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Summary

The improvement of applications concerning CMOS technology is becoming a dif-
ficult task, due to physical and technology constrains, such as quantum effects or
miniaturization below few nanometers. In order to overcome the related increas-
ing of the power dissipation and rising of the costs, beyond-CMOS technologies
have been attracted the attention of recent researches. This thesis explores the
basics of one promising beyond-CMOS technology: Racetrack Logic. It is a spin-
tronic technology that can be used for efficient data storage, thanks to important
properties like non-volatility and low-power operation, allowing at the same time
logic-in-memory. The building block of Racetrack Memories is the motion of mag-
netic textures into a sub-micron ferromagnetic tracks, thanks to a current directly
injected into the track. This work is a study of the current-driven motion of two
magnetic textures that can be used to implement a Racetrack Memory: domain
walls and skyrmions. The former ones are interfaces between two magnetic do-
mains having opposite magnetizations, while skyrmions are stable particle-like spin
configurations which are topologically protected.

In first place, the domain wall motion is analyzed. The first task to address
is the nucleation of a domain into a ferromagnetic microwire, which should be
characterized by low current densities and which should occur in a well-defined
region of the sample. Once the domain is created, it can be moved by injecting a
current into the microwire. The results of the study show how to have a control
over the nucleation of a domain and its position, by exploiting Focus Ion Beam
irradiation to create artificial nucleation centers. They are localized areas where
the material parameters, such as the saturation magnetization and the uniaxial
anisotropy constant, are degraded leading to a reduced switching field. The study
continues by analyzing the evolution of the domain velocity with respect to the
current density injected into the wire, supported by micromagnetic simulations,
to understand its dependency from the material parameters. The study ends with
a demonstration of a systematical confinement and shifting of a domain between
barriers, which constitutes the building block of the Racetrack Memory, in which
information are encoded into magnetic domains.

In second place, a study of the dimension and the motion of magnetic skyrmions,

XII



with respect to irradiation dose, is presented. Skyrmion diameter is a fundamental
parameter that depends on material parameters, such as exchange energy, mag-
netic anisotropy and Dzyaloshinskii-Moriya interaction. These parameters can
be locally varied using the Focus Ion Beam irradiation technology. The study
is complemented with micromagnetic simulations. The experiment work is then
extended to the characterization of the current-induced skyrmion motion, under
different FIB irradiation conditions. The study shows that both the skyrmion
velocity and the skyrmion angle are influenced from the ion dose.

The magnetic structures used for this work are based on CoFeB/MgO thin
film stacks. CoFeB, together with MgO oxide, exhibits perpendicular magnetic
anisotropy (PMA) and low damping, making these thin-film stacks the most
promising materials for spintronic applications. The two mentioned thin-films
are sandwiched between a seed and a capping layer. For domain wall motion the
tantalum (Ta) is used as seed and capping layer, while int the magnetic stack host-
ing skyrmions the seed layer is made of tungsten (W), due to its higher spin-orbit
coupling, leading to a stronger Dzyaloshinskii-Moriya interaction, which stabi-
lizes skyrmions in the ferromagnetic material. To vary the material parameters,
the Focus In Beam technology has been used, in which Ga+ ions are accelerated
by means of an electrostatic field in the direction of the ferromagnetic sample.
Micromagnetic simulation results are derived from Mumax3, a GPU-accelerated
micromagnetic simulation program.
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1 Introduction

1.1 Beyond Moore’s law

According to Moore’s law, during the last decades, steps towards high performance
integrated circuits technology were based on the scaling of the CMOS technology.
However, the miniaturization of such devices led to the increasing of the power
dissipation due to quantum effects. This pushed recent studies towards the ex-
ploration of spintronics, in which the properties of the electron spin, rather than
its electrical charge, are exploited to store and process information. The resulting
technologies are characterized by non-volatility and low-power consumption, which
can improve the paradigms of data storage and, in particular, it can set the basics
of logic-in-memory, thanks to the possibility to exploit the interaction of injected
currents or magnetic fields with the magnetic textures, such as domain walls or
skyrmions.

A fundamental role is played by the magnetic material involved. Tailoring
the material parameters used for the application means tailoring the magnetic
properties, which affects strongly the way an external magnetic field or with an
injected current interact with the magnetic texture [1][2].

1.2 Ferromagnetism and Micromagnetism

Ferromagnetic materials are a class of magnetic materials which are able to remain
magnetized without the presence of an external magnetic field. In ferromagnetic
materials the atomic spins interact with an external field and, differently from
paramagnetic materials, they can also interact between each others. This latter
interaction originates from quantum mechanical properties of spins. The result
is a force that tends to make all the spins aligned, so-called exchange interaction.
However, it is not the only one and below the different interactions are discussed|3].

1



1 — Introduction

1.2.1 Magnetic interactions

The macroscopic order of the atomic spins which compose the magnetization tex-
ture of a ferromagnet is given by a competition between different interactions
acting at atomic level, that can be divided in local and non-local interactions. The
former ones depend on the local value and orientation of the magnetization, while
the latter ones are influenced by the magnetization of the whole sample [4]. The
result of these interactions is the development of forces able to arrange atomic
spins until a minimum energy configuration is achieved. The energies associated
to the type of interactions involved are:

« Exchange energy. This interaction is the responsible for the alignment of the
spins one respect to the other. As mentioned, it originates from a quantum
effect related to the indistinguishability of the electrons. In classical descrip-
tion, and for two consecutive electron spins (S; and S;), it is given by the
energy term

EPr = _278S; - S; (1.1)

where J is called exchange constant, which measures the strength of the in-
teraction. The equation is minimized for a completely magnetized crystalline
sample, which means that the totality of the spins point in one direction,
so they are all parallel one to each other. Considering the energy per unit
volume, the exchange energy can be also written as:

2

B _ g(vm)?= —Am-am, =I5

V a
The equation reflects the dependence of the exchange energy with respect to
the uniformity of the magnetization: when the gradient of the magnetization
is zero, which means that all atomic spins are aligned, the exchange energy
is zero. In real cases this energy cannot be equal to zero because of the
presence of the defects of the material or because of the competition with
other interactions [4].

(1.2)

« Magnetostatic energy. Called also stray field energy or dipolar energy, the
magnetostatic energy originates from the divergence of the magnetization at
the surface of the ferromagnet [3][4]. This type of energy is stored into its own
magnetic field, which is called demagnetizing field Hp. The latter is non-local
by definition, because it involves the magnetization of the whole sample. Hp
can be expressed by:

VHp = —VM = —NpM (1.3)
2



1.2 — Ferromagnetism and Micromagnetism

The Np term is called demagnetizing factor, which accounts for the shape of
the sample and the direction of the magnetization. It has to be mentioned
that the last expression is valid only for ellipsoidal shapes or for shapes that
are limiting cases of it, such as wires and thin-films. If non-ellipsoidal shapes
are considered, then one has to consider that the demagnetizing field is not
equal through the sample. The magnetostatic energy associated to this type
of interaction can be written as:

1
B = fuo/ H2dV (1.4)
ARV

The % term ensures that the interaction between two points of the samples is
taken once [4].

Anisotropy energy. This type of interaction depends on the nature of the
material, in particular how the atoms are arranged. Depending on the crys-
tal, shape, stress or atomic segregation, the magnetic material has an axis
over which the direction of the magnetization is favoured. The anisotropy
energy depends on the orientation of the magnetization with respect to this
axes, which is called easy azes. Mathematically it is described using direction
cosines.

For some systems, especially for thin-films, one can make the approximation
that the anisotropy depends only on the angle between the magnetization and
a given axis. In this case the the anisotropy interaction can be defined as uni-
axial anisotropy. The more general approach would be to consider different
possible axis corresponding to the crystal axis, each with different contribu-
tions depending on the material. In this case the anisotropy interaction can
be defined as cubic anisotropy. In this work the siscussion is limited to the
uniaxial anisotropy, since the materials used for this thesis are thin-films and
the uniaxial approximation holds.

The uniaxial anisotropy energy per unit volume can be expressed in terms of
powers of direction cosines as: [4]

E
7A = K,sin?0 + Kosin?f ... (1.5)

where 6 is the angle between the magnetization and the easy axis, K,; and Ky
are the uniaxial anisotropy constants, which give a measure of the anisotropy
interaction. The direction of the magnetization is mainly established by the

3



1 — Introduction

magnitude and by the sign of K:

{large | K1, K1 >0 the material has an easy axis (1.6)

large | K|, K <0 the material has an easy plane

For completeness, it has to be mentioned also that other two phenomena can
contribute to the anisotropy energy term, which are the Magnetoelastic and
Magnetostriction energy. The first one is related to the stress that can be
applied to the magnetic thin film, while the latter is limited to a class of
material which can change its dimension when a magnetic field is applied.
The description of the energies related to this two interactions is out of the
scope of this work.

In case of thin-films, the surface properties become relevant. The surface
itself is a break of the symmetry of the system. This gives raise to another
anisotropy, called surface or interface anisotropy. Differently, from the uni-
axial anisotropy it is defined per unit surface X as

? = Kgsin®0 (1.7)

where Kg is called the surface anisotropy constant. In terms of energy per
unit volume the equation written above becomes

E 1
?s = EKSsiDQH (1.8)
where d is the thickness of the thin film.

It has to be considered that the all the mentioned anisotropy terms belong
to a unique physical principle, which allows the definition of an easy axis, or
eventually of an easy plane.

Zeeman energy. When an external magnetic field is applied, another energy
contribution must e added, called Zeeman energy, given by [4]:

E ext
Vv

which related to the external magnetic field H.

Total energy and effective anisotropy constant. Considering all the men-
tioned interactions the total energy of the system can be expresses as:

Etot = Eex + EA + Ems + Eext (110)
4
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-
Large SOC \
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Hom =Dy * (5,%5,)

Figure 1.1: Schematic representation of the Dzyaloshinskii-Moriya interaction generated by
the interaction between a large spin orbit coupling atom with two atomic spins,
on the left, and the DMI generated at the interface of the ferromagnet with a
high spin orbit coupling metal (heavy metal)[5].

All the energy contributions produce an effect on the alignment of the mag-
netic moments present in a ferromagnet material. The competition of the
different interactions leads to the formation of an effective easy axis and con-
sequently to the definition of an effective anisotropy constant. It can be
expressed as [4]

1 K
Kg = K, — 5“0M52+FS (1.11)

» Dzyaloshinskii-Moriya interaction interaction.

Another important interaction, that plays a fundamental role in defining the mag-
netic textures like skyrmions, is the Dzyaloshinkii-Moriya interaction (DMI in
short). It is a chiral interaction that originates from a lack or from a breaking of
inversion symmetry. This can happen in lattices (bulk DMI) or at the interface
of magnetic thin-films. In the latter case the interfacial DMI originates from the
interaction between two atomic spins and an atom with large spin-orbit coupling
(SOC in short) [6][3][5]. The bulk DMI between two atomic spins can be expressed
as:

H%ai\l/f = D12 . (Sl X Sz) (112)
and in terms of the reduced magnetization[7] as:
Hpy = Dm(r) - [V x m(r)] (1.13)
In case of interfacial DMI the last equation takes the form|7]
Hpy = Dim,(r)V - m(r) — (m(r) - V)m,(r)] (1.14)
)
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ANL)Y

o : o .
Figure 1.2: Widefield-magneto optic Kerr effect images of the two magnetic thin-film stacks
used in this work. The image on the left shows the Ta/CoFeB/MgO/Ta

stack, which has larger average domain size; on the right the image of
W/CoFeB/MgO/Ta stack, with smaller average domain size can be found.

The parameter D is called DMI constant and it is proportional to Dy, called
DM vector. In Figure 1.1 a schematic representation of the interaction is shown.
As can be seen, the DM vector results to be perpendicular to the plane containing
the large SOC atom and the two considered atomic spins. One can notice that
in case of interfacial DMI, the D15 vector lies on the surface of the ferromagnetic
material. In both cases, the effect of the DMI is to induce a tilting of the atomic
spins leading to the stabilization of magnetic textures such as magnetic skyrmions
[5][7]. It is a mechanism that competes with the exchange interaction and when the
DMI constant becomes non-negligible it has to be included into the total energy
expression depicted in 1.10.

1.2.2 Magnetic domains

The presence of domains was proposed by Weiss to explain the magnetization
process of ferromagnets. They are regions in which the magnetization is uniform,
which means that all the magnetic moments are pointing in the same direction.
Domains pointing in opposite directions are separated by domain walls, which are
region of transition of the direction of the magnetization. Discussion about the
domain walls is postponed to Section 2.1. Examples of domains of two thin-film
stacks used for this work are shown in Figure 1.2.

6
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M

Hc

Figure 1.3: Schematic representation of a ferromagnetic hysteresis.

Without the presence of differently magnetized domains, the magnets should
remain in the saturated state no matter the conditions over which the magnet is
exposed. In real cases, the ferromagnetic materials can be found with zero average
magnetization, meaning that the number of opposite magnetized domain is equal.
Starting from this configuration, when a magnetic field is applied, the domains
pointing in the same direction of the magnetic field expand at the expense of
the domains pointing in the opposite direction. In this way, when the opposite
magnetized domains disappear the ferromagnet remains in its saturated state,
composed by all the magnetic moments pointing in the same direction. The typical
behavior of the described magnetization process is shown in Figure 1.3, which
is called magnetic hysteresis. Mg represents the saturation magnetization which
corresponds to the maximum value that the magnetization can reach. Mg is
called remanence, defined as the magnetization value that a ferromagnet retains
in absence of an applied magnetic field. H¢ is the minimum magnetic field needed
to switch the magnetization and it is called coercivity.

1.2.3 Micromagnetism

One approach for studying the magnetism at the microscale is related to descrip-
tion of M(r), that is the magnetization of a volume portion of the sample which
is larger than the interaction length between atomic spins and smaller than the
sample [4]. Below the static and the dynamic properties of M(r) are described.

Taking into account the different energy contributions depicted in 1.10, the local
magnetization can be derived from the minimization of the energy of the system

7



1 — Introduction

[4]. Defining the reduced magnetization m = MMS

E:AAﬂvmm%«mmﬂ@—%m@m}bu@—wMgnH+@wwv(u@

where the DMI contribution has been included by means of the DMI energy per
unit volume epyyr. Dividing and multiplying all the terms by one obtains:

2
pHoMg2?’

2 2A 2K, 1
E= / vm? + K sin?(6) — ——m - Hp(M)—
o Mg V{MOMSZ( o o Mg isin”(9) Msm p(M)

From equation 1.16, important micromagnetic parameters can be derived:

o Exchange length. The exchange length [, is the characteristic length of the
magnetic interactions involved into a ferromagnet.

| 24
Zex - m (117)

o Quality parameter. It is the ratio between the saturation magnetization
and the anisotropy constant. The quality parameter gives a measure of how
important is the anisotropy with respect to the stray field.

2K,
Q:MM; (1.18)

e Domain wall width. The domain wall width is given by

A
Kul

= A (1.19)

50:71'

A is called domain wall width parameter and it gives a measure the width of
the domain wall. 6, = mA is the domain wall width, which states that the
larger the anisotropy, the smaller the domain wall width. Physically it can be
explained by considering that higher is the anisotropy and higher will result
the energy associated to the number of magnetic moments tilted with respect
to the easy axis. It means that at equilibrium (low energy state) the number
of tilted magnetic moments has to be as lower as possible.

