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Abstract
Nowadays, domain walls and generally magnetic domains play a vital role
in the development of technology. Magnetic materials can be used in the
information techonology for data storage.
This study aims to understand magnetic domains and magnetic domain walls
at zero and non zero temperatures.
We examine static and dynamic domain walls in a ferromagnetic film with
the Landau-Lifshitz-Gilbert equation in order to study the evolution of domain wall under magnetic field and a perpendicular anisotropy. Then, we
observe steady states of domain wall with LLG under magnetic field and different anisotropies and we see the effect in domain wall velocity numerically
and analytically.
In addition, we study the magnetic moments under different temperatures
with the Landau-Lifshitz-Bloch equation using a macrospin approach. We
examine different phase diagrams of magnetization that are affected by different factors.
Finally, we try to understand how magnetic moments work in hard drive
disks introducing the Heat assisted magnetic recording.
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1

Magnetic Materials

Generally, magnetic materials are materials that are affected by the implementation of the magnetic field.
There are several types of magnetic materials that respond differently in the
absence and presence of magnetic field.
1. Paramagnetic materials
There are materials whereby the sum of their magnetic moments is zero
without the magnetic field. In the presence of a magnetic field the magnetic
moments of the material tend to align within an external field.
2. Diamagnetic materials
Diamagnetic materials are materials whereby the magnetic moments align
within the opposite direction of the magnetic field which is applied. Diamagnetism is a weak phenomenon which occurs to all materials magnetic and
non magnetic. These materials are repelled by magnetic field.
3. Ferromagnetic materials
Last but not least, ferromagnetism is a form of magnetism whereby the sum
of magnetic moments is non zero due to Coulomb interaction and Pauli principle if there is no magnetic field. If a magnetic field is applied magnetic
moments align strongly within the magnetic field.

Figure 1: Different behaviours of magnetic materials

1.1

Micromagnetics

Magnetic materials are materials whereby magnetic moments are affected by
the magnetic field. In the mesoscale level of ferromagnetic materials there
are microregions that have specific orientation of magnetic moments. These
regions are called magnetic domains [2]. In these materials there are magnetic
domains with different orientations of magnetic moments. In the interface
5

between two domains with opposite orientations magnetic domain walls or
vortices can be formed.

Figure 2: Magnetic domain wall and vortex
In order to study magnetic domains and magnetic domain walls we use the
micromagnetic approach.
In 1963, William Fuller Brown Jr published his book about micromagnetics[1].
In that book, micromagnetics as a field was first introduced to the research
community. Micromagnetics is a field of physics dealing with the prediction of magnetic properties of the ferromagnetic materials at sub-micrometer
length scales (approximately 10 nm).
Magnetic properties of the materials are described by the behaviour of
magnetic moments. The sum of the magnetic moments of the sample over
the entire volume of the sample is defined as magnetization M (r, t). The
max magnetization vector’s length is Ms which is defined as saturation magnetization.

1.2

Energy

Exchange energy
Ee is a quantum mechanical interaction that occurs between identical particles (e.g. electrons). There is exchange interaction due to the Coulomb
interaction between electrons and the Pauli exclusion principles for fermions.
Specifically, exchange energy in ferromagnetism is the alignment of the neighbouring spins of the atomic structure of the sample.
A ferromagnetic material can be explaiined by a lattice system of electrons
that interact with each other with a Hamiltonian H=-JSi Sj where Si and
Sj is the spins of each electron and J is a Coulomb positive constant. In
continuous analog exchange energy can be written:
Z
A
Ee = 2 ∂µ M · ∂µ M d3 r
Ms
6

where A is constant with physical dimensions J/m and Ms the saturation
magnetization.

