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SUMMARY

This master thesis will concern the study and the application of the Voltage
Controlled Magnetic Anisotropy (VCMA) effect on Racetrack Memory. The
VCMA allows to locally modify the anisotropy of the material through an
electric potential. This variation can be used to create potential barriers, or
potential holes to favor the nucleation of the domains and to synchronize the
movement of the bits, stored in form of domains, along the Racetrack. In
the specific case of a Racetrack, being able to control the potential barrier
through VCMA would allow to reduce the currents involved for the movement
of the Domain Walls. This technique is an alternative to the creation of
notches, which experimentally could be more difficult to realize. This thesis
focuses on the study and physical modeling of the VCMA effect applied
to Racetrack technology through the use of micromagnetic simulations and
analytical models that describe the phenomenon. The aim of the study is
to evaluate the benefits of the application of this phenomenon to Racetrack
memories, and both the timing and the energetic performance of the resulting
device.
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Chapter 1

Introduction

Matter behaves in different ways when it interacts with an external mag-
netic field. The physics of magnetism is the branch of physics which explains
magnetic phenomena, investigates the magnetic properties of matter and the
interactions related to it. To describe magnetism within matter, it is fun-
damental to introduce the concept of magnetization or also called magnetic
polarization. When an electric current passes through a coil it behaves like
a magnetic dipole. In a semi-classical model, assuming a planetary model of
the atom, electrons within matter orbit around the atomic nucleus generating
a magnetic field just like that of a coil. Each electron therefore constitutes
a microscopic coil which in the absence of external electromagnetic fields is
randomly oriented. The presence of a local magnetic field involves a collec-
tive polarization of the coils. Therefore the concept of magnetic moment is
born [1], and it can be conceptually represented as shown in Figure 1.1. The
modulus of a magnetic moment is expressed by equation 1.1.

p=1iS (1.1)



1 — Introduction

i

I

Figure 1.1: Concept of magnetic moment [2]

The microscopic magnetization currents can be traced back to a macroscopic
quantity, in order to comprehensively describe the magnetic behavior of a
material thanks to the magnetization intensity vector, also called magnetic
polarization vector and denoted by M. The magnetization intensity vector
is defined as the average value of the proper magnetic moment of N particles
contained in an infinitesimal volume dV [3]:

S T
av

M = (1.2)

The unit of measure of the magnetization vector is %.

Once the concept of magnetization is known, it is possible to classify the
magnetic behavior of matter in the following way:

o Diamagnetism: property of matter which when subjected to the presence
of an external magnetic field exhibits an internal magnetization, which
has the opposite direction with respect to the external field;

o Paramagnetism: property of matter which when subjected to the pres-
ence of an external magnetic field exhibits an internal magnetization,
which has the same direction of the external field;

e Ferromagnetism: property of matter which becomes magnetized under
the action of an external magnetic field and which remains magnetized
for a long time when the field is canceled out. This property is main-
tained only below a certain temperature, called the Curie temperature,
above which the material behaves like a paramagnetic material;

o Antiferromagnetism: property of matter which is characterized by the
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1.1 — Ferromagnetism

fact that it has an apparent neutral behavior under the action of an ex-
ternal magnetic field, at least up to a certain critical temperature, called
Néel temperature, beyond which they exhibit a paramagnetic behavior;

e Ferrimagnetism: property of matter similar to antiferromagnetism with
the difference that the antiparallel alignment of the atomic magnetic mo-
ments is not perfect and the external field is not canceled out, producing
a behavior similar to that of ferromagnetism;

1.1 Ferromagnetism

As explained in the Introduction [1], the ferromagnetism is a property of
matter which becomes magnetized under the action of an external magnetic
field and which remains magnetized when the field is canceled out. A ferro-
magnetic material is characterized by an hysteresis loop as shown in Figure
1.2.

Figure 1.2: Magnetization 'm’ against magnetic field 'A’. Image extracted
from [4].

The hysteresis loop shows how the magnetization is not equal to zero when
the external magnetic field h is equal to zero.

In general, the magnetization varies (in direction, not in magnitude) across
a magnet, but in sufficiently small magnets, it does not. Larger magnets are
divided into regions called domains. Within each domain, the magnetization
is constant; and between domains there are relatively thin domain walls

7



1 — Introduction

in which the direction of magnetization rotates from the direction of one
domain to another. If the magnetic field changes, the walls move, changing
the relative sizes of the domains. Because the domains are not magnetized
in the same direction, the magnetic moment per unit volume is smaller than
it would be in a single-domain magnet. The magnetization can also change
by addition or subtraction of domains (called nucleation and denucleation
respectively)[4]. The concept of domain wall, which is the main subject of
this thesis, its physical description and its motion in ferromagnetic material
will be studied in depth, starting from chapter 2.

1.2 Exchange interaction

The exchange interaction is a quantum mechanical effect that only occurs
between identical particles. The effect is due to the wave function of indis-
tinguishable particles being subjected to exchange symmetry, that is, either
remaining unchanged (symmetric) or changing sign (antisymmetric) when
two particles are exchanged. Both bosons and fermions can experience the
exchange interaction. For fermions, this interaction is sometimes called Pauli
repulsion and it is related to the Pauli exclusion principle. For bosons, the
exchange interaction takes the form of an effective attraction that causes iden-
tical particles to be found closer together, as in Bose-Einstein condensation.
The exchange interaction alters the expectation value of the distance when
the wave functions of two or more indistinguishable particles overlap. This
interaction increases (for fermions) or decreases (for bosons) the expectation
value of the distance between identical particles (compared to distinguishable
particles) [5]. The physical explanation which distinguishes a paramegnetic
material from a ferromagnetic one is closely related to the physical concept
of exchange interaction|6]:

o Paramagnetic material: The direct exchange interaction between the
electron spins is smaller with respect to the thermal energy of the elec-
trons involved. As a consequence the electron spins are not aligned and
the magnetization is canceled out when the external magnetic field is
switched off;

e Ferromagnetic material: The exchange interaction in ferromagnets is
greater with respect to the thermal energy, therefore the magnetization
is retained when the external magnetic field is switched off;

An analytical discussion of the magnetic field due to the exchange interaction
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1.3 — Antisymmetric exchange: Dzyaloshinskii—Moriya interaction (DMI)

will be carried out in section 2.7.2.

1.3 Antisymmetric exchange:
Dzyaloshinskii-Moriya interaction (DMI)

Antisymmetric exchange, also known as the Dzyaloshinskii-Moriya interac-
tion (DMI), is a contribution to the total magnetic exchange interaction
between two neighboring magnetic spins. Some antiferromagnetic materials
exhibit a non-zero magnetic moment at a temperature near absolute zero.
This effect is called spin canting, a phenomenon through which spins are
tilted by a small angle about their axis rather than being exactly co-parallel.
In magnetically ordered systems, DMI favors a spin canting of otherwise
(anti)parallel aligned magnetic moments and thus, is a source of weak ferro-
magnetic behavior in an antiferromagnetic material [7]. DMI only exists in
noncentrosymmetric systems. The most general equation of the modulus of
the magnetic field due to DMI effect is the following:

) (1.3)

An analytical discussion will be carried out in section 2.8.

—

HZ-Z-MI = [jiJ . (gz x S

<

1.4 Magnetocrystalline anisotropy

A ferromagnetic material is characterized by magnetocrystalline anisotropy
which is a phenomenon through which the ferromagnetic material itself takes
more energy to magnetize it in certain directions than in others. These di-
rections are usually related to the principal axes of its crystal lattice. The
spin-orbit interaction is the primary source of magnetocrystalline anisotropy.
Basically the orbital motion of the electrons, which couple with crystal elec-
tric field, gives rise to the first order contribution to magnetocrystalline
anisotropy. The second order arises due to the mutual interaction of the
magnetic dipoles [8]. Each crystal is characterized by a certain structural
symmetry. Based on the crystalline structure of a material, the term of mag-
netocrystalline anisotropy changes. The most common magnetocrystalline
anisotropies are the following:

» Uniaxial anisotropy: the crystal is characterized by a single axis of high
symmetry, the energy density in this simplest and most common case is
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1 — Introduction

expressed by the following formula:

E
€= — = K,sin*(#) (1.4)

Vv
where K, has units of energy density and depends on composition and
temperature (it is a material constant), and 6 is the angle in spherical

coordinate shown in Figure 2.1a;

o Cubic anisotropy: the magnetocrystalline anisotropy energy density is
described by a second order equation;

For more detail look at [8]. An analytical discussion of the uniaxial anisotropy
energy will be carried out in section 2.7.3

1.5 Demagnetizing Energy

When a ferromagnetic material is placed in an external magnetic field, it
develops a strong internal magnetization, therefore it behaves like a magnet.
The edges of the ferromagnetic material become like north and south poles,
and as a consequence a demagnetizing field is generated[9]. The demag-
netization field physically arises because the internal magnetic field of the
ferromagnetic material linked to the magnetization of the matter and the
external field in which the ferromagnetic material is immersed must connect
to the boundaries of the material itself. In other words, the magnetic field
by definition must be a continuous physical quantity, therefore discontinu-
ities cannot arise between the field inside the ferromagnet and the external
field. The demagnetization field therefore arises spontaneously to create this
condition of continuity:

—

Hint - ﬁext + ﬁd - ﬁext - N : M (15)

The demagnetizing field is expressed as the product between a tensor N
which is strictly related to the geometrical structure of the ferromagnetic
material, and the magnetization vector. The demagnetizing energy linked to
the demagnetizing field is equal to:

—

1 - - 1 .
Buem = —goM - HenV = oM (=N - M)V (1.6)

where V' is the volume of the sample. An analytical discussion of the demag-
netizing will be carried out in section 2.7.4
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1.6 — Voltage Controlled Magnetic Anisotropy (VCMA)

1.6 Voltage Controlled Magnetic Anisotropy
(VCMA)

The voltage controlled magnetic anisotropy is a physical phenomenon which
consists in a correlation between a voltage applied to a magnetic material and
its anisotropy. Assuming the uniaxial anisotropy property of a ferromagnetic
plane explained in section 1.4, the ferromagnetic material is characterized
by a certain anisotropy constant K,. More exactly K, is characterized by a
volume anisotropy contribution and by a surface anisotropy contribution:

K;

FM

K, =Ky + ; (17)
If the ferromagnetic layer is supposed to be extremely thin (like a plane), the
volume anisotropy could be completely ignored, and the only contribution
is related to the surface anisotropy. If a certain voltage is applied across a
ferromagnetic material, it is possible to locally modify the anisotropy of the
material which is characterized by a certain VCMA constant which correlates
the applied voltage with the anisotropic variation of the material:

‘/app

tOZE

K, = Ku(o) — Gu

(1.8)

¢y is the VCMA constant, whose value depends on the ferromagnetic (FM)
layer, while t,, is the thickness of the oxide layer, which covers the FM layer.
For a positive (, value, when a positive voltage is applied, the interfacial
anisotropy is lowered. For more details about Voltage Controlled Magnetic
Anisotropy effect look at section 1.8,

1.7 Racetrack Memory

A Racetrack memory is a memory paradigm developed in 2008 by Stuart
Parkin, with the aim of replacing Hard-Disk Drive and Solid State Drive
[10][11][12]. The main idea upon which the concept of Racetrack Memory is
based, is the domain wall motion induced by an applied current density. A
Racetrack memory, simplistically, is nothing else than a "track" divided into
a specific number of ferromagnetic domains, which can be moved along the
track thanks to a certain current density or exploiting an external magnetic
field. Each ferromagnetic domain works as a shift register which store 0’
or '1” depending on the direction of the magnetization of the domain. Each
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1 — Introduction

domain could be magnetized up or down in the case of "Perpendicular Mag-
netic Anisotropy" (PMA) of the layer, or it could be magnetized left or right
in the case of "Parallel Magnetization" of the layer. The phenomenon related
to the motion of a domain wall with a current density is called "Current
Driver Domain Wall Motion" and microscopically it is related to an interac-
tion between the electron spins of the layer and the current which applies a
specific torque moment on the spins. The domains are shifted along the track
with the aim of placing a specific domain in correspondence of the writing
element or in correspondence of the reading element. Each domain has a spe-
cific address, therefore a specific current must be injected into the track to
move a specific domain from its initial position to its final position. Different
geometrical structures of the track or different dispositions of the domains
along the track were proposed in the last years, but the three main elements
are still the "track" with its ferromagnetic domains, the "writing component"
through which it is possible to write 0’ or "1’ into a specific domain, and the
'reading component" through which it is possible to read the stored bits[13].
Figure [1.3] shows the Racetrack memory idea in an abstract way. The blue
and red zones are the domains of track and the two colors indicates the two
different states of the magnetization ("0" and "1").

Figure 1.3: Racetrack Memory Idea[14]

The two elements in the lower part of the figure [1.3] are the reading element
and the writing element. One of the methods that can be implemented
to write a bit in a Racetrack memory is to exploit the fringing field of a
domain wall. A domain wall naturally generates a magnetic field called
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1.7 — Racetrack Memory

"fringing field". This magnetic field located just close to a specific domain
of a Racetrack memory will switch the magnetization of the domain itself.
There are some descriptive analytical models of the fringing field of a domain
wall, for more information look at [15]. Concerning the writing element of
a Racetrack memory, a good choice would be to read the magnetization of
a domain using a magnetic tunnel junction (MTJ). For more details about
MTJ structure look at section 1.7.2.

1.7.1 Division of the Racetrack in ferromagnetic do-
mains

A Racetrack memory is "divided" into ferromagnetic domains, each one stor-
ing a bit information ('0” or '1’). Between two domains, there is a "wall" (a
transition region) called domain wall, in which the magnetization gradually
switches from "up' (or "right") state to "down" (or "left") state or viceversa.
There are several methods to stably magnetize a specific region with a specific
magnetization, and to create a stable domain wall in a specific site:

o Implementing different ferromagnetic domains;

 Using geometrical modification (notches); [16]

 Stepped nanowires for controlled pinning geometrical approach; [16]

 Local metal diffusion; [16]

« Jon implantation; [16]

« Tilted magnetization by exchange interaction; [16]

« Voltage Controlled Magnetic Anisotropy (VCMA) gate;
This thesis will concern the analysis of the VCMA gate approach. In other
words periodical gates are put along the ferromagnetic track. When a volt-
age is applied across a gate the local anisotropy is modified and the domain
wall could be blocked by the gate which behaves like a barrier when the

anisotropy increases or like a hole when the anisotropy decreases. The con-
cept is explained in more details in section 1.8.
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1 — Introduction

1.7.2 Magnetic Tunnel Junction (MTJ)

Reading the magnetization of a specific domain of a ferromagnetic material
(in other words reading a stored ’bit” in the track) is one of the three fun-
damental operation of a Racetrack memory. To accomplish this, a magnetic
tunnel junction structure is exploited. The simplest model of a magnetic
tunnel junction is made of three layer, two ferromagnetic layers and one in-
sulating layer in the middle through which tunneling of electrons happens.
The resistance of the structure depends on the relative orientation of the
magnetization of the two ferromagnetic layers. The system is in high re-
sistance state when the magnetizations of the two ferromagnetic layers are
anti-parallel, while the system is in a low resistance state when the magneti-
zations are parallel as shown in Figure 1.4.

High resistance Low resistance
state state

Free Layer

Fixed layer

Figure 1.4: Picture of a Magnetic Tunnel Junction (MTJ)

Reading the resistance of the structure, composed by the ferromagnetic do-
main of the track, the insulating layer and the ferromagnetic layer of the
substrate, it is possible to establish if a specific domain of the track "stores"
a’0” or a "1’ Electrons tunnel through the insulating barrier from the fixed
layer to the free layer or viceversa depending on the direction of the current.
Three basic methods were formulated to describe the tunneling phenomenon
in a magnetic tunnel junction:

e Free electron model;

o Julliere’s model;

14



1.7 — Racetrack Memory

e Slonczewski’s model;

Free electron model

Starting from the Schrodinger equation, it is possible to develop a basic model
which describes the probability of electron tunneling through a potential
barrier, and therefore the electric current of the structure related to the
tunneling probability. From the electron current, it is simple to derive an
expression of the conductance of the potential barrier, which explains how
the resistance of the MTJ structure changes switching from the anti-parallel
configuration to the parallel configuration. The final conductance formula
evaluated with the free electron model is:

le| ] _ 2e°M 16k2 k2% e2ks!

(Err—Err)  h Ik [kp(k + ko) (1 + e 28802 4 [(k — kle()flg)_ e 2kl )]?

dk;,

In the Appendix, section Free electron tunneling model, there is the complete
demonstration of the conductance formula.

Julliere’s model

In 1975 M. Julliere, with a phenomenological approach creates a basic model
for the description of the conductance in a MTJ structure [17]. The model
is based on the following assumptions [18]:

e The tunneling probability is proportional to the product of the Fermi
energy density of states in the electrodes on either side of the barrier;

» Relates conductance change to spin polarization ratio of the magnetic
layers;

« Tunneling conductance is independent from the tunneling junctions (there-
fore it is not a good model for amorphous barrier);

 Electrons that tunnel from the pinned layer to the free layer (or vicev-
ersa) are supposed to conserve their spin, so no spin-flip happens during
tunneling through the oxide barrier;

For more details related to the mathematical expression of the Tunnel Mag-
neto Resistance evaluated by Julliere, look at the Appendix, section Julliere’s
model.
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Slonczewski’s model

The model developed by Slonczewski was born as an extension of the Jul-
liere’s model which is the most basic model to analyze and describe tunneling
phenomenon in MTJ and conductance state in MTJ. Slonczewski combines
the simple free electron model, and the Julliere approach, understanding
the imperfection of the Julliere’s approach[19]. The model is based on the
following main hyphothesis:

o Evaluate free electron model at the I' point (k) = 0);
e Free electron model in the limit of “thick” tunnel junctions;
o Tunneling conductance in Slonczewski’s models depends on junction;

For more details look at the Appendix, section Slonczewski’s model.

1.8 Voltage Controlled Magnetic Anisotropy
(VCMA)

The main objectives related to the realization of a Racetrack memory are
the control of the current which goes through the ferromagnetic layer and
which "moves" the domains, and the power consumption involved during all
the processes. Some strategies could be theoretically adopted to optimize the
motion of the domain walls, for instance creating a gradient of anisotropy as
shown in the article published by the department of Wuhan [20]. This section
is dedicated to the analysis of the Voltage Controlled Magnetic Anisotropy
effect. Practically the idea is to cover the ferromagnetic layer subdivided
in different domains, with an oxide layer upon which a metallic layer is
deposited in specific zones. In other words there will be some areas char-
acterized by a metallic gate upon the ferromagnetic layer, through which it
is possible to apply a specific voltage across the layers. The anisotropy con-
stant of the ferromagnetic layer itself will change. The anisotropy constant
K, = K,o + ti\} is characterized by a volume contribution and a surface
contribution, but since the ferromagnetic layer is extremely thin, the volume
anisotropy could be completely ignored as explained in section 1.6. K varies
around its constant value, when a voltage across the ferromagnetic layer is
applied: higher is the applied voltage, higher will be the variation of the
interfacial anisotropy constant. When the anisotropy constant increases, the
gate behaves like a barrier through which the domain wall could pass or not.

16
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When the anisotropy constant decreases, the gate behaves like a hole, there-
fore the domain wall usually enters inside the "hole" and then it could go out
from the hole, or it could remain inside it. The region of different anisotropy
is crossed when a specific value of the current is applied.

It is possible to synchronize the motion of the domain wall through a specific
design of the track: when a specific current goes through the ferromagnetic
layer a specific voltage value across the memory could block the domain walls.

1.8.1 VCMA constant

In this section, the most common values of the VCMA constant (, are re-
ported. In general, (, could vary from few dozens of ‘J/%, until few hundreds
of % A strong dependence of (, from the temperature annealing of the
structure is shown in figure 1.5, and figure 1.6. Temperature annealing is an
important parameter that must be underlined to study the compatibility of
magnetic memories with CMOS processes. For instance the low-k dielectrics
used between interconnects in CMOS back-end-of-line processes, requires a
thermal budget over 400°C', and a MTJ structure made of Ta/CoFeB /M gO
shows an unstable PMA and TMR with a temperature annealing of 400°C'
making it incompatible with CMOS processes. Therefore more materials,
more structures must be investigated to obtain a stable system, with good
properties, high (,, and great compatibility with CMOS processes [21].