8
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o Critical diameter. The presence of the stray fields leads to the creation of a
multi-domain state, rather than a single domain state. As mentioned before,
the stray field depends on the physical dimension of the ferromagnet, which
means that it exists a critical dimension under which the stray field becomes
less relevant and the sample is more favored to stay in a single-domain state.
That dimension is given by the critical diameter, which can be expressed as
[4]:

p. = 2VAKa (1.20)
. o Ms? '

1.2.4 Field-driven magnetic dynamics

When an external magnetic field is applied, the magnetic texture of a ferromagnet
is perturbed and the magnetic moments start to move accordingly to the mecha-
nism presented below.

In presence of a magnetic field, the local magnetization is subjected to a torque
given by

diM = —’YgM x H (121)

dt
The equation is true for isolated magnetic moments. When a collective system is
considered, the single magnetic moments exchange energy with other subsystems.
Mathematically, the interaction is described by a loss term, defined as Gilbert
constant ag. The equation, that now takes the name of Gilbert equation, becomes

aM [67¢] dM
— =—-9M xH+ —M x — 1.22
a e R (1.22)
Isolating % on one side, the equation reads
dM
e — M xH.;+ M x (M x H,f/) (1.23)
dt My

Equation 1.22 is called Landau-Lishfitz-Gilbert equation and describes the evo-
lution of the local magnetization in presence of an applied magnetic field. The
parameters a and « are called, respectively, damping constant and gyromagnetic
ratio, which expressions are [4]:

¢ Telalel
{O‘ ~ Ttag? (1.24)
— G
v= 1+ag?
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1.2.5 Current-driven magnetic dynamics

A spin-polarized current can activate the motion of magnetic texture, such as
domain walls and skyrmions, due to a exchange of torques between magnetic mo-
ments and current electron spins. Depending on the direction of the injection (see
Figure 1.4), two types of current can be defined: the spin transfer torque (STT
in short) current and the spin Hall effect current. In the first case the current is
injected in the plane of the ferromagnet, while the in the latter case the current
is injected vertically into the ferromagnet by means of the spin Hall effect, which
cause the splitting of a current injected into a heavy metal (HM in short) de-
pending on the spin of the electrons [7]. These two phenomena have been largely
studied for the data transfer and data storage applications|8][9][7].

» Spin Transfer Torque current. The magnetic dynamics in presence of a STT
current can be derived by extending the Landau-Lifshitz-Gilbert equation 1.22
with two other contributions[10]

Charge current
‘ﬁ..“.-
. =

Charge current

Ay
"*

Figure 1.4: Scheme of the spin transfer torque (on the left) and spin Hall effect (on the
right) type of currents along a ferromagnetic track|[7].

M o dAM M  Bu.. oM
M xH.p+ SMx 8 0 PO P
g~ M Hep 4 e Mix s —ug ke Mg s (1.29)

where u and 3 are called adiabatic and non-adiabatic spin transfer parameters.
3 is a phenomenological parameter, while u can be derived as[10]

_ gJe,uBP
= -—

1.26
2€MS ( )

where ¢ is the Landé factor, up is the Bohr magnetron, e the electron charge,
P the polarisation factor of the current and J, is the current density injected
into the ferromagnet. The different terms of 1.25 exert a torque to the lo-
cal magnetization. Considering a spherical coordinate system (ey, €y, €,)(see

10



1.2 — Ferromagnetism and Micromagnetism

Figure 1.5: Spherical coordinate system (e, ey, €,) used to derivate the different torque
terms. 6 corresponds to the out-of-plane angle and ¢ to the in-plane angle[10].

Figure 1.5), in which 6 corresponds to the out-of-plane angle and ¢ to the
in-plane angle, the torques associated to the fields acting on the domain wall
are [10]

'y =MxH External field
'y, =M xHp Demagnetizing field (1.27)
I'y, =M x Hp Equivalent damping field

—a dM

The equivalent damping torque is given by Al dt The expressions of the

mentioned torques are

I'y = —MgHsinfe,
Ty, = 4rM2(N, — N,)sinfsinpcospey + 47 Mzsinfcosd[ N, —
— Nysin®p — N,cos’ple,

aMg )

Lo, =25 psinfey — de,

(1.28)

N, Ny, N, are the demagnetizing factors which functions of the shape of the
ferromagnet. The torques associated to the current interaction are[10]

OM 00 __ Mgu sinf

— uolvlov
Fu_waﬂay_'y A €0
(1.29)
_ b OM 00 _ _ 3 Mgusing
I‘B o 'yMSM T oy B vy A €y

« Spin Hall Effect current. Spin Hall effects originates from quantum scatter-
ing events, such as spin skew scattering and side jump scattering, which are
mechanisms able to change the velocity components of the electrons flowing
into a metal. The scattering events are due to the spin-orbit coupling effect
(SOC in short), which is larger for heavy-metal (HM) materials. For this

11
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reasonHM materials are used to induce vertical injections of spin currents,
thanks to the spin Hall effect [11][12]. Since the origin of the phenomenon
lies the SOC, the type of current is also referred as the spin orbit torque (SOT
in short) current.

The dynamics of the local magnetization in case of a SOT current can be
described by the LLG equation in which two more terms are added (as done
for the STT current). In this case the equation takes the name of Landau-
Lifshitz-Gilbert-Slonczewski equation, which reads

M _ —yM x Heff—FiM X M _ MsM x (a;M xp)+Msb;Mxp (1.30)
dt Mg dt

where 7 is the gyromagnetic ratio. p is given by p = sign(fsg)J x n, which
is a unit vector pointing in the direction of the magnetic moments that are
injected into the ferromagnet. J represents the direction of the current into
the HM and n the normal direction of the surface between the HM and the
ferromagnetic layer. Ogg is the spin hall angle, which is a material dependent
parameter. The two coefficients a; and b; appearing into the third and the
fourth terms of 1.30 are, respectively, the damping-like torque and field-like
torque coefficients, which give the strengths of the equivalent fields associated
to the two torques. The expression of the a; coefficient is given by

hOsyJ
2eM st
where h is the reduced plank constant and t is the thickness of the ferro-

magnetic layer. The expression of b; is instead more difficult to be found in
literature, but it has been reported to be smaller tha a;[13][11][12].

foa; = | | (1.31)

1.3 Novel magnetic materials

In order to exploit the electron spin properties, a lot of effort has been put into
the study of different magnetic materials. The improvement of the deposition
techniques, especially for thin films, together with the development of characteri-
zation tools had led to important improvements in the material research field [14].
Some important physical phenomena have been discovered thanks to this progress,
such as giant magnetoresistance, tunnel magnetoresistance, spin-transfer torque,
spin-orbit torque, spin Hall effect, spin Seebeck effect, etc. From a technologi-
cal point of view, an important property is the perpendicular magnetic anisotropy
(PMA in short). Magnetic materials with PMA show an easy axis in the direc-
tion perpendicular to the surface. Historically, PMA has been observed in large

12
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spin-orbit coupling materials, such as Co/Pt stacks. However these materials are
characterized by large switching fields, meaning that higher fields, or higher en-
ergies in general, are needed to switch these magnets. It has been observed that
also at interfaces of transition metal/oxide thin-films PMA can be found. this
is due to the the hybridization between the oxygen and the magnetic transition
metal orbit across the interface [14]. This systems (e.g. CoFeB/MgO) have been
demonstrated to have the potential to be implemented in magnetic storage devices,
where an out-of-plane magnetization is needed. This applications, such as mag-
netic tunnel junctions for STT-MRAM cells, are shown to have a good memory
retention, thanks to the large PMA amplitude, and a low writing current, thanks
to a relatively weak damping [14].

Materials with PMA have also been studied for field and current-induced motion
of magnetic textures, such as domain walls and skyrmions (see Chapter 2 and 3).
Current-driven phenomena have been attracted a lot interest due to its potentiality
to be integrated in electronic circuits.

1.4 Current-driven motion applications: Racetrack
Memory

Up to now, memory devices exploit the magnetic recording as data storage method.
It is the most reliable and economic technique and has been used to realize hard
disk drives (HDD), characterized by large-capacity storage, but also by a slow
writing /reading of the data. Magnetic random access memory (MRAM) has been
proposed, characterized by nanosecond access time, non-volatility, reliability in se-
vere environments and compatibility with current Si-based technology [16]. How-
ever, in the MRAM cell a capacitor is required for a reliable operation, limiting
its speed potentiality. In 2008, Parkin, M. Hayashi, and L. Thomas proposed
the Magnetic Domain-Wall Racetrack Memory as an alternative approach to store
data, exploiting magnetic domains. The domains are arranged in tall columns
of ferromagnetic material. The columns are then positioned perpendicularly to a
silicon wafer, as shown in Figure 1.6.

The domains can shifted along the ferromagnetic wire thanks to injected elec-
tric current pulses. The current is able to move them thanks to the spin transfer
torque effect. In this way the device becomes a shift register in which the bits
are written or read at the intersection between the ferromagnetic wire and the
silicon wafer, where a magneto tunnel junction device is placed to read the sign of
the magnetization in the domain. The writing of the information in the wire can
be done in several ways: by an external field generated by a current flowing into
a metallic wire, placed near the ferromagnetic wire [15]; using a current directly

13
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Figure 1.6: Examples of Racetrack Memory proposed by Parkin, M. Hayashi, and
L. Thomas [15]. The vertical-configuration (A) is the one that allows the
highest storage density, taking advantage of the direction perpendicular to the
silicon wafer. An example of the U-shaped racetracks is shown in (E). (B)
shows the horizontal-configuration, which is the easiest one o be fabricated. In
(C) and in (D) examples of, respectively, reading and writing are shown.

injected into the racetrack, which will cause the local switching of the magnetiza-
tion, due to spin-transfer torque; using stray fields generated from a domain of a
secondary racetrack placed in proximity of the primary racetrack. The motion of
the domain, once fixed the direction of the current, is independent on the mag-
netic charge of the DW. This is why only an injected current can be used to shift
the domains: an external magnetic field would move the DWs depending on their
magnetic charge. This can be translated in an expansion of the domains with
magnetic charge concordant to the magnetic field sign and a compression of the
discordant domains. If the field is too large, one can lose the information due to
the complete switching of the racetrack, as it happens in a typical magnetization
process of a demagnetized magnet.

In this work, the domain wall velocity on Ta/CoFeB/MgO/Ta thin film stack
patterned with microns wide wires has been analyzed, with the goal of study the
principles from the basis of the racetrack memory (see Chapter 2). The study is
then completed with simulations.

Up to now, just the domain walls have been mentioned as main actors, but
also skyrmions can be used to realize racetrack memories. Moreover, skyrmions

14
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require less current to be moved, making them very attractive for this application.
In Chapter 3 a study over the skyrmion dimension on W/CoFeB/MgO/Ta stack
has been performed and a comparison between

15
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2 Domain wall motion

Domain wall (DW in short) motion is a key concept at the base of data storage
applications, such as Racetrack Memories, in which the magnetic domains, that
encode information, shift from one cell to the other by means of an injected spin-
polarized current. The scope of this chapter is to characterize the domain motion
in a ferromagnetic microwire, describing the different technological steps for the
realization of a racetrack memory cell. Firstly, the basic principles are discussed,
providing fundamental tools to analyze the physical phenomena. The domain
velocity is then simulated by means of micromagnetic simulations which can help to
understand the effects of the interaction between a spin-polarized current and the
domain motion, as a function of the DMI strength. The results are then compared
with experimentally measured domain velocities on Tay/CoFeB; 1 /MgO,/Tag thin-
film stack, where the numbers in subscript indicate the nominal thickness of the
different layers. The mentioned ferromagnetic material is the one used by Riente
et al. in their work[17]. The choice is justified by the fact that the ferromagnetic
stack shows perpendicular magnetic anisotropy, as shown by Riente et al. in their
work. Moreover, they measured the saturation magnetization Mg and the uniaxial
anisotropy constant K, of the sample, which is not an easy task. The measured
material parameters, together with parameters found in literature, are shown in
Table 2.1, which are used as inputs for DW velocity simulations. The second part
of the chapter is then related to the attempt of creating a racetrack memory bit
cell, which consists of a domain confined in barriers that can be overcome thanks
to current pulses.

2.1 Basic Principles

Domain walls are transition regions between adjacent domains. In such regions
the angle of the magnetic moments changes gradually between the direction of
the correlated domains’ magnetization. Within a domain the magnetic moments
point approximately in the same direction and their alignment is favoured by the
exchange and the anisotropy energy. However, such alignment causes an increase of
the demagnetizing energy, due to the divergence of the self-magnetic field (so-called
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demagnetizing field) generated by the magnetization. The demagnetizing field tries
to slit the domains in order to close its field lines decreasing, the associated energy
and favoring the creation of domain walls. Therefore, the creation of domain walls
is due to the trade-off between the magnetostatic energy and the energy that gives
raise when the magnetic moments are tilted, such as exchange and anisotropy
energy|3][4].

2.1.1 Classification of domain walls

According to the evolution of the magnetic moments’ direction, the domain walls
can be classified in two classes[3]:

e Bloch wall. In Bloch domain walls, the magnetic moments rotate in a plane
parallel to the domain wall plane (see Figure 2.2a).

e Néel wall. When the magnetic moments rotate perpendicularly to the plane
of the domain wall, it is called Néel domain wall, which is shown in Figure
2.2b.

The magnetostatic energy determines the type of domain wall. In case of Bloch
domain walls, the angle 6 between the rotation plane and the plane containing the
magnetizations of the two domains is constant and the domain wall energy per
unit area does not depend on the demagnetizing field:

Yew = 4/ K, A (2.1)

where K, is the uniaxial anisotropy constant and A the exchange stiffness.
In case of Néel domain walls, the angle # is not constant, and this creates a

Ta (3 nm)

Ta (2 nm)

Figure 2.1: Representation in scale of the magnetic thin-film stack used for DW Motion.
The CoFeB/MgO bilayer, which gives raise to PMA after thermal annealing, is
sandwiched between two Ta thin-films, the latter used as seed/adhesion and as

capping layer.
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(a) Bloch wall.

(b) Néel wall.

Figure 2.2: Type of domain walls. In the Bloch domain wall (a) the magnetization rotates
around the line linking the two domain magnetic moments. The angle between
each magnetic moment is constant. In Néel domain walls (b), the magnetization
rotates along the line linking the two domain magnetic moments. The angle
between the magnetic moments along the line is not constant [4].

dependency of the domain wall energy on the magnetostatic energy. The Néel
domain wall energy per unit area results [4]:

1
YNW = 4J A<Ku + 2M0M52> (2.2)

Therefore, Bloch domain walls are usually preferred in the bulk materials, since
they are favored by the decreasing of the magnetostatic energy, while Néel walls
are preferred in thin films because the rotation of magnetic moments out of the
magnet plane costs magnetostatic energy|[4][3].
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Figure 2.3: Schematic representation of the torques generated by the presence of an applied
magnetic field in case of a Néel domain wall.

2.1.2 Domain wall motion theory

An external magnetic field exerted to a domain wall will cause its displacement.
If the sample is in a multi-domain state, the field causes the expansion of domains
whose magnetization points in the same direction of the applied magnetic field.

