 2.75 10'> A.m™.
We have determined vg;, as the slopes of a linear regression fit of the skyrmion bubble horizontal
displacement as a function of the integrated time of the current (Figure V.18). The integrated time is
equal to the pulse time width multiplied by the total number of the injected pulses. As discussed in
Chapter II, this method underestimates the velocities of motion. Therefore, vg, might reach values as
large as 400 m.s™!, the largest DW velocity vy, reported in Pt/Co/AlOx [Miron et al., 2011].
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Figure V.18 The skyrmion bubble displacement (in um) as a function of the current integrated time in the flow regime in Pt/Co/AlOx.
(a) Under |J|~ 1.95 102 A.m?. (b) Under |]|~ 2.75 10> A.m™.

As they are driven in the flow regime, the skyrmion bubbles are not any longer sensitive to
pinning and exhibit exclusively (Table V.4) a motion with a well-defined deflection following the
description in Figure V.17.

pinning
© o
0| 00 o
number of displacements 991 0 0
Percentage % 100 0 0

Table V.4 The modes of the skyrmion bubble motion in the flow regime in Pt/Co/AlOx. Only the deflected motion mode is obtained.

The displacements of the skyrmion bubbles are efficient and reproducible. Figure V.19 gives
some examples of the skyrmion bubbles moving away and then returning back to their exact initial
positions. Both right-most MOKE images do not show distinguishable round regions with magnetic
contrast indicating that the skyrmion bubble has retrieved its initial position. Another important
feature is that the elliptical distortion is also pronounced in the flow regime. Thereby, we have
determined from the MOKE images analysis the average elliptical shape: the major-axis at an angle
of ~ 48° with respect to the current direction and the rate e ~ 0.6 with e = b/a (b the minor-axis
length and a the major-axis length).

Figure V.19 The reproducible motion of the skyrmion bubbles in the flow regime in Pt/Co/AlOx. Each MOKE image is taken after
injecting the same train of the current pulses successively from left to right in (a) and (b). Starting from the third image, we reverse the
current polarity. The skyrmion bubble retrieves its initial position in the fourth image. (a) The up skyrmion bubble under
|JI~ 1.95 102 A.m™. (b) The down skyrmion bubble under ||~ 2.75 10"> A.m™. The elliptical deformation of skyrmion bubbles is
pronounced in the flow regime.
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V. The extrinsic mechanism of the Skyrmion Hall Effect

As the skyrmion bubble motion is sustainable and reproducible, we are able to extract the drift
angle ¢ ;. We have found that the angle ¢, does not show any dependence on the different parameters
used to define the train of the injected current pulses (cf. section V.2.2). In addition, no notable
variation with the current density emerges. Therefore, we have assembled all the data of the angle ¢4
in a single distribution for each magnetization orientation (Figure V.20). Indeed, the distributions
exhibit a Gaussian-like behavior allowing the estimation of the average ¢4. For the up skyrmion
bubble, we have estimated ¢4; = —11.00°+ 0.14 and for the down skyrmion bubble
¢q = +13.95° £ 0.16. These two values are comparable following the symmetry between the up
and the down magnetizations.
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Figure V.20 The drift angle distributions (in degrees) of the skyrmion bubble in Pt/Co/AlOx. (a) For the up and (b) for the down
skyrmion bubble. The data include all the extracted values under the different injected current densities.

Firstly, the drift angle ¢, is much larger than the expected intrinsic SKHA in Pt/Co/AlOx
(Bsky < 1.4°). Secondly, the angle ¢, does not exhibit any net variation with the current density J,
between the creep and the flow regimes of motion. In contrast, it has been demonstrated that the
intrinsic SKHA is strongly drive-dependent (depends on the skyrmion velocity) (cf. section V.1.2.4).
Therefore, the observed well-defined deflection and the intrinsic SKHE are not compatible. They are
two independent effects.

Moreover, the possible contribution of the effective Oersted field force Fg, cannot account
for the estimated angle ¢4. F g, is only significant at the wire edges where the gradient (0H2¢/0y)
is large. Actually, the skyrmion bubbles motion takes place at the center of the wire where F, is
negligible. On top of that, the skyrmion bubble would shift towards the edge where the Oersted field
is parallel to its core magnetization for a significant action of Fg.. Under a positive current, the up
skyrmion bubble would drift upwards and the down skyrmion bubble downwards. Such a scenario
does not follow our experimental observations. Therefore, the Oersted field does not play any role in
the net deflection of the skyrmion bubbles in Pt/Co/AlOx. We have evidenced thereby a new
mechanism of a well-defined deflection in the skyrmion bubbles dynamics that we call the “extrinsic”
SkHE.

In Pt/Co/AlOx where the intrinsic SKHE is vanishingly small, the skyrmion bubbles
experience a sizeable “extrinsic” SKHE. This unexpected effect is always accompanied by the
skyrmion bubbles elliptical distortion generated by the asymmetric non-collinear DW motion.
Therefore, as predicted by [Baumgartner and Gambardella, 2018], the asymmetric non-collinear DW
motion is potentially behind the emergence of the extrinsic SKHE. Interestingly, the asymmetric non-
collinear DW motion is present in both Pt/Co/AlOx and Pt/Co/Pt. However, the extrinsic SKHE has
been only evidenced in the former structure. An additional key ingredient is needed to explain the
difference in the skyrmion bubbles dynamics between the two materials.
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V.3.3. The mechanism of the extrinsic SKHE

Figure V.21 The mechanism responsible for the emergence of the extrinsic SKHE. Schematic diagrams correspond to the up skyrmion
bubble under a positive current in (a) Pt/Co/AlOx and in (b) Pt/Co/Pt. In (I), the skyrmion is initially circular and gets deformed into
an ellipse while moving horizontally. In (II), the elliptical shape is stable in Pt/Co/AlOx while the skyrmion recovers the round shape
in Pt/Co/Pt. In (IIl), the subsequent current pulses induce a drift with an angle ¢4 for the skyrmion in Pt/Co/AlOx whereas they only
distort again the skyrmion bubble in Pt/Co/Pt. The orange arrows represent the DW velocity vpy, in the non-collinear geometry with
respect to the injected current. The maximum Vpy, is obtained at the angle ¢pj***.

Actually, the main difference in the skyrmion bubble dynamics, between Pt/Co/AlOx and
Pt/Co/Pt, is the stability of the elliptical distortion. As observed under MOKE, the elliptical shape is
not the preferential bubble’s shape during the skyrmion bubble motion in Pt/Co/Pt. The skyrmion
bubble has a tendency to recover its circular profile between the injected current pulses. Besides that,
the bubble’s shape is sensitive to the pinning sites since it exhibits irregular and random profiles.
Thereby, the elliptical shape is not maintained throughout the skyrmion bubble motion. On the
contrary, the elliptical shape is stable in Pt/Co/AlOx. Under MOKE, we observe only the elliptical
skyrmion bubbles after the current injection. The differences in the DW energy between the two
structures can explain the difference in the stability of the elliptical bubble shape. The magnetic
interactions differ (the DMI, the magnetic anisotropy, the dipolar energy, etc.) thus the DW energy
profile changes from Pt/Co/AlOx to Pt/Co/Pt. In fact, the interfacial DMI is larger in Pt/Co/AlOx
than in Pt/Co/Pt. Following the approximation of the DW energy density opy, ~ 0o — |D| (with | D]
the DMI constant, cf. section 1.5.2), the tendency to have circular shaped DWs so that they have a
reduced energy is stronger in Pt/Co/Pt than in Pt/Co/AlOx. We suggest that the stability of the
elliptical distortion plays an important role in the emergence of the extrinsic SKHE. To illustrate its
action in concert with the asymmetric DW motion in the non-collinear configuration, we use the
simplistic picture depicted in Figure V.21.

