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Abstract

This experimental work focuses on modifying the characteristics of ultra-
thin magnetic multilayers through electric field (E-field) driven migration of
oxygen. We investigated thin film multilayers composed of Ta/Pt/CoB/Ir or
Cu/Pt/HfO,. In these systems, metal layers such as Ir and Cu are utilized
to induce structural inversion asymmetry. The Pt gives rise to a strong
perpendicular magnetic anisotropy (PMA), spin-orbit coupling (SOC), and
the Dzyaloshinskii-Moriya Interaction (DMI). We conducted measurements
of magnetic properties such as eledtive anisotropy and DMI, which are
relevant for devices based on skyrmions or domain walls.

The modification of magnetic properties by ionic liquid gating (ILG) is
explored as a promising technique in spintronics due to its room temperat-
ure application, non-volatility, energy e [ciehcy, and reversibility. We have
investigated the oxygen migration via ILG of structures within metallic lay-
ers, which provide flexibility in terms of material choice. With an applied
negative voltage, oxygen migrates from the HfO, to the magnetic layer,
changing the interfacial chemistry of the magnetic system. As a result,
changes in coercive field, domain nucleation field and e [edtive anisotropy.
The oxygen migration process is almost fully reversible, and the migrated
oxygen produces a nonvolatile e [edt for up to fifteen weeks.

The magneto-ionic modification of structural and interfacial properties
was studied using X-ray photoelectron spectroscopy (XPS), scanning trans-
mission electron microscopy (STEM), energy dispersive X-ray spectroscopy
(EDX), and electron energy loss spectroscopy (EELS). The O-K edge and
Co L, 3 edges of XPS study predict the oxidization of the system during
two growths. The XAS and XMCD studies shows the oxidization states
are changing with applied voltage and it is therefore changing the magnetic
moments. This data is also consistent with SQUID-VSM data. The Pt M,
edge also confirms the oxidation of the Pt top layer in the as-grown sample,
which changes with the applied voltage.

Additionally, interfacial magnetic properties were examined using Bril-
louin light scattering (BLS). This experimental work aims to understand
the origin of DMI in the studied magnetic system. We found that the DMI
contribution is significantly coming from top CoB/Heavy metal interface.



Applied voltage change the interface chemistry of this interface and changes
the DMI, particularly for the Cu/Pt samples.

The magneto-ionic modulation in all metallic structure might be use-
ful in spintronics device application, emphasizing domain wall-based and
skyrmion-based spintronics devices. The modulated magnetic properties,
in combination with nonvolatility and reversibility, allow for the possibility
of field-programmable domain wall and skyrmion devices.
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The control of nanomagnetism through electric elds (E- elds) holds signi cant tech-
nical importance in the development of compact, fast, and low-power electronic devices.
Domain walls and skyrmions are being considered as potential candidates for data
storage systems because of their microscopic size, magneto-electrical properties, and
the minimal current required for their manipulation [1, 2]. These domain walls and
skyrmions can be manipulated using an external magnetic eld, spin-polarized current,
or local heat [1{6]. To advance durable and robust technology, it is crucial to explore
the E- eld-controlled properties of domain walls and skyrmions.

1.1.1 Domain wall and skyrmion based magnetic multilayer systems

In 1974, Cronemeyer et al. [7] reported perpendicular magnetic anisotropy (PMA)
in CoCd thin Ims. Three years later, Iwasaki et al. (1978) [8] proposed magnetic
recording using PMA materials. Since then, PMA materials have been widely used in
data storage technology. In contrast to in-plane magnetic systems, the PMA system
is advantageous for high-density data storage. Moreover, the PMA storage system
utilizing optical magnetization switching o ers high-speed read, write, and access times
[9, 10].

Magnetic thin Ims, such as Pt/Co/Pt, have high perpendicular magnetic aniso-
tropy (PMA) due to spin-orbit coupling (SOC) and the intricate hybridization of orbit-
als at the interfaces. This characteristic proves valuable in domain wall and skyrmion-
based memory devices [11, 12]. In such Ims, the Dzyaloshinskii-Moriya interaction
(DMI) also arises from the ferromagnetic/heavy metal (FM/HM) interface through in-
direct exchange mechanisms, as presented in section 2.2.3. In 1980, Fert et al. [13]
proposed that a magnetic multilayer system with a material possessing strong spin-
orbit coupling produced DMI, where it arises due to the interaction between FM/HM
layers. DMI in such Ims stabilizes Neel domain walls and skyrmions. Studies suggest
that FM material with high spin-orbit coupling HM produces high DMI. Additionally,
structural inversion asymmetry plays an important role here. Hrabec et al. (2014) [14]
found that breaking inversion symmetry at the top Co/Pt interface by a HM increases
the DMI signi cantly. In 2016, Yang et al. studied the Ir/Co/Pt and Pt/Co/Pt systems
using rst-principle calculations. They reported that the Co/Pt and Ir/Co interfaces
produce DMI with opposite chirality. Therefore, the net DMI in the Ir/Co/Pt system
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is higher than in the Pt/Co/Pt systems [15].

PMA and DMI can be modi ed by changing growth parameters such as temperature
and pressure [16{18], interface roughness, and inter-di usion [19, 20], individual and
total layer thickness [16, 21, 22], crystal structure [23], and oxidation [11, 24, 25]. How-
ever, some of these might not be useful due to complexity, which may lead to di erences
in Im and interface quality. In this scenario, tuning these properties by changing ma-
terials and their layer thickness might be useful. Additionally, locally altering material
properties using an electric eld opens new possibilities in nanomagnetism; however,
achieving reversible changes remains challenging.