When a magnetic field is applied, the magnetic moments in the domain wall are
canted due to the resulting field torque yM X Hey (see Figure 2.3). Defining ¢ as
the angle between the magnetic moments and the plane containing the magnetiza-
tion of the two domains (yz plane), the tilting of the magnetic moments, due to the
field torque, generates a demagnetizing field proportional to the ¢ which imposes
a torque YM x Hp, called demagnetizing torque, pointed in the same direction of
the applied external field. The result is the motion of the domain wall in a way
to expand the domains having the magnetization pointing in the same direction
of the field[4][9]. An increase of the magnetic field results in an increasing of the
demagnetizing torque, leading to faster domain wall motion. In this regime the
domain wall velocity is linear to the applied field [10] (see Figure 2.4):

A u

Usteady = % [H + (B - Oé)ﬂ‘|

When the magnetic field exceeds a threshold, the demagnetizing field is not able
to follow the magnetic field anymore. This means that the demagnetizing torque
cannot compensate the field torque, which will ignite the typical processional mo-
tion of the magnetic moment in presence of a magnetic field. This transition is
called Walker breakdown and it is reached when at ¢ ~ 7/4 [4][9], corresponding
to H = Hy, which is called Walker breakdown field, or simply Walker field. 1t has
to be considered that the Walker breakdown can occur in presence of a field, but
also in presence of a current. In the latter case, the phenomenon can occur at zero
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v Creep Depin. Flow
. A
Steady Precessional v ; ;
Motion Propagation :
N :
T>0; :
o g (Hyep) (H)
(a) Domain wall velocity vs. applied field, show- (b) Domain wall velocity behavior as a function
ing the Walker breakdown. of the applied field in a realistic system[18].

Figure 2.4: Domain wall velocity profiles after depinning (a) and in the creep regime and
depinning regimes (b)

field when the current J = Jy, which is called Walker current density[10].

Walker breakdown has important implications on the performances of devices
that exploit domain wall motion to transfer information: a change in the domain
velocity implicates a variation in the design of such devices [4].

2.2 Domain motion simulations

After a brief discussion of the physical principles, the domain wall motion is sim-
ulated into a ferromagnetic microwire. The aim is to understand the behavior of
the domain velocity with respect to a spin-polarized current. In particular, the
simulations are divided in three parts: i) the ideal case in which the material is
considered a perfect crystal and the temperature effects are not considered; ii)
the temperature case, in which the effects of a non-zero temperature system are
explored; iii) the grain case, in which the microwire used in the simulation is made
by a granular pattern. In each grain, the material the uniaxial anisotropy constant
is varied by 5 % with respect to the nominal value reported in Table 2.1. The aim
of the last step is to understand the domain motion in presence of pinning centers,
originated by material inhomogeneities. All the three cases are repeated for low
and high DMI coefficients. The parameters used for the simulations are referred
to the stack depicted in Figure 2.1 and are shown in Table 2.1.
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Ms[Am™] Ku[Jm™® A[Jm D [J m™2] a  Osy
8308 x 10 55788 x 10° 2x 107 0.03 =3 x 1073 0.015 0.15

Table 2.1: Ta,/CoFeB;1/Mg0O,/Tas material parameters from [19].

Figure 2.5: Simulation image of a domain moving in a 2048x1024um? wire by means of a
spin Hall effect current for low DMI strength (D = 0.03 mJ/m~2).

2.2.1 Ideal case

The first case study is the is related to a ferromagnetic wire without thermal or
material disorder effects. The sample under test is a microwire, which dimensions
are 2048x1024 nm? shown in Figure 2.5 with a cell size of 2 nm. A 300 nm domain
is initialized at on the left-hand side of the wire. Then a vertical spin current is
applied for 50 ns and at each nanosecond the domain walls positions are registered.
The width of the domain is computed by the difference between the positions of
the two domain walls, while the domain position is computed by adding half of the
width to the position of the leftmost domain wall. This procedure is then repeated
for different current steps.

As can be seen in Figure 2.6, the velocity increases up to J = 2 x 10° A/m?.
In this range the motion is followed by a domain expansion (see Figure 2.7). For
higher current densities the velocity drops to a local minimum at J =4 x 10° A/m?
and increase again. Looking at the width of the domain during its motion, one
can notice that the expansion of the domain is followed by a compression up to
J =7 x10° A/m? After that value the domain firstly experiences a compression
and then an expansion. One possible reason for this oscillatory behavior can be
related to the Walker breakdown: at the beginning, the torque exerted by the
current is supported by the demagnetizing field. This is the basic principle behind
the steady-state regime. For higher values of J ~ 2 x 10 A/m, the demagnetizing
torque is not able to balance the torque exerted by the current and the velocity
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Figure 2.6: Domain velocity in the ideal case for D = 0.03 mJ/m?.

drops. Moreover, it has to be considered that the domain wall in this case is Bloch-
type and, as shown by Mougin et al. in their work [10], the Walker breakdown can
occur at zero field.

To better highlight the evolution of the domain position and width, in Figure
2.8 the two quantities, for three current steps, are shown. For low current den-
sities, the domain expands, which means that the two domain walls move away
from the center of the domain. However, the two domain walls do not move at
the same speed. This can be noticed by considering that the increasing of the
width, calculated by the difference of the domain walls position, is followed by
an increasing in the domain position, calculated as the sum of the position of the
leftmost domain wall and half of the domain width, corresponding to the center
of the domain. In the second ramping of the velocity, the two domain walls move,
but still not uniformly, as shown by the waving of the position in Figure 2.8a.
Then for higher currents the velocity increases slowly, characterized by a a linear
evolution of the position and of the width.

The previous simulation was carried out considering a low DMI value. As
shown by Thiaville et al. in their work Thiaville et al., the presence of the DMI
forces the domain to enter into the Néel domain wall configuration. Moreover, the
DMI helps the demagnetization field to counteract the current torques, shifting
the onset of the Walker breakdown towards higher currents and the steady regime
is extended.[20].

The velocity simulated with the parameters presented in Table 2.1 and with dif-
ferent values of the Dzyaloshinskii-Moriya interaction constant is shown in Figure
2.10. The first striking result is the difference in magnitude of the velocity values
for low and high DMI. This result has been reported in literature [20] and it is
confirmed for the material parameters listed in Table 2.1. Moreover, D = D = 3
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Figure 2.7: Evolution of the domain longitudinal position and domain width in the ideal
case, for D = 0.03 mJ/m?, for different current density steps of 50 ns. After
each step the domain is reset to its initial configuration, in which it has a width
of 300 nm, while the initial position is 150 nm. The value of the current density
of each step is depicted by the red curve.

mJ/m? the Walker breakdown is not visible anymore. This result is not expected,
but the phenomenon could be masked by the high velocity values. Moreover, the
increasing of the velocity saturates over a certain value of DMI, as one could notice
by looking at the curves in case of D=1mJ/m? and D=3mJ/m?.

The absence of the Walker breakdown is also confirmed by the trend of the
domain width for high DMI strength (see Figure 2.11b), where the quantity reaches
its stable configuration of ~ 500nm already during the first nanoseconds of the
simulation step time. It has to be noticed that the average width of the domain
is higher in case of high-D with respect to the low-D case. During their motion,
the domain walls are tilted by an angle, as shown in Figure 2.9, which means that,
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Figure 2.8: Domain position (a) and width (b) in the ideal case for low DMI strength (for
D = 0.03 mJ/m?). The three current values correspond to the range before the
first increase of the velocity, before the second one and in the saturated range.

Figure 2.9: Simulation image of a domain moving in a 2048x1024um? wire by means of a
spin Hall effect current for high DMI strength (D = 3 mJ/m~2).

since the position of the domain is calculated by analyzing the magnetization along
x at a fixed height y, the width becomes dependent on the chosen height. Another
possible reason could be related to the presence of the DMI that, similarly to the
effect of the demagnetizing field, it favors the tilting of the atomic spins, causing
the broadening of the domain walls. This is reflected also by the larger width of
the domain, that remains stable with respect tot the current density.
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Figure 2.10: Domain velocity in the ideal case for different values of DMI coefficient.

2.2.2 Temperature case

In this section the effects of the temperature on the motion of the domain are
analyzed. From literature[21], it is known that a temperature different from zero
decreases the critical current needed to ignite the motion of a domain wall. This
because the temperature provides a thermal energy contribution that helps to
overcome pinning barriers. In Figure 2.12 the result of the simulation for high DMI
strength is shown. The velocity of the domain does not seem to be affected by the
temperature with respect to the ideal case, both for low and high DMI. However,
one difference can be found in the low-DMI case study: the Walker breakdown
occurs at J ~ 5.1 x 10° Am~2, which is higher than the Walker current density
value in the ideal case.

2.2.3 Material disorder

The last picture to be analyzed includes the contribution of the material grains,
that naturally are formed during the crystallization of thin-films. The first con-
sequence of the addition of material disorder is the creation of pinning sites at
the grain interfaces[22]. They are regions in which the motion of the domain is
obstructed by local variation of magnetic properties. In Figure 2.13 the microwire
with grains, in which the anisotropy constant varies by the 5 % with respect to
the nominal value listed in 2.1, is shown. The black regions are the ones with the
lowest value of K, while the white ones have the highest K,.

The domain velocity considering grains is shown in Figure 2.14. For inter-
mediate values of DMI, such as D = 0.1 mJ/m?, one can recognize the different
regimes: a tail due to creep regime, the velocity increasing in the depinning regime
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Figure 2.11: Evolution of the domain longitudinal position and domain width in the ideal
case, for D = 3 mJ/m?, for different current density steps of 50 ns. After each
step the domain is reset to its initial configuration, in which it has a width of
300 nm, while the initial position is 150 nm. The value of the current density
of each step is depicted by the red curve.

and the flow regime for higher current densities. It has to be noticed that the dif-
ferent curves have a current threshold at which the domain starts to move. A
phenomenon absent in the ideal and temperature case studies and which is related
to grains. Moreover, for D = 0.1 mJ/m? the motion seems to start before the other
two cases of lower and higher D value. A possible reason is that, the DMI favors
the depinning of the domain by adding an energy contribution to the domain wall,
however this does not explain the higher DMI case. Moreover, in figure the values
of the velocity reported are the ones for which a presence of a domain is detected.
This means that the motion of the domain is stable at higher currents in case of
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Figure 2.12: Domain velocity at a temperature of 300K for low and high DMI strengths.

Figure 2.13: Example of grain distribution with a K, variation of 5% with respect to the
value of the ideal case.

intermediate DMI, while for D = 0.1 mJ/m? the motion is instable. Furthermore,
it has to be considered, as mentioned before, that for low DMI (D = 0.03 mJ/m?)
the domain walls are Bloch type, while in the other two cases they are Néel type.
The velocity trend reflects the trend shown in Figure 2.4b. In the creep regime the
domain motion is activated by local fluctuations, the depinning regime, which is
a function of the variation of the material parameters, and finally the flow regime
where the two previous effects are negligible [18].

The high-DMI case is also analyzed (see Figure 2.14, blue curve). Even in pres-
ence of the grains, having materials with high Dzyaloshinskii-Moriya interaction,
the domain motion can still achieve high velocities. The grain case study has been
tested also with D = 3 mJ/m? as done for the ideal and temperature case, however
simulation results show that the local variation of the material parameters make
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Figure 2.14: Domain Wall velocity in presence of grains with D=0.1mJ/m?,

the domain motion instable at high velocities. Therefore, in order to achieve high
domain velocities, the ferromagnetic material should present high average grain
size, which means low material parameter variations.

2.3 Domain wall motion in microwires

In this section the experimental measurements of the current-driven motion of do-
main walls into micrometer wires are presented. The present work is divided into
three experiments: i) producing a reliable nucleation process able to have a control
over the position where the creation of a domain occurs; ii) the characterization of
the current-driven domain motion thanks to a current injected into the ferromag-
netic stack. In this experiment the domain velocity is measured as a function of
the current density for different pulsewidths; iii) the last experiment is related to
the exploration of a method to confine a domain, while allowing at the same time
a motion. This is the basic principle of the information transfer into a magnetic
racetrack memory [15].

The study is performed onto the ferromagnetic stack shown in Figure 2.1, whose
fabrication process is described below.

2.3.1 Microwire fabrication

The fabrication of the micromagnetic wire involves different steps, which are pre-
sented below.

o Sputtering. The first step concerns the deposition of the thin films compos-
ing the ferromagnetic stack, depicted in Figure 2.1. Each magnetic film is
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Figure 2.15: Hysteresis loops of Tay/CoFeB; 1/Mg0O,/Tas before and after thermal anneal-
ing.

deposited via confocal RF-magnetron sputtering at room temperature onto
silicon substrate, covered by a thermal grown silicon dioxide of ~ 50 nm. The
sputtering parameters used for the deposition are listed in Table 2.2.

Layer Material Power density Pressure Time Thickness
[W cm™2] [x 1077 mbar]  [s] [nm]
Seed Ta 0.5 4 43.8 2
Magnetic  CoFeB 0.5 4 39.4 1.1
Oxide MgO 0.5 1 300.0 2
Capping Ta 0.5 4 65.6 3

Table 2.2: Ta,/CoFeB;1/Mg0,/Tas sputtering parameters.

« Thermal annealing After the sputtering deposition, the sample undergo ther-
mal annealing in Ny atmosphere at 275 °C for 5 minutes. The thermal anneal-
ing ignites the crystallization of the CoFeB, which results in an increasing of
the effective anisotropy K.g, improving the PMA of the film [23]. As shown
in Figure 2.15, after deposition the sample is in-plane magnetized, while after
thermal annealing the sample shows a typical ferromagnetic hysteresis.

« UV Lithography The patterning of microwires is performed by means of opti-
cal lithography. It consists of different steps: firstly, the AZ ECI 3027 positive
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photoresist is deposited on top of the sample using spin coating technique at
4000 rpm for 30 seconds after a pre-exposure bake at 150° for one minute.
The sample is then exposed using a UV light which hits a chromium mask,
reproducing its pattern. The illuminated sample is then immersed into the
A7 726 MIF solvent to remove the exposed photoresist, leaving the patterned
non-illuminated photoresist which reproduces the chromium mask.

» lon beam etching The aim of the photo resist is to protect the sample below it
from the etching process. The latter can be performed by means of ion beam
etching technique, in which of an Ar+ ion beam shot towards the sample,
that rotates to uniformly etch away the non-masked magnetic thin film. The
sample still have the photoresist on top of the patterned structures, which is
then washed away from an acetone solution.

o Metal contacts evaporation. The last step involves the creation of the
metallic contacts used to inject current into the microwires. To deposit the
contacts, the process mentioned above are repeated using the negative resist
MA-N1420, optical lithography and development with the MAD533S devel-
oper to wash away the non-irradiated negative photoresist. The result is a
photoresist with the contact complement pattern. On top of the sample is
then deposited, by means of thermal evaporation, a metal stack consisting of
15 nm of Ti as adhesive layer, 400 nm of Cu as contact material and a 50
nm Cr used layer to enable the bonding with external wires, to then inject a
current.

o Lift-off. The fabrication process is completed by the lift-off process: the
evaporated sample is put into an acetone solution to dissolve the photoresist
as well as the metallic film portion on top of it, leaving the desired metal
contact structures. The sample is then ready to be tested.

2.3.2 Nucleation mechanisms

The first task to be addresses is the creation of a domain. The nucleation process
can occur thanks to an injected current or to an applied magnetic field. However,
several critical aspects have to be considered, which are discussed below.