In Pt/Co/AlOx, we move the skyrmion bubbles by means of trains of multiple current pulses.
The mechanism of the asymmetric non-collinear DW motion acts on the DWs of these skyrmion
bubbles. Consequently, the initial injected current pulses drive the skyrmion bubble horizontally
while distorting it into an ellipse. The subsequent injected current pulses encounter then an elliptical
skyrmion bubble instead of the initial round shape. For the up bubble under a positive current
(Figure V.21.a), the acting mechanism of the asymmetric DW motion drags the lower half of the
front DW downwards. In fact, the front DW is the DWy.p for which the largest displacement occurs

max

at a finite negative angle ¢;"“". In the meantime, it pushes the upper half of the back DW towards
the front DW. For the back DW, the angle ¢;"“* is positive so that its upper half merges with the
front DW upper half. As a result, the center of the bubble becomes located below its initial position.
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Such a mechanism ensures the skyrmion bubble deflection, perpendicularly to the current direction,
with the angle ¢, that follows the symmetry of the angle ¢;"** of the front DW. This is similar to
the SKHE hence the label of the “extrinsic” SKHE. On the contrary, the DWs recover their circular
profiles between the consecutive current pulses in Pt/Co/Pt. As they do not encounter an elliptical
DW shape, the subsequent current pulses are not able to generate the deflection of the bubble. The
skyrmion bubbles moves thereby only horizontally in the flow regime. However, the pinning sites
can promote the elliptical distortion by preventing the DWs from restoring their circular shapes. That
is why the ‘apparent’ SKHE is observed in the creep regime of motion in Pt/Co/Pt.

The extrinsic SKHE emerges from the asymmetric non-collinear DW motion and the stable
distorted skyrmion bubbles shape. Though an advanced theoretical effort is needed to verify such a
mechanism, the presence of the two ingredients in a material where compact magnetic skyrmions are
stabilized suggests that the intrinsic and the extrinsic contributions to the SKHE can coexist.

V.3.4. The extrinsic SKHE and magnetic skyrmion dynamics

For the compact skyrmions (d ~ 100 nm), the intrinsic SKHE can be significant. However, if
the extrinsic SKHE is relevant also, it is required to reconsider the skyrmion dynamics. Actually, we
have evidenced the asymmetric non-collinear DW motion in two different SIA materials, Pt/Co/AlOx
and Pt/Co/Pt. This suggests that the asymmetric DW motion is an inherent effect that originates from
the SIA in heterostructures and is not just specific to our studied samples. No evidence of the
asymmetric non-collinear DW motion has been reported yet in a different material. Nevertheless,
some observations of the DW dynamics, in literature, are reminiscent of the asymmetric non-collinear
DW motion like in [Tanaka et al., 2015, 2017;]. In the SiO2/[Tb (0.6 nm)/Co (0.31 nm)]7/ Pt (2 nm)
structure, [Tanaka et al., 2017] have observed that the magnetic bubbles, with d ~ 2 ym, deform into
ellipses by injecting the electric current (Figure V.22). Such a distortion is similar to the distortion
of the magnetic domains that is induced by the asymmetric non-collinear DW motion (cf.
Figure IIL.8 in chapter III). In addition, the symmetry of the elliptical distortion with respect to the
orientation of the Co magnetization in the ferrimagnet is similar to that observed in the Co
ferromagnetic layer in Pt/Co/AlOx and Pt/Co/Pt. These observations indicate that the asymmetric
non-collinear DW motion can be relevant in any multilayered structure with SIA, especially the
materials where we take advantage of the interfacial DMI to stabilize compact magnetic skyrmions
[Moreau-Luchaire et al., 2016; Woo et al., 2016; Legrand et al., 2017; Litzius et al., 2017].

Figure V.22 MOKE images of the elliptical distortion of the magnetic bubbles in {Tb/Co}7/Pt ferrimagnet multilayers. The down (a)
and the up (b) bubbles are at 25°C at which the net magnetization is Tb dominant. The down (c¢) and the up (d) bubbles are at 60°C at
which the net magnetization is Co dominant. The bubbles have initially a diameter of 2 um. The solid and the dashed lines, respectively,
show the initial and the final states of the bubble. Here, the bubbles expand without moving. The expansion is along an oblique
direction. The net magnetization from (a) to (d) has been reversed but the Co magnetization has kept the same orientation. With respect
to the Co magnetization, the oblique angle has the same sign in (a) and (d) (also in (b) and (c)). Extracted from [Tanaka et al., 2017].

The triggering of the internal degrees of freedom is also relevant for the compact skyrmions.
The time-resolved X-ray imaging during the current injection has revealed the dynamic excitations
on the nanosecond time scale for skyrmions with d ~ 100 nm [Woo et al., 2017]. Depending on the
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current density, the skyrmion motion is accompanied by a breathing mode consisting in the skyrmion
diameter that varies continuously during the current pulse. Several theoretical works have predicted
the dynamic distortions of the round compact skyrmion shape. Among them, we can have the
excitation of the spin profile by the field-like component of SOT [Litzius et al., 2017], the disorder
[Kim and Yoo, 2017], the variation of the magnetic anisotropy [Roy. Otxoa and Moutafis, 2019] and
the thermal fluctuations [Tomasello et al., 2018]. Therefore, by analogy with our observations in
Pt/Co/AlOx, the compact magnetic skyrmions can experience a non-negligible extrinsic SKHE in the
reported measurements of the SKHA [Jiang et al., 2017; Litzius et al., 2017; Woo et al., 2018;
Juge et al., 2019].

As an example, the variations of the angle g,y as a function of the skyrmion velocity (cf.
Figure V.3.b) in the [Pt (3.2 nm)/CoFeB (0.7 nm)/MgO (1.4 nm)];s structure are unlikely induced
by the pinning/disorder effects [Litzius et al., 2017]. In fact, the CoFeB layer is amorphous and the
skyrmion velocity varies from ~ 20 to ~ 120 m.s™\. The regime of motion is likely the flow regime
where the pinning action is not significant. The variation of the angle 6,y can be related to the
distortion of the skyrmion profile. [Litzius et al., 2017] have considered a strong field-like torque T gy,
(Tp, = 5+ Tp) to qualitatively account for the unexpected strong drive-dependence of g,y as Tpy,
would distort the skyrmion profile. However, in various Pt/FM/Ox structures, the field-like torque
Ty, is usually smaller or at most comparable to the damping-like torque T ;. Thereby, the emergence
of an extrinsic SKHE in this structure could be behind these variations of 6y instead.
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Conclusions

The deflection of the magnetic skyrmions, perpendicular to their direction of motion, has been
usually attributed to the action of the topological Magnus force. This conventional or intrinsic SKHE
is negligible in Pt/Co/AlOx and Pt/Co/Pt. In spite of that, by studying the current-induced motion of
skyrmion bubbles in these structures, we have evidenced a sizeable well-defined deflection that we
have identified as the new extrinsic contribution to the skyrmion Hall Effect (SKHE). The emergence
of this extrinsic SKHE comes, in part, from the action of the mechanism of the asymmetric non-
collinear DW motion on the skyrmion bubbles.

