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Abstract
Control of interfacial magnetism has emerged to be of paramount importance for spintronics
applications specially involving chiral magnetic structures called skyrmions. Skyrmions are en-
visaged to be the future information carriers owing to their solitonic properties. In heavy metal/
ferromagnet/ insulator heterostructures, skyrmions are stabilized by interfacial Dzyaloshinskii-
Moriya interaction which is an antisymmetric exchange and competes with other interactions
like symmetric exchange, dipolar and magnetic anisotropy. In order to tune skyrmions, the
interfacial magnetic properties need to be modulated. One of the energy e�cient tools to
maneuver interfacial magnetism is electric field effect. Voltage gating has been shown, in a
number of studies since 2009, to locally and dynamically tune magnetic properties like interface
anisotropy and saturation magnetization. However, its effect on interfacial Dzyaloshinskii-
Moriya Interaction (DMI), which is crucial for the stability of magnetic skyrmions, has been
challenging to achieve and has not been reported yet for ultrathin films. This was one of the
major motivations of this thesis.

In order to achieve the aforementioned goals, we first carry out an optimization of trilayer
systems consisting of a heavy metal/ ferromagnet/ metal-oxide in which skyrmions can be
stabilized. In particular, we focus on the Ta/FeCoB/TaOx system to nucleate skyrmions in the
presence of very small out-of-plane magnetic fields. Further, we study and compare skyrmion
nucleation in two different transition zones: out-of-plane anisotropy to paramagnetic and out-
of-plane to in-plane anisotropy which is a function of the FeCoB thickness and TaOx oxidation
state. Finally, we show electric field induced modulation of interfacial DMI which forms the
most important result of this thesis. We demonstrate 130% variation of DMI with electric
field in Ta/FeCoB/TaOx trilayers through Brillouin Light Spectroscopy (BLS). Using polar
Magneto-Optical-Kerr-Effect microscopy, we further reveal a monotonic variation of DMI and
skyrmionic bubble size with electric field, with an unprecedented e�ciency. Since the electric
field acts mainly on the FeCoB/TaOx interface, the voltage induced DMI variation points at the
existence of the Rashba DMI explaining its high sensitivity to an applied voltage. We anticipate
through our observations that a sign reversal of DMI with electric field is possible, leading to a
chirality switch. This dynamic manipulation of DMI establishes an additional degree of control
to engineer programmable skyrmion based memory, logic or neuromorphic devices.
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Résumé
Le contrôle du magnétisme aux interfaces s’est avéré essentiel pour la spintronique et ses
applications, en particulier celles basées sur des structures chirales de l’aimantation appelées
skyrmions magnétiques. Ces skyrmions, décrits comme des solitons magnétiques, potentiels
porteurs d’information, sont des candidats prometteurs pour le développement de nouvelles
mémoires denses et non-volatiles. Dans des empilements ultraminces du type métal lourd /
ferromagnétique / isolant, les skyrmions sont stabilisés par une interaction d’échange anti-
symétrique d’interface appelée interaction de Dzyaloshinskii-Moriya (DMI); celle-ci entre en
compétition avec d’autres interactions telles que l’interaction d’échange symétrique, l’anisotropie
magnétique et l’interaction dipolaire. Afin de contrôler ces skyrmions, les propriétés magné-
tiques aux interfaces doivent être ajustées finement et modulées par une excitation extérieure.
Le champ électrique s’est avéré être un outil e�cace pour manipuler ces propriétés d’interface.
Il a notamment été montré dans un certain nombre d’études depuis 2009 qu’une différence de
potentiel permet de modifier localement et de manière dynamique des propriétés telles que
l’anisotropie magnéto-cristalline ou l’aimantation à saturation. Cependant cet effet sur le DMI,
qu’il est crucial d’intégrer pour les systèmes avec skyrmions, n’a jusqu’alors jamais été rapporté
dans des films ultraminces et constitue une des principales motivations de cette thèse.

Afin d’atteindre les objectifs donnés ci-dessus, une optimisation des systèmes tricouches
de type métal lourd/ferromagnétique/oxide dans lesquels peuvent exister des skyrmions est
d’abord réalisée. En particulier, l’étude se concentre sur le système Ta/FeCoB/TaOx, dans
lequel la nucléation de skyrmions par de faibles champs magnétiques est observée. Une étude
approfondie en fonction de l’épaisseur de FeCoB et de l’état d’oxidation du TaOx a notamment
été menée, permettant ainsi d’identifier les différentes zones de transition présentant des
skyrmions: une zone de transition entre anisotropie perpendiculaire et état paramagnétique
et une zone de transition entre anisotropie perpendiculaire et anisotropie planaire. D’autre
part, le résultat majeur de cette thèse est la démonstration de la modulation de la DMI par un
champ électrique dans une tricouche Ta/FeCoB/TaOx. Des mesures de spectroscopie Brillouin
sous champ électrique ont révélé une très grande variation allant jusqu’à 130%. Puis, des
observations complémentaires en microscopie à effet Kerr magnéto-optique ont permis de
mesurer simultanément une variation monotone de la DMI et de la taille des skyrmions en
fonction du champ électrique avec une e�cacité sans précédent. Puisque le champ électrique
agit principalement sur l’interface entre le matériau ferromagnétique et l’oxyde (FeCoB/TaOx),
cette étude indique l’existence d’une DMI de type Rashba, expliquant la forte sensibilité au
champ électrique. Ces observations montrent également qu’un renversement du signe de la DMI
est possible, qui conduirait à une inversion de la chiralité des skyrmions. Cette manipulation
dynamique de la DMI permettrait de conférer un degré de contrôle supplémentaire pour le
développement de mémoires ou de dispositifs logiques ou neuromorphiques à base de skyrmions.
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1
Introduction
Spintronics is emerging to complement the traditional semiconductor electronics by transcending
some of its limitations and rendering novel ideas. We know that the term ’electronics’ refers to
the engineering and applications related to the emission, flow and control of electrons in vacuum
and media. In analogy, ’spintronics’ deals with the control of the spin of the electron in terms of
its storage and transport hence adding another degree of freedom in addition to its ’charge’.
Spin of an electron is a purely quantum mechanical concept which manifests in the form of its
intrinsic magnetic moment. Spintronics hence amalgamates electric and magnetic degrees of
freedom to produce a dense network of ideas that can be channelized to address the issues of
high energy consumption and miniaturization limitation of the conventional electronics.

The advancement in nanotechnology in the 1980s and specially the control over metallic
depositions made it possible to create materials with layers of superior quality whose thicknesses
are in the order of few nanometers boosting the exploitation of electron spin. There has
been a spectacular evolution in the field of spintronics over the past twenty years. The first
breakthrough was the discovery of Giant Magneto-Resistance (GMR) effect by Albert Fert1 and
Peter Grunberg2 in 1980’s which also earned them the Nobel Prize in Physics in 2007. GMR is
basically the change in the electric resistance when the relative orientation of magnetization
in two ferromagnetic layers separated by a metallic spacer, changes in response to an applied
magnetic field. It therefore evidenced the existence of spin-dependent transport across such
structures. In fact it led to the employment of GMR sensors as read heads in magnetic Hard
Disk Drives (HDD) to determine magnetization orientation of small domains (acting as bits)
improving the storage density by 3 orders of magnitude.

Also, instead of metallic spacers, the use of insulators such as MgO3, 4 further improved
magneto-resistance signals drastically. When two ferromagnetic films are separated by an
ultrathin insulating film (typically 1 nm), spin-dependent tunneling occurs across the insulator.
The tunneling being dependent on the relative magnetization orientation in two ferromagnetic
layers, produces a difference in the electrical resistance known as Tunnel Magneto-Resistance
(TMR)5, 6. The resistance difference is maximum between the two limiting states i.e. where
the magnetization in the two ferromagnetic layers are parallel and the one where they are
antiparallel. These two states can then be channelized for storing information as bits: 0 for the
low resistance state (parallel) and 1 for the high resistance state (antiparallel). This eventually
led to the concept of Magnetic Random Access Memories (MRAM).

The conventional Random Access Memory (RAM) based on semiconductor technology is the
part of a computer’s main memory which enables fast read and write operations (access time in
the order of ns) unlike other kinds of storage for example HDD (access time in the order of
ms). However the RAM is volatile, i.e. the data is lost when the power is switched off. MRAM
therefore has gathered a lot of attention as it offers non-volatility along with quick data read and
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Chapter 1. Introduction

write facility. Moreover, MRAM can operate at higher temperatures, it is radiation resistant and
consumes lesser energy, making it even more useful. In spite of these advantages, MRAM is still
struggling in terms of providing high storage density. This has led scientists to push the frontiers
of conventional spintronics based on MRAM. One of the alternatives that came up was the use
of magnetic domains as information carriers in so-called domain wall racetrack memories. The
idea was originally proposed by Stuart Parkin7, to construct 3D devices consisting of nanowires
of magnetic material arranged perpendicularly on the surface of a silicon substrate. It works
like a shift register in which the data bits (magnetic domains) are moved to and fro by an
electrical current along the racetrack with integrated reading and writing elements. This is
challenging in terms of getting controlled and reliable motion of domain walls and requires
high current densities for their motion. Another approach to overcome these problems was to
focus on chiral magnetic textures such as skyrmions.

Magnetic skyrmions8 are quasiparticle magnetic spin configurations with a non trivial
topology. They are like knots in the magnetic medium that could not be unwound owing
to their chirality. A chiral object possesses the property of being non superimposible on its
mirror image. In the context of magnetic systems, chirality refers to the energy difference
arising due to the sense of rotation of magnetic moments in a specific pattern (clockwise
or anticlockwise). Skyrmions are hence small (typically between 10nm ∼ 3µm) circular
magnetic domains enclosed by homochiral domain walls which can have either a clockwise
(right-handed) or anticlockwise (left-handed) configuration. This chirality appears due to
an antisymmetric exchange interaction called Dzyaloshinskii-Moriya Interaction (DMI). The
DMI favors non collinear spin configuration, which exits both in bulk systems (bulk-DMI) and
ultra-thin multilayer systems composed of heavy metal (HM)/ferromagnet (FM)/metal oxide
(MOx) (interfacial DMI). Skyrmions are therefore largely dependent on the DMI, the sign of
which determines their chirality. In ulta-thin HM/FM/MOx system, the interfacial DMI is also in
competition with other interactions like exchange, magnetic anisotropy and dipolar interactions.
Skyrmions are now envisioned to be one of the potential candidates for memory and logic
applications due to their solitonic nature, small size and tunability9. However they face many
challenges before their implementation in spintronic devices. The current research therefore
aims towards optimizing the skyrmions in thin film trilayer systems, in terms of their nucleation,
size, chirality, stability and motion by tuning the aforementioned magnetic properties.

Several methods have been proposed to tune the magnetic properties in HM/FM/MOx
systems. This includes optimization of thicknesses of FM and MOx layers to achieve desired
magnetic anisotropy and stacking appropriate HM/FM or FM/MOx interfaces to enhance the
interfacial DMI. These are the static ways to maneuver the magnetic properties. One of the
dynamic ways to address the interfacial magnetic properties is the use of applied voltage. When
a voltage is applied across such a system, a re-distribution of electrons occurs in the orbitals
at the interface between FM and MOx which is known to change the magnetic properties
like anisotropy. Electric field effect was initially proposed for MRAMs to reduce the power
consumption in writing operation. Recently electric field induced manipulation of skyrmions
was demonstrated which was attributed to the variation of magnetic anisotropy and saturation
magnetization. However, the influence of voltage on DMI in the case of ultra-thin film systems
had not been addressed until the beginning of my thesis. A theoretical prediction of voltage
induced DMI modification exists in the literature. An important thing to note is that as the
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electric field acts mainly on the ferromagnet/metal oxide interface due to the screening effect,
the DMI emerging from this interface will be the one affected (Rashba type) than the one from
heavy metal/ferromagnet interface (Fert-Levy type).

The above mentioned challenges and techniques have inspired the work of my thesis. I
have studied and optimized ultra-thin HM/FM/MOx systems particularly Ta/FeCoB/TaOx, to
have access to skyrmions in different thickness ranges of the FM and MOx layers. Then most
importantly I have studied the skyrmions under applied electric field and quantified the change
in the different magnetic properties. In particular, I exhibit electric field modulation of DMI
in ultra-thin film trilayer (HM/FM/MOx) system in order to tune skyrmions in terms of their
size and chirality which has not been done before in literature. Moreover this study makes the
existence of Rashba-DMI contribution from the FM/MOx plausible which until now had only
been theoretically discussed.

The thesis is organized as following:

Outline of the thesis

The thesis is divided into three broad parts namely: Theoretical Background and the State of
the Art, Methods and Characterization techniques and finally Results and Discussion. Each part
is further divided into several chapters with their brief summary given below:

Part I: Theoretical Background and State of the Art

Chapter 2 : Interfacial magnetism. This chapter introduces the basics of understanding
magnetism at the interfaces. Further, the intricate phenomena associated with the spin orbit
coupling and broken inversion symmetry in ultra-thin multilayer structures are described. The
different types of interfacial DMI contributions are also explained.

Chapter 3 : Magnetic spin textures. This chapter highlights the intricacies of magnetic
phenomena at the interfaces in HM/FM/MOx systems and how it steers the formation of chiral
magnetic structures, in particular skyrmions and skyrmionic bubbles, leading to a new paradigm
of spin-based application, more specifically for memory and logic operations

Chapter 4 : Manipulation of interfacial magnetic properties. This chapter focuses on the
manipulation of interfacial magnetic properties as a means to tune skyrmions. The interfacial
magnetic properties like magnetic anisotropy and DMI can be tuned by several methods
which involves appropriate choice of materials, their respective thicknesses, interface quality,
temperature dependence and applied voltages.

Part II: Methods and Characterization Techniques

Chapter 5 In this chapter, the sample fabrication patterning and characterization techniques
are explained.The various steps involved in preparing the samples for experiments under applied
voltage are described. It includes deposition of insulator (oxides) followed by transparent
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electrode and its patterning. Further characterization techniques, namely: Magneto-Optic
Kerr Effect (MOKE) magnetometery and microscopy, Brillouin Light Spectroscopy (BLS) and
Vibrating Sample Magnetometer (VSM) are detailed.

Part III: Results and Discussion

Chapter 6 : Study of different Heavy Metal/Ferromagnet/Metal Oxide systems This chap-
ter presents the material development I have done of ultra-thin ferromagnetic (FM) layer and
heavy metals or/and oxides to optimize magnetic anisotropy and find the parameters which
stabilize skyrmions and skyrmionic bubbles. The adjustment of magnetic properties has been
done by varying the ferromagnetic layer thickness and the oxidation state of the ferromagnet-
ic/oxide interface by using gradients of thicknesses. A phenomenological model is constructed
to better interpret the variation of magnetic properties as a function of the thickness gradients
and the interface oxidation state. This enables us in the end to better understand the optimum
conditions for magnetic anisotropy and dead layers.

Chapter 7 : Observation of magnetic skyrmions This chapter focuses on the energy land-
scape for skyrmion phase depending on the magnetic properties which vary as a function
of ferromagnetic and insulator layer thickness and its oxidation in Ta/FeCoB/TaOx system.
The experimental observation of skyrmion bubbles in different transition zones using Polar
Magneto-Optic Kerr Effect Microscopy (p-MOKE) is presented. The difference between the
different skyrmionic zones is highlighted.

Chapter 8 : Electric field effect on Ta/FeCoB/TaOx systems This chapter constitutes the
most important result of my PhD which is electric field inuced modification of interfacial DMI.
For this study we chose Ta/FeCoB/TaOx system, hosting magnetic skyrmions for the optimized
deposition parameters. We performed Brillouin Light Spectroscopy measurements to directly
determine the changes in the interfacial DMI of this system as a function of applied electric field.
We further performed MOKE measurements on the same sample to highlight the time scale
effects of the electric field on DMI and other magnetic properties simultaneously. Micromagnetic
simulations were then performed using the experimentally obtained parameters to give a deeper
insight into the internal structure of skyrmions expected at different voltages as a result of the
change in its magnetic properties.

Chapter 9 : Conclusion This chapter summarizes the important results of the thesis.

Chapter 10 : Perspectives and Offshoots In this chapter some immediate perspectives of
my work are presented along with the other studies in which I took part during my PhD. The
first part deals with the generation of skyrmion bubbles and skyrmion bubble lattices from a
ferromagnetic state at room temperature in Ta/FeCoB/TaOx sample by a controlled by single
ultrafast (35-fs) laser pulse. The skyrmion bubble density is seen to increase with the laser
fluence, and later attains saturation, forming disordered hexagonal lattices which enhances
their topological stability. This study is promising for skyrmion based synaptic devices. In the
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second part another study which was conducted on our sample consisting of Ta/FeCoB/TaOx
by collaborators from Osaka University is briefly described. It is related to the study of the
response of the skyrmions to thermal agitation hence their brownian motion.
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2.A Introduction

This chapter first introduces some basic ideas to provide the framework of understanding
interfacial magnetism and then goes into the intricate phenomena associated with the interfaces
in ultra thin film multilayer structures.

2.B Magnetic order and associated energies

Magnetism finds its origin in the motion of the electric charges. On an atomic scale it pertains to
the spinning of electrons and their orbital motion around the nuclei. These motions constituting
small current loops are referred to as magnetic dipoles with their associated magnetic moments.
For materials with their electronic orbits full i.e. all the electrons being paired, the resultant
magnetic moment is zero. These materials are hence diamagnetic. However when the outermost
orbit has unpaired electrons, a net magnetic moment exists leading either to paramagnetism or
ferromagnetism. In the case of paramagnets, an overall cancellation of the magnetic moment
occurs due their randomization at room temperature in the absence of any applied magnetic
field. However in case of ferromagnets, a net magnetic polarization/magnetization exists due
to exchange interaction between neighboring moments, denoted by M and is equal to magnetic
moments per unit volume.

Magnetism may also be induced in some materials by applying an external magnetic field.
The magnetic susceptibility as the name suggests pertains to the sensitivity of a material to an
applied magnetic field H and is denoted by χ=M/H. The response of different types of magnetic
materials leads to their classification into the following groups in the localized picture.
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2.B.1 Types of magnetic behavior

Diamagnetism : Diamagnetic substances are composed of atoms which have no net magnetic
moments (i.e. all the orbital shells are filled and there are no unpaired electrons). However, when
exposed to a magnetic field, a negative magnetization is produced and thus the susceptibility is
negative. The behavior is similar to the Lenz’s law in electromagnetism: when the flux through
an electrical circuit is changed, an induced (diamagnetic) current is set up in such a direction as
to oppose the flux change. Diamagnetism is intrinsically present in all materials but is weaker
(χ ∼ −10−6) as compared to paramagnetism and is therefore prominent in materials with even
number of electrons where the other phenomena are dormant.

Paramagnetism : Paramagnetism springs from a net magnetic moment due to unpaired
electrons in partially filled orbitals. When a magnetic field is applied, it causes partial alignment
of the atomic magnetic moments in the direction of the field, resulting in a net magnetization
and positive susceptibility. However, the interaction of the individual magnetic moments is
smaller than the thermal energy, and the magnetization is zero when the field is removed. Thus
this phenomena is opposed by thermal energy resulting in randomization. The susceptibility
is positive hence is a function of temperature and scales as χ ∼ 1/T known as Curie’s Law.
Usually at room temperature the paramagnetic susceptibility is small (χ ∼ 10−2) but larger than
diamagnetic susceptibility.

Ferromagnetism : Ferromagnetism is the property of acquiring a spontaneous net magneti-
zation in the absence of magnetic field below the ordering temperature. It is ascribed to the
collective interaction (exchange interaction) between the neighboring magnetic moments in a
material leading to their preferential alignment in the same direction. Despite that, the overall
magnetization of a ferromagnetic material can be low in the absence of magnetic field due to
its fragmentation in separate ordered regions called domains which are individually ordered
but collectively assembled with moments pointing in different directions. The ferromagnetic
susceptibility defined in this case as χ = ∂M

∂H is positive and huge (χ ∼ 104 − 106) ; i.e. in the
presence of a magnetic field all the respective domains align along its direction. The Curie
temperature TC which is the ordering temperature (Curie-Weiss law: χ = C

T−TC
, where C is the

Curie constant) is also quite high being in the order of 1000K for transition metals like Fe, Ni,
and Co.

Antiferromagnetism : Antiferromagnetism results in zero net magnetization in a material
due to complete cancellation of magnetic moments oriented opposite (anti-parallel) to each
other as a result of negative exchange interaction between the neighboring moments. It
can also be described as a magnetic crystal having two sub-lattices with equal but opposite
magnetization. This type of spontaneous magnetic ordering is again dependent on temperature
called Néel temperature TN in this case above which it gets disrupted. The Néel temperature
is named after the physicist Louis Néel, who was the first to explain antiferromagnetism in
1936. When a magnetic field is applied at temperatures below TN, antiferromagnet exhibits a
weak response as the field has to overcome the strong collective negative exchange. However at
elevated temperatures the antiferromagnetic order is broken to exhibit weak paramagnetism.
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Examples include hematite, metals such as chromium, alloys such as iron manganese (FeMn),
and oxides such as nickel oxide (NiO). Antiferromagnets are often used in spintronics to pin
the magnetization of an adjacent ferromagnet by exchange coupling. The pinned layer serves
as a reference in magnetic tunnel junction-based magnetic memories/sensors.

Ferrimagnetism : When the magnetization is not fully compensated by oppositely oriented
magnetic moments in the two sub-lattices composing the antiferromagnetic structure, it results
in ferrimagnetism. Though the intrinsic ordering is different, a ferrimagnet displays similar
characteristics as that of a ferromagnet. Magnetite (Fe3O4) is one such example. The tem-
perature dependence of a ferrimagnet can be complex if the Curie temperature Tc of the two
sublattices are not identical.

Figure 2.1 describes the different magnetic orders in a pictorial representation (a), and
Magnetic Susceptibility (b) as a function of temperatures for the same.

Figure 2.1 – (a)Pictorial representation of natural magnetic ordering. (b) Magnetic
susceptibility χ as function of temperature for Ferro,Ferri,Para and Antiferromagnets. Note
that χ < 0 for diamagnets and is independent of temperature. For ferro and ferrimagnets χ
drops above TC leading to a paramagnetic behavior. Same is the case for antiferromagnets
above TN

Artificial Magnetic Order : Artificial magnetic order can also be created by combining two
or more magnetic materials and metals. Synthetic Antiferromagnet (SAF) and Ferrimagnets
are composed of two magnetic layers for example Co separated by a spacer (∼ 1nm) for
example Ru. This type of arrangement is easier to tune and control as compared to the natural
antiferromagnets and ferrimagnets as the effective interaction can be tuned depending on
the nature and thickness of the spacer. The phenomena resulting in such type of interaction
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is interlayer exchange coupling10, 11 often referred to as the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction. As a function of the spacer layer thickness, it results in an oscillatory
behavior of the magnetic ordering, alternating between preferred parallel and antiparallel
magnetization alignment of the two magnetic layers.

2.B.2 Types of magnetic energy

The discussion now will be oriented towards ferromagnetism in thin film systems. There
are several interactions at play that determine the total energy and give rise to a certain
magnetic configuration and its dynamics inside a ferromagnet. Both quantum mechanical and
micromagnetic continuum approach have been highlighted12–15:

Exchange Energy : Exchange energy is the result of quantum me-
chanical interaction between neighboring spins/magnetic moments.
It is expressed as

Eij = −Jij ~Si.~Sj (2.1)

where J〉| is the Heisenberg exchange constant. It favors a collinear
arrangement of spins i.e. the spins like to orient parallel or anti-
parallel to each other. For ferromagnets, J > 0, resulting in parallel alignment. For a chain of
1-D spins the expression becomes

Eij = −J S2
∑
i,j

cosφi,j, φi,j ∼| mi −mj | where m =M/Ms. (2.2)

Eij = −J S2
(
1−

φ2ij

2

)
, for small φi,j (2.3)

Eij = Constant+
J S2z
2a

(
∂φij

∂x

)2
(2.4)

In the micromagnetic continuum approach, the energy cost has to be paid if the magnetization
is non uniform within the volume of the magnetic material. Ignoring the discrete nature of the
lattice, we can write the total exchange energy as:

Eex = A

∫
V

[(∇~m)2]dV (2.5)

where A ' J S2z/2a is called the exchange stiffness constant (z is the number of sites in a unit
cell, a is the nearest-neighbor distance or the lattice parameter) and is expressed in J/m.

Zeeman Energy : Zeeman energy is the energy of a magnetic mo-
ment or that of the magnetic system as a whole in the presence of an
external magnetic field. It leads to the alignment of the magnetization
along the applied magnetic field. It is expressed as

Ez = −µ0

∫
V

~M.~HdV (2.6)
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where M is the magnetization and H is the applied magnetic field and
V is the volume of the ferromagnet.

Dipolar Energy : Dipolar energy is a long-range type of interaction.
Depending on the arrangement of magnetic moments in a system,
magnetic charges arise at the surfaces, giving rise to stray fields.
Therefore to minimize this energy cost, the magnetization tends to
align in the direction such that the surface charges are minimum. The
dipolar energy is expressed as:

Ed = −
µ0

2

∫
V

M.HddV (2.7)

Here Hd =-N .M andN is the shape-dependent demagnetizing tensor
and V the volume of the ferromagnet. This energy is also known as
the magneto-static energy or shape anisotropy energy as we see that it is largely governed by
the shape of the system. Further as the curl of ~Hd is zero, it can be written as ~Hd = −~∇φ
where φ is a potential. Using the concept of magnetic volume charges (ρ = −~∇. ~M) and surface
charges(σ = ~M.~n), the magneto-static energy can be expressed as:

Ed =
µ0Ms

2

( ∫
V

ρφdV +

∫
S

σφdS

)
(2.8)

Therefore we see that to minimize this energy, the magnetic charges need to be minimized.
For minimizing volume charges, ~∇. ~M has to be small. For minimizing surface charges, the
magnetization prefers to be parallel to the edges and surfaces of magnetic systems.

In case of thin films with uniform magnetization, N⊥=1 and N ‖=0 , therefore dipolar
energy per is defined as:

Ed = Kd sin2 θ (2.9)

where Kd is the dipolar energy constant in mJ/m3 given by:

Kd = −
µ0

2
M2
s (2.10)

Therefore the shape anisotropy prefers the magnetization to lie in the sample plane.

Magnetocrystalline Anisotropy Energy : It is the energy arising out of preferential alignment
of magnetization along certain crystallographic directions. The energy cost is minimum along
easy axes/planes and maximum along hard axes/planes. Usually the volume density of magnetic
anisotropy energy K is expressed in terms of any set of angular functions associated to the
symmetry of the crystal structure. Materials with a cube-symmetric lattice structure like iron,
nickel naturally feature three (Fe) or four (Ni) easy axes with their energy density given by

Emc = Kc0 + Kc1(α
2
1α
2
2 + α

2
2α
2
3 + α

2
1α
2
3) + Kc2(α

2
1α
2
2α
2
3) (2.11)
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Here α gives the direction cosine, i.e., the cosine of the angle between the magnetization
direction and the crystal axis and Kc0, Kc1 and Kc2 are anisotropy constants. The energy density
of such a cubic anisotropy is the result of an expansion in the magnetization components along
the easy axes.

For uniaxial case in hexagonal crystals like cobalt, the magneto-crystalline energy density
can be defined as

Emc = K1sin
2θ+ K2sin

4θ+ ... (2.12)

where θ is the angle between the easy axis and the magnetization and K1 and K2 are anisotropy
constants. Very often the higher order terms are ignored due to their small contributions and
the above expression is simplified as:

Emc = Ku sin2 θ (2.13)

such that Ku is the uniaxial anisotropy constant. The origin of this energy lies in the spin-orbit
coupling mechanism describes subsequently in this chapter.