In general, starting from a completely magnetized wire, the nucleation of a
domain can be due to:

« Magnetic field. An applied magnetic field, higher than the switching field,
is able to nucleate a domain. The nucleation starts from weak spots, such as
defects of the material. However, in order to create an isolated domain in the
wire, the magnetic field has to be applied locally, avoiding the expansion of the
domain throughout the whole wire. It means that one can use a setup able to
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Figure 2.16: Domain Nucleation on a 50x5 um? wire. The gap between the contacts is 25
pm, which is the region in which the current flows. The nucleation current
pulse is of J =2 7.2 x 10 Am~2 for 150 ns and with a field offset of 1.5 mT.

create locally a magnetic field or one can apply very short pulses in the range
of nanoseconds, in order to stop the expansion before the saturation of the
wire. In the first case, the approach sets already a limit to the scalability of the
application. In the second case, short magnetic pulses can be very effective
because the nucleation can happen without the risk of damaging the wire,
as would be the case of high current density pulses. However, having short
magnetic pulses is not an easy task, especially at the research level. Moreover,
if the field is not local and restricted to a magnetic wire, it influences also
other ferromagnetic structures, such as other wires, which is not desirable for
potential applications.

o Electric current. A current flowing into a ferromagnetic wire exerts torques
on the magnetic moments, which can nucleate a domain. However, the torque,
and accordingly the amount of current, needed to locally reverse the magnetic
moments is higher with respect to the torque needed to move a domain wall.
Higher current density means also an increase of temperature due to Joule
effect. In the wire used for the domain velocity experiments, or in general in
ferromagnetic wires used for spintronic devices, the cross-section of the wire
is small and the temperature increasing can be too high. The increasing of
the temperature could modify the magnetic properties of the wire by means
of an induced thermal annealing. This phenomenon has been reported during
the experimental studies of this work, where a decreasing of the switching
field of the wire for high current densities has been observed.

« Magnetic field and electric current. The two nucleation mechanisms listed
above can be used together to improve the nucleation process. The combina-
tion of the torques originating from both the magnetic field and the injected
current can nucleate a domain using low current densities. This approach
has been tested in the experimental studies of this work. An example of a
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domain nucleated according to this approach is shown in Figure 2.16. A more
detailed explanation of what seen experimentally is discussed in the section
below.

2.3.3 Improving nucleation efficiency

As mentioned before, the best way to nucleate a domain is to have a combination
of a short current pulse together with a field offset. In Figure 2.16 the result of
the nucleation process is shown.

It has been observed experimentally that the nucleation happens in different
steps (see Figure 2.17):

o The magnetic field offset of some mT perturbs locally the magnetization. In
weaker spots, such as defects or the edges of the wire, the switching field
is lowered due to inhomogeneties of the material parameters, leading to an
enhancement of the magnetic field perturbation. When a current pulse is
injected into the wire, the nucleation of many domains (Figure 2.17 (A)) or
of a single domain (Figure 2.17 (D)) starts from the weak spots, thanks to
the combination of the mentioned torques.

» Once the domain (or eventually the domains) is nucleated, it starts to expand
due to the presence of the magnetic field offset (Figure 2.17 (B) and (E)).

o If the value of the magnetic field is not too high, the expansion stops when
the domain walls run into other domain walls (Figure 2.17 (C)) or wire edges

(Figure 2.17 (F)).

This approach has been found to be very effective, lowering the risk of degrading
the material parameter due to high current densities. However, the control over
the position where the domain nucleates is still missing.

2.4 Artificial Nucleation Centers

In the previous section, a method to improve the efficiency of the domain nucleation
has been discussed. In order to establish a reliable nucleation process, a control of
the nucleation site is needed. For the application point of view, it allows to define
an input region from which the information, encoded into a domain, can be shifted
towards the output, giving a directionality to the transferring of information. In
this section, artificial nucleation centers (ANCs in short) are proposed to address
this task. They are regions where the magnetic properties of the thin film are
intentionally degraded, locally lowering the energy required to reverse magnetic
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Figure 2.17: Domain nucleation scheme with a current pulse together with a field offset.
Figures (A)-(C) show the formation of a domain starting from two defects. The
nucleation is due to the superposition of current and field torques (A), then
the domains expand due to the field offset (B), whose expansion stops when
two domains are faced, leading to the creation of a domain with opposite
magnetization with respect to the ones nucleated by current pulse(C). The
field offset has to be chosen low enough to not overcome the repulsion force
between the domain walls of the nucleated domain. Figures (D)-(F) show the
same nucleation process, but starting from the nucleation, due to a current
pulse, of one domain, whose expansion stops due to repulsion forces of the
edges.

moments. The result is a local reduction of the switching field, making that regions
the first to switch in respect to the thin film. It has been shown in literature that
the material properties can be tailored by using Focus Ion Beam (FIB) irradiation
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[24], in which ions are shot in a defined region of the sample.

As shown by Mendisch et al. in their work [19], where they studied the evolution
of switching field with respect to Ga™ ion doses (see Figure 2.18), the switching
field, proportional to the effective anisotropy K.g, increases for low and medium
doses up to &~ 3.5 x 10'? ions/cm? and then it drops for higher doses. As can be
seen, the domain size follows the trend of the curve, giving a qualitative estima-
tion pf the phenomenon. The same increasing trend is found also in the work of
Devolder et al. [24], where He™ ions are used and in which the trend is justified by
the different decreasing rates of Mg and K,,. However, for high irradiation doses,
the trend is not matched in the two works. A possible reason could be related to
the different ions used during FIB irradiation, which have different masses.

In Mendisch et al. work, it has been shown that the best way to create effective
artificial nucleation centers is to first irradiate a region (which is called background
irradiation region)and to secondly to create an ANC inside it by means of a second
irradiation. The scope of the background irradiation is to create an anisotropy
gradient between the ANC and the pristine material. This results to be an effective
way to overcome the barrier between a very low anisotropy region (ANC) and
a higher anisotropy area (the surrounding pristine material). Subsequently, the
second step involves the irradiation of the ANC geometry. It has to be mentioned
that the ANC geometry influences the efficiency of the domain nucleation [19].
The effect of the ANC geometry will not be studied in this work, but it will be
chosen according to the results of Mendisch et al. in their studies [19].

Upon Ga™ ion irradiation, the thin-film stack used for this work shows the same
trend, although at different irradiation doses. This means that, due to process
variations, the tailoring of the material properties by means of FIB can be shifted
to different ion doses depending on the sample. For this reason, in order to find the
best ion dose for the ANC fabrication, an irradiation study on the ferromagnetic
stack used for the domain wall motion experiment is needed.

2.4.1 Background irradiation

According to Mendisch et al. studies [19], the creation of an artificial nucleation
center requires a preliminary step, called background irradiation consisting of an
ion irradiation of a region containing the ANC position. The irradiation is found to
produce an increase of the switching field, followed by an increasing of the average
domain size, up to a certain value of ion dose [19]. After that, the switching field
and the domain size drops (see Figure 2.18). Moreover, this process increases
K.p, as shown in literature [24], even in ion dose ranges where the switching field
starts to drop [19]. In his work [19], Mendisch et al. show that the most effective
background ion dose corresponds to the one for which the peak in the switching
field trend is found and where a single-domain state is observed.
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Figure 2.18: In (a) the measured values of Ms and K for different ion doses are shown.
K., is derived considering K, = Kgsr + %,uol\/ls. In (b) it is shown the coercivity
evolution with respect to the Gationdose.

Square Dose Square Dose Square Dose Square Dose
) 2] ) ]

A 0.36 x 1013 D 0.95 x 1013 G 1.57 x 1013 J 2.14 x 1013
B 0.49 x 103 E 1.05 x 10%3 H 1.61 x 103 K 2.42 x 1013
C 0.62 x 1013 F 1.19 x 103 I 1.80 x 103 L 2.46 x 1013

Table 2.3: Ga™ ion doses used for the background irradiation study, whose results are shown
in 2.19.

In order to reproduce the mentioned results, an irradiation study of the back-
ground irradiation has been performed by irradiating 19x19 pm? squares on the
thin-film stack depicted in 2.1. The qualitative results of the domain size trend are
shown in Figure 2.19, with the corresponding irradiation doses listed in Table 2.3.
In the widefield magneto-optic Kerr effect (WMOKE in short) images, the domain
size for low doses ((A) and (B)) remains equal to the one found in the pristine
thin-film stack in the demagnetized state. As soon as the ion dose increases, the
multi-domain state starts to be instable in the irradiated square, meaning that the
domain size is higher than the square and a single-domain state is achieved (D).
For higher irradiation doses ((E)-(K)) the average domain size drops, leading to
the formation of domains smaller than the optical resolution for high doses (L).
According to Mendisch et al. studies [19], The best background (BB in short) irra-
diation is then chosen to be the one for which the single-domain state is observed,
corresponding to an ion dose ~ 1 x 10" ions/cm?. The BB irradiation dose can
be used to irradiate regions of the ferromagnetic stack to find the best ANC ion
dose.
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Figure 2.19: Background irradiation study. The Ta/CoFeB/MgO/Ta thin-film stack has
been irradiated in different 19x19 pm? squares with increasing Ga® ion doses.
In figure the some squares are reported, whose ion doses are listed in Table
2.3.

50 Hm

Figure 2.20: Widefield magneto-optic Kerr effect image of the ferromagnetic dots used for
the ANC study.

2.4.2 ANC irradiation

After locally lowering the anisotropy in a well-defined area of the sample thanks
to the background irradiation, the next step is to create the ANC in that region.
The aim of the artificial nucleation center is to create a preferred nucleation site,
determining a control of the nucleation position. It can be achieved by strongly
lowering the anisotropy in a defined area [19]. In order to find the best ion dose
for the creation of an artificial nucleation center, an irradiation study has been
performed. For this purpose, circular microdots of the lithography test structures
present on the sample have been irradiated with the background dose to lowering
the anisotropy as discussed above. After that, the ANC is created by irradiating a
500 nm square onto the microdots. The switching fields of the dots after irradiation
are measured and compared with the switching field before irradiation. In this way
the dots can be analyzed quantitatively.
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Figure 2.21: Evolution of the switching field with respect to the Ga™ irradiation dose. The
ion dose values include the background irradiation.

Irradiation  Dose [ions/cm?]

Background 1x 10
ANC 2.5 x 1013

Table 2.4: Ga™ irradiation doses for the background irradiation and for the artificial nucle-
ation center, respectively. The ANC irradiation dose is the sum of the back-
ground irradiation, done before, and the new irradiation to reach the desired
value.

The results of the analysis are shown in Figure 2.21. The depicted ion doses in-
clude already the BB ion dose. As can be seen, for low ion doses, the switching field
of the microdots is decreased. As soon as the irradiation dose increases, the switch-
ing field increases again. This behavior could be explained by considering that the
aim of the two-step irradiation (background and ANC irradiation) is to create a
gradient between low and high anisotropy regions and if the ANC is strongly irradi-
ated the anisotropy gap between the latter and the background irradiation becomes
too high, vanishing the gradient effect. Stated that, the best irradiation dose for
the artificial nucleation center is found to be around ~ 2.5 x 10'3 ions/cm?, where
the lowest switching field is observed.

Summing up, the two irradiation studies led to the creation of a preferred
nucleation site. This approach can be used to create artificial nucleation centers
onto ferromagnetic wires to effectively nucleate a domain that can be moved by
mean of an injected current. In order to confirm the reliability of this method, the
two-steps ANC irradiation as to be tested onto patterned ferromagnetic microwires
present on the sample and used for domain velocity experiments.

38



2.4 — Artificial Nucleation Centers

2.4.3 Irradiation on wire

To conclude the nucleation study, the last step is related to the attempt of proving
the efficiency of the domain nucleation according to the two-step ANC irradiation
described above. In order to o that, a ferromagnetic microwire is irradiated by
means of Ga™ ions FIB irradiation using a 5 pm ad 500 nm squares for background
and ANC irradiation respectively.

According to the combined current-magnetic field nucleation mechanism de-
scribed in Section 2.3.2, the nucleation of a domain occurs after a current pulse
of J ~ 7.2 x 10" Am~? for 150 ns with a field offset of 1.5 mT. In Figure 2.22
WMOKE images before and after the nucleation of a domain are shown. Before
the injection of the nucleation current pulse, a magnetic field offset is applied. In
this condition the WMOKE images (see Figure 2.22a) shows a bright spot corre-
sponding to the ANC. It is expected since the in the artificial nucleation center the
switching field drops and the field offset is already enough to induce the magneti-
zation reversal in that region. Another possibility that explains the brighter spot
is that the ANC results in-plane magnetized, meaning that the magnetization is
following the magnetic field. However, considering the previous ANC irradiation
studies and considering the ion dose used for the irradiation, the ANC should be
out-of-plane magnetized. In Figure 2.22 the background irradiation cannot be seen
because, in agreement with what said in the background irradiation studies, the
switching field has been increased, which means that the field offset is not able to
overcome the anisotropy gradient between the ANC and the pristine wire. The
latter could be overcome applying a higher field offset, but it would produce an
expansion of the nucleated domain, leading to the complete saturation of the wire.

The effects of the background irradiation can be seen after the injection of
the nucleation current pulse (see Figure 2.22b). In figure a misalignment of the
background irradiation FIB mask can be noticed, but still the experiment results
effective. After the current pulse, the nucleated domain expands thanks to the
applied magnetic field offset. The expansion is stopped at the background irradi-
ation region boundaries. It means that the background region is a well in terms of
energy. It could explain why the domain, once nucleated in the ANC (low K.z) it
is favorable to expand in an irradiated region with the BB dose (high K.;s) with
respect to the pristine wire. The discussion about creating traps by irradiating
the film is done in Section 2.6.
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(a) WMOKE image of an artificial nucleation (b) WMOKE image after the nucleation process
center. with the domain confined.

Figure 2.22: WMOKE images before and after the nucleation of a domain. The two images
are taken on different wires which are both 5um wide, but with a different
contact distance. The nucleation process is for both equal. Before the nucle-
ation (a), the offset switches only the ANC (white dot), which it has lower
switching field; after the nucleation (b) the domain expands until it reaches the
background irradiation region edges, meaning that this region is energetically
a trap.

Concluding, the nucleation studies so far discussed show an efficient and reli-
able way to nucleate a domain. This represents one of the requirements to the
implementation of current-driven domain motion-based devices. In the applica-
tion point of view, the next step is related to the characterization of the domain
motion, which is addressed in the following section.

2.5 Velocity

In this section the experimental measured velocity of current-induced domain mo-
tion is discussed. In Section 2.2 it has been shown simulation results describing
the behavior of the domain velocity with respect to the injected current density
for different DMI strengths. In the experimental work, the information about
the Dzyaloshinskii-Moriya constant is missing. Here we compare the experimental
results with the simulative ones. The measurements of the domain velocity are
performed onto a 50x15 pm?, shown in Figure 2.23. The wire is contacted by two
Cu wires deposited on top of the edges of the wire. The gap between the contacts
is 25 pm, which is the portion of the wire where the current flows and where the
domain velocity is measured. The ferromagnetic material used is the one depicted
in Figure 2.1. The measurement is composed by different steps, described below.

e Nucleation. Firstly, a domain has to be nucleated. The nucleation mecha-
nism used for the domain velocity is the one depicted in Figure 2.17, since
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Figure 2.23: Setup used for domain velocity experiment. It consists of a ferromagnetic wire
with dimensions of 50x15 pm?. The gap between the contacts is 25 um, which
is the region of the wire in which the current flows.

the ANC is not present. The nucleation optimization has been studied after
completing the velocity experiment.