Mo/CoFeB/MgO

Mo/CoFeB/MgO structure shows discrete VCMA coefficient value and gen-
eral properties with an annealing temperature of more than 400°C, therefore
good compatibility with CMOS processes. The thickness of Mo layer and
of MgO layer are equal to 5 nm. (, constant and K; interfacial anisotropy
constant of a Mo/CoFeB/M gO structure show a dependence from the tem-
perature annealing, while they are nearly independent from the thickness of
the ferromagnetic layer of CoFeB. The following graph shows how (, and K;
varies with CoFeB thickness [21]:
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Figure 1.5: ¢, and Kj; in function of CoFeB thickness [21]

Averaging over CoFeB thickness values and expressing (, and K; in function
of the temperature annealing;:
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Figure 1.6: ¢, and K; in function of annealing temperature [21]

The graph shows that (, value is equal to 4()‘];—;7]1 when the annealing tempera-
ture is higher than 400°C'. Changing Mo with W, the structure W/CoFeB /M gO
shows a (, value of 40 — 50% more or less similar to Mo structure.
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Volatility and Non-Volatility Depending on the nature of the underlayer
(UL) the VCMA behaviour will change between a volatile and a non-volatile
behaviour. With an Underlayer (UL) of T'a or Pt, the structure exhibits a
non volatile behaviour of VCMA, while with W the structure is character-
ized by a volatile VCMA[22]. The objective is to realize a volatile VCMA
behaviour in a Racetrack, in this way when the voltage is turned off the
interfacial anisotropy is recovered to the original one.

Double Oxide Structure

A strategy to improve the VCMA coefficient (, is to realize a double oxide
structure consisting of two oxides deposited on the ferromagnetic layer.

An example is HM(2)/CoFeB(1.2)/MgO(2)/Ta(1)/Si0O2(63) where HM
stays for heavy metal, the number in parenthesis indicates the thickness of
the layer, and where T'a layer is a separator layer deposited between the two
oxide [23]. Double oxide structure improves VCMA coefficient, but the trade-
off is that the structure is thicker with respect to the structure described in
the previous section. (, values are:

e ¢, for Ta(2)/CoFeB(1.2)/MgO(2)/Ta(1)/SiO4(63) is 163LL;

o (, for Hf(2)/CoFeB(1.2)/(MgO(2)/Ta(1)/SiO2(63) is 174%;

Thin Layer at CoFeB/MgO interface

A double oxide structure is not the only way to improve the value of the

VCMA coefficient (,. Depositing a thin layer of pure metal between C'oFeB

layer and M gO gives the possibility to increase the (, value.

An example of this kind of structure is: T'a(5)/CoFeB(1)/Mg(0.2)/MgO(2.5)| Al,03(5)
where again the number in parenthesis indicates the thickness of the respec-

tive layer [24]. Mg layer could be replaced by Pt or by Ta, and depending

on the metal deposited at the interface between CoFeB and M gO, differ-

ent values of saturation magnetization, interfacial anisotropy constant and

VCMA coefficient are observed [24]:
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1] (FIV-m)

K. (mJ/m?)
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Figure 1.7: (,, K; and poM; in function of the insertion layer thickness [24]

With Mg as the insertion layer, and with a thickness of 0.2 nm, the optimal
value of (, is obtained, equal to 100‘7% about.
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Chapter 2

Analytical modeling of
domain Wall (DW)

motion due to an applied
current density and/or
external magnetic field

2.1 Newtonian Approach

In the current chapter 2, an analytical model of the Domain Wall motion
induced by Spin Transfer Torque (STT), by an external magnetic field and
by Spin Orbit Torque (SOT) is derived. Finally the presence of a "gate" of
different anisotropy along the ferromagnetic track, with the possible block-
ing of the Domain Wall due to this region of different anisotropy is analiti-
cally modeled in chapter 2.13. There are already analytical model, obtained
with a Lagrangian approach which allow to describe the motion of a do-
main wall along the ferromagnetic track. In order to allow readers who do
not know the Lagrangian concept, to fully understand how a domain wall
moves due to STT effect, SOT effect or due to the presence of an external
magnetic field, a purely mechanical Newtonian approach is adopted. The
descriptive analytical model will be a two-coordinates model, i.e. a system

21



2 — Analytical modeling of domain Wall (DW) motion due to an applied current density and/or external magnetic field

of two differential equations, one describing how the center of the domain
wall moves over time, the other one describing how magnetization precedes
around the perpendicular axis. In literature, models with two collective co-
ordinates obtained with a Lagrangian approach have already been proposed
[25][26][27][28]. Some modeling of pinning potentials have also been proposed
as reported in [29][30][31]. Through the Lagrangian approach it is possible
to obtain models with three collective coordinates, which is a system of three
differential variables: the center of the domain wall §, precession angle ¢, and
tilting angle of the domain wall T, or instead of the latter the width of the
domain wall A. Therefore, there are two distinct three-coordinates models:
G — ¢ — I model and ¢ — ¢ — A model, as reported in [32][33][34][35]. A
more complex model, obtained with the Lagrangian approach, would predict
the presence of a four-coordinates system: ¢ — ¢ — I' — A model as reported
in [36][32]. These two additional collective coordinates, A — I, add little
precision to the results with respect to a two-collective coordinates because
the width of the domain wall remains practically constant over time, and
since the tilting profile of the domain wall usually stabilizes around a con-
stant value. In the Appendix, section Four-Collective Coordinates system,
the four-collective coordinates system is reported only for more details. The
Newtonian model takes into account the tilting of the domain wall in the two
differential equations. The tilting angle could be provided by code externally
in fact, it is possible to observe and measure the tilting angle of a domain wall
with a Moke microscope. Moreover the domain wall width, which depends
on the magnetic anisotropy, is considered as a piecewise function in the case
of the presence of gates that modify the local anisotropy during the solution
of the differential system with Matlab. Therefore the innovative points of
this thesis consist in the Newtonian approach, or in other words in deriv-
ing the differential system with two collective coordinates without using the
Langrangian method; but above all in deriving an equation that allows to
describe a pinning site due to the presence of a "gate" of different anisotropy
due to VCMA effect. In conclusion, the main goal will be to find a function
which at the same time is as close as possible to a profile of an anisotropic
barrier/hole and which can be integrated for the anisotropic energy evalua-
tion, and which can subsequently be differentiated with respect to the center
of the domain wall as shown in chapter 2.13 to obtain a final expression of
the effective pinning field. The validity of the equation which describes the
effective pinning field generated by the VCMA gate will be confirmed with
the analytical results of the two collective coordinates model.
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2.2 — Reference System

2.2 Reference System

Figure 2.1a shows the reference system with respect to which, the motion of
the domain wall and its possible crossing through the VCMA gate will be
modeled.

\ a
z &
A /e\e /
m y
[C]
ne 7]

(a) Reference System

)

DOMAIN MAGNETIZED DOWN

-
A

(b) Domain wall parameters: A is the domain wall width, I" is the tilting angle of the domain
wall, ¢ is the center of the domain wall

Figure 2.1: Reference system and schematic of a domain wall

The tangent base vectors, trivially obtained from the derivative of the spher-
ical coordinates are defined as:

» = (sin(0)cos(¢); sin(0)sin(); cos())
9 = (cos(0)cos(@); cos(0)sin(¢); —sin(0)) (2.1)
ey = (—sin(9); cos(¢); 0)
23
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2 — Analytical modeling of domain Wall (DW) motion due to an applied current density and/or external magnetic field

2.3 Angle profile of the magnetization

The profile of the # angle of the magnetization could be described by the
following function [37]:

(z—q)-cos(I")+y-sin(T)

0(x,y) = 2arctan|e A ] (2.2)

where I' is the tilting angle of the domain wall in the xy’ plane.

2.4 Domain Wall Width

In the current section 2.4 the equation of the Domain Wall width is demon-
strated with a naive approach.

Neglecting the tilting profile of the domain wall, the 8 function could be writ-
ten in a simpler way, from which it will be easier to evaluate the infinitesimal
angle variation:

0(z) = 2arctanfe = ] (2.3)

This function describes quite well the angle profile of the magnetization, and
the counterexample is that in the middle of the profile, when x = ¢ its value
is perfectly § which means that our magnetization lies in the ‘zy’ plane.
Another reasoning why this function is a good choice is due to the fact that
the mathematical expression of the derivative could be rewritten in a easier
form as it will be shown later. Now, to demonstrate the infinitesimal angle
between two adjacent spins, the center of the domain wall profile is supposed
for simplicity to be perfectly at the origin of the axis, therefore ¢ = 0.

0(z) = 2arctan[e?] (2.4)

The series of spins could be imagined far "a" from each other, with "a" the
lattice parameter. The angle 6 (which is the angle between the 'z’ axis and
'xy’ plane as illustrated in Figure 2.1a) varies really slow from 0° to +180°. In
the domain wall there is a great number of electrons (assumed as an infinite
number in the limit concept); it implies that the angle between one spin
and its successive is practically infinitesimal. To calculate this infinitesimal
variation of the angle, it could be simply defined as the difference between
the angle in the middle of the wall () and the angle just one lattice space
after. In the concept of the limit, this is the mathematical expression of the
infinitesimal angle:

a

e%m] — 2arctan[e]] = 2arctan[ed] — ;T (2.5)

Oint = limg_o[2arctan]
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2.4 — Domain Wall Width

With a naive approach, the width of the domain wall could be defined as
the product between the number of spins and the distance between each spin

non,

defined as the lattice space "a':
A=N-a (2.6)

To evaluate the expression of the domain wall width, each energy quantity
involved in the domain wall must be calculated in function of the number
of spins NV, and minimizing the total energy density with respect to N, the
optimal N value is found, and therefore the final domain wall width equation
is derived. In this basic model three energies are taken in consideration:

« Exchange energy;
» Uniaxial anisotropy energy;
o Demagnetizing energy;

Dzyaloshinskii-Moriya interaction (DMI) is not taken in consideration for
the domain wall width demonstration.
Starting from the exchange energy, it is defined as follow:

Eea: = —2J12 . Sl . SQ = —2JS2 . 008(91 — (92) (27)

The exchange interaction is supposed to happen only between adjacent elec-
trons. Since the angle difference between two successive spins is 0, just
calculated before, the energy penalty of each electron couple is [38]:

AE., = E.,—E’2% = —275%.cos(0; —03) +2J 5% = —2J 5% cos(0iny) +2J S*

(2.8)
Substituting A = N - a, and in the limit of nearly infinite number of spins
involved into the domain wall:

~2)+2J8% =1- 1 (29

N 500|252 - cos(2 ~
limy_soo|—2J5* - cos(2arctan(eV] e

Replacing the limit into the exchange energy equation [38]:

1 JS?

Eep 0 —2J5% (1 — =) +2J5% = ——

( 2N 7+ N2

The energy per unit area of an electron couple is expressed by the above

equation divided by a?, therefore considering that in this model there are
(N-1) couples, the total exchange energy density is [38]:

JS? JS?
extot = UMN_soo| =5 - (N —1)| ~ — 2.11
€ex,tot my—> [N2a2 ( )] Na2 ( )

(2.10)
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The uniaxial anisotropy energy and the demagnetizing energy could be as-
similated both as anisotropy energy, both function of Y%, (sin(6;))?. The
total uniaxial anisotropy energy is:

N
Elot = ;Ku - (sin(6;))* (2.12)

where §; are the various, almost infinite, angles from 0° to 180° in step of 0, ¢.
Concerning the demagnetizing energy, it is in general expressed as follow:

— —

1
Egem = _EMOM * Haem (213)

but through an easy calculation, it can be rewritten as:
. . M?
Euom = *;0 (sin(8:))2- [M2N,(cos())+ M2N, (sin(¢))2 — M2N,] + “’02 SN,
(2.14)
To rewrite Egep,, the definition of demagnetizing field H dem = —WM is used,
where N is the demagnetizing tensor. Joining the two energy quantities, the

uniaxial one and the demagnetizing one, the total energy per unit of volume
is:

fioM? N
Eqis = 5Nz + Kepy Y- (sin(6:))? (2.15)
=1
with
M? |
Kepp = Ky + B0 (No(cos(6))? + Ny(sin(@))? = N.) (2.16)

Now the objective is to solve the series of (sin(6;))?. Practically each 6; is a
multiple of the infinitesimal angle 0;,r, from 0° to 180°:

1-2arctan[es] — 2
2 - 2arctanfes] — 2
3 - 2arctan[ed] — 2 (2.17)
N - 2arctan[es] — %

Since the increment between one term of the series and its successive is
practically infinitesimal, the series could be rewritten as an integral. We are
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2.4 — Domain Wall Width

in the case in which a summation almost coincides with the integral concept:

N N

Z(sin(@i))Q = > (sin(i- (2arct(m[e%] — ;T)))2 (2.18)
N . 2 N . % ™ ) - N
igo(sm(@i)) ~/0 (sin(N - (2arctan[en] — 5))) dN ~ ) (2.19)

Replacing the result into the equation of the total anisotropy energy, and

rewriting the total energy per unit of surface instead of per unit of volume
[38]:

tot N Ho M52

Eaniszi' effa+ 9

N.a (2.20)
The total energy per unit of surface is a function of N as expected [38]:

JS2 N IquZ
tot _ 7'Ke s
T Na T Rertt

.a (2.21)

Now, as previously stated, minimizing the total energy in function of N [38]:

d 6tot

AN

0 (2.22)
It is possible to obtain the equilibrium expression of N:

2.J 52
N=,|— 2.23
Keffa3 ( )

Replacing it into the equation of A = N - a, the final width is equal to [38]:

A = . Appe
Bi 1015 (N, (cos())2+Ny (sin(¢))2—N-)

a

K; ~ K
Ku:T+KvolNT

where Ap.. is the exchange stiffness constant, which in the case of a body

centered cubic lattice is equal to Ay = 2J5” [39].
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2.5 Landau-Lifshitz-Slonczewski equation &
Spin Orbit Torque

Landau and Lifshitz described the motion of the magnetization taking in
consideration its precession, Gilbert introduced the damping term of the
magnetization, and finally Slonczewski and Zhang-Li added the STT terms,
adiabatic and non-adiabatic one that are experimentally observed and for-
mulated. The LLGS equation is equal to [40][37]:

dM d — - dM A i - A —
- a ' BNt % G- V)T (2.25)

where [ is the phenomenological non-adiabatic spin transfer parameter, = is
the gyromagnetic ratio and u has the following expression [40][37]:

_ gusP

= . 2.26
“ 2e M ( )

u has the dimension of velocity and it is directly proportional to the electrical
current density.

The LLGS equation could be rewritten taking in consideration the Spin Or-
bit Torque (SOT) effect. Like the Spin Transfer Torque (STT) effect, the
Spin Orbit Torque (SOT) effect also exerts two twisting moments on the
magnetization, one of precession and one of damping. The authors of these
articles [36], [41], [42], [43], [44], [45] propose an analytical expression of the
Spin Orbit Torque effect; more exactly in [45], the analytical expression im-
plemented in Mumax3 is illustrated and explained. The analytical expression
of the SOT effect implemented in Mumax3 will be implemented in this thesis:

dM - . a - dM - - Pu - oA -

— =7vH, M M X — —u(ye- V)M M e - V)M

It Yeff X + M, X i u(] V) + M, X (] V)
+’)/M3aFL(m X A) —|—’yMszLm X (m X A)

(2.27)

where apy, is the field like SOT constant, and bpy, is the damping like SOT
constant:
WL = pelLipw (2.28)

_ happrJsor

{ _ hanrrJsor
bpr = 2eMstrm
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2.5 — Landau-Lifshitz-Slonczewski equation & Spin Orbit Torque

Before dealing with the equation of the domain wall motion, the last step is
to remember the tangent base vector defined in the section 2.1a:

>

= (sin(8)cos(6); sin(8)sin(9); cos(9))
s = (cos(6)cos(6); cos(6)sin(6); —sin(6)) (2.29)
¢ = (—sin(@); cos(6); 0)

>

From the infinitesimal displacement of the magnetization in spherical coor-
dinate:

dM (1,6, ¢) = dMé, + M,dég + M,sin(0)dee, (2.30)

The time derivative of the magnetization, supposing that the modulus of
the magnetization does not change in time (it is a specific constant of the
material), is therefore:

M(r, 0, dM o dé o . o do .
(dt ?) T ér + M s —&p + Mysin(6) d(f% = Msaeg + Mssm(@)d(f%
(2.31)
Exploiting the last result and exploiting the general kinetic momentum theorem|37]:
=
qﬁsm(@) = A}SF¢é¢ (2.32)
V= o

From the rewritten LLGS equation, it is easy to understand all the compo-
nents of torque, acting on the magnetization[37]:

FH e — M X Heff

FH — M x H

fu = ;(]e : V)M

Ty =—L0M x (jo- V)M

Tsor,rr, = Msapr (1 X &)
m

Tsor,pr, = Msbprin x (

(2.33)

X &)

All the torque components are expressed in CGS system, therefore pg = 1.
For each components, the approach consists to compute the vector products,
and the gradient in spherical coordinate and then through an easy scalar
product, translating or better projecting the result in the tangent base vector.
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Concerning the first torque component, it is related to the effective field. The
effective field is defined as follow:

- - 24,

2K, . 92D
Heff = Hep + 0

WSVQWA’L - ﬁsng — Hd — MS

(V- 1h)2 — Vin,) (2.34)

The field components of the effective fields are:

e The external applied field. For simplicity, the external field is supposed
to be applied only along the Z direction, but the demonstration could
be extended taking in consideration also the other directions;

e The exchange field due to the exchange interaction between each spin;
o The uniaxial anisotropy field;

e The demagnetizing field;

e The Dzyaloshinskii-Moriya field due to DMI;

The sum of the uniaxial anisotropy field and the demagnetizing field compo-
nent related to IV, are defined as the Effective Anisotropy Field. Exploit-
ing this definition the remaining part of the demagnetizing field associated
to N, and N, component of the demagnetizing field is called Transverse
Shape Anisotropy Field. In conclusion the sum of the uniaxial anisotropy
field with the demagnetizing field is equal to the sum of the effective field
with the transverse shape anisotropy field. Making it explicit the H, #f could
be rewritten as:

~ ~ 2Acx

2D
Heff :Hext+ il

M

A

2K, 2K,
v2 A eff
M. m —+ M, m,z + M,

A

myYy —

((V-m)z = Vi)
(2.35)

where Kepp = Ky, — %MOMSQ . Ky =~ %’Mrz because the structure of the
ferromagnetic layer is planar.