1.1.2 Electric elds gating of magnetic multilayers

In 1960, the modulation of magnetic properties by E- elds was theoretically predicted,
and this was rst demonstrated by Ohno et al. in 2000 [26, 27]. They studied a semi-
conductor eld-e ect transistor of GaAs substrates/AISb/(Al,Ga)Sb/InAs/(In,Mn)As,
where a gate voltage was applied through a polyimide layer and a Cr/Au gate elec-
trode. The applied gate voltage changed the 2D sub-band of the ultrathin magnetic
layer. They observed that a positive voltage decreased the hole concentration and the
ferromagnetic interaction between Mn ions, thereby reducing the Curie temperature.

Subsequently, E- elds have been utilized to manipulate fundamental material prop-
erties such as magnetic moment [28], perpendicular magnetic anisotropy (PMA) [29,
30], Dzyaloshinskii-Moriya interaction (DMI) [30{33], as well as domain wall motion
[34, 35] and skyrmion manipulation [36, 37]. The E- eld reduces the switching time
in spin transfer torque (STT) and spin-orbit torque (SOT)-based voltage-controlled
magnetic anisotropy (VCMA) devices [38{40]. Moreover, it (E- eld) may reduce the
current density required to switch magnetic tunnel junctions (MTJs) [41].

The E- eld shifts the Fermi level and alters carrier density in FM, resulting in
modulated magnetic properties. The E- eld can accumulate or deplete charges at
a ferromagnetic/oxide interface, as seen in Fe/Co/MgO, which changes the electronic
occupation of orbitals. Consequently, this leads to hybridization of orbitals in the ferro-
magnetic layer, a ecting magnetic properties such as magnetic anisotropy and magnetic
moment. In addition to the charge e ect, the E- eld may lead to the migration of ions,
such as oxygen or hydrogen, which in turn changes the magnetic properties.Magneto-
ionic modulation provides a nonvolatile e ect and is of great interest due to its signi-
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cant magneto-electric e ect, characterized by a large change in interfacial anisotropy

( > 0:6erg=cm 2 or 5000 fJ/Vm) [42, 43]. These two mechanisms can a ect magnetic
multilayers individually. On the other hand, the superimposition of the two mechanisms

might produce a large change [28, 29, 44].

Although recent studies have already demonstrated the e ect of E- elds in magnetic
systems for spintronics device applications, most of the research has focused on investig-
ating the magnetic layer adjacent to an oxide layer, primarily due to the short screening
length in metals. The conduction electrons screen the E- eld, making it challenging
to modify magnetic properties without damaging the gate electrode. Therefore, this
approach excludes a potential structure of FM/HM multilayers. On the other hand,
magneto-ionic techniques o er advantages in resolving the E- eld screening. Here, ions
(i.e., oxygen ions) migrate as an e ect of the electric eld. Therefore, the thickness of
the adjacent HM layer is crucial, because it may introduce another challenge: the pen-
etration depth, which needs to be overcome by using an ultra-thin HM layer. Structural
and interfacial magnetic properties play a key role in magnetic systems. Understanding
the origin of PMA and DMI at a particular HM/FM/HM interface and its modulation
is challenging. Additionally, the magnetoionic e ect at the interface, states of oxygen
ions, penetration depth, and its physical mechanisms limit its material-speci ¢ applic-
ation. The chemical interaction between di erent metals and transported oxygen ions
a ects the durability of the nonvolatility e ect.

The stability of domain wall and skyrmion-based devices depends on interfacial
magnetic properties such as PMA and DMI. These parameters are crucial for controlling
domain wall nucleation, domain wall dynamics, and skyrmion motion. Di erent studies
have demonstrated the interfacial magnetic properties of Co/Pt interfaces. | have
experimentally investigated into how the E- eld modi es the properties of magnetic
systems, such as anisotropy and DMI. Our focus lies in developing and optimizing
di erent magnetic systems, speci cally Ta/Pt/CoB/Ir/Pt, which are compatible with
applying E- elds through gating structures (HfO ,) and the ionic liquid. Ultra-thin
nonmagnetic layers are employed to reduce screening currents while ensuring that the
material system has low magnetic pinning, thus preventing domain walls and skyrmions
from being immobilized.

Additionally, we have explored the e ect of E- elds on structural properties and
have presented a proof-of-principle domain wall-based device.
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1.2 Thesis layout

Chapter 2 discusses fundamental concepts, presenting magnetic interactions and ener-
gies in the studied system, followed by magnetic spin textures such as domain walls and
skyrmions. This chapter concludes with a comprehensive literature review focusing on

the manipulation of magnetic properties through material engineering and E- elds.

In Chapter 3 | present experimental techniques to understand the physical phe-
nomena in this work and measures fundamental material properties before and after
applying E- elds. Following this, Chapter 4 provides a comprehensive exploration of
fundamental material properties (i.e., PMA) of magnetic thin Ims. Through this in-
vestigation, | emphasize the role of interface engineering in the behavior of magnetic
multilayers, particularly in generating anisotropy energy and assist interactions within
the thin Im. Furthermore, the crucial role of DMI in stabilizing skyrmions and Neel
domain walls within magnetic systems is highlighted.