The mechanism of the asymmetric non-collinear DW motion in the non-collinear,
demonstrated in Pt/Co/AlOx and Pt/Co/Pt, distorts the round skyrmion bubbles into ellipses.
Nonetheless, it does not generate necessarily the extrinsic SKHE due to the difference in the skyrmion
bubbles dynamics between both structures. In Pt/Co/Pt, the skyrmion bubbles move horizontally in a
hopping-like mode with random deflections whereas they exhibit a systematic well-defined drift in
Pt/Co/AlOx. We suggest that the remaining requisite condition for a relevant extrinsic SKHE is the
stability of a skyrmion in a distorted profile.

In principle, this extrinsic SKHE can be relevant for compact skyrmions along with the
intrinsic SKHE. This suggests that the current-induced motion of magnetic skyrmions in SIA materials
ought to be reconsidered under the scope of the asymmetric non-collinear DW motion. Additional
experimental and theoretical efforts are required to have a better understanding of the extrinsic SKHE.
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General conclusions

The ultrathin ferromagnetic films with the inversion asymmetry (SIA) have attracted a lot of
interest in the nanomagnetism community. This thesis has intended to pursue the investigation of the
various effects that originate from SIA on the magnetization dynamics. The objective was to examine
the current-induced magnetic domain wall (DW) motion, in particular in the two-dimensional
geometry, while taking into account the recent proposal of the Chiral Damping mechanism.

A previous study of the magnetic field-induced DW motion in Pt/Co/Pt proposed the existence
of the Chiral Damping mechanism. In the meantime, the current-induced DW motion has been widely
attributed to the combined action of the interfacial Dzyaloshinskii-Moriya interaction (DMI) and the
spin-orbit torques (SOT). The DMI stabilizes homochiral Néel walls that are driven by
the damping-like component Tp; of SOT. Therefore, in order to have a comprehensive picture of the
DW dynamics, I have pursued and studied the current-induced DW motion in a non-collinear
geometry in magnetic multilayers with different (SIA). These structures are the Pt/Co/AlOx stack that
exhibits a large SIA since the two Co interfaces are different and the Pt/Co/Pt stack with a low SIA
brought by the difference in the thicknesses between the two Pt layers.

The action of SOT depends on the angle between the DW core magnetization mpy, and the
current direction. We can tune this angle in two different ways: by applying a longitudinal in-plane
magnetic field H, or by injecting the current in an oblique direction with respect to the DW. In fact,
H, modulates the DW core magnetization mpy,. Thus, mp,, rotates in the plane upon the variation
of the amplitude of H, so that the action of T varies. Under an oblique injection, the DW propagates
in a direction at a finite angle ¢, with respect to the current direction which gives a different T p, than
that in the conventional geometry where the current is injected normal to the DW. During this thesis,
I have chosen to combine these two methods in order to examine the variation of the action of SOT
on the DWs. To avoid possible artifacts due to the nanofabrication of the nanowires,

I have studied the action of the current in the presence of H, on magnetic circular domains in the
center of a 10-um-wide wire. The circular profile of the DWs allows to study the DW motion at every
angle ¢; (from -90° to +90°). In the first experiment, the magnetic circular domains have a large
diameter ranging between 4 and 8 ym. In the second experiment, I have reduced the diameter to an
average value of 1.6 ym corresponding to the stabilized magnetic bubbles or the skyrmion bubbles.
The aim was to unveil the impacts of the observed features of the non-collinear DW motion on the
current-induced motion of the skyrmion bubbles.

In the Pt/Co/AlOx structure, the current-induced non collinear DW motion is asymmetric. The
largest displacement of the DW takes place at a finite angle ¢;"** that is negative for the up/down
DW and positive for the down/up DW. I have observed such asymmetry by following the asymmetric
distortion of the magnetic circular domains. In fact, these domains are deformed into ellipses by the
electric current. Moreover, this asymmetric DW motion is qualitatively in agreement with the
predictions from the DMI and SOT mechanism in the DW flow regime of motion. Due to the presence
of the large DM, it is very difficult for the in-plane field H, to modulate the DW internal structure
in Pt/Co/AlOx. Thereby, the external field is not expected to alter significantly the current-induced
DW motion. Indeed, we have not obtained a net variation of the angle ¢;*** for the non-collinear
DW motion in the presence of H,. However, numerous reports have evidenced significant effects on
the DW displacements for the same range of H,, which implies that the action of SOT has been tuned.
These two contradictory results are not compatible with the DMI +SOT mechanism. The presence of
the DMI is then not sufficient to explain all the features of the current-induced DW motion in the
flow regime in Pt/Co/AlOx. It is possible that H, triggers another unknown physical mechanism
responsible for the observed chiral effects in Pt/Co/AlOx.
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I have next studied the asymmetric distortion of the magnetic circular domains in Pt/Co/Pt.
By observing the DW motion in the current direction, we have demonstrated that the DMI and the
damping-like component Tp; of SOT have the same sign as in the Pt/Co/AlOx structure. This can be
behind the similar asymmetric non-collinear DW motion in the two structures (the sign of the angle
q,')}”ax , for each DW, is the same in the two structures). Like in Pt/Co/AlOx, the asymmetric non-
collinear DW motion is maintained in the presence of H, even though H, is able to modulate
efficiently the DW core magnetization mpy, in Pt/Co/Pt. Indeed, the application of H, has yielded
chiral effects on the DW displacements as expected from the modulation of mpy,. The DW motion
becomes asymmetric between the two different DWs in the presence of H,. Interestingly, upon the
increase of the amplitude of H,, the asymmetry between the two DWs has been reversed. By
including the Chiral Damping mechanism in the numerical collective coordinate model, we were able
to account for the inversion of the asymmetric motion between the two DWs. This analysis have
evidenced the role of the Chiral Damping and its interplay with the DMI. On the one hand, the Chiral
Damping and the DMI contribute both to the asymmetric non-collinear DW motion. On the other
hand, they give rise to opposite asymmetries between the two DWs. The DMI dominates for small
applied H, whereas the Chiral Damping prevails for large applied H,. These results indicate that
chiral energy and chiral dissipation from SIA can contribute on an equal footing to the current-
induced DW. They can open the way to tune at will the properties of the DW motion for exotic
functionalities in future spintronic devices.