Once it is nucleated, the domain position adjusted by playing with the mag-
netic field in order to repeat the experiment with the same initial configura-
tion, depicted in the top-left image of Figure 2.24.

« Domain Wall Motion. Once the domain is set, hundreds of current pulses are
injected into the magnetic wire and the position of the domain is registered
at each pulse, taking a WMOKE image.

o Current Density Sweeping. Both nucleation and current pulsing are re-
peated, sweeping over different current density values for different pulsewidths.

Some examples of images registered during one measurement are shown in Fig-
ure 2.24. As can be seen, the domain moves from left to right, which is also the
direction of the current. At the same time, the domain expands, especially at the
beginning of the motion, in order to reach the most energetically favorable config-
uration. During its motion, it can happen that the domain is pinned at pinning
sites. They can be due to local defects present into the ferromagnetic thin-film,
such as defects at the interface between CoFeB/MgO thin-films or due to the
roughness of the edges of the wire which can act as notches. Moreover, during
their motion, the domain walls are tilted. As shown in micromagnetic simulations,
this could be related to the presence of DMI in the ferromagnetic film under test.
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Figure 2.24: Example of domain motion images at different time stamps, in the microwire
used for the domain velocity experiment. The images are taken after each
current pulse of J =~ 7 x 1011 Am~—2.

The results of the measured domain velocity are shown in Figure 2.25 and
Figure 2.26, for pulsewidth of 100 ns and 150 ns respectively. Considering the 100
ns picture, two plots are shown: in the first plot (see Figure 2.25a) the domain
velocity is calculated by averaging over the values detected between consecutive
images recorded at each current pulse, even when the domain does not move due
to pinning effects, which corresponds to zero velocity entries. It means that the
depicted velocity trend gives also a measure of the pinning events. In the second
plot (Figure 2.25b) one can appreciate the measured domain velocity calculated
only when the domain moves.

When increasing the pulsewidth to 150 ns, one can expect that the velocity does
not change with respect to the 100 ns case. However, this is true unless thermal
effects become relevant. Increasing the pulsewidth, the generated heat due to Joule
effect increases. This case is the limit of the analysis because increasing further
the pulsewidth means inducing thermal annealing to the ferromagnet due to heat
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(b) Average domain velocity measured in the microwire without counting the pinning events.

Figure 2.25: Evolution of the measured mean velocity with respect to the current density.
The average is calculated over 100 pulses with a pulsewidth of 100 ns.

increasing, therefore inducing a degradation of the material properties. In Figure
2.26, the measurements with a pulsewidth of 150 ns show a slightly lower velocity
trend. Looking at the values considering the pinning events (see Figure 2.26a)
the difference between of the trend of two pulsewidths falls into the error range,
but without considering the pinning events the velocity seems to be slightly lower.
This could be related to thermal effects that raise already at 150 ns.

Concluding, the domain motion experiment shows velocity values, in case of 100
ns of pulsewidth, around 3 m/s, with a slight increasing for current densities up to
5 m/s. It has been shown experimentally that higher currents densities damages
the ferromagnetic wire due to Joule effect. Considering current densities below 8.5
x 10" A/m?, the domain shows a motion influenced by pinning sites. It means
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(b) Average domain velocity measured in the microwire without counting the pinning events.

Figure 2.26: Evolution of the measured mean velocity with respect to the current density.
The average is calculated over 150 pulses with a pulsewidth of 100 ns.

that the domain width can be altered during the motion. From the application
point of view, in which the domain encodes an information and the number of
domain into a track defines the number of information that can be stored, the
width variation leads to an unwanted variation of the information density. Below,
an approach to confine domains in order to have a regular spacing of domains,
while still allowing their motion through the wire, is proposed.

2.6 Barriers

Another key concept to build devices such as racetrack memories is to have a con-
trolled domain motion. As seen in the previous section, the motion of the domain
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BACKGROUND

J —

Figure 2.27: Schematic representation of domain nucleation and domain shifting from one
memory cell to another one. The latter are regions confined by Ga™ ion
irradiated barriers.

is very sensitive to homogeneity of the magnetic thin film, when a domain faces
a pinning site it can be deformed or even annihilated, causing loss of informa-
tion. In this work a solution to have a stable and controlled motion of domains
is presented. An example of the main idea is shown in Figure 2.27. It consists
of exploiting energy barriers to confine a domain, avoiding unwanted expansions
due to the pinning of one domain wall with respect to the other (as shown in the
previous section), but at the same time to allow the domain shifting between the
different barriers.

2.6.1 Barrier Demonstration

The mentioned energy barriers can realized by irradiating, by means of Ga™ Fo-
cus Ion Beam, 500 nm width lines perpendicularly to the longitudinal direction
of the ferromagnetic wire, as shown in Figure 2.28. Depending on the ion dose,
the material parameters will be locally degraded, leading to a pinning of the do-
main. Below, a tuning of the barrier strength as a function of the ion dose is
discussed. The experiment consists of an irradiation of 0.5x19 pm? barriers with
different doses along a 8x500 pm? stripe (see Figure 2.28). The barrier ion dose
increases from the left to the right, as shown in the figure. The choice is justified
by the assumption that a higher ion dose produces a stronger barrier, which is
then confirmed by the experiment results.

On the left edge of the stripe, an ANC is positioned, fabricated according to
the recipe explained in Section 2.4. Being the stripe long enough, it is possible
to nucleate a domain using magnetic field pulses with millisecond pulsewidths:
after the nucleation the domain wall moves towards the right edge of the wire,
however it is not fast enough to reach is during the time in which the pulse is
applied. In case of contacted wires used for the current-induced domain motion,
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Barrier Irradiation Dose

Figure 2.28: Irradiation scheme in scale of a long stripe to tune the barrier strength. The
nucleation of the domain wall occurs on the left-hand side of the stripe due to
background and ANC irradiation. The ion dose, as well as the barrier strength,
increases from left to right over the different barriers.

Figure 2.29: Widefield magneto-optic Kerr effect image of a potion of a 500x8 pm stripe. It
is a frame of the measurement of the field-driven domain wall motion though
the different barriers.

it is not possible, since the setup used for this work is not able to create magnetic
field below the millisecond range. It means that, if the wire is not long enough,
the nucleated domain expands over the whole wire. In the long stripe, once the
domain is nucleated, it can be retracted back to the initial position, behind the
first barrier.

An example of the domain wall motion through the stripe is shown in Figure
2.29. The magnetic field is swept from the first value at which the domain wall
stops at the first barrier (around 0.65 mT), up to 2.3 mT, corresponding to the
magnetic field value at which the domain wall stops at the last barrier. For each
value of the magnetic field, 30 pulses, with a pulsewidth of 5 ms, are applied for
lack of statistics. The first barrier able to stop the domain wall is found to be the
one corresponding to an ion dose of 6.43 x 10'?ions/cm?. Barriers with lower ion
dose do not affect the domain wall motion, while for ion doses higher than 1.11
x 1013 ions/cm? the barriers are able to retain the domain wall up to the switching
field of the stripe, which is not wanted from an application point of view, since the
domain should be able to overcome them when a transfer of information, encoded
into the domain, is required.

The magnetic field trend as a function of the barrier ion doses is shown in
Figure 2.30. As expected, increasing the magnetic field, the domain wall is able to
overcome higher energy barriers. This results will be taken in consideration to tune
the barrier irradiation dose also in case of current-driven domain wall motion (see
Section 2.6.4). One important aspect to be considered in this experiment is related
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Figure 2.30: Measured magnetic fields at which a crossing of the different Ga™ irradiated
barriers is recorded.

to the question: is the barrier really a higher energy barrier or an energy well? In
other words, is the energy associated to the barrier higher or lower with respect to
the pristine regions? Experimentally, it has been observed that when the domain
wall gets close to the barrier, it seems to be attracted to it. It means that, for the
domain wall, it is energetically favorable to fall into the barrier region, leading to
the assumption that the barriers are energy wells, acting as a trap. This is the
case of Figure 2.29, where it was found that, starting from that configuration, the
domain wall does not move anymore until a threshold field is reached, even trying
to apply an opposite magnetic field to retract it. To confirm this assumption,
one can look at Figure 2.22b, it is clear that the domain is stopped at the barrier
edges, meaning that the pristine region has a higher energy landscape with respect
to the background region. It can be counterintuitive, especially considering that
the irradiation induces an increasing of the effective magnetic anisotropy [19][24].

To sum up, in the background irradiation the average domain size is increases,
which means that the effective anisotropy increases, leading to the assumption
that, being Mg and K, degraded after irradiation [19], the decreasing of the mag-
netostatic term present in K. (in which the dependence of Mg) is quadratic, is
higher respect to the decreasing of the uniaxial anisotropy. However, energetically,
it means that the energy of the system is decreased. This could also explain why
the creation of an ANC works better with the background irradiation, acting as
an intermediate energy step between the ANC and the pristine ferromagnet.
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Variation Region Pristine Region

Figure 2.31: Simulation image of a domain wall moving in a 2048x1024,:m? wire by means
of a spin Hall effect current for high DMI strength (D = 1 mJ/m=2). The
dashed line divides the variation region, which is the region in which Mg and
K, are varied, and the pristine region, in which the material parameters are
the ones listed in 2.1.

2.6.2 Barrier simulations

To better understand the behavior of the domain in the barrier, some simulations
have been performed considering a current-induced domain wall motion through re-
gions with different uniaxial anisotropy coefficient. The simulation setup is shown
in Figure 2.31, which consists of two regions: the left half of the wire, called vari-
ation region, is the region in which K, and Mg are varied; in the right half of the
wire, the pristine region, the simulation parameters correspond to the ones listed
in Table 2.1, with D = 1 mJ/m®. At 300 nm from the left edge, a Néel domain
wall is initialized in the variation region (see Figure 2.31. A vertical spin current
Jsyr current, due to spin Hall effect, is injected into the wire for 10 ns, which is
swept from 1.2 x 10'° A/m* to 5 x 10'° A/m”, that is the range where the domain
moves, as shown above in the previous simulations.

For each K, and Mg value, the position of the domain wall is registered. In
Figure 2.32 a phase diagram showing when the domain wall escapes from the
variation region is depicted.

The escaping of the domain wall occurs only for certain values of K, and Mg.
The background color of the diagram shows the behavior of K.z. As can be
seen, the region of the diagram where the domain wall escapes from the variation
region, corresponds to points where K. g is constant with values in the range of
0.95+1.35 x 105 m~3. For lower values of K,z (high values of Mg and low values
of K,) the domain wall is not able to overcome the transition between the two
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Figure 2.32: Phase diagram showing the K, and Mg values for which the domain wall
escapes from the variation region. mathsfK)® and mathsfMY" are the
uniaxial anisotropy coefficient and the saturation magnetization in the varia-
tion region. The axes show the ratios between the variation region parameters
and the ones in the pristine region, which are the ones listed in Table 2.1 with
D=1 mJ/mQ. The yellow dots correspond to simulations in which the domain
wall did not move; the green ones are related to the simulations in which the
domain escaped from the variation region; simulations with the parameters of
red dots showed a domain reaching the transition between the variation and
the pristine regions, but it was not able to overcome it. The background color
corresponds to values of K calculated with the KL/R and M}{R parameters.

regions. For high K.y values (low Mg and high K,), no domain wall motion is
observed. This could be due to the different material parameters that could set a
higher current threshold to start the domain wall motion.

Looking at the diagram, if Mg and high K, are degraded with the same rate,
so following the values having the same x and y coordinates, it can be seen that
K.g slowly increases, this because its dependence on Mg is quadratic. In our
experiments assuming the same rate of degradation, this could explain why the
domain size increases, being the domain size related to K.4. In order to explain
why the barriers result to be wells for domain walls, one should consider the
behavior of the total energy of the system as a function of Mg and high K,.

In Figure 2.33 the trends of the total energy of the system, which includes both
variation and pristine region, and of K. in the variation region with respect to
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Figure 2.33: Variation of the energy and of Keg for different values of KYR and M{R. The
energy increases when KYR decreases or M¥R increases, while K, ;; shows the
opposite trend.

K Y% and M{™® (which are the uniaxial anisotropy and the saturation magnetization
values in the variation region) are shown. One can notice that the total energy of
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Contact Contact

(a) Example of the measurement setup used (b) WMOKE image of a domain wall stopped by
for the tuning of the barrier with current- the barrier. The black nucleated domain is
induced domain wall motion. pushed toward the barrier by a current.

Figure 2.34: Irradiation scheme (a) and WMOKE image (b) of a 5 um wide wire used for
measuring the domain wall motion through an irradiation barrier.

the system decreases increasing KYR, while it increases when MYR increases.

According to what observed experimentally in the barrier and in the nucleation
experiments, the simulations support the assumption that the ion irradiation de-
grades the material parameters and the rate of degradation of Mg is higher, because
if so, Kefr increases explaining the increasing in the domain dimension, while the
total energy decreases, explaining why the barriers and the background irradiation
are energetic wells.

2.6.3 Current-induced domain wall motion through barriers

It has been demonstrated that irradiating ferromagnetic structures is it possible to
stop the field-induced expansion of a domain creating energetic barriers, which can
be overcome for a certain field threshold. However, the most important question
for our final goal is: are we able overcome such barriers with a current? In other
words, is the effect of the current-induced torque able to provide enough energy
to escape from the barrier?

In order to answer to this question, a ferromagnetic wire patterned onto the
CoFeB/MgO stack (depicted in Figure 2.1) has been irradiated in order to create a
barrier along the domain motion path. The irradiation scheme is shown in Figure
2.34a, which consists of a 0.5x19pm? barrier placed in the middle of the wire and
an ANC, together with the background irradiation, near the left contact in order to
nucleate the domain before the barrier, accordingly to the direction of the current.
The same irradiation pattern is then repeated for different wires, changing the
barrier dose.

In Figure 2.34b, an example of a domain stopped in correspondence of a barrier
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is shown. Starting from this configuration, a current pulse is injected into the wire
with a pulsewidth of 100 ns and repeated 100 times. The current density is then
swept from &~ 4 x 10" A/m? to ~ 1 x 102 A/m?.

As done for velocity measurements, at each current pulse an image is recorded
and then the position of the domain wall is compared to the position of the barrier
to understand when it is overcome. The different curves are computed by counting
the number of events in which the domain crosses the barrier (favorable events),
over the total number of event. The difference between the favorable events and
the total events gives the number of unfavorable events in which the domain does
not cross the barrier.

The first barrier analyzed is the one with an irradiation dose of 5.52 x 10'?
ions/cm?, in which two initial domain wall configurations have been tested: pos-
itive domain on the left and negative domain on the left (which in the WMOKE
images used in this work they correspond to black and white domains respec-
tively). This to test the presence of field offset that can influence the crossing of
the barrier. The results of this preliminary test can be found in Figure 2.35 curves
blue and light blue. At J ~ 8.5 x 10'* Am™2 the probability rises in both cases
as expected, even though the probability in the case of a negative domain seems
to be lower. However, the study needs a further exploration, not done for lack of
time.

Taking into account the different barrier irradiation doses, the probabilities of
the domain wall to cross the barrier as a function of the current density and for
different barrier irradiation doses are shown in orange and bordeaux curves (see
Figure 2.35).