The subsequent experimental results chapter (Chapter 5) demonstrates the e ect
of E- elds on the studied system, comparing anisotropy and magnetic moments before
and after applying E- elds. Additionally, the chapter observes domain nucleation as
an e ect of applied E- elds and the reversibility of the system.

Chapter 6 concludes the principal results with the structural and interfacial mag-
netic properties and the e ect of E- elds on them, including a discussion on the state
of oxygen. The last chapter (Chapter 7) on results presents micromagnetic simulations
of eld- and current-driven domain wall devices. Skyrmion nucleation is conducted by
current, and a proof-of-principle domain wall device is also presented in this chapter.
Finally, the work is summarized, and future research directions are outlined in Chapter
8.
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This chapter introduces fundamental concepts and presents a literature review, starting
with the theoretical background essential for understanding this work. It draws from
various sources, including books [45{48], a journal article [49], and PhD theses [11, 25,
50{52].

The rst section, explores the energies and interactions related to magnetic thin
Ims, such as exchange energy, magnetocrystalline anisotropy, shape anisotropy, per-
pendicular magnetic anisotropy, and the Dzyaloshinskii-Moriya interaction.

Section 2.3 discusses magnetic domain walls and skyrmions, covering domain wall
motion regimes and material structures suitable for hosting stable skyrmions and do-
main walls.

The velocity of domain walls and the speed of skyrmions might be crucial for
spintronics-based data storage systems. However, their signi cance depends on fun-
damental magnetic characteristics. Therefore, Section 2.4 reviews literature on con-
trolling these fundamental magnetic properties through interface engineering and E-
elds, which are also crucial for hosting skyrmions. Finally, the chapter is concluded
with a summary.

2.2 Energies and interaction in ferromagnetic systems

Ferromagnetism is a property exhibited by speci ¢ materials like iron (Fe), nickel (Ni),
and cobalt (Co). It is characterized by spontaneous magnetization, meaning these ma-
terials possess magnetic moments even in the absence of an external magnetic eld.
This phenomenon arises from the alignment of magnetic moments due to interactions
between neighboring magnetic moments. The magnetic moment, a fundamental char-
acteristic of ferromagnetism, originates from electron spin, angular momentum, and
spin-orbit interactions.

Ferromagnetic materials align their magnetic moments with the direction of an ap-
plied magnetic eld, exhibiting a positive susceptibility ( gy = —'\H") typically ranging
from 10* to 10%. Weiss proposed that the interaction between neighboring atoms is
mediated by a molecular eld H,, ,,M. The total e ective magnetic eld experienced
by each atomis H =H+ M. The magnetic moments align due to this e ective
eld, which leads to spontaneous magnetization. This spontaneous magnetization is
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temperature-dependent. Above the Curie temperature T, the thermal energy is high
enough to overcome the interaction energy between neighboring atoms and the molecu-
lar eld, resulting in the loss of spontaneous magnetization and the material exhibiting
paramagnetic behavior. Curie-Weiss law can be written as, = % where  is the
Weiss constant, Tc = C, C is the Curie constant (Sl unit m3K:moI).

Di erent energy terms and types of interactions signi cantly in uence the total
energy within a ferromagnetic thin Im, thereby governing its magnetization con g-
uration and dynamics. Consequently, this discussion exclusively addresses energy and

interactions relevant to thin Ims.

2.2.1 Exchange energy

The exchange interaction is a quantum mechanical e ect. It describes the energy
relationship between two neighboring particles and is directly connected to the Pauli
exclusion principle.Fermions (i.e., electrons) with parallel spins tend to avoid the same
spatial location due to Coulomb repulsion. This spatial separation reduces the electron-
electron repulsion energy, resulting in an energy reduction associated with the parallel
spin con guration. The rule arises because minimizing Coulomb repulsion leads to a
lower energy state when electrons occupy di erent spatial orbitals with parallel spins,
which is the basis for Hund's rule. The generalized Hamiltonian of the Heisenberg
exchange interaction for a multi-electron lattice is represented by the following equation:
X
Hjj = (Jj S:§); (2.1)
i6]

where, § and § represent the spin angular momentum of electrons and;; represent
the exchange coupling strength between two electrons. Whed is negative, the material
exhibits antiferromagnetic properties, leading to antiparallel alignment of spinsJ results
in parallel alignment of spins § and §. In contrast, a positive J results in parallel
alignment of spins, indicating ferromagnetic behavior. Materials such as Co, Fe, Ni,
and Gd are characterized by spontaneous magnetization due to ferromagnetic behavior.
In the case of a 1-D spin chain, considering a anglej between two neighboring spins
S and §, the exchange energy can be expressed as:

Ej = JSZX (cos( §)); (2.2)
i6j
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when the angle ( ;) between the spins of two neighboring atoms is small, the energy
can be approximated as:

2 2 22
i JSa
Bj= JS(1 —)=Const:+ = —

__iiya.
()% (23)
The exchange energy of continuous magnetization can be written by,
4
Eex = A[(5 my)?+ (5 my)?+(5 my)?ldV; (2.4)
\

where V represent the volume of material and i , my , m, denote the magnetization

components in di erent directions. Exchange stiness A is approximately given by

JS2Q
a

erg/cm, a is lattice constant, and Q is the number of atoms in a unit cell.