Interfacial Magnetic Anisotropy : One of the crucial discoveries in spintronics was Perpen-
dicular Magnetic Anisotropy or Out-of-Plane Anisotropy in ultra-thin film systems. Most of the
envisaged applications now rely on this phenomenon. It was first pointed out by Néel16 that the
difference in environment of the surface or the interface atoms as compared to the bulk atoms
leads to interfacial or surface anisotropy which is otherwise considered negligible in thick or
bulk materials. In other words, the break in the translational symmetry due to the presence
of planar interfaces and surfaces in ultra-thin magnetic multilayer systems strongly affects
the anisotropy energy of these systems. It could result in the easy direction of magnetization
turning out of plane and hence is also known as Pependicular Magnetic Anisotropy (PMA). The
origin of interface/surface energy contribution has been studied extensively. Many theoretical
and experimental analysis have been done using various elements in multilayers. The reason
has been primarily attributed to complex band hybridization at the interface. However, elastic
stress due to lattice distortion can also contribute to this effect17 (see figure 2.2). The effective
magnetic anisotropy energy can be expressed as

Emc = Keff sin2 θ (2.14)

where θ is the angle between the magnetization and the normal to the sample plane. Keff is
written as a sum of surface/interface (Ks) and volume contributions(Kv) .18, 19

Keff = Kv +
Ks

t
(2.15)

where Kv= Kb + Kd ; Kb is the bulk magnetocrystalline anisotropy and Kd is the shape
anisotropy and is negative, and t is the thickness of the ferromagnetic film. Ks includes surface
contributions of the two interfaces.

If the surface/interface contribution is positive, then below a certain critical thickness
(tc = −Ks/Kv), it overcomes the volume contribution and results in Keff becoming positive i.e
the interface anisotropy becomes larger than the demagnetizing contribution in absolute value.
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Figure 2.2 – Illustration of the three major contributions to the interfacial anisotropy of
an Fe/MgO interface: (a) hybridization of the atomic orbitals of the magnetic layer and
the barrier, (b) elastic stress due to the lattice distortion and (c) crystal symmetry breaking
due to the interface. Circles show the position of the atoms of Fe, O, Mg corresponding
respectively to the largest (blue), medium (red) and smallest (green) spheres. (a) Ellipses
show hybridized Fe-O orbitals; (b) dotted circles correspond to initially undistorted Fe
atom positions; (c) dotted circles represent the initial positions of Mg and O atoms before
their removal to create vacuum/Fe interfa ce.17

In this case the easy direction of magnetization becomes perpendicular to the sample plane
and hence leads to PMA.

In thin films of Fe or Co, bulk magnetocrystalline anisotropy is usually very small (except in
the case of textured films where it is of the same order) with respect to the shape anisotropy.
Therefore the volume contribution for the films that I studied in this thesis, mainly comes from
the dipolar or shape anisotropy which we know favors in plane magnetization to minimize
surface charges.

Figure 2.3 – Plot of effective magnetic anisotropy Keff multiplied by the thickness t of
the ferromagnet plot as a function of the ferromagnetic thickness. When Keff > 0 the
anisotropy is perpendicular to the surface i.e. out of plane, whereas when Keff < 0, the
anisotropy is in-plane i.e magnetization prefers to lie in the plane of the ferromagnetic film.

As can be seen in figure 2.3, the slope, equal to Kv is negative (as it is here mainly due to
shape anisotropy) and the surface contribution Ks is positive and it contributes to PMA. We
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can see that depending on the film thickness, an in-plane anisotropy is obtained for t > tc, i.e.
when Keff < 0 , and an out-of-plane anisotropy or PMA anisotropy is observed for t < tc when
Keff > 0.

Also, below a certain thickness (typically 2-3Å), the anisotropy starts to decrease due to
the decrease of the Curie temperature as a result of the intermixing of the ferromagnet with
the adjacent layers. A strong PMA is thus typically obtained around thicknesses of 1 nm with
transition towards in-plane anisotropy at around 1.5 nm. In order to obtain PMA, the film
thickness thus needs to be well controlled.

The PMA has been found and investigated both in ferromagnetic/non-magnetic metal
multilayers (for example Co/Pd) and ferromagnetic metal/metal oxide thin films (for example
Pt/Co/AlOx). Various combinations of these materials have been incorporated and studied in
ultra-thin film multilayered structures.

2.C Phenomena due to SOC in the absence of inversion symmetry

After a broad overview over the magnetic interactions that exist in ferromagnets, we will now
concentrate on the interactions solely arising due to interfaces. Interfaces between heavy
metal/ferromagnet and ferromagnet/insulator in ultra-thin film systems are arenas of rich
physical phenomena owing to strong spin-orbit coupling from the heavy metal layer and broken
inversion symmetry due to the presence of interfaces. It amalgamates electrical and magnetic
degrees of freedom leading to the control of one via the other.

Spin-Orbit Coupling (SOC) is a relativistic effect which is based on the interaction of
electron’s intrinsic spin with its motion in the orbit around the nucleus. A more generic
explanation would be that a moving electron with velocity ~v in an electric field ~E due to the
nucleus experiences an effective magnetic field in its rest frame given by

~B = ~E×~v/c2 (2.16)

where c is the speed of light. This leads to a Zeeman interaction between the electron’s spin
σ and the effective magnetic field which in turn is dependent on the momentum of the moving
electron described by

HSO = −µB(~E×~v/c2).~σ (2.17)

The electric field can stem from the nucleus of the same atom or ion, the neighboring ions or
even broken inversion symmetry at an interface. This creates a plethora of phenomena holding
immense potential for applications in Spintronics. As the SOC couples the spin and momen-
tum degrees of freedom, one of its consequences in bulk ferromagnet is Magneto-Crystalline
Anisotropy (MCA). The crystal field due to neighboring ions together with SOC link the electron
motion to the crystal lattice. This leads to the preferred alignment of electron moments hence
the magnetization along certain axes (easy) over others (hard). In the case of ferromagnetic
thin film systems where the inversion symmetry is broken at the interfaces, the SOC induces
Perpendicular Magnetic Anisotropy (PMA) where the ground state magnetization prefers
to be perpendicular to the interface. This PMA is subsequently enhanced when the thin film
ferromagnet is interfaced with heavy metal owing to higher spin-orbit interaction.
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A very striking result of the SOC combined with inversion asymmetry is antisymmetric
exchange interaction called Dzyaloshinskii-Moriya Interaction (DMI).

2.C.1 Interfacial Dzyaloshinskii-Moriya Interaction

An antisymmetric exchange interaction was first proposed by Dzyaloshinskii in 1957 to explain
weak ferromagnetism due to canted moments in antiferromagnets20. Later, Moriya21 linked the
existence of this interaction to SOC mechanism and hence the term DMI was coined. SOC in the
presence of inversion asymmetry leads to a non collinear arrangement of spins with a defined
sense of rotation and this property is known as chirality. Chirality is one consequence of asym-
metry. The presence of DMI hence leads to non-trivial whirling magnetic textures like skyrmions.
DMI can exist both in bulk systems (referred to as bulk-DMI) like non-centrosymmetric crystals
with a B20 crystallographic structure (MnSi and FeGe) where it originates in the bulk, and in
thin film systems where it arises from the interface. Inversion asymmetry naturally exists in thin
film multilayer systems composed of different materials. Therefore, in ultra-thin bi/tri-layer
systems, the DMI being of interfacial origin, is called interfacial-DMI22, 23. We will mainly focus
on the interfacial DMI for the rest of the discussion.

There have been two main approaches to quantify DMI in different systems. The first well
known origin of interfacial DMI in a local moment model is described by Fert and Levy as the
interaction between two neighboring magnetic ions with spins ~Si and ~Sj mediated by a third
ion with high SOC (usually a heavy metal)24–26. A recent proposition, which has not been
experimentally observed until the beginning of my thesis, links the DMI and chiral structures
to Rashba type SOC27, 28.

Fert-Levy Model

Fert and Levy24 described DMI as a result of interaction between two neighboring spins mediated
by a third ion with high SOC.

Quantum mechanically this interaction can be written as:

EDMI = ~dij.(~Si × ~Sj) (2.18)

Here ~Si and ~Sj are two neighboring spins and ~dij is the DMI vector as shown in figure 2.4. This
interaction leads to spin canting i.e. non collinear arrangement of spins hence directly opposing
the exchange interaction. We can hence infer from the above equations that the energy of the
spins is increased or decreased depending on the sense of rotation (clockwise or anticlockwise)
from ~Si to ~Sj around ~dij which in turn depends on the sign of ~dij and is material-specific. DMI
was first demonstrated in disordered alloys and later was extended to interfaces between thin
ferromagnetic and heavy metal layers25. The ~dij in this case points perpendicular to the plane
formed by the three atoms such that ~dij = dij.( ~rij × ~z) where ~rij is the vector connecting the
two spins and ~z is the direction normal to the film oriented from the heavy metal layer to the
ferromagnetic thin film25, 29–31 (see figure 2.4).
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Figure 2.4 – The antisymmetric exchange interaction called Dzyaloshinskii-Moriya interac-
tion described by Fert-Levy as an interaction between two adjacent spins Si and Sj of a
ferromagnet (FM) via heavy metal (HM) atom with strong spin orbit coupling.

Following a micromagnetic continuum approach the DMI energy can be written as fol-
lows32–34:

EDMI = t

∫
S

D

[(
mx
∂mz

∂x
−mz

∂mx

∂x

)
+

(
my
∂mz

∂y
−mz

∂my

∂y

)]
dS (2.19)

Here D is the effective DMI constant in J/m2, t is the ferromagnetic film thickness,mi =Mi/Ms

is the normalized magnetization and z is perpendicular to film plane. Theoretically it has been
explained that the link between dij and D depends on the type of lattice scaling as D = d/at

where a is the lattice constant and t is the ferromagnetic film thickness.

The DMI, when large enough, competes with other magnetic interactions like exchange,
dipolar and interface anisotropy to stabilize ground state chiral spin structures like chiral
Néel walls or skyrmions described in detail in the next chapter. These magnetic textures hold
immense potential for applications in next generation memory and logic devices. The DMI can
be enhanced by structural designing of magnetic multilayers with insertions of heavy metal
layers. For example Co on Pt favors anticlockwise rotation of spins. If the Pt/Co is interfaced
with another Pt of the same thickness forming Pt/Co/Pt, in the ideal case, the DMI contributions
from the two interfaces would cancel each other. Whereas Co on Ir favors a clockwise rotation
(consistent with the study by Perini et al. 35) of spins and hence due to the inversion of the
local ~z, an Ir/Co/Pt heterostructure leads to addition of the DMI contribution from the two
interfaces and hence increases the overall DMI36–38. However the additive effects are not always
straightforward. Since the DMI is of interfacial nature, the method of layer deposition and
hence the quality of the interfaces affect the overall DMI. For example in the study by Hrabec
et al. 39, a non zero DMI is observed for Pt/Co/Pt which varies as a function of thickness of Ir
inserted in between.

Note that the convention A/B/C means the layer B is sandwiched between the layer A
which is at the bottom and layer C which is at the top. We have chosen to use this convention
throughout this thesis to be consistent.
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2.C. Phenomena due to SOC in the absence of inversion symmetry

Figure 2.5 – Chiral configuration of magnetization due to the Rashba effect at the ferromag-
net (FM) and metal oxide (MOx) interface which is exchange coupled to the conduction
electrons moving in ±x direction at the same interface. Ez indicates the intrinsic interfacial
electric field which leads to the Rashba effect.

Rashba Model

Another theory has been recently proposed to explain chiral magnetism in ultra thin-films with
broken inversion symmetry. It is attributed to the Rashba effect40, 41 at the interface27. In
ultra-thin films due to inversion asymmetry, an electric field Eẑ exists at the interface. The SOC
in this case takes the form of the hamiltonian27, 28

HR = αR~σ.(~k× ~z) (2.20)

where αR is Rashba parameter proportional to the electric field (αR = −(h̄2E/2m2c2)) and ~k is
the electron momentum; It results in spin split energy bands of electrons at the interface. The
Rashba effective magnetic field given by42

~BR ∝ αR(~k× ~z) (2.21)

is experienced by the itinerant electrons resulting in torques acting on magnetization. This
mechanism is at the origin of the antisymmetric exchange interaction referred to as Rashba-DMI.
The itinerant electrons experience spin precession around ~BR and their exchange interaction
with the local magnetic moments results in the magnetization canting with a specific chirality
around the same ~BR as shown in figure 2.5. This Rashba-SOC and thus Rashba-DMI is therefore
capable of stabilizing chiral textures in ultra-thin film systems. In fact, it primarily accounts for
the DMI contributions arising from ferromagnetic/insulator43 interface for example Fe/MgO
or Co/AlOx, where the Fert-Levy picture cannot completely explain the DMI mechanism. An
extended derivation gives DRashba = 2kRA

27 where D is the DMI constant for the Rashba-DMI,
kR is Rashba coe�cient given by kR = 2αRme/h̄

2 andA is the exchange constant. As the Rashba
parameter is proportional to the interfacial electric field, one of the most interesting features
of this phenomenon is that it can be sensitive to applied external electric field to facilitate
manipulation of spins. This would lead to tuning of the interfacial DMI with applied electric
field which forms one of the major goals of this thesis.

2.C.2 Spin-Orbit Torques via Spin Hall and Rashba-Edelstein Effect

Apart from having a strong impact on the static magnetization configuration of ultra-thin
ferromagnetic systems described above, SOC can also engage in generating Spin-Orbit Torques
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Chapter 2. Interfacial Magnetism

(SOT)44 to control the dynamics of the magnetization.

Figure 2.6 – Spin Hall Effect: leading to a transverse spin current js (z-direction) with
spins polarized (jc × z) in y direction, in response to a charge current jc(x-direction) in
heavy metals (HM). This generates spin orbit torque which manipulates the magnetization
m in the adjacent ferromagnetic (FM) layer.

Figure 2.7 – Spin split Fermi surface of electron in the presence of Rashba spin orbit
coupling. On the application of current the Fermi contour shifts resulting in a non zero
spin density which diffuses as a spin current in an adjacent ferromagnetic layer leading to
Spin-Orbit Torques.

There can be two sources of the spin-orbit torques: Spin Hall Effect (SHE)45, 46 or Rashba-
Edelstein effect. The SHE is a bulk effect that results in a spin accumulation at the lateral
boundaries of a current-carrying conductor, with the directions of the spins being opposite at
the opposing boundaries, as shown in figure 2.6. The charge current hence generates transverse
spin currents which can be used to alter the magnetization of an adjacent ferromagnetic layer
through transfer of angular momentum. The SHE contributions can be extrinsic: which is
linked to Mott scattering, and intrinsic: which is based on the spin-orbit field of a crystal. The
strength of the SHE is often described by Spin Hall Angle (θSH) which is the ratio of spin current
generated over applied charge current. The SHE is therefore used to drive chiral domain walls
and hence skyrmions via exerted SOT.

Another source of SOTs in ultra-thin film systems consisting of metal/ferromagnet interface
is based on the Rashba effect which is of pure interfacial origin. The Rashba effect introduced
earlier can induce a homogeneous net spin polarization, leading to a spin current perpendicular
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to the applied charge current. This phenomenon is known as Edelstein effect/Inverse spin
Galvanic effect47, 48 and can be used to switch magnetization in the adjacent ferromagnetic
layer by exerting Spin Orbit Torques (SOT) with the same symmetry as SHE. It can also be
used to drive chiral domain walls or skyrmions in conjunction with SHE. Rashba spin-orbit
interaction lifts the degeneracy between the spin up and down bands of conduction electrons at
an interface as shown in figure 2.7. The spin state is strongly linked to the momentum k and
is opposite for opposite momentum on a Fermi surface for energy minimization (due to time
reversal symmetry). When a current is applied in the metal, it shifts this Fermi surface resulting
in uneven occupation of k and -k momentum states which leads to spin accumulation. This spin
accumulation generates SOTs on the adjacent ferromagnetic layer driving chiral Néel walls or
skyrmions.

2.D Conclusion

We saw in this chapter the different magnetic energies that determine the stable magnetization
configuration in ultra-thin film multilayer systems and also the phenomena specifically arising
from at heavy metal/ferromagnet/metal oxide interfaces, in particular the Dzyaloshinskii-
Moriya interaction and its different origins. We will now move on to see its consequences in the
form of different magnetization textures in the next chapter.
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3.A Introduction

Following the previous chapter based on the magnetic interactions at the interfaces in HM/FM/-
MOx systems, the resulting magnetic configurations are now described. The discussion is mainly
restricted to thin film systems. The different magnetic chiral textures and their respective ad-
vantages in applications are highlighted.

3.B Domains and Domain walls in thin films

A magnetic domain is a region within a ferromagnet where the magnetic moments are uni-
formly aligned constituting uniform magnetization. A magnetic material may consist of one or
several domains. A demagnetized ferromagnet corresponds to a situation where the individual
magnetization of each domain comprising it, is randomly oriented such that the net magneti-
zation is canceled. A magnetized system on the other hand refers to the situation where the
net magnetization is non-zero. The interplay of the different magnetic energies determines
the domain structure in a ferromagnetic film. While the exchange energy prefers uniformly
aligned neighboring magnetic moments and hence single-domain configurations, the dipolar
energy favors flux closure to minimize surface charges and hence leads to splitting of domains.
Anisotropy energy on the other hand likes the orientation of spins/magnetization along specific
crystallographic directions ; leading to the existence of an easy axis or an easy plane for the
magnetization. Depending on these, a certain number and shape of domains are created in

23



Chapter 3. Magnetic spin textures

the ferromagnetic film in the ground state. Magnetic history of the film also plays a role in
determining its ground state domain configuration.

Figure 3.1 – The two types of domain walls with the indication of their plane of rotation
of spins: (a) Néel type (b) Bloch type

A domain wall is a transition or a boundary separating two domains with opposite mag-
netization directions and its width depends on the characteristic length arising due to the
competition between the different energies. In ultrathin ferromagnetic films (typically <1nm)
the surface anisotropy dominates and leads to Perpendicular Magnetic Anisotropy (PMA)16

making out-of-plane (OP) magnetization energetically favorable. The magnetization inside the
domain wall can rotate in different ways ; the two limiting cases being (i) a spiral across the
domain wall i.e. with the axis of rotation perpendicular to the domain wall plane called Bloch
Wall (BW)49, 50 and (ii) a cycloidal across the domain wall i.e. with the axis of rotation parallel
to the plane of the domain wall called Néel wall (NW). They are represented schematically in
figure 3.1.(a) and (b). In the case of ultrathin films with PMA, to determine what sort of domain
wall costs lower energy, all the different magnetic energy terms need to be considered. While the
other contributions remain the same, the cost in magnetostatic energy is higher for NW than for
BW due to bulk magnetic charges hence favoring latter in usual cases. However, in the case of
ultrathin films with PMA consisting of Heavy Metal/Ferromagnet/Metal Oxide (HM/FM/MOx),
an antisymmetric exchange interaction called Dzyaloshinksii-Moriya Interaction (DMI) emerges
; as discussed in Chapter 2. On including the DMI energy contribution we obtain that the DMI
alters the energy of NW depending on its sign.

To understand the contribution of DMI to the domain wall energy, I borrow the explanation
from Rohart and Thiaville 34. For simplicity, a 1-D system is considered such that z is the easy
axis and the magnetization changes along the x-axis. As ~dij (the DMI vector) is orthogonal to
~rij (the vector connecting two spins), DMI favors magnetization rotation in the xz-plane (as z is
the axis of the broken inversion symmetry) with a fixed chirality, therefore a single angle θ can
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3.B. Domains and Domain walls in thin films

be used to describe the variation of m(x). With θ = cos (~m,~z), the total micromagnetic energy
density reads

E[θ(x)] =

∫xB
xA

[
A

(
∂θ

∂x

)2
−D

∂θ

∂x
− Keff cos2 θ

]
dx (3.1)

where xA and xB are the boundaries of the sample in the x direction, A is the exchange
constant in J/m, D is the continuous effective DMI constant in J/m2, Keff(=Ks/t− 1/2µ0M2

s) is
the effective anisotropy of the system in J/m3. In this equation we can notice that the exchange
and anisotropy terms are independent of the sense of rotation of the magnetization ; i.e. they
are invariant to the sign of θ. On the contrary, the DMI term is chiral such that lowest-energy
states are expected for ∂θ∂x of the sign of D favored for the system. It is further shown using
standard variation calculus that the function θ(x) which minimizes the energy is the solution of
the following equations:

∂2θ

∂x2
=

sin θ cos θ

∆2
, xA < x < xB (3.2)

∂θ

∂x
=
1

ζ
, x = xA or x = xB (3.3)

where ∆ =
√
A/Keff is the Bloch-width parameter and ζ = 2A/D is related to DMI. By

integration of 3.2 we obtain (
∂θ

∂x

)2
=
C+ sin2 θ

∆2
(3.4)

where C is an integration constant. Considering an infinite system in the x direction, if the
D is small such that the domain-wall energy remains positive, the integration constant C must
be zero so that no cycloid develops. Equation 3.4 now has two types of solution. The first one
is uniform with θ = 0 or π. The second one corresponds to a domain wall with

θ(x) = 2 arctan

[
exp

(
± x− x0

∆

)]
+ nπ (3.5)

where x0 is the position of the domain wall and n an integer. The ± sign determines the
chirality of the domain wall and n enables the two types of wall (from 0 to ±π or from ±π to
±2π). The domain wall energy can then be determined by using equations 3.1 and 3.5.

σ = 4
√
AKeff ∓ πD (3.6)

We can hence infer from eq. 3.6 that the DMI introduces a chirality hence lowering the
energy of the Néel wall favoring a sense of magnetization rotation in the x-z plane. Therefore,
this contribution, when larger than the difference between NW and BW energies (which is due
to magnetostatic energy cost arising in Néel type configuration), leads to stabilization of chiral
Néel wall51, 52.
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3.C Chiral Domain walls

Figure 3.2 – (a) A left-handed chiral Néel domain wall : The spins rotate anticlockwise
from up to down and back to up state . (b) A right handed chiral Néel domain wall: The
spins rotate clockwise from up to down and back to up state. It can be seen that for both
the cases the rotation is continuous.

When the DMI is large enough, more precisely when it is larger than a critical DMI value
Dc (D > Dc = 4∆K/π)29, a Néel type DW is energetically favored. In addition, the sign of
the DMI parameter D detemrines the chirality of the NW22, 23, 53. Both Fert-Levy DMI24 and
Rashba27 DMI play entangled roles in producing chiral magnetic textures. Note that there
can be different conventions for the DMI sign and the associated chirality depending on the
definition of the DMI vector i.e. whether ~dij = dij( ~rij × ~z) or ~dij = −dij( ~rij × ~z) where ~rij is
the vector connecting the two spins and ~z is the axis of the broken inversion symmetry. We
use the convention that a positive overall DMI (D > 0) results in the anticlockwise (ACW)
sense of rotation of magnetization across the DW also called left-handed (LH) configuration
and a negative DMI (D < 0) results in clockwise (CW) rotation called right-handed (RH)
configuration. The two types of chiral configurations of Néel type of domain walls is depicted
in figure 3.2.

3.D Magnetic Skyrmions

Skyrmions are named after the physicist Skyrme, who developed non linear field theory for
interacting elementary particles and described topological configurations as particle like solu-
tions54. A magnetic skyrmion55, 56 is a chiral spin arrangement often described as a whirling
spin texture in a magnetic material with particle-like properties57. Depending on the chirality,
the spins constituting a skyrmion rotate in succession across its width, for example from being
up at one edge to down at the center and up again at the other edge. The rotation of the spins
is determined by the DMI vector ~dij introduced earlier. When ~dij ‖ ~rij a Bloch-type skyrmion
is energetically stable (figure 3.3(a)). On the other hand when ~dij ⊥ ~rij, it leads to Néel-type
skyrmion (figure 3.3(b)). Skyrmions in two-dimensional case are defined by their winding
number or topological number58:
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3.D. Magnetic Skyrmions

Figure 3.3 – Two types of skyrmions: (a) Bloch type which are stabilized by bulk-DMI and
exist in bulk noncentrosymmetric crystals where the spins rotate continuously with their
axis of rotation in the direction perpendicular to the plane of the domain wall (b) Néel
type which are stabilized by interfacial DMI and exist in thin film systems and the spins
rotate continuously with their axis of rotation in the plane of the domain wall.

S =
1

4π

∫
~m.

(
∂~m

∂x
× ∂

~m

∂y

)
dxdy = ±1 (3.7)

where ~m is the normalized local magnetization which in case of a skyrmion, when mapped
on a unit sphere, covers it entirely (4π) and is hence quantized. The non-trivial topology renders
the skyrmion topologically protected meaning that it cannot be unwound continuously to result
in a state with different S. For example it cannot be transformed continuously to a uniformly
magnetized state (S=0) without generating a singularity. Their finite extension due to their
solitonic nature enables them to be channelized as information carriers.

Skyrmions were initially identified in B-20 magnetic compounds or thin film chiral magnets
like MnSi59, Fe1−xCoxSi60 and FeGe61. In the case of B-20 magnets, the lack of inversion
symmetry of the cristallographic structure gives rise to a bulk-DMI and stabilizes Bloch-like
skyrmions below room temperature and under large external magnetic fields. Skyrmions were
later observed in epitaxial ultrathin magnetic layers grown on heavy metals like Ir/Fe22 and
Ir/Fe/Pd62. Here the interfacial DMI due to broken inversion symmetry plays the pivotal role in
stabilizing Néel-type skyrmion. However skyrmions in the abovementioned systems were only
stable at low temperatures (<30K) and at high magnetic fields (in the order of T). Applications
of skyrmions in spintronics necessitates them to exist at room temperature under zero applied
magnetic field and with growth techniques that are compatible with industry requirements.

Therefore the research attention has shifted to sputter-deposited ultrathin films of HM/FM
bilayer, HM1/FM/HM2 or HM/FM/I (Insulator) trilayers. Here the skyrmions have been observed
at room temperature with much lower applied magnetic field. Multilayer stacks with PMA in fact
enable additive DMI from several interfaces if the DMI sign is same from a given arrangement of
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the individual layers. For several repetitions, it leads to the dipolar coupling of skyrmions in the
successive ferromagnetic layers forming a columnar structure stable at room temperature due to
large magnetic volume. For example in (Ir/Co/Pt)×10 skyrmions in the range of 30-90 nm were
observed by Scanning Transmission X-ray Microscopy (STXM)38. Several other combinations of
heavy metal, ferromagnet and metal oxides have been explored where skyrmions have been
found to be stable at room temperature including Ta/CoFeB/TaOx trilayers (skyrmion radius
R ∼ 1 µm)63, (Pt/Co/Ta)×15 (R ∼ 120 nm0) and (Pt/CoFeB/MgO)×15 multilayers (R∼120
nm)64, Pt/Co/MgO trilayers (R∼80 nm)65, and Ta/CoFeB(/Ta)/MgO (R∼450 nm)66.

Skyrmionic bubbles

In several multilayer structures in the presence of interfacial DMI, a distinction is often made
between DMI skyrmions (few nm) and dipolar-field skyrmions (few tens of nm to several
µm)67, 68. Both types are indeed chiral and of the Néel type due to the DMI ; therefore,
they share the same topological charge (=1) and are often referred to as skyrmions. The term
skyrmionic bubble has been used to describe large µm-sized skyrmions67, 69, 70. These skyrmionic
bubbles are different from classical bubbles that are only stabilized by dipolar interactions (i.e.
in the absence of DMI) hence being Bloch-type bubbles with no preferred chirality. Skyrmionic
bubbles also share the same behavior as skyrmions in terms of current-induced motion except
the fact that they are much slower and seem to be less affected by pinning.