Anisotropy energy
In magnetic materials, magnetic anisotropy is the energy that obliges the
magnetic moments to align within one direction. There are different anisotropy
energies because of different atomic structures of magnetic materials. The
magnetic moments of the materials tend to align within an axis or plane. An
uniaxial anisotropy in z axis is defined as
Z
K3
Ea = 2 (1 − M32 )d3 r
Ms
where K3 is a constant with physical dimensions of J/m3 and M3 is the 3rd
component of magnetization’s vector.
External field energy
There is external field energy when a magnetic field is applied to a magnetic
material. Due to magnetic field, external field energy takes place and tries
to align the magnetic moments within the magnetic field. The external field
energy can be defined as
Z
Ez = − M · Hd3 r
where H is the external magnetic field
Magnetostatic energy
The magnetostatic or demagnetizing energy takes place because of the external field. The magnetization of the material is aligned within an axis and
there are created open magnetic lines that have to be closed in order to have
a zero divergence magnetic field. That’s why a magnetic material under external field, creates a different magnetic field in another direction because of
the magnet itself that can be described as
Z
1
M · Hdm d3 r
Edm = −
2
where Hdm is the demagnetizing field of the magnet.
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1.3

The Landau-Lifshitz equation

The microstructure of a ferromagnetic material is described by magnetization
M which is defined as the sum of the magnetic moments of the system over
the entire volume of the system as mentioned before. The magnetization
M (r, t) depends on the spatial coordinates x,y,z in general as r in spherical
coordinates and by the time t. The max magnetization vector length is
referred to Ms which is the saturation magnetization and is constant most
of the times. Magnetic properties of the ferromagnetic material are governed
by Landau-Lifshitz (LL) equation [3]:
∂M
= −γM × F
∂t

(1.3.1)

where γ is the gyromagnetic ratio and F is the effective field that comes from
the internal and external interactions between atoms in the system and is
defined as
δE
(1.3.2)
F =−
δM
where E is the energy of the system.
Now for our system we will introduce the fields that come from the section
(1.2)
For exchange energy :
Z
A
δEe = 2 δ(∂µ M · ∂µ M )d3 r
Ms
Z
2A
δEe = 2 (∂µ M ∂µ (δM ))d3 r
Ms
Z
2A
δEe = − 2 (∂µ ∂µ M )δM d3 r
Ms

Fe =

2A 2
∇M
Ms2

(1.3.3)

Fa =

2K3 M3
ê3
Ms2

(1.3.4)

For anisotropy energy :

For Zeeman energy :
Fz = H
8

(1.3.5)

For magnetostatic energy :
1
Fdm = Hdm
2

(1.3.6)

The normalized Landau-Lifshitz equation
The Landau-Lifshitz equation can be simplified and can be written by the
vector m which is the quotient of magnetization vector M over the saturaM
tion magnetization Ms so, m= M
.
s
Initially, we divide the Landau-Lifshitz equation (1.3.1) with Ms and the
equation can be written:
∂m
= −γm × F .
∂t

(1.3.7)

We assume that the fields F are exchange and anisotropy that are shown in
the equations (1.3.3) and (1.3.4) .
After that, we divide the equation (1.3.7) with µo Ms where µo is the
magnetic permeability of vacuum with physical dimensions J/m3 .
In order to continue our analysis for the rationalisation we have to introduce the typical length time and a dimensionless parameter k.
s
2A
1
2K3
τ=
k=
lex =
2
µo Ms
γµo Ms t
µo Ms2
So if we use the above definitions we get the following equation:
2
lex
∇2 M + kM3
∂m
= −m × (
)
∂τ
Ms

Now if we suppose that the parenthesis can be defined as a dimensionless
field we obtain:
∂m
= −m × f
∂τ
where f is the dimensionless field f = MFs .
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(1.3.8)

U nits
We will study parameters for real materials, in order to see the the characteristic factors and fields for a given system.
We assume that saturation magnetization Ms for a ferromagnetic material
is approximately 1000 emu/cm3 and a constant A for exchange interaction
about 10−6 J/nm. So the characteristic length lex is 10 nm.
For the characteristic time using gyromagnetic ratio of an electron is approximately 1 ps.
The dimensionless effective fields are :
For magnetic field in units [Oe]/[emu/cm3 ] that is written as a dimensionless
1
.
field in SI with a factor of 4π
For exchange field: The exchange field for real materials is approximately
few meV. So the exchange constant A is 1.
For anisotropy energy we try to find dimensionless parameter k for real materials: Uniaxial anisotropy is 104 − 105 J/m3 , so we have a dimensionless
parameter for k 0.1-1 .
Magnetic suspectibility of the ferromagnetic material can be proved that is
which is about 4π constant dimensionless
described by the relation χ = ∂M
∂H
for our system.