2.2.2 Anisotropy energy

Magnetic anisotropy originates from spin-orbit coupling (SOC) and magnetic dipolar
interaction. The SOC arises from the interaction between the electron's spin and its
orbital motion. When considering a stationary electron, the motion of the nucleus
around it generates an e ective current loop, result in a magnetic eld. Consequently,
the electron's spin tends to align itself with this induced magnetic eld, and the mag-
netic eld is larger for heavier nuclei. This interaction, wherein the electron's spin
aligns with the magnetic eld induced by its orbital motion around the nucleus, is the
SOC. The dipolar interaction is a long-range interaction dependent on the shape of the
materials. In thin Ims, it favors in plane (In-P) magnetization. Spin-orbit interaction
gives rise to magnetocrystalline anisotropy and interfacial anisotropy. Here, the elec-
tron's spin couples with its orbital motion, generating a small orbital momentum. The
combination of orbital momentum and alignment with the crystal axes produces an en-
ergy known as magnetocrystalline anisotropy, which is determined by the orientation of
magnetization relative to the crystalline axes. In the studied system, the ferromagnetic
layer is amorphous and lacks magnetocrystalline anisotropy. However, it is discussed
here for completeness.

Magnetocrystalline anisotropy

In a magnetic thin Im, the internal energy or magnetocrystalline anisotropy energy
depends on magnetization and crystalline direction, arising from the crystal- eld e ect
and spin-orbit coupling. This internal energy drives the magnetization to align with a
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preferred direction, often referred to as the easy direction, while the opposite direction
represents the maximum energy direction or hard axis. Depending on the shape of the
lattice structure, anisotropy can be either uniaxial or cubic.

Cubic anisotropy occurs when a material exhibits easy axes in multiple directions.
For example, Nickel possesses a face-centered cubic (FCC) structure, with easy axes
along the < 111> directions, which include [111], [11], [111] and [111].The energy
density for cubic anisotropy can be expressed as:

av =Ko+Kai( F 3+ 55+ 5 D+Ko( 139 (2.5)

where, represents the cosine of the angle between the crystal axis and the mag-
netization direction, and K is the anisotropy constant. The easy axis of a cubic crystal
may change depending on the value of K; for instance, when & 0, the easy axis will
be along< 100> axes.

Uniaxial anisotropy occurs when the magnetic anisotropy energy in a material is
directed towards one easy axis, as seen in hexagonal crystals like cobalt (Co). For
cobalt, the anisotropy energy can be expressed as:

am =K isin? +Kasint + (2.6)

where represents the angle between the easy axis and the magnetization direction,
and K is the anisotropy constant. Higher-order terms in this equation can often be
neglected due to their small values, resulting in a simpli ed expression such as:

am =K ysin? ; 2.7)

where K, is the uniaxial anisotropy.

Shape anisotropy

Shape anisotropy depends on the shape of the sample and arises from magnetostatic
interactions between magnetic dipoles. A magnetized sample generates magnetic poles
at its surface due to the alignment of spins. This e ect produces a stray eld outside
the sample that acts in the opposite direction to the original magnetization. A demag-
netizing eld is induced inside the sample, which attempts to reduce the stray eld.
The magnetization tends to align along directions that minimize the surface charge
distribution to minimize the energy cost. The shape anisotropy can be expressed as:

10
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1 4
sh= 5 o Hg Mdv; (2.8)
2 " v
where, Hy = NM is the demagnetization eld with demagnetization factor or

tensor N, which depends on the shape of the magnetic system. For a thin ImN =1
along the perpendicular direction, ¢ is the vacuum permeability. The shape anisotropy
energy per unit volume can be written as:

sh = % oM2cog ; (2.9)
where, is the angle between the magnetization and easy axis and Ms the satur-
ation magnetization. The equation 2.9 favour In-P magnetization.

In order to minimize stray elds and demagnetizing energy, the sample will align
magnetic moments in speci c directions within small regions called domains. The
boundaries between neighboring domains are known as domain walls. The formation
of domains and domain walls reduces the overall demagnetization energy, and associated

anisotropy energy.

Interfacial anisotropy

In a magnetic multilayer system, perpendicular magnetic anisotropy (PMA) originates
from the spin-orbit coupling between the ferromagnetic layer and adjacent heavy metals.
This coupling occurs due to the hybridization of the magnetic 3d electron orbitals with
the 5d electron orbitals of the heavy metal. The strength and presence of PMA depend
signi cantly on the growth conditions and structure of the heavy metal layer, as these
factors in uence the interface quality and the degree of orbital hybridization and the
resulting magnetic anisotropy. The e ective anisotropy in a magnetic system can be
expressed as:

i =K sin®; (2.10)

Ke =Ky + 5; (2.11)
tem
where, is the angle between easy axis and magnetization. E ective anisotropy,
Ke = surface anisotropy (Ks) or interface anisotropy + volume anisotropy (Ky). The
(Ky) = magnetocrystalline anisotropy (bulk) (K p)+shape anisotropy (Kgsp), and tgy is

the thickness of the ferromagnetic layer.

11
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When the interfacial anisotropy is positive, the e ective anisotropy constant K¢
is also positive. In this case, the demagnetizing contribution is lower compared to the
surface contribution. Consequently, the interfacial contribution overcomes the volume
contribution, resulting in PMA, where the easy axis is perpendicular to the sample's
surface. If the ferromagnetic layer is thick enough, the magnetization of the Im aligns
along the surface, resulting in a negative K .