2.6 Mathematical Properties

The function of the angle profile of the magnetization describes quite well
the realistic angle profile of a domain wall. At the same time this function
has some properties that allow to write the function itself and its derivative
in a more simplistic way through algebraic manipulation. By exploiting this
specific profile function, it will be possible to obtain final equations, which
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2.7 — Effective Field

describe the motion of the domain wall. The following equation shows an
alternative way to write the function sin(2arctan(zx)):

sin(2 - arctan(x)] = 2 - sinfarctan(z)|cos|arctan(x)] (2.36)

x 1 2x
stn|2 - arctan(x)| = 2 - . = 2.37
| W= e e v B
Substituting y with an exponential function:
2-e"

- 14 e22

sin(2 - arctan(exp(x))] = sech(z) (2.38)

Now, making the derivative of the angle profile and exploiting the last rela-
tionship:

~ cos(D)sech(Emaeosrusinll)y  oo5(D)sin(6(x))

(z—q)cos(I")+ysin(T)
A

d
— |2 = ; A
[2arctan|e ]

(2.39)
In conclusion:
do(x,y) _ COS(F)sm(G(:I:,y)) (2.40)

dx A
Another important property that will be exploited during the thesis is the

following:
cos(2arctan(e®)) = —tanh(x) (2.41)

To demonstrate the equality, just start with:

1 — tan®(arctan(e®)) 1—e* 1—e (-20)

cos(2arctan(e”)) = 1 +tan?(arctan(e®)) 1+e2r 1+ e (-22) (242)
cos(2arctan(e®)) = tanh(—x) = —tanh(x) (2.43)

therefore:
cos(0(x.y)) = —tanh(E= q>008(12 +ysin(l)), (2.44)

2.7 Effective Field

In section 2.5 all the effective torque components acting on the magnetiza-
tion are expressed in the C'GS system, therefore o = 1. In the following
subsection, each effective torque component and all the parameters will be
expressed in the International System of Units (S7) for clarity.
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2.7.1 External Field
Supposing that the external field is applied only along the Z direction:

. 0 z
Heyp=1[ 0 g (245)
H, 2
The external torque is equal to:
B o M - sin(6)cos(9) 0
Cewt = poM X Hepy = | My - sin(6)sin(¢) | X 0 (2.46)
M - cos(0) poH,
B poMs - H, - sin(0) - sin(¢) T
Cewt = | —poMs - H, - sin(0) - cos(o) 0 (2.47)
0 Z

Now through the scalar product with the tangent base vector, the final ex-
pression for the external torque is: [37]:

0 é,
—po - Mg - H, - sin(0) €4

2.7.2 Exchange Field

The exchange field is strictly related to the profile angle of the magnetization.
Its mathematical expression is:

2A., 0?m  0?m 2A,, M 9°M

- 2A
H.,, = V%5 = + =
oM " poMs* Ox? aZ/Q) MOME( oa? dy* )

(2.49)

To evaluate the exchange torque, the vectorial product between the magne-
tization and the exchange field must be evaluated:

- 2A - 2A - Pm 0°m
T = ex 2,2\ _ ex om om
o MOMOMS(M x V) i (M x (8562 + o )

(2.50)

The profile model of the magnetization is a one dimensional function, there-
fore the V operator could be written simply with a one dimensional deriva-
tive. The second derivative of m could be calculated deriving each spherical
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2.7 — Effective Field

component:
. (z—g)cos(I)+ysin(I")
52 52 cos(¢)sin(2atan(e A
255 - . (z=q)cos(D) +ysin(I)
Vi = (8 7 T B 5) | sin(¢)sin(2atan(e a (2.51)
x (z—q)cos(I")+ysin(T)
cos(2atan(e A )
5 . (z—q)cos(I")+ysin(T) 5 . (z—q)cos(I")+ysin(T)
((b)(a sin(2atan(e A 4+ 0*sin(2atan(e A
cos Ox? Oy?
vg A Osin(2atan( (z=q)cos(D)+ysin(T) 9sin(2atan( (I—Q)COS(E)-*-ysin(F)
m = . sin(2atan(e sin(2atan(e
sin(@)( - n - )
5 (z—q)cos(I")+ysin(T) 5 (z—q)cos(I")+ysin(T)
0”cos(2atan(e A + 0“cos(2atan(e A
Ox? dy2
(2.52)

The second derivative of the sine function with respect to x could be rewritten
as:

82sin(2amn(ew)) B azsech((a:—q)cos(i)—kysin(l")) (2 53)
ox? N Ox? '

The result of the derivation is:

cos(I")? o, (x — q)cos(I") + ysin(I") (x — q)cos(T) + ysin(T)
A2 [tanh( A )sech( A )]
cos(T)? (x — q)cos(I") + ysin(I)
~ A2 [sech?’( d A Y )]
(2.54)

Through several algebraic manipulation the final result could be rewritten
as:

2sin(0(x cos?
0 Egi(z ) _ AgF)(Sin(Q)—Qsing(G)) (2.55)

Similarly:
O?sin(0(x,y))  sin®*(T)
oy? A2

Concerning the second derivative of the cosine function with respect to x:

(sin(f) — 2sin3(9)) (2.56)

aQCOS(QGtan(GWw» B 82tcmh(— (qu)cos(£)+ysin(1"))

ox? 0x?

(2.57)

therefore:

(x—q)cos(I")+ysin(T)
0?cos(2atan(e A

02

D _ gt (ry 2O )sin 0.5
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Similarly:
dcos(0(x,y)) 2cos(0(x, y))sin*(0(z, y))
o = —cos*(I") A2 (2.59)
Therefore:
sin(0)—2sin® A
R T
V3 = + — sin(gf))(sm 0)—2sin>(6 ) Q (260)
2 2 A2
O ay . 2003(6&322'112 (6) Z

Knowing the mathematical expression of V?m, the vectorial product must
be computed to obtain the final expression of the exchange torque:

__sin(f)cos(6)sin(¢)

—_ N A2 i\:
M x VQW—;L _ Ms _sm(&)coz(f)cos(gb) g (2.61)
0 z

Now making the scalar product with the tangent base vector, it is possible
to obtain the final expression of the exchange torque in tangent base system:

0 é
= 2Aem W A AT
e = (M x Vi) = 0 ég (2.62)
s 2Aem sm(&ic;)s(e) é¢
2.7.3 Uniaxial Anisotropy Field
The uniaxial anisotropy is defined as:
0 T
7 2Ku N
H,, =— i m,2 = 0 7 (2.63)
HoiMs —% - cos () 3

The anisotropy field exerts a torque moment on the magnetization defined

as:
. L M - sin(0)cos(o) 0
Fam’ - _MOM X Ham' = —Mo MS ’ SZH(Q)SZR(Qﬁ) X 0 (264)
M - cos(0) io—ljfjs - cos(0)

The result of the vectorial product is:

—2Ksin(0)cos(8)sin(¢p) by
Coni = | 2Kysin(8)cos(8)cos(o) g (2.65)
0 2
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Transposing in the tangent base vector:

) 0 ér
T, = 0 e (2.66)
2K, sin(0)cos(0) €4

2.7.4 Demagnetizing Field
The demagnetizing torque is defined as:

Ty, = —poM x Hy = —pgM x (=N - M) (2.67)

B M - sin(0)cos() My - Nypsin(0)cos(¢) T
Ly, = po | My - sin(0)sin(¢) | x | My - Nysin(60)sin(¢) Y (2.68)
M - cos(0) M; - N.cos(6) 2
Developing the vectorial product in the equation above:
B (N, — N.) - sin(0)cos(8)sin(¢) z
Ty, = —poM?2 | (N, — N,) - sin(f)cos(0)cos(¢) |- |9 (2.69)
(No = Ny) - (sin(0))*sin(¢)cos(¢) ] \2

Making the scalar product with the tangent base vector, the final expression
for the demagnetizing torque is:

0 é,
T, = —poM? (N, — N,) - sin(8)sin(p)cos(e) | e
(N = Ny(sin(¢))* — Ny(cos(¢))?) - (sin(8))cos(0))] \é

(2.70)

In the presence of a certain tilting profile, the torque must be accurately
modified. The approach is to change the coordinate system, supposing that
there is a certain tilting angle I', and in this way a general expression can
be found as done for the DMI torque. An easier method is to replace ¢ with
¢ — I', because intuitively the in-plane angle ¢ changes a bit because of the
presence of the tilting angle I'. In conclusion the demagnetizing torque is
equal to:

0 é,
Ty, = —puoM? (N, — N,)sin(0)sin(¢ — T)cos(¢ — T) éo
(N, — Ny(sin(¢ —T))? — Ny(cos(¢ — F))2)sm(0)cos(92 §¢

2.71
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2.7.5 Effective Anisotropy Field

The Effective Anisotropy Field as explained before is the sum of the uniaxial
anisotropy field with the N, component of the Demagnetizing Field, therefore
neglecting N, and N, , and since N, ~ 1 the Effective Anisotropy Torque is

equal to:
. . . 0 ér
Ukeyy =Uhy + Lanin, = 0 | éo
2K, sin(0)cos(0) — poM2sin(0)cos(0) €s
(2.72)
K.y is defined as:
1
Kegr = Ky = 5poM? (2.73)
Therefore the final expression of fKe PPRCE
Tr.,, = 2K.spsin(0)cos(0)és (2.74)

2.7.6 Transverse Shape Anisotropy

The transverse shape anisotropy energy is associated to the domain wall, and
it differentiates the energetic state of a Bloch domain wall with respect to
a Néel domain wall. The effective field due the transverse shape anisotropy
energy is [20]:

My (2.75)

2
Fy = 10 (2.76)

Where N, could be evaluated with the following formula [20]:

. ln(?)tFM

where trjs is equal to the thickness of the ferromagnetic layer. The torque
associated to the effective field component Kj is:

- M x2=""Smm x & (2.78)
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where m, is equal to sin(6)cos(¢). The torque m x & is equal to:

sin(0)cos(¢) 1 z
mx 3= |sin@)sin(¢)| x 0] = cos(0) 7 (2.79)
cos(6) 0 —sin(0)sin(o) 2
Through the scalar product with the tangent base vector:
0 ér
m X &= sin(¢p) éo (2.80)
cos(0)cos(9) és
The final expression of the transverse anisotropic torque is:
. 0 e
Tk, =2K, | sin(f)sin(¢)cos(o) | - | éo (2.81)

sin(6)cos(0)cos*(p) €s

The expression of the transverse shape torque reported in equation 2.81 is
valid for a non tilted domain wall. In the presence of a certain tilting profile,
the torque must be accurately modified. The approach is to change the
coordinate system, supposing that there is a certain tilting angle I'; and in
this way a general expression can be found as done for the DMI torque. An
easier method is to replace ¢ with ¢ — I', because intuitively the in-plane
angle ¢ changes because of the presence of the tilting angle I'. In conclusion
the expression of the transverse shape anisotropy is:

0
[k, =2Kq | sin(0)sin(¢ — )cos(¢p —T)
sin(6)cos(#)cos?*(¢ — T)

>

r

y (2.82)
¢

D> >

This final equation coincides with equation 2.70 supposing N, equal to 0 and
N, equal to %. The domain wall in the initial state can be in the Néel
configuration or in the Bloch configuration, and the sign of K; determines

which of the two configurations is energetically preferred.

2.7.7 Final expression of the effective field torque

The effective field will be expressed in function of the sum of the effective
anisotropy field with the transverse shape anisotropy field instead of the
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sum of the uniaxial anisotropy field with the demagnetizing field. The final
expression of the effective field is therefore:

N : N sin(0)cos(6
FHeff = — uoMy * H, * sm(@)% + QAem(iz()

— noM?Zsin(0)cos(0)éy + 2K gsin(0)sin(¢ — T')cos(¢p — I')ég+
+ 2K sin(0)cos()cos* (¢ — T)éy

€y + 2K, sin(0)cos(0)éy+

(2.83)
2.8 DMI Field
Dzyaloshinskii-Moriya interaction field is equal to:
2Dy
H = — V.-m)z— Vi, 2.84
DMI LM, (( ) ) (2.84)

The divergence of m could be easily evaluated:

Osin(0(z,y)) | 9sin(0(z,y))

Orin, | iy | Din

V-m= e o 5, — cos(¢) e sin(¢) o
(2.85)
Evaluating firstly the derivative of the sine function:
asin(2atan(e(w*q)COS(Z)erSm(F) )) B _COS(F)tCLﬂh( (m—q)cos(i)—l—ysm(l“) )sech( (x—q)cos(£)+ysin(F))
ox B A
(2.86)
85in(2atan(e%w)) sin(6)cos(0)
o = COS(F)T (2.87)
Similarly the derivative of the sine function with respect to y:
(z=q)cos(T)+ysin(T)
(2 .
Osin( atan(eay A ) _ Sm(r)szn(H)Acos(Q) (2.88)
Finally:
r m(I)si
v = (25)eos(@) ZSW J5O)) in(0)cos(0)  (2.89)
For what concern the gradient of m,:
R om, . Om,. Om,,  0Ocos(@),. Ocos(0) .
> = = 2.
vin {9:1::1:Jr @yy+ 92 - ox T dy Y (2.90)
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2.8 — DMI Field

The derivative of the cosine function with respect to x is:

(z=g)eos (D) +ysin(D) —g)cos(T)+ysin(T)
dcos(2at p2 ((&=q)cos(
cos(2a Cm(eax . ) = —COS(F)SeC ( A & ) (2.91)
dcos(2atan(e "5 EY) ~cos(I)sin*(0) (2.92)
ox B A '
while similarly:
8003(2atan(ew)) _ sin(T)sin(0) (2.93)
dy B A '
The final expression of Vi, is:
. 2 . . 2
Vi, — _cos(F);m (0>;@ B sm(F)zm (Q)g (2.94)

The DMI torque is equal to:

B 2Dy
Tpnir = —pio——2 M x (V1) 2—Vin,) = —2Dgimx (V1) 5—Vins) (2.95)
HoVls

therefore to evaluate the final expression of I' D;\4 1, the vectorial product must
be calculated:

i x (V- 1)2 — Vin,) =
cos(T)sin?(0)

sin(6)cos(9) s 4
= | sin(f)sin(¢) | x %sz’n?(@) J
COS(@) cos(I)sin(0)cos(0)cos(¢) + sin(T)sin(6)cos(9)sin(p) 3
A A
(2.96)
mx ((V-m)z—Vim,) =
cos( szn2(9)002(9)sin(¢)cos(¢) . sin(I‘)sin%HLcos(@)cosz(¢>) 4
cos( sm 0)cos(0)  cos(I')sin*(6)cos(f)cos®(¢)  sin(L)sin®(0)cos(6)sin(4)cos(¢) g
. A ] A /
sin(I")sin®(0)cos () o cos(T)sin>(0)sin () %
A A
(2.97)
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Now translating equation 2.97 in the tangent base vector:

0 e,
i x (V)2 = Vi) = | S50 (cos(T)sin(g) — sin(T)cos(d)) | ée)
0 €y
(2.98)
Final DMI torque moment is:
-2
Tparr = —2D; SZ”A(Q) (cos(D)sin(d) — sin(T)cos(é))és (2.99)

2.9 Damping Field

The explicit equation of the damping field was found by Gilbert, as stated

before [37]:
o dM
H, = — 2.100
yM; dt ( )
The damping torque is defined as:
— — e dM (0% = dM
Iy =M = M x — 2.101
= M (7 ) = 5 0T < ) (2.101)

To evaluate the time derivative of the magnetization, it is sufficient to derive
over time each component of the magnetization vector as follow:

M - sin(0(t))cos(p(t))
My - sin(0(t))sin(o(t)) (2.102)
M, - cos(0(t))

it _d
dt  dt

i (Maleos(O(t)cos(@(1))6(t) — sin(O(®)sin(6(1))6(1)
o M;(cos(0())sin(o(t))0(t) + sin(0(t))cos(o(t))d(t)) (2.103)
—M,sin(0(t))0(t)

dM .

Performing the vectorial product M x s

. oM —sm(¢)0 — sin(0)cos(0)c 08(¢)¢ T
Ly, = > | cos(¢)d — sin(0 )cos(0 )sin(@) Y (2.104)
7 sin(0)2¢ 2
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2.10 — Adiabatic Spin Transfer Torque (A-STT)

Transposing I, in the coordinate base system and dealing with all the cal-
culations, the result is [37]:

0 é

. M, [ ° r

Ty, = 2 [ ~dsin(0) | - | e (2.105)
0 &

2.10 Adiabatic Spin Transfer Torque (A-STT)

This is the mathematical expression of the adiabatic spin transfer torque
(STT) [37]:

U~ =

T, = —g(je V)M (2.106)

There are two approaches to derive the expression of the adiabatic STT: the
first one is to calculate the gradient of the vector M which is a tensor, and
then evaluating the scalar product with Je. the second one is to calculate
the scalar product between the current vector 7, and the V operator. Avoid-
ing the tensor notation will simplify a bit the notation and the calculation.
Generalizing the direction of J.:

~ u 0 0 0 -
rh=—"2+9+2) (=—2+—=—9+=—2)M 2.107
@ FG+2) - (Gra+ 5 0+ 572) (2.107)
Supposing that the current through the ferromagnetic layer is applied only
along the Z direction:

- u . 9. 9. ud -  udMd
r,.=—02) (=2+—=—9+=—2)M=——M=——— (21
fy((aj) (Gxx+ 8yy+ 622)) v Ox v 00 Ox (2.108)
The derivative of M with respect to 6 is equal to:

oni 9 sin(0)cos(9) cos(0)cos(¢)

—— = My— | sin(0)sin(¢p) | = Ms | cos(8)sin(¢) | = Mséy (2.109)

00 00 :

cos(0) —sin(0)

The derivatives of the 0 profile with respect to x and y directions are:

{ae_cosmmw

5 _ sin(@sin(0) (2.110)
oy A
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The final expression of T, is:
- uM;cos(T)
r,=——=
~yA
Using the second approach, it is possible to evaluate the general tensor as-

sociated to the gradient of the magnetization vector M. The gradient of a
field is defined as the gradient of each component:

sin(0)ég (2.111)

. Vsin(0(x,y))cos(o) cos(¢)Vsinh( (x*Q)Cos(FA)+ysz:n(F))
VM = Vsm(e(l‘; y)>szn(¢> = Sin(¢)v8inh((wfq)cos(FA)ersm(F))
VCOS(€<337 y)) —Vtcmh( (x—q)COS(Z)—Fysin(F))
(2.112)
Since VM is a tensor each component of the gradient of the magnetization
is a vector:
) COS(gb)(COS(F)SZZ(Q)COS(G)f + szin(l“)szlvi(e)cos(e):g 2
VM = Sin(qS)(cos(F)szZ(@)cos(@)j + sm(F)szZ(G)cos(G)g 4 02) (2'113)

. 9 . 9
_cos(F)zm (G)i’ i szn(F)zm (0)@ 4+ 02

Writing in tensor notation:

. _ COS(¢) cos(F)szjz(H)cos(@) COS<¢) sz:n(F)sz:%O)cos(G) 0
VM =D = SZN((b) cos(I")sin(0)cos(0) 8Zﬂ(¢) szn(F)szg(@)cos(G) 0 (21 14)
_cos(I')sin”(6) _sin(I")sin”(6) 0

A A

Making the scalar product of each component with j. = # the tensor be-
comes a vector and through the scalar product with the tangent base vector,
the same result of the adiabatic torque evaluated before is obtained. If the
current has also a component along § direction j, = % + ¢, the final torque
expression will become:

T, = —UMS[COS?AJF Ol )6, (2.115)
2.11 Non-Adiabatic Spin Transfer Torque (NA-

STT)

This is the mathematical expression of the non-adiabatic STT term [37]:
O oM 09
I's = M e VM) = —
p v M X (7 ) v Mg 00 8:{:>
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2.12 — Spin Orbit Torque

aa—]g[g—z is calculated in the previous section A-STT, therefore only the vectorial
product and the scalar product with the tangent base vector must be made

explicit:

- ' 0 0 é
L oN o0 sin(0)cos(¢) .
waa— = M; | sin(0)sin(p) | x %‘Q’(F)smw) =1 0 | ég
r COS(Q) 0 M; cos(A)sin(H) é¢
(2.117)
The final expression of the non-adiabatic STT torque is:
o BuMscos(F)sm(Q)é (2.118)

A

2.12 Spin Orbit Torque

In section 2.5 the Spin Orbit Torque is expressed in the C'GS system, there-
fore g = 1. In the following subsection, it will be expressed in the Interna-
tional System of Units (S7) for clarity. The torque exerted on the domain
wall due to the spin orbit torque effect is therefore equal to:

Tsor = poMsarr (M X 6) + poMsbprm x (X &) (2.119)

where & is:
o= JSOT X N (2.120)

n is the normal unit vector with respect to the ferromagnetic layer, while
Jsor is the direction of the current flowing through the heavy metal layer. &
direction could be generalized as a combination of sine and cosine function,
but usually, especially in the case of thin layers, it is parallel to § direction.
Therefore 6 = 9.

2.12.1 Field Like Torque

Field like torque component is expressed by the following equation:
FFL = /LoMS(IFL(m X 5’) (2121)

Starting with the vectorial product calculation:

sin(f)cos(¢) 0 —cos(0) T
mx 6= |sin(@)sin(p) | x 1| = 0 yJ (2.122)
cos(0) 0 sin(0)cos(¢) 2
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projecting on the tangent base system:

0 e,
m X o= —cos(¢) ég (2.123)
cos(0)sin(o) s
Therefore:
er
FFL = ,U()MSCLFL(m X 5‘) = —,LL()MS(LFL COS(gb) . ég (2.124)
—cos(0)sin(p) s
the parameter ary, in SI is equal to:
hap, rrJsor
= 2.125
e 2poe Mt pag ( )

where h is the Planck constant divided by 27, «, is a factor of intensity related
to the Damping Like Torque (it is the ratio between the Spin Current and
the Current that goes through the heavy metal), e is the electron charge, and
tpar is the thickness of the ferromagnetic layer.