1.4

Dissipative system

After the introduction of LL equation, Gilbert added the damping factor,
a damping torque which helps in order to get fast precession of magnetic
moments [4].
The Gilbert damping is represented by the rate at which it relaxes to equilibrium.
The Landau-Lifshitz equation (1.3.1) with the damping factor is
∂m
∂m
= −m × f + am ×
∂τ
∂τ
and is called Landau-Lifshitz-Gilbert equation.
We take the cross product of m of the equation (1.4.1):
∂m
∂m
= −m × (m × f ) + am × (m ×
)
∂τ
∂τ
∂m
∂m
⇒ m × ∂m/∂τ = −m × (m × f ) + am(m ·
)−a
∂τ
∂τ

m×

10

(1.4.1)

Then we use the equation (1.4.1) for the replacement of the m × ∂m/∂τ
with the two other factors, so we have
∂m 1
a∂m
+ (m × f ) = −m × (m × f ) −
⇒
a∂τ
a
∂τ
∂m
1
a
= −a1 m × f − a2 m × (m × f ),
a1 =
,
a
=
.
2
∂τ
1 + a2
1 + a2
In addition, we can show that the energy is monotonically decreased under
the LLG equation. Proof:
Z
Z
dE/dt = (δE/δm)ṁ = −f (−a1 m × f − a2 m × (m × f ))
Z
Z
= a1 f (m × f ) + a2 f [m(m · f ) − f (m · m)] = a2 [(m · f )(m · f ) − f 2 m2 ]
which is negative if we assume that a2 is positive.
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2

Static domain wall

We will consider an infinite ferromagnetic film and we assume that it is
magnetized perpendicular to the film plane due to the presence of easy axis
anisotropy. A region of the magnetic film where the magnetic moments
are almost aligned with each other is called a magnetic domain. A single
magnetic domain is represented by a trivial solution of the Landau-Lifshitz
equation (1.3.1) where the magnetization vector is a constant. In the case of
easy-axis anisotropy there are two such solutions m = (0, 0, ±1) where the
magnetization is uniform and they are representing domains with magnetization ”up” or ”down”. The exchange and anisotropy energies attain their
absolute minimum by the uniform magnetization configurations.

2.1

Bloch and Néel domain wall

We will study the magnetization at the interface between two domains where
the magnetization vector should turn, in a continuous and gradual way, from
the orientation of one domain to the orientation of the other. These magnetization layers which separate to magnetic domains are called magnetic
domain walls. Let us assume that we have two domains with opposite magnetization. This is schematically shown in Fig.3 where the domain on the left
is pointing ”up” (m = ê3 ) and the domain on the right is pointing ”down”
(m = −ê3 ). In the figure, we assume that the magnetization varies along
the direction of the x axis. There are two main magnetization configurations
for a domain wall. In the case that the magnetization m turns from up to
down by rotating in the yz plane (i.e., with m1 = 0) we call this a Bloch wall.
In the case that the magnetization m turns from up to down by rotating in
the xz plane (i.e., with m2 = 0) we call this a Néel wall.

(a) Sketch of ferromagnetic film
(b) Bloch and Neel domain wall
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In order to derive the solution for a domain wall we are looking for solutions
in LL equation using a parametrization of magnetization vector in xyz space.
For the solution of the Bloch wall with exchange and anisotropy terms we
suppose that magnetization vector m is described as:
m = (cos φ cos θ, sin φ sin θ, cos θ)

(2.1.1)

Because the magnetization in Bloch wall turns from up to down by rotating
in yz plane that’s why we suppose a constant value of angle φ = ±π/2. So
we get for magnetization:
m = (0, sin θ, cos θ)

(2.1.2)

which has the useful property that the magnetization is expressed via a single
function of θ(x).
The magnetization is confined in yz plane so no magnetostatic field is produced because ∇ · m = 0. So the effective fields of the system are :
fe = 2A∇2 m fa = 2K3 m3 ê3
The exchange term has components:
fe,x = 0
fe,y = 2A(− sin θ(θ0 )2 + cos θθ00 )
fe,z = 2A(− cos θ(θ0 )2 − sin θθ00 )