Nevertheless, the models based on the action of SOT fail to explain all of our experimental
observations. Actually, the asymmetric non-collinear DW motion is still present in the creep regime
of motion in both structures. For instance, the angle ¢;"** has the same average value between the
flow regime and the creep regime in Pt/Co/AlOx. Moreover, the reversal of the asymmetric motion
between the two DWs is also present in the creep regime in Pt/Co/Pt. On the contrary, the models
based on the action of SOT predict that such effects diminish for a reduced DW velocity like in the
creep regime. These observations evidence that the DW motion is still a very complex and mysterious
phenomenon.

The angle ¢;"**, for the current-induced non-collinear DW motion, exhibits striking
similarities with the angle of the skyrmion Hall effect (SKHE). They have the same symmetry with
respect to the current direction and the magnetization orientation. I have therefore investigated the
current-induced motion of small magnetic bubbles in Pt/Co/Pt and Pt/Co/AlOx. These magnetic
bubbles have a unidirectional motion in the current direction. Thereby, they can be considered as
skyrmion bubbles whose chirality is dictated by the DMI and the motion is driven by SOT. While the
skyrmion bubble motion is mainly horizontal with random deflections in Pt/Co/Pt, it has a well-
defined deflection in Pt/Co/AlOx. This well-defined deflection follows the expected SKHE for a Néel
skyrmion moving in the current direction. By quantitatively studying the skyrmion bubble deflection,
we were not able to explain our observations by the conventional SKHE. They actually evidence a
new extrinsic contribution to the SKHE. By comparing the skyrmion bubble motion in the two
structures, we propose that the extrinsic SKHE is a consequence of the mechanism of the asymmetric
non-collinear DW motion that distorts the skyrmion bubble shape.

The different results of this thesis give a more complete picture of the DW and the skyrmion
motion in ultrathin magnetic layers with SIA. They have evidenced interesting effects, like the
reversal of the asymmetric motion between the DWs and the extrinsic SKHE, which can bring novel
ideas and concepts for spintronic devices. The development of such devices requires the
understanding of the physical mechanisms responsible for these effects. They actually call for a more
complex mechanism than the actual models based on the action of SOT. The future perspectives of
this study will be to propose and evidence what possible new mechanisms can play a role in the
magnetic textures interaction with the electric current in SIA materials. For that end, it is interesting
to include the pinning and imperfections in our numerical calculations. We can then verify the validity
of the combined action of SOT, the DMI and the Chiral Damping in a more realistic system. It is as
well desirable to pursue our experimental study in order to get the quantitative measurements of the
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angle ¢;"** as a function of the current density J and the longitudinal field Hy in the Pt/Co/Pt
structure. During this thesis, I was not able to evidence the Chiral Damping in Pt/Co/AlOx. The
importance of the Chiral Damping contribution to the current-induced DW motion has only been
demonstrated in structures with weak SIA like Pt/Co/Pt. It is important to find a technique that helps
to probe and quantify the Chiral Damping in large SIA structures. In fact, measuring the contribution
of the Chiral Damping in different magnetic systems can bring more insights of the DW motion.
Furthermore, static spin-torque-meter measurements in a similar non-collinear geometry can help
further understand the DW motion. A magnetic dot with a constriction in the middle can be placed
on top of a Hall bar. By stabilizing the DW on the constriction and by measuring the Extraordinary
Hall effect for an oblique current injection, it is possible to extract the amplitude of SOT as a function
of the angle ¢;. It is as well desirable to follow the non-collinear DW motion with a time-resolved
imaging technique. Measuring the magnetization dynamics with the required spatial and temporal
resolution is still missing. The ongoing development of a near field magneto-optical microscopy, a
pump probe MOKE-SNOM, with a spatial resolution below 50 nm and a time resolution of the order
of 10 ps can be a possible alternative.
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Appendix

A.1. Asymmetric distortion of the magnetic circular domains

This section intends to complete the interpretation of the asymmetric distortion of the
magnetic domains by an electric current in the structure of Pt (3 nm)/Co (0.6 nm)/Pt (1.56 nm) in
Chapter III section 3.

A.1.1. The phenomenological thermal field

In the numerical model, the thermal fluctuations were taken into account by a thermal field
Hp(t) as proposed in [Brown 1963] and [Martinez et al. 2007]. ih’ is computed at each time step
At for a DW represented by a cell i whose volume is expressed as Vi = L' X tgy; X A with A the DW
width and tp,, the FM layer thickness. L is a phenomenological parameter giving the length of the
straight DW. H&, follows a random Gaussian-distributed stochastic process with zero mean value. In
addition, the different H:, are uncorrelated in time and in space:

£(0) = i(e) [k
ni(e)) =0
M ONLE)) = 848,;6(t — )

Here, a, is the isotropic Gilbert damping constant, §;; the Kronecker delta function and n'(t)is a

unit stochastic vector (|ni(t)| = 1) whose Cartesian components [l:x,y,z are also randomly
distributed.

In principle, L' depends on the temperature T and on the magnetic parameters (Aqy, Mg, try,
K, etc...). It is therefore difficult to define such a parameter. Nevertheless, two conditions may allow
to fix the L' phenomenologically, thus obtaining a realistic calculation from the numerical model. The
first condition is (L!/R) « 1 with R the radius of the domain (i.e. a small curvature of the circular
domain). Then, we can still assume that the circumference of the domain is equivalent to the
succession of the straight DWs. The second condition is that L' has to be large enough for the DW
not to be in a superparamagnetic-like state. As long as the model saturates mpy, for an external in-
plane field H, with an amplitude in a good agreement with the experimental observations, we
consider the chosen value as a suitable L’ for our calculations. There is in fact a wide range of suitable
values of L.
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A.1.2. The asymmetric distortion at H, = 0

A.1.2.1. The non-collinear DW motion under low current density (|[Hp; | =1 mT)atT =0 K

In Figure A.1, we depict a graphical construction of the DWy.p motion within the
DMI + Tp,, + CD scenario in Pt/Co/Pt in a straight wire (¢p; = 0°). We do not take into account the
thermal fluctuations in this section. The Néel component m, of the DW is left-handed. In addition,
the Bloch component of the DW is left-handed (m,, < 0). The effective field Hp; (along the +z-axis)
distorts mpy, away from its equilibrium orientation. Therefore, the action of Hpy; creates an out-of-
plane torque T ppy; that displaces the DW.

Hpyy
(@ (b)
2 —]> TDM[_"'X . Tpy @ ]
CON V.
T

Figure A.1 Schematic representation of the DW dynamics within the DMI + Tp; + CD mechanism using the collective coordinate
model q — ¢. The DW has an intermediate configuration like in Pt/Co/Pt in a straight wire. (a) Schematics of the different torques
acting on mpyy at the center of the DW. The Bloch component of the DW is left-handed and the Néel component is given by m,. m,
is oriented against the current. Thus, the current-induced Tpy rotates mpy anti-clockwise in the plane. The balance between the
dissipative torque T, and Tpy, fixes the steady-state motion of the DW. The motion of the DW is dictated by Tpuyy. (b) Schematic
diagram of the distorted mpy by Tpy. E is the angle between the distorted mpy, and its initial equilibrium position and vy is the angle
between mpy and npy.