As can be seen, the different curves are shifted at different current density
values. One could expect that lower is the irradiation dose of the barriers and
lower will be the current density needed to shift the domain from one region to
the other. However, the plots in Figure 2.35 show a different trend. This could
be related to the fact that the different doses have been tested on wires having
different widths. Even considering it in the calculation of the current density,
there could be a difference in the resistance of the ferromagnetic wire which shifts
the expected nominal current towards lower values. Nevertheless, each probability
curve have a recognizable increasing trend. Moreover, the lowest and the highest
doses have been tested onto two wires of the same width and the shift of the
two curves can be clearly noticed, which can be related to the different energy
associated to the different barrier irradiation doses.

Concluding, the experiment shows that irradiation barriers can be used to stop
a domain wall and that they can be overcome using current pulses. For lack of
time, the experiment needs a further study to better characterize the crossing
probability.
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Figure 2.35: Probability curves of the domain wall crossing the irradiation barriers with
different doses.

2.6.4 Domain shifting

The last step towards the realization of a preliminary memory bit cell consists of
the realization of adjacent regions in which a domain can be confined and shifted
from one region to the other. This is the working principle of the Racetrack
Memory described in Section 1.4.

As shown in Figure 2.27, the aim is to have a controlled movement of the
domain using irradiation barriers. In Figure 2.36 an attempt of demonstration
of the domain shifting, in a 10 um wide wire, between one region confined by
two barriers and the successive one is shown. It has to be mentioned that it is a
differential WMOKE image. It means that the black region is the position of the
domain before the first current pulse, while the white region corresponds to the
domain after the last current pulse. The differential image has been taken using
a current pulse of J ~ 5.7 x 10" Am~2 with a pulsewidth of 100 ns repeated 250
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Figure 2.36: Experimental demonstration of the shifting of a domain between the one con-
finement region to another. It is a widefield magneto-optic Kerr effect differ-
ential image, which means that the white region represents the domain after
the last current pulse, while the black region represents the position of the
domain before the first current pulse. The latter corresponds to the initial
configuration, showing that the domain is correctly shifted.

(A) QB (B) (@)

Figure 2.37: Schematic representation of the nucleation of a domain in a ferromagnetic wire
with two bit cells. The latter are regions confined by two Ga™ ion irradiated
barriers. (A) shows the initial configuration, in which a domain is confined in
a memory cell. In this configuration a current pulse, together with a magnetic
field offset, nucleates a domain wall (B) in the left-hand side of the wire thanks
to an artificial nucleation center. The domain wall is then moved towards the
first barrier due to the magnetic field offset (C).

times.

In this case the optimized nucleation method, in presence of an ANC, has been
used (see Section 2.3.2). This plays a fundamental role in creating a domain,
avoiding the shifting of the domain from one confinement region to the other
during the nucleation. From an application point of view, it is important to write
an information (nucleate a domain) without destroying the already present ones
(already shifted domains). This process results stable due to the presence of the
field offset. The concept can be explained by considering a positive domain in the
first confined region (which corresponds to the black domain in the region between
the first two barriers of Figure 2.37(A)), called memory cell from now on. To create
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another negative domain (white domain in the figure) a negative magnetic field
offset is needed during the nucleation current pulse injection. The negative field
offset tries to shrink the positive domains (black), as shown in Figure 2.37 (B),
but since the presence of the barrier it cannot happen. In this configuration, when
the nucleation current pulse is injected, it will create a domain without moving
the one already present. This sets a minimum required value of the irradiation
dose of the barriers, because each barrier should be able to keep the domain walls
inside it. A lower current pulse can be used to move the domain wall towards
the barrier, in order to reach a stable configuration (see Figure 2.37(C)). A higher
current density pulse can shift the already present domain, while shifting at the
same time the created domain.

2.7 Conclusions and future prospects

To summarize, it has be shown the different technology and characterization tasks
to be fulfilled in order to achieve a preliminary domain motion-based device imple-
mentation level. They consist of: i) finding a stable and reliable way to efficiently
nucleate a domain into a specific region of a ferromagnetic wire. This can be
achieved by means of Focus Ion Beam irradiation of artificial nucleation centers
(ANC in short). They are localized areas where the material parameters, such as
K, and Mg, are degraded, leading to a lower energy required for the magnetization
reversal. This defines a control over the nucleation position. Defined the ANC, an
efficient way to nucleate a domain involves the injection of a current pulse in pres-
ence of a field offset. The combination of the field-induced and current-induced
torques enables a nucleation process characterized by low current densities, reduc-
ing the risk of the ferromagnetic wire damaging due to thermal Joule effects; ii)
characterization of the domain motion, in which the dependence of the domain
velocity with respect to the current density is discussed, showing velocity values
from 3 m/s to 5 m/s for high current densities; iii) finding a way to control the
spacing between consecutive domain walls, allowing at the same time a regular
motion of domains, in which information are encoded. In this work an approach
based on FIB irradiated barriers is discussed. Experimentally, it has been observed
that ion irradiation, due to induced degradation of K, and Mgy, decreases the total
energy, which means that the irradiated barriers are energy wells. A study over
the probability of a domain wall to cross such barriers, as a function of the ion
dose, is performed showing that domain walls are able to overcome barrier thanks
to field or current-induced DW motion. The study of the controlled domain mo-
tion through irradiation barriers ends by a demonstration of a memory bit cell
consisting of domain confined between two irradiation barriers. It can be shifted
to the successive confinement region by a current pulse.

55



2 — Domain wall motion

It has to be considered that, the related work has been performed with common
CMOS technology processes, such as sputtering, optical lithography, evaporation
and Focus Ion Beam technologies, meaning that the building of domain motion-
based devices does not require unusual fabrication technologies, leading also to a
low-cost technology.

In spite of the different tasks covered, the study still could be extended by ad-
dressing different issues related to the simulative and experimental understanding
of the domain motion. In simulations, it has been found that increasing the DMI
constant, besides the increasing of the velocity, the domain walls are tilted during
their motion, as shown in Figure 2.9. The tilting of the domain walls have been
observed also experimentally (see Figure 2.24). Understanding the correlation be-
tween the tilting angle, the current density and the DMI, could then provide a
simple tool to measure the DMI strength in the thin-film stack under test. The
characterization of the DMI is not an easy task, and usually it is performed by
using in-plane magnetic fields Diez et al. to move a domain wall. However, the
tilting stud could reveal a new current-based DMI measuring technique.

Another aspect to be explored is the dependence of the domain velocity with
respect to the width of the wire. One could think that narrower wires could show
higher domain wall velocities due to the presence of a less number of pinning sites,
or also due to the lower energy due to a less number of atomic spins that are tilted.
However, it has to be considered also that the increasing of the current density gives
raise to heating due to Joule effect, especially if the thin-film geometry presents
fabrication inhomogeneities that could locally concentrate the amount of current.
Moreover, changing the width of the wire means altering magnetic properties, such
as the stray field, changing the configuration of the domain wall[9]. Furthermore,
the velocity could be improved by using high spin-orbit coupling materials [26],
such as W, below the CoFeB/MgO bi-layer. A tungsten seed layer could be used to
enhance the spin Hall effect current, which has been demonstrated to have higher
efficiency to the motion of magnetic textures [7]. Ultimately, the domain velocity
can be improved by decreasing the number of pinning sites into the thin-film stack.
As shown in Figures 2.25 and 2.26, where the velocity dependence on the current
density with and without considering the pinning events, one can notice that there
are differences on the two trend, meaning that the domain motion is sensitively
affected by defects on the ferromagnetic material.

A further study could be performed on the influence of the magnetic field with
respect to the current-induced nucleation of a domain. In the nucleation study,
it has been shown that using a single current pulse to nucleate a domain from
an artificial nucleation center would require a large amount of current density,
which could be higher than the threshold current to ignite the Joule effect. An
efficient way to nucleate is to couple a current pulse together with a perpendicular
magnetic field offset. The values of the latter are low (= 0.7 mT), since the aim of
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the offset is to add a torque contribution to the current-induced torque. It means
that in a real device it can be realized by coil on chip than can be fabricated
with the same fabrication process used for the deposition of the metal contacts.
Moreover, it has to be mentioned the possibility of the magnetic field-induced
nucleation. The switching field of the ferromagnetic wires used for the domain
wall motion is around 10 mT. This value can be reached with a coil-on-chip,
however it has to be considered that the magnetic field pulses should be in the
micro or even nanoseconds range, because higher pulsewidth, at amplitudes higher
than 1 mT, will cause a nucleation of a domain with a fast expansion, leading to
the annihilation of the nucleated domain or even leading to the complete switching
of the wire.

Lastly, the domain shifting through different confinement regions are demon-
strated, however it has been done only at a preliminary level by merging the results
of the nucleation and barrier experiments. This means that a deeper characteri-
zation helps to discover the potentiality of the information transfer due to domain
shifting, setting the basics for the implementation of a memory bit cell, building
block of racetrack memories [15], which is represented by an information encoded
into a magnetization of a domain confined between two barriers.
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3 Influence of Ga-ion irradiation on
skyrmion size and dynamics

In the 1980s, devices exploiting magnetic bubbles have been proposed as promising
nonvolatile storage technology. However, the improvements in Hard Disk Drives
and other storage technologies caused the failure of bubble technology. Recently,
the studies on magnetic skyrmions, particle-like magnetic textures, showed that
magnetic skyrmion-based memory technologies can offer higher storage density
and the potentiality of the logic-in-memory. This because of the small size of a
magnetic skyrmion, which can be reduced down to several nanometers, and the
low current density needed to move such magnetic textures. Moreover, skyrmions
can be stabilized by the geometry of the system, adding another degree of freedom
on the improvement of the robustness of the related technologies [7].

In this chapter a brief discussion over the physical fundamentals related to
magnetic skyrmions is presented. Two important properties for implementing
skyrmion-based technology are then studied: the skyrmion size dependence on
the material properties and the current-induced skyrmion motion. Both studies
are composed by a simulative and an experimental part. The latter has been
carried out on W/CoFeB/MgO/Ta magnetic stack depicted in Figure 3.1.

3.1 Basic Principles

After theoretical calculations on chiral magnetic textures and after the study on
surface-induced interactions, such as the Dzyaloshinskii-Moriya interaction, it has
been demonstrated the existence of magnetic skyrmions.

Skyrmions are particle-like magnetic textures, composed by a core and a tail,
which have opposite magnetizations one respect to the other. In between, the
magnetization whirls to complete the transition between the core and the tail.
Depending on how the magnetization rotates, two types of skyrmions can be de-
fined: Bloch and Néel-skyrmions 3.2. In Bloch-skyrmions the magnetic moments
rotate in the tangential plane, so perpendicularly to the radial direction; in Néel-
skyrmions the magnetic moments rotate in the radial plane from the core to the tail
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[2]. Typically, the latter ones are found in thin-films because they are supported
by interfacial DMI, while Bloch-skyrmions are found in B-20-type bulk materials
by bulk DMI[7].

3.1.1 Topology of magnetic textures

In spin textures, such as skyrmions, the topology of the magnetization plays a
fundamental role on their behavior. Even though the existence of such whirling
spin textures has been demonstrated in bulk materials, the attention of the re-
search is on 2D thin-films because they are better understood and preferred for
spintronic applications|7][27]. The topological characteristics of the skyrmions can
be described by the topological charge. Defining the topological charge density p(r)
as

() = L-m(x) - (2;m(x) x 0,m(r)) (3.1)

where m(r) is the reduced local magnetization. The topological charge, referred
also as Pontryagin number, can be derived as

Q= % / m(r) - (9,m(r) x d,m(r)) - dr = / p(r)dr (3.2)

() counts how many times the magnetization wraps on a 2D surface of a 3D
sphere[27]. Depending on its value, the topological charge defines different type of
magnetic textures, such as skyrmioniums (@ = 0), magnetic vortexes (¢ = —0.5)
or merons (@ = —0.5). In case of skyrmions ¢ = —1 for both Néel and Bloch
configurations, and it takes the name of skyrmion number Qs [7][27]. However,

IEXER )
Ta (1 nm)

Figure 3.1: Magnetic stack used for skyrmion study. The CoFeB/MgO bilayer, which
gives raise to PMA, is sandwiched between W and Ta thin-films, used as
seed/adhesion and as capping layer, respectively.
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Figure 3.2: lllustration of two types of magnetic skyrmions[7].

the Néel and Bloch configurations cannot be distinguished only from the skyrmion

number. In general, to identify different whirling magnetic textures a more com-

plete description is needed exploiting other topological charges, described below.
Chiral spin texture are uniquely defined by three topological numbers:

(QS? Qv; Qh)

where (), is the mentioned skyrmion number, ), and @), are called vorticity num-
ber and the helicity number, respectively. In order to understand the meaning of
these three quantities, considering a spherical coordinate system, the local mag-
netization, as a function of the out-of-plane (OOP) angle 6 and the in-plane (IP)
angle ¢, is expressed as:

m(0, ¢) = (sinfcosg, sinfsing, cosd) (3.3)

One can notice that the OOP angle 0 rotates from 0 to 7, while ¢ rotates from
0 to 2m. Considering this coordinate system, the vorticity number can be defined
as:

= —[g]5=" 3.4
@ " or % d¢ = (3-4)

Considering a parametrization of the x-y space:
T = rcosp, y = resing (3.5)

the evolution of the in-plane angle can be defined as:

¢ = Qup+ O (3.6)
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Figure 3.3: 2D illustrations of magnetic skyrmions with different topological numbers [27].

where the helicity number can be introduced as a phase term.
Therefore, the local magnetization can be rewritten as [27]:

m(6, ¢) = [sinfcos(Qup + Qn),sinbdsin( @, + Qr), cost]

The different magnetic textures as a function of the topological numbers are
shown in Figure 3.3. Between the illustrations, the Néel skyrmions can be recog-
nized having @, = 0 or, ), = 0 while Bloch skyrmions can be recognized having
Qn = 7m/2 or @, = 37/2. In both cases Qs = —1, ¢, = —1. In function of the
topological charge, the anti-skyrmions can be recognized by considering @); = 1.

They are considered the anti-particles of skyrmions.

3.1.2 Dynamics of magnetic skyrmions

The motion of magnetic skyrmions can be achieved by injecting a current into a
ferromagnetic wire. The motion can be due to the spin transfer torque (STT)
or due to the spin Hall effect (SHE) [7]. In the first case the current is injected
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directly into the ferromagnetic wire hosting the skyrmions, while in the second
case the current is injected into a heavy metal layer (HM in short), like W or Pt,
under (or above) the wire. The injected current will be split depending on the
spin of the electrons, which are pushed towards the ferromagnetic layer, injecting
a vertical spin-polarized current into the wire. The two mechanisms are depicted
in Figure 1.4.

Jd =5 MA/cm?

80 nm

Figure 3.4: Trajectory of a skyrmion driven by a vertical spin-polarized current in a nan-
otrack [7].

In literature [7][27], it has been shown that the trajectory of the skyrmion dur-
ing its motion is not straight. Figure 3.4 shows the typical motion of a skyrmion.
At the beginning, the skyrmion moves with a velocity which has both longitudinal
and transverse components. As soon as the skyrmion reaches the edges, it moves
straight due to repulsive forces that the magnetization at the edges exerts on the
skyrmion. The force that deviate the trajectory from a straight line is called Mag-
nus force. It has to be mentioned that repulsive forces acting on skyrmions, besides
the interaction with the edge of the nanotrack, can be induced by the presence of
another skyrmion. It is an important aspect to be considered when studying the
storage density of a memory device in which the information is encoded into the
presence of a skyrmion.