The anisotropy term is:
fa = 2K3 cosθ ê3
There are static domain walls in the magnetic materials that are microregions in the interface of the magnetic domains with different orientation of
magnetization. These walls try to turn the magnetization vector properly in
order to follow the orientation of the following magnetic domain. [3]
We substitute the effective fields in LL equation and we are looking for static
solutions ṁ = 0.
Because of static solutions we get from the equation (1.3.1) m × f = 0.
We analyze the 1st component equation:
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∂Mx
= 0 ⇒ My fz − Mz fy = 0
∂t
2Aθ00 − 2K3 cos θ sin θ = 0

We multiply with θ0 and we obtain:
2Aθ00 θ0 − 2K3 cos θ sin θθ0 = 0
The equation can be integrated : Aθ02 − K3 sin2 θ = 0 ⇒
p
θ0 = ± K3 /A sin θ

(2.1.3)

Changing variable z= cos θ the equation (2.1.3) can be integrated in order
to have:

p
z = ± tanh( K3 /A(x − xo ))

p
cos θ = ±tanh( K3 /A(x − xo ))
So for Bloch wall’s magnetization vector we get :
p
p
m = [0, ±sech( K3 /A(x − xo )), ±tanh( K3 /A(x − xo ))]

(2.1.4)

(2.1.5)

where xo is the center of thep
magnetic domain wall and the width of the
magnetic domain wall is δ → A/K3 .
Néel wall appears in very thin ferromagnetic films. If we consider, that the
magnetization’s vector rotates on xz plane(m2 =0), the Néel wall is described
by the following vector :
p
p
m = [±sech( K3 /A(x − xo )), 0, ±tanh( K3 /A(x − xo ))]
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2.2

Numerical Simulations of static domain walls

We use the normalized LL equation for the Bloch wall and we try to understand the behavior of the magnetization’s components in Bloch wall.

Figure 4: Bloch wall at t=0
The above figures describe a Bloch domain wall. The system is a ferromagnetic film between two opposite magnetic domains. The 3rd component
of magnetization changes points from up to down due to opposite directions
of domains. The 2nd component rotates in yz plane in order to ’create’ a possible non topological magnetic soliton representing a non linear wave. That
is a solution of non-trivial partial non linear differential equation. The norm
of magnetization’s vector is constant, that’s why the soliton takes place in
order to have a constant saturation magnetization.
To conclude, Bloch wall as well as Neel wall are different types of static
domain walls which conserve the magnetization, rotating in different planes.
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3

Domain wall dynamics

Apart from static domain walls, the dynamics of domain walls are also an
interesting field in micromagnetic region. The domain wall dynamics is represented by applying a magnetic field in antiparrallel magnetic domains. Another way to move the domain wall is by bombing electrons in system, producing an spin-transfer torque.
In our case, we will work with magnetic field and how magnetic field will
affect the motion of the domain wall and consequently the velocity. We use
LLG equation (1.4.1) and we are looking for solution in velocity of domain
wall dynamics.[6]

3.1

Travelling domain walls under an external field

We want to examine travelling domain wall under external magnetic field.
We use the magnetization vector for a constant angle φ = φo because we
are looking for solutions in a ferromagnetic film with perpendicular easy axis
anisotropy. We suppose that magnetization vector depends on the function
angle θ(x) due to the rotation on yz plane. We are looking for solution of LLG
equation(1.4.1) and supposing a parametrization of magnetization vector in
spherical coordinates:
m = (cos φo sin θ, sin φo sin θ, cos θ)

(3.1.1)

We try to find a dynamic solution for domain wall with exchange field ,
an anisotropy in z axis and an external field h in z axis too. The propagation
of a domain wall is the presence of an non linear waves in the components
of magnetization vector and occurs on x axis as mentioned before. If the
magnetic field is small the propagation of the domain wall is constant. So for
a constant velocity in our system the vector of magnetization will progress
in time with an equation of m = m(x − vt).
The propagation of the magnetization will start as usual with an anisotropy
field in z axis and an external field in z axis too. Due to ferromagnetic
material with initial magnetization and the presence of magnetic field, a
magnetostatic field will be created in the system in x-axis. This is taking
place because our system is magnetized and a magnetic field is applied. So,
the demagnetizing field is created.
So the Maxwell-equation of the divergence of magnetic field is zero.