According to the LLG equation, the damping torque T, associated to the DW motion, writes:
d Mmpyw
ot

For the steady-state DW, the in-plane component of T, opposes T p;, until they cancel each other at a
certain angle (¢ — Z) where

T, =ampy X =ampy X (Tp, + Tpmp)

Ta/in—plane =Tp, = aTpm
Thus, the out-of-plane torque T ppy; dictates the velocity of the DW within this mechanism.

Vpw X Tpump

Herein, both of Tp; and Tpy,; depend on Z, the static angle between the actual DW magnetization
core mpyy, after being distorted, and its initial equilibrium position.

Tomr = ¥IHpmr X Mpw| = y|[Hppy - my| = yHpy, sin(¢p — &)
Tpy = YHp,|[(uz X J) X mpy] X mpy| = —yJHp, cos(¢ — £)
In this case, the deformation angle = and the DW velocity vy, are defined as:

— H H =
tan(¢p — &) = __ @Hpumy and  vpy __YJHpy cos(¢—&)
JHpL a

The DW velocity vpy, depends proportionally on two terms related to the current density J. The first
term is simply the current density J itself. The second term is cos(¢ — Z). It converges towards 0 as
we increase [, based on the expression of tan(¢p — =) (¢p — = converges towards -90°). These two
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terms account, qualitatively, for the shape of the curve of the DW velocity vpy, as a function of |
within the DMI + Tp; mechanism, in Figure IIL.S.b. We get the initial increase with J, as the
distortion of mpyy is still small, followed by a saturation plateau due to the competition between these
two terms, as = becomes larger.

If we only consider a constant applied current density /, we have a maximum displacement
for the DW when the angle (¢ — &) is equal to 180° (mpy, gets aligned with the direction of
the current J after being distorted by Tp;). Thus, the displacement is reduced as we cant away mpy,
from its alignment in the current direction.

Indeed, if we include the distortion of mpy,, as described above, into the semi-circle shaped
DW, the asymmetry of the motion calculated using the numerical model (shown in Figure I11.29)
can be explained (Figure A.2). The DW velocity is proportional to m,, the component of mpy, that
is aligned in the current direction (the x-axis). For the left-handed Bloch wall DWu.p, as we tilt npy,
from the collinear configuration (¢; = 0°) towards ¢; = —90° (corresponds to 270° in Figure
A.2.b), |m,| increases. Consequently, the DW velocity gets larger. Since the DW is in an intermediate
configuration in Pt/Co/Pt. At ¢; = 0°, mpy is not aligned in the current direction. In fact, it is initially
aligned in the current direction at a finite angle (,‘b}, at point 1 in Figure A.2.a. Since we consider the
left-handed chirality for both the Néel and the Bloch DW components, the angle (l)]l is located at the
bottom-half side of the semi-circle shaped DWy.p (—90° < qb} < 0°). However, Tp; deviates mpy,
from its alignment. Thus, the displacement is not maximum at qb}. Instead, the maximum is reached
at the point 2 (the angle gbjz with —90° < ¢ ]2 < (]5]1) where mpy, aligns in the current direction after
being distorted. Therefore, it is clear that the DW displacement is maximum at an angle that is
different from the collinear configuration (¢p; = 0°). Beyond point 2, |m,| starts to decrease resulting
in the reduction of the DW velocity. Concerning the top-half side of the DWu.p, 0° < ¢p; < +90° so
that |m,| is initially reduced. At point 3 (angle qb]3), mpy becomes orthogonal to the current J. In
this case, Tp; = 0 so that there is no DW motion. Beyond the point 3, |m,| starts to increase while
becoming parallel to the current (m, > 0). Therefore, the DW starts to move against the current with
an increasing velocity. As for the DWp.y, by analogy we obtain the opposite asymmetric motion. This
scenario is given by the calculations depicted in final Figure A.2.b. For the right-handed Bloch wall,
the mechanism is the same. Due to the opposite chirality of the Bloch DW component, each DW
exhibits the opposite asymmetry (shown in Figure II1.29.b). Moreover, |m,| is not equal to zero at
the normal configurations of the DW (¢, = 90° and 270° in Figure A.2.b) (due to the Bloch
component of the DW). Thus, the model yields a non-zero velocity in these situations in opposition
with the experimental results.
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Figure A.2 The asymmetric non-collinear DW motion at T = 0 K in Pt/Co/Pt. We consider the DWuy.p with a left-handed Bloch
chirality. (a) Schematic picture of the distortion of Mmpy across the semi-circle shaped DWuy.p. When the current is applied, T p;, cants
Mmpy anti-clockwise if my is anti-parallel to J.The DW moves then in the current direction. This situation corresponds to the side of
the DW located at the bottom of the point 3. Above this point, m, becomes parallel to J. Thus, Tp; cants mpy clockwise and the DW
moves against the current direction. At the point 3, no torque is exerted on Mpy. At the point 2, mpy becomes aligned with the
direction of ] yielding the largest displacement. Here, m, is exaggerated for purpose of clarity. (b) DW velocity vpy versus ¢,
at T = 0 K. The calculations (in blue) were obtained using the numerical collective coordinate model within the DMI + SOT + CD
mechanism and under low current density (Hp, = 1 mT).

The CD contributes to the non-collinear asymmetric DW motion since the DW velocity
depends on the damping parameter (vpy, o 1/a). For the DWuy.p and according to Eq. 1.54, one can
express the damping as:

a=ay+ampy Vm, =ay— a-Mpy *Npy = &g — & COSY

Therefore, the direction of the CIDWM (sign of vpy,) is only dictated by Tp;. However, a depends
on 1 that varies across the semi-circle shaped DW (see Figure A.2). Consequently, the damping is
not symmetric with respect to ¢, = 0°. It contributes then to the asymmetry of the DW motion.

Indeed, by considering the DMI + Tp; + CD mechanism, we obtain an asymmetry of the DW
motion in the non-collinear configuration in Pt/Co/Pt. However, this asymmetry does not correspond
to our experimental observations. As seen in the main manuscript, the thermal fluctuations should be
considered to model our results.

A.1.2.2. The non-collinear DW motion under high current density (|Hp;| =10 mT)
atT =300K

By including the thermal fluctuations, the DMI + SOT + CD mechanism accounts, in a good
qualitative agreement, for the asymmetric DW motion in the non-collinear configuration observed
experimentally in Pt/Co/Pt. The presence of the DMI is crucial as it makes the current action on the
DWs equivalent to that on chiral Néel walls. The numerical model using only the DMI reproduces
well the experiment (Figure A.3.a) while including CD gives only a correction to the amplitude of
the DW velocity (Figure A.3.b). The DMI mechanism, in concert with H,y, dictates and governs
then the asymmetric DW motion at H, = 0. The CD also induces an asymmetric DW motion with
the angle ¢, as evidenced by the calculations of the DW velocity vpy, in Figure A.3.c. The amplitude
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of this asymmetry is limited compared to that induced by the DMI + SOT + CD mechanism as
depicted in Figure A.3.d, which confirms the dominant role played by the DMI at H,, = 0 mT.