In this experimental work (Chapter 4 - 6), thin Im multilayers of Pt/CoB/Ir and
Pt/CoB/Cu were studied, where PMA originated from the Pt/CoB interface. The
studied systems exhibit strong PMA at CoB = 0.5 nm, shifting to In-P at around 2.4
nm. PMA begins to decrease below 0.5 nm, possibly due to intermixing at the interface
between ferromagnetic and heavy metals.

2.2.3 Dzyaloshinskii-Moriya interaction

DMI is an anisotropic exchange interaction produced by spin-orbital interaction in
materials with low inversion symmetry. Dzyaloshinskii developed a model in 1958 to
explain weak ferromagnetism, proposing an asymmetrical term based on symmetries.
Later, in 1960, Moriya introduced the idea that spin-orbit coupling is responsible for this
mechanism [53, 54]. Bulk magnetic systems, such as FeGe with B20 crystal orientation,
produce DMI [55]. In 1980, A. Fert et.al. [13] proposed that DMI could be found in a
material system with low inversion symmetry.

In thin Im systems, inversion asymmetry is obtained through the combination of
di erent materials such as ferromagnets (FM) and heavy metals (HM). Therefore, DMI
originates from the FM/HM interfaces due to the interaction between neighboring FM
spins in uenced by a HM ion with large spin-orbit coupling. This interaction can be
described by the equation:

Eomi = DSt S (2.12)

Si:2 and D1y represent adjacent spins and the DMI vector, respectively. This inter-
action results in spin displacement or antisymmetric spin arrangements opposite to
the exchange interaction, leading to a preference for orthogonal alignment. The sign
of D1, vector depends on the materials in system and the clockwise/counterclockwise
displacement from S to S,.

12
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Figure 2.1: Interfacial DMI at the interface between a magnetic (red) and a nonmag-
netic (blue) layer. The resulting DMI vector D 1, is perpendicular to the plane of the
triangle [56].

Figure 2.1 illustrates the schematic of DMI interaction between two adjacent spins
of a FM and a HM ion, where the resulting DMI is perpendicular to the surface (or the
D12 along the perpendicular direction) and the interaction occurs between a magnetic
layer and a nonmagnetic layer.

Since it originates from the interface, DMI depends on interface quality, thin Im
deposition, and materials. Therefore, achieving the required DMI involves tailoring
the FM/HM interfaces. In this experimental work, Pt/CoB/Ir/Pt and Pt/CoB/Cu/Pt
systems were studied to investigate DMI and its response to applied E- elds. Previ-
ous studies indicate that the Co/lIr interface promotes clockwise and Co/Pt interface
promotes counterclockwise spin rotation. However, Ir between the top Co/Pt interface
increases DMI [57{60].

DM stabilizes skyrmions and chiral domain walls in spintronic devices. Therefore,
the next section brie y discusses magnetic textures such as domain walls and skyrmions.

13



2.3 Magnetic spin textures

2.3 Magnetic spin textures

2.3.1 Magnetic domain walls

The energies within a magnetic multilayer system play a crucial role in regulating the
structure of magnetic domains. The magnetostatic energy within a ferromagnetic sys-
tem is generated by the magnetization and the demagnetizing eld. The magnetization
represents the aligned magnetic moments within the material, while the demagnetizing
eld is an opposing internal eld induced by the surface poles of the magnetized ma-
terial. The interaction between these two factors results in the magnetostatic energy,
which plays a crucial role in the magnetic behavior and stability of ferromagnetic sys-
tems. Magnetically easy axes or planes emerge from anisotropy energies. In order to
minimize energy in a magnetic sample, aligning all moments along a magnetically easy
axis may lead to the creation of a demagnetizing eld, consequently resulting in domain
formation. The so-called domain wall is the area separating two domains, where the
magnetic moment changes direction. This process helps the magnetic system achieve
energetically stable con gurations and here the net magnetization is minimized. When
magnetic moments are aligned in one direction, the magnetization is nonzero, indicating
saturation. Figure 2.2 provides an example of domains and a domain wall. The system
saturates with a large OoP applied eld, and the domain is nucleated and driven using
an opposite OoP magnetic eld.

Figure 2.2: An example of magnetic domains in the Ta/Pt/CoB/Ir/Pt system was
captured using a Kerr microscope, where white region indicates domains pointing down,
while black regions indicate domains pointing up. A domain wall is the boundary region
between two domains. These results are further discussed in Chapter 4.
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Domain wall con guration depends on the energies discussed in previous sections.
Exchange energy dominates uniform aligned moments, while dipole energy minimizes
energy by splitting the system into domains. Anisotropy energy aligns magnetization
to the easy axis. In a magnetic Im, DWs are in general a combination of two types of
DW. Figure 2.3 shows Neel and Bloch types of domain walls. A Bloch wall occurs when
the magnetic moment rotates perpendicularly to the domain wall plane, while a Neel
wall occurs when it rotates parallel to the domain wall plane. Bloch-type domain walls
are more energetically stable compared to Neel walls because Neel-type walls process
demagnetization energy. Large DMI energy can stabilize Neel-type domain walls.

Figure 2.3: Bloch and Neel types of domain walls in a PMA magnetic system, where
the red arrow represents the clockwise (CW) and counterclockwise (CCW) directions

as a guide for the eye [25].