16

To sum up in our dynamic system we have:
∇ · B = 0 → ∇ · (h + m1 ) = 0 → h = −m1 ê1
The fields in our system are exchange field, a uniaxial anisotropy, a magnetic
field and a demagnetizing field. For the effective fields with magnetization
vector and a constant value of the angle φ = φo (3.1.1) we have:
For exchange term
fe,x = A cos φo (cos θθ00 − sin θθ02 ) ê1
fe,y = A sin φo (cos θθ00 − sin θθ02 ) ê2
fe,z = −A(sin θθ00 + cos θθ02 ) ê3

The anisotropy term
fa,x = −2K1 cos φo sin θ ê1
fa,y = 0 ê2
fa,z = 2K3 cos θ ê3

And finally a magnetic field term:
fz,z = h ê3
We suppose that our travelling domain wall moves with constant velocity so
we use the following ansatz:
∂m
= vm0
∂τ
∂m
= vθ0 (cos φo cos θ, sin φo cos θ, − sin θ)
∂τ
If we use the initial analysis for the damped equation (1.4.1) we obtain :
vm01 + (m2 f3 − m3 f2 ) − av(m2 m03 − m02 m3 ) = 0
vm02 − (m1 f3 − m3 f1 ) + av(m1 m03 − m3 m01 ) = 0
vm03 + (m1 f2 − m2 f1 ) − av(m1 m02 − m2 m01 ) = 0
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We substitute the fields, the magnetization vector and we get the three components of LLG equation:
vθ0 (cos φo cos θ + a sin φo ) + sin φo [(h + 2K3 cos θ)sinθ − Aθ00 ] = 0
vθ0 (sin φo cos θ − a cos φo ) − cos φo [(h + 2K1 cos θ + 2K3 cos θ) sin θ − Aθ00 ] = 0
vθ0 − 2K1 cos φo sin φo sinθ = 0

The 3rd equation represents a Bloch wall with different parameters:
p
2K1 cos φo sin φo
K/A =
v
We try to vanish the φo factor by multiplying the first one with sin φo and the
second one with cos φo subtract them in order to produce the new equation:
Aθ00 − avθ0 = (2K3 + 2K1 cos2 φo ) cos θ sin θ + h sin θ

(3.1.2)

Now we solve the equation (3.1.2) considering the following separation in the
equation:
Aθ00 = (2K3 + 2K1 cos2 φo ) cos θ sin θ
avθ0 = −h sin θ

After solving the first one we observe the similarity with Bloch wall equation:
r
2K3 + 2K1 cos2 φo
sin θ
θ0 =
A
avθ0 = −h sin θ

We use the first equation in order to find the solution for magnetization
vector. We can see that the equation is like Bloch wall (2.1.3) so we have:
r
(2K3 + 2K1 cos2 φo ) x
m1 (x) = sin φo sech
ê1
A
r
(2K3 + 2K1 cos2 φo ) x
(3.1.3)
ê2
m2 (x) = cos φo sech
A
r
(2K3 + 2K1 cos2 φo ) x
m3 (x) = tanh
ê3
A
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Now in order to have a propagating solution we consider a magnetization
from our equation (3.1.3) goes to m(x − vt).
Regarding velocity of the domain wall we get the final equations that are
represented below :
vθ0 = 2K1 cos φo sin φo sinθ
r
2K3 + 2K1 cos2 φo
0
sin θ
θ =
A
avθ0 = −h sin θ
Finaly, we have for the velocity of the domain wall
h
K1 sin 2φo
v= q
= −q
2
2K3 +2K1 cos2 φo
a 2K3 +2KA1 cos φo
A

(3.1.4)

The above equation represents domain wall’s velocity that depends on sin 2φo .
Bloch and Neél wall are static domain walls which occurs in φo = ±π/2 and
φo = 0 plane. In addition, anisotropy energy wants to direct spin in easy axis
of magnetic field so the transition of flipping spins is much more powerful
producing less velocity for the domain wall. The separation of the equation
leads to reasonable equation of (3.1.4). The minus in the second relation
from velocity comes from the fact that magnetostatic field tries to resist in
moving of domain wall due to magnetic field and creates a smaller velocity
in the opposite direction.