The skyrmion dynamics is governed by the Thiele equation:

G xvs—aD -vg+4rmB —Jsug + VV(r) =0 (3.8)

where G is called gyromagnetic coupling vector and its expression is:

G = (0,0,47Q,) (3.9)

The first term in 3.8 describes the Magnus force. The term containing «, the
damping constant, is related to the dissipative force, where D is the dissipative
force tensor. B is the tensor linked to the STT effect, being the third term as-
sociated to the STT phenomenon. The fourth term sums up the repulsive forces
VV(r) acting on the skyrmion during the motion. It has to be mentioned that
equation 3.8 is valid only for the SHE current case, related to a current injected into
an HM adjacent to the ferromagnetic layer (this configuration is called current-
perpendicular-to-plane CPP configuration). In case of a STT current, which is a
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current-in-plane (CIP) configuration, the Thiele equation takes the form of equa-
tion 3.10.

G X (Vs = Vo) + D(fve —avs) + VV(r) =0 (3.10)

In this case the (v) describes the velocity of the conduction electrons, propor-
tional to JgrT, which expression is:
pa’
Vo =
¢ 2eM S

JsTT (3.11)

where p is the spin polarization of the current e the elementary charge and (
the nonadiabatic torque coefficient [7]. As shown by Kang et al. in their work
[7], the SHE current shows higher efficiency. This derives from the higher spin
polarization efficiency compared to the STT case. Therefore, in general, SHE
current is preferable in the prospective of low-power electronic designs of skyrmion-
based integrated circuits.

Considering the described fundamental physics, in this work a study of the
skyrmion size and dynamics on the W/CoFeB/MgO/Ta ferromagnetic thin-film
stack is presented. These two aspects are found to be strongly affected by the
material parameters, such as magnetic anisotropy and saturation magnetization.
Below, the characterization of the skyrmion size as a function of material param-
eters is discussed.

3.2 Tailoring the skyrmion size by FIB irradiation

One of the advantages of using skyrmions is the small size that characterize
them. Knowing the skyrmion size, together with the repulsion distance of two
skyrmions, gives a measure about the information density that can be stored in
skyrmion-based storage devices, where a single bit is encoded into the presence of
a skyrmion[28] and where requirements such as small bit sizes, long term thermal
stability and stability in zero or low applied field have to be met[29]. In this sec-
tion, in order to address the small bit size requirement, we explore the dependence
of the skyrmion size with respect to the crystalline anisotropy constant and the
saturation magnetization, which are two parameters that mostly change with ir-
radiation or thermal annealing and that sensitively affect the skyrmion size. The
study consists of a simulative part, in which the skyrmion dimension is analyzed
within the zero-field skyrmion state, characterized by a small range of K, and
Mg values, where the skyrmion results stable. However, this state is accessed by
common ferromagnetic materials [29]. Therefore, a study over a larger set of K,
and Mg values is performed showing different ferromagnetic states.
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Figure 3.5: Evolution of the magnetization texture at K,=0.75 MA /m for different uniaxial
anisotropy values. In all the simulations, the simulation domain is 2048x1024
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The simulative skyrmion size results are then compared with the experimental
ones, analyzed on W/CoFeB/MgO/Ta ferromagnetic stack, depicted in Figure 2.1.

3.2.1 Magnetic states in W/CoFeB/MgO/Ta

As discussed in Section 2.4 the FIB irradiation degrades the material properties of
the thin-film [19]. It has been observed that for low irradiation doses, the average
domain size increases, due to the increasing of the effective magnetic anisotropy.
However, as shown by Zhao et al. in their work [30] this trend is not matched in
case of a tungsten seed layer. This can be related to the different values of K, and
Ms.

In order to understand the behavior of the W/CoFeB/MgO ferromagnetic stack,
in this section an exploration of the magnetic textures observed at different K,
and Mg values is presented, using micromagnetic simulations. The investigation
starts from K, and Mg values for which a skyrmion results stable. This choice is
justified by considering that the presence of magnetic skyrmions has been observed
experimentally in the ferromagnetic stack under test.

The micromagnetic simulations involve the initialization of a skyrmion with a
diameter of 800 m? into a 2048x1024 nm? wire. Then, the system relaxes, reaching
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Figure 3.6: K,-Ms diagram for D = 1.5 mJ/m?2. In the background, the colormap shows
the evolution of Kegr = K, — %qug. The colors of the points of the scatter plot
indicates the type of magnetic textures at equilibrium, which are also shown in
Figure 3.5.

its stable configuration. Depending on the material parameters, the magnetization
enters into different ferromagnetic states, which are described below.

« In-Plane Magnetization. The skyrmion is not stable and the system is out-
of-plane demagnetized.

» Helical State. The skyrmion is not stable and the system is out-of-plane mag-
netized. In this state the domain size is very low and the magnetic moments
of the magnet are arranged in helical patterns.

o Zero-Field Skyrmion State. In this state the skyrmion is stable and slightly
changes in K, or Mg will change skyrmion dimension.

o Out-of-Plane Magnetization. The skyrmion is not stable and the system is
out-of-plane demagnetized.

An example of evolution of the magnetization across all the mentioned states
is shown in Figure 3.5. In this case the My is fixed, while K, changes. A more
complete study is depicted in Figure 3.6. As can be seen, the out-of-plane (OOP)
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Figure 3.7: Simulation results of the evolution of the skyrmion diameter for different Mg
and K, values.

state is characterized by high values of K, and low values of Mg. This result is
expected because taking into account the effective anisotropy constant expression

Kepr = Ku — ;MoMf
where for K.z < 0 the magnetization results in-plane, while for K ¢y > 0 the
ferromagnetic material becomes out-of-plane magnetized (see Section 1.2.1. More-
over, since the dependence of K. ;s with respect to Mg is quadratic, a slight varia-
tion of the saturation magnetization has more influence with respect to K,. This
means that, in order to have out-of-plane magnetization, the crystalline anisotropy
contribution has to be higher than the saturation magnetization one. It can hap-
pen only if the value of Mg is not too high.

The in-plane (IP) magnetization, red dots in Figure 3.6, represents the opposite
configuration with respect to the one mentioned above. In this case the contri-
bution of the quadratic term is higher and K.¢; results negative. In between the
OOP and the IP states, the helical and the zero-field skyrmion state can be found.

In the helical state the sample results out-of-plane magnetized, however it is
characterized by a small domain size. Considering the spin moments along a line
perpendicular to the domain walls, one can notice that the spins are arranged
in regular helices. This state is relevant also because the relative orientation of
spin moments between magnetic planes affects the flow of electric current [31].
Moreover, in this configuration, the skyrmion state can be accessed by means of
an applied magnetic field.

(3.12)
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Layer Matorial Power Pressure Time Thickness
(W] [x 1077 mbar] [ [nm]
Seed AW 40 4 130.4 3
Magnetic ~ CoFeB 40 4 32.2 0.9
Oxide MgO 40 1 150.0 1
Capping Ta 40 4 21.9 1
Protection Ta 40 4 65.6 3

Table 3.1: W5/CoFeB; 1/MgO,/Tay sputtering parameters.

Following the trend in Figure 3.6, for slightly higher values of K. ;s with respect
to the helical state the skyrmion state is found. In this case the skyrmions are
stable without an external magnetic field. Unfortunately, as shown by Biittner,
Lemesh, and Beach in Figure 3.6[29], the skyrmion state is out of most of the
common material parameter ranges reported in the literature, which instead can
be found in the helical state. Moreover, even though the zero field skyrmion state
seems to be accessible, it is impossible to have skyrmions below 10 nm, required
to exploit the advantage of the skyrmion small size, because the low Mg-high K,
range is inaccessible in common ferromagnets.

Lastly, the skyrmion size is analyzed in the zero-field skyrmion state. The
results of the simulations are shown in Figure 3.7. As can be seen, the diameter of
the skyrmion increases with respect to Mg, while it decreases with respect to K.
This is a result reported in literature [32], which is confirmed also in this work.

3.2.2 Skyrmion stack fabrication

Before showing the experimental results on the skyrmion dimension, a brief discus-
sion about the fabrication of the skyrmion stack depicted in Figure 3.1 is presented.
The fabrication process is composed by the same fabrication steps performed for
the Ta/CoFeB/MgO/Ta stack (see Section 2.3.1). Below, only the differences in
the fabrication process are discussed.

The production of the W/CoFeB/MgO/Ta stack starts from the deposition of
the different thin-films. In Table 3.1 the sputtering parameters are shown. In
Figure 3.1 the presence of two capping layers, made of the same material, can be
noticed. The deposition of the second capping layer, called protection layer, is done
after thermal annealing. The reason for this choice can be explained by looking
at the hysteresis loop evolution in respect to the annealing time (see Figure 3.8).
The sample without the protection layer is subjected to different annealing steps.
After 5 minutes at 275 °C, in a controlled atmosphere, the sample develops PMA.
To reach a skyrmion state, the sample should be degraded. The correct material
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Figure 3.8: Hysteresis loops as a function of the thermal annealing time, measured with the
laser magneto-optic Kerr effect technique. The annealing temperature is kept at
275 °C in controlled N5 atmosphere in all the different steps. The image shows
decreasing of the switching field after each thermal annealing. After the first
step, which is the one to give raise to the PMA, the coercivity is around 3 mT,
after 10 minutes it is around 1.5 mT, to then reaching the zero-remanence state,
where the sample gets demagnetized at 0 mT. From the latter case, a slight
increasing of magnetic field makes the skyrmions appearing. The evolution of
the sample magnetic texture is shown in the widefield magneto-optic Kerr effect
images.

state to stabilize skyrmions in the stack is reached after 25 minutes in the same
annealing conditions. The degradation is possible thanks to the thin Ta capping
layer. Experimentally, it has been shown that with a thicker capping layer, the
degradation of the material parameters is lower and the skyrmion state cannot be
reached.

The protection layer is deposited once the mentioned state is achieved. This
layer plays a fundamental role in the further processing of the sample. It was
noticed that the sample without the protection layer results to be very sensible to
the successive fabrication processes, such as wet chemistry and ion beam etching,
leading to the damaging of the magnetic properties. For this reason, after the
tailoring of the magnetic properties by means of thermal annealing, onto the sample
a further Ta protection layer is deposited with a sputtering process.
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Figure 3.9: Widefield magneto-optic Kerr effect images of the evolution of the magnetiza-
tion in the W/CoFeB/MgO/Ta stack sample for different irradiation doses at
zero magnetic field.

Figure 3.10: Widefield magneto-optic Kerr effect images of the evolution of the magneti-
zation in the W/CoFeB/MgO/Ta stack sample for different irradiation doses
at magnetic field a magnetic field of 0.64 mT.

3.2.3 Skyrmion dimension experiment

The first experiment towards the understanding of the skyrmion behavior into
W/CoFeB/MgO/Ta stack is the study of the skyrmion dimension as a function
of the material parameters, as done in the simulative part. Experimentally, the
tailoring of the material parameters can be performed by means of Focus lon Beam
irradiation. The experiment consists of the irradiation of 19x19 pm? squares at
different irradiation dose. Images of the different squares at different magnetic field
values are taken and analyzed. The result of the FIB irradiation is shown in Figure
3.9, where WMOKE images of domains in the demagnetized state are shown.
Increasing the irradiation dose, the domains get smaller, as seen in Section 2.4.1 for
the Ta/CoFeB/MgO/Ta stack. However, in this case, for low irradiation doses, the
average domain size does not increase. This can be explained by considered that in
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Figure 3.12: Evolution of the measured skyrmion diameter respect to the Ga™ ion doses at
different applied magnetic field values.

order to observe a skyrmion state, the sample has to be degraded under thermal
annealing, bringing the magnetization near the onset of the in-plane condition.
This means that the value of K.z is very small (K. = 0 corresponds to the
transition to the in-plane condition) and a further degradation of K, and Mgcannot
produce an increase of K. g, as observed for the Ta/CoFeB/MgO/Ta stack.

After a preliminary discussion of the effect of the ion irradiation on the average
domain size, the sample is subjected to an applied magnetic field, which shrinks
the domains, leading to the formation of skyrmion. The analysis of the skyrmion
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dimension is performed by sweeping over different magnetic field values, and at
each step an image of the irradiated squares is recorded. The different images are
then analyzed by using Trackmate, a tool distributed in Fiji, able to characterize
particles in an image.

Firstly, we consider the skyrmion diameter variation with respect to the mag-
netic field. In Figure 3.11 three different curves for three different ion doses are
shown, while in Figure 3.10 an example of measurement frames at 0.64 mT for
three different ion doses is shown. Increasing the magnetic field, the skyrmion
size gets smaller, even though the estimated diameter values fall into the error
range. Moreover, the decreasing trend seems to be more accentuated for lower
ion irradiation doses. One possible reason could be related to the fact that the
irradiation increases the number of pinning sites [24], obstructing the compression
of the skyrmion. For magnetic field values higher than 1.1 mT the skyrmions are
annihilated.

The study continues by considering the variation of the diameter with respect
to the irradiation dose. As can be noticed from Figure 3.12, there is a decreasing
trend of the skyrmion size with respect to the ion dose, which is more accentuated
for low ion doses. One possible reason could be that, already for low ion doses, the
material parameters, such as K, and Mg, start to be degraded and, following the
trends observed in the simulations (see Figure 3.7), the degradation of Mg seems
to affect more the skyrmion diameter.

3.3 Skyrmion Velocity

Compared to domain wall motion, skyrmion motion has been demonstrated to be
characterized by lower current densities and by higher velocities [7]. In skyrmion-
based devices, in which information are encoded into skyrmions, such as skyrmion-
based racetrack memory, the skyrmion dynamics becomes one of the most impor-
tant phenomena to define the velocity of information processing|7][27].

In this section, the skyrmion velocity is firstly simulated according to the ma-
terial parameters discussed in Section 3.2.1. The results of the simulations are
then compared to experimentally measured skyrmion velocities as a function of
the material properties, tailored by means of FIB irradiation.

3.3.1 Skyrmion velocity simulations

The simulations of the skyrmion velocity are composed by different steps. Firstly,
a 800 nm wide skyrmion is initialized into the center of a 2048x1024 nm? wire
and the system relaxes, achieving the lowest energy configuration. In this step the
skyrmion reaches its stable dimension, which changes depending on the material

72



3.3 — Skyrmion Velocity

37ns 41 ns

Figure 3.13: Example of skyrmion motion at different time stamps of the simulation. The
skyrmion is initialized in the center of the microwire and, after relaxation, a
current flows. This image has been realized considering Ms = 0.404 MA/m,
Ky = 0.18 MJ/m3, D = 1.5mJ/m? and J=1.5 x10'° A /2.

parameters. Starting from this equilibrium configuration, a vertical spin-polarized
current is injected into the microwire, igniting the motion of the skyrmion. At
each 0.1 ns the position of the skyrmion is recorded. Periodic boundary conditions
are set along the longitudinal direction, meaning that the simulation domain is
repeated along this direction, extending the simulation to a longer wire (in this
case the simulation domain is repeated two times). The simulation is then repeated
for different current steps and for different Mg and K, values.

In Figure 3.13 an example of the trajectory computed by the skyrmion during its
motion is shown. The time 0 ns corresponds to the instant just after the relaxation,
while the other skyrmions are superposition of different simulation frames taken
at different time steps. As can be seen, the skyrmion initially moves with a certain
angle with respect to the x axis, due to the Magnus force. The trajectory is then
deviated thanks to the edge repulsive forces. During the initial motion of the
skyrmion, before the interaction with the wire edge, the skyrmion velocity and the
skyrmion angle are extracted.