Domain wall motion

The domain wall may be considered as a 1-D elastic magnetization (along the z direc-
tion) that changes along a 2-D weakly disordered surface (along the x and y directions).
The behavior of domain wall motion due to an applied magnetic eld depends on the

strength of the eld and can be characterized as creep regime motion, depinning regime
motion, and ow regime motion.
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Domain wall motion occurs in di erent regimes depending on the applied conditions.
In the creep regime, characterized by low driving forces and signi cant thermal energy,
domain walls move gradually. When a higher driving force then creep regime, domain
wall motion transitions into the depinning regime. Here, the in uence of temperature
diminishes, and in the subsequent ow regime, its e ect is negligible. In the ow
regime, domain wall motion is una ected by pinning and is governed by the microscopic
structure of the domain walls. Moreover, in this regime, the motion shows a linear
relationship with the applied driving force.

Figure 2.4: a) Domain wall velocity regimes as a function of driving force, f. b) domain
wall ow regimes. Outside of Walker eld the domain wall move without pinning. (b)
The walker breakdown eld (H) is marked between the steady state and precessional

regimes [61].

When the temperature is zero (T=0), the domain wall is a ected by pinning below
a threshold eld Hqpin, but above this threshold, it starts to move. On the other
hand, when temperature is higher then zero (T> 0), the thermal energy overcome the
depinning [61{63].

In this work the domain wall motion in creep regime is used to estimate the DMI,

which can be written as:

( )

Uc Hdpin 1=4
= pex :
0P WoT TH

(2.13)

where U; is the threshold energy for depinning, kg is the Boltzmann's constant, H
is the applied magnetic eld. In the creep regime the In( ) shows a linear behaviour
with the 1=H.
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Figure 2.4(a) shows domain wall motion regimes. Figure 2.4(b) shows two linear
ow regimes and the Walker breakdown eld (H,,) between them. Walker breakdown
is a critical phenomenon in the dynamics of magnetic domain walls, characterized by a
transition from stable to unstable motion as velocity increases. This transition occurs
due to changes in the magnetization precession inside the domain wall, fundamentally
altering its motion characteristics. The magnetization within the domain wall begins to
precess, leading to complex internal dynamics and a breakdown of the linear velocity-
eld relationship [64, 65].

During the modeling of eld-driven domain-wall devices, we have also observed the
Walker breakdown, which is presented in Chapter 7

2.3.2 Magnetic skyrmions

Skyrmions are stable topological defects characterized by a chiral spin texture. The
mathematical concept of skyrmions was rst introduced by physicist Tony Skyrme
in 1961 to describe the stability of hadrons in particle physics. This concept was
later extended to condensed matter physics to explain similar chiral spin structures in
magnetic materials [66, 67].

DMI is a relativistic e ect that arises due to the combination of broken inversion
symmetry and spin-orbit coupling, resulting in chiral magnetic structures. The DMI
is an antisymmetric exchange interaction that promotes the formation of non-collinear
spin structures, deviating from simple ferromagnetic alignment. This interaction is
particularly signi cant in systems where inversion symmetry is broken, such as at the
interfaces of multilayer structures.

Figure 2.5: a) Neel-type skyrmion b) Bloch-type skyrmion [66].
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In such multilayer systems, the combined e ects of DMI and broken inversion sym-
metry give rise to chiral spin textures, such as skyrmions [68, 69]. These structures
represent a twist in the magnetization that is topologically protected, meaning they
cannot be easily unwound. The chirality of Neel walls, a speci ¢ type of domain wall,
is determined by the sign of the DMI, which dictates the direction of spin rotation
within the wall. Alongside the DMI, exchange and dipolar interactions are crucial in
in uencing the stability and chirality of skyrmions.

Skyrmion magnetic textures are usually considered to belong to one of three classes:
Bloch-type, Neel-type skyrmions, and anti-skyrmions. Bloch-type and Neel-type skyrmi-
ons are the most common. Both involve the rotation of the moment from parallel
outside to anti-parallel inside. In a Bloch skyrmion, the moment rotates in the plane
perpendicular to the skyrmion radius, turning on tangential planes and perpendicu-
lar to the radial directions. Skyrmions can be nucleated by a magnetic eld, current,
and E- eld [70{72]. Skyrmions can be de ned by their topological or winding number,

which can be written as:
Z

1 m m
Wsk—4— (m.(—x —y))dxdy— 1; (2.14)

where, m is the normalized magnetization of the thin Im. Figure 2.5 shows the
Neel-type (a) and Bloch-type (W sk = 1) (b) skyrmions (Wsk = 1). Skyrmion is
a topologically protected quasi particle, because its stability and properties, such as
its topological charge, are guaranteed by the non-trivial topology of the spin texture.
Although skyrmions are not fundamental particles, they exhibit particle-like behaviors
and can be manipulated and studied like particles. The topological number is a integer
value (Wgk 6 0) resulting in skyrmion properties such as the topological Hall e ect
and low current density to move skyrmions. The topological number for Neel and
Bloch type skyrmions is Wgx = 1. Recent studies show that for some materials, the
topological numbers could be Wy = 2, in that case the topological texture is so-called
biskyrmion [73, 74].
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2.4 Manipulation of interfacial magnetic properties

Control of interfacial magnetism is an essential condition to build a spin-based device.
Controlling fundamental magnetic properties such as magnetic moment, magnetic an-
isotropy, and DMI is important in spintronic devices. In recent years, several magnetic
properties have been controlled by electric elds. Therefore, this section presents a brief
discussion on controlling magnetic moment, magnetic anisotropy and DMI by tuning
thin- Im structure and E- eld.