(c)

-
-
N’

DW velocity vpy, (a. u.)
DW velocity vpy, (2. 1)

270

—_—,

- tnder DMI & CD

=1, under only DMI (d)

==

——V,,; under DMI & CD
=1, under only CD

DW velocity vy, (a. u.)
DW velocity vpy, (a.u.)

Figure A.3 The comparison of the DW velocity vpy versus the angle ¢; at T = 300 K between calculations based on different
mechanisms using the numerical collective coordinate model. The model is applied to an up circular magnetic domain under a positive
current. The model uses the mechanism of DMI + Ty in (a) and of CD + Tpy, in (¢). In (b) (respect. in (d)), we compare the contribution
of the DMI (respect. CD) with the DMI + T, + CD combined action. The shown data are the average of 5 different calculations from
the numerical model.

A.1.3. The asymmetric distortion in the presence of H,

In this section, we present numerical calculations and discussions to complete the
interpretation of the asymmetric non-collinear DW motion in the presence of a bias field H, that we
address in section I11.4.5.2 of the main manuscript. Due to the thermal field, as discussed above, we
consider that the DWs are left-handed NWs during the current injection in Pt/Co/Pt.

The Figure A.4 aggregates the calculations of the asymmetric distortion of the up magnetic
circular domain at H,, with different small amplitudes. The DWp.u moves against the current direction
from H, = —10 mT. The reversal of the motion likely starts near the normal configurations with
respect to the current (¢p; = 90° or 270°). Actually, the DW core magnetization mpy sits along the
y-axis at these configurations so a small negative H, can induce a net m, < 0. Consequently, the
damping-like effective field Hp; becomes oriented along the +z-axis thus the up domain expands (the
DW velocity vpy, pointing outwards). As the angle ¢, varies from 90° (or 270°) to 180°, mpy, tends
gradually to point along to the x-axis with m, > 0. The reversal of the direction of motion of the
DWhp.y, at these configurations, takes then place at larger H,. From the numerical model, we get an
expansion of the up domain at any ¢, at H, = —30 mT. This is comparable to the experiment results
that have shown the up domain expansion at H, = —37 mT under J ~ + 1.13 10'> A.m™ (Figure
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II1.31.b). In this range of H,, for the DWuy.p, a negative H, is parallel to the local H pp; thus the DW
velocity vpy, increases with the amplitude of H, and is larger than the velocity of the DWp.u. The
calculations confirm that up to H, = —30 mT, the center of the circular domain moves horizontally
in the current direction. It exhibits also a vertical motion (downwards) resulting from the asymmetric
motion of DWs with the angle ¢,. These asymmetric features of the DW motion are dictated by the
DMI at small in-plane field H,.

= = =0

— g =0mT

——H =10 mT
H.=-20 mT
H. =30 mT

DW velocity vpy, (a.u.)

- DMI + SOT + CD mechanism -

Figure A.4 The calculated DW velocity in the presence of small Hy in Pt/Co/Pt. The DW velocity vpy, versus the angle ¢; at
T = 300 K using the numerical collective coordinate model under high current (Hp; =10 mT). The calculations are performed at a
negative H,, pointing to the left, with various amplitudes; H, = 0 (in blue), Hy = —10 (in brown), Hy, = —20 (in green) and
H, = =30 (in orange) (units of H, in mT). The DMI + SOT + CD mechanism is applied in the model for the up magnetic circular
domain under a positive current (flowing from left to right). In this range of H,, the asymmetric distortion of the domain remains
qualitatively the same. The shown data are the average of 7 different calculations from the numerical model (of 5 for H, = 0 mT).

Indeed, in Figure A.5.a, the two vy, curves, obtained using DMI +SOT + CD and only DMI
in the numerical model, nearly collapse into each other at H, = —20 mT. Nevertheless, this does not
exclude any contribution from the CD mechanism as mentioned in the main manuscript. As depicted
in the Figure A.5.b, the vy, curve, obtained when considering only the CD in the numerical model,
exhibits an asymmetry between the two DWs that is opposite to that induced by the DMI. The
DWp.u moves with a velocity larger than the DWy.p. In addition, the CD endows the non-collinear
DW motion in the presence of H, with an asymmetric feature. The DW velocity vy, for each DW,
has an asymmetric variation with respect to ¢»; = 0° (or 180°) and its maximum is obtained at a finite
angle ¢;. This is an indication that the asymmetric distortion of the magnetic domains in Pt/Co/Pt is
the outcome of the two asymmetries induced by both the DMI and the CD. The DMI is the dominant
mechanism at low H,.
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Figure A.5 The Chiral Damping contribution to the non-collinear DW motion at H, = —20 mT. The comparison of the calculations
of the DW velocity at T = 300 K and at Hy, = —20 mT using different mechanisms in the numerical collective coordinate model under

high current (Hp;, = 10 mT). The model is applied to the up magnetic circular domain under a positive current. In (a), comparison
between the DMI + SOT + CD mechanism and the action of DMI. In (b), comparison between the DMI + SOT + CD mechanism and

the action of CD in (b). The asymmetric distortion of the up domain is governed by DMI at Hy = —20 mT. The shown data are the
average of 7 different calculations from the numerical model.

As discussed in the main manuscript, the amplitudes of the DMI and the CD contributions
vary with the increase in the amplitude of H,, respectively decreasing and increasing. The asymmetric
distortion of the circular magnetic domain undergoes then a gradual transition under an electric
current in Pt/Co/Pt. From H, = —20 mT to H, = —100 mT, the numerical collective coordinate
model shows that the asymmetry between the two DWs changes its sign. At H, = —100 mT, the CD
mechanism dominates over the DMI (Figure A.6). The vpy, curve (in blue) from the
DMI + SOT + CD mechanism follows the asymmetry imposed by the CD mechanism (in green in
Figure A.6.b). However, to account for the amplitude of the DW velocity (especially for the
DWhp.u), we need to consider the DMI contribution that is still present at H, = —100 mT.
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Figure A.6 The calculated DW velocity in the non-collinear configuration at Hy = —100 mT in Pt/Co/Pt. The DW velocity vpy, versus
the angle ¢; at T = 300 K under a positive current with a high density (Hp, = 10 mT) using the numerical collective coordinate
model. The model is applied to the up magnetic circular domain. Here, we compare the calculations using the DMI + SOT + CD

mechanism (in blue) with calculations using only the DMI in (a) and only the CD in (b). The shown data are the average of 5 different
calculations.