4

Numerical Simulations of travelling domain walls

We will analyze our system according to different parameters and how these
affect our equilibrium. We use the normalized LLG equation and a 1-d
system of 100 spins without boundary conditions because we suppose that
the system is an infinite ferromagnetic film. In the following occasions the
initial magnetization vector m with small angle φo , as in the previous section
(3.1.1). We analyze the model with LLG equation instead of LL because of
the fast equilibrium of the system due to the phenomenological torque which
is represented by the damping-Gilbert parameter which affects our vector’s
evolution.[4]
19

4.1

Numerical Results

In the following paragraphs we propagate a domain wall with the initial
condition of (3.1.3) that we got from the equations in the previous sections.
We consider a small angle φo in order to have a ferromagnetic film. We get
a travelling domain wall under certain magnetic field with axis anisotropies.
Additionally, damping constant plays a crucial role in the equilibrium of the
system.
We try to understand the behaviour of our system in z axis anisotropy. The
domain wall is being moved constantly due to field. The anisotropy due to
structure wants to point up all the spins as fast as possible. Because of the
magnetic field we have a travelling domain wall and the anisotropy in z axis
help in order to point up the magnetic moments (m3 = ê3 ) . For a damping
constant a=1 we have the following figures.

(a) t=0

(d) t=7

(b) t=1

(e) t=9

(c) t=5

(f) t=16

Figure 5: Travelling domain wall with a=1,h=0.8,k3=1.1

In figure 5 there are various snapshots of the magnetization vector with easy
axis anisotropy. We can see that the initial time, the magnetization vector
is represented by two solitons in m1 ,m2 component and a characteristical
domain wall for m3 . The fast change of m1 , m2 directions lead to zero and
third component became one due to the magnetic field. This is the steady
state where the domain wall has been lost. Due to the propagation of the
20

domain wall and the magnetic field the magnetic moments point up in order
to follow the direction of the magnetic field.
The direction of the two components of magnetization vector in xy plane
varies in order to follow the change of the 3rd component due to the field.
Specifically, the m1 , m2 components try to follow the domain wall because
of the general propagation of the magnetization vector due to magnetic field
with a unique way, reducing their magnitudes by the time.
After z anisotropy and applied field h we apply in our system the reasonable
magnetostatic field. We saw that can be used like a x-y plane anisotropy
that is created because magnet creates a field itself due to the magnetic
field. With these anisotropies we have different evolution of magnetization
vector. We begin with a damping parameter a=1 again and slightly changed
anisotropies numerically, supposing that the plane anisotropy contributed
less than easy axis anisotropy due to its origin.

(a) t=0

(d) t=7

(b) t=1

(e) t=9

(c) t=5

(f) t=17

Figure 6: Travelling domain wall with a=1,h=0.8,k3=1.1,k1=0.55
The hard axis anisotropy does prefer magnetic moments in plane. So the
x anisotropy tries to point the magnetic moments on plane and delay the
evolution of the system. The magnetic moments do not point up or down
in a fast way and the configuration for the travelling domain wall is being
21

moved most slowly. This can be seen from the steady state which occurs
in slightly more time than the system with the uniaxial anisotropy . Due
to the magnetostatic field the m1 component was affected in its saturation
magnetization slightly and contributed more in magnetization vector. This
makes the speed of the magnetic domain wall smaller .
To sum up, we can see that due to external magnetic field the magnetization
became one in the z direction . Because of Zeeman energy, magnetic moments
want to align in the direction of magnetic fields. Anisotropy in z axis helps the
magnetic moments to point up faster due to the structure. Anisotropy in xaxis tried to ’transfer’ the whole magnetization vector in plane but magnetic
field made that equilibrium state.

4.2

Domain wall analysis

The third component of magnetization vector can describe the effect of the
domain wall velocity due to high magnetic fields, high damping parameters
and different anisotropies. The velocity of the domain wall is actually the
change in the shape of the domain wall as it moves for a constant time. The
examination of domain wall will help us understand how easily or difficult
magnetic moments point in the direction of field. We study the velocity of
our wall, by observation of curves of 3rd component of magnetization. The
figures below are at certain simulation time with the same anisotropies that
we used in section (4.1) .
Easy axis anisotropy
For a system with only a z-anisotropy and a static magnetic field in easy
axis, we can see the following figure:
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Figure 7: m3 in different fields with z-anisotropy at a time scale t=2
In figure 7 the motion of domain wall can be examined. The velocity of the
domain wall remained constant. That can be seen from the displacement of
m3 symmetrically at a constant time. Furthermore, m3 is the reason that
domain wall takes place and the velocity of domain wall can be described
by mean velocity v= xt . If domain wall moves, it means that the previous
magnetic moment switches its direction in order to minimize its energy and
follow the system’s rules. Anisotropy in z axis helps the magnetic moments
in pointing up and generally the system switching the direction of the magnetization vector really fast.
Now we add in our system an x-axis anisotropy, and we observe how a domain
wall moves.
X − axis anisotropy