2.4.1 Interface engineering

Waller et al. (1993) [75] conducted a study on the OoP orbital magnetic moment of
Co/Pt, Co/Ni, and Co/Pd thin Ims using X-ray magnetic circular dichroism (XMCD)
spectroscopy. They observed a signi cant increase in the total magnetic moment in
Co/Pt and Co/Pd Ims due to the intermixing of d-d orbitals (3d for Co, 4d for Pd,
and 5d for Pt). The authors also performed theoretical calculations to validate their
experimental results.

Figure 2.6: The saturation magnetization per unit area depends on the thickness of
the Co layer (tco). The saturation magnetization was measured using a superconduct-
ing quantum interference device (SQUID) magnetometer. The Pt/Co/Pd Im shows
higher saturation magnetization then Pt/Co Im, which gives an give an explanation
of magnetic moment in Pd layer due to ferromagnetic proximity e ect [28].
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Wilhelm et al. (1999) [76] investigated magnetic moments in Ni/Pt multilayer
samples using SQUID magnetometry. They utilized the XMCD technique to analyze
the individual contributions of Ni and Pt layers. Their ndings suggested that the total
magnetization slightly depends on the Ni volume. Samples with an ultra-thin Pt layer
of approximately two monolayers exhibited slightly higher magnetization.This implies
that by using interface engineering techniques, it is possible to achieve tunable magnet-
ization in magnetic thin Ims, which could enhance the performance and functionality
of various spintronic devices.

Figure 2.7: Hysteresis loop of Au/Co/Au tri-layer at T=10 K with perpendicular ( ?)
and parallel (k) applied eld (H) [77]. For a Ta/CoFeB/Pt/MgO/Ta magnetic system:

(b) Dependence of DMI on the thickness k; of the Pt layer: The red points are de-
rived from the linear dependency of k and f,,, where Kk is the spin wave vector, and
fom is the di erence between the stock and anti-stock frequency. The black points are
calculated using a xed k, = 16.7 rad/ m.(c) Saturation magnetization, M 5 does not
change with Pt thickness, and (d) Dependence of 4M. on tp;, Black dots represent
Brillouin light scattering (BLS) measurements, and red dots represent vibrating sample
magnetometer (VSM) measurements. (Figure b-d are taken from the Figure 3 in ref-
erence [78].)
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Figure 2.6 illustrates the dependence of saturation magnetization on Co thickness.
It demonstrates that saturation magnetization in Pt/Co/Pd Ims is remarkably higher
than that in Pt/Co layers, which is attributed to the polarization of the Pd layer [28].
Similarly, Lau et al. (2019) investigated PMA in symmetric and asymmetric trilay-
ers such as Pt/Co/Pt, Ir/Collr, Ir/Co/Pt, and Pt/Co/lr. They reported extremely
high PMA of up to 10 T for Ir/Co/Pt system [79]. Therefore, the magnetization and
anisotropy can be tune by changing the HM layer (i.e., Pt, Ir and Pd).

For ultra-thin Ims, surface anisotropy is more prominent compared to shape aniso-
tropy contribution. Thus, shape and surface anisotropy can be controlled by adjusting
the magnetic layer thickness. Figure 2.7a) presents the e ective anisotropy of hcp
Co thin Ims grown at room temperature on poly-crystalline Au (111). Experimental
results show that Au/Co/Au Ims exhibit perpendicular magnetic anisotropy (PMA)
when the Co thickness (t) is 12 A or six monolayers. Ultra-thin Co Ims with PMA
demonstrate large coercivity and the coercivity show a £?2 dependence [77].

Figure 2.8: First-principles calculations were used to calculate the DMI in Co/Pt and

Co/Ir interfaces, where the numbers represent the number of monolayers: a) DMI
constant, D of Co/Pt 3 (red) and Co/Ir 5(blue).The Co atoms are placed between hcp
and fcc sites of metallic layers. b) D of Co/Pt and Co/lr against Co layer thickness

[80].

HM on both sides of the FM layer creates an additive e ect at the interfaces,
resulting in a strong net DMI [15]. Figure 2.8 depicts the DMI parameters for metallic
multilayer Ims studied by rst principle calculations. Figure 2.8a) shows that the DMI
for hcp Co is lower than for fcc Co, with positive DMI for Pt samples and negative DMI
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for Ir samples. Figure 2.8b) indicates that the DMI is negative for Ir samples, increasing
with Co layer thickness for both Pt and Ir samples. The sign of DMI represent di erent
chirality in the spin con guration of a magnetic material.

Ma et al. (2016) [78] studied the Ta/CoFeB/Pt(wedge)/MgO system using the BLS
technique. They found that the DMI is high for 0.1 nm Pt thickness, which decreases
with increasing with Pt thickness (Figure 2.7). The 4 M, changes from negative to
positive with increasing Pt thickness.

2.4.2 Electric eld

The application of E- elds presents a versatile method for localized and dynamic con-
trol of interfacial magnetic properties. The magnetic moment arising from the ferro-
magnetic proximity e ect when these materials are deposited on magnetic substrates
(Figure 2.9), can rise with E-eld. Obinata et al. (2015) [28] reported on E- eld
manipulation of magnetic moments in Pt/Co/Pd/MgO Ims at low temperatures (10
K), demonstrating tunable proximity-induced magnetic moments in Pd by applying an
E- eld. They placed a polymer with ionic liquid during the growth of the Au gate
electrode using evaporation. The voltage was applied during magnetic moment meas-
urement using SQUID magnetometry. A positive voltage increases the charge density at
the Pd surface, resulting in a larger moment per area. The di erence between positive
and negative voltage e ects increases linearly with decreasing temperature.