2.12.2 Damping Like Torque

Slonczewski like torque or damping like torque component is expressed by
the following equation:

7?DL = ,LL()MSbDLm X (m X 5’) (2126)

m x & is calculated in the previous section, and it can be exploited to evaluate
m X (m x &):

sin(0)cos(op) —cos(0)
m x (m x &) = | sin(f)sin(¢) | x 0 (2.127)
cos(0) sin(0)cos(9)
sin®(0)sin(p)cos(¢) z
m x (i x &) = | —sin®(0)cos?(¢) — cos*(0) Y (2.128)
sin(0)cos(0)sin(o) z
Projecting on the tangent base system:
0 ér
mx (mxa)=|—cos(d)sin(¢) ép (2.129)
“cos(@) ) \és
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The final expression of the Damping Like Torque is:

0 é, 0 é,
Tpr = poMsbpyr | —cos(0)sin(¢p) éop | = —poMsbpr, | cos(0)sin(p) || éq
—cos(@) ) \éy cos(9) ) \és
(2.130)
the expression of bpy, in ST is:
haow prJsor
= 2.131
P 900e Mt pa ( )

where h is the Planck constant divided by 2w, «5 is a factor of intensity
related to the Damping Like Torque (it is the ratio between the Spin Current
and the Current that goes through the heavy metal layer), e is the electron
charge, and tp) is the thickness of the ferromagnetic layer.
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2.13 Modelling of a Gate of different anisotropy

In this section an analytical description of a "Gate" of different anisotropy is
proposed. As previously explained the motion of the Domain Walls (DWs)
along the track can be synchronized thanks to the presence of periodical gates
through which a specific voltage is applied to locally change the anisotropy
value. Practically periodical potential barrier of anisotropy are created, and
in this way the DWs are blocked if the strength of the torque exerted on
the DWs themselves is not sufficiently high, in other words it is possible to
establish a threshold current, above which the DW crosses the gate. The
idea consists in modelling the presence of a gate as an effective field that
acts on the DW as an external field along the perpendicular direction ("z'
direction). To find an analytical expression of the effective field, we must

start by defining the energy density of a domain wall:

+00 9 +o00 . .
opw(q) = /_OO A|Vm)| dm+/_oo D(m,Vm — (m - V)m,)dx+

= (2.132)
+ /_ [Ku(7) + kasin®(¢ — T)]sin®(0(x))dzx
Dealing with all the integrals:
24 1 . D
oow(q) = X[m + 2sin(I)] + COS(F)COS(¢ -1+ (2.133)
2A oo |

The objective is to find a function which describes the behaviour of an
anisotropy barrier profile, and which at the same time is integrable when
multiplied by sin?(6(x)) with a final analytical expression. 6 is supposed
to be only a function of ‘z’, therefore the tilting profile of the domain wall
is not taken in consideration also because it is negligible for the integral
computation. The expression of # is therefore:

0 = 2arctan(e’s") (2.134)

The integral of the anisotropy energy density can be rewritten as follow:

+o0 xr—q

K, (x)sech?( A

A function that describes in a very satisfactory way the anisotropic profile of
a VCMA gate and that can be integrated when multiplied by the sech?(*5%)

46

)dx (2.135)



2.13 — Modelling of a Gate of different anisotropy

giving back a closed analytical form is the following:

AK, r+c+ g r+c—%

5 ) — mnh(#)] (2.136)

K,(z)=K,+ [tanh(

In the above equation A K, is the anisotropy variation of the gate with respect

to the anisotropy of the track, or in other words AK, = Ky gate — Ko track, '¢

is the center of the "Gate', 'w’ is the width of the gate, while ¢ is the param-
eter which establishes the sharpness of the anisotropy barrier profile. § will
establish how abrupt is the rising and falling edges of the anisotropy bar-
rier, it is nothing else that a submultiple of the "gradient length" of the edge
profile. Since the edge profile of a tanh function behaves like an exponential
one, after more or less 20 starting from the center '¢’ of the edge (which
corresponds to the 50% of the quote) the tanh function reaches more or less
the 90% of the quote of the barrier (approximately evaluated as ~ (1 —e72)),
therefore starting from the 10% of the quote 49 are necessary to reach the
90% of the quote. 46 is therefore the value of the gradient length which
normally is evaluated as the abscissa difference between the two points asso-
ciated respectively to the 90% and to the 10% of the quote of the rising or
falling edge.
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Figure 2.2: On the top side the plot of equation 2.136, on the lower side the
plot of a typical experimental profile of the Electric Field across the Gate

evaluated by COMSOL, as reported in [29]. The anisotropy profile and the
electric field profile can be compared indistinguishably because they differ

only by a multiplicative constant
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2.13 — Modelling of a Gate of different anisotropy

Whichever 0 is chosen, the integral is solvable, but to obtain an easy final
analytical expression it is convenient to choose d equal to the width of the
domain wall: § = A.

This choice is very smart because in addition to simplify the final analytical
expression, it establishes a gradient length compatible with the most common
experimental gradient lengths. Usually the experimental gradient lengths are
in the range between few nanometers until 40-50 nm depending on the quality
of the oxide and on the width of the gate. Being A equal to more or less 5 nm,
4A correspond to more or less 20 nm which is a very satisfactory value. The
analytical expression of the anisotropy profile could be rewritten as follow:

r+c+ g r+c—3

AK,
Ku(x) = K, + 5 [tanh( A ) — tanh( A ] (2.137)
The integral of the anisotropy energy density is therefore equal to:
[t AK, rT+c+ g rH+c—7% 0 T —(
oo, (@) = [ (K= ftanh(—— %) —tanh(———2)])sech*(“— dz
(2.138)

The integral can be splitted in the sum of two integrals:
+o0o xr —
oo, (@) = | Kuseeh*(*1)+

+oo AK, w _w
/ [tanh(qﬂrzh) _ tanh(m

)]sechz(xA )dx

) (2.139)
2A oo AK rT+c+ % r+c—% x
= — K, —tanh(————2)—tanh(=————2)]sech?
) cos(T) +/_OO 5 [tanh( A )—tanh( A )]sech”( X
(2.140)
Now dealing with the integral:
+oo AK, r+c+ g r+c—7g 0 T —qy,
LOO 5 [tanh(T) - tanh(T)]sech (T)dx =
+oo AK, r+c+g 5
= - 2 2.141
/ tanh( A 2)sech ( A )d:L’+ ( )
+oo AK, rtc—3 5, X —(q
—/ tcmh(T)]sech (T)dx
The following parameters are defined to simplify the integral:
C/ — C+%
A'LU
=52 (2.142)
q =%
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The general solution of the indefinite integral is:

AK, T , 9, / AK, L " 2, L / _
/ 5 tanh(x + c')sech (Z )dx / i tcmh(Z + ")sech <E q)dr =
= Alesch?®(d + ¢')(log(cosh(q — z)) log(cosh(c’ + Z))]+
+ Alsech(q)cotanh(c + q’)sz’nh(z)sech(q' — z)]—l—

— Alesch?(¢” + ¢')(log(cosh(q' — Z)) — log(cosh (" + Z))H—
— A[sech(q')cotanh(c" + q')sinh(Z)sech( ' — Z)]
(2.143)
Studying the integral from —oo to +oo:
AK,
opwy, () = 5 [—2(c + Z)cschQ(c + A) + 2cotanh(c + )]+
AK, n o, 4 2 q
- [—2(c" + A)csch (" + A) + 2cotanh(c” A)]
(2.144)

Therefore the final expression of the energy density of the domain wall in the
presence of an anisotropy barrier is:

24 1 wD 2A
_ A 2sin(T D) 4+ 2 kusin?(6—T
opw(q) A [cos(F) + 2sin(T)] + COS(F)COS(¢ )+ OS(F) kqsin“(¢ — )+
AK, 4 207, 4
5 [—2(c" + Z)csch (' + A) + 2cotanh(c + )]+
AKU 7 q 20 .M g
- [—2(c —|—A)csch (c —I—A)—i—Qcot(mh( A)]

(2.145)

The effective field associated to the anisotropy barrier is a pinning field. We
must start from the hypothesis that the depinning of the DW takes place as
soon as the energy barrier is canceled out by the Zeeman energy, therefore
by setting the following expression to zero it will be possible to obtain a final
analytical expression for the pinning field [29]:

d
dfq[apw(q) + 2410 M, H ] (2.146)
Therefore [29]:
H,, = —di70W (2.147)
pin 2M0Ms .
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The derivative of the energy density of the domain wall with respect to '¢’
(which is a function of time: ¢(t)) which is the position of the center of the
domain wall is equal to:

dO-DW(q> _ d AKU / q 2/ 1 q / q
dg dq( 5 A[=2(c + A)csch (' + A) + 2cotanh(c + A)])+
d AK, n o, 94 20, 4 PR/ ACN
dqg A+ Reseh* (¢ + 1) + 2cotanh(e” + D)) =
AKy 200 . 4 4 ;o q
[4esch” (! + A)((C + A)coth(c + A> )]+
AK,
— =5 esch (¢ + D) (¢ + 1 )eoth(c + 1) 1)
(2.148)

The final expression of the pinning field is therefore:

AR, Aescl(c + £)(( + §)eoth(e” + §) = 1) — desch*(c + £)(¢ + Eeoth( + £) = 1)

Hpin = =5 2110 M,
(2.149)

o /_C+% //_C—%j
with ¢ = x and " = =2

o1
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2.14 Final differential equation

Exploiting the Kinetic Theorem:

dsin(f) = Ty (2.150)
V=35

where e is the absolute value of the electron charge. These are all the torque
components evaluated in chapter 2:

| —poMsHoqr5in(0)é4
Ly = e sin(0)cos(0)éy
Ty = —2Do 5in(0)[cos(T)sin(¢) — sin(I')cos(¢)]é
0 ér
de = 2K, | sin(@)sin(¢p — T)cos(¢p —T') | - | ég
sin(6)cos(0)cos?*(¢ — T) és
0 ér
fKe,ff - 0 K
2K, sin(0)cos(0) — uoM?2sin(0)cos(0) és
0 ér
Ty, = e | —dsin(0) | - | é (2.151)
7 €s
T, = —UM;CZS(F) sin(0)éq
f/g = mMéicAos(r)Sin(Q)é(ﬁ
0 &,
TrL = —poMsapy, cos(¢) | ég
—cos(0)sin(¢) €o
0 ér
Tpr = —HoMsbpr | cos(0)sin(o) | - | és
cos(@) ) \éo
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2.14 — Final differential equation

Dividing all the torque terms in €9 and €4 components:
Ly=— Tsz'#(&)[cos(f‘)sm((ﬁ) — sin(I")cos(¢)]+
M . .
+ 2K ysin(0)sin(¢ — T)cos(¢p — T') — av psin(0)+

r
- UM‘;CZS()SW(H) — poMsappcos(p) — puoMsbprcos(0)sin(¢)
2Aea:

= sin(0)cos(0) — poMsHepisin(0) + 2K, sin(0)cos(6)+
+ 2K gsin(0)cos(0)cos* (¢ — ') — g M2N . sin(0)cos(0)+

&Msé + BUMSCOS(F)SM(@) + poMsappcos(0)sin(p) — puoMsbprcos(d)

g A
(2.152)

Exploiting the general Kinetic Theorem (2.150), the differential equation
system becomes:

2"}/D0
MA
YK

Ly

_|_

0 = sin?(0)[cos(I")sin(¢) — sin(I")cos(¢)]+

2
+

sin(0)sin(¢ — I')cos(¢p — ')+

U.CZS(F)“”(@) — Ypoarrcos(¢) — yiobprcos(0)sin(¢)

— agsin(h) —

. 2'714623 . . 2’7Keff .
osin(0) “ LA sin(0)cos(0) — poyHezesin(6) + Tsszn(9)605(9)+

+ 2de sin(0)cos(#)cos?(¢ — ') + ab+
pu - cos(T)
A

sin(0) + ypoarLcos(0)sin(p) — vuobprcos(o)
. (2.153)
Then 6 is replaced with:

i (_COiF)Q+ (g — x)szn(i) + ycos(I) P (x — q)cos(ig + ysin(I) A)sin(0)
(2.154)
0 can be rewritten as follow:
j— (_COS(F) LU= Asin(F)ln(tan(g))F B ln(tan(g))A>sm(0) (2.155)

N Acos(T) A

In the differential equation system the anisotropy constant K.y is equal to
K, — %,uojws2 as previously defined is section 2.7.5 and K, is the sum of the
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volume and of the surface contribution:

K;

FM

K= Koo+ (2.156)

where tp)s is the thickness of the ferromagnetic layer. Considering that the
thickness of the ferromagnetic layer is nanometric, the anisotropy constant
is dominated by the interfacial component. To solve the differential equation
system, the two differential equation must be integrated over 6 and then over
y. Initially @ must be replaced with equation 2.155:

_cos(I')
A

Y — Asm(F)ln(tcm(g)) . ln(tcm(g)) .
— Acos(T) ['sin(0) + TAszn(0)+

sin?(0)[cos(I")sin(¢) — sin(I')cos(¢)]+

gsin(0) =

27D0

- MA
Vj\}jdsin(@)sin@(é — 1)) — agsin(6)+

u -SCOS(F)
.
sin(0)cos(0) — poyHezrsin(0) +

+

sin(f) — ypoarrcos(¢) — yiobprcos(0)sin(e)

Q’yKeff
M

2vAes

M A2
27K,

+ L dsin(@)cos(9)6032(¢ - D)+

Scos — Asin n(tan(2)). n(tan(2)) .
| Bu-cos(D)

A

psin(h) = sin(0)cos(0)+

sin(0) + yuoarpcos(0)sin(p) — yuobprcos(d)
(2.157)
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Integrating both member of each differential equation with respect to 6:

T COS ™y — Asin n(tan(2)) .
—~ /0 A(F>C]sin(9) do=— | =2 Ailozé gt <2))FSmw) df+
+/07r WX(@))ASM(&) do+
m2vDy . 4 . .
=, MSAOSM (0)[cos(T")sin(¢) — sin(I")cos(p)] do+

+ /07r Vj\id n(0)sin(2(¢ — T)) do-+

—/7r agsin(f d9—/7r wsin(&) df+

A
—/ Yoarrcos(¢) df — /'y,uobDLcos(Q)sm(gb)dQ
T . B /VAem ) B
/Oqﬁsm(ﬁ)dﬁ— A MA2sm(9)cos( ) db /OuO’yHextsm(Q)dQ—k

2”}/K€ff
+ /o i sin(0)cos(0) do+

S

+ /W 27K4 sm(@)cos( Yeos* (¢ —T') dO+

M
Asin(T)! 9))..
n / _cos@) ¥ — ”Zios) (ngt“”(2))r)sm(9) o+
—/ tcm Szn(Q)A al9—|—/07T WSM(@) do+
+/0 fyuanLcos(G)sin(qb) d&—/o7T Yrobprcos(¢) db
(2.158)

Exploiting the results of the following integrals:

15 sin(0)cos(0) df = 0; (2.159)
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The differential equation system could be rewritten:

cos(T") | Y . @wyDy vKq . ;
—~ . 26— T
A=t guasino ) = Jsin2(o - 1) + ad+
u - cos(I’ 7
u- cos(l) + 'yg,uanLcos(@
- cos(T) . y o Pu-cos(') =
— — gy Hop — I _T
¢ MoV ext — & A q+ &ACOS(F) + A 5 Yiobprcos(¢)

(2.160)
To obtain the final differential system, the two differential equation must be
integrated along "y" direction:

w cos(T
/0 _/ Acos +/ 2M. sm (¢ —T) dy+
nyd , - w - cos(T)
—/0 7 (2(¢—F))dy+/0 ongdy—k/O — A dy+
wo
+/0 7§MOGFLCOS(¢) dy

w . B w w COS(F)' w Y .
/0 ¢dy = /O fi0y Heat dy /0 a— qdy+/0 OéiAcos(F)de—f_

w By - cos(I’ woog
+ /0 7()@_ /0 Vg Hobpreos(¢) dy

A
(2.161)
Now replacing [}’ dy = w and [}’ ydy = “;, and dividing both member by
w:
s w . mbDy_ " |
A q 2Acos(T) t 2M5Asm(¢ ) M, 52”( (0 —T)) + adp+
u - cos(I’ T
u- cos(l) + 7§NOGFLCOS(¢)
' cos(I') . w - Pu-cos(l) 7r
= Hea: - T — ~—unb

(2.162)
The differential equation system is composed by two coupled differential
equations. Replacing the second differential equation inside the first one
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2.14 — Final differential equation

and viceversa:

2Acos( )(1"‘04 )+ ;A}Dgsan—F) Vj\lf‘lsm( (¢ —1)) + UCOS(F)+
XL+ a?)

N Y5 HoarLcos(@) + O‘B“cos(F) — apoyHerr — ayGobprcos()
cos(T )(1 + OZQ)

L w Bu cos(I") T
¢ - = MO’YHe:ct + a2ACOS(F)F + A — 7§M05DLCOS(¢)+

() [QACZS(F) (1+ ) + 7P sin(p — T) — Yptsin(2(¢ - T))
A cos(T )(1 + a2)
. u-cOAS(F) + y5Hoarrcos(9) + agucos(r) — apgYH ez — cw%,uJobDLcos(@]
cos(T )(1 + OZQ)

(2.163)
The value of A is supposed to be equal to:
A
A= = e . (2.164)
T+ B (Na(cos(9))? + Ny(sin(¢))? — N.)