3.D.1 Creation and detection of skyrmions

Controlled nucleation and detection of skyrmions is a prerequisite for their applications in
devices. In extended thin films, a fine tuning of the layer thicknesses creates a delicate balance
of all the involved magnetic interactions such that the application of magnetic field leads to
nucleation of skyrmions at room temperature. This type of skyrmion nucleation has been ob-
served in Pt/Co/AlOx69, Pt/CoFeB/MgO64, Ta/FeCoB/TaOx63. Confinement effects have also
been explored to create and stabilize skyrmions for example by flowing non-uniform currents
through geometrical constrictions, micron sized skyrmionic bubbles (1µm) were formed from
stripe domain walls in Ta/FeCoB/TaOx trilayer63. In Pt/Co/MgO65, skyrmion (130nm) can
be stabilized in the absence of magnetic field by using patterned nanostructures consisting of
dots (of size 420nm). Electric-field-induced writing and deletion of skyrmions was recently
demonstrated. It was shown that a switch between a skyrmionic and the ferromagnetic state
was possible by application of voltage through the tip of Scannening Tunneling Microscope
(STM) for an epitaxial Fe film on Ir(111) at 7.8K71. Later on, room temperature nucleation
and annihilation of skyrmionic bubbles by electric field was realized in Pt/Co/AlOx69.

Skyrmions in ultra-thin ferromagnetic films (either single or multilayers) can be imaged us-
ing microscopy techniques like Magneto-Optical Kerr Effect (MOKE)63, 69, 70, 72, Magnetic Force
Microscopy (MFM)73, 74, X-ray Magnetic Circular Dichroism combined with Photo-Emission Elec-
tronMicroscopy (XMCD-PEEM)65, 75 and Scanning Transmission X-ray Microscopy (STXM)38, 64.
Apart from these imaging techniques, skyrmions can be detected by magnetic tunnel junctions
which rely on the phenomenon of tunnel magneto-resistance. Further Extraordinary (or Anoma-
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lous) Hall-Effect measurements76, 77 could also indicate the presence and absence of skyrmions.

3.D.2 Current-induced motion of skyrmions

The other important aspect towards skyrmion-based devices is their motion under applied
current. Ideally, the skymion motion is supposed to overcome the problem of defects encountered
in conventional domain wall motion and even offer higher velocity for lower current densities.
Their motion is governed by spin torques. It can be either exerted by (i) Current In-Plane
Spin Transfer Torque (CIP-STT) when a spin polarized current flows through the ferromagnet
itself or by (ii) vertical spin currents generated by Spin Hall Effect (SHE) or Rashba-Edelstein
Effect (Inverse Spin galvanic effect) when a charge current flows in a heavy metal adjacent to
the ferromagnet. The distinction between the dominance of these two effects in driving the
skyrmion motion is still unclear.

Figure 3.4 – Schematics depicting skyrmion motion under applied current. The charge
current jc in x direction in the heavy metal layer leads to a transverse spin current due to
Spin Hall Effect (or and Rashba Effect)(with the spins polarized in +y direction flowing
towards the FM layer) An effective Spin hall field HSH acts on the core magnetization of
the domain wall on the corresponding edge of the skyrmion. The HSH being opposite at
the opposite edges leads to skyrmion motion along the current direction with a velocity v.
The Gyrotropic force then acts on this v leading to a transverse deflection of the skyrmion
such that the direction of final velocity has both x and y components.

The vertical spin current generated by SHE (or Rashba Effect) has been found to be more
e�cient in driving the skyrmion both in terms of their velocity and required current density.
There are two basic attributes of skyrmion motion. A skyrmion not only moves longitudinally
i.e. along or against the direction of current but also transverse to it which is a characteristic
of its topology as shown in figure 3.4. Thiele equation78, 79 describes the motion of skyrmion
taking these two into account.

4πB.jc +G× v− αD.v = 0 (3.8)

The first term governs the longitudinal motion of the skyrmion, i.e. along the current
direction. The tensor B is the spin torque e�ciency of the SHE, jc is the current density flowing
in the HM and given by js/θSH, js being the spin current density, and θSH the Spin Hall Angle
(SHA) of that denotes the Spin-Orbit Torque (SOT) e�ciency of the HM. The SHE is the HM
leads to a spin accumulation at the HM/FM interface and induces a torque on the magnetization.
This torque, also known as Slonczewski-like (SL) SOT or damping-like SOT can be represented
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as a magnetization-dependent effective magnetic field defined by80 ~HSL = HSL(~m× (~jc × ~z)

which is in ±z direction acting on the core magnetization of the DW at the two edges of the
skyrmion diameter along the current direction. This leads to its net displacement along or
against the current direction. Note that the term ~HSL depends on the magnetization direction
(which depends on the chirality and hence the DMI sign) and HSL contains the SHA (θSH)
which is material dependent and can be either positive or negative depending on the HM ;
for example positive for Pt81. Therefore lets say that with θsh > 0, the Right-Handed domain
walls/skyrmions move along electron flow, whereas the Left-Handed domain walls/skyrmions
move along the conventional current direction. In other words, for a given sign of θsh, both the
types (RH and LH) move in the same direction if they have the same chirality, which is fixed by
the DMI (more detailed information can be found in the supplementary information of Emori
et al. 80).

The second term is the Gyrotropic force with v the skyrmion drift velocity and G = (0, 0,
−4πS) being the Gyromagnetic coupling vector, and S the topological charge/skyrmion number
defined earlier in equation 3.7. This force, transverse to the skyrmion motion direction, will
result in a net deflection of the skyrmion from the trajectory imposed by the SHE (topological
Magnus force). Since, the sign of G depends only on the skyrmion core polarity (given by the
sign of S), but sign of that force only depends on the skyrmion topological charge. Therefore,
skyrmions with opposite topological charge S will be deflected in opposite directions. Therefore,
this phenomenon is termed as Skyrmion Hall Effect (SkHE).

In the third term, α is Gilbert damping coe�cient, D is the dissipative tensor. In the case of
a skyrmion with rotational symmetry where the skyrmion radius R is much larger than the DW
width ∆, it reduces to a scalar D ∝ R/∆82.

The Skyrmion motion has been explored in several systems. It started with Ta/FeCoB/-
TaOx63, 79 where micron-sized bubbles move due the SOT originating from the SHE in the Ta
layer. Their velocities are in the range of 25 µm/s at low current densities of 4 × 108A/m2

suggesting a creep regime, up to 1m/s for higher current density of 6×1010A/m2 where they are
in the flow regime overcoming the pinning. The observed Skyrmion Hall angle was found to de-
crease upon the increase of skyrmion diameter. The mean velocities in the case of [Pt/Co/Ir]×20
were found to be 40 mm/s. Velocities as high as 100 m/s has been achieved for Pt/CoFeB/MgO
and Pt/Co/Ta at current densities around J = 5 × 1011A/m2 up to J = 2 − 2.5 × 1011A/m2

in the flow regime64. For an e�cient skyrmion based device it is imperative to ensure high
velocity for small (sub-30 nm) skyrmion and minimize the Skyrmion Hall Effect (SkHE). To
solve the problem of SkHE and pinning, ferrimagnetic, antiferromagnetic (synthetic or not)
skyrmions and antiskyrmions are being investigated.

3.E Other spin textures

3.E.1 Ferrimagnetic skyrmions

In order to overcome the shortcoming of skyrmions in terms of their pinning dominated current
driven motion and skyrmion hall effect, ferrimagnetic skyrmions are being explored83–85 which
seem to offer better current driven dynamics. Ferrimagnetic skyrmions are basically antiferro-
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magnetically exchange coupled so-called Synthetic Antiferromagnets (SAF) skyrmions having
opposite topological charge. They can be realized using either ferrimagnets or ferromagnetic
layers with strong antiferromagnetic exchange coupling. The Skyrmion Hall Effect (SkHE)
in their case is reduced and in theory suppressed if the net magnetic moment is zero as the
Magnus force due to the topological charge is opposite for the two antiferromagnetically couple
skyrmions. The longitudinal motion remains unaffected. They are now hence seen to be very
promising for applications

3.E.2 Antiskyrmions

Figure 3.5 – Spin structure of an antiskyrmion

Another type of magnetic structure known as antiskyrmion (shown in figure 3.5) arises
when the DMI is anisotropic i.e. DMI is of opposite signs along two perpendicular directions.
They are composed of boundary walls that alternate between Bloch and Néel type when its
boundary is traced. Antiskyrmions like skyrmions can be formed both in bulk systems and thin
film multilayers with specific respective crystal symmetries86, 87. They also offer suppression of
Skyrmion Hall Effect and hence are being currently explored.

3.E.3 Skyrmionium

Skyrmionium is yet another type of magnetic configuration with a ring-like (doughnut) structure
shown in figure 3.6. It is often described as being composed of two skyrmions with opposite
winding numbers88, 89. Its topological charge is S=0 ; therefore it should exhibit a motion
without Skyrmion Hall Effect90, 91. We observed similar structures in our samples of Ta/Fe-
CoB/TaOx. However their current induced motion or their internal spin structure needs to be
investigated for its authenticity.
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Figure 3.6 – (a) From Zhang et al. 88: The internal structure of skyrmionium depicted
as a coalition of two skyrmions with opposite winding numbers. (b) p-MOKE image of a
skymionium-like structure observed in our sample composed of Ta/FeCoB/TaOx.

3.F Why chiral magnetic textures? Envisaged Applications

One of the very famous proposed applications of domains and domain walls is a magnetic
racetrack memory7, 92. This memory is based on storing the bit-wise information in the do-
mains on a magnetic strip or a 3-D nanowire which therefore offers high storage density. The
information can be manipulated by moving the domain walls through applied current via spin
transfer torque or even with magnetic field therefore requiring no physical movement unlike
the conventional hard disk drive which has to mechanically rotate. Despite these advantages
this technique suffers from the requirement of high current densities to write bits and heating
effects with high speed. Replacing ordinary domain walls with chiral magnetic structures can
help to overcome the present shortcomings.

For example a racetrack memory based on skyrmions, also called Skyrmion Racetrack
Memory9, 30, 93, offers many advantages. First, higher integration density can be achieved as
skyrmions can be compressed to very small sizes and the internal spacing between the skyrmions
can be as low as their diameter. Secondly they are theoretically believed to have faster and
flexible current induced motion based on spin orbit torques due to low pinning. Their detection
can be similar, like in the case of domain walls, which uses magneto-resistance or other methods
solely based on its topological properties. Having said that, experimentally this application
is facing a lot of challenges in terms of reducing the skyrmion size and getting rid of pinning
and Skyrmion Hall Effect (SkHE) associated with the motion. Therefore antiskyrmions and
antiferromagnetically exchange-coupled skyrmions with opposite topological charge are being
investigated too for this application as they are expected to solve the aforementioned issues94.

Besides the application in memory devices, chiral magnetic textures can also be employed to
carry bit-wise logic operations. This is based on utilizing their solitonic or particle like properties.
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It can be realized through creation and annihilation of skyrmions. Recently skyrmion based AND
and OR logic gates have been proposed opening a new a paradigm of skyrmion utility95. Several
other applications are also budding, like Skyrmion-based Microwave Detectors96 based on
their breathing modes97, Skyrmion Spin Torque Oscillators98, Skyrmion-based Synaptic99

or Artificial Neuron Devices and Skyrmion-based Neuromorphic Computing100. In order
to realize these applications it is imperative to optimize the skyrmions in terms of their size and
enable their dynamic manipulation for the desired applications.

3.G Conclusion

In this chapter we have seen the different chiral magnetic textures that could exist in thin
film trilayer systems consisting of heavy metal, ferromagnet and insulator and their envisaged
applications. We saw how DMI plays an important role in stabilizing these textures specially
skyrmions. We also went through some of the recent methods engaged in creation, detection
and observation of skyrmions. A prerequisite for their application in devices is their effective
tuning. It is challenging to obtain stable skyrmions and manipulate them as needed. Therefore
the next chapter addresses the static and dynamic manipulation of magnetic properties in thin
films which in fact is manifested as a change in the properties of skyrmions.
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4.A Introduction

The previous chapters highlighted the intricacies of magnetism at interfaces and how it steers
the formation of chiral magnetic structures leading to a new paradigm of spin-based application,
more specifically for memory and logic operations. Control of interfacial magnetism is a
prerequisite to effectuate the desired applications. It would serve as a mean to design a
model system as well as to tune it to suit further needs. In this chapter, we discuss how the
interfacial magnetic properties like magnetic anisotropy and DMI can be modulated which
involves appropriate choice of materials and their respective thicknesses, interface quality,
temperature-dependence and applied voltages. Some of the latest achievements in this area
made by several groups are also listed.

4.B Modification of Magnetic Anisotropy

Concentrating mainly on the thin film systems, we know that the effective magnetic anisotropy
has both surface and volume contributions. The surface contribution mainly comes from the
interface anisotropy and the volume contribution can be magneto-crystalline and magnetostat-
ic/dipolar/shape anisotropy. For ultrathin films, the magneto-crystalline anisotropy is usually
very small. Some methods to maneuver the effective magnetic anisotropy is described below.
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4.B.1 Variation of Thickness and Composition of Ferromagnet

It is now well known that the effective anisotropy becomes a function of thickness for thin
ferromagnetic films. As already explained in chapter 2, the surface anisotropy starts dominating
the shape anisotropy for lower film thicknesses101. Therefore the volume and the surface contri-
bution to the effective anisotropy can be tuned by adjusting the thickness of the ferromagnetic
layer19, 102. Figure 4.1 shows the variation of the effective anisotropy as a function of thickness.

Figure 4.1 – From Bruno and Renard 19: Hysteresis loop with applied magnetic field H
perpendicular and parallel to the film plane for Au/Co/Au sandwiches with Co thickness t
= 5.4 Å, 9.5 Åand 15.2 Å, at T=10K

The magnetic anisotropy depends also on the composition of the ferromagnetic layer. For
example the magnetic anisotropy of FeCoB layer is a function of the percentage of Fe and
Co103, 104 as depicted in figure 4.2. This can be ascribed to the location of the 3d states of Fe or
Co in relation to the 2p orbitals of the oxygen ions in the first magnesium oxide layer which
governs the overall contribution to the interfacial anisotropy.
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Figure 4.2 – From D. D Lam and Suzuki : Schematic view of sample stacking structures
(left) Magnetization curves of samples with 1.0 nm MgO overlayer for the three alloys
(black curves: as-deposited, red curves: annealed at 300◦ C).The saturation field increases
with increasing the Co concentration.

Figure 4.3 – Plot of the variation of interface anisotropy coe�cient Ki calculated for
two different thicknesses (1.2nm and 1.9nm) of ferromagnet (FeCoB) as a function of
temperature obtained experimentally during my master thesis (left graph), A similar plot
obtained by Alzate et al. 105 (right graph)

4.B.2 Temperature

The role of temperature is extremely important in the case of ultra-thin ferromagnetic films. If
the ferromagnetic thickness is too small, the thermal energy at room temperature can itself
lead to its stochastic switching. In fact the magnetization switching from one easy direction to
the other due to thermal excitation is given by the Néel-Arrhénius law :

τ = τ0 exp
Keff.V

kB.T
(4.1)

where τ is the relaxation time, τ0 is a typical time of 10−9-10−10 s , kB is the Boltzmann
constant and T the temperature. We can therefore infer that if the effective anisotropy is low
the effect of temperature starts dominating, which is often the case at different transition
thicknesses of ferromagnet : (i) ferromagnet to paramagnet in the order of few angstroms
or (ii) out-of-plane to in-plane anisotropy in the range of 1-2 nm. In fact, thermal excitation
leads to the formation of spontaneous thermally demagnetized domain structures observed in
many HM/FM/MOx trilayer systems like Ta/FeCoB/TaOx, Pt/Co/MgO or Pt/Co/AlOx at room
temperature. Since the temperature facilitates in jumping over the energy barrier between
different magnetization states, it can both work in favor or against magnetization textures,
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specially skyrmions. A slight change of temperature can affect them largely. In figure4.3 is an
example comparing the variation of interface anisotropy coe�cient as a function of temperature
obtained during my masters thesis.

4.B.3 Electric Field

Electric field has emerged to be one of the most important tools to play with interfacial
magnetism106, 107. It offers both position specific and dynamic control of magnetism at interfaces.
It was first demonstrated for Fe/Pt and Fe/Pd films using an electrolytic cell108. Owing to
the ion accumulation and depletion at the ferromagnet interface due to the electrolyte on the
application of voltage, a reversible modification of magnetic anisotropy was displayed. This
phenomenon then opened a new field of research in terms of controlling the interfacial magnetic
properties through voltage.

Figure 4.4 – Schematic view of applied electric field across a heavy metal(HM) /ferro-
magnet(FM) /metal oxide(MOx) system. Due to the screening effect of the electric field
in metals, it mainly acts on the FM/MOx interface and does not penetrate the FM/HM
interface

Generally when a voltage is applied across a typical HM/FM/MOx trilayer, depending on
its sign, it leads to either accumulation or depletion of electrons at the FM/MOx interface.
This is only confined to the FM/MOx interface due to the fact that the electric field owing to
screening effect in a metal can only penetrate ∼ 0.2 into the ferromagnetic film and therefore
is negligible beyond it as shown in figure 4.4. The accumulation or depletion of electrons at
this interface leads to a change in electronic occupation of orbitals and hence hybridization
in the ferromagnetic layer. A simple picture is described in figure 4.5. Since the interfacial
magnetic anisotropy is directly a result of complex band hybridization at the interface, it can be
directly altered by applied voltage. There can be several mechanisms associated to this electric
field effect. A rapid charge redistribution described above occurs on a short time scale ranging
from the order of nano seconds to few seconds. Another mechanism could be migration of ions
(usually oxygen ions) under applied voltage from the metal oxide to the MOx/FM interface.
It could superimpose with the previous mechanism to produce larger changes. Ion-migration
has been known to result in larger electric field e�ciency (equals to a change of a magnetic
parameter per voltage applied per unit thickness) defined by109 defined by

βKs =
∆Ks

V
tFM (4.2)

This phenomena however occurs at longer time scales and can range from few minutes to
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several hours. Both these mechanisms can lead to the change in the effective anisotropy of the
ferromagnetic film facilitating magnetization switching.

Figure 4.5 – (a) Schematic view of sample stack under applied voltage indicating depletion
of electrons at theMOx/FM interface for negative voltage. (b) The rearragement of electrons
in the d-orbitals of the FM layer due the effect of the applied voltage.

Electric field has been found to also change the saturation magnetization and hence the
Curie temperature in the case of extremely thin ferromagnetic films (0.4-0.8 nm). This happens
typically when the FM thickness is close to transition between ferromagnetic and paramagnetic
regimes. For thicknesses in these ranges, all the interfacial magnetic properties become promi-
nent as compared to bulk systems and hence are sensitive to applied voltages. Establishing
interfacial control of properties via electric field enables magnetization switching process which
is crucial from technological point of view.

Below are few examples of studies done on the application of electric fields to manip-
ulate effective anisotropy for different applications. Y Shiota et al. in 2009 used Au/bcc-
Fe80Co20/MgO/polyimide/ITO (grown epitaxially) junctions with perpendicular magnetic
anisotropy and realized voltage-induced magnetization switching under an applied magnetic
field at room temperature.110 They saw that the easy axis of magnetization could be manipu-
lated with an applied electric field. It got rotated from in plane to perpendicular as the voltage
applied was changed from +200V to -200V. Later in 2010 they realized this effect in a magnetic
tunnel junction (MTJ) structure consisting of FeCo/MgO/Fe with Fe layer having in-plane
anisotropy and FeCo having out-of-plane anisotropy111.

In 2010 Endo et al. demonstrated the effect of electric field on MgO/Co40Fe40B20 (wedge)/Ta
structures.112 They observed the changes in anisotropy and coercivity using transport mea-
surements. They calculated the change in magnetic anisotropy energy per unit volume as a
function of applied electric field which is shown in Fig.4.7.

Some remarkable achievements have been made to control magnetic skyrmions in Ir/Fe
structures by electric field. Recently it was shown that electric field can be used to write and
delete skyrmions i.e. switch between a skyrmion state and a uniformly magnetized state at
low temperature (7.8K) and under large applied magnetic fields (in the order of T) using Spin
Polarized-Scanneling Tunneling Microscopy (SP-STM) tip71 shown in figure 4.8(a). Writing and
deletion by voltage was mainly attributed to changes in anisotropy and exchange parameter.
Magnetic skyrmions are hence seen to be directly controlled by applied voltages paving the way
towards their utilization in memory and logic devices. Electric field switching of skyrmionic
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Figure 4.6 – From Shiota et al. 110: Magnetic hysteresis curves under out of plane magnetic
field, of a 0.58-nm-thick Fe80Co20 layer, measured under positive (blue) and negative (red)
bias voltage applications.

Figure 4.7 – From reference Endo et al. 112: The electric field EG dependence of magnetic
anisotropy energy for MgO/CoFeB/Ta structures with tCoFeB=1.33 nm. Left vertical axis
is for per volume Eperp and right is for per sheet area Eperpt.

bubbles was also demonstrated in Pt/Co/AlOx69 (figure 4.8(b)) systems at room temperature
during the thesis of Marine Schott in joint collaboration between Institute Néel and Spintec.
Here the electric field was applied via patterned electrodes on the sample and it was probed
by Magneto-optic Kerr Effect (MOKE) microscope. This study also relies on the electric field
manipulation of interface magnetic anisotropy and magnetization. Although it was speculated
that a change of interfacial DMI could be probable but it could not be made evident. Extracting
DMI from MOKE experiments is in fact cumbersome owing to large error bars involved with
multiple parameters that need to be determined for calculations.

4.C Modification of Dzyaloshinskii-Moriya Interaction

We have witnessed in the previous chapters how the antisymmetric exchange interaction called
DMI provides the framework for the existence of chiral magnetic textures and also novel spin-
orbitronic phenomena leading to fast current-induced domain wall motion. We recall that in
the case of thin film systems, the origin of DMI not only lies at the heavy metal/ferromagnet
interface (Fert-Levy type DMI) but can also stem from ferromagnet/metal oxide interface
(Rashba-type DMI). The Rashba type contribution to DMI was only theoretically predicted
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Figure 4.8 – (a) From Hsu et al. 71: Writing and deletion of individual magnetic skyrmions
by Spin-Polarized Scanneling Tunneling Microscopy tip (Cr bulk tip) at low temperatures
(7.8K) in Ir/Fe bilayer. Perspective views of subsequent SPâSTM constant-current images
of the same Fe triple layer area ( Vapplied = +0.3 V, I = 0.5 nA, B=+2.5 T). The voltage
ramps up to Vapplied = -3 V (+3 V) between the images have been performed at the
positions of the dashed (solid) circles, which reproducibly result in deleting (writing) of an
individual magnetic skyrmion. (b) From Schott et al. 69: Electric field induced switching
of skyrmionic bubbles at room temperature in Pt/Co/AlOx structures (left): The p-MOKE
image of electrode under applied voltage. At -20V the skyrmion density is large whereas
almost all the skyrmions disappear at +20V. (right) Schematic representation of the behavior
of skyrmions under applied voltage. The electric field acts like a switch, leading to the
nucleation and annihilation of skyrmions.

before the beginning of my thesis and an experimental demonstration was never made (this
forms one of the major topics of my PhD thesis and is presented in chapter 8).

From a broader perspective, DMI is largely dependent on the relative position of the
electronic states of the respective interfaces for example 3d states of FM and 5d states of heavy
metal113 or 3d states of FM and 2p states of oxygen ions in MOx. Static or dynamic DMI
engineering at these interfaces can facilitate the tuning of the chiral magnetic textures as well
as current-induced domain wall motion for various applications like memory or logic devices.
Several approaches have been made to tune the overall DMI in thin film systems.

4.C.1 Multilayer Stacking

One of the ways to enhance DMI is to stack different HM or MOx layers on either side of the FM
such that there is an additive effect at each interface making the overall DMI quite strong. For
example the sign of the DMIs for Co/Ir and Co/Pt are opposite. On reversing the stack direction
i.e. Ir/Co gives the same sign of DMI as Co/Pt, therefore a multilayer structure like Ir/Co/Pt
has a DMI greater than both Ir/Pt and Co/Pt. Similarly, multilayer stacks like Ir/Fe/Co/Pt
are predicted to possess an even higher DMI than Ir/Co/Pt, due to the fact that Ir/Fe gives
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Figure 4.9 – From Ma et al. 114: Variation of DMI coe�cient,Ms, and effective anisotropy
as a function of Pt thickness in Ta/FeCoB/Pt/MgO.(a) The obtained linear dependences
of fDM (=fS-fAS explained in the Brillouin Light Spectroscopy section in chapter 5) as a
function of kx for different thicknesses of Pt along with the multilayer structure shown in
the inset. The solid lines show the least-squares fits. (b) The interfacial DMI constant D
as a function of the Pt layer thickness tPt derived from the previous plot. The red squares
are derived from the linear fits on the kx dependences of fDM with different tPt. The
black circles are obtained through fDM/kx at fixed kx = 16.7 rad/µ m by varying tPt in a
smaller step size. (c)MS and (d) 4π Meff as functions of tPt. The red (black) dots in (d)
are obtained from the field dependence BLS (VSM) measurements, respectively.

a higher DMI coe�cient than Ir/Co36, 37. It was also shown in case of Ta/FeCoB/Pt/MgO
heterostructures that the DMI varies linearly as function of the Pt thickness where the DMI
contribution comes from both Ta/FeCoB and FeCoB/Pt interafces shown in figure 4.9114. This
highlights the importance of the two HM layers being channelized to increase the DMI and
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decrease the anisotropy to further assist in skyrmion nucleation. Moreover repetitive stacking
of HM1/FM/HM2 can further lead to increased thermal stability of the chiral structures such as
skyrmions formed in this system due to large magnetic volume and their dipolar coupling across
the successive layers38. Theses cases mainly pertain to Fert-Levy DMI24 mechanism. DMI can
also be enhanced by adding oxides on top of HM/FM bilayer, for example Pt/Co/MgO65. Here
the DMI at Co/MgO interface comes from Rashba effect27.

4.C.2 Irradiation and Oxygen Adsorption

Figure 4.10 – From Balk et al. 115: A surface plot of µ0HDMI showing variation as a
function of µ0Hc and EAr+ with Ar+ dose increasing towards the bottom of the surface
plot. Inset:µ0Hc decreases monotonically with Ar+ dose for a sample with EAr+= 100 eV.

It has been shown recently that DMI can be spatially tuned in HM1/FM/HM2 structures
using Ar+ irradiation technique. For example in the case of Pt/Co/Pt115 with perpendicular
magnetic anisotropy (PMA), this DMI change due to irradiation has been mainly attributed
to the increased disorder between the top Co/Pt interface. Also, it is shown that ion-induced
interfacial disorder, and reduction of the thickness of the top Pt layer, decrease coercivity and
hence the magnetic anisotropy. Considering the DMI, since Pt/Co/Pt is a symmetric structure,
in ideal growth conditions it should exhibit a zero effective DMI due the cancellation of the
individual DMI contributions being equal and opposite. However, irradiation modifies the top
interface, reducing the thickness of top Pt and eventually resulting in Co oxidation, hence
leading to the emergence of an effective DMI. It can also eventually result in the inversion of
the sign of effective DMI (figure 4.10) which is attributed to top Pt layer removal. Such spatial
DMI control could be very promising for designing novel spintronic devices.

Another study in this area shows captivating ideas. It has been shown theoretically that
surface oxidation can greatly impact DMI in the case of FM/HM bilayers (e.g. Fe/Ir)116. It has
been shown that for an oxygen coverage of 0.5 monolayer, the DMI exhibits a peak stabilizing
chiral magnetic ground state. Further it has also been suggested that the sign and the strength
of the DMI is highly dependent on the charge transfer and hybridization between 2p oxygen
and 3d-FM, 5d-HM states around Fermi level. It is not only limited to the effect of oxygen

43



Chapter 4. Manipulation of interfacial magnetic properties

adsorption but can be extended to other electronegative ions (C,N,F) which produce the same
effect. As electric field can actively manipulate the oxygen ion concentration at the interface,
this work further paves the way towards electrically controlled interfacial DMI which will be
discussed next.