Kawabe et al. (2017) [29] investigated E- eld-induced changes in the orbital moment
in Fe/Co/MgO structures. Their XMCD study con rmed E- eld modulation of the Co
3d state, with the orbital magnetic moment changing by 0.013 B with an applied 2
V/nm E- eld. This e ect arises from charge accumulation or depletion at the magnetic
and oxide interface under E- eld, altering the electronic occupation of orbitals and
resulting in ferromagnetic layer hybridization, directly in uencing interfacial magnetic
anisotropy

Figure 2.10 illustrates the mechanism of E- eld e ect. An applied E- eld applied to
a magnetic sample leads to charge accumulation or depletion at the FM/MQ interface,
which changes the electronic occupation of orbitals and results in ferromagnetic layer
hybridization. The complex hybridization is directly related to interfacial magnetic
anisotropy. Thus the applied E- eld directly alter it, which may take up to a few
second.
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Figure 2.9: (a) The sample structure involves a polymer combined with an ionic li-
quid, used in the process of gold (Au) growth.(b) Perpendicular component of moment
(m?)per area at di erent temperatures for Co thicknesses of 0.1 nm (A) and 0.19 nm
(c). The inset shows the Hall resistance measurement at 10 K for Co 0.10 nm. The
sample shows a square hysteresis loop at2V. (b) The di erence between m? at 2V
as a function of temperature. For both samples, the data show linear relationships.
Figure 2 and 3 in reference [28].
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Figure 2.10: (a) Applied negative voltage at FM/MO, Im and charge depletion at the
interface (b) Voltage directly changes the electronic occupation of d orbitals [44]

E- eld also induces ion migration, causing oxygen ions to migrate from the oxide
layer to the FM/MOXx interface. Superposition of two mechanisms might produce large
changes. The ion (i.e., oxygen) migration occurs as an e ect of the E- eld, and it takes
a long time (a few minutes to several hours). E-eld also changes the Mand T for
ultra-thin (0.4-0.8 nm) FM layer. For ultra-thin Ims, interfacial magnetic properties
are more prominent than bulk materials. Thus, it is sensitive to E- eld [44].

Yang et al. (2018) [15] studied the e ect of E- eld using rst principle calcula-
tion. Firstly, the authors prepared ferromagnetic and nonmagnetic layer structures,
such as Pb/Co/Pt, with the aim of enhancing DMI. In this setup, they employed in-
version geometry stacking from both sides of the magnetic layer to enhance the overall
DMI. Secondly, they introduced a top layer of oxide, speci cally MnO, to amplify the
DMI. The interaction between the oxide and magnetic layer was crucial due to the
Rashba e ect. Finally, they proposed an approach to control DMI using a gate E- eld,
as illustrated in Figure 2.11. The microscopic DMI originates from the atomic level
and represents the energy di erence between clockwise and counterclockwise magnetic
spiral con gurations of a pair of atoms. The micromagnetic DMI is average of the
microscopic DMI of many atoms, which is useful for micromagnetic simulation. The
authors demonstrated that both microscopic and micromagnetic DMI increased with
an increasing gate E-eld. The E-eld in uences the interfacial spin-orbit coupling
(SOC) and electron density at the Co/MgO interface, which then changes the mag-
netic properties, such as the DMI strength or anisotropy. Additionally, at the Fe/MgO
interface, the E- eld changes the relative occupancy of the 3d orbitals of Fe, resulting
in the modulation of magnetic properties [81]. Therefore, an E- eld can a ect the band
structure, speci cally the minority-spin bands near the Fermi level, of a ferromagnetic
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layer. These changes may include both band hybridization and band splitting, poten-
tially resulting in shifts in band positions as well as modi cations in magnetic properties
[82].

Figure 2.11: (a) The e ect of the E-eld on DMI was studied using rst-principles
calculations. The microscopic DMI (d) and micromagnetic DMI (D) exhibit a linear
dependence on the E-eld. Microscopic DMI refers to the atomic-level interaction,
whereas micromagnetic DMI describes the interaction on a continuum scale. Figure
5 in reference [15]. (b) Magneto-ionic modulation of DMI in the Pt/Co/HfO , system
occurs when a gate voltage of -3 V is applied for up to 4 minutes. The migrated
ions decouple the Pt/Co interface; therefore, the DMI decreases. The process is not
reversible. Figure 2.10 in reference [40]; [83].

Diez et al. investigated the magneto-ionic modulation of DMI at the Pt/Co in-
terface. Figure 2.11(b) illustrates the change in DMI with gating time. The E-eld
facilitated the migration of oxygen from the HfO, layer, thereby altering the coupling
between the HM and FM layers at the interface, resulting in lower DMI. Additionally,
they observed a switching phenomenon from In-P magnetization to OoP magnetization.
However, they only observed reversibility for a short gating time of up to 1 minute [83].

Pachat et al. (2023) [40] demonstrated the full spectrum (In-P to OoP to InP) of
oxidation through ionic liquid gating. They began with an In-P magnetized CoB/HfO ,
system and applied voltage to induce a transition to OoP magnetization. This transition
was fully reversible, as depicted in Figure 2.12(a-b). During the process they only
applied a negative voltage for an extended amount of time. Throughout the process,
they applied only a negative voltage for an extended period. Figure 2.12(c) depicts
magnetization switching of an FepCoy Im at 200 V, demonstrating that negative
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