Figure 8: m3 in different fields with x anisotropy at a time scale t=2
In figure 8 we see that the hard-axis anisotropy makes the switching of the
magnetic moments in z direction more difficult because anisotropy wants to
point the magnetic moments in direction of xy ferromagnetic film plane. The
x-axis anisotropy is trying to have a total magnetization in x direction that’s
why the domain wall is smoother and the velocity is greater. As we have
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proved x anisotropy is a field h ∝ −m1 and that’s why it is trying to push
the domain wall in opposite direction reducing its velocity.
Now we will examine a domain wall with z and x anisotropy in order
to see a more realistic model and how a domain wall is affected by their
presence.

Figure 9: m3 in different fields with z and x anisotropy at a time scale t=2
In the figure 9 the magnetostatic and the z axis anisotropy affect our
system. We can see that domain wall moved with a different velocity in the
change of static magnetic fields. Specifically, due to the magnetic field in
z-axis we can observe that the domain wall is moving in our system along x
axis. We have to mention that the magnetostatic field with the z-axis fight
each other and want to align the magnetic moments in each axis separately.
Magnetostatic field tries to have the magnetic moments in plane of ferromagnetic film. The z-axis is a perpendicular anisotropy that originates from
the crystal structure of material. The demagnetizing field exists due to the
z-axis magnetic field and leads to the shape anisotropy of the material due
to magnetic field. This energy affects our system less due to its origin. The
magnetic field does work catalytically. The final state takes place due to the
z-axis magnetic field which makes the magnetic moments change direction,
point up perpendicular to the ferromagnetic film slow or fast.
In conclusion, the figures with one and two anisotropies are totally different.
The x-axis anisotropy tries to point the magnetic moments in x axis and
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creates a slower domain wall. The two anisotropies fight back each other so
the final state of magnetization vector is affected by the 2 anisotropies and
the magnetic field dominates in order to move the domain wall and reach its
equilibrium state.
Damping parameter

Figure 10: m3 in different damping parameters
Damping in LLG equation is a way to have a faster steady state in the magnetization vector. Without damping our system can’t be stabilized. The
greater the damping parameter, the faster the switching of magnetization
and consequently the faster the equilibrium. If damping parameter tends to
equal ∞ then the configuration of domain wall will be changed from -1 to
1 instantly, and a sum of approximately delta function for the xy magnetization’s vector components, which is not a physical state. The damping
parameter is a constant that can be found experimentally, but in our occasion is reffered to one. In order to have the equilibrium that a computer can
provide, the damping parameter works as a factor in order to have a faster
equilibrium state and to see the significant notifications in magnetization
vector components.
Finally, a damping parameter which is a friction in spin wave system affects
the moving in the equilibrium state.
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4.3

Domain Wall velocity in LLG

In that subsection we will analyze how the domain wall velocity is affected
by magnetic field, and the anisotropies in our system.
The magnetic field as we saw before moves the domain wall with constant
velocity. So we examine the domain wall velocity under different parameters.

DW velocity with uniaxial anisotropy and magnetostatic field

DW velocity under external fields with uniaxial anisotropy
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Figure 12: DW velocity in different magnetic fields for k3=1.1 and k1=0.55
These figures can confirm that the effect of magnetic field in the velocity is
linear . Specifically, the greater the magnetic field is, the greater the velocity.
The second one is about the system with x and z anisotropy, that affects
our system in different way. The velocity is smaller for the same magnetic
field because x axis anisotropy tries to maintain the magnetization in plane
making the domain wall velocity smaller. It operates like an external force
that acts like a friction in our system and the domain wall goes more slowly
which can be seen by the negative effective field as we said.
We see that in real system with magnetostatic field there is a walker breakdown at H=100 mT . This a non steady motion and the configuration of domain wall is asymmetry. There is a precession propagation for domain wall
and that’s why there is a drop in velocity. The demagnetizing field torque
with damping does not ’freeze’ zeeman field torque so there is a precession
in spins at the domain wall.[9]
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Temperature dependence