In Figure A.7, we have the vy, curves at different large H,. Both DWs see their velocities
increase with H . The rate of this increase is larger for the DWp.u. The velocity of the DWy.p seems
to reach a saturation plateau beyond H, = —50 mT. Although the asymmetric motion between the
two different DWs has reversed at large H,, the asymmetric DW motion in the non-collinear
configuration is maintained. However, the numerical model gives a varying ¢;"%* (the angle of the
largest velocity of a DW) with H,. For the DWp.u, ¢;"** tends towards ¢; = 180° (or 0°) from
H, = =50 mT to H, = —150 mT and saturates near -90° (270° in Figure A.7) for the DWy.p.
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Figure A.7 The calculated DW velocity in the presence of large Hy in Pt/Co/Pt. The DW velocity vpy, versus the angle ¢; at
T =300 K using the numerical collective coordinate model under a positive current with high density (Hp, = 10 mT). The
calculations are performed at a negative H,, pointing to the left, with various amplitudes; Hy = 0 (in blue), Hy, = —50 (in purple),
H, = —100 (in green) and H, = —150 (in orange) (units of Hy in mT). The DMI + SOT + CD mechanism is applied in the model
for the up magnetic circular domain. At large H, the asymmetric motion between the two DWs is reversed. In contrast, the asymmetric
non-collinear DW motion remains qualitatively the same to that at low H . the CD becomes the dominant mechanism as |H | increases.
The shown data are the average of 5 different calculations from the numerical model.

A.2. The current-induced magnetic bubbles motion

In this section, we detail the different sets of parameters used to induce the coherent magnetic
bubble motion in Pt/Co/Pt and Pt/Co/AlOx. They are given for each injected current density for the
different current/magnetization polarities. We accompany each case with a table giving statistics
regarding the observed modes of the bubble motion.

A.2.1. Bubble motion in Pt/Co/Pt

A.2.1.1 Bubble motion under current /] ~ + 1.13 102 A.m?

Up magnetic bubble

H,=+1.75mT

y —>

. ~ 12 2

% 2499 ms J +1.13 10 .A.m

+ single pulse width = 20 ns
z —>

* 300 pulses injected

* period =10 us

| \' J
Ss

Figure A.8 A diagram summarizing the parameters for an up magnetic bubble motion under | ~ + 1.13 10" A.m™ in Pt/Co/Pt
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Table A.1 Summary of the up magnetic bubble motion under | ~ + 1.13 10'> A.m™ in Pt/Co/Pt.
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Figure A.9 A diagram summarizing the parameters for a down magnetic bubble motion under | ~ + 1.13 10> A.m? in Pt/Co/Pt.
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Table A.2 Summary of the down magnetic bubble motion under | ~ + 1.13 10> A.m™ in Pt/Co/Pt.
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A.2.1.2. Bubble motion under current J/ ~ — 1.09 10> A.m?

Up magnetic bubble
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single pulse width = 20 ns
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Figure A.10 A diagram summarizing the parameters for an up magnetic bubble motion under | ~ — 1.09 10"> A.m™ in Pt/Co/Pt.
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Table A.3 Summary of the up magnetic bubble motion under | ~ — 1.09 10> A.m™ in Pt/Co/Pt.
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Figure A.11 A diagram summarizing the parameters for a down magnetic bubble motion under | ~ — 1.09 10" A.m™ in Pt/Co/Pt.
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Table A.4 Summary of the down magnetic bubble motion under | ~ — 1.09 10" A.m™? in Pt/Co/Pt.

A.2.1.3. Bubble motion under current J ~ + 1.93 10!> A.m™

Up magnetic bubble

H,=+0.80; +0.90 mT

y
x ¢ J~+193102A.m?
o 2499 ms single pulse width = 5.2 ns
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Figure A.12 A diagram summarizing the parameters for the up magnetic bubble motion under | ~ + 1.93 10" A.m™ in Pt/Co/Pt.
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Table A.5 Summary of the up magnetic bubble motion under ] ~ + 1.93 10> A.m™ in Pt/Co/Pt.
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Figure A.13 A diagram summarizing the parameters for the down magnetic bubble motion under | ~ + 1.93 10"?A.m? in Pt/Co/Pt.

142



Appendix

029
D

=9 o =D

number of displacements

Percentage %

7

14

30

60

Table A.6 Summary of the down magnetic bubble motion under | ~ + 1.93 10" A.m™? in Pt/Co/Pt.

A.2.1.4. Bubble motion under current | ~ — 1.96 102 A.m™

Up magnetic bubble
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single pulse width = 5.2 ns
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period =10 us

Figure A.14 A diagram summarizing the parameters for the up magnetic bubble motion under ] ~ — 1.96 10> A.m™? in Pt/Co/Pt.
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Table A.7 Summary of the up magnetic bubble motion under | ~ — 1.96 10"> A.m™? in Pt/Co/Pt.
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Down magnetic bubble
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Figure A.15 A diagram summarizing the parameters for the down magnetic bubble motion under ] ~ — 1.96 10"> A.m*? in Pt/Co/Pt.
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Table A.8 Summary of the down magnetic bubble motion under | ~ — 1.96 10" A.m? in Pt/Co/Pt.

A.2.1.5. Bubble motion under current J ~ + 2.77 10> A.m
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Figure A.16 A diagram summarizing the parameters for the up magnetic bubble motion under | ~ + 2.77 10> A.m™? in Pt/Co/Pt.
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Table A.9 Summary of the up magnetic bubble motion under ] ~ + 2.77 10"> A.m™ in Pt/Co/Pt.
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Down magnetic bubble
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Figure A.17 A diagram summarizing the parameters for the down magnetic bubble motion under ] ~ + 2.77 10" A.m* in Pt/Co/Pt.
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Table A.10 Summary of the down magnetic bubble motion under | ~ + 2.77 10'> A.m™ in Pt/Co/Pt.

A.2.1.6. Bubble motion under current J ~ — 2.73 10> A.m™
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Figure A.18 A diagram summarizing the parameters for the up magnetic bubble motion under | ~ — 2.73 10> A.m™? in Pt/Co/Pt.
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Table A.11 Summary of the up magnetic bubble motion under | ~ — 2.73 10> A.m™ in Pt/Co/P1.
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Down magnetic bubble
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Figure A.19 A diagram summarizing the parameters for the down magnetic bubble motion under ] ~ — 2.73 10" A.m* in Pt/Co/Pt.
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Table A.12 Summary of the down magnetic bubble motion under | ~ — 2.73 10"> A.m™? in Pt/Co/Pt.

A.2.2. Bubble motion in Pt/Co/AlOx

A.2.2.1. Bubble motion under current J ~ + 0.88 10!> A.m™
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Figure A.20 A diagram summarizing the parameters for the up magnetic bubble motion under | ~ + 0.88 10" A.m™ in Pt/Co/AlOx.
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Table A.13 Summary of the up magnetic bubble motion under | ~ + 0.88 10> A.m? in Pt/Co/AlOx.

Down magnetic bubble

J ~+0.88 102 A.m?
single pulse width = 20 ns
200 pulses injected
period = 10 us

D
&

KD~

number of displacements 32
Percentage % 97

Table A.14 Summary of the down magnetic bubble motion under | ~ + 0.88 10/ A.m in Pt/Co/AlOx.
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A.2.2.2. Bubble motion under current ] ~ — 0.86 10'> A.m?
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Figure A.22 A diagram summarizing the parameters for the up magnetic bubble motion under | ~ — 0.86 10" A.m™ in Pt/Co/AlOx.
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Table A.15 Summary of the up magnetic bubble motion under | ~ — 0.86 10 A.m™ in Pt/Co/AlOx.
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Figure A.23 A diagram summarizing the parameters for the up magnetic bubble motion under ] ~ — 0.86 10> A.m™? in Pt/Co/AlOx.
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Table A.16 Summary of the down magnetic bubble motion under | ~ — 0.86 10" A.m™ in Pt/Co/AlOx.