4.C.3 Electric Field

Electric Field application to modify magnetic properties has been a very popular field of research
over the last few years. Owing to the fact that it is power saving and can offer both spatial and
temporal manipulation of magnetic properties, its applications in Voltage Controlled Magnetic
Anisotropy (VCMA)- Perpendicular Magnetic Tunnel Junctions (MTJs) has been long proposed
as described in the earlier sections. However its implications on DMI until now has not been
made very clear. Theoretical predictions have estimated the electric field e�ciency (=change
in DMI energy/voltage applied per unit thickness) defined by equation:

βDMI =
∆D

V
tFM (4.3)

It is expected to be in the order of βDMI=26 fJ/Vm43. Although a very small voltage-induced
variation of DMI in thick FM films (20 nm) consisting of epitaxial Au/Fe/MgO by Nawaoka
et al117 was reported, DMI variation with voltage in ultra-thin films has not been addressed
yet. The major goal and results of my thesis are oriented towards this idea. The aim is to
establish DMI control via applied electric field and further analyze its implications on magnetic
skyrmions. This is elaborated in detail in the experimental chapters, primarily chapter 8.

4.D Conclusion

Finally we see that the interfacial magnetic properties can be altered by various means. It is
rather fascinating to employ one or several methods together to achieve the results required
for targeted applications. The chapters based on the experiments and results of my thesis deal
with several aspects of modifying the interfacial magnetic properties based on some of the
techniques described above in this chapter. More specifically we expect that the electric field
manipulation of DMI forms one of the important aspects of dynamically controlling magnetic
skyrmions. Since there is a lack of experimental demonstrations in this regard, we work towards
it as will be seen in the following chapters.
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5.A Introduction

In this chapter, the sample fabrication, patterning and characterization techniques are explained.
The steps involved to prepare the samples for experiments under applied voltage are described.
It includes deposition of insulator (oxides) followed by transparent electrode and its patterning.
Further characterization techniques like MOKE magnetometery and microscopy, BLS and VSM
are detailed.

I have highlighted the procedures I have carried out myself as well as the ones that were
done in collaboration with research scientists from different labs.

5.B Sample Deposition

The thin film deposition in our case is carried out by DC magnetron sputtering. It is based on
physical vapor deposition technique in which the material that has to be deposited, is bombarded
with ionized gas molecules forming a plasma which then condenses on the substrate. The
deposition is carried out in a chamber under vacuum in order to obtain pure quality of the
deposited materials (typically in the range of 10−6 to 10−9 mbar, depending on the performance
of the tool). The plasma is created by using an inert gas which is argon (Ar) in our case. The
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target material i.e the material to be deposited is positioned at the cathode while the substrate
is at the anode. An electric potential when applied leads to a discharge which ionizes the Ar
atoms. The Ar+ ions then accelerate towards the target and eject out the target atoms. This
occurs when the kinetic energy of the Ar+ ions overcomes the binding energy of the target
atoms. The ejected target atoms are driven towards the anode and hence get deposited on the
substrate In magnetron sputtering, a magnet is installed at the cathode. The magnetic field
generated, modifies the trajectory of the electrons above the cathode leading to an increased
number of collisions with the Ar atoms and therefore increased number of Ar+ ions. This leads
to an increase in the deposition rate.

We use Actemium machine which possesses 12 targets which allows us to develop complex
stacks involving a wide range of materials. The whole deposition process is automated. The
actemium tool is also equipped with a treatment chamber in which oxidation and etching steps
takes place. The deposited thicknesses are determined by the opening time of the shutter that
covers the target. Deposition rates can be modulated by adjusting the current set point by
varying the power applied to the cathode. The Ar pressure in the chamber also influences the
deposition rate. In our system, it is set to 2.10-3 mbar. The rates basically ranges between 0.03
nm/s and 0.2 nm/s, making it possible to deposit layers as thin as a few tenths of nanometer.
Caliberation of the thicknesses is done by X-rays reflectivity.

We used Si/SiO2 as a substrate. For obtaining a constant thickness of a magnetic/nonmag-
netic layer, an on axis deposition is carried. On-axis refers to the case when the depositions are
carried out with the target and substrate perfectly aligned with respect to their centers. The
thickness of deposited material obtained using on-axis deposition might however vary by 2-5%
on the edges of the substrate. Also when the thicknesses deposited need to be very small i.e
in the order of few angstroms, the opening/closing time of the shutter/chamber covering the
target becomes extremely crucial. Even a slight variation in this impacts the thickness of the
material deposited. It sometimes therefore leads to the problem of reproducibility for the same
nominal thickness of the material.

For example, the stability of magnetic textures like skyrmions is very sensitive to small
variations of interfacial magnetic properties which are directly dependent on the thickness of
the ferromagnet. Therefore on-axis deposition can be cumbersome to reproducibly obtain the
exact thickness necessary for stable skyrmion region. Therefore a gradient of the thickness of
the ferromagnet is favorable to obtain a region where skyrmion are stable. With our deposition
machine Actemium, it is possible to create thickness gradients by shifting the substrate laterally
from the target which is called an off-axis position. Off-axis deposition leads to a gradient of
thickness of the target material being deposited on the substrate which we often call wedge.
The two types of deposition positions are represented in figure 5.1.

To overcome the problem of reproducibility of thicknesses with on-axis deposition specially
for skyrmion zones, we deposit heavy metal/ferromagnet/metal oxide system using off-axis
deposition to produce double wedges, i.e a wedge of the ferromagnet followed by wedge of
top oxide perpendicular to it(5.2). This gives a broader range of the variation in magnetic
properties which helps in locating the skyrmion zone on the same sample.

Deposition of wedges allows studying the magnetic properties as a function of the ferro-
magnetic layer thickness and the insulator layer thickness. Using off-axis deposition technique,
one of the layers (ferromagnet) is first deposited as wedge along one axis (let us say x), then
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Figure 5.1 – On-axis(a) and Off-axis(b) depositions by sputtering. The off-axis deposition
involves lateral translation of the substrate from the center of the target to allow target
deposition as a thickness gradient.

another layer of a different material (metal) can also be deposited as a wedge perpendicular to
it (let us say y) demonstrated in figure 5.2. It is usually followed by an oxidation step to obtain
metal oxide on the top.

As mentioned earlier, the Actemiummachine is equipped with a treatment chamber in which
oxidation steps can be performed. For natural oxidation, exposure to an oxygen atmosphere for
a given time in the treatment chamber is carried out.Different oxygen pressures can be used.
The option of plasma oxidation is also available, where an oxygen plasma is utilized to oxidize
a metallic element. This technique is more commonly applied to alumina barriers. Also due
to the presence of a second wedge of metal layer which is followed by oxidation, we get an
oxidation gradient along this layer. This gives access to different combination of the thickness of
the two layers and the oxidation state of the ferromagnet/metal oxide interface, which enables
us to study the magnetic properties in greater detail. For example the PMA is affected both by
the ferromagnetic layer thickness and also the oxidation state of the adjacent non-magnetic
material. These two parameters can be simultaneously investigated by means of double wedges.
For example, in order to deposit double wedged sample consisting of Ta/FeCoB/TaOx on
Si/SiOx 100 mm wafer, first a uniform layer of bottom Ta is deposited. Following this step,
off axis deposition of FeCoB forms a wedge in x-direction, a wedge of Ta is then deposited
in the y-direction followed by in-situ natural oxidation. Depending on the different samples,
sometimes a capping layer (in the order of 0.5-1 nm) is deposited wither of Al or Pt to protect
the sample from degradation.

All the sample depositions were carried out by Stéphane Auffret at Plate-forme Technologique
Amont (PTA) located at Spintec/CEA.
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Figure 5.2 – Schematics of a sample consisting of double wedge: a wedge of ferromagnet
along x and of the top metal along y direction which is later oxidized creating an oxidation
gradient along this axis.

5.C Preparing the samples for examination under electric field

In order to perform measurements like Magneto-Optic Kerr Effect Microscopy or Brillouin Light
Spectroscopy under applied electric field, the samples need to be specially prepared. These two
techniques employing visible light require large sample areas where electric field can be applied
(optical aberration + width of the electrical contact to be made for the application of electric
field is in the order of µm) and transparent electrode in order to be able to access the magnetic
sample. To apply an electric field, negligible passage of current has to be ensured across the
HM/FM/MOx system. For this a thick insulator (usually an oxide) is deposited followed by
deposition and patterning of transparent electrode.

5.C.1 Depositing insulating layer of HfOx by Atomic Layer Deposition (ALD)

The first step required to prepare the samples is deposition of thick dielectric or insulating oxide
which acts as a barrier and prevents passage of current across the trilayer sample under an
applied voltage. Indeed sputtering generally does not allow a 1 nm oxide layer to be free from
pinholes over 100µm lateral sizes making this deposition of a thick dielectric necessary. This
also prevents any heating of the sample and hence suppresses any temperature induced effects.
For our samples consisting of Ta/FeCoB/TaOx, a bilayer of AlOx and HfOx was deposited by
Atomic Layer Deposition (ALD) at Institut Néel. ALD is a layer by layer deposition technique for
producing thin films of different materials from their vapor phase. It is based on sequential and
self limiting reactions and offers precise control of thickness in the order of angstroms. In ALD
the precursors are sequentially introduced in the in the reaction chamber. An ALD cycle is a
single exposure to the precursors to be deposited and the amount of material deposited depends
on the precursor-surface a�nity. The number of cycles varied can determine therefore the total
thickness of the material deposited. Deposition is carried out at usually temperatures below
350◦C. In our case the cycles were carried out at 100◦C, to prevent any further annealing of
our Ta/FeCoB/TaOx which were previously annealed at 225◦C.

The depositions of insulating oxides were carried out at Institut Néel by Marine Schott and other
colleagues. I participated in the experiments.
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5.C.2 Microfabricating Indium Tin Oxide (ITO) electrodes using UV- Lithogra-
phy

In order to observe the changes in magnetic domain structures under applied electric field, we
need to use transparent electrodes. ITO is one such material facilitating these observations.
After the deposition of oxide by ALD, and obtaining the mask pattern on the resin coated on
the sample by UV lithography and its development, ITO was deposited on our samples by dc
sputtering. The material adheres to the sample in areas where there the resin is absent (figure
5.4(i)). The next step is lift-off.

UV-lithography for patterning

In order to drawmicro or nano patterns on the sample for the desired characterization technique,
photolithography or UV lithography is used. Basically a design consisting of geometrical patterns
of required sizes is drawn on a mask. The sample when in contact with the mask gets selectively
exposed to the UV light. The mask design is hence transfered to the sample in the form of either
the exposed or the non exposed zones which depends on the type of resist.

Figure 5.3 – Steps of microfabrication: (i) Deposition of resist on the sample by Spin
coating. (ii) Placement of a mask to transfer a geometrical pattern on the sample. (iii)
Exposure to UV rays using MJB3 UV lithography setup. (iv) Development of the sample
then leads to the dissolution of the exposed resist if the resist used is positive.

In order to pattern ITO electrodes typically of sizes 100 × 800µm2 on the sample, it is
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first coated with a resist (figure 5.3(i)) using a spin coater which is based on the principle of
centrifugation. The resist can be positive or negative. A positive (negative) resist is the one
which on exposure to light dissolves (stays) on development. In fact light induces a change in
chemical properties of the resist(breaks polymer chain), such that the exposed areas are then
sensitive to the solution used for development (figure 5.3(iii)). In our case we use a standard
positive resist Shipley S1818. After coating the sample with the resist, it is then annealed at
115◦C for one minute in order to eliminate the solvent still present. For the exposure, deep UV
lithography (MJB3) was used at Nanofabrication lab at Institut Néel. The mask is aligned with
respect to the sample to expose to UV only certain areas of the sample coated with resist in
order to transfer the pattern required (figure 5.3(ii)). According to the power of the device and
the type of mask used (plastic or glass), the times of exposure could differ.

The development stage then consists of immersing the sample consisting of the exposed
resist in the solution used as a developer for 1 minute. The exposed resist dissolves and leads to
the appearance of the desired geometry in the form of the non-exposed resist (figure 5.3(iv)).
It is then rinsed with water for 1 minute.

Deposition of ITO electrode

After getting the sample consisting of a pattern of resist on the sample, an ITO deposition is
carried out. DC magnetron sputtering is used to deposit 30 nm of ITO.

Figure 5.4 – (i) After the development step following the UV lithography, transparent ITO
(which will serve as an electrode) is deposited using sputtering. ITO gets deposited both
on the top of the resist and in the pits where the resist is not present on the sample.(ii) For
the lift-off the sample now is treated with acetone which then removes the resist such that
the ITO stays in the pits where the resist was not present and is removed from the rest of
the part of the sample creating patterned electrodes.
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Lift off

After ITO deposition, a lift-off step is necessary usually in acetone (for 1-2 minutes) and then
in isopropyl alcohol (IPA) (for 1-2 minutes) to remove the remaining resist and the material
which was above it (in our case it is ITO). The geometry thus defined will be represented by
the remaining patterns areas that had been exposed (figure 5.4(ii).

The microfabrication of the electrodes were performed by me at Institut Néel using the mask of
Anne Bernand Mantel and Marine Schott.

5.C.3 Connecting electrodes for measurement

After finally obtaining the patterned ITO electrodes on our samples, we stick it on a small (8
cm× 4cm) plastic sample holder on which there are multiple copper engravings as in the form
of strips to connect the patterned electrodes. We use silver wires to connect the ITO electrodes
and the appropriate copper lines on the sample holder using and a conducting epoxy glue on
the sample and silver paste on the sample holder. The ground connection is made by scratching
the sample with a tweezer and connecting this part to the other copper lines. The connections
to a Keithley source to apply voltages on the sample are then made through the sample holder.

All the above steps were carried out by me at Institut Néel and at Spintec/CEA.

5.D Characterization techniques

After presenting the deposition and fabrication techniques of the samples, I will now discuss
the different characterization tools used to study them, namely: Magneto-optic Kerr Effect
(MOKE) magnetometer and microscope, Brillouin Light Spectroscope (BLS) and Vibrating
Sample Magnetometer (VSM).

5.D.1 Magneto-Optic Kerr Effect (MOKE) Magnetometry and Microscopy

MOKE118? ? magnetometry or microscopy is a powerful tool to determine magnetic properties
of a sample locally by recording hysteresis loops and imaging domain and domain wall con-
figurations. One of its advantages is that it is a fast method to determine out of plane (OP)
anisotropy, in-plane (IP) anisotropy and transition zones.

Principle : Magneto-optic Kerr effect describes the change of the polarization states of light
when reflected from a magnetic material. A linearly polarized light experiences a rotation of
the polarization plane which is known as Kerr rotation, and a phase difference appears between
the electric field components perpendicular and parallel to the plane of the incidence (plane
containing the incident light and the normal to the sample surface) which is defined by Kerr
ellipticity. By measuring the change of the polarization of the reflected beam, the magnetization
state of the sample can be determined. This is achieved by using a polarizer through which
a plane polarized laser beam is directed onto the magnetic sample. The reflected light from
the sample then passes through an analyzer to determine the Kerr rotation produced by the
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interaction of the laser with the local magnetization. There are three types of Kerr effects
depending on the magneto-optic geometry used i.e the direction of the magnetization with
respect to the plane of incidence. In the polar Kerr effect configuration (figure 5.5 (a)) the

Figure 5.5 – Illustration of various configurations for the magneto-optic Kerr effect, from
left to right: polar, longitudinal and transverse

magnetization M lies perpendicular to the sample surfaces but parallel to the plane of incidence.
In the case of longitudinal Kerr effect (5.5 (b)) M lies parallel to the sample surface and to the
plane of incidence. In the transverse configuration (figure 5.5(c)) M lies parallel to the sample
surfaces and perpendicular to the plane of incidence.

MOKE Magnetometer

Figure 5.6 – MOKE setup indicating a laser source, a polarizer, an analyzer and detector.
The magnetic field has both in-plane and out-of plane components.

We use commercial NanoMoke3 from Durham to characterize our samples. It essentially
consists of a laser source, polarizer, analyzer, detector, sample stage and electromagnet. It
is based on the magneto-optical Kerr effect described above and is sensitive to all the three,
longitudinal, transverse and polar magneto-optical Kerr effects which depends on the positions
of sample, polarizer and applied magnetic field.

The laser spot size diameter on the sample is around 300µm with a wavelength of 500 nm
and is incident at angle of 45◦ with respect to the sample surface. The applied magnetic field at
the sample location has both in plane and out-of-plane components, the out-of-plane component
being 5.3 times smaller than the in-plane one. This geometry enables us to observe polar signal
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along with either the longitudinal (if the in-plane component of the applied magnetic field is
along the plane of incidence) or transverse (if the in plane component of the applied magnetic
field is perpendicular to the plane of incidence) signal at the same time. This allows sensitivity
to both the types of anisotropies: Out-of-plane anisotropy (OP)/PMA with polar signal and
In-Plane (IP) anisotropy with longitudinal or transverse signals. This MOKE magnetometer
used to measure the magnetic properties of thin magnetic films systems.

Typically it is used to trace hysteresis loops as a function of position of laser spot on the
sample thanks to a motored x-y stage. We can thus automatically perform MOKE measurement
loops at precise positions. In the case of samples with wedges of ferromagnetic layer and/or top
oxide layers, measurements can be made at every 1mm distance, which corresponds to a 0.2
Å variation in thickness. A scan in thickness can hence be carried out for the sample sectioning
it into parts and averaging many measurements for each point. Fig 5.6 illustratres the MOKE
magnetometer setup higlighting different components. An example of the different shapes of

Figure 5.7 – Hysteresis loops obtained as function of FM layer thickness. Note that the
Kerr signal is normalized and translated in terms of the thickness of the ferromagnet
corresponding to the y-axis of the graph. The shape of the loops is square for lower FM layer
thickness indicating PMA. The shape of the hysteresis loops obtained from the MOKE setup
for higher FM layer thickness are indicated in blue showing in-plane anisotropy. The loops
in pink show the transition loops from out of plane to in-plane anisotropy for increasing
FM layer thickness

the hysteresis loops obtained for OP, IP anisotropy and transition regions is demonstrated in
figure 5.7. Note here that loops obtained for different ferromagnetic thicknesses have been plot
with the thickness indicated on the y-axis. Here the Kerr signal is normalized and translated as
a function of the ferromagnetic thickness. For out of plane anisotropy corresponding to lower
ferromagnetic thickness, nearly square loops are obtained. Near the ferromagnetic transition
thickness from OP to IP, zero remanence loops are observed. On moving to higher ferromagnetic
thickness we see that the shape of the loops changes corresponding to IP anisotropy. Since
we have both out-of-plane and in-plane components of the magnetic field, we can work on
different modes :polar-logitudinal or polar-transverse by changing the direction of the in-plane
component of the applied magnetic field. In figure 5.8 we can observe that on changing the
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direction of the magnetic field the orientation of the IP loops changes. To be able to distinguish
clearly between the OP and IP loops we choose to apply the magnetic field perpendicular to
the plane of incidence which is the polar-transverse mode, for our measurements.

Figure 5.8 – Illustration of the change in orientation of the IP loops corresponding to
higher ferromagnetic thickness on the y-axis, obtained when the in-plane component of
the magnetic field is applied (a) parallel to the plane of incidence which is longitudinal
mode (b) perpendicular to the plane of incidence which is transverse mode.

MOKE Microscope

The magneto-optic Kerr effect microscope can be used to image magnetic domain structures on
the surface of magnetic materials. It can be configured for polar, longitudinal and transverse
magneto-optical Kerr imaging. I will mainly focus on the polar-MOKE as I have only used
this configuration for the characterizations. P-MOKE can be extremely useful to observe the
magnetization dynamics as a function of applied magnetic field, electric field or even current
for samples with out of plane magnetization.

A MOKE microscope works exactly on the same principle as the MOKE magnetometer except
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Figure 5.9 – MOKE Microscopy Setup demonstrating the different components (courtesy
Willy Lim).

that there is an additional possibility of imaging the samples along with measuring hysteresis
cycles. It consists of the same components as MOKE magnetometer, along with a microscope
and CMOS camera. The MOKE setup is illustrated in Figs5.9and and5.10 The projection of
the change in polarization through the analyzer is measured by the detector (camera) that
can converting it into light intensity. Hence with an integrated computer it can be used to
image the domains and domain walls in a ferromagnetic sample with out of plane anisotropy. A
detailed image of the different components of a MOKE miscroscope is illustrated in figure 5.10.
The resolution of the MOKE microscope is given by r = λ/2NA where λ is the wavelength of
the incident light which in this case is high power red Light emitting Diode (LED) and NA is
the numerical aperture of the objective lens. For NA=1, the maximum resolution is 0.35µm.
Different lenses can be employed for imaging the domain structures depending on the required
resolution.

All the MOKE measurements were performed by me at Institut Néel and Spintec/CEA with the
help of colleagues. Later on all the data were treated by me using Origin and Matlab software
at Spintec/CEA.

5.D.2 Brillouin Light Spectroscopy

Brillouin scattering is named after Léon Nicolas Brillouin (1889-1969). The french physicist first
predicted the inelastic scattering of light (photons) by thermally generated acoustic vibrations
(phonons) in 1922. These days Brillouin Light Spectroscopy (BLS) has emerged as one of
the most important tools to measure interfacial DMI in ultra thin films consisting of heavy
metal/ferromagnet/meta oxide layers. It offers minimum parameters to be determined to
extract the exact value of DMI.

Principle : BLS employed to study interfacial DMI is based on the inelastic scattering of a
photon by a magnon i.e. spin wave. Spin waves in ferromagnet have a spatial chirality, which
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Figure 5.10 – MOKE Microscopy Setup demonstrating the different components (courtesy
Willy Lim).

depends on their propagation direction with respect to the direction of the magnetization. Using
the an illustration from referenceNembach et al. 119 we see from figure 5.11, that when the
magnetization M is parallel to the sample plane, along z-axis in this example, the spin waves
traveling perpendicular to it i.e. in the ± x direction have opposite chirality (anticlockwise or
clockwise). Since the DMI vector dij (defined in chapter 2 and 3) imposes its own chirality
depending on its sign, it modifies the spin wave dispersion relation. This geometry is known as
Damon Eshbach.

When the magnetization is saturated in the film plane, the modification in the frequency of
the spin waves propagating in a direction perpendicular to it due to the DMI is given by

f = f0 + ∆f (5.1)

where f0 is the frequency in the absence of DMI. The change in the frequency ∆f is120, 121

∆f =
2γ

πMs
kSWD (5.2)

where γ is the gyromagnetic ratio,Ms is the saturation magnetization , kSW is the spin wave
vector andD (∝ dij) is Interfacial DMI energy.114, 119–122 The DMI produces a linear shift in kSW ,
and depending on the direction of propagation and polarity of the magnetization saturation.
If the DMI favors the spatial chirality of the spin wave, the spin wave frequency is reduced
and vice-versa. In a BLS setup, a laser spot is focused on the sample and the inelastically
backscattered photons are analyzed on their interaction with the magnons /spin waves. It leads
to the Stokes process where the magnons are created and the anti-Stokes process where the
magnons are annihilated due to conservation of momentum. The energy of the backscattered
photons hence corresponds to the frequency difference of the oppositely traveling spin waves.
Therefore measurement of the shift between the Stokes (fS) and Anti-Stokes (fAS) frequency
peaks gives a direct determination of DMI.

BLS setup : A BLS setup essentially consists of a laser source, a flexible sample stage and
Fabry-Perot interferometer as an analyzer (shown in figure 5.12 which is borrowed from the
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Figure 5.11 – From reference Nembach et al. 119 a, Damon Eshback geometry spin wave
propagating at the Ni80Fe20/Pt interface with wavevector kM ‖ −x with the magneti-
zation M ‖ +z. All individual moments precess in the external field H in an identical
(anticlockwise) manner, indicated by the blue arrows. The canted arrows depict the dy-
namic components of the spins at a snapshot in time. The dashed arrows indicate the spatial
chirality of the spin wave along x. Any two neighbouring spins (red arrows), are coupled by
a DMI vector D (purple vector pointing out of page) via a three-site exchange mechanism
that includes a Pt atom (green atoms). The Pt atom serves to both break the symmetry and
provide the necessary spinâorbit coupling. The preferred chirality of the antisymmetric
exchange indicated by the purple arrow circulating about the DMI vector is identical to
the spatial spin wave chirality. b, For kM ‖ +x, the spatial chirality of the spin wave is
opposite to that favored by the DMI. The individual moments precess anticlockwise around
the external magnetic field H as in a, but now kM points in the opposite direction. c, The
central panel shows schematic spin-wave dispersion curves in the absence of DMI (dashed)
and with DMI (solid) forM ‖ ±z, respectively. Sketches of the expected BLS spectra for
−kM (anti-Stokes process, annihilation of a magnon, propagation in the -x direction) and
+kM (Stokes process, generation of a magnon, propagation in the +x direction) are shown
on the left and right sides of the lower panel, respectively.

group of M. Belmeguenai at LSPM in Université Paris 13). In the BLS experiment performed at
LSPM in Paris, we used Damon Eshbach geometry with 2× 3-pass Fabry-Perot interferometer
and su�ciently large in-plane magnetic fields to saturate the magnetization in the plane of the
sample. The wavelength of the laser employed is λ = 532 nm. A typical BLS spectrum is shown
in figure 5.13 where intensity is plot as a function of the frequency. The corresponding Stokes
and Anti-Stokes frequency peaks are shown.

In order to determine the DMI, the frequency difference obtained between the Stokes and
Anti-Stokes frequency peaks is plotted as a function of spin wave wave vector ksw whose length
is given by4π sin(θinc)/λ where θinc is the angle of incidence of the laser and λ the wavelength
of the incident laser. θinc is therefore swept leading to ksw variation typically between 0-20
µm−1.Typical frequencies of spin waves probed are therefore in the range of tens of GHz. Figure
8.2 shows the plot of frequency difference as a function the spin wave vector kSW . The variation
is linear which is expected as described earlier. The slope of this plot is used to determine the
DMI parameter using equation5.2
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Figure 5.12 – BLS setup indicating the different parts and components ( M. Belmeguenai
at LSPM in Université Paris 13).

The intrinsic precision of Brillouin measurements is on the order of 0.1 - 0.5%. All the
measurements of the BLS spectrum are carried out for both ±H to ensure any discrepancies
due to the setup. It hence helps to calibrate the setup accurately

The BLS measurements were performed at the lab LSPM at Université Paris 13 with the help of
Mohamed Belmeguenai and Yves Roussigné. I participated in all the measurements. I learned the
various steps associated to the BLS measurement including mounting of the sample, alignment
and focusing of the laser spot and data accumulation. Later on I treated all the data by myself
on origin software.

5.D.3 Vibrating Sample Magnetometer

The vibrating sample magnetometer can give a wide range of information about the mag-
netic sample like its easy axis, coercivity, anisotropy field, saturation magnetization by the
measurement of hysteresis loops.

Principle : The Vibrating Sample Magnetometer is based on Faraday’s Law of electromag-
netic induction which states that a change in the magnetic flux in a circuit produces a voltage
(electro motive force) and hence an electric current flows through it. The sample to be measured
is placed in a magnetic field and vibrated close to a pair of pickup coils. The change in magnetic
flux in the pick up coils due to the vibration of the sample induces voltage/current which is
proportional to the sample’s magnetic moment. Using a lock-in technique, the signal at the
same frequency as the vibration frequency of the sample is extracted. A varying magnetic field
produced by an electromagnet is applied in order to obtain m (H) loop. A schematics of the
VSM setup is shown in figure5.15.