57



2 — Analytical modeling of domain Wall (DW) motion due to an applied current density and/or external magnetic field

2.15 Final differential equation with VCMA
pinning field

The aim of this section consists in the description of the pinning field due
to the presence of a region of different anisotropy created by the VCMA
effect. The pinning field is supposed to be applied along "z" direction like
the external one, already considered within the dlfferentlal equation system,
therefore Hewt must be substituted with H’ cxt = Hemt + Hpm

_ 3Beosm L T AT + Z2% sin(¢ — T) — Wtsin(2(¢ — T)) + 5
coil") (1 4 a2)
+ V3 HotrLos(9) + QT[MCOS(F) — oo (Her + Hyin) — ayGpobprcos()

cos(I
s (1 1 a2)

. ' w . Pu-cos(l) T
¢ =— MO’V(Hext + Hpm) + a2ACOS< )F + A ’YE/LQbDLCOS(gb)—}-

_|_

_ o050 ey + o) + Figksin(e —T) = Jjtsin(2(¢ 1))
A cos(T )(1 + oz2)
u-cos(T")

+ y5Hoarrcos(¢) + ag“cos(F) — oY (Hegt + Hpin) — cwg,uobDLcos(@]

+ A
cos(T" )(1 4+ Oé2>

(2.165)
58
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Substituting the analytical expression of H,:

_ oL+ o)) + FRsin(o — 1) — Jesin(2(¢ — ) + =FH
CO(XP) (1 + CY2)
N V3 toarrcos(d) + 3 cos(T) — oy Hewr — Oé’V%MobDLCOS(¢)+
coﬁf)( + a2)
AKu
ST [4csch2(c" + L)((" + &)coth(c" + %) —1)]
— QHoY cos(F) 9 +
A (1+a?)
AK/(
+ g AT [deseh? (¢ + £) (¢ + £)coth(d + &) — 1)]
cos(F) (1 4+ 042)
: w . Pu-cos(I s
¢Z_M07H€zt+a2ACOS(F)F+ A ( ) —7§MobDLCOS(¢)+
S q q q
- MO,Y2,UJ02MS [desch? (" + Z)((C” + Z)coth(c" + A> — 1))+
AK?L q
+ MWQ,MOQMS [4csch?(c + K)(( + A)coth(c + A) D)+
B (') [QAClOUS(F) (1+ o) + 1% sin(¢ — T) — Ytsin(2(¢ — T)) N
A cos(I' )(1 1 a?)
N u'COAS(F) + y5Hoarrcos(¢) + agucos(F) — apoyHepr — ayg,uobDLcos(@_'_
cos(T )(1 + a2)
AKu
ST [desch? (¢ + ) (" + F)coth(d" + &) —1)]
- atoy cos([‘) +
(1+a?)
Afy
o ST, [4csch?(d + (" + £)coth(c + &) —1)]
CO‘XF) <1 + Oé2)

(2.166)

If the VCMA effect is exploited, the anisotropy constant varies by a specific
percentage proportional to the voltage applied across the structure:

(2.167)

Therefore, if a certain voltage is applied across the structure, the anisotropy
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constant must be calculated and replaced inside A equation:

A = A (2.168)
O\ i — G R (N (cos(9))? + Ny(sin(@)? = N2)

trm tox
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Chapter 3

Comparison of the
analytical model with the
micromagnetic
simulations

In this chapter, the analytical model expressed in equation 2.166 is com-
pared with the micromagnetic results of Mumax3. At first, the Spin Transfer
Torque (STT) effect will be compared, then the Spin Orbit Torque (SOT)
effect. Since the SOT effect is more efficient with respect to the STT effect
(to reach the same domain speed, a current of about one order of magnitude
lower is required exploiting SOT instead of STT as shown in Figures 3.1a
and 3.3) for the motion of a magnetic domain, it will be analyzed together
with VCMA technology. Therefore, the crossing of a domain wall through
a VCMA gate of higher or lower anisotropy due to the SOT effect will be
compared. The differential equation system 2.166 is solved with Runge-
Kutta(4,5) method implemented in MatLab. The result of such method, is
that the prediction error is of fifth order, and the total accumulated error is
of fourth order, from which the name 45 [46]. A micromagnetic simulator
like Mumax3 solves calculations with much more precision with respect to
Matlab with the ODE45 method. At the same time, however, the computa-
tional effort required by Mumax3 is very high because it calculates the LLG
equation 2.27 for each single magnetic moment into which the simulated
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3 — Comparison of the analytical model with the micromagnetic simulations

ferromagnetic material is divided. The tilting angle of the domain wall T’
provided to the differential equation system 2.166 with Matlab is extracted
via magnetic simulation with Mumax3 with the command ext dwtilt. It
is not necessary to provide the tilting angle of the domain wall, but it can
increase the accuracy of the result.
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3.1 — Simulation Parameters

3.1 Simulation Parameters
In the following table all the simulation parameters are reported:

Table 3.1: Simulation Parameters

Parameter Value
Anisotropy Constant K, 0.8 106%
Exchange Stiffness A 10-11Z

Saturation Magnetization M, 106%
140 Ar-10772
Heavy Metal (HM) thickness 'd’ Inm
Damping Factor « 0.04
b 9.274 107247
Gyromagnetic Ratio —1.7595 - 1011%
DMI 0.6-1073-%
Landé Factor G 2
Current Polarization P 1
Non-Adiabatic STT /3 0.2
Ferramagnetic Layer Width 128nm
Ferromagnetic Layer Thickness 1Inm
Oh FL -0.30
Qh,DL 0.15
VCMA Gate width 40nm, 60nm, 80nm
VCMA Gate Center —128nm

3.2 Spin Transfer Torque

This section concerns the comparison between the average speed of a domain
wall due to Spin Transfer Torque (STT) effect estimated by the analytical
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3 — Comparison of the analytical model with the micromagnetic simulations

model in equation 2.166 and by the micromagnetic simulator Mumax3, shown
in figure 3.1a. The parameters adopted for the comparison are reported
in Table 3.1. The DMTI effect in this case is ignored. The percentage of
error for each current density value is shown in figure 3.1b. A lower error
is obtained when an average tilting angle is passed to Matlab. In general,
passing the angle instant by instant leads to divergences in Matlab due to
the angle vector estimated by Mumax3 which has continuous steps, therefore
an average tilting angle is evaluated. Since the angle is very small, there
is no tangible difference between the two cases. The average error is the
average of the error estimated point by point. The average error estimated
in the case in which an average angle is passed to the theoretical model with
Mumax3 is equal to ~ —3.9%. If, on the other hand, the tilting angle and
its time derivative are both assumed to be zero, the average error is equal to
~ —4.34%, therefore better precision is obtained when the tilting profile of
the domain wall is taken in consideration. For more details about Mumax3
code look at the Appendix, section STT code, while for more detail about
Matlab code, look at the Appendix, section Matlab Code.
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3.2 — Spin Transfer Torque

D T T T T T T T T T
Mumax3
= Theory + tilting angle evaluated by Mumax3
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(a) Average Speed of the domain wall subjected to spin transfer
torque (STT) in function of the applied current density
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(b) Percentage of error with STT effect in function of the ap-
plied current density

Figure 3.1: Average speed of the domain wall due to STT effect in function of
the applied current density. The average speed is evaluated by the analytical
model of equation 2.166 and by Mumax3 simulation
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3.3 Spin Orbit Torque

This section concerns the comparison between the speed of a domain wall due
to the Spin Orbit Torque (SOT) effect estimated by the analytical model in
equation 2.166 and by the micromagnetic simulator Mumax3. The param-
eters adopted for the comparison are reported in table 3.1. In figure 3.2
the initial state and the final state of Mumax3 simulation are shown. As ex-
pected the domain wall is tilted because of Dzyaloshinskii-Moriya interaction
(DMI).

(a) Initial state of the simulation

(b) Final state of the simulation after 8 ns with a DMI energy density
equal to 0.6 - 1073-7;

Figure 3.2: Initial and final state of the domain wall subjected to Spin Or-
bit Torque. The white area symbolizes the up state of magnetization while
the black area symbolizes the down state of the magnetization.The domain
wall remains in the center of the simulation window because ext dwpos,
ext dwspeed and ext dwtilt command are used as shown in the Mumax3
code in section SOT code. These three commands allow to evaluate respec-
tively the position, the speed and the tilting angle of the domain wall by
fixing the domain wall itself in the center of the simulation window. The
simulation window is 'moved’ while the domain wall is fixed, therefore speed,
position and tilting of the simulation window with respect to the domain
wall are evaluated. The parameters adopted in the simulation are reported
in table 3.1

In figure 3.3 the average speed of the domain wall subjected to spin orbit
torque evaluated by the analytical model is compared with Mumax3 results.
The analytical model of equation 2.166 is solved twice, in one case the tilting
angle is ignored, while in the other one an average angle of the angle profile
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3.3 — Spin Orbit Torque

is considered and passed to the analytical model directly by Mumax3 to

Matlab.
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Figure 3.3: Average Speed of the domain wall subjected to Spin Orbit Torque
in function of the applied current density evaluated by the analytical model
and by Mumax3 simulation.

In Figure 3.4 the percentage of error of the analytical model with respect
to Mumax3 simulation is shown. The percentage of error is evaluated both
when the tilting angle of the domain wall is taken in consideration and when
it is ignored. The error is evaluated for each current density value, and it
can be noted that for higher current density values, the percentage of error

decreases.
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Figure 3.4: Percentage of error with SOT effect in function of the applied
current density

A larger error is obtained when an average tilting angle is passed to Matlab.
The average error estimated in the case in which an average angle is passed
to the analytical model with Mumax3 is equal to ~ 41.07%. If, on the
other hand, the tilting angle and its time derivative are both assumed to
be zero, the average error is equal to ~ 32.3%, therefore ~ 10% of better
accuracy is obtained if the tilting angle of the domain wall is not taken
in consideration. In the case of the presence of a VCMA gate, the tilting
angle of the domain wall (DW) becomes more pronounced, therefore it is
recommended to evaluate it. For more details about Mumax3 code, look at
the Appendix, section SOT code.

3.4 Spin Orbit Torque with VCMA effect

This section is dedicated to the comparision between the results of the an-
alytical model with Mumax3 results when a domain wall moves because of
SOT effect going across a region (" VCMA gate") of higher anisotropy. The
domain wall will cross the VCMA gate if the current is sufficiently high, oth-
erwise the domain wall will be blocked by the presence of the VCMA gate.
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3.4 — Spin Orbit Torque with VCMA effect

60 nm is chosen as the gate width, and -128 nm as the gate center, and the
anisotropy of the gate is varied from +5% until +20% in step of 5%. To
establish if the domain wall crosses the gate or not, the average speed of
the domain wall itself is evaluated: in a good approximation, if the average
speed of the domain wall is really low the domain wall does not cross the
gate, while if the average speed of the domain wall is sufficiently high the
domain wall will cross the gate in an acceptable time. In other words, if the
domain wall is blocked by the VCMA gate, its final velocity will be equal
to zero, therefore the average speed of the domain wall will be almost zero,
lower than 207F. Therefore, the average speed of the domain wall, in the
case in which the domain wall itself is blocked by the gate, is more or less
an order of magnitude lower with respect to the average speed in the case in
which the domain wall crosses the gate. The average speed estimated with
the analytical model when the domain wall crosses the gate is a bit higher
with respect to the value calculated by Mumax. As reported in the previ-
ous section, the expectation value of the average speed of the Domain Wall
due to SOT effect in a 1D model is more or less 32% higher with respect
to Mumax3 prediction. Mumax3 implements a numerical approach, with a
more complex and more accurate algorithm which takes in consideration also
the 3D structure of the material. Furthermore the analytical model is based
on the assumption of a rigid domain wall, the transverse shape anisotropy
is approximated and the tilting angle of the domain wall is supposed to be
constant over time with an average value of tilting. These assumptions allow
to create a simple model from the point of view of numerical computation,
without excessive loss of precision, and with high processing speed. In fact,
the objective is not to estimate the average speed of the domain wall, in an
impeccable way, but rather its eventual passage through the VCMA gate,
therefore the crossing threshold current.
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+5% VCMA Gate Anisotropy
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Figure 3.5: Average Speed of the Domain Wall in function of the applied
current in the presence of a gate anisotropy 5% higher with respect to the
anisotropy of the ferromagnetic layer

The analytical result fits with Mumax3 result, because the same threshold
current is evaluated: 0.5611%. In other words, if the current is higher than
0.5611% the domain wall crosses the VCMA gate.
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+10% VCMA Gate Anisotropy
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Figure 3.6: Average Speed of the Domain Wall in function of the applied
current in the presence of a gate anisotropy 10% higher with respect to the
anisotropy of the ferromagnetic layer

The analytical result fits with Mumax3 result, because the same threshold
current is evaluated: 1611%. In other words, if the current is higher than
1611% the domain wall crosses the VCMA gate.
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+15% VCMA Gate Anisotropy
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Figure 3.7: Average Speed of the Domain Wall in function of the applied
current in the presence of a gate anisotropy 15% higher with respect to the
anisotropy of the ferromagnetic layer

The analytical result discreetly fits with Mumax3 result, because the thresh-
old current evaluated by the analytical model is more or less equal to 1.5611%
while the threshold current evaluated by Mumax3 is a bit higher, more or
less equal to 2611%.
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+20% VCMA Gate Anisotropy
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Figure 3.8: Average Speed of the Domain Wall in function of the applied
current in the presence of a gate anisotropy 20% higher with respect to the
anisotropy of the ferromagnetic layer

The analytical result is in agreement with Mumax3 result, because more or
less the same threshold current is evaluated: 2.5611%. In other words, if the
current is higher than 2.5611% the domain wall crosses the VCMA gate.
This last simulation will be chosen as a sample for the next section 3.4.1, in
which the current steps will be thickened in order to obtain a more precise
evaluation.

3.4.1 More accurate evaluation of the threshold cur-
rent
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Figure 3.9: Average Speed of the domain wall in function of the applied

current in the presence of a gate anisotropy 20% higher with respect to the
anisotropy of the ferromagnetic layer

To be more precise in the evaluation of the threshold current, the simulation
is thickened in the interval between 2.5-10e11-% and 3-10e11-%;, simulating in
steps of 0.1- 10@11%. The analytical model foresees a threshold current equal
to 2.7- 10611%, in the same way Mumax3 foresees the same current beyond
which the domain wall crosses the VCMA gate. When the current is equal to
2.6 - 10611% the analytical model, however, provides for a complete locking
of the domain wall while Mumax3 provides for a passage of the domain
wall through the gate albeit very slow with a speed of about —557 against
the —117* estimated by Matlab. In conclusion it is possible to state that
the analytical predictions inherent to the threshold current above which the

domain wall crosses the VCMA gate, are in agreement with those of Mumax3
with very low error.
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Chapter 4

VCMA Gate Analysis

The parameters adopted in the Mumax3 simulation are reported in Table 3.1.
For more detail about Mumax3 code implemented for all the simulations look
at SOT code.

4.1 Choice of the VCMA constant

The two configurations of interest for the realization of the periodical gates
along the Racetrack are:

e Ta/CoFeB/MgO;
« W/CoFeB/MgO,;

The VCMA constant for the T'a stack is more or less equal to 30‘]/% [21] in
the lowest case while the lowest VCMA constant for the W stack is equal
to 40% about [21]. These two values are chosen for the simulations. The
next pages concern the analysis of the passage of the domain wall through
the gate. The gate width is varied from a minimum of 40 nm to a maximum
of 80 nm while the anisotropy of the gate is varied from —20% up to +20%
with respect to the anisotropy of the ferromagnetic track in steps of 5%. The
following table shows the electric fields that must be applied across the gate
in order to obtain the desired anisotropic variations.
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4 — VCMA Gate Analysis

Table 4.1: VCMA constant for Ta and W stacks

Material Stack | VCMA constant || Anisotropy Variation | Electric Field
Ta/CoFeB/MgO 30 +20% +5.33C%
Ta/CoFeB/MgO 30 +15% F49V
Ta/CoFeB/MgO 30 +10% F2.6657
Ta/CoFeB/MgO 30 +5% F1.33¢%
W/CoFeB/MgO 404 +20% T4V
W/CoFeB/MgO 404 +15% F3¢V
W/CoFeB/MgO 404 +10% F2CV
W/CoFeB/MgO 4047 +£5% F1¢V

4.2 Gate Width of 40nm

In Figure 4.1 the schematic of the ferromagnetic track is shown. The domain
wall is initially centered in ’0 nm’ in the middle of the simulation window.
The VCMA gate is centered in -128 nm’ and it is 40 nm wide.

-128 nm 0
X
l—b g
3
5
>
40 nm

Figure 4.1: Schematic of the ferromagnetic layer with the initial state of the
domain wall centered in ’0 nm’ The VCMA gate is centered in -128 nm, and
the gate width is equal to 40 nm. The magnetization in the left part of the
ferromagnetic track is oriented up, while in the right part it is oriented down.

In all the following figures where the domain wall displacement is plotted
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4.2 — Gate Width of 40nm

in function of time, the position of the VCMA gate will be indicated with
two straight lines, one indicating the starting line of the gate, the other one
indicating the ending line of the gate. Since the gate is centered in -128 nm
and since it is 40 nm wide, the gate starts at 108 nm while the end of the
gate is located at 148 nm. In the next pages the figures will show which is
the current required for the domain wall to cross the gate when the gate itself
is 40 nm wide and its anisotropy varies from —20% until +20% with respect
to the anisotropy of the ferromagnetic track.
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Figure 4.2: Domain Wall Position with a gate centered in —128nm and a
gate’s anisotropy from 0.6466% until 0.7666# in step of 0.0466% and a vari-
able SOT Current. The gate’s width is equal to 40 nm while the anisotropy
of the ferromagnetic track is equal to 0.866%. The other paramaters are
reported in Table 3.1

« If the gate anisotropy is equal to 0.6466% as shown in Figure 4.2a the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 4611% or higher. At this
current level, different oscillations of the position of the domain wall are
observable;
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4.2 — Gate Width of 40nm

o If the gate anisotropy is equal to 0.6866% as shown in Figure 4.2b the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 1.5611% or higher. When

the current is higher than 3.5611% the domain wall exhibits tangible
fluctuations;

If the gate anisotropy is equal to 0.72e6-% as shown in Figure 4.2¢ the

m3
domain wall crosses the VCMA gate if the applied current through the

heavy metal layer is more or less equal to 0.75611% or higher. When

the current is higher than 3.5611% the domain wall exhibits tangible
fluctuations;

If the gate anisotropy is equal to 0.7666# as shown in Figure 4.2d the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 0.75611% or higher. When the
current is equal to 4611% the domain wall exhibits tangible fluctuations;
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Figure 4.3: Domain Wall Position with a gate centered in —128nm and a
gate’s anisotropy from 0.8466% until 0.9666# in step of 0.0466% and a vari-
able SOT Current. The gate’s width is equal to 40 nm while the anisotropy
of the ferromagnetic track is equal to 0.866#. The other paramaters are
reported in Table 3.1

 If the gate anisotropy is equal to 0.8466% as shown in Figure 4.3a the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 0.75611% or higher. When the
current is equal to 4611% the domain wall exhibits tangible fluctuations;

« If the gate anisotropy is equal to 0.8866% as shown in Figure 4.3b the
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4.3 — Gate Width of 60nm

domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 2611% or higher. When the
current is equal to 4611% the domain wall exhibits tangible fluctuations;

 If the gate anisotropy is equal to 0.9266% as shown in Figure 4.3c the

domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 2611% or higher;

o If the gate anisotropy is equal to 0.9666# as shown in Figure 4.3d the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 2.5611% or higher. When the
current is equal to 2.5611% the domain wall exhibits tangible fluctua-
tions;

4.3 Gate Width of 60nm

In Figure 4.4 the schematic of the ferromagnetic track is shown. The domain
wall is initially centered in 0 nm’ in the middle of the simulation window.
The VCMA gate is centered in -128 nm’ and it is 60 nm wide.

-128 nm 0
xl—» :
=]
3
H
«—>
60 nm

Figure 4.4: Schematic of the ferromagnetic layer with the initial state of the
domain wall centered in ’0 nm’. The VCMA gate is centered in -128 nm, and
the gate width is equal to 60 nm. The magnetization in the left part of the
ferromagnetic track is oriented up, while in the right part it is oriented up.

In all the following figures the position of the VCMA gate will be indicated
with two straight lines, one indicating the starting line of the gate, the other
one indicating the ending line of the gate. Since the gate is centered at -128
nm and since it is 60 nm wide, the starting line of the gate is located in 98
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4 — VCMA Gate Analysis

nm, while the ending line of the gate is located at 158 nm. The figures will
show which is the current required for the domain wall to cross the gate when

the gate itself is 60 nm wide.
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Figure 4.5: Domain Wall Position with a gate centered in —128nm and a
gate’s anisotropy from 0.6466% until 0.7666# in step of 0.0466% and a vari-
able SOT Current. The gate’s width is equal to 60 nm while the anisotropy
of the ferromagnetic track is equal to 0.866%. The other paramaters are

reported in Table 3.1

 If the gate anisotropy is equal to 0.64e6—5

n‘{:,, as shown in Figure 4.5a the

domain wall crosses the VCMA gate if the applied current through the
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4.3 — Gate Width of 60nm

heavy metal layer is more or less equal to 3611% or higher. When

the current is higher than 3611% the domain wall exhibits tangible
fluctuations;

If the gate anisotropy is equal to 0.6866# as shown in Figure 4.5b the

domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 1.5611% or higher. When

the current is higher than 3611% the domain wall exhibits tangible
fluctuations;

If the gate anisotropy is equal to 0.7266% as shown in Figure 4.5c the

domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 1811% or higher. When

the current is higher than 3.5611% the domain wall exhibits tangible
fluctuations;

If the gate anisotropy is equal to 0.7666% as shown in Figure 4.5d the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 0.5611% or higher. When

the current is higher than 3.5611% the domain wall exhibits tangible
fluctuations;
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Figure 4.6: Domain Wall Position with a gate centered in —128nm and a
gate’s anisotropy from 0.8466% until 0.9666# in step of 0.0466% and a vari-
able SOT Current. The gate’s width is equal to 60 nm while the anisotropy
of the ferromagnetic track is equal to 0.866%. The other paramaters are
reported in Table 3.1

 If the gate anisotropy is equal to 0.8466# as shown in Figure 4.6a the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 0.75611% or higher. When the
current is equal to 4611% the domain wall exhibits tangible fluctuations;

« If the gate anisotropy is equal to 0.8866% as shown in Figure 4.6b the
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4.4 — Gate Width of 80nm

domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 2611% or higher. When the
current is equal to 1.5611% the domain wall exhibits tangible fluctua-

tions;

 If the gate anisotropy is equal to 0.9266% as shown in Figure 4.6¢ the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 2.5611% or higher;

« If the gate anisotropy is equal to 0.9666# as shown in Figure 4.6d the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 3611% or higher;

4.4 Gate Width of 80nm

In Figure 4.7 the schematic of the ferromagnetic track is shown. The domain
wall is initially centered in '0 nm’ in the middle of the simulation window.
The VCMA gate is centered in -128 nm’ and it is 80 nm wide.