The first simulation results involve the dependence of the skyrmion dynamics
with respect to the saturation magnetization. The values of Mg are chosen in
the range corresponding to the curvature of the d-Mg curve (see Figure 3.7b),
where differences between skyrmions of different diameters can be appreciated.
The results of the simulations are depicted in Figure 3.14. As shown in Figure
3.14a, the velocity of the skyrmion increases with the injected current density, as
expected. Moreover, it also increases with the saturation magnetization, especially
at higher current densities. The skyrmion angle (see Figure 3.14b) is found to
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Figure 3.14: Evolution of the skyrmion velocity and skyrmion angle for different current
density and Ms values. The simulations have been performed considering K,
= 0.18 MJ/m3, D = 1.5mJ/m? a = 0.015 and sy = 0.15.
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Figure 3.15: Evolution of the skyrmion velocity and skyrmion angle for different current
density and Ku values. The simulations have been performed considering Mg
= 0.375 MA/m, D = 1.5mJ/m? a = 0.015 and sy = 0.15.

slightly decrease (notice that it is measured from the direction of motion of the
skyrmion to the x axis and since the skyrmion deviates towards the bottom of
the track, it is negative) with respect to the increasing of the current density. A
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lower skyrmion angle means a more straight motion of the skyrmion, which from
an application point of view could be preferable. However, it has to be considered
that going towards high current density is detrimental because, besides increasing
of the heating due to Joule effect in real systems, the skyrmion is pushed towards
the edge of the track. If the current density is enough large, the repulsive force
that takes the skyrmion in the track is overcome, leading to the annihilation of
the skyrmion [7][27][33]. Once can also notice that the skyrmion angle decreases
with the increasing of the saturation magnetization.

The second parameter to be analyzed if the uniaxial anisotropy K. Also in this
case, the values chosen are the ones corresponding to the curvature of the d-K,
curve (see Figure 3.7a). The results of the simulations are shown in Figure 3.15,
where both the velocity and the angle evolutions at different current density and
K, steps are shown. As shown by Figure 3.15a one can notice that the velocity
of the skyrmion increases with the current as expected, but it also decreases with
K,. The same behavior can be found in the angle evolution (see Figure 3.15b).

By merging the simulation results of the skyrmion motion with the ones related
to the simulations of the skyrmion dimension, Figures 3.14 and 3.15 show that
bigger skyrmions travel slightly faster with respect to smaller ones.

3.3.2 Skyrmion velocity experiment

The last experiment to be explored is the skyrmion velocity. For this purpose two
wires of 25x50 um? and 35x50 pm? have been patterned using UV lithography
and ion beam etching onto W/CoFeB/MgO/Ta magnetic stack. Half of each wire
has been irradiated using Ga™ FIB irradiation, in order to compare the velocities
in both the pristine and in the irradiated regions. The ferromagnetic wires are
contacted at the horizontal edges by copper wire deposited by means of metal
evaporation. The resulting gap between the contacts is 35 um?, which is the
portion of the wire in which the current flows. The fabrication process is the
same of the one described in Section 3.2.2, while the pattering on the microwires
corresponds to the one described in Section 2.3.1.

In order to measure the skyrmion velocity, current pulses of 50 nanoseconds
are injected into the wires. The measurement consists of 100 repetition of a train
of 4 current pulses. Between each repetition a WMOKE image is recorded. The
relative displacement of the skyrmions between successive images is measured using
Trackmate, a tool distributed in Fiji, able to characterize the motion of particles in
a set of images. The measurement process is then repeated sweeping over different
current density values. The results of the experiment are shown in Figure 3.16.

For low current densities (less than 2 x 10" Am~2) the skyrmion velocity is
found to be equal in all the reported cases. As remarked by the black dashed
line, this corresponds to the thermal activated motion of the skyrmion and no
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Figure 3.16: Dependence of the skyrmion velocity with respect to the current density, for
different irradiation doses. The measurements have been performed by in-
jecting 100 times a train of 4 current pulses with pulsewidth of 50 ns into
the ferromagnetic wires. Between each train of current pulses, a widefield
magneto-optic Kerr effect images are recorded. Analyzing the images, the
displacement of the skyrmions is measured, from which the skyrmion velocity
is derived.

real current-induced motion is registered. As soon as the current density increases
(more than 2 x 10'* A m~2) the curves start to split, corresponding to the onset of
the current-induced skyrmion motion. It has to be noticed that the motion in the
irradiated wires starts at higher threshold currents with respect to the motion in
the pristine wire. This can be explained by considering that the irradiation increase
the number of pinning sites into the ferromagnet [24], leading to an increase of
the depinning current density. The higher threshold current needed in the higher
irradiation case (red points) with respect to the lower irradiation one (green points)
supports this assumption. Moreover, in the work of Herrera Diez et al. [22] it has
been observed an increasing of the depinning fields due to irradiation in the case
of domain wall motion in the creep regime. A similar behavior is expected in case
of skyrmion motion.

Besides the different threshold current densities, important differences can be
found in the values of the different trends. The measured skyrmion velocity is
higher in case of the pristine portions of the wires, while it decreases in the irra-
diated regions. Moreover, for the highest irradiation dose, corresponding to 2.3
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Figure 3.17: Widefield magneto-optical Kerr effect image of a 35 pm wide wire during after
skyrmion motion measurement. The white dashed line separates the pristine
region from the irradiated one. The colored lines indicate detected skyrmion
motion trajectories, which are used for the calculation of the depicted skyrmion
angle fsy.

x 10" jons/cm?, the lowest values of the skyrmion velocity is observed. One pos-
sible reason for this behavior can be related to the presence of pinning sites, which
are enhanced upon ion irradiation [24]. A further explanation can be given by
considering that the ion irradiation degrades the material properties of the fer-
romagnetic material, such as K, and Mg [19][24]. As shown in Section 3.3.1, a
variation of these two parameters produces an effect on the velocity and on the
angle of the skyrmion motion. In particular, a reduction of K, produces an in-
crease of the skyrmion velocity and a decrease of the skyrmion angle (see Figure
3.15), while a reduction Mg produces a decrease of the skyrmion velocity, followed
by an increase of the skyrmion angle (see Figure 3.14). Considering the simulation
results, a possible explanation of the behavior of the skyrmion velocity with re-
spect to the irradiation doses can be related to the higher degradation of Mg with
respect to K,. In particular, by weighting the two contributions and assuming a
higher reduction of the saturation magnetization with respect to the anisotropy
constant, the net effect of the ion irradiation is the lowering of the skyrmion veloc-
ity. Moreover, this assumption is supported by the behavior of the skyrmion angle.
In Figure 3.17 a measurement of the skyrmion angle on detected skyrmion motion
trajectories is shown. As can be seen, in the irradiated region, the skyrmion angle
results to be reduced with respect to the pristine region. Also in this case a higher
reduction of Mg with respect to K, can explain the reduction of the skyrmion
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angle.

In summary, the skyrmion velocity experiment shows that using Focus Ion
Beam irradiation it is possible to locally change the material parameter of the
ferromagnetic stack, which has a direct influence on the skyrmion motion. From
an application point of view, the ion irradiation can be used to locally tailor the
angle and the velocity of the skyrmion motion.

3.4 Conclusions

In this chapter a characterization of the influence of the Gat Focus Ion Beam
irradiation on the W/CoFeB/MgO/Ta stack is discussed. The study on the fer-
romagnetic material is divided into two experiments: i) the characterization of
the skyrmion size as a function of ion dose and the applied magnetic field and ii)
the evaluation of the current-induced skyrmion velocity on pristine and irradiated
regions of a patterned microwire.

In the skyrmion size experiment, it has been shown that the skyrmion diameter
depends on the irradiation dose. In particular, the study shows that for ion doses
higher than 1.35 x 102 ions/cm? the skyrmion size is decreased down to ~ 525 nm,
and it saturates at this value for higher irradiation doses. In order to explain this
behavior, micromagnetic simulations have been performed, in which the skyrmion
diameter is analyzed under different values of K, and Mg. The simulation results
show that the skyrmion size increases for a decrease of K,, while it decreases for
a reduction of Mg. Considering that the FIB irradiation induces a degradation
of the material parameters [24][19], the experimental trend matches the variation
trend of the skyrmion size when Mg is reduced. This leads to the conclusion that,
during FIB irradiation, the degradation rate of the saturation magnetization is
higher with respect to the anisotropy one.

The second part of this chapter is focused on the dynamics of the skyrmion
motion on W/CoFeB/MgO/Ta ferromagnetic stack. The study shows that the
FIB irradiation influences the skyrmion velocity. For the experiment two pattered
microwires have been used, in which a region, corresponding to half of the wire, is
irradiated, in order to understand the effect of the FIB irradiation. The results of
the current-driven motion of skyrmion in such wire is shown in Figure 3.16, where
different colors are associated to different ion doses. It can be noticed that the FIB
irradiation lowers the skyrmion velocity values, and this effect is proportional to the
ion dose. As done for the skyrmion size experiment, micromagnetic simulations
have been performed in order to support the characterization of the skyrmion
dynamics with respect to variation in the material properties. In particular, the
simulation results show that the skyrmion velocity is increased for a reduction
of K,, while it is increased when Mg is enhanced. As shown in the skyrmion
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size experiment, also in this case the experimental trend matches the skyrmion
velocity trend when a reduction of the saturation magnetization is considered.
This supports the idea that, upon FIB irradiation, the degradation rate of the
saturation magnetization is higher with respect to the anisotropy one.

In summary, in this chapter it has been demonstrated that Focus Ion Beam
[rradiation can tailor the dimension and the motion of the skyrmions, by locally
changing the material parameters. It has been found that the dominant effects
upon ion irradiation are given by a higher degradation of the saturation magneti-
zation with respect to the degradation anisotropy constant.

In spite of the different tasks covered, the study of the size and the dynamics of
the skyrmions can be further extended by considering other process and param-
eter variations. For example, an important interaction that stabilizes magnetic
skyrmions is the Dzyaloshinskii-Moriya interaction. The information of the value
of the DMI constant D for the W/CoFeB/MgO/Ta magnetic stack used in this
work is missing, as well as micromagnetic simulations on the behavior of the size
and of the velocity of skyrmions as a function of D.

Another key parameter that from the application point of view cannot be ne-
glected is the skyrmion angle at experimental level. A preliminary attempt for the
characterization of this quantity in shown in Figure 3.17, where a difference of the
measured skyrmion angle between the pristine and the FIB irradiated region of
the wire is depicted. However, the phenomenon needs a deeper study, considering
different ion dose irradiation.

Concluding, the achievement of a full characterization of the skyrmion size and
dynamics by adding the missing studies allows to set the basis of the skyrmion-
based application. In this prospective, such devices are expected to attract the
attention of the modern storage industry research.
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4 Conclusions

The present work explores the fundamental principles of the current driven motion
of domain walls and skyrmions, aiming to the implementation of novel storage
devices.

In the first part, the current-induced domain motion is explored, focusing on
the different technologies and characterization tasks to be fulfilled in order to
achieve a preliminary implementation of a domain motion-based device. In this
prospective, the domain motion study is divided in three main steps: i) finding
a stable and reliable way to efficiently nucleate a domain into a specific region of
a ferromagnetic wire. This can be achieved by means of Focus Ion Beam irra-
diation of artificial nucleation centers (ANC in short). They are localized areas
where the material parameters, such as K, and Mgy, are degraded, leading to a
lowered switching field. This defines a control over the nucleation position. De-
fined the ANC, an efficient way to nucleate a domain involves an injection of a
current pulse in presence of a field offset. The combination of the field-induced and
current-induced torques enables a nucleation process characterized by low current
densities, reducing the risk of damaging of the ferromagnetic wire due to thermal
Joule effects; ii) characterization of the domain motion, in which the dependence
of the domain velocity with respect to the current density is discussed, showing
velocity values from 3 m/s to 5 m/s for high current densities; iii) finding a way
to control the spacing between consecutive domain walls, allowing at the same
time a regular motion of domains, in which information are encoded. In this work
an approach based on FIB irradiated barriers is discussed. Experimentally, it has
been observed that ion irradiation, due to the induced degradation of K, and Mg,
decreases the total energy making the barriers to result energy wells. A study over
the probability of a domain wall to cross such barriers, as a function of the ion
dose is performed, showing that domain walls are able to overcome barrier thanks
to field or current-induced DW motion. The study of the controlled domain mo-
tion through irradiation barriers ends with a demonstration of a memory bit cell
consisting of domain confined between two irradiation barriers. The ferromagnetic
material used for domain motion experiments is a Ta/CoFeB/MgO/Ta thin-film
stack.
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The second part of this thesis involves the characterization of the skyrmion
size and skyrmion dynamics, as a function of different Focus Ion Beam irradia-
tion conditions. The study on W/CoFeB/MgO/Ta stack, which is a ferromagnetic
material hosting magnetic skyrmions, is divided into two experiments: i) the char-
acterization of the skyrmion size as a function of ion dose and the applied magnetic
field and ii) the evaluation of the current-induced skyrmion velocity on pristine
and irradiated regions of a patterned microwire.

In the skyrmion size experiment, it has been shown that the skyrmion diameter
depends on the irradiation dose. In particular, the study shows that for ion doses
higher than 1.35 x 10'? ions/cm? the skyrmion size is decreased down to &~ 525 nm,
and it saturates at this value for higher irradiation doses. In order to explain this
behavior, micromagnetic simulations have been performed, in which the skyrmion
diameter is analyzed under different values of K, and Mg. The simulation results
show that the skyrmion size increases for a decrease of K,,, while it decreases for a
reduction of Mg. Considering that the FIB irradiation induces a degradation of the
material parameters [24][19], the experimental trend matches the variation trend
of the skyrmion size when a reduction of Mg .This leads to the assumption that,
the during ion irradiation, the degradation rate of the saturation magnetization is
higher with respect to the anisotropy one.

The study on W/CoFeB/MgO/Ta stack continues by the characterization of
the dynamics of the skyrmion motion. The study shows that the FIB irradiation
influences the skyrmion velocity. For the experiment two pattered microwires have
been used, in which a region, corresponding to half of the wire, is irradiated, in
order to understand the effect of the FIB irradiation. The results of the current-
driven motion of skyrmion in such wire is shown in Figure 3.16, where the different
colors are associated to different ion doses. It can be noticed that the FIB irradia-
tion lowers the skyrmion velocity values, and this effect is proportional to the ion
dose. As done for the skyrmion size experiment, micromagnetic simulations have
been performed in order to support the characterization of the skyrmion dynamics
with respect to variation in the material properties. In particular, the simulation
results show that the skyrmion velocity is increased for a reduction of K, while
it is increased when My is enhanced. As shown in the skyrmion size experiment,
also in this case the experimental trend matches the skyrmion velocity trend when
a reduction of the saturation magnetization is considered. This supports the idea
that, upon FIB irradiation, the degradation rate of the saturation magnetization
is higher with respect to the anisotropy one.

Concluding, this work shows how the variation of the material parameters,
by means of FIB irradiation, influences both domain and skyrmions static and
dynamic properties, both in simulations and experimental work. In particular,
in the latter, differences in the amount of current density needed to move such
magnetic textures are found. In case of skyrmions the mentioned current density
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results to be lower, which is desirable for future applications, leading to lower
power consumption. The basics of potential applications have been demonstrated
at research level, meaning that industrial resources could improve the domain
and skyrmion motion performances, enabling the implementation of a domain or
skyrmion-based devices.
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