The VSM can also be used to measure magnetic moment as a function of applied magnetic
field for different temperatures. Both hard and easy axis measurements can be performed for
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Figure 5.13 – BLS Spectrum: Intensity as function of frequency. The Stokes frequency peak
| fS | corresponds to the creation of the phonon whereas Anti-Stokes frequency peak | fAS |

corresponds to the absorption of a phonon. The difference between them∆f =| fS | − | fAS |

gives a direct measurement of DMI.
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Figure 5.14 – ∆f measured as a function of spin wave vector kSW

the in plane and out of plane anisotropy samples. the typical size of the sample s is with the
range 0.25cm2 < s < 1cm2. It also has a provision to rotate the sample at any angle with
respect to the magnetic field applied which is very beneficial to know the spontaneous alignment
of magnetization specially if it is near a transition from in plane to out of plane anisotropy in
terms of thickness.

Measurement of Magnetic Anisotropy

VSM can be used to determine the anisotropy energy of a ferromagnetic sample, by performing
measurements along two orthogonal directions of the magnetic field relative to the sample, one
along an easy axis and one along hard axis. The Magnetic Anisotropy Energy (MAE) is given by
the area enclosed between the loops measured along the out of plane direction and in plane
direction i.e. MAE=Area(OP)-Area(IP).18,123 This is based on elementary electromagnetic
considerations which show that the energy needed to change the sample magnetization in an
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Figure 5.15 – Vibrating Sample Magnetometer (VSM) setup exhibiting different compo-
nents. The sample is vibrated close to the pick-up coils. The voltage induced in the pick-up
coils is extracted through a Lock-in amplifier.

Figure 5.16 – Easy axis and Hard axis measurements by VSM to determine effective
anisotropy of the sample.

applied field H by an amount dM is given by µ0H dM. If the easy axis loop is square then the
Keff can be found directly from the hard axis measurement using the relation Hk= 2Keff/µ0Ms,
where Hk is the anisotropy field measured along the hard axis. Hk corresponds to the magnetic
field required to saturate the magnetization along the hard axis. In the case of an OP film, the
easy axis will be OP loop and the hard axis will be in-plane. Keff will then be positive. On the
other hand, for IP films, the hard axis will be OP and easy axis will be IP loops. In that case,
Keff will indeed be negative. The figure 5.16 depicts the area between the easy axis and hard
axis loops, which gives the effective anisotropy constant Keff.

All the VSM measurements and data treatment were performed by me at Spintec/CEA.
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5.E Conclusion

The above described sample fabrication and characterization techniques have been used for the
major part of my PhD tenure. Apart from these aforementioned techniques, I also got trained
to prepare magnetic tunnel junctions (MTJs) using clean room facilities. I fabricated several
wafers of MTJs using Ion Beam etching, UV lithography, Reactive Ion etching, Evaporation
deposition techniques and measured their tunnel magnetoresistance (TMR) vs voltage response.
However this study needs to be pursued further in order to conclude any concrete results.
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6.A Introduction

Engineering the interfaces between ferromagnetic (FM) layer and heavy metals (HM) or/and
oxides (MOx) in ultra-thin film systems is crucial for new age spintronic devices. The emerging
research is now directed towards phenomena where interfaces play a major role. For example
the study and manipulation of magnetic textures like skyrmions which are stabilized by an
interplay of interfacial DMI and other magnetic interactions, necessitate a detailed study of
interface physics.

In this chapter, several multilayer systems primarily consisting of heavy metal/ferromag-
net/metal oxide (HM/FM/MOx) ultra-thin layers have been discussed. The main focus is on
the evolution of magnetic properties, in particular the variation of magnetic anisotropy and
magnetically dead layers, as a function of the FM layer thickness, top metal (M) thickness and
the oxidation state of the FM/MOx interface. This eventually would help us to predict the
optimum conditions for obtaining chiral magnetic textures like skyrmions.
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Figure 6.1 – (a) Schematics of double wedge system of HM/FM/MOx trilayer. The wedge
of FM and MOx are perpendicular to each other. (b) Along the y-axis i.e. where the FM
thickness is constant, due to the wedge of top metal, oxidation results in underoxidized,
optimally oxidized and overoxidized zones.(c) View of the sample in the x-z plane for a
given oxidation state of MOx.

6.B Double wedge sample description

In order to study the evolution of the magnetic properties in HM/FM/MOx system as a function
of different FM and MOx, their thicknesses and their interface oxidation state, a double wedge
system is used, described in detail in chapter 5. The bottom HM layer has a constant thickness
on a Si/SiOx 100mm wafer, a wedge of FM is deposited on top of it by sputtering, followed by a
wedge of another metal on the top in the direction perpendicular to the first wedge. An oxidation
step then follows to form the top metal oxide layer. Owing to this double wedge, the magnetic
properties vary throughout the 100 mm sample giving access to different combination of
thicknesses of the two layers and the oxidation state of the top metal. A pictorial demonstration
is made in figure 6.1(a). Further we see in figure 6.1(b) that along the y-direction for a constant
FM thickness, due to the wedge of top metal, the oxidation state varies giving underoxidized,
optimally oxidized and overoxidized zones respectively. The underoxidized region pertains to
the part where a large chunk of the top metal is left unoxidized and is in direct contact with
the FM layer. Whereas for lower top metal thickness a part of the FM gets oxidized too forming
overoxidized region. Figure 6.1(c) shows the same stack along x-direction where we have the
wedge of FM layer for a constant thickness and oxidation state of the top Ta.

6.C Magneto-optic Kerr Effect Mapping

Having obtained the sample with double wedge, the next step is to study its magnetic properties.
We use Magneto-Optic Kerr Effect(MOKE) magnetometer called NanoMOKE3 from Durham. It
scans the sample every 1.5 mm and records hysteresis loops for applied magnetic field. This
MOKE setup is sensitive to both out-of-plane (OP) and in-plane (IP) magnetization signals but
the sensitivity is higher for the polar than the longitudinal part. The applied magnetic field
has both out-of-plane and in-plane components. Therefore these conditions result in different
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shapes for the OP and the IP anisotropy zones explained in chapter 5 . Note that this tool is
used to quickly identify the OP and the IP anisotropy zones. For quantitative analysis other
methods should be employed.

A matlab/origin program is used to plot a remanence map from the above data. We
take Ta/FeCoB/TaOx sample as a reference to explain the different anisotropy zones we can
encounter on a double wedge and that by extracting certain parameters we can construct a
model to better understand such trilayer systems. It can be seen in figure 6.2(a) that the well
defined blue region displays low remanence corresponding to hard axis curves or curves with
zero coercivity and zero remanenance (like butterfly loop of the skyrmion zone explained in
chapter 7) and red region represents high remanence corresponding to an easy axis hysteresis
loop. Depending on the thickness of the FM and MOx, OP or IP anisotropy can be preferred
leading to high remanence shown in red for both the cases. The OP anisotropy also referred to
as Perpendicular Magnetic Anisotropy (PMA), the IP anisotropy and the Paramagnetic (PM)
zones are marked in the map. The PM zone can be seen as blue background with pixels of
different colors on the top, i.e. it is noisy in terms of Kerr Signal and corresponds to the zone
which is non magnetic at room temperature. We can also call it as magnetically dead zone or
more commonly referred to as dead layers. In means that the Curie temperature of this film
(TC) is below room temperature due to finite size effects. The shape of the hysteresis loops
corresponding to the OP, IP anisotropy and PM zone along the two wedges i.e. FeCoB wedge
and TaOx can be seen in figure 6.2 (b) and (c) respectively.

6.C.1 Variation of properties along the FM wedge

A series of hysteresis loops are shown in figure 6.2(b) along the FM thickness for a constant M
layer thickness. Note that the y-axis is normalized Kerr signal translated in terms of thickness
of the FM layer. Therefore each loop is obtained for the particular FM layer thickness indicated
on the y-axis. The shape of the hysteresis loops indicate the OP, IP and the transition zones.
There are two transition zones corresponding to the thicknesses of the FM where (i) the easy
axis changes from out-of-plane to in-plane beyond a critical value of tFM (ii) the layer becomes
paramagnetic for low thickness of FM. These transition zones are in blue on the remanence
map. The noise represents the magnetically dead zones indicating that the corresponding FM
layer thickness is magnetically dead.

This succession of anisotropy axes as a function of FM layer is expected. When the FM
is too thin, it is paramagnetic and hence not magnetic at room temperature leading to dead
layers. Then as the thickness of FM starts to increase beyond a certain threshold, the surface
anisotropy starts to emerge giving OP anisotropy. Finally when FM is thick enough, the shape
anisotropy (also called dipolar anisotropy) dominates over surface anisotropy leading to IP
anisotropy as shown in figure 6.3. This can be understood by recalling the equation in chapter
2 : The effective magnetic anisotropy energy density in uniaxial thin films can be written as a
sum of surface/interface (Ks) and volume contributions(Kv) .18, 19

Keff = Kv +
Ks

t
(6.1)

whereKv=Kb+Kd ; Kb is the bulk magnetocrystalline anisotropy andKd is the shape anisotropy
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and is negative (=1
2µ0M

2
s), and t is the effective thickness of the ferromagnetic film. Ks includes

surface contributions of the two interfaces.

6.C.2 Variation of properties along the MOx wedge

A series of hysteresis loops along the MOx layer thickness for a fixed FM layer thickness is also
indicated in figure 6.2(c), showing OP zones and magnetically dead zones. Here we see that
for the optimum thickness M, as the interface of FM/MOx is optimally oxidized, we obtain
OP anisotropy due to Ks being positive and dominating the dipolar contribution. When M
is too thin it leads to oxidation of the FM layer forming FMOx which is not ferromagnetic.
This overoxidized region leads to paramagnetism and hence dead layers. IP transition for
corresponding to slighly overoxidized thickness is however surprising as it corresponds to
thinner FM layer. It might be if the Ks of the FM/FMOx is smaller than FM/MOx. Finally
for thickner M, i.e underoxidized region, again a PM region is observed which is surprising.
In the case of Pt/Co/AlOx, the underoxidized region gives an IP anisotropy. However, here
in the present example of Ta/FeCoB/TaOx, we observe dead layers when the top Ta is thick
beyond a certain threshold thickness for a certain degree of oxidation. This happens due to the
intermixing of the Fe and Ta atoms as heavy Ta is deposited on Fe by sputtering.

To summarize we see that the dead layer/PM region (noisy signal) is obtained for all
oxidation states but the transition to from OP to IP anisotropy is obtained for FM layer thickness
beyond a certain value that is not same for all M thicknesses indicating that the Ks varies as
function of the M layer thickness and hence the oxidation state of FM/MOx interface. I This
can be understood as variation of dead layer thickness as a function of M layer thickness shown
in figure 6.4: the solid line represents the variation of dead layer thickness (tDL). For a given
thickness of M layer, tM, the transition between OP and IP anisotropy zone varies as shown by
the dashed line in figure 6.4 as the value of the surface anisotropy evolves.

In order to get a deeper insight into the evolution of the magnetic properties as a function
of the thicknesses of FM and MOx layers we develop a simple model which is described next.
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Figure 6.2 – (a) Remanence map obtained from MOKE measurement for Ta/FeCoB/TaOx
sample. High and low remanence zones are represented in red and blue respectively. The
OP anisotropy, IP anisotropy and the paramagnetic (PM) or dead layer zones are marked.
Hysteresis loops along a horizontal cut in the center are shown in (b). The shape of the
hysteresis loops reveal the preferred anisotropy as a function of the FM layer thickness.
The noisy signalm below represents the paramagnetic or dead layer zone. A similar set
of hysteresis loops along vertical cut in the center of (a) is presented in (c) showing the
in-plane to out-of-plane and further to in-plane anisotropy transitions as a function of Ta
thickness.
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Figure 6.3 – Plot of effective magnetic anisotropy Keff multiplied by the thickness t of
the ferromagnet plot as a function of the ferromagnetic thickness. When Keff > 0 the
anisotropy is perpendicular to the surface i.e. out of plane, whereas when Keff < 0, the
anisotropy is in-plane i.e magnetization prefers to lie in the plane of the ferromagnetic film.
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6.D Modeling the magnetic properties of trilayer double wedged
structures

Figure 6.4 – (a)Remanence map obtained from MOKE measurement for Ta/FeCoB/TaOx
sample. The dead layer variation and the FM transition thickness variation as a function of
the Ta thickness is traced. The corresponding maps are plotted in (b) and (c) respectively

From the remenance maps, a broad idea of the different anisotropy zones and the variation
of dead layers can be obtained. To further go into the details we have constructed a simple
model based on the characteristics above to better understand and describe these trilayer
systems. To build a model I first highlight the details of the magnetically dead layers.

Magnetically dead layers : In ferromagnetic thin films grown by sputtering with a heavy
metal underneath and a metal oxide layer on top to increase PMA, the effective thickness of
the ferromagnetic layer contributing to the total moment and hence the magnetization is often
debated. A prelude to this phenomenon is often the interaction of the ferromagnetic layer with
the two sandwiching layers. Sputtering also induces a certain degree of intermixing of these
layers at the respective interfaces specially when a HM is sputter deposited on FM. Oxidation of
the top metal layer is also crucial in determining the magnetic property of the FM layer. All
these factors can render a certain thickness of the ferromagnetic layer being magnetically dead,
i.e. a reduced total moment is seen than what is expected from the actual thickness of the
ferromagnetic layer deposited. The dead layer can be thought of as a ferromagnetic layer with
a reduced Curie temperature (Tc) hence paramagnetic at room temperature.

I will now describe what we can expect in the case of double wedged system, where we have
a heavy metal underlayer with a constant thickness, followed by deposition of perpendicular
wedges of ferromagnet and metal respectively and then successive oxidation of the top metal
layer (explained in the figure 6.1). Here, the dead layers can be formed by three sources: (i)
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an intermixing of the heavy metal and ferromagnet at the bottom interface, (ii) oxidation of
the ferromagnet where the top metal layer is too thin, we call this as being overoxidized (iii)
intermixing of the top metal and the ferromagnetic layer (top interface), we suppose this case
when the top metal is not adequately oxidized i.e underoxidized. This is what we observe in
the remanence map of Ta/FeCoB/TaOx for example.

Figure 6.5 – Kerr amplitude as a function of the FM layer thickness.The extrapolation of
the constant slope for the highest remanence gives the dead layer thickness trealDL as the
Kerr signal is proportional toMs × tFM. The thickness at which the Kerr signal drops to
zero is shown as tapparaent

DL .

Dead layer paradox : I would like to mention here that the dead layers that we observe in
the above remanence map is quite thick from what we usually see in literature. To elaborate,
the usual extraction of dead layer thickness is carried out by plottingMs × tFM as a function
of tFM and finding the x-axis intercept i.e. the FM layer thickness corresponding to Ms=0.
This can be realized by either performing VSM measurements for various tFM, which can
directly giveMs or by Kerr Magnetometry (NanoMOKE3 deescribed in chapter 5) where Kerr
amplitude is an indirect measurement ofMs × tFM along a FM wedge. Kerr Magnetometery is
in fact a faster method as it can speedily scan a sample everymm2 giving large number of data
points during short time interval. A plot of Kerr amplitude as a function of tFM is presented in
figure 6.5. The usual extraction of dead layer is by extrapolating the constant part of the slope
(indicating constantMs) on the x-axis. It can be seen that for Ta/FeCo/TaOx, the extrapolated
dead layer thickness obtained is around 0.38 nm. However it is also seen from the graph
that when tFM is decreased, the Kerr amplitude drops way before the dead layer textrapolatedDL

obtained by extrapolation. The threshold thickness of the ferromagnet at which the Kerr
amplitude drops to zero can be called as an apparent dead layer i.e. tapparentDL . We can assume
that the magnetic properties change drastically between these two thicknesses, the layers are
probably still magnetic but with a reduced Tc. Since we perform all the measurements at room
temperature, for the sake of simplicity, I will be referring to tapparentDL as tDL. These values of
tDL as mentioned before are larger than the ones observed in literature for the aforementioned
reasons.
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6.D.1 Modeling dead layer variation :

As described previously, using the same remanence map of Ta/FeCoB/TaOx, we can trace the
dead layer variation by marking the borders between the OP anisotropy zone and paramagnetic
zone, as a function of the top M thickness subsequently oxidized tMOx∗ (figure 6.4(b)): the
solid line represents the variation of dead layer thickness (tDL). This trace can be either modeled
as a Gaussian function or a polynomial function with a saturation limit, illustrating the dead
layer dependence on the (i) overoxidized part (ii) optimally oxidized and the (iii) underoxidized
part. Now to construct a simple model, we hypothesize that the dead layer has three origins as
depicted in figure 6.6a, and we thus write it as

tDL(tM) = tDL(bottom) + tDL(ox) + tDL(M) (6.2)

This dead layer thickness corresponds in our model to the thickness of FM above which there is
magnetism at room temperature. The tDL(bottom) corresponds to the contribution from the
bottom HM layer, which in the present example is Ta layer. As this layer has a constant thickness
for the whole wafer, we consider this dead layer contribution as a constant. Then tDL(ox) is the
threshold layer due to the oxidation of FM layer in the overoxidized region, it thus corresponds
to the thickness of FeCoB in the present case that is converted in non magnetic FeCoB-oxide.
Obviously, its thickness is larger when more oxygen atoms reach the interface, i.e. for thinner
Ta. A polynomial variation is used for tDL(ox) as a function of top tM oxidized which is tTa in
the present case, with the constraint that at the optimum oxidation state, this contribution is
zero. Also, for a Ta thickness that is zero, it would lead to oxidation of the FeCoB that would be
over a thickness tOxMaxDL that would be defined by the quantity of oxygen provided to the system.
The thickness of FeCoB oxidized is linked to the quantity of oxygen needed to fully oxidize
FeCoB as compared to the Ta. This can thus give a hint on the stoichiometry of the oxide.

For the tDL(M), taking the case of tDL(Ta) we hypothesize that the more Ta deposited on
top of the FeCoB, the thicker the dead layer, as it seems to be linked to a mix of Fe and Ta.
Again a polynomial variation is taken for the tDL(Ta) with tTa. A Gaussian distribution can also
be used to depict the same but we have put that for the perspectives. Finally, we impose that
the dead layer thickness cannot be larger than the FeCoB thickness. It will thus saturate with
the thickness of FeCoB.

6.D.2 Modeling ferromagnetic re-orientation transition thickness (ttransFM ) varia-
tion

Further we also see that the magnetic anisotropy changes as a function of FeCoB thickness and
is also dependent on the thickness of the top metal oxide (TaOx for the present case). Using
equation 6.1, it can be shown that in the case of OP to IP anisotropy transition, corresponding

∗Note that tMOx denotes the thickness of top metal (=Ta,Mg,Al etc) followed by an oxidation step. Due to the
thickness gradient of the top metal, oxidation results in an eventual oxidation gradient of the metal.
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to Keff=0, the equation can be written as:

Kv +
Ks

ttransFM − tDL
= 0 (6.3)

Ks = −(ttransFM − tDL)× Kv (6.4)

such that ttransFM is the transition thickness from OP to IP anisotropy. Therefore on the same
remanence map the transition thickness ttransFM of FeCoB layer can be traced as a function of
the top TaOx thickness by marking the borders between OP anisotropy and IP anisotropy zone.
As a function of the M layer thickness and its oxidation state, tMOx, the transition between
OP and IP anisotropy zone varies as shown by the dashed line in figure 6.4 as the value of
the surface anisotropy evolves. This variation of ttransFM can hence indicate the variation of Ks
as a function of the top metal oxide (TaOx in the present case) therefore giving information
about the quality of the interface. The variation of Ks can also be modeled as a Gaussian or a
polynomial. We have used a Gaussian function for our model with different sigmas (half width
at half maximum) : σOx and σM to indicate the possibly different variation of the Gaussian
function on the overoxidized and underoxidized parts of the tM respectively as shown in figure
6.6b.

Figure 6.6 – (a) Dead layer tDL modeling as function of tMOx: with polynomial variation
for the underoxidized and overoxidized zone contributions and constant for the bottom HM
layer. (b) Surface anisotropy Ks modeling as a function of tMOx: by combining the ttrans

FM

and tDL variation extracted from the remanence maps. The function used is Gaussian with
two different σs (σOx for the overoxidized part and σM for the underoxidized part)

6.D.3 Resulting effective anisotropy Keff variation

To calculate the effective anisotropy we use equation 6.1. The Ms is the bulk Ms that we
have used and is constant as long as the ferromagnetic thickness is larger than the dead layer
thickness. For the value, we have usedMs= 1 MA/m.

For the calculation of Ks, as it is interfacial anisotropy, we made it vary along the wedge
of Ta and not along FeCoB wedge as it is linked to the oxidation state of the FeCoB/TaOx
interface. The maximum Ks is found at the optimum oxidation position (optimum thickness).
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Then we used a Gaussian variation along the wedge, with different values of σOx and σM in the
overoxidized and underoxidized region respectively. Again, in the case when the dead layer
thickness is equal to the total ferromagnetic thickness, we impose a Ks=0 as the film is no
more magnetic. This leads to dead layer that are non magnetic by definition and thus have no
magnetic anisotropy. Finally Keff is calculated by using: Keff = Ks

tFM−tDL
− 1
2µ0M

2
s

6.D.4 Fitting of the experimental data

In order to fit our experimental data with the MOKE remanence maps, we thus calculate Keff
for thicknesses in the extended range of 0-2 nm for both Ta and FeCoB i.e. tFM and tM. In our
plots, Keff is either zero (non magnetic, corresponding to dead layers), positive, thus leading to
PMA or negative, leading to in-plane anisotropy.

As many parameters are present, I will explain how we have performed the fitting procedure.
First, the dead layer profile is fitted using the polynomial described in equation6.2 which

is given by the transition for thin FeCoB thicknesses, between PMA (or in-plane anisotropy in
some cases) † and the non-magnetic/paramagnetic (PM) region. The shape of the left transition
is thus completely given by the dead layer thickness and is not affected by any other parameter.

After optimizing the parameters linked to the dead layer thickness and its variation, we fit
the shape of the transition between PMA and in-plane anisotropy by tuning Ks and the two σ.
Let us stress here that the shape of this transition is strongly dependent on the shape of the
dead layer profile evident from equation 6.4, and therefore it is fitted after the fitting of the
dead layer profile. The value ofMs is fixed and is not fitted as it is interrelated to Ks and hence
Keff . Indeed, by increasing theMs and Ks by a factor of 2, we obtained exactly the same map.
So we have fixedMs in our simulations as the variations of parameters on the same wafer is
significant even if the real value ofMs and Ks may be a bit different. Further optimization of
this model using more appropriate values ofMs and Ks for different systems might be needed
in the future to quantify the results.

†Note that terms Perpendicular Magnetic Anisotropy (PMA) and Out-of-Plane (OP) anisotropy mean the same
and have been used interchangeably. It is not to be confused with paramagnetic zone which is abbreviated as PM.
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6.E Study of different HM/FM/MOx systems

I now describe the study of different HM/FM/MOx consisting of wedges of FM and M layer. We
employ our phenomenological model described above to understand these systems in greater
detail. We have studied two main systems namely: Ta/FeCoB/MOx and Pt/Co/MOx.

6.E.1 Ta/FeCoB/MOx

We study Ta/FeCoB (FeCoB composition is Fe72Co8B20) system with two different top metal
oxides: (i) TaOx and (ii) MgO. Both these systems are widely popular in spintronics. For
example Ta/FeCoB/MgO is a standard stack for magnetic tunnel junctions (MTJs) for Magnetic
Random Access Memory (MRAM) applications and Ta/FeCoB/TaOx is known to host skyrmions
for applications in memory and logic devices. Therefore a detailed study of these two systems
is of major interest. To study both these systems, a double wedge of FeCoB and top MOx
is used. I will first compare the influence of the top metal oxide on shaping the magnetic
properties and then the changes produced by annealing on both the systems. I will also use the
phenomenological model described above to analyze these samples in greater detail in terms of
their dead layers and anisotropy.

Effect of top oxide

Here we see how the top metal oxide plays a major role in determining the magnetic properties
of the system in terms of its anisotropy and dead layers.

Ta/FeCoB/TaOx sample has been already introduced in the previous sections. We saw
precisely how the dead layer and anisotropy varies as a function of the FeCoB layer thickness as
well as the oxidation of the top Ta layer from the remanence map. To recall, we see that the
dead layers (paramagnetic zone) arise both on the overoxidized part corresponding to low Ta
thickness and on the underoxidized part corresponding to large Ta thickness. The former is due
to oxidation of FeCoB and the latter is due to the intermixing of Fe and Ta ions at the interface
due to the heavy metal Ta being sputtered on Fe. For lower FeCoB thickness (0.8-1.1 nm), the
surface anisotropy dominates giving OP anisotropy/PMA, whereas for higher thicknesses (>1.2
nm), IP anisotropy prevails.

In Ta/FeCoB/MgO, we confirm that the anisotropy and dead layers is not only dependent
on the FeCoB thickness but also the oxidation state of the FeCoB/MgO interface123. Comparing
this stack with Ta/FeCoB/TaOx, we first observe that the dead layer zone is much smaller in the
latter case, in particular for the underoxidized region. This can be understood by considering
that Mg being lighter damages less FeCoB than Ta when sputtered on top. The OP anisotropy
zone is much larger in case of MgO as the top oxide. It suggests the interface quality is better
in case of FeCoB/MgO producing less intermixing and lesser dead layers. Further more the
increased area of OP anisotropy can be attributed to the crystallinity of MgO.

Effect of annealing

Annealing leads to crystallinity of the sample stack and hence the magnetic properties evolve. I
is therefore interesting to compare its effects on different systems. We use the phenomenological
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model to visualize the change in the magnetic properties of a system before and after annealing
qualitatively. It provides deep insight into the facts such as the improved quality of the interface
after annealing, the reduction of dead layers and also the diffusion of certain metal atoms
into adjacent layers. Here we present two systems that have been examined before and after
annealing.

Figure 6.7 – Before (a) and after(b) annealing (225◦C for 30minutes in ultra-high vacuum)
remanence maps of Ta/FeCoB/TaOx.

Ta/FeCoB/TaOx sample has been already introduced in the previous sections. We saw
precisely how the anisotropy varies as a function of the FeCoB layer thickness as well as the
oxidation of the top Ta layer. The sample was then annealed at 225◦C for 30 minutes under high
vacuum. The annealing conditions for this system had been optimized in earlier experiments,
the details of which I will not indulge at this point.

After annealing, the sample is mapped again using the same nanoMOKE setup and re-
manence map is plotted. On comparing the remanence maps before and after annealing as
shown in figure 6.7, we see that the PMA or the OP anisotropy zone has expanded, mainly for
the lower thickness of the top Ta. The OP-IP anisotropy transition region is shifted towards
higher thickness of the FeCoB (1.3nm) as compared to the un-annealed sample (1.1 nm).
This is consistent with the fact that FeCoB becomes crystalline on annealing as compared to
being amorphous before leading to an overall increase of PMA. The thickness values of FeCoB
corresponding to OP anisotropy is consistent with previous study on this stack63.

The dead layer region due to the overoxidized part seems to have very slightly reduced which
might be due to recovery of more optimally oxidized interface. This can be attributed to the
pumping of oxygen caused by Ta on annealing. However we note that the top paramagnetic/dead
layer zone does not evolve after annealing. This suggests that annealing has no affect on the
dead layer part formed due to the mixing of Fe and Ta atoms : once there is contact between
Fe and Ta, it reduces magnetization and annealing does not modify this contact. The reason
behind such a behavior can be that Ta being heavy metal when sputtered on FM will damage
more the FM than in case of a lighter element for example Mg. If more Ta is sputtered, it
damages the FM more (underoxidized region). Also, it is important to note that the dead layer
arises also due to the bottom Ta/FeCoB interface, however in this case Fe or Co, which are
lighter, are sputtered on heavy Ta and therefore do not cause damage (or very small in amount)
as compared to Ta being sputtered on them in underoxidized region.
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Now using the model described above we are able to reproduce maps of this system the
before and after annealing as represented in figure 6.9 (a) and (b). The dead layer variation
before and after annealing is also plotted as shown in figure 6.10(a). We observe that the dead
layer in the underoxidized region is exactly the same before and after annealing.