-128 nm 0
A
xl g
3
B,
v
«—>
80 nm

Figure 4.7: Schematic of the ferromagnetic layer with the initial state of the
domain wall centered in ’0 nm’. The VCMA gate is centered in -128 nm, and
the gate width is equal to 80 nm. The magnetization in the left part of the
ferromagnetic track is oriented up, while in the right part it is oriented up.

In all the following figures the position of the VCMA gate will be indicated
with two straight lines, one indicating the starting line of the gate, the other
one indicating the ending line of the gate. Since the gate is centered at -128
nm and since it is 80 nm wide, the starting line of the VCMA gate is located
at 88 nm while the ending line of the gate is located at 168 nm. The figures
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4 — VCMA Gate Analysis

will show which is the current required for the domain wall to cross the gate
when the gate itself is 80 nm wide.
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Figure 4.8: Domain Wall Position with a gate centered in —128nm and a
gate’s anisotropy from 0.6466% until 0.7666% in step of 0.0466% and a vari-
able SOT Current. The gate’s width is equal to 80 nm while the anisotropy
of the ferromagnetic track is equal to 0.866#. The other paramaters are
reported in Table 3.1

o If the gate anisotropy is equal to 0.6466% as shown in Figure 4.8a the
domain wall crosses the VCMA gate if the applied current through the

heavy metal layer is more or less equal to 3.5e11-4; or higher. When

m2
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4.4 — Gate Width of 80nm

the current is higher than 3.5611% the domain wall exhibits tangible
fluctuations;

If the gate anisotropy is equal to 0.6866% as shown in Figure 4.8b the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 2611% or higher. When
the current is higher than 3611% the domain wall exhibits tangible
fluctuations;

If the gate anisotropy is equal to 0.7266% as shown in Figure 4.8c the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 1611% or higher. When
the current is higher than 3611% the domain wall exhibits tangible

fluctuations;

If the gate anisotropy is equal to 0.7666# as shown in Figure 4.8d the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 0.5611% or higher. When
the current is higher than 3.5611% the domain wall exhibits tangible
fluctuations;
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Figure 4.9: Domain Wall Position with a gate centered in —128nm and a
gate’s anisotropy from 0.8466% until 0.9666# in step of 0.0466% and a vari-
able SOT Current. The gate’s width is equal to 80 nm while the anisotropy
of the ferromagnetic track is equal to 0.866%. The other paramaters are
reported in Table 3.1

 If the gate anisotropy is equal to 0.8466% as shown in Figure 4.9a the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 0.7 5@11% or higher. When the
current is equal to 4611% the domain wall exhibits tangible fluctuations;

« If the gate anisotropy is equal to 0.8866% as shown in Figure 4.9b the
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domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 1.50611% or higher;

o If the gate anisotropy is equal to 0.9266# as shown in Figure 4.9c the
domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 2.5611% or higher;

o If the gate anisotropy is equal to 0.9666% as shown in Figure 4.9d the

domain wall crosses the VCMA gate if the applied current through the
heavy metal layer is more or less equal to 3611% or higher;

4.5 Threshold Current

All the current threshold values shown in the sections 4.2, 4.3, 4.4 can be
summarized with a single graph:
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'\.
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Figure 4.10: Threshold Current with different anisotropy levels of the VCMA
gate, and with different gate width

For more details of the threshold current values, look at table A.1 in the
Appendix, section A.
In figure 4.10 it can be observed that the threshold current as a function of

89



4 — VCMA Gate Analysis

the anisotropic level of the gate maintains the same behaviour by varying
the width of the gate. For anisotropic values of the VCMA gate lower with
respect to that of the ferromagnetic track, the threshold current increases
with a greater slope than for positive gate anisotropy values.

4.6 Memory optimization and evaluations of
current, and speed

4.6.1 Functionality of a Racetrack Memory

The functionality of synchronization of a Racetrack memory with VCMA
gates can be tested by comparing the time to reach the desired voltage across
a VCMA gate, with the time required for a domain wall to travel from one
gate to its successive. In other words, if the time to reach a certain "blocking"
voltage at the gate is too long, the domain wall would escape the gate and it
would not be possible to block the domain wall at the desired point. There-
fore, if the time of reaching the desired voltage across the gate is compatible
(lower) with the speed of the domain wall divided by the distance between
two successive gates, it would be possible to block a domain wall just before
a successive gate, so as to be able to scroll domain by domain along the
ferromagnetic track.

4.6.2 Schematic of the VCMA gate structure and list
of parameters

In Figure 4.11 a schematic of the VCMA gate structure is represented. The
Aluminum layer is the top plate of the capacitor, the MgO layer is the
oxide layer which determines the dielectric constant of the gate. CoFeB
layer is the ferromagnetic layer of the track while the Ta layer is the heavy
metal layer through which is possible to exploit the SOT effect, and which
works as the other plate of the capacitor. The CoFeB layer should "shield"
almost completely the other metal layers and the accumulation should take
place practically all in the CoFeB. As a consequence only the MgO layer
determines the dielectric constant of the gate and its thickness.
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Thick <ok
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. s

Figure 4.11: Schematic of the VCMA gate

In the table all the parameters of the structure are reported:

Table 4.2: VCMA gate parameters

Parameter Value
PAl 2.7-107%Q - m
€r. MgO 9[47]
Length MgO 128 nm
Thickness Al 250 nm
Thickness MgO 1 nm
Width MgO (40 nm, 60 nm, 80nm)
Width Al (40 nm, 60 nm, 80nm)
Length Al Variable [128 nm, 10 cm]

4.6.3 Charging/discharging time of a capacitor

When a voltage is applied across a VCMA gate, there is a charging period of
the gate, which is nothing more than a capacitor. Likewise when the voltage
is turned off, there will be a discharge phase of the VCMA gate. Therefore
it is essential to evaluate the charging and discharging time of the gate. The
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charging phase of a capacitor is described by the well-known equation:

t

V(t) =W(l—e7) (4.1)
while the discharging phase by:
V() = Voe 7 (4.2)

Mathematically the desired voltage is reached in an infinite time, since the
behaviour of the voltage is described by an exponential law, but in a good
physical approximation, the voltage level is reached after a time equal to
~ b7. 7 is the defined in fact as the time constant and it is equal to:

T = RC (4.3)

where R is the resistance of the circuit while C' is the capacitance of the
structure. Now it is fundamental to evaluate both the resistance and the
capacitance of the gate, in order to determine the charging (discharging)
time of the VCMA gate. Concerning the resistance of the gate, in good
approximation, it is possible to equal the resistance of the structure only
with the resistance of the Aluminum layer. To determine the resistance of
the Aluminum layer, the resistivity formula must be exploited:

L 4
Wata

Rgate ~ Ry = PAI (44)
where L 4; is a variable, while the other parameters are well-known and they
are reported in table 4.2. Concerning the capacitance of the structure, only
the MgO layer is taken in consideration for the dielectric constant, and the
well-known equation of a capacitor is exploited:

Cyate ~ EMQOM (4.5)
trmgo
Thus, the charging/discharging time of the gate is equal to:
tg = 57 = SR A1Cyate (4.6)
Making explicit the equation:
to(Lat) ~ Sparenrgo AL Lo Wateo (4.7)

Watar  tugo
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ty is a function of the Aluminum length. If the length of the Aluminum layer
is increased, the charging/discharging time increases.

Obviously the width of the Al layer coincides with the width of the MgO
layer, therefore:

LaLygo

4.8
tait mgo (4:8)

tg (LAZ> ~ 5pAl€r,MgO€O

As just explained before, all the parameters of the equation 4.8 are well-
known, and they are reported in table 4.2. The charging/discharging time of
the VCMA gate is independent from the width of the gate itself.

In Figure 4.12 the charging time ¢, of the gate in function of the Aluminum
length is shown.

%1010

Charging time[s]
w

0 001 002 003 004 005 006 007 008 0.09 0.1
Aluminum Lenght[m]

Figure 4.12: Charging time in function of the Aluminum layer length, Eq.4.8

The charging time of the gate in the worst case of long interconnection of
Aluminum (equal to 10 cm) is equal to ~ 0.55ns. In the next subsection
4.6.4, the best combination of current and gate width is chosen, in order to
reach the highest velocity with the thinnest gate.

4.6.4 Current Density and Gate Width

Looking at Figure 3.3 it is possible to notice that as the current increases the
speed of the domain wall increases up to a value of 3.5611%. For current
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values higher than 3.5611%, the speed of the domain wall tends to oscillate
around a more or less constant value. Consequently, it is advisable to choose
a gate width that blocks the highest current density, so that the Racetrack
memory can run at higher speed. Suppose to choose a barrier configuration
of the gate to block the passage of a domain wall, therefore suppose to choose
values of anisotropy of the gate higher than those of the track. Looking at
table A.1 and looking at positive percentage increment of the gate anisotropy
with respect to the track’s anisotropy, 60 nm of gate width is the best choice.
For instance for +20% of gate anisotropy increasing, for a gate width of 40
nm the maximum current blocked by the gate is ~ 2611%, for a gate width
of 60 nm the maximum current blocked by the gate is ~ 2.6@11%, and more
or less the same value is estimated for a gate width of 80 nm (= 2.5611%).
In conclusion for higher gate anisotropy values with respect to the track, the
most reasonable choice as gate width for a faster memory with a thinner
gate is 60 nm. Having a wider gate would imply having a wider domain so
that successive gates are sufficiently distant, and at the same time a wider
gate would require longer times of aluminum deposition, and therefore also
greater area and more parassitic effect.

Looking again at Table A.1 for lower anisotropy value of the gate with re-
spect to the track ("hole" anisotropy configuration) the best choice is a gate
width of 40 nm. For instance when the anisotropy decreases of —20% or of
—5% in the gate region with respect to the ferromagnetic track, the thresh-
old current is higher when the gate width is equal to 40 nm. For values
of the gate anisotropy equal to —10% or —15% with respect to the track
anisotropy, the highest threshold current is obtained for a gate width of 80
nm, but taking into account the trade off between the speed of the domain
wall and the gate size, the most reasonable choice for a gate configuration
with lower anisotropy than the track is undoubtedly 40 nm as gate width.
When the anisotropy of the gate is lowered by 20% and when the gate width
is equal to 40 nm the highest current blocked by the gate is reached, equal
to &~ 3.5e11-4;.

In conclusion to have the maximum velocity and at the same time the
thinnest gate, the best choices are:
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Table 4.3: Best choices of the VCMA gate

Gate width | Anisotropy | Max. Current | Domain Wall average speed
60 nm +20% ~ 2.6el112; ~ —1392
40 nm —20% ~ 3,5611% ~ —145™

The average velocity of the domain wall as a function of the applied current
is obtained from Figure 3.3.

4.6.5 Final verification of the functionality

The distance between two successive gates is equal to the width of a do-
main. The width of a domain could be assumed between 100 nm and 400
nm. Therefore it is sufficient to divide the distance that the domain wall
would travel before being blocked by the next gate, by the average speed of
the domain wall, to obtain the time taken by the domain wall to reach the
subsequent gate. Thus, this time must be greater (or equal) than the time

required to load the successive gate shown in Figure 4.12.
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Figure 4.13: Time spent for a domain wall to travel from one gate to its
successive in function of domain width

In the worst case of thinnest domain, the time spent for a domain wall to
travel from one gate to its successive is equal to ~ 0.69ns.

The choice of the parameters of the structure, and therefore of the gate, the
choice of the current density through the heavy metal and therefore of the
speed of the domain wall match perfectly, or in other words, once a domain
wall has been allowed to pass through a gate, it is possible to block it at the
next gate since the "blocking" time is lower in the worst case than the time
the domain wall itself takes to reach the next gate. In fact the worst time of
gate charging is equal to 0.55ns, which is lower with respect to 0.69ns which
is the time spent for a domain wall to travel from one gate to its successive.
In conclusion with these parameters, it is possible to obtain the best perfor-
mance of the Racetrack Memory in terms of speed, and thinnest gate width.
Obviously by choosing intermediate combinations of gate anisotropy

(5%, £10%, £15%), lower current values must be applied through the heavy
metal (T'a) so that the domain wall is blocked by the gate as shown in Table
A.1. Consequently, for lower values of current, lower speed values of the do-
main wall would be obtained, and therefore even longer times for a domain
wall to travel from one gate to the next one, therefore still compatible with
the charging time of the gate. In conclusion, the VCMA gate synchronization
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technology along the track would be compatible with Racetrack memories,
and therefore a valid alternative to notches, or to geometric modifications
1.7.1 for blocking domain walls.

4.6.6 Energy Consumption

To charge a capacitor to a specific voltage it is necessary to have a battery
that supplies an energy equal to F = CV?2. Half of the total energy is stored
on the capacitor, while the other half is lost to heat, or to electromagnetic en-
ergy. In this section the energy required to charge a VCMA gate is evaluated.
The gate capacitance is equal to:

LyrgoWnig0

Cgate N EMgO (49)

tm gO

Depending on the material stack implemented for the VCMA gate, different
voltages are needed to reach the desired anisotropy value of the gate. In Table
4.1 all the electric fields are reported. The voltages are equal to the product
between the electric fields reported in Table 4.1 and the MgO thickness
reported in table 4.2. In the following graph the energy consumption is
plotted in function of the applied voltage for the three different values of
gate width reported in Table 4.2:
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Figure 4.14: Energy Consumption in function of the applied voltage across
the VCMA gate, evaluated for the three different values of gate width

The maximum consumption for an applied voltage of 6V in the case of wider
gate (80nm), is equal to ~ 30f.J. Depending on the chosen stack (looking at
table 4.1) the applied voltages needed to reach the desired anisotropy level
of the gate change.

Looking at Table 4.3 the energy consumption for the 60 nm wide gate are
equal to:

o« = 174fJ if a Ta/CoFeB/MgO stack is chosen;
e ~98fJif a W/CoFeB/MgO stack is chosen;

Looking at Table 4.3 the energy consumption for the 40 nm wide gate are
equal to:

e ~11.6fJ if a Ta/CoFeB/MgO stack is chosen;

o« ~6.5fJ if a W/CoFeB/MgO stack is chosen;
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Therefore taking in consideration both the trade-off between the gate width
and average velocity of the domain wall, and the lowest energy consumption,
the best choice is to choose a 40nm wide gate, with W/CoFeB/M gO stack
with a VCMA gate anisotropy of 20% lower with respect to the anisotropy
of the CoFeB track.
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Chapter 5

Conclusions

In summary, the thesis is aimed at demonstrating that the Voltage Con-
trolled Magnetic Anisotropy (VCMA) technology is potentially applicable to
a Racetrack memory because the time to reach a specific voltage level of a
VCMA gate for blocking a domain wall is shorter than the time required for
a domain wall to travel from one gate to its successive (deepen explanation
in chapter 4.6). In addition to the compatibility of the operating times, also
the relative consumption of the VCMA technology applied to a Racetrack
memory is evaluated (look at section 4.6.6).

This analysis relating to the VCMA technology is carried out with the micro-
magnetic simulator Mumax3. At the same time, a two coordinates analytical
model is developed, which allows to estimate the passage of a domain wall
through a VCMA gate without the need to perform a micromagnetic study
on the structure. In fact the two-coordinates analytical model reported in
the equation 2.163 has been expanded with the addition of a pinning field
related to the VCMA gate described by the equation 2.149 giving rise to the
final differential system reported in equation 2.166. The analytical model
predicts with a good approximation the current thresholds of the VCMA
induced barriers.

For future works an improvement of the analytical model developed in the
thesis would certainly consist in considering the effect of the external temper-
ature, and of any grains present in the ferromagnetic material. In addition,
possible defects in the material or in the track could also be taken in con-
sideration. In the specific case of defects, they could be modeled as effective
potentials, similarly to how a VCMA gate or a pinning site is modeled. There
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are already some effective fields that allow to model these phenomena ana-
lytically but they have not been taken in consideration during the analysis
carried out in the thesis. Moreover more materials could be analyzed, with
different VCMA constants, or a more in-depth analysis could be done, vary-
ing as many parameters as possible during the timing analysis and during
the energetic consumption evaluation. It would be interesting to study more
complex systems, for instance an entire Racetrack memory: thus simulating
several domains, and making an evaluation in terms of writing and reading
times and consumption.
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Appendix

Free electron tunneling model

The first theoretical approach to describe the behaviour of tunneling electron
is a free electron model. Supposing that the potential barrier does not depend
on time, and it is only a one-dimensional function of 'z’

_hZ 8¢(flz,y,z,t)

5y ¥ U@y, 2 ) +V()Y(@,y, 2 t) = ih——

Since V(z) is a function of space and not a function of time, it can be made the
assumption of factorizing the wave function separating the space component
from the time component:

0l X 0) + V)l () = in X CELINO) ()

(A1)

—h? , Ox(t
S OV0(a,y.2) + V()olw v ) = (e, y. ) 200 (a3
Dividing both member of the equation by x(¢) - ¢(z,y, 2):
—h? Jih Ox()
2mo(z,y, 2) x(t) ot

The left side is a function of "z" while the right side is a function of time, so
to be equal they must be equal to a constant:

Vip(x,y,2) +V(2) = (A.4)

i ox) _ p
{X(t) i (A.5)
i V(@ y,2) +V(z) = E
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Neglecting the time equation and focusing on the spatial part:

2

;VQQb(l‘,y,Z) + V(z)(b(x,y,z) = E¢<x7y7 Z) (A6)

2m

Being the potential only a function of "z" the spatial wave function could be
factorized again:

iV2(<1>(a?, Y)0(z)) +V(2)@(z,y)0(z) = E®(z,y)0(z) (A7)

2m
Making explicit V and dividing both members by ®(x,y)0(2):

—h? 0? 0? B 9%0(z
( 2 + 2)@(33‘,@/)— (2)
2m®(z,y) 0z? Oy 2mb(z) 0z

+V(z)=F (A.8)

In order to be equal to a constant, the two terms of the equation, one de-
pending on x,y and one depending on z, must be equal to a constant:

. 9? > -
{M(x,y)(azz + 52) (@, y) = Ery (A.9)

m2 9%0(z
©2m(z) 82(2) + V(Z) =L,

from the first equation, it is easy to derive that:

2mkE,,
kip=/ 2 Y (A.10)

Replacing in the three dimensional Schrodinger equation, it is trivial to ob-
tain:

0*0(z)  2mE, 2mV(z)

2
Since V (z) is defined as follow:
% 2z <0
Vel < z <l (A.12)
Vs z>1

As a consequence it is possible to define:

k= /2(E.— V1) — Ky,
kg =/22(Vp— E.) — ky, (A.13)
ko = \/22(E. — V) — ky,
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Solutions of the Schrodinger equations are:

01(z) = A-e** 4 B.ehz 2 <0
Op(z) = F-e7f82 4 G- ekB20 < 2 < (A.14)
03(2) = C - etk2z 4 De=ih22

Applying the boundary conditions:

61(0) = 65(0)
0.(0) = 05(0)
5(1) — 6s(1) (A15)
0, (1) = ()

The system below is obtained:

A+B=F+G
A—B=—2(F-G)

F.e ksl L . ksl = O . ¢ikal
F.e ksl _ . eksl — _% . gikal

(A.16)

Summing and subtracting the third and the fourth equation of the system
above it is possible to obtain F and G, that could be replaced in the first and
in the second equation, and subtracting and summing again it is possible to
obtain a final expression for A and B:

A= gelkzl[(l + kQCOSh(kBl) + Z( - ﬁ)sznh(lﬂm)] (A.17)
B = Cehal](1 — zf)cosh(kgl) i(52 + 2)sinh(kpl)] :
Now, exploiting the definition of transmission probability:
C 1
To= |- = (A.18)

AL L1t B)2cosh(kpl)? + LB 2 g0 (k)2

Replacing cosh(kpl) = M and sinh(kpl) = M, and after some

trivial algebraic manipulation [48]:
- 1642k, 20!
" Tkp(ki + ko) (1 4 e280)]2 + [(K2 — kiko)(1 — e2knl)]2
105

(A.19)



A — Appendix

Landauer Formula

To analyze the conduction of electrons moving from one ferromagnetic to the
other through the tunneling barrier, the Landauer model is exploited. Under
Landaur hypothesis the current corresponding to the k™ states in one of the
two ferromagnetic layer and for one 1D channel is given by [49]:

~ 1D+
I = —e/; D(E) 5 E) r+(pyaE (A.20)

For simplicity 'z’ and 'y’ directions are neglected and taking in consideration
only the "2’ direction[49].