We will analyze our system in the presence of the temperature. We will see
the effect of temperature in magnetization vector, introducing the LandauLifshitz-Bloch equation.[10]
ṁ = −γ[m × H] +

γa||
γa⊥
(m · H)m − 2 [m × (m × H)]
2
m
m

where a|| = 2λ 3TT c a⊥ = λ(1 −

(5.0.1)

T
)
3Tc

The physical systems are affected by temperature. Specifically, magnetic materials that are forced to align within magnetic field, can be influenced by the
temperature, won’t provide the expected equilibrium and may be affected in
their norm or in their equilibrium time. The temperature is a factor that
magnetic moments can not avoid.
In magnetic domains, the LLB equation can be described as the LLG equation with a temperature dependent damping parameter and an extra factor
that reduces the norm of magnetization vector.
About the effective fields we can see that the system will be affected by exchange term due to ferromagnetic structure, a magnetic field with a high
anisotropy in z-axis and finally a field that is based on the change of magnetization due to temperature with me (T ) which is Brillouin function of magBB
based on mean field approximation.[13] So we examine
netization as x= gµkT
a temperature dependent system with the following fields:
(1 −
H = He + Ha + B +

m2
)m
m2e

2χ||

(5.0.2)

where χ|| is the longitudinal magnetic susceptibility of the material. The
magnetic susceptibility of a ferromagnetic material is not well defined due to
presence of the domain wall.

5.1

LLB equation for a single spin

Due to thermal fluctuations we can see the change in the equilibrium state
of magnetization vector for a single spin.
Firstly, we will try to understand the final effective field in LLB equation(5.0.1). We assume that our system is a single spin that is affected totally
by temperature. This creates an equation that is related with the magnetization vector and the extra field due to LLB equation. We consider a single
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spin affected by the last term of (5.0.2).
So we have from the equation (5.0.1) :
m2

2

γa|| (1 − m2e )m
ṁ = 2 (
· m)
m
2χ||

(5.1.1)

That equation can produce an exponential graph for magnetization vector
because of the temperature. Temperature leads to random directions of magnetic moments. The above equation can be written as
m2
ṁ = atemp (1 − 2 ) · m
me
2

e
(m
− 1)
m2

m2e
(m
2
o

− 1)

m2 =

1
m2e

= e−2atemp t

−

( m12
e

1
− m12 )e−2atemp t
o

where mo is the initial magnetization of the system.
The above factor illustrates a change in the norm of the magnetization’s
vector. The magnetization is reduced with the presence of that factor, ending
up to the value of me (T ) which is approximately zero for temperatures near
Tc and sensible magnetic fields. So the increase of temperature can lead to a
decrease in m which is equal to me (T ). The temperature plays a vital role
in the system. As the temperature gets increased the single spin can not be
defined due to the thermal energy. The thermal energy increases the total
energy of the system and the macrospin can not be defined in the position,
losing its saturation magnetization. The greater the energy, the lower the
saturation magnetization in magnetic domains .
This effective field in LLB equation, as we can see, describes a magnetization
vector that is decreased with time, and as we increase the temperature the
depletion of the magnetization is rapidly increased. For a spin in a direction
of (1,1,1) we can see that the evolution of a magnetization’s component is
identical in the 3 directions, due to the isotropy of the system. So we can
see the following figure:
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Figure 13: Behaviour of magnetization’s component due to temperature in
prospect of time
From the above figure it is clear that the magnetization vector is affected by
temperature. Specifically, as we proceed in time the saturation magnetization rapidly increased due to the exponential fit. So we have a exponential
graph of magnetization with a saturation magnetization at absolute zero, in
our occassion mo .
So we see that, the effective temperature field can reduce the magnetization
faster as we evolve in time and the temperature is getting higher.

Single Spin with anisotropies
However, there is an occassion of having a spin in different directions of
space and with easy axis anisotropy, magnetic field and the magnetostatic
field that it is produced due to the magnetization. Magnetic