We then extract the anisotropy variation before and after annealing (figure 6.10(b)). We
notice a slower drop of anisotropy for overoxidized region after annealing and almost no change
for the underoxidized region. This is consistent with the decrease of dead layer thickness and a
better crystallinity at FeCoB/TaOx interface. As boron (B) is usually pumped in the adjacent Ta
layer in a standard Ta/FeCoB/MgO system, in the case of Ta/FeCoB/TaOx for the underoxidized
part, we may infer that B goes to both top and bottom Ta layers thus not improving much the
PMA.

Figure 6.8 – Before (a) and after(b) annealing (250◦C for 60minutes in ultra-high vacuum)
remanence maps of Ta/FeCoB/MgO.

A similar study is made for Ta/FeCoB/MgO system. Remanence maps are plotted before and
after annealing the sample at 250◦C for 1 hour under high vacuum. This annealing condition
again has been optimized previously.

From the Remanence maps presented in figure 6.8 it can be seen that after annealing (i) the
OP anisotropy zone expands to higher thickness of FeCoB, completely pushing the IP anisotropy
zone (ii) and a reduction of dead layer in the overoxidized zone i.e. for low Mg thicknesses.

The improvement of OP anisotropy after annealing like in the previous case of Ta/FeCoB/-
TaOx indicates the improvement in the crystalline structure of the sample. Moreover since
MgO is also expected to have a well defined crystalline structure after annealing, the expansion
of the OP anisotropy zone is even larger than in the case of Ta/FeCoB/TaOx system. Both in
the befor and after annealing remanence maps we see that for a constant FeCoB, if the MgO
thickness is increased beyong a threshold (∼0.95 nm) it results in IP anisotropy which has also
been observed in literature123.

The reduction of the dead layers after annealing in the overoxidized part suggests that the
oxygen is pumped back from the top Ta upon annealing leading to the recovery of optimally
oxidized interface.

The model is then used to reproduce the maps shown in figure 6.9 (c) and (d). The dead
layer variations are extracted(figure 6.11(a) and (b) showing a slight increase in value of the
minimum dead layer and also mainly in the underoxidized region. In fact minimum dead layer
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increase is visible on the after annealing remanence map itself. This could be attributed to a
slight shift (1-2 mm) of the sample position placed after annealing during the NanoMOKE scan.
However, the dead layer evolution in the underoxidized region suggests that a probable mixing
of the Fe and Mg atoms occurs for higher Mg thicknesses after annealing leading to a slight
increase of dead layers. We have to be careful with this hypothesis as the transition region on
the wafer is relatively close to the edges where all the material properties start to decrease a
bit. This however, at least gives an upper bound for dead layers.

The evolution of Ks is however striking. We can see from figure 6.11 (a) and (b) that after
annealing the Ks no longer drops for lower Mg thicknesses. This suggests a perfect interface
between Fe/MgO which explains the huge expansion of the OP anisotropy zone.

Comparing Ta/FeCoB/TaOx and Ta/FeCoB/MgO, we see two striking differences: (i) the
dead layers obtained in the case of Ta/FeCoB/TaOx is much larger than for Ta/FeCoB/MgO.
This can be due to the fact that Ta being heavy, when sputtered on Fe or Co causes intermixing
whereas Mg being lighter does not. (ii) The OP anisotropy is much wider (almost a factor of 2)
for Ta/FeCoB/MgO as compared to Ta/FeCoB/TaOx after annealing. For the optimally oxidized
case the transition from OP to IP anisotropy occurs for higher thickness of FeCoB in the case of
Ta/FeCo/MgO (tFeCoB > 1.6nm) as compared to Ta/FeCoB/TaOx (tFeCoB > 1.3nm).

Figure 6.9 – Keff × tFM simulated maps as a function of FM and MOx layer thickness
obtained for Ta/FeCoB/TaOx before(a) and after(b) annealing and in Ta/FeCoB/MgO
systems before(c) and after(d) annealing. They have been adjusted with the experimentally
obtained respective remanence maps.
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Figure 6.10 – The variation of dead layer tDL and Ks extracted before and after annealing
for Ta/FeCoB/TaOx as a function of TaOx (represented as tNM, NM=non metal on the
x-axis).

Figure 6.11 – The variation of dead layer tDL and Ks extracted before and after annealing
for Ta/FeCoB/MgO as a function of MgO (represented as tNM, NM=non metal on the
x-axis).
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6.E.2 Pt/Co/MOx

Here we describe how the top oxide layer in the case of HM/FM/MOx system, affects the
magnetic properties for the same HM/FM. We compare three systems namely: Pt/Co/AlOx,
Pt/Co/MgO and Pt/Co/TaOx. All these samples were prepared by sputtering consisting of a
double wedge, i.e. a wedge of Co and on top of it a wedge of Al or Mg or Ta in a direction
perpendicular to the previous wedge followed by an oxidation step. Natural oxidation was used
in the case of Pt/Co/MgO and Pt/Co/TaOx (same as for Ta/FeCoB/MOx systems) whereas
plasma oxidation is used in case of Pt/Co/AlOx. These samples were not annealed in order to
avoid the inter-diffusion at the Pt/Co interface. MOKE mapping of the three samples were then
performed and remanence maps were plotted for each of them.

Figure 6.12 – Remanence map obtained from MOKE measurement for Pt/Co/AlOx (a),
Pt/Co/MgO (b) and Pt/Co/TaOx (c) sample. The corresponding Keff×tFM simulated maps
as a function of FM and MOx layer thickness obtained for Pt/Co/AlOx (d), Pt/Co/MgO (e)
and Pt/Co/TaOx (f) systems. They have been adjusted with the experimentally obtained
respective remanence maps.Variation of dead layer tDL (g) and Ks (h) extracted for the
three systems as function of the MOx layer thickness (as tNM NM=non magnetic) is also
represented.
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Dead layer variation

In the case of Pt/Co/AlOx, we observe from the remanence map in figure 6.12 (a) that we have
dead layers/ paramagnetic zone over quite a large range of Co thickness (0.4nm to 0.8nm)
until the Al on top is thick enough (1 nm). In other words for lower Al thicknesses we can
expect that the Co is oxidized hence corresponding to the overoxidized zone which leads to
dead layers whereas when Al thicknesses increases the oxidation becomes optimum. This could
be due to ’aggressive’ oxidation with plasma that makes O atoms penetrate deeper in Co layer.
It is also important to note that the dead layer is quite small in the underoxidized region.

In the case of Pt/Co/MgO shown in figure 6.12 (b), firstly we see that the paramagnetic
zone or the dead layer zone is almost absent in the thickness range of the two layers, Co:0.6 to
1.2 nm and Mg: 0.5 to 1.0 nm. We can infer that the dead layer zone is probably below this
thickness range. As we don’t clearly see the PM region (might be due to edges of the wafer),
we should be careful in the interpretation here therefore the extraction of the dead layer is an
upper limit.

For the remanence map of Pt/Co/TaOx in figure 6.12 (c), we observe that the dead layer
zone is large for higher thickness of Ta and below 0.95 nm of Co. It is however smoother than
in the case of FeCoB indicating that Fe is more sensitive than Co to the presence of Ta.

The remanence maps of the three systems described above were also fitted using the model.
The respective maps are generated consistent with the experimental observation shown figure
6.12(d)(e)(f). The dead layer tDL dependence on MOx thickness is plotted for each case
in figure 6.12(g). It can be better visualized with these graphs that In the case of Al, until
an optimum oxidation is reached the anisotropy is almost zero resulting in dead layers. On
obtaining the optimum the dead layers are drastically reduced.

In the case of MgO, the dead layer increases for smaller Mg thicknesses which indicates
the overoxidized case in which Co is oxidized. For larger Mg thickness the dead layer does
not increase indicating a perfect interface between Co and MgO. For Pt/Co/TaOx, as expected
the dead layer increases for higher Ta thickness corresponding to the underoxidized case
indicating an imperfect interface between Co and TaOx when the Co thickness is low and a
partial destruction of magnetism due to Ta deposition on Co. For overoxidized region : same
slope is observed as the previous two cases.

Anisotropy variation

We see from the remanence map in figure 6.12 (a), that AlOx contributes largely to the PMA in
Pt/Co/AlOx system. Within the thickness range of Al ranging from 1.2 nm to 1.4 nm, we get
PMA for a wide range of Co thickness. Above a 1.5nm of thickness of Al, i.e. an underoxidized
zone, IP anisotropy is preferred. Further we see that beyond 1.4 nm thickness of Al, the
preferred anisotropy becomes in-plane for almost all the thickness of Co. This trend is similar to
what has been observed by Manchon et al. 124 and Rodmacq et al. 125. However, thickness of Al
corresponding to OP anisotropy was lower in their case as the oxidation time was longer than
what we have for our samples. Therefore they observed OP anisotropy for lower Al thickness
due to optimally oxidized Pt/AlOx interface whereas in our case the range of Al thickness to
observe OP anisotropy shifted to higher values. Moreover below a certain Al thickness, i.e
overoxidized case when the Co gets oxidize too, we observe a decrease of OP anisotropy which
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finally leads to paramagnetic state which is in agreement with Manchon et al., by contrast125

report that the anisotropy evolves from being reduced OP to IP anisotropy over time for the
same case. This can be related to the motion of the oxygen ions through the interface which
brings this change but it is still unclear.

The overall behavior of the dependence of anisotropy has been explained by Manchon
et al. 124 on the basis of interfacial oxidation. In the underoxidized case, the bonds at the
Co/AlOx interface are primarily Co-Al and the magnetization of Co lies in-plane. The onset
of PMA is governed by the replacement of Co-Al by Co-O, which corresponds to the optimum
oxidation state and leads to positive Ks. Finally for overoxidized case the Co gets oxidized
through penetration of oxygen atoms through the grain boundaries decreasing the exchange
coupling between the magnetic grains and hence the overall anisotropy.

In the case of Pt/Co/MgO in figure 6.12 (b) the out-of-plane to in-plane anisotropy transition
is rather diagonal across the remanence map. This means that for the same thickness of Co
lets say 0.8 nm, we can get PMA when the Mg thickness is between 0.5 to 0.7 nm whereas on
exceeding this thickness range of Mg, the anisotropy becomes in-plane. Similarly for 0.6 nm
of Mg, we can have PMA within 0.6 to 1.0 nm of Co and in-plane anisotropy above that. This
two fold dependence of anisotropy on the FM and MOx layer thickness is extremely important
to keep in mind in order to optimize this system for various applications, for instance for
skyrmions65.

For Pt/Co/TaOx, the picture is quite different(figure 6.12 (c)). Here we observe that for low
thicknesses of top Ta (0.6 to 0.8 nm), the anisotropy preferred is in-plane over wide thickness
range of Co. Whereas when the top Ta thickness increases then PMA is preferred for lower Co
thicknesses (1-1.3 nm) beyond which it becomes in-plane. Here we see that within a certain
thickness range of Ta: 0.8 to 1.1 nm which also corresponds to the optimally oxidized zone,
the anisotropy is mainly dependent on the Co thickness going from out-of-plane for lower
thicknesses and in-plane for higher thicknesses.

We use our model to extract the interface anisotropy Ks variation as described before as a
function of MOx thickness in figure 6.12(h). Here we first observe that the optimum interface
anisotropy is obtained at different thicknesses of MOx which also corresponds to the optimally
oxidized state of the MOx. The interface anisotropy decreases on moving away from the
corresponding optimally oxidized MOx thickness. The drop of interface anisotropy on the left
part of the curve that is for lower MOx thicknesses corresponds to the overoxidized case leading
to dead layers and hence paramagnetic zone. The drop on the right hand side on the other hand
indicates the underoxidized case where the preferred anisotropy becomes in-plane in general
but can also be paramagnetic like in the case of Pt/Co/TaOx. Such a behavior of the interface
anisotropy was also observed by Manchon et al.. The drop of anisotropy for lower M thickness
also means that the interface is no more Co/MOx but Co/CoO (it is not yet paramagnetic as we
still have a square loop). This was not so obvious as it is again an interface with an oxide. So
the M is important for interfacial anisotropy The shape of Ks for all three cases is surprisingly
similar (shift of optimum thickness due to type of oxidation and maybe oxygen content of MOx
i.e. stoichiometry) and different amplitudes (not surprising as the materials are different).

This material study is still being pursued to formulate quantitative results. For the model,
we need to optimize the fitting of the dead layer by choosing a Gaussian function which makes
the fit smoother. We also need to clearly distinguish between the real and apparent dead layers
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and the variation ofMs and ks along them to present more realistic systems. The appropriate
value of the Ms needs to be used for each HM/FM/MOx system which would enable us to
extract the corresponding values of Ks and Keff. Furthermore, we plan to add the DMI energy
and the calculation of domain wall energy to the model. The aim is to be able to visualize the
areas of low domain wall energy on the reconstructed map of effective anisotropy which would
hint at the possible skyrmionic zones (skyrmions can be nucleated in low domain wall energy
zones).

6.F Conclusion and Perspectives

We hence see that the choice of FM, or the top MOx and their respective thicknesses and
interfacial oxidation state, shapes the magnetic energy contours in HM/FM/MOx system. It is
in terms of the transition regions from out-of-plane anisotropy to paramagnetic or out-of-plane
to in-plane transition for their corresponding thicknesses. From a simple model constructed on
these ideas we could determine qualitatively how annealing affects the interface anisotropy and
the appearance of dead layers in the system in the case of Ta/FeCoB/TaOx and Ta/FeCoB/MgO.
We could further compare several systems like Pt/Co/AlOx, Pt/Co/MgO and Pt/Co/TaOx on the
basis of the top oxide layer in terms of anisotropy and dead layer profile variations. This method
provides a way to study in detail all the magnetic parameters and their mutual dependence for
several systems.

This material study is still being pursued to formulate quantitative results. For the model,
we need to optimize the fitting of the dead layer by choosing a Gaussian function which makes
the fit smoother. We also need to clearly distinguish between the extrapolated and apparent
dead layers and the variation ofMs and ks along them to present more realistic systems. The
appropriate value of the Ms needs to be used for each HM/FM/MOx system which would
enable us to extract the corresponding values of Ks and Keff. Furthermore, we plan to add
the DMI energy and the calculation of domain wall energy to the model. The aim is to be
able to visualize the areas of low domain wall energy on the reconstructed map of effective
anisotropy which would hint at the possible skyrmionic zones (skyrmions can be nucleated in
low domain wall energy zones). The next chapter deals with locating the stable skyrmionic
zones in Ta/FeCoB/TaOx system as a function of the thicknesses of FeCoB and TaOx.
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7.A Introduction

In the previous chapter we saw how the magnetic properties evolve as a function of layer
thicknesses in different HM/FM/MOx systems. We also located the low domain wall energy
zones in these double wedges where we expect to stabilize skyrmion phases. In this chapter, the
experimental observation of skyrmion bubbles in Ta/FeCoB/TaOx system using Polar Magneto-
Optic Kerr Effect Microscopy (p-MOKE) is presented. It is detailed how the manipulation of
material parameters lead to stable skyrmion phases. The skyrmions are observed in different
transition regions namely: out-of-plane anisotropy to paramagnetic zone and out-of-plane
anisotropy to in-plane anisotropy, as a function of the FeCoB and TaOx thicknesses. A brief
study of their motion is also demonstrated.

Skyrmions are chiral magnetic textures being vastly explored currently for their potential
use in memory and logic devices. They were discovered initially in bulk non centro-symmetric
crystals like MnSi and FeGe at low temperature59, 60. They have recently been observed at room
temperature in thin trilayer systems consisting of a heavy metal (HM), a ferromagnet (FM)
and metal oxide (MOx) like Ta/FeCoB/TaOx63, Pt/CoFeB/MgO64 and Pt/Co/MgO65. In these
systems, an antisymmetric exchange called the interfacial Dzyaloshinskii-Moriya interaction
(DMI) arises due to broken inversion symmetry and spin orbit interaction. This interaction
competes with other magnetic interactions like exchange, dipolar, anisotropy and Zeeman
to stabilize skyrmions. However observing magnetic skyrmions at room temperature is not
straightforward. One way is to form them from chiral stripe domains by using geometrical
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constrictions and flowing spatially non uniform currents63. Another way is to nucleate them
using solely the interface properties. Several ways exist to maneuver the interface which can be
instrumental in stabilizing skyrmion phases. Some studies have shown to engineer the interface
using thin insertions of heavy metal in between the ferromagnet and insulator66. The oxidation
state of the insulator on the top, which is often a metal oxide, has also been seen to affect
the perpendicular magnetic anisotropy and DMI116 which can directly lead to tuning of the
interface for stable skyrmion phase.

We investigate in detail a stable energy landscape for skyrmion phase by studying the
magnetic properties as a function of ferromagnetic and insulator layer thickness and its oxidation.
In order to access skyrmionic bubble phase in thin films, the domain wall energy given by
σW = 4

√
AKeff − π | D |64, 126 with Keff the effective anisotropy (Keff = Ks/t − 1/2µ0M

2
s

where Ks is the surface anisotropy) and A the exchange stiffness, should be low i.e. either Keff
is low with no DMI or the DMI coe�cient is large enough to nearly compensate anisotropy
contribution in σW . To achieve this, a fine tuning of the layer thicknesses, stoichiometry and
interface quality is necessary.

7.B Tuning double wedges of FeCoB and TaOx layers in Ta/FeCoB/-
TaOx for skyrmion nucleation

We concentrate on Ta/FeCoB/TaOx trilayer for the rest of our study as it offers several material
parameters to play with in order to tune the interfacial properties for skyrmion nucleation.

Figure 7.1 – (a) Double wedge system: a wedge of Ta deposited perpendicular to the wedge
of FeCoB. This is followed by oxidation which gives optimally oxidized, underoxidized
and overoxidized Ta zones.(b) Remanence map of Ta/FeCoB/TaOx obtained by MOKE.
Red indicates high remanence and blue low remanence. The shape of the hysteresis loops
reveals the paramagnetic, perpendicularly magnetized and in plane magnetized zones as
demonstrated by schematic on the left. The positions marked by cross, triangle and star
represent the zones where the skyrmion phase is stable.
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7.B.1 Sample details

To study this system, a double wedge deposition technique (shown in figure 7.1a) by sputtering
was used. On a 100mm Si wafer substrate with 500nm-thick thermally oxidized SiO2, first
un underlayer of Ta (3nm) is deposited. This is followed by deposition of FeCoB wedge (0.59-
1.69nm) using off-axis deposition technique described in chapter 5. Perpendicular to this wedge,
another deposition of Ta wedge(0.45− 1.04nm) is carried out followed by natural oxidation
step (oxygen pressure 150mbar for 10s). The oxidation of the Ta wedge leads to underoxidized
and overoxidized Ta zones on the opposite edges apart from the optimal oxidation in the center
as shown in figure 7.1a. For surface protection of TaOx, a thin layer of Al(0.4nm)is deposited
after it. This double wedge provides access to all combinations of thicknesses of FeCoB and
top Ta. The sample was further annealed at 225◦C for 30 minutes to improve perpendicular
magnetic anisotropy (PMA).

7.B.2 Characterizing magnetic properties of Ta/FeCoB/TaOx trilayer by MOKE
magnetometry

First, in order to map the magnetic properties of the double wedged sample, Magneto-optic Kerr
effect(MOKE) magnetometry was performed. MOKE magnetometer, with a focused laser (spot
of 300µm), was used to characterize every mm2 of the sample. Due to its 45◦ light incidence
and a 2D applied magnetic field, our MOKE setup (described in chapter 5) is sensitive to both
out-of-plane and in-plane components of magnetization. The shape of the hysteresis loop
obtained at every measured point, reveals the anisotropy favored at that point.

Transition regions along the FeCoB and TaOx double wedge

Perpendicular Magnetic Anisotropy to Paramagnetic state transition A map of the re-
manence (Fig 7.1b) shows that the perpendicular magnetic anisotropy region is limited to
0.9 − 1.3nm of FeCoB, above which in-plane anisotropy is favored energetically. For FeCoB
thicknesses in the range 0.85− 1.2nm, we observe paramagnetic regions (PM) along the two
extremes of the top Ta wedge that give zero remanence and noisy signal. For instance, if we
follow the dotted line of Fig 7.1b, corresponding to tFeCoB ≈ 0.95nm, PM region is obtained
for tTa < 0.65nm or tTa > 0.92nm. For low Ta thickness, the surplus of oxygen, not trapped in
TaOx layer, will reach FeCoB and partially oxidize the ferromagnet. In this overoxidized region,
the ferromagnetic layer thickness is thus reduced and it leads to lower Curie temperature (TC).
When TC crosses room temperature, the layer thus becomes paramagnetic. This is similar to
the behavior observed in other systems such as Pt/Co/AlOx69. Also for high Ta thicknesses, we
observe a paramagnetic region. In this case, it means that TaOx is partially replaced by Ta at
the top FeCoB interface. Ta at the interface with FeCoB leads to dead layer (of the order of
0.3nm) and it is supported by our ab-initio calculations (done by M. Chshiev) that show that
the magnetization of Fe is reduced when in contact with Ta at the interface. Therefore we can
see that oxidation of the Ta layer on top of FeCoB largely affects the anisotropy and can be use
to tune the same.
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Perpendicular Magnetic Anisotropy to In-Plane Anisotropy state transition On the rema-
nence map of figure 7.1b we also observe another region with zero remanence, but in this case,
it is not noisy as in the case of the paramagnetic region. It corresponds to the out-of-plane
(also called Perpendicular Magnetic Anisotropy) to in-plane anisotropy transition when the
FeCoB thickness increases. Therefore if we follow the horizontal dashed line along the sample as
shown in figure 7.1, we encounter paramagnetic zone, out-of-plane and subsequently in-plane
anisotropy zones.

Phenomenological Model to interpret the variation of magnetic properties A phenomeno-
logical model was developed (explained in Chapter 6) to qualitatively interpret the variation
of the magnetic properties like perpendicular magnetic anisotropy, dead layer profile, surface
anisotropy (Ks) and effective anisotropy (Keff) across the sample. Our model manages to
reproduce qualitatively the experimental remanence map. It shows for instance that annealing
mainly improves the underoxidized region which leads to reduction of dead layers and increase
of surface anisotropy. Through this model we can deduce that the transition regions are the
zones with low domain wall energy. Therefore we can expect easy nucleation of skyrmions at
these sites.

7.B.3 Study of magnetic domain configuration by p-MOKE microscopy

Figure 7.2 – Polar Kerr image of magnetic domains along the TaOx wedge. (a) The
demagnetized stripe domains at 0µT (left) and their transformation on applying out of
plane magnetic field of at 30µT (right) corresponding to the Ta thickness marked by
the white dotted line in the (b) remanenance map of the Ta/FeCoB/TaOx double wedge
obtained by MOKE magnetometry.
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Having an idea about the possible zones of transition from the MOKE mapping, we then
performed p-MOKE microscopy measurements to study the magnetic domain configuration
and possible skyrmion nucleation sites. In the optimally oxidized Ta zone, the PMA is high and
hence in the absence of magnetic field large domains are energetically stable. The magneti-
zation reversal on the application of out of plane magnetic field is dominated by domain wall
propagation mechanism. The evolution of the domain pattern from 0µT to 30µT along the top
Ta wedge is shown in figure 7.2.

Figure 7.3 – P-MOKE images of two types of demagnetized domain configuration located
at two transition zone. On the left: stripe like domains oriented along their length perpen-
dicular to the out-of-plane anisotropy to paramagnetic transition as shown in the remanence
map above, right: Labyrinthine domains at the out-of-plane to in-plane anisotropy transition

7.B.4 Skyrmion bubbles in Perpendicular Magnetic Anisotropy to Paramagnetic
state transition region

As we move towards the out-of-plane to paramagnetic transition zone, the size of the domains at
zero field reduces to become stripes. In fact these stripes correspond to a thermally demagnetized
state. It occurs due to low domain wall energy on account of lowering of anisotropy and
saturation magnetization such that the nucleation energy of domains is in the order of thermal
energy at room temperature. The stripe like domains are observed to be oriented along the
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Figure 7.4 – Polar Kerr image of skyrmionic bubbles in the different transition zones.
Left: the demagnetized stripe domains at 0µT (above) and the skyrmionic bubbles at
30µT (below) in the transition from out-of-plane to paramagnetic zone where the top
Ta is underoxidized. Middle: the demagnetized stripe domains at 0µT (above) and the
skyrmionic bubbles at 30µT (below) in the transition from out-of-plane to paramagnetic
zone where the top Ta is overoxidized. Right: the demagnetized labyrinthine domains at
0µT (above) and the skyrmionic bubbles at 200µT (below) in the transition from out-of-
plane to in-plane anisotropy zone. The symbols above the images (cross, triangle and star)
correspond to the points on the double wedge shown in figure 7.1.

frontier of the out of plane to paramagnetic transition zone. Since the magnetic parameters like
Ms (thus Tc) and Ks drop abruptly in a direction perpendicular to this transition zone, the stripes
are elongated along the direction where the variation of these parameters is less pronounced :
see figure 7.3. On the application of a small out of plane magnetic field, a skyrmionic bubble
phase is seen. The Zeeman energy in this case balances out the other interactions and the
presence of DMI leads to a stable skyrmion phase. These bubbles appear quite isolated and non
interacting with each other. Their motion under current is quite uniform as described in the
following sections. The value of DMI in this zone was measured by BLS and was found to be
0.2mJ/m2 which is consistent with the values in the literature for this system63. On further
increasing the magnetic field, a uniformly magnetized state becomes favorable. Figure 7.5
shows the hysteresis cycle measured in this zone and the corresponding p-MOKE images at
different applied magnetic field.

Motion of Skyrmionic bubbles

To qualitatively observe the motion of the bubbles under applied current, we used conducting
tips integrated with the p-MOKE setup. An out-of-plane magnetic field was applied to stabilize
the bubbles while observing their motion under current. The bubbles formed in the out-of-plane
anisotropy to paramagnetic transition zone move uniformly along the current flow i.e. against
the electron flow indicated in figure 7.6. The uniform motion of these bubbles under applied
current by spin-orbit torques confirms their non trivial topology and hence their skyrmionic
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Figure 7.5 – Hysteresis loop and the corresponding images obtained by p-MOKE in the
out-of-plane to paramagnetic transition zone. At 0 magnetic field, demagnetized stripe
domains are observed. On increasing (or decreasing) the field, a stable skyrmionic bubble
phase appears. White contrast represents +z direction and black vice versa. On further
increasing (or decreasing) the field a saturated ferromagnetic state is obtained.

nature. In fact when the domain walls are chiral Néel type, i.e. the magnetization always
rotates clockwise (or anticlockwise depending on the sign of DMI), the torque changes sign
from one edge of the bubble to the other. As both magnetization inside the wall and torque
change sign on opposite edges of the bubble, it results in a motion of the edges in the same
direction, which thus leads to a uniform motion of the bubble, without distortion. To make a
quantitative study of the motion of bubbles under current, we used UV lithography and etching
to pattern Hall crosses on the Ta/FeCoB/TaOx trilayer in the out-of-plane to paramagnetic
transition zone where the motion was observed to be quite uniform. The size of the contact
pad is 150µm. A constant out-of-plane magnetic field of 30µT is applied to form the bubbles.
A DC current of 0.11 mA (leading to a current density of 2× 108A/m2 in the 150µm pad) is
applied between the contact pads so that it flows in the Ta/FeCoB metallic bilayer. A velocity of
≈ 20µm/s is obtained which is similar to the study by Jiang et al. 63.