'U(E) _ Q(E—*En

m

D(E) = &/ 75 (A.21)
fH(E)=f(E— ErL)

Replacing inside the equation of the current 17 [49]:
n

e [t
Iy=—— /E (B = Epp)dE (A.22)

if I, is higher than Er, the conduction will not happen because the sub-band
is empty. Defining a step function u,(E — E,)[49]:

0F < E,
(A.23)
1K > E,
Summing the contribution of all the sub-bands[49]:
=1 =5 [ f(E - Epp)pn(E - E,)dE A24
=i =— | (B~ Bro)un(E - Ey) (A.24)
e T _ L Aol
= [ JE=Er) S p(B=En)dE =~ [ f(B=Ep1)M(E)dE
(A.25)
In the same way I~ could be defined[49]:
I = [ HE - Epp)M(E)dE A.26
== [ F(E - Epr)M(E) (A.26)
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Summing the two current contributions, taking in consideration that at the
oxide barrier there is a certain probability of reflection and a certain proba-
bility of tunneling, and supposing that the difference between the two Fermi
distributions is unitary in the approximation of Fermi function as a step
function (0K):

2e 2e
I="M(Epy — Erp)T, = - M(Epp — EFR)/ T(k))dk;,  (A.27)
h h kyy
Where M is an integer number depending on the function M(E).
The conductance is defined as [49]:

le| 1 B 2e2 M

G p— p—
(Err — Err) h Jky,

where T'(k;;) is the function calculated with the free electron tunneling
model.

le| I _2e*M 16k2 k2 e2ks!

(EFL — EFR) n h ks, []{JB<]€1 + kg)(l + 6_2k5l)]2 + [(k% — klkg)(l — 6_2k31)]2
(A.29)

dky;

remembering that k1, ko, kp are function of k.

Julliere’s model

It is a two current model based on the first assumption that the conductance
is proportional to the product of the Fermi energy density of states in the
electrodes on either side of the barrier:

Gp =0T+ g
F T (A.30)
Gap = G+ Gt
where
G« NJ N},
H oo NYNY
G o NENg (A.31)

G™ « NNy,
GY o« Ni N}
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The tunnel magneto resistance is defined as follow:

Gp —Gap _ NN+ NiNp = N|Nj = NpNj _ (N = Np) - (Nj = Np)

TMR =
Gap NTN + N} N}, N N§, + N} N},
(A.32)
ANLAN
TMR= —— =" (A.33)
N} Ny + NN}

The denominator of the fraction can be rewritten as follow, with a trivial
algebraic manipulation:

ANRAN,
TMR = ANLANR L 77 (A.34)
L(NLNp — ANLANg) 11— %@RNL

Exploiting the definition of the polarization of the ferromagnetic layers (elec-
trodes of the structure):

_ NE,R - Ni,R _ ANppg

Prr= = A.35
L,R N[T”R N N[%’R NL,R ( )
Substituting inside the expression of the T'M R:
2P PR
TMR=—"F""— A.36
1 — PrPgr ( )

Slonczewski’s model

Slonczewski started from the simplest free electron model. Combining the
latter with the Julliere’s result, he was able to find an effective polarization of
the layer and to obtain a more exact equation for the TMR. The Hamiltonian
of the free electron model is a bit modified, and then exploiting the charge
current density, which is conserved throughout the junction, it is possible to
obtain the Slonczewski’s formula. The potential barrier is supposed to be a
function of "x":

H_ffkj 1N . 3
H="5 4 U() 0<z<I

"m” is the effective mass inside the ferromagnetic layers while "m*”is the

effective mass inside the oxide barrier. A is the exchange field while & are
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the Pauli matrices. Taking in consideration that the magnetization of the free
layer is rotated for a certain angle 6, it is trivial to write the wave functions
and the relative "k” in the three regions respectively [19]. Then exploiting
the definition of the charge current density:

Je =

dipy dy}
Pl (Cﬂ%) (W) (M)] (A.38)

dx

and solving the equation for the leading order in e=*(@ [19], the Slonczewski
equation is obtained:

J(E) = Jo(1 + P?cos()) (A.39)

where "P" is the "effective polarization" which differs from the Julliere’s polar-
ization because this time it takes in consideration also the coupling between
the spacer and the ferromagnetic contact.

(k=R (KR - KK (A.40)
CO\R )RR+ kR '

Defining the polarization in this new way, Slonczewski was able to define the
Tunnel Magneto Resistance (7'M R) with the same mathematical formulation
of Julliere:

Ip—I4p  2P.Pp

TMR =
Iap *1- P PR

(A.41)

with P; the "new effective polarization" defined just above.

Four-Collective Coordinates system

In this section, just to add more detail to the thesis, the Four-Collective
Coordinates system obtained through the Lagrangian approach is reported
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[36]
=g+ S sing 1) = T sin2(6 ~ 1) + b
+ “CZ‘S(F) + 75 aricos(0)
¢ = — oY Heat — Ozcoz(r)q + am;:s(r)f L CAOS(F) — vngLCOS(qb)
o538 — L) = S (1 + sin(2) — K, — kasin®(6 — )] - Syappsin(o)
o/f[i - E((;‘JA)? + SmZ(F>)] :]\}S[ §2(2cos3(r> + sin(T))+

+ sin(T) (K, + kasin®(¢ — T))+
— cos(D)kqsin(2(¢ — I))]+

D
;TA](\Z sin(¢) — gfysin(F)aFLsz’n(@
(A.42)

Implementing this differential equation system, the domain wall motion could
be described more accurately with respect to the differential system 2.162.
To make the system 2.162 more accurate, the domain wall width is considered
as a piecewise function in the case of the presence of gates that modify the
local anisotropy during the resolution of the differential system with Matlab.
At the same time the average of the tilting angle is evaluated using Mumax3
as explained in the section 2.1. For more details about the four coordinate
model, its limitations and its innovativeness look at [36].

Threshold Current

In the following table all the threshold current values, for different anisotropy
levels of the VCMA gate, and for different gate width are reported:

110



A — Appendix

Table A.1: Threshold Current

Gate width | Anisotropy Variation | Threshold Current
40 nm —20% R~ 4611%
40 nm —15% ~ 1.5ell =4,
40 nm —10% ~ 0.75e11-%;
40 nm —5% ~ 0.75e11 -2,
40 nm 5% ~ 0.75e11-%;
40 nm +10% ~ 2ell4,
40 nm +15% ~ 2ell2,
40 nm +20% ~ 2.5ell5;
60 nm —20% ~ 3ells,
60 nm —15% ~ 1.5ell =4,
60 nm —10% ~ lell s,
60 nm —5% ~ 0.5el1-4;
60 nm 5% ~ 0.75e11-%;
60 nm +10% ~ 2ell4,
60 nm +15% ~ 2.5ell-4;
60 nm +20% ~ 3ellZ,
80 nm —20% ~ 3.5ell -4,
80 nm —15% ~ 2ell2,
80 nm —10% ~ lell s,
80 nm —5% ~ 0.5ell-4;
80 nm 5% ~ 0.75e11-%;
80 nm +10% ~ 1.5ell 2
80 nm T15% ~ 2.5ell-4;
80 nm +20% ~ 3ellZ,
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Mumax3 Code

STT code

//Dimension of the material and its discretization

Nx := 768

Ny := 128

Nz :=1

setGridSize(Nx, Ny, Nz)

setCellSize(1e-9, 1e-9, 1e-9)

//Period Boundary Condition (PBC). PBC must be canceled out to evaluate
the position, the speed, and the tilting angle of the Domain Wall through
ext__dwpos, ext__dwspeed, ext__dwtilt respectively

//setPBC(4,0,0)

//Tilting angle of anisotropy vector
angle := 0.05 //between 0.01 and 1
py := sin(angle * pi/180)
pz := cos(angle * pi/180)

//Parameters

Msat = 1e6 //Saturation Magnetization

Aex = 10e-12 // Exchange stiffness interaction

anisU = vector(0, py, pz) //Anisotropy Vector

Kul = 0.8e6 //Anisotropy constant

alpha = 0.04 //max = 0.04 min = 0.015, Damping factor
Xi = 0.2 //Non-adiabatic parameter

pol = 1 //Current Polarization

//Dind = 0.6e-3 //DMI interaction -Z;

w := 60e-9 //VCMA gate width

n := 1 //Number of Domain Walls in the piece of material
p :=-Nx*1e-9/24+Nx*1e-9/(2*n) //Parameter necessary for the evaluation of
the magnetization domains and for the VCMA gate position

//Magnetization Domain Definition
for i := n; i>0; i-=1
defregion(i, rect(Nx*1e-9/n,Ny).transl(p+(n-1)*(Nx*1e-9/n),0,0)) m.setRegion(i,
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twoDomain(0,0,-pow(-1,i), 0,1,0, 0,0, pow(-1,i)).transl(p+(n-i)*(Nx*1e-9/n),0,0))

minimize() //Energy Minimization

//Region of different anisotropy definition

for k := n; k>0; k-=1 {

defregion(n+k, rect(w,Ny).transl(p+(n-k)*(Nx*1e-9/n)+64¢-9,0,0)) Kul.setRegion(n+Xk,
1.1*Kul.GetRegion(0)) }

ext_centerWall(2)//Centering of the simulation window to evaluate posi-
tion, speed and tilting angle of the DW

// Schedule output

autosave(m, 10e-12) //Magnetization autosave

tableadd(ext__dwpos) //Domain Wall Position

tableadd(ext__dwspeed) //Domain Wall Speed

tableadd(ext_dwtilt) //Domain Wall Tilting Angle

tableautosave(10e-16) //Really dense autosaving to have good fitting of the
DW Tilting Angle

j = vector(0.75e12, 0, 0) //STT Current in 'x’ direction
// Run for 8ns with current through the sample
run(8e-9)

SOT code

//Dimension of the material and its discretization

Nx := 768

Ny := 128

Nz :=1

setGridSize(Nx, Ny, Nz)

setCellSize(1e-9, 1e-9, 1e-9)

//Period Boundary Condition (PBC). PBC must be canceled out to evaluate
the position, the speed, and the tilting angle of the Domain Wall through
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ext_dwpos,ext dwspeed, ext dwtilt respectively
//setPBC(4,0,0)

//Tilting angle of anisotropy vector angle := 0.05 //between 0.01 and 1
rad

py := sin(angle * pi/180)

pz := cos(angle * pi/180)

//Parameters

Msat = le6 //Saturation Magnetization

Aex = 10e-12 // Exchange stiffness interaction

anisU = vector(0, py, pz) //Anisotropy Vector

Kul = 0.8e6 //Anisotropy constant

alpha = 0.04 //max = 0.04 min = 0.015, Damping factor
Xi = 0.2 //Non-adiabatic parameter

pol = 1 //Current Polarization

Dind = 0.6e-3 //DMI interaction -%;

w = 60e-9 //VCMA gate width

n := 1 //Number of Domain Walls in the piece of material
p :=-Nx*1e-9/24+Nx*1e-9/(2*n) //Parameter necessary for the evaluation of
the magnetization domains and for the VCMA gate position

//Magnetization Domain Definition

for i :=n; i>0; i-=1 {

defregion(i, rect(Nx*1e-9/n,Ny).transl(p+(n-1)*(Nx*1e-9/n),0,0)) m.setRegion(i,
twoDomain(0,0,-pow(-1,i), pow(-1,i),0,0, 0,0, pow(-1,i)).transl(p+(n-i)*(Nx*1e-

9/n),0,0)) }
minimize() //Energy Minimization

//Define constants for SOT

AlphaH := 0.15 //Parameter of the Damping like SOT

e := 1.6021766e-19 //Electron charge

d := le-9 //oxide thickness

Ms := le6 //Saturation Magnetization

hbar := 1.0545718e-34 //Reduced Planck constant

zi := ConstVector(0, 1, 0) //Direction Perpendicular to the Spin Current
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and to the Underlayer Current
SOTxi :=-2.0 //Ratio between Field Like SOT and Damping SOT
J_SOT := abs(-0.5e11) //Underlayer Current

//Define Damping Like SOT and Field Like SOT prefactors
aj := Const(J__SOT*(hbar/2.*alphaH/e/d/Ms)) //Damping Like factor
bj := Mul(aj,Const(SOTxi)) //Field Like Factor

//Add damping-like SOT term

dampinglike := Mul(aj, Cross(m,zi))

AddField Term(dampinglike)
AddEdensTerm(Mul(Const(-0.5),Dot(dampinglike, M full)))

//Add field-like SOT term

fieldlike := Mul(bj,zi)

AddFieldTerm(fieldlike)
AddEdensTerm(Mul(Const(-0.5),Dot(fieldlike, M full)))

//Region of different anisotropy definition

for k := n; k>0; k-=1 {

defregion(n+k, rect(w,Ny).transl(p+(n-k)*(Nx*1e-9/n)-128e-9,0,0)) Kul.setRegion(n+k,
1*Kul.GetRegion(0))

}

ext_centerWall(2) //Centering of the simulation window to evaluate posi-
tion, speed and tilting angle of the DW

// Schedule output

autosave(m, 10e-12) //Magnetization autosave

tableadd(ext__dwpos) //Domain Wall Position

tableadd(ext_dwspeed) //Domain Wall Speed

tableadd(ext__dwtilt) //Domain Wall Tilting Angle

tableautosave(10e-16) //Really dense autosaving to have good fitting of the
DW Tilting Angle
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// Run for 8ns with current through the sample
run(8e-9)

Descriptive images of the code

In order to better understand the following piece of the code: fori:= n; i>0;
i=1{

defregion(i, rect(Nx*1e-9/n,Ny).transl(p+(n-1)*(Nx*1e-9/n),0,0)) m.setRegion(i,
twoDomain(0,0,-pow(-1,i), pow(-1,i),0,0, 0,0, pow(-1,i)).transl(p+(n-i)*(Nx*1e-
9/n),0,0)) }

the following images are reported:

Figure A.3: Sixteen Domain Walls (DWs) n = 16
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Matlab Code

clear all
clc

ZMumaz_section
load tiltMumax.txt /Mumaz3 simulation file
mum = tiltMumax(:,:);

angle mum = mum (:,7); /tilting angle wvector of the Domain Wall
velocity = mum (:,6); Jvelocity vector of the Domain Wall

pos = mum (:,5); /position wvector of the Domain Wall

t = mum(:,1); Jtime vector of Mumaz3 simulation

time = 0:8e-9/(length(angle mum)-1):8e-9;

M = length(time);

spolynomial approzimation of the tilting angle of the Domain Wall

[p, S, mul] = polyfit(t, angle_mum, 35);

spolynomial approzimation of the tilting angle of the Domain Wall

[angle, delta_p] = polyval(p,t,S,mu);

Atime derivative of the tilting angle polynomial function of the Domain Wall
dangle = zeros(l,length(angle));

/saverage tilting angle of the Domain Wall
sum_angle = 0;
for i = 1:length(angle)

sum_angle = sum_angle + angle mum(i);
end
saverage tilting angle of the Domain Wall
angle_average = sum_angle/length(angle);

/#Parameters
A = 10%107-12; JEzchange stiffness [j/m]
M_s = 1076; J/Saturation magnetization [A/m]
N_x = 0; /Demagnetizing Tensor
N_y = 0; /Demagnetizing Tensor
N _z = 1; /Demagentizing Tensor
_0 = 4xpi*107-7; JMagnetic permeability [Henry/m]
_FM = 107-9; Jferromagnetic layer thickness
= 0; Jexternal field along 'z' azxis
alpha = 0.04; Jdamping factor
Q = -1.602176634%107-19; Jelectron charge
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m = 9.109%107-31; Jelectron mass [kg]

gamma = -1.7595el1l; /gyromagnetic ratio [rad/(s*T)]
hbar = 1.0545718%107-34; /reduced Planck constant
J_SOT = 1.5%10711; 7ZSOT current denstity [A/m~2]

mu_b = 9.274%107-24; JBohr Magneton [J/teslal]

tau_fl = hbar*J_S0T*0.3/(2*Q+t_FM*M_s*mu_0); /SOT Field-like
tau_dl = -hbar*J_SO0T*0.15/(2+Q*t_FM*M_s*mu_0); /SOT Damping-like
D_dmi = 0.6e-3; /Dzyaloshinskii—-Moriya interaction

G = 2; JLandé Factor

P = 1; JPolarization of the STT current density

J = 1x10712; /STT current denstity [A/m~2]

beta = 0.2; /Non-Adiabaticity STT factor

u = Gkmu_b*PxJ/(2+Q*M_s*(1+beta™2)); /JAdiabaticity STT factor

w = 128e-9; Jwidth of the ferromagnetic material

k_u = 0.8e6; Janisotropy constant of the ferromagnetic layer

delta = sqrt((A)/(k_u+0.5*mu_O*M_s~2*(-N_z))); /Initial Domain Wall width
/4Sharpness of the anisotropy profile of the VCMA gate

delta_1 = sqrt((A)/(k_ut+0.5*mu_O*M_s~2%(-N_z)));

k_d = (d*log(2)/(pi*delta))*mu_O*M_s*M_s/2; /Transverse Shape Anisotropy

AVCMA Gate Parameters

anisotropy_var = 0.16e6; /JAnisotropy wvariation of the VCMA Gate
4'c' = position of the center of the VCMA gate

spositive value of 'c' implies a shifting of the gate to the left
/with respect to center of the track ('0' position)

c = 128e-9; %[m]

w_gate = 60e-9; Jwidth of the VCMA Gate [m]

sInitialization vector
phi = zeros(length(dangle),1);
q = Oxones(1,length(time));

for i = 1:length(dangle)

/#First alternative for the evaluation of the tilting profile

% of the Domain Wall: this approach could create instability

/#of the results due to mon-precise polynomial approzimations.