A.2.2.3. Bubble motion under current J ~ + 1.95 10> A.m?
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Figure A.24 A diagram summarizing the parameters for the up magnetic bubble motion under | ~ + 1.95 10> A.m™ in Pt/Co/AlOx.
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Table A.17 Summary of the up magnetic bubble motion under | ~ + 1.95 10> A.m™ in Pt/Co/AlOx.
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Down magnetic bubble
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Figure A.25 A diagram summarizing the parameters for the down magnetic bubble motion under | ~ + 1.95 102 A.m™ in Pt/Co/AlOx.
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Table A.18 Summary of the down magnetic bubble motion under | ~ + 1.95 10”2 A.m? in Pt/Co/AlOx.
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Figure A.26 A diagram summarizing the parameters for the up magnetic bubble motion under | ~ — 1.95 10> A.m™ in Pt/Co/AlOx.
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Table A.19 Summary of the up magnetic bubble motion under | ~ — 1.95 10> A.m™ in Pt/Co/AlOx.
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Figure A.27 A diagram summarizing the parameters for the down magnetic bubble motion under ] ~ — 1.95 10> A.m™ in Pt/Co/AlOx.
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Table A.20 Summary of the down magnetic bubble motion under | ~ — 1.95 102 A.m in Pt/Co/AlOx.
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A.2.2.5. Bubble motion under current J ~ + 2.75 10> A.m-2
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Figure A.28 A diagram summarizing the parameters for the up magnetic bubble motion under | ~ + 2.75 10'> A.m™ in Pt/Co/AlOx.
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Table A.21 Summary of the up magnetic bubble motion under | ~ + 2.75 10> A.m™ in Pt/Co/AlOx.
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Figure A.29 A diagram summarizing the parameters for the down magnetic bubble motion under | ~ + 2.75 10"?A.m™? in Pt/Co/AlOx.
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Table A.22 Summary of the down magnetic bubble motion under | ~ + 2.75 10"? A.m? in Pt/Co/AlOx.
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Figure A.30 A diagram summarizing the parameters for the up magnetic bubble motion under | ~ — 2.75 10" A.m™ in Pt/Co/AlOx.
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Table A.23 Summary of the up magnetic bubble motion under | ~ — 2.75 10> A.m™ in Pt/Co/AlOx.
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Figure A.31 A diagram summarizing the parameters for the down magnetic bubble motion under | ~ — 2.75 102 A.m™ in Pt/Co/AlOx.
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Résumé

L’¢étude du déplacement par le courant €lectrique des parois de domaine magnétique a généré
beaucoup d’intérét depuis I’observation de leurs importantes vitesses de déplacement dans des
multicouches ayant une asymétrie d’inversion verticale (SIA).

Cet intérét se justifie par leur fort potentiel pour de nouvelles applications a basse
consommation d’énergie en mémoire cache ou mémoires centrale. L’inversion de symétrie (SIA)
induit deux mécanismes dont 1’action conjointe permet de déplacer efficacement les parois de
domaines. Il s’agit d’une contribution énergétique chirale, appelée I’interaction Dzyaloshinskii-
Moriya (DMI), et des couples de spin-orbite (SOT).

Ce mode¢le reste incomplet vu qu’il n’explique pas plusieurs résultats expérimentaux. De plus,
une contribution dissipative chirale appelée I’amortissement anisotrope, également induite par la SIA,
a été proposée récemment et dont le role, sous courant, n’as pas encore été étudié.

Le but de ce travail a été d’amener une connaissance détaillée des différentes interactions en
jeu dans la dynamique des parois de domaine. Pour cela, j’ai étudié la propagation de parois sous
courant dans une géométrie non colinéaire. Cette étude a été réalisée dans des systémes ayant des STA
différentes (Pt/Co/Pt et Pt/Co/AlOx). Dans cette géométrie, j’ai observé I’asymétrie du déplacement
qui illustre la compétition entre les contributions chirales d’énergie et d’amortissement dans des
multicouches a faible SIA. Quant aux multicouches a forte SIA, ’asymétrie ne peut étre expliquée
par I’action conjointe de DMI et SOT méme dans le régime a forte mobilité. Une des conséquences
de ce type de déplacement est de contribuer a la déviation des bulles de skyrmion en mouvement.
Nous avons appel¢ cet effet 1’effet Hall extrinseque des skyrmions.

En mettant en évidence de nouveaux effets induits par SIA, les résultats de cette these
contribuent a une meilleur compréhension des mécanismes intervenant dans les déplacements des
parois et des skyrmions sous courant dans les multicouches magnétiques.

Mots clés : parois de domaines magnétiques, couples de spin-orbite, interaction Dzyaloshinskii-
Moriya, amortissement magnétique anisotrope, skyrmions, déplacement des parois de domaines
magnétiques, microscopie a effet Kerr, mémoires magnétiques, électronique de spin.
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Abstract

The study of the current-induced magnetic domain walls motion has attracted a lot of interest
since the report of their large velocities of motion in thin layers with structural inversion asymmetry
(STIA).

This interest comes from their high potential for low power consumption functionalities in
cache and main memories applications. The SIA induces two mechanisms whose combined action
allows to drive efficiently the domain walls. The two mechanisms are the chiral energy term, called
the Dzyaloshinskii-Moriya interaction (DMI), and the spin-orbit torques (SOT). This model is still
incomplete since it does not explain several experimental results. In addition, a chiral dissipation term
called the chiral damping, also induced by SIA, has recently been proposed. However, its effect on
current-induced domain wall motion has not been studied.

The objective of this work was to bring a more detailed understanding of the interactions
involved in the domain wall motion. To that end, I have studied the domain wall motion in a non-
collinear geometry with respect to the current, in materials with different SIA (Pt/Co/Pt and
Pt/Co/AlOx). This motion has been found to be asymmetric. It illustrates the interplay between chiral
energy and chiral dissipation in current-induced domain wall motion in weak SIA materials. In large
SIA materials, the DMI and SOT model, even in the flow regime of motion, cannot explain this
asymmetry.

I have also evidenced that the asymmetric non-collinear domain wall motion induces a well-
defined deflection of the skyrmion bubbles. This is the first observation of the extrinsic skyrmion
Hall effect.

The results of this thesis contribute to the understanding of the physical mechanisms behind

domain wall and skyrmion motion in ultrathin layers by evidencing supplementary effects from SIA.

Key words: magnetic domain wall, spin-orbit torques, Dzyaloshinskii-Moriya interaction, Chiral
Damping, magnetic skyrmion bubbles, domain wall motion, Kerr microscopy, the skyrmion Hall
effect, magnetic memory devices, spintronics

173