7.B.5 Skyrmion bubbles in PerpendicularMagnetic Anisotropy to In Plane Anisotropy
state transition region

The other transition zone as mentioned above is between the out of plane and in plane anisotropy
regions along the FeCoB thickness. In this transition zone, a demagnetized domain structure
prevails too at zero field. However in this case the domain structure is isotropic labyrinthine
like in appearance. The FeCoB is thicker in this region and hence the overoxidized zone is
reduced. TheMs remains therefore unaffected. The magnetic properties are nearly uniform in
both the horizontal (along FeCoB wedge) and vertical (along TaOx wedge) directions. This can
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Figure 7.6 – Polar Kerr image of skyrmionic bubbles in the out-of-plane to paramagnetic
transition zone under applied current. The tips used for applying current are visible in the
image with the indicated polarity. The arrows indicate the direction of current flow and
skyrmion flow. The two images on the left and right are successively taken under applied
current in the interval of 2 seconds respectively. The motion of skyrmionic bubbles in this
zone is quite uniform and free from pinning or distortion.

be the reason that leads to uniform labyrinthine like demagnetized domain structure as there is
no preferred sense of orientation as compared to the stripes in the out-of-plane to paramagnetic
transition zone, as shown in figure 7.3. Application of a small out of plane magnetic field
stabilizes skyrmionic bubble state for the reasons described in the previous section. However
contrary to the skyrmionic bubbles in the region of out of plane to paramagnetic transition, they
appear in a more lattice like formation. This difference is also observed in their motion under
current which is described in the next section.

Motion of Skyrmionic bubbles

The motion of the bubbles formed in the out-of-plane to in-plane anisotropy transition region
seems to be dominated by pinning. It can be seen in the figure 7.7 that on the application of
current, the bubbles elongate. The video acquired of the motion reveals that some bubbles
demonstrate successive elongation and contraction and move forward in the same direction
which would indicate a homochiral nature. Some however remain pinned, some disappear and
some expand continuously. As the interfacial DMI is dependent on the thickness of FeCoB, it
might be lower in this zone owing to thicker FeCoB. This would lead to the DMI being lower
than the critical value to stabilize perfect Néel type chiral skyrmions. Therefore we have to still
investigate in detail this type of motion of bubbles to conjecture if they are chiral or not.

7.B.6 Analytical Model to explain the stable skyrmionic bubble zones

We use the analytical model of isolated bubble developed in ref Schott et al. to calculate its
energy relative to the saturated state. This model incorporates the contributions from: dipolar,
exchange, anisotropy, Zeeman and DMI energies as a function of the bubble diameter. The
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Figure 7.7 – Polar Kerr image of skyrmionic bubbles in the out-of-plane to in-plane
anisotropy transition zone under applied current. The tips used for applying current
are visible in the image with the indicated polarity. The arrows indicate the direction of
current flow and skyrmion flow. The two images on the left and right are successively taken
under applied current within the interval of 2 seconds respectively. We see that the most
of the bubbles get elongated along the direction of the current. The video obtained from
this motion shows that some of them move following successive expansion and contraction
along the current direction. It cannot be concluded if they are chiral or not. This is contrary
to what we observe in the case out-of-plane to paramagnetic zone where the motion is
uniform free from distortion indicating homochirality.

energy of an individual bubble relative to the saturated state can be written as:

δEsb(R, t,Ms, σW) = σWt2πR+ 2µ0MsHtπR
2 − µ0M

2
sπt

3I(d) (7.1)

where σW is the domain wall energy, t is the layer thickness, R is the bubble radius,Ms is the
saturation magnetization, µ0H is the applied magnetic field, and I(d) is the stray field energy
gain where d = 2R/t (details in ref Schott et al. 69). Here the DMI is included in the domain
wall energy. Any inhomogeneities in domain wall structure or any non circular shape domain
is thus not taken into account. Here the objective is to investigate whether a stable energy
minima for the bubble state exists for the set of parameters extracted at different transition
regions. In the cases of under or overoxidation, a lower thickness, Ds, Ks and Ms lead to a
bubble with a diameter of 1.8µ m. In the case of the OP to IP transition, all these parameters
are higher except the DMI value and lead to a minimum of energy for a 2.2µ m diameter
stable bubble. The total energy is calculated and compared with the thermal energy (kBT) to
estimate the thermal activation barrier which is plot in figure 7.8. We can see clearly that the
nucleation energy barrier for the skyrmion bubbles in the out-of-plane to in-plane anisotropy
transition zone (tFeCoB = 0.9nm) is higher than that for out-of-plane to paramagnetic transition
region(tFeCoB = 0.6nm). The table 8.2 summarizes the parameters used for the analytical
calculation. We thus conclude from these calculations that a stable energy minima exists for a
skyrmionic bubble for both the sets of parameters confirming the experimental observations.
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Figure 7.8 – Analytical model: variation of the energy difference between the bubble state
and the saturated state as a function of the bubble diameter. Dipolar, anisotropy, exchange,
Zeeman and DMI energies have been taken into account. The magnetic parameters used
for the two curves are the ones for the bubble zone in the transition from (i) out-of-plane
to paramagnetic zone and in the transition from (ii) out-of-plane to in-plane anisotropy
zone. In both cases, a energy minima for a bubble exists.

Ms (MA/m) Ks (mJ/m2) Ds (fJ/m) A (pJ/m) t (nm) µ0H (mT)
Analytical model

0.98 0.374 +120.25 12 0.6 0.3
1.0 0.605 -91.2 12 0.9 0.5

Table 7.1 – Parameters used for analytical model.

7.C Conclusion

In this chapter we saw how the different interfacial magnetic properties vary as a function of
FeCoB layer thickness and top Ta layer thickness and its oxidation state. A delicate balance
between these result in the formation of skyrmionic bubbles on the application of small out
of plane magnetic field. There are two distinct regions where skyrmions are formed (i) near
the out-of-plane to paramagnetic transition and (ii) near out-of-plane to in-plane transition.
Their observed motion in these two regions is quite different. The skyrmion bubbles in the
out-of-plane to paramagnetic transition zones move uniformly in the direction of applied current
confirming their homochirality. Whereas, the motion of bubbles in the out-of-plane to in-plane
transition zone is non-uniform. Some of them elongate and contract moving in the direction
of current while some remain pinned or disappear. We therefore cannot conclude if they are
chiral.

In the next chapter we explore the change in the interfacial magnetic properties and hence of
skyrmions in the out-of-plane to paramagnetic transition zone (which we found to be homochiral)
as a function of applied electric field.
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8.A Introduction

Electric field effect is now foreseen to be ubiquitously employed to build energy e�cient and
versatile spintronic devices. Voltage gating offers a dynamic control of the interfacial magnetic
properties that has been proposed to be useful for write operations in Magnetic Tunnel Junctions
(MTJ)106, 107 and to tune the sensitivity and detectable field range in magnetic sensors. More
recently in thin film systems consisting of a heavy metal/ferromagnet/insulator heterostructures,
electric field induced manipulation of magnetic skyrmions59, 60 has been demonstrated which
is even more promising for the envisioned next generation skyrmion based memory and logic
devices69, 71. In these studies the voltage induced modulations have been mainly ascribed to
changes in magnetic anisotropy and saturation magnetization. However, the effect of electric
field on the antisymmetric exchange known as interfacial Dzyaloshinskii Moriya interactions
(DMI)127 has not been clearly addressed. The DMI has a fundamental role in stabilizing the
skyrmions and also determines their chirality. Therefore DMI control through voltage would
directly affect the size and chirality of skyrmions and their velocity under applied current. This
would establish an unprecedented control over skyrmions and chiral domain walls and could
lead to novel spin-orbitronic devices.

We therefore focused our experiments on addressing this aspect. We chose to study Ta/Fe-
CoB/TaOx for this purpose which is known to host magnetic skyrmions. We performed Brillouin
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Light Spectroscopy (BLS) measurements to directly determine the changes in the interfacial DMI
of this system as a function of applied electric field. We further performed polar Magneto-optic
Kerr Effect (p-MOKE) measurements on the same sample to highlight the time scale effects of the
electric field on DMI and other magnetic properties simultaneously. Micromagnetic simulations
were then performed using the experimentally obtained parameters to give a deeper insight
into the internal structure of skyrmions expected at different voltages as a result of the change
in the magnetic properties.

The BLS measurements were performed in collaboration with M. Belmeguenai and Yves Rous-
signé at LSPM in Université Paris 13. I actively participated in the experiments. I also prepared the
setup to apply the electric field for BLS measurements under voltage.

The micromagnetic simulations were done by Roméo Juge in the group of Olivier Boulle at
Spintec. I actively participated in the simulations and the discussion involved. I also provided the
required magnetic parameters and their evolution under electric field obtained experimentally for
the simulations.

8.B Electric Field Effect on DMI: Brillouin Light Spectroscopy (BLS)
measurements

8.B.1 Experimental setup and configurations

BLS is a technique which is known to give a direct access to the interfacial DMI through
frequency shifts of oppositely propagating spin waves (described in chapter 5). We prepared
our samples for BLS measurements under electric field by depositing thick insulating oxide
followed by patterning of transparent through lithography (described in chapter 5). Polar MOKE
images in figure 8.1b shows the demagnetized stripe domains (at 0µT)and skyrmionic bubbles
(at 30µT) under the electrode. It is this electrode that is connected to a voltage source. It is
important to note is that we chose the underoxidized TaOx zone of our sample for the electric
field study (different zones and their characteristics are described in the previous chapter 7).

The schematic setup of the experiment is shown in figure 8.1a. A constant magnetic field
of 300 mT is applied perpendicular to the plane of incidence which is the plane containing
the incident and reflected laser beam, allowing the probing of spin waves propagating in
the plane perpendicular to the applied magnetic field in the Damon-Eshbach (DE) geometry,
as represented in fig 8.1a. The applied magnetic field µ0H is above the saturation field of
the sample as determined from magnetometry loops. The frequency shift in the Stokes and
Anti-Stokes resonances is analyzed using a 2x3 Fabry-Perot interferometer (3-300 GHz) and is
calculated by

∆f =| fS | − | fAS | (8.1)

Calibrations were done to remove any offset128 by measuring BLS spectrum under both ±µ0H.
The laser spot of 100µm in diameter was focused on the electrode which is connected to the
voltage source. The length of the probed spin wave vector is given by kSW = 4πsin(θinc)/λ

where θinc = 60◦ is the angle of incidence and λ = 532 nm the wavelength of the incident laser.
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Figure 8.1 – (a) Schematic of the sample and setup for BLS measurement. During the
accumulation of the spectra (4h), constant voltage is applied on a 150×800µm2 transparent
ITO electrode and a magnetic field H is applied to saturate magnetization along z. (b)
p-MOKE microscopy images of (left) thermally activated demagnetized stripe domains that
transform into (right) skyrmionic bubbles on the application of small out of plane magnetic
field (30µT).

8.B.2 Wavevector kSW dependence of frequency difference ∆f
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Figure 8.2 – ∆f measured as a function of spin wave vector kSW

The first part of the experiment is to determine the response of the difference in the Stokes
and Anti-stokes frequency peaks as a function of the spin wave vector kSW . We observed that
the frequency difference varies linearly with the spin wave vector kSW (see fig. 8.2), which is
what is expected from the given expression120, 121

∆f =
2γ

πMs
kSWD (8.2)

where γ is the gyromagnetic ratio, Ms the saturation magnetization and D Interfacial DMI
energy.114, 119–122

Having observed a linear ∆f Vs kSW behavior, we could perform the BLS measurements at
one fixed kSW = 20.45µm−1 under different applied voltages. This in fact allows fewer mea-
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surements and hence prevents electrode degradation due to long hours of voltage application.

8.B.3 BLS spectra under different applied voltages

We measured the BLS spectra at 0, -10V and +10V for an accumulation period ranging from
4 to 15 hours. The corresponding BLS spectra are represented in figure 8.3a. The frequency
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Figure 8.3 – BLS spectra (open symbols) measured while applying 0V,-10V and +10V and
the corresponding Lorenztian fits (solid curve). fS and fAS correspond to frequencies of the
Stokes and the Anti-Stokes peaks and are marked with vertical lines. The shift in frequency
∆f =| fS | − | fAS | is proportional to the interfacial DMI. It changes by 140% between 0
and -10V.

difference ∆f between Stokes (fS) and anti-Stokes (fAS) peaks ∆f =| fS | − | fAS | is determined
from the Lorentzian fits. For a gate voltage of -10V, we observe a significant change of the BLS
spectrum, corresponding to 140% increase of ∆f. By contrast, a very small change in ∆f is
observed for +10V. Similar non-linearity with voltage has been reported in studies of electric
field effect on interfacial anisotropy106, 109. Since data acquisition for BLS lasts several hours,
the electric field effect measured here corresponds to long time scale phenomena which involves
ion migration and hence can produce non-linear effects. We recover the 0V spectrum (see
section8.B.3) after the -10V and +10V measurements indicating complete reversibility of the
involved mechanisms.

Determination of DMI as a function of applied voltage

Interfacial DMI energyD is determined from ∆f using expression 8.2. Here γ/2π = 28.5 GHz/T

was determined by Ferromagnetic Resonance (FMR) on 5 nm FeCoB films by M.Belmeguenai at
LSPM in UniversitÃ Paris 13. Ms averaged over 3mm2 at 0V (1.05× 106A/m) is measured by
Superconducting Quantum Interference Device (SQUID) magnetometry and its variation with
voltage is measured from the Kerr signal amplitude of hysteresis loops observed by p-MOKE
(inset of Fig. 8.4b). Less than 6% variation ofMs is observed in this voltage range. Taking
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Figure 8.4 – Variation of ∆f and deducedD as a function of applied voltage. The error bars
in ∆f are calculated from the fits of spectra. To extract D, theMs variation with applied
voltage has been taken into account (see inset showing 6% variation ofMs measured by
p-MOKE).

this variation into account, the evolution of D with voltage is extracted, as represented in Fig.
8.4: it varies from 0.08± 0.01 at 0V to 0.18± 0.03 mJ/m2 at -10V, giving a variation of ∆D =
0.1± 0.04 mJ/m2. We thus achieve 130% variation of DMI in response to an electric field of
E = −170 MV/m. Taking into account our error bars on DMI calculation, the estimated DMI
increase is between 70 and 200%. It corresponds to a variation of the surface DMI coe�cient by
∆Ds = ∆(D.t) = 65±25 fJ/m, where t is FeCoB thickness taking into account the magnetically
dead layer, the efective ferromagnetic thickness t = 0.65 nm, (see chapter 6 for the detailed
explanation of dead layers). This variation of D (resp. Ds) is three (resp. two) orders of
magnitude higher than the only previous experimental observation of voltage induced DMI in
thick films117 (∆D = 40 nJ/m2 or ∆Ds = 0.8 fJ/m).

Reversibility of BLS measurements

First to check the time constants of the different electric field mechanisms involved, we studied
the evolution of the equilibrium stripe domain width Leq through p-MOKE on the scale of
minutes to hours shown in figure 8.5. As the change in the stripe domain width is directly
dependent on the domain wall energy σW and hence DMI, their evolution in time is directly
related to the evolution of σW and hence DMI explained in subsection 8.C.1. We see in figure
8.5 that saturation is reached over 1 hour time scale. This ensures that the BLS measurements,
correspond to the stable equilibrium of the system as data acquisition time is 4 hours. Further
we also observe from the BLS measurements that the DMI value at 0V is recovered after -10V or
+10V measurements under bias applied for 4 hours illustrated in figure 8.6. This indicates that
the electric field effect mechanism involved is under reversible regime. However on exposing
the electrode to 20V for 12 hours, we see that the DMI value at 0V could not be recovered,
suggesting an irreversible mechanism or a possible electrode damage.
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Figure 8.5 – Evolution of equilibrium stripe domain width Leq with applied voltage
duration, as measured by p-MOKE microscopy.

Discussion

From BLS measurements we obtain a large electric field e�ciency coe�cient for the DMI
β
long
DMI=600fJ/Vm between 0V and -10V. The observed voltage induced variation of DMI in

Ta/FeCoB/TaOx samples is even larger than its relative value at 0V. This relatively small
DMI value of 0.08 mJ/m2 at 0V is consistent with other studies in similar systems based on
Ta/FeCoB, where the top oxide is MgO113, 129, 130, indicating a small Fert-Levy DMI contribution
of Ta/FeCoB interface. It is for instance much smaller than the value about 1−2mJ/m3 obtained
in Pt/Co/AlOx samples121, 131. By contrast, Rashba-DMI at FeCoB/TaOx interface is likely to
exist27 and to contribute to the total DMI. Our values are similar to the results of Yu et al.66, 132,
where the structures are similar with top layer of Ta(0.8-0.9Å)/MgO or TaOx. Moreover, given
the short screening length of electric field in a metal, the gate voltage only affects this top
FeCoB/TaOx interface. Thus the strong sensitivity of DMI to gate voltage we have observed
suggests that the major contribution to DMI comes from this interface. This result could thus
validate the existence of Rashba-DMI at FM/oxide interfaces and its large sensitivity to electric
field as explained figure 8.7.
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Figure 8.6 – (a) Variation of frequency difference ∆f measured by BLS and deduced
interfacial DMI as a function of applied voltage. The recovery of ∆f and hence the interfacial
DMI energyD at 0V after themeasurements at -10V and 10V, (the sequence of measurements
being (i) 0V, (ii) -10V, (iii) +10V, (iv) 0V) indicates the reversibility of the voltage effect.
However on the application of higher voltages (+20V) for very long durations (12 hours),
the electric field effect becomes irreversible indicating irreversible ion migration or a possible
electrode damage.

Figure 8.7 – Schematics of the interface between heavy Metal (HM), ferromagnet (FM)
and metal oxide (MOx) representing the effect of applied electric field. (a) Fert-Levy DMI
contribution remains unaltered by the applied electric field due to the screening effect. (b)
The applied electric field directly acts on the FM/MOx interface leading to the modulation
of Rashba-DMI contribution.
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8.C Electric Field Effect onmagnetic domains: Magneto-Optic Kerr
Effect measurements (MOKE)

To further explore the influence of electric field on magnetic parameters like anisotropy and
exchange, we systematically studied magnetic domain configuration using p-MOKE microscopy
on the same sample at different applied voltages. As mentioned in the theory chapter 4, the
electric field mechanism can vary depending on the materials involved and the duration of
voltage application. Therefore it is important to distinguish between the long and the short
term voltage application effects on the magnetic properties.

8.C.1 Long Time Scale effects

First, to be able to compare with the BLS measurements we performed p-MOKE measurements
over long time scales (4 hours). Like in the case of BLS, we recovered the initial magnetic
parameters at 0V after the measurements under voltage, once again confirming the reversibility
of the effects. However irreversible changes in the magnetic properties were also observed for
higher voltages applied for a long time.

Measurement of Leq and extraction of σW

P-MOKE images were recorded at different applied voltages at the end of each 4 hour duration.
We see in Fig. 8.8(a) that at zero magnetic field and zero applied voltage, stripe domains are
identical both below and outside the electrode. The spontaneous thermal demagnetization
results in high nucleation density and domain wall mobility. The stripe domains are hence close
to their lowest energy state. By measuring their equilibrium width Leq at different voltages, the
corresponding domain wall energy σW can be extracted using69:

σW =
µ0M

2
st

π
ln(

Leq

αt
) (8.3)

with t the ferromagnetic film thickness, and α a constant taken equal to 0.955. As the domain
sizes in our case is larger than the domain wall width and the ferromagnetic film thickness is
smaller than the characteristic dipolar length133, this model could be safely applied in our case.
The extraction of Leq from the p-MOKE images was carried out using fast Fourier transform on
MATLAB software (see Annex). At negative voltages, Leq undergoes a strong reduction in size
and the stripes become closely spaced as seen in Fig. 8.8a (right) (from 2.9 µm at 0V to 1.1
µm at -10V). Taking into account the small variation ofMs in this voltage range, we deduce
σW . It is found to decrease strongly for negative voltage whereas a weak decrease is observed
for positive voltage as shown in figure 8.8b.

The p-MOKE measurements over long time scales (4h) which were done to mimic BLS
measurements thus corresponds to the saturation region. Later on, we observe on measuring
again at 0V after the measurements at ±10V that the values of Leq and hence the σW are
recovered shown in figure 8.9 which proves again the reversibility of the electric field effect.as
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Figure 8.8 – (a) P-MOKE images at short time scales in the region of 150 × 300µm ITO
electrode in the absence of magnetic field at 0V (left) and -20V(right) applied voltage.
The equilibrium stripe domain width Leq reduces drastically in size on applying -10V. (b)
Measured variation of stripe domain width Leq (squares) and deduced domain wall energy
σW (triangles) as a function of applied voltage for long time scales (4-15h)

Extraction of A and estimation of A× K variation

The domain wall energy in the presence of an interfacial DMI is given by64, 126

σW = 4
√
AKeff − π | D | (8.4)

withKeff the effective anisotropy (Keff = Ks/t−0.5µ0M2
s whereKs is the surface anisotropy) and

A the exchange stiffness. By combining BLS and p-MOKE results on DMI and σW respectively, we
deduce that

√
AKeff at these long time scales varies by less than 10% in this voltage range. From

the values ofMs and Hk at 0V determined using SQUID, we extract the value of A=12pJ/m
using the expression8.4.
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Figure 8.9 – Measured variation of equilibrium stripe domain width Leq p-MOKE and
deduced domain wall σW energy as a function of applied voltage. The recovery of the values
at 0V after long time scale measurements at -10V and 10V (the sequence of measurements
being (i) 0V, (ii) -10V, (iii) +10V, (iv) 0V) further confirms the reversibility of the voltage
effect.
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8.C.2 Short Time Scale effects
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Figure 8.10 – Measured variation of stripe domain width Leq (squares) and deduced
domain wall energy σW (triangles) as a function of applied voltage for short time scales
(few mins). As the measurements for the two time scales are performed on two different
electrodes, the values at 0V differ slightly for the two measurements at long and short time
scales.

We also verified the reversibility of the short time scale p-MOKE measurements of the
stripe domain width under voltage. We observed that the values are recovered at 0V after
measurements at ±20V as shown in figure 8.11.

From the point of view of applications, it is also crucial to study the dynamic change of
interfacial DMI with voltage at shorter time scales. It would in turn also highlight the difference
in the electric field effect mechanism at these time scales. We hence performed p-MOKE
microscopy by applying voltages for a few minutes.

Measurement of Leq and extraction of σW

Again by recording p-MOKE images at different voltages but this time for a duration of a minute
each, Leq was extracted by fast Fourier transform. At these durations, contrary to long time
scale observations, Leq and σW vary monotonically with voltage, as represented in figure 8.10.
This brings out the difference in the electric field effect mechanisms for the two time scales.
A monotonic trend was qualitatively observed for short time scales on all electrodes that we
measured on this sample and also on an equivalent one from another wafer.

Evolution ofMs and HK with gate voltage

In order to extract DMI variation under voltage at short time scales we measured the variations
of Hk andMs with p-MOKE in the range of ± 20V. They both decrease (increase) with negative
(positive) voltages which is in agreement with other studies107. We measuredMs evolution by
the amplitude of the Kerr signal change when the magnetization is reversed, as represented by
the arrow in the inset of figure 8.12b. As only voltage changes, the Kerr signal is proportional
toMs (other optical parameters are constant during these measurements performed in the
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Figure 8.11 – Measured variation of equilibrium stripe domain width Leq using p-MOKE
and deduced domain wall energy σW as a function of applied voltage. The recovery of
the values at 0V after long time scale measurements at -20V and 20V (the sequence of
measurements being (i) 0V, (ii) -15V, (iii) -20V, (iv) 15V (v) 20V (vi) 0V) further confirms
the reversibility of the voltage effect.

same condition). Its variation under voltage is presented in figure 8.12a. Ms variation in the
range of ±20V is found to be 6%.

The measurements of the anisotropy fieldHk were not straightforward under applied electric
and magnetic field. Hard axis measurement could not be performed using VSM or SQUID
under applied electric field. We had to therefore use the same p-MOKE setup to measure it. To
measure Hk, we applied an in-plane magnetic field and measured the Kerr signal as shown in
figure 8.13a. With this setup there is always a small angle between the sample plane and the
horizontal such that the applied in-plane magnetic field is not perfectly along the sample plane.
Hence, the obtained hard-axis curves are fitted using Stoner Wohlfarth model (described in the
thesis of Marine Schott) to extract the anisotropy field as a function of applied voltage (see fig
8.13b). These measurements were made only on short time scales owing to the limitations of
experimental setup. 6% variation ofHk is observed in the range of±10V which on extrapolation
to ±20V gives a variation of 11% for short time scales.

Extraction of DMI

The DMI variation with voltage at short time scale is then extracted taking into account the
variations of Ms and Hk with voltage. Since we show that the variation of Ms is small, we
consider exchange stiffness A to be constant in this voltage range. DMI change as function of
voltage is plotted in figure 8.14. It can be seen from the plot that the DMI varies linearly with
voltage at short time scales hinting at a sign reversal on extrapolation to higher voltages.

In table 8.1, we have reported all experimental parameters used in the main text. They are
given, when relevant, for the different applied voltages and at the two time scales, together
with the measurement or extraction method.
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Figure 8.12 – (a) Variation under gate voltage of the amplitude of Kerr signal step at
short time scales (as represented by the arrow in inset) normalized by its value at 0V. It
is proportional to saturation magnetizationMs. (b) Corresponding loop measured at 0V
with out-of-plane field.

Figure 8.13 – (a) Variation under gate voltage of anisotropy field Hk at short time scales.
(b) Kerr signal loop for 0V with in-plane applied magnetic field.

Discussion

The electric field e�ciency at negatives voltages is four times larger for long (βLDMI = 600fJ/Vm)
as compared to short (βSDMI = 157fJ/Vm) time scales. Both are however much larger than
theoretical prediction43 (βDMI = 26fJ/Vm) and the previous experimental demonstration
in thick film117 (βDMI = 3fJ/Vm). The qualitative difference between short and long time
scale results could be ascribed to the different physical mechanisms involved. We have also
evaluated βKs and we obtain values around 80 (short-time scale) and 200fJ/Vm (long time
scale), which are a bit smaller but of the same order of magnitude as βDMI. This is expected as
both Rashba-DMI and surface anisotropy find their origin in spin-orbit coupling. In fact the
11% variation of anisotropy field corresponds to a similar variation of Ks in absolute values as
compared to the variation of DMI; but these variations presented in relative values are very
different since the absolute value of Ks is high whereas the absolute value of DMI is low.