#The tilting angle of the Domain Wall is given to the differential system
spoint by point

tilt = angle mum(i);

/Athe time derivative of the tilting angle of the Domain Wall

4ts given to the differential system point by point

dtilt = dangle(i);
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#Second alternative for the evaluation of the tilting profile

/#of the Domain Wall: this approach gives stable results,

sand it is still wvalid because usually the Domain Wall after a while
/sreaches an almost constant tilting angle

tilt = angle_average(i);

dtilt = 0O;

/Diffential equation system
#'fq' = time derivative of 'q' which is the center of the Domain Wall

fq{i} = @(t, q, phi, delta, k d) (dtilt.*w.*(l+alpha."2)./(cos(tilt).*2.+*delta)

- gamma.*k_d.*sin(2.*(phi-tilt))./M_s

+ pi.*D_dmi.*gamma.*sin(phi-tilt)./(2.*delta.*M_s) + u.*cos(tilt)./delta

+ mu_0.*gamma.*pi.*tau_fl.*cos(phi)./2 + alpha.*beta.*u.*cos(tilt)./(delta)
-alpha.*gamma.* (anisotropy_var./2) .*(4.*(csch((c-w_gate./2+q)./delta_1)) .72
.*(coth((c-w_gate./2+q) ./delta_1) .*x((c-w_gate./2+q) ./delta_1)-1)

- 4.x(csch((ctw_gate./2+q) ./delta_1)) . 2.*(coth((ctw_gate./2+q) ./delta_1)
.*#((ctw_gate./2+q) ./delta_1)-1))./(2.%*M_s) - alpha.*mu_O.*gamma.*H

- alpha.*mu_0.*gamma.*tau_dl.*cos(phi) .*pi./2)./(cos(tilt).*(1+alpha."2)./delta);

#'fphi' = time derivative of 'phi' which is the precession angle of the
smagnetization of the Domain Wall

fphi{i} = @(t, q, phi, delta, k_d) - gamma.*(anisotropy_var./2)
.*(4.*%(csch((c-w_gate./2+q) ./delta_1)) . 2.*(coth((c-w_gate./2+q) ./delta_1)

.+ ((c-w_gate./2+q) ./delta_1)-1) - 4.x(csch((ctw_gate./2+q)./delta_1)) .72
.*(coth((ct+w_gate./2+q) ./delta_1) .*((c+w_gate./2+q) ./delta_1)-1))./(2.*M_s)

+ alpha.*dtilt.*w./(cos(tilt) .*2.*delta) + beta.*u.*cos(tilt)./(delta)

- mu_O.*gamma.*H - mu_O.*gamma.*tau_dl.*cos(phi).*pi./2

- alpha.*(cos(tilt)./(delta)).*(dtilt.*w.*(1+alpha."2)./(cos(tilt) .*2.*delta)
- gamma.*k_d.*sin(2.*(phi-tilt))./M_s +
pi.*D_dmi.*gamma.*sin(phi-tilt)./(2.*delta.*M_s) + u.*cos(tilt)./delta

+ mu_0.*gamma.*pi.*tau_fl.*cos(phi)./2 + alpha.*beta.*u.*cos(tilt)./(delta)

- alpha.*gamma.* (anisotropy_var./2) .*(4.*(csch((c-w_gate./2+q) ./delta_1)) .72
.*#(coth((c-w_gate./2+q) ./delta_1) .*x((c-w_gate./2+q) ./delta_1)-1)

- 4 .*%(csch((ctw_gate./2+q) ./delta_1)) . 2.*(coth((c+w_gate./2+q) ./delta_1)
.*((ctw_gate./2+q) ./delta_1)-1))./(2.*M_s) - alpha.*mu_O.*gamma.*H

- alpha.*mu_0.*gamma.*tau_dl.*cos(phi) .*pi./2)./(cos(tilt).*(1l+alpha."2)./delta);

end
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#Initial conditions

t(1) = 0;

q(1) = 0;

phi(1) = pi/2;

ALf phi(1) = n*pi/2 with 'n' an integer, the Domain Wall starting profile
/4ts a Bloch Domain Wall configuration

AIf phi(1) = n*pt with 'n' an integer, the Domain Wall starting profile
/4ts a Néel Domain Wall configuration

#Step size

tfinal = 8e-9; /Duration of the simulation
N = length(dangle);

h = tfinal/N;

Jupdate loop
for i=1:N

AUpdate time
t(i+1) = t(i) + h;

AUpdate q, pht

kilq = fq{i}(t(i),q(i),phi(i), delta, k_d);
kiphi = fphi{i}(t(i),q(i),phi(i), delta, k_d);

k2q = fq{i}(t(i)+h/2,q(i)+h/2*klq,phi(i)+h/2*kiphi, delta, k_d);
k2phi = fphi{i}(t(i)+h/2,q(i)+h/2%klq,phi(i)+h/2*klphi, delta, k_d);

k3q = fq{i}(t(i)+h/2,q(i)+h/2%¥k2q,phi(i)+h/2xk2phi, delta, k_d);
k3phi = fphi{i}(t(i)+h/2,q(i)+h/2%k2q,phi(i)+h/2*k2phi, delta, k_d);

k4q = fq{i}(t(i)+h/2,q(i)+h*k3q,phi(i)+h*k3phi, delta, k_d);
k4phi = fphi{i}(t(i)+h/2,q(i)+h*k3q,phi(i)+h*k3phi, delta, k_d);

q(i+1)

= q(i)+h/6*(k1lq + 2xk2q + 2xk3q + k4q);
phi(i+1) =

phi(i)+h/6%(klphi + 2+k2phi + 2*k3phi + k4phi);

4If there is a VCMA gate, the local anisotropy constant changes at the gate,
/stherefore the Domain Wall width 'delta' changes

if ((c-w_gate/2) <= abs(q(i))) & (abs(q(i)) < (ctw_gate/2))
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k u = 0.8e6 + anisotropy_var; /JVCMA Gate region
delta = sqrt((A)/(k_u+0.5*%mu_O0*M_s~2*(-N_z)));
end

if (0 < abs(q(i))) & (abs(q(i)) < (c-w_gate/2))
k_u = 0.8e6;
delta = sqrt((A)/(k_u+0.5*mu_0*M_s~2x(-N_z)));

end
if (ctw_gate/2) <= abs(q(i))
k u = 0.8e6;
delta = sqrt((A)/(k_u+0.5*%mu_0*M_s~2*(-N_z)));
end
end

AVelocity of the Domain Wall
speed = O*ones(1,length(time));
for i = 2:N
speed(i) = fq{i}(t(i),q(i),phi(i), delta, k_d);
end

/#Comparison of the average speed of the Domain Wall
Zsevaluated by Mumaz3 and by the Analytical model
sum_th = 0;

sum mu = 0;

for i = 1:length(speed)
sum_th = sum_th + speed(i);
sum_mu = sum_mu + velocity(i);

end

/Average speed of the the Domain Wall evaluate by the Analytical model
speed_theory_av = sum_th/(length(speed));

#Average speed of the the Domain Wall evaluate by Mumaz3
speed_mumax_av = sum_mu/(length(speed));

/#Plots

/#Plot of the Domain Wall's position evaluated by Mumaz3
sand by the Analytical model

hold on

xlabel ('time')

ylabel ('DW position')
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plot(time,q(l:end-1))

plot(time, pos)

hold off

figure

/#Plot of the Domain Wall's average speed evaluated by Mumaz3
Zsand by the Analytical model

hold on

xlabel ('time')

ylabel ('DW speed')

plot(time,speed)

plot(time, velocity)

hold off

figure

/#Plot of the tilting angle of the Domain Wall evaluated
Aby Mumaz3 and its polynomial approximation

hold on

plot(time, angle mum)

plot(time, angle)

hold off

figure

/#Plot of the time derivative of the tilting angle of the Domain Wall
plot(time, dangle)

122



Bibliography

[1] P. Kusch and H. Foley, “The magnetic moment of the electron,” Physical
Review, vol. 74, no. 3, p. 250, 1948.

2] “Magnetic moment,” https://it.wikipedia.org/wiki/Momento
magnetico, accessed: 2010-09-30.

[3] J. D. Jackson, “Classical electrodynamics,” 1999.

[4] S. Chikazumi and C. D. Graham, Physics of Ferromagnetism 2e. Oxford
University Press on Demand, 2009, no. 94.

[5] D. J. Griffiths and D. F. Schroeter, Introduction to quantum mechanics.
Cambridge University Press, 2018.

[6] “Exchange  interaction,”  https://www.magnet-shop.com/lexikon/
exchange-interaction, accessed: 2010-09-30.

[7] T. Moriya, “Anisotropic superexchange interaction and weak ferromag-
netism,” Physical review, vol. 120, no. 1, p. 91, 1960.

[8] M. Darby and E. Isaac, “Magnetocrystalline anisotropy of ferro-and fer-
rimagnetics,” IEEE Transactions on Magnetics, vol. 10, no. 2, pp. 259—
304, 1974.

9] “Demagnetizing field,” http://mriquestions.com/object-shape.html, ac-
cessed: 2010-09-30.

[10] S. S. Parkin, M. Hayashi, and L. Thomas, “Magnetic domain-wall race-
track memory,” Science, vol. 320, no. 5873, pp. 190-194, 2008.

[11] S. Parkin and S.-H. Yang, “Memory on the racetrack,” Nature nanotech-
nology, vol. 10, no. 3, pp. 195-198, 2015.

[12] R. Bldsing, A. A. Khan, P. C. Filippou, C. Garg, F. Hameed, J. Cas-
trillon, and S. S. Parkin, “Magnetic racetrack memory: From physics to
the cusp of applications within a decade,” Proceedings of the IEEFE, vol.
108, no. 8, pp. 1303-1321, 2020.

[13] S. S. Parkin, “Shiftable magnetic shift register and method of using the
same,” Dec. 21 2004, uS Patent 6,834,005.

123


https://it.wikipedia.org/wiki/Momento_magnetico
https://it.wikipedia.org/wiki/Momento_magnetico
https://www.magnet-shop.com/lexikon/exchange-interaction
https://www.magnet-shop.com/lexikon/exchange-interaction
http://mriquestions.com/object-shape.html

Bibliography

[14] S. Parkin, “Magnetic race-track memory: Current induced domain wall
motion,” IBM Research, 2006.

[15] A. D. West, T. J. Hayward, K. J. Weatherill, T. Schrefl, D. A. Allwood,
and I. G. Hughes, “A simple model for calculating magnetic nanowire do-
main wall fringing fields,” Journal of Physics D: Applied Physics, vol. 45,
no. 9, p. 095002, 2012.

[16] D. Kumar, T. Jin, S. Al Risi, R. Sbiaa, W. S. Lew, and S. Pira-
manayagam, “Domain wall motion control for racetrack memory ap-
plications,” IEEFE Transactions on Magnetics, vol. 55, no. 3, pp. 1-8,
2018.

[17] M. Julliere, “Tunneling between ferromagnetic films,” Physics letters A,
vol. 54, no. 3, pp. 225-226, 1975.

[18] X. Zhang, “Theory of spin-dependent tunneling.”

[19] Y. Xie, I. Rungger, K. Munira, M. Stamenova, S. Sanvito, and A. W.
Ghosh, “Spin transfer torque: A multiscale picture,” Nanomagnetic and
Spintronic Devices for Energy-Efficient Memory and Computing, p. 91,
2016.

[20] Y. Zhang, S. Luo, X. Yang, and C. Yang, “Spin-orbit-torque-induced
magnetic domain wall motion in ta/cofe nanowires with sloped perpen-
dicular magnetic anisotropy,” Scientific reports, vol. 7, no. 1, pp. 1-10,
2017.

[21] X. Li, G. Yu, H. Wu, P. Ong, K. Wong, Q. Hu, F. Ebrahimi, P. Upad-
hyaya, M. Akyol, N. Kioussis et al., “Thermally stable voltage-controlled
perpendicular magnetic anisotropy in mo| cofeb| mgo structures,” Ap-
plied Physics Letters, vol. 107, no. 14, p. 142403, 2015.

[22] Y.-W. Oh, K.-W. Park, and B.-G. Park, “Underlayer dependence of
electric field effect on magnetic anisotropy and its volatility in cofeb/mgo
structures,” Current Applied Physics, vol. 19, no. 1, pp. 50-54, 2019.

[23] F. Xue, N. Sato, C. Bi, J. Hu, J. He, and S. X. Wang, “Large volt-
age control of magnetic anisotropy in cofeb/mgo/ox structures at room
temperature,” APL Materials, vol. 7, no. 10, p. 101112, 2019.

[24] X. Li, K. Fitzell, D. Wu, C. T. Karaba, A. Buditama, G. Yu, K. L.
Wong, N. Altieri, C. Grezes, N. Kioussis et al., “Enhancement of voltage-
controlled magnetic anisotropy through precise control of mg insertion
thickness at cofeb| mgo interface,” Applied Physics Letters, vol. 110,
no. 5, p. 052401, 2017.

[25] Z. Li and S. Zhang, “Domain-wall dynamics driven by adiabatic spin-
transfer torques,” Physical Review B, vol. 70, no. 2, p. 024417, 2004.

124



Bibliography

[26] S.-W. Jung, W. Kim, T.-D. Lee, K.-J. Lee, and H.-W. Lee, “Current-
induced domain wall motion in a nanowire with perpendicular magnetic
anisotropy,” Applied Physics Letters, vol. 92, no. 20, p. 202508, 2008.

[27] S.-M. Seo, K.-W. Kim, J. Ryu, H-W. Lee, and K.-J. Lee, “Current-
induced motion of a transverse magnetic domain wall in the presence
of spin hall effect,” Applied Physics Letters, vol. 101, no. 2, p. 022405,
2012.

[28] G. Consolo, C. Curro, E. Martinez, and G. Valenti, “Mathematical mod-
eling and numerical simulation of domain wall motion in magnetic nanos-
trips with crystallographic defects,” Applied Mathematical Modelling,
vol. 36, no. 10, pp. 48764886, 2012.

[29] J. Franken, “Domain-wall pinning by a local electric-field in a
pt/co/alox/pt microwire yuxiang yin august, 2013,” 2013.

[30] O. Boulle, G. Malinowski, and M. Klaui, “Current-induced domain wall
motion in nanoscale ferromagnetic elements,” Materials Science and En-
gineering: R: Reports, vol. 72, no. 9, pp. 159-187, 2011.

[31] E. Martinez, S. Emori, and G. S. Beach, “Current-driven domain wall
motion along high perpendicular anisotropy multilayers: The role of the
rashba field, the spin hall effect, and the dzyaloshinskii-moriya interac-
tion,” Applied Physics Letters, vol. 103, no. 7, p. 072406, 2013.

[32] S. A. Nasseri, “Magnetic domain wall motion: Numerical simulation and
collective coordinate modeling,” 2018.

[33] A. Thiaville, Y. Nakatani, J. Miltat, and N. Vernier, “Domain wall mo-
tion by spin-polarized current: a micromagnetic study,” Journal of Ap-
plied Physics, vol. 95, no. 11, pp. 7049-7051, 2004.

[34] A. Thiaville, J. Garcia, and J. Miltat, “Domain wall dynamics in
nanowires,” Journal of Magnetism and Magnetic Materials, vol. 242,
pp. 1061-1063, 2002.

[35] A. Thiaville and Y. Nakatani, “Domain-wall dynamics in nanowiresand
nanostrips,” Spin dynamics in confined magnetic structures III, pp. 161—
205, 2006.

[36] S. A. Nasseri, B. Sarma, G. Durin, and C. Serpico, “Analytical modelling
of magnetic dw motion,” Physics Procedia, vol. 75, pp. 974-985, 2015.

[37] A. Mougin, M. Cormier, J. Adam, P. Metaxas, and J. Ferré, “Domain
wall mobility, stability and walker breakdown in magnetic nanowires,”
EPL (Europhysics Letters), vol. 78, no. 5, p. 57007, 2007.

[38] “Magnetic domains,” https://ocw.mit.edu/
courses/materials-science-and-engineering /

3-024-electronic-optical-and-magnetic-properties-of-materials-spring-2013/

125


https://ocw.mit.edu/courses/materials-science-and-engineering/3-024-electronic-optical-and-magnetic-properties-of-materials-spring-2013/lecture-notes/MIT3_024S13_2012lec26.pdf
https://ocw.mit.edu/courses/materials-science-and-engineering/3-024-electronic-optical-and-magnetic-properties-of-materials-spring-2013/lecture-notes/MIT3_024S13_2012lec26.pdf
https://ocw.mit.edu/courses/materials-science-and-engineering/3-024-electronic-optical-and-magnetic-properties-of-materials-spring-2013/lecture-notes/MIT3_024S13_2012lec26.pdf
https://ocw.mit.edu/courses/materials-science-and-engineering/3-024-electronic-optical-and-magnetic-properties-of-materials-spring-2013/lecture-notes/MIT3_024S13_2012lec26.pdf

Bibliography

lecture-notes/MIT3_ 024513 2012lec26.pdf, accessed: 2010-09-30.

[39] “Exchange stiffness,” https://journals.aps.org/pr/abstract/10.1103/
PhysRev.120.353, accessed: 2010-09-30.

[40] K.-J. Kim, Y. Yoshimura, and T. Ono, “Current-driven magnetic domain
wall motion and its real-time detection,” Japanese Journal of Applied
Physics, vol. 56, no. 8, p. 0802A4, 2017.

[41] S.-W. Lee and K.-J. Lee, “Magnetization dynamics driven by angle-
dependent spin-orbit spin-transfer torque,” Journal of the Korean Phys-
ical Society, vol. 67, no. 10, pp. 1848-1852, 2015.

[42] E. Martinez, S. Emori, and G. S. Beach, “Current-driven domain wall
motion along high perpendicular anisotropy multilayers: The role of the
rashba field, the spin hall effect, and the dzyaloshinskii-moriya interac-
tion,” Applied Physics Letters, vol. 103, no. 7, p. 072406, 2013.

[43] E. Martinez, S. Emori, N. Perez, L. Torres, and G. S. Beach, “Current-
driven dynamics of dzyaloshinskii domain walls in the presence of in-
plane fields: Full micromagnetic and one-dimensional analysis,” Journal
of Applied Physics, vol. 115, no. 21, p. 213909, 2014.

[44] O. Boulle, S. Rohart, L. Buda-Prejbeanu, E. Jué, I. Miron, S. Pizzini,
J. Vogel, G. Gaudin, and A. Thiaville, “Domain wall tilting in the pres-
ence of the dzyaloshinskii-moriya interaction in out-of-plane magnetized
magnetic nanotracks,” Physical review letters, vol. 111, no. 21, p. 217203,
2013.

[45] “Mumax3,” https://mumax.ugent.be/mumax3-workshop/tutoriald.pdf,
accessed: 2010-09-30.

[46] “Runge-kutta(4,5),” https://it.mathworks.com/help /matlab/ref/ode45.
html#References, accessed: 2010-09-30.

[47] D. Bhattacharya, S. A. Razavi, H. Wu, B. Dai, K. L. Wang, and
J. Atulasimha, “Creation and annihilation of non-volatile fixed mag-
netic skyrmions using voltage control of magnetic anisotropy,” Nature
Electronics, vol. 3, no. 9, pp. 539-545, 2020.

[48] J. MacLaren, X.-G. Zhang, and W. Butler, “Validity of the julliere model
of spin-dependent tunneling,” Physical Review B, vol. 56, no. 18, p.
11827, 1997.

[49] T. Ouisse, Electron transport in nanostructures and mesoscopic devices:
an introduction. John Wiley & Sons, 2013.

126


https://ocw.mit.edu/courses/materials-science-and-engineering/3-024-electronic-optical-and-magnetic-properties-of-materials-spring-2013/lecture-notes/MIT3_024S13_2012lec26.pdf
https://ocw.mit.edu/courses/materials-science-and-engineering/3-024-electronic-optical-and-magnetic-properties-of-materials-spring-2013/lecture-notes/MIT3_024S13_2012lec26.pdf
https://journals.aps.org/pr/abstract/10.1103/PhysRev.120.353
https://journals.aps.org/pr/abstract/10.1103/PhysRev.120.353
https://mumax.ugent.be/mumax3-workshop/tutorial4.pdf
https://it.mathworks.com/help/matlab/ref/ode45.html#References
https://it.mathworks.com/help/matlab/ref/ode45.html#References

	Introduction
	Ferromagnetism
	Exchange interaction
	Antisymmetric exchange: Dzyaloshinskii–Moriya interaction (DMI)
	Magnetocrystalline anisotropy
	Demagnetizing Energy
	Voltage Controlled Magnetic Anisotropy (VCMA)
	Racetrack Memory
	Division of the Racetrack in ferromagnetic domains
	Magnetic Tunnel Junction (MTJ)

	Voltage Controlled Magnetic Anisotropy (VCMA) (1)
	VCMA constant


	Analytical modeling of domain Wall (DW) motion due to an applied current density and/or external magnetic field
	Newtonian Approach
	Reference System
	Angle profile of the magnetization
	Domain Wall Width
	Landau-Lifshitz-Slonczewski equation & Spin Orbit Torque
	Mathematical Properties
	Effective Field
	External Field
	Exchange Field
	Uniaxial Anisotropy Field
	Demagnetizing Field
	Effective Anisotropy Field
	Transverse Shape Anisotropy
	Final expression of the effective field torque

	DMI Field
	Damping Field
	Adiabatic Spin Transfer Torque (A-STT)
	Non-Adiabatic Spin Transfer Torque (NA-STT)
	Spin Orbit Torque
	Field Like Torque
	Damping Like Torque

	Modelling of a Gate of different anisotropy
	Final differential equation
	Final differential equation with VCMA pinning field

	Comparison of the analytical model with the micromagnetic simulations
	Simulation Parameters
	Spin Transfer Torque 
	Spin Orbit Torque 
	Spin Orbit Torque with VCMA effect
	More accurate evaluation of the threshold current


	VCMA Gate Analysis
	Choice of the VCMA constant
	Gate Width of 40nm
	Gate Width of 60nm
	Gate Width of 80nm
	Threshold Current
	Memory optimization and evaluations of current, and speed
	Functionality of a Racetrack Memory
	Schematic of the VCMA gate structure and list of parameters
	Charging/discharging time of a capacitor 
	Current Density and Gate Width 
	Final verification of the functionality
	Energy Consumption


	Conclusions
	Appendix
	Bibliography