This behavior could be explained as following. For short time measurements, negative
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Figure 8.14 – Variation of interfacial DMI as a function of applied voltage for short time
scales inferred for short time scales. A linear extrapolation (red dashed line) to higher
positive voltages shows that D can be reduced to zero and could even reverse sign (marked
by green circle).

electric field would add up to the Rashba field (thus increasing the DMI) as explained in figure
8.15, while a positive one would partially compensate it134. Therefore we propose that the large
DMI sensitivity to gate voltage can be explained by the Rashba-DMI contribution originating
from the FeCoB/TaOx interface. We further suggest that the stronger amplification of DMI
at negative voltage for long time scale is related to the additional effect of oxygen migration
towards the FeCoB/TaOx interface. Since the FM/I interface is slightly underoxidized, this ion
migration results in a more optimally oxidized interface reinforcing the Rashba-field. However,
for positive voltages, the DMI evolution at long time scale is more complex to analyze. The shift
of the oxidation front away from the FM film, may strongly alter both the Rashba field and any
charge effect via changes in crystalline and orbital structures. Similarly, the voltage induced
variation of anisotropy due to ion migration was observed to be asymmetric in other systems
and strongly dependent on the location of the oxygen front (described in the supplementary
material of Bauer et al.109). As both the anisotropy and DMI stem from spin orbit coupling
at this interface, this scenario could explain a similar behavior versus voltage for DMI in our
system.
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Parameters Voltage 4h duration Voltage Few min duration Method
∆f (GHz) 0V 0.18 ±0.04 BLS

-10V 0.43± 0.07
10V 0.23± 0.07

Ms(0V) (MA/m) 1.05 SQUID
Ms(V)/Ms(0V) 0V 1 0V 1 p-MOKE

-10V 0.94 ±0.01 -20V 0.96 ±0.01
+10V 0.94 ±0.01 +20V 1.02 ±0.01

µ0Hk(0V) (mT) 73.0 SQUID
µ0Hk(V)/µ0Hk(0V) 0V 1 p-MOKE

-10V 0.95 ±0.05
+10V 1.06 ±0.05

σW (mJ/m2) 0V 2.37±0.3 0V 2.21±0.2 p-MOKE
-10V 1.84 ±0.3 -20V 1.84 ±0.2
+10V 2.21 ±0.3 +20V 2.41 ±0.2

D (mJ/m2) 0V 0.08±0.016 0V 0.12±0.02 BLS, p-MOKE
-10V 0.18 ±0.035 -20V 0.185 ±0.02
+10V 0.13 ±0.035 +20V 0.08 ±0.02

Table 8.1 – Summary of experimental parameters, with their measurement method,
voltage and time scale

Figure 8.15 – P-MOKE images on the left and schematics of the interface between ferro-
magnet (FM) and metal oxide (MOx) representing the effect of applied electric field on
the stripe domain width. (b) Rashba internal electric field ER at the interface is enhanced
on the application of voltage Eapplied along it leading to an increase of Rashba-DMI. It
therefore leads to the reduction of the stripe domain width as the overall domain wall
energy σW reduces.(c) The opposite voltage leads to an increase in the stripe domain width
owing to the compensation of internal electric field at the interface and hence Rashba-DMI.
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8.D Electric field effect as a function of the position on the wedge

We saw in chapter 6 and 7 that the magnetic properties likeMs and Ks vary as a function of
the Ta and FeCoB wedge. Specially in the transition from out-of-plane magnetized zone to
the paramagnetic zone, where we have the stripe like demagnetized domains, the properties
change rapidly. We therefore studied the electric field effect as a function of the position on the
sample, over 200µm, close to the electrode on which we had carried our previous studies by
using p-MOKE. Here the Ta thickness varies by less than 0.02%. It leads to a similar variation
of the magnetically dead layer and hence of the FeCoB thickness. We therefore measure the
variation ofMs and Hk along this thickness range by using p-MOKE. Figure 8.17 shows the
profile.

Figure 8.16 – P-MOKE image of an electrode indication the direction of the wedge of top
Ta. Towards the increasing Ta thickness, underoxidized Ta results in magnetic dead layers
which leads to the decreases of the effective thickness of FeCoB.
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Figure 8.17 – Variation of saturation magnetization Ms and anisotropy field Hk as a
function of position on the wedge indicated in figure 8.16 and the corresponding effective
FeCoB thickness.
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Figure 8.18 – Measured variation of stripe domain width Leq and deduced domain wall
energy σW as a function of position on the wedge and the corresponding effective FeCoB
thickness for different applied voltage for short time scales (few mins).

Figure 8.19 – Extracted variation of surface anisotropy Ks and deduced DMI coe�cient D
as a function of position on the wedge and the corresponding effective FeCoB thickness for
different applied voltage for short time scales (few mins).

For Ms as a function of the wedge, the values obtained from p-MOKE in terms of Kerr
amplitude were normalized by the values ofMs obtained from SQUID/VSM. We then measured
Leq along the wedge at 0V, -20V and +20V using p-MOKE microscopy. Using the values of
Ms and Hk obtained above as a function of thickness and their corresponding variations with
voltage for short time scales, we calculate the variation of σW along this wedge as a function of
applied voltage. We see in the figure 8.18 that the σW(V) variation along the wedge is larger
for thicker FeCoB. We extract the variation of the surface anisotropy Ks and DMI coe�cient
D for the same as shown in figure 8.19. We infer that while δKs(V) stays constant along the
wedge, δD(V) can be seen to be larger for thicker FeCoB. The electric field e�ciency for surface
anisotropy βKs and DMI βDMI are also calculated and plot as a function of the wedge in figure
8.20. We see that the e�ciencies are slightly higher for thicker FeCoB, however considering the
error bars we can say that it does not vary much within this thickness range .

113



Chapter 8. Electric field effect on Ta/FeCoB/TaOx systems

Figure 8.20 – Extracted variation of electric field e�ciency for surface anisotropy βKs
and

DMI βDMI as a function of position on the wedge and the corresponding effective FeCoB
thickness for different applied voltage for short time scales (few mins).

Discussion

We observe from the above graphs that the surface anisotropy decreases as we move towards
paramagnetic zone (higher Ta thickness: more magnetically dead layer: lesser effective FeCoB
layer thickness). This is expected as interface starts getting less uniform. On the contrary the
DMI coe�cient D increases which can be attributed to the decrease ofMs.
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8.E Electric Field effect on Skyrmions

To study the effect of voltage tuning of DMI on skyrmionic bubble size and density for short
time scales, we use p-MOKE (figure 8.21): for negative voltages (-20V) the skyrmionic bubbles
under the electrode show a higher density and a 50% smaller size as compared to 0V. These
observations follow the evolution of the stripe domain width at short time scale (figure 8.10).
Such a behavior was previously shown in Pt/Co/AlOx system69. However, in the latter case, a
strong variation of anisotropy and saturationmagnetization with electric field was fundamentally
responsible for the change in size of skyrmionic bubbles. By contrast, in the present case of
Ta/FeCoB/TaOx, the primary cause of this effect is a huge voltage induced DMI variation
whereasMs and Hk vary in smaller proportion.

Figure 8.21 – P-MOKE images showing the evolution of skyrmionic bubble size and density
at different applied voltages. The skyrmionic bubbles undergo a strong reduction in size
and increase in their density at -20V. On the contrary at +20V, we observe an increase in
their size and decrease in their density.

8.E.1 Chirality Switch?

In order to further explore the effect of DMI tuning in wider voltage range on skyrmionic
bubbles, we extrapolate to higher positive voltages the monotonic variation of D obtained for
short time scale: we expect a complete cancellation or even a sign reversal of D at around
+40V. It corresponds to 670 MV/m and is below the typical breakdown voltage of oxides in
spintronic devices (typically 600-900 MV/m for HfO2 135 or 1000-1500 MV/m for MgO136).
Theoretical studies shows that DMI sign reversal is possible by playing on the oxygen coverage
of the interface116. Additionally, an approach through Ar+ irradiation has also been employed
to locally control the sign of DMI115. Here we put forward the possibility of controlling the
DMI sign both locally and dynamically through voltage gating.

To investigate the effect of this DMI sign reversal on skyrmions, we performed both analytical
calculations and micromagnetic simulations. The analytical model used, was developed in ref69.
It is used to explore the stable energy minima for an isolated bubble with the experimentally
obtained magnetic parameters at different voltages. Micromagnetic simulations using the same
parameters further reveal the internal structure of these isolated bubbles at the corresponding
voltages. Using the experimental parameters, the evolution with voltage for the saturation
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magnetizationMs, the uniaxial anisotropy constant Ku = Ks/t and DMI energy D have been
fitted in the -20/+20V range:

Ms(V) = ηMsV +Ms(0V);ηMs = 1.575× 103A/V/m,Ms(0V) = 1.02× 106A/m (8.5)

Ku(V) = ηKV + Ku(0V);ηK = 2.1× 103J.m−3V−1, Ku(0V) = 6.58× 105J.m−3 (8.6)

D(V) = ηDV +D0;ηD = −0.0031mJ.m−2V−1, D0 = 0.11mJ.m
−2 (8.7)

Analytical model

Figure 8.22 – Analytical model:(a) Variation of the different energy contributions as a
function of the bubble diameter taking into account Dipolar, Anisotropy, Exchange, Zeeman
and DMI energies. (b) Total energy difference between the bubble state and the saturated
state as a function of the bubble diameter.

We use the analytical model of isolated bubble developed in ref Schott et al. 69 to calculate
its energy relative to the saturated state as described in the chapter 7. This model incorporates
the contributions from: dipolar, exchange, anisotropy, Zeeman and DMI energies as a function
of the bubble diameter shown in figure 8.22(a) and calculates the total energy of an individual
bubble relative to the saturated state represented in figure 8.22(b) . This energy can be written
as:

∆Esb(R, t,Ms, σW) = σWt2πR+ 2µ0MsHtπR
2 − µ0M

2
sπt

3I(d) (8.8)
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Figure 8.23 – Analytical model: variation of the energy difference between the bubble
state and the saturated state as a function of the bubble diameter. The magnetic parameters
are close to the ones measured previously for the -20V (short time) and extrapolated from
the voltage variation of these parameters for the +80V and +88V. This latter voltages
correspond to negative DMI. In all cases, a stable bubble is obtained. For the +88V we
had to apply a larger magnetic field to stabilize a bubble with similar size. In inset is
represented the full curve for +88V.

where σW is the domain wall energy, t is the layer thickness, R is the bubble radius,Ms is the
saturation magnetization, µ0H is the applied magnetic field, and I(d) is the stray field energy
gain where d = 2R/t (details in ref Schott et al.). Here the DMI is included inside the domain
wall energy. Any inhomogeneities in domain wall structure or any non circular shape domain
is thus not taken into account. Here the objective is to investigate whether a stable energy
minima for the bubble state exists for the set of experimentally obtained parameters at different
voltages for short time scale. Specially to check what we obtain at higher voltages where we
expect a sign reversal of DMI and hence a change of chirality.

We therefore calculate bubble energy at -20V using the experimentally obtained values of
the above mentioned parameters and at -80V by their linear extrapolation. This is compared
with the thermal energy (kBT) to estimate their thermal activation barrier. In the -20V case, D is
equal to 0.18 mJ/m2. For the +80V case, the extrapolation of DMI as a function of voltage for
short time scale (fig 8.14) leads to a negative value of D (D= -0.13 mJ/m2). We show that for
the two sets of parameters corresponding to -20V and +80V, ie. to D=+0.18 and -0.13 mJ/m2

respectively, stable skyrmionic bubbles of micrometer size can be obtained. To go further, we
also investigated the case at +88V where the DMI is larger and leads to a negative domain wall
energy. This means that the system enters into a stable spin spiral state. Hence in this case the
magnetic field required to stabilize a bubble is higher (1mT) as compared to the two previous
cases (0.5mT). The corresponding plots are shown in figure 8.23.
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Micromagnetic Simulations

The analytical model gives a picture of the stable energy minima as a function of the bubble
radius for different applied voltages. Consequently, in order to access the internal domain
wall structure and the exact domain shape, micromagnetic simulations were performed using
Mumax3137 with similar magnetic parameters (figure 8.24b,c). The Mumax3 code137 integrates
numerically the Landau-Lifshitz-Gilbert equation.The Gilbert damping is set to α=1 to decrease
the relaxation time and temperature is 0K for simplicity. The geometry considered is a 6-µm-
diameter disk with 5 nm x 5 nm cells. Initially, the disk is uniformly magnetized (mz > 0) and
a 2-µm-diameter bubble with opposite magnetization (mz < 0) is generated in its center. The
simulation relaxes the magnetic configuration to its lowest energy.

Figure 8.24 – Micromagnetic simulations (courtesy Roméo Juge) : magnetization configu-
ration of skyrmionic bubbles obtained in a 6 µm dot at different voltages. The magnetic
parameters for each voltage, are extracted fromMs(V), Hk(V), D(V) as functions of volt-
age experimentally obtained and extrapolated for higher voltages. In the case of -20V (a),
the spins point outwards (left-handed chirality) while in the +80V(e) case, with opposite
DMI sign, an opposite chirality (right-handed chirality) is stabilized. In this latter case
however, the domain walls are not completely Néel type. For +88V(f) a perfect right
handed Néel type skyrmion is obtained. We also show that at intermediate voltage: +37V
(d), where the magnetization configuration of the skyrmion becomes Bloch-like with no
preferred chirality as DMI is close to zero at this voltage. The magnetic parameters

For the -20V state, a circular skyrmionic bubble of 1.1 µm diameter with outward spins
within the domain wall is stabilized (left-handed chiral Néel domain wall) as shown in figure
8.24(a). The obtained size is very close to experimental values. For the +80V state, a circular
skyrmionic bubble state is also obtained but with opposite chirality, i.e. the spins point inward
(right-handed) (figure 8.24(e)). The diameter in this latter case is slightly increased, consistent
with the analytical calculations. The bubble diameter is 1.4 µm and the domain wall is not
exactly Néel type: in fact the magnetization at the center of the domain wall presents a constant
angle of 26◦ with respect to the radial direction. Hence, it is rather a Dzyaloshinskii domain
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wall29. This is probably due to the fact that the DMI amplitude is close to the critical DMI
necessary to obtain pure Néel walls. We obtain similarly a left-handed Dzyaloshinskii domain
wall for the parameters at +20V (figure 8.24(c)) as the DMI is below the critical D. Therefore
we did further simulations at +88V corresponding to D = −0.16mJ/m2. It gives a negative
domain wall energy and thus leads to spin spiral state. We see that in this case a right-handed
chiral bubble is stable with an applied magnetic field, shown in figure 8.24(f). Here the obtained
domain wall is purely Néel, which is consistent with the increased absolute value of DMI.
Simulation was also done using the magnetic parameters at +37V (figure 8.24(d)), where we
expect the DMI to be almost zero. It results in a magnetic bubble surrounded by Bloch wall
with no preferred chirality instead of Néel wall.

We note here that the value of the magnetic field used is higher in our analytical calculation
and micromagnetic simulation (0.3 to 1mT as compared to 30µT for experiments) than the
experiments. This difference could be ascribed to the fact that in the model and the simulation
the presence of other bubbles and their mutual interaction which is what happens in the
experimental case, is not taken into account. As the analytical model is based on a single
isolated bubble case. The analytical calculation with 30µT leads to a very large single bubble
(20µm diameter). Such an increase of diameter is not likely to occur in reality, but rather a
distortion of the bubble or its division into many bubbles is more plausible. A lower energy state
is thus possible with several bubbles with smaller diameter. The micromagnetic simulations
are done on a 6 µm dot in order to have reasonable calculation time. In this case, due to the
edge effect, the presence of other bubbles will be less likely than in an infinite thin film. In the
presence of other bubbles in the film, their mutual repulsion/stray field interaction would result
in a reduced size for a given magnetic field. Therefore we had to use increased magnetic fields
to compensate for these interactions.

Below is the list of the parameters used for analytical calculations and micromagnetic
simulations.

voltage (V) Ms (MA/m) Ks (mJ/m2) Ds (pJ/m) A (pJ/m) t (nm) µ0H (mT)
Analytical model

-20 0.987 0.436 +120.25 12 0.675 0.3
+80 1.1447 0.575 -91.2 12 0.675 0.3
+80 1.1447 0.575 -91.2 12 0.675 0.5
+88 1.159 0.592 -110 12 0.675 1

Micromagnetic simulations
-20 0.987 0.418 +120.5 12 0.68 0.3
+80 1.1445 0.561 -91 12 0.68 0.3
+80 1.1445 0.561 -91 12 0.68 0.5
+88 1.157 0.572 -108 12 0.68 1

Table 8.2 – Parameters used for analytical model and for micromagnetic simulations

These simulations, combined with the analytical model results, show that a chirality switch
controlled by gate voltage can be designed in this type of system. However, experimentally
it still remains under speculation, how a skyrmion would dynamically switch between two
types of chirality when the voltage is continuously ramped from negative to positive. From
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the simulations, it seems that a LH-skyrmion with perfect Néel-type domain walls at negative
voltage would transform to a LH-skyrmion with Dzyaloshinkii-type domain walls on increasing
the voltage towards positive. It would become a non-chiral magnetic bubble with Bloch-type
domain walls at the voltage which corresponds to zero DMI and further on increasing to positive
voltages, it would transform into a RH-skyrmion with Dzyaloshinkii-type domain walls and
finally to RH-skyrmion with perfect Néel-type domain walls. The simulations however represent
the case when the change in the applied voltage is instantaneous. This type of transition
however will depend on the time interval of the voltage ramp. The dynamics could differ if the
frequency of the voltage ramp is higher or lower.

For applications, a change in chirality due to the change in the DMI sign would mean that
individual skyrmions could selectively be moved in different directions under applied current.
This is due to the fact that the direction of skyrmion motion depends on the chirality of the
skyrmion and the sign of the spin hall angle of the heavy metal (described in detail in chapter
3). Since the latter remains constant, the change of the former would reverse the direction of
motion of the skyrmion under the same applied current. This can be channelized for building
intricate logic devices. Further material engineering to adjust DMI,Ms and Ks variations under
voltage and also Rashba-DMI contribution would be necessary to optimize this behavior for
applications.

8.F Conclusion

To conclude, we have measured a 130% variation in the DMI coe�cient under voltage using
Brillouin light spectroscopy in a Ta/FeCoB/TaOx trilayer. A monotonic variation of DMI with
voltage is further observed at shorter time scales by p-MOKE microscopy. The huge electric-field
effect on DMI might be explained by considering the fact that the main contribution to DMI
stems from the interface with the oxide layer (Rashba DMI) and is therefore directly sensitive to
the gate voltage. We further anticipate using micromagnetic simulations, a sign reversal of DMI
at higher voltages, enabling a chirality switch. This result may ultimately lead to a dynamic
control of the skyrmion properties for electrically programmable skyrmion-based memory and
logic devices.
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9
Conclusion
Here is a brief reminder of the some of the important concepts and results of the thesis.

We see that thin film systems consisting of Heavy Metal (HM)/Ferromagnet (FM)/Metal
Oxide (MOx) provide the platform for the existence of chiral magnetic textures called skyrmions
or skyrmionic bubbles. The implementation of skyrmions in memory or logic devices requires
engineering of all the interfaces in the above mentioned trilayer systems. Several magnetic
interactions govern the formation, stability andmotion of these skyrmions of which Dzyaloshinkii-
Moriya Interaction (DMI) and Perpendicular Magnetic Anisotropy (PMA) are of utmost impor-
tance. DMI in particular determines the chirality of the skyrmion depending on its sign. Several
methods have been employed to control skyrmions via tuning the magnetic anisotropy and
saturation magnetization. Electric field effect is one of the dynamic and low power consuming
methods to achieve modulation of interfacial magnetic properties. The application of voltage to
tune DMI and magnetic anisotropy in order to control skyrmions has been the major motivation
for this thesis.

This thesis has described in detail the challenges associated in optimizing the trilayer system
for achieving a stable energy landscape for skyrmions. A double wedged system i.e. a gradient
of FM layer thickness and a gradient of MOx layer thickness perpendicular to the former, is
deposited by sputtering. Such a system provides different thickness combinations of both FM
and MOx layers on a single wafer to find the optimum for skyrmion stability. A simple model
has been developed to examine the evolution of the magnetic properties as a function of the two
wedges. A qualitative explanation of the variation of dead layer profile and interface anisotropy
has been stated. We have further compared several systems on the basis of the top metal oxide
layer in terms of anisotropy and dead layer profile variations. This method provides a way to
study in detail all the magnetic parameters and their mutual dependence for several systems.

We chose Ta/FeCoB/TaOx system to be observed in detail as a function of the FeCoB and
the top Ta layer thicknesses. We evaluated the system with the help of the simple model. We
observe (i) out-of-plane (OP) anisotropy, (ii) in-plane (IP) anisotropy and (iii) paramagnetic
(PM) (zones not magnetic at room temperature) zones as a function of FeCoB and top Ta
thicknesses and the interface oxidation state. The transitions between these respective zones
is where the effective anisotropy is low leading to low domain wall energy. We observed the
low domain wall energy (transition) zones by using Polar Magneto-Optic Kerr Effect (p-MOKE)
microscope where we see thermally demagnetized domain configuration. They transform into
skyrmionic bubbles on the application of a small out-of-plane magnetic field (∼ 30µT). Further
we notice that there are two distinct regions where skyrmionic bubbles are formed (i) near the
OP anisotropy to PM transition and (ii) near OP to IP anisotropy transition. The motion of the
bubbles in the first zone is uniform along the current direction confirming their homochirality
whereas those in the second zone display inhomogeneous behavior. Then the change in the
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interfacial magnetic properties and hence in the properties of skyrmions in the OP anisotropy to
PM transition zone (which are found homochiral) as a function of applied electric field has been
explored. We measured a0 130% variation in the DMI coe�cient under voltage using Brillouin
Light Spectroscopy. A monotonic variation of DMI with voltage is further observed at shorter
time scales by p-MOKE microscopy. The huge electric-field effect on DMI might be explained by
considering the fact that the main contribution to DMI stems from the interface with the oxide
layer (Rashba DMI) and is therefore directly sensitive to the gate voltage. We further anticipate
using micromagnetic simulations, a sign reversal of DMI at higher voltages, enabling a chirality
switch. This result may ultimately lead to a dynamic control of the skyrmion properties for
electrically programmable skyrmion-based memory, logic or neuromorphic devices.
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10.A Introduction

In this chapter I first present some of the direct perspectives of my work and then other studies
in which I took part during my PhD.

For the offshoots, The first section describes the generation of skyrmion bubbles and skyrmion
bubble lattices from a ferromagnetic state at room temperature in Ta/FeCoB/TaOx sample by
a controlled by single ultrafast (35-fs) laser pulse. The skyrmion bubble density is seen to
increase with the laser fluence, and later attains saturation, forming disordered hexagonal
lattices which enhances their topological stability. This study is promising for skyrmion based
synaptic devices.

In this work, I participated in preparing the samples for the laser experiment. I worked on
optimizing the thicknesses of the FeCoB and TaOx layer for deposition on glass, to obtain the desired
energy landscape for skyrmions.

The second section describes another study which was conducted on our sample consisting of
Ta/FeCoB/TaOx. It is related to the study of the response of the skyrmions to thermal agitation
hence their brownian motion.

This study was conducted in Japan. I took part in preparing and optimizing the sample before
sending it for their thermal study.

10.B Perspectives

For the material study we have conducted using a simple model, it has to be pursued further to
formulate quantitative results. We need to optimize the fitting of the dead layer by choosing a
Gaussian function which makes the fit smoother. We also need to clearly distinguish between
the extrapolated and apparent dead layers and the variation ofMs and ks along them to present
more realistic systems. The appropriate value of theMs needs to be used for each HM/FM/MOx
system which would enable us to extract the corresponding values of Ks and Keff. Furthermore,
we plan to add the DMI energy and the calculation of domain wall energy to the model. The
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aim is to be able to visualize the areas of low domain wall energy on the reconstructed map
of effective anisotropy which would hint at the possible skyrmionic zones (skyrmions can be
nucleated in low domain wall energy zones).

With the DMI control with voltage, experimentally it still remains under speculation, how
a skyrmion would dynamically switch between two types of chirality when the voltage is
continuously ramped from negative to positive. We need to design experiments to be able to
apply higher voltages in order to observe a sign change of DMI and hence a witch of skyrmion
chirality. One of the ideas is to observe skyrmion motion with current under applied electric
field. A reversal in the direction of skyrmion motion at a certain voltage would indicate the DMI
sign change.

10.C Offshoots

10.C.1 Ultrafast laser induced generation of skyrmion bubble lattices

Figure 10.1 – Ultra fast laser induced generation of skyrmionic bubbles.

Here an ultrafast laser-induced generation of skyrmion bubbles and skyrmion bubble lattices
is reported in Ta(30 Å)/ Fe72Co8B20 (wedge, 7.5 Åto 10.3 Å)/TaOx (12 Å, naturally oxidized)
trilayer film grown on a glass substrate. An ensemble of skyrmion bubbles is created from a
ferromagnetic state by a 35-fs single laser pulse with low fluences. With the increasing laser
fluence, the transition from an isolated skyrmion bubble state to a skyrmion bubble lattice state
with controllable bubble density is observed. The laser heating-induced skyrmion bubble lattice
formation is explained in the framework of the analytic bubble and bubble lattice models and
micromagnetic simulations. Our results highlight the role of thermal effect in the creation
of the skyrmion bubble lattice. It also offers an alternative way of ultrafast excitation and
massive writing of clusters of skyrmions that decouples the writing operation from the skyrmion
driving operation in the skyrmion-based shift register and that could be used in the emerging
skyrmion-based synaptic devices. This result has been published : Je et al. 138

10.C.2 Brownian motion of skyrmionic bubbles

We have witnessed already how all the different magnetic parameters like anisotropy, exchange
and DMI participate in creating skyrmions at room temperature. Since the energy balance
is delicate, any thermal perturbation can lead to their random motion i.e. Brownian motion.
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Figure 10.2 – (Left) Kerr image of skyrmionic bubbles under perpendicular magnetic field.
(Right) Plot of mean square displacement of skyrmions as a function of time.

In this study, the diffusion coe�cient of skyrmions was calculated. The film stack was Ta(3
nm)/Fe72Co8B20(0.9-1.3 nm)/TaOx(0.5-0.9 nm)/Al(0.5 nm) deposited on SiO2 substrate by
sputtering methods. Figure 1 (left) shows the picture of skyrmions (black dots) under perpen-
dicular magnetic field taken by Kerr microscope. The observed skyrmion size, which depends
on Fe72Co8B20 and TaOx oxidation state, is about 0.5 to 1.5 µ m. Figure 1 (right) is the
mean-squared displacement (R2) of two dimensional skyrmions motion as a function of time.
The inset shows trajectories of selected skyrmions at room temperature. The mean-squared
displacement is fitted by a linear function (red dots line) to evaluate the diffusion coe�cient.
Diffusion coe�cient of one dimensional motion of skyrmions on a wire was evaluated. Further
difference between one and two dimensional Brownian motions is also highlighted. This would
eventually help in designing Brownian computing.
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8.6 (a) Variation of frequency difference ∆f measured by BLS and deduced in-
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8.15 P-MOKE images on the left and schematics of the interface between ferromag-
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Glosssary and List of Acronyms
A Micro-magnetic Exchange constant : in pJ/m.

Ds Micro-magnetic surface DMI constant : in pJ/m.

Hk Anisotropy field : in mT.

Kd Dipolar energy constant : in J/m3.

Ks Surface anisotropy constant : in mJ/m2.

Ku Magneto-crystalline uniaxial anisotropy constant : in mJ/m2.

Ms Saturation Magnetization : in A/m.

Tc Curie temperature.

βDMI Electric field e�ciency coe�cient for DMI ∆DV tFM in fJ/Vm.

βKs Electric field e�ciency coe�cient for surface anisotropy ∆D
V tFM in fJ/Vm.

σW Domain wall energy : in mJ/m2.

ACW Anti-Clockwise.

BLS Brillouin Light Spectroscopy.

CW Clockwise.

DMI Dzyaloshinskii-Moriya Interaction.

DW Domain wall.

FM Ferromagnet.

FMR Ferromagnetic Resonance.

GMR Giant Magneto-Resistance.

HDD Hard Disk Drive.

HM Heavy Metal.

IP In-Plane.

Keff Effective anisotropy constant : in MJ/m3.
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Glosssary and List of Acronyms

Leq Equilibrium stripe domain width.

MOKE Magneto-Optic Kerr Effect.

MOx Metal Oxide.

MRAM Magnetic Tunnel Junction.

MTJ Magnetic Random Access Memory.

OP Out-of-Plane.

PM Paramagnetic.

PMA Perpendicular magnetic anisotropy.

RAM Random Access Memory.

SHE Spin Hall Effect.

SOC Spin-Orbit Coupling.

SOT Spin-Orbit Torque.

SQUID Superconducting Quantum Interference Device.

tDL thickness of dead layer(with no net magnetization) for a given ferromagnetic layer thickness.

tFM Thickness of ferromagnet.

TMR Tunnel Magneto-Resistance.

VSM Vibrating Sample Magnetometer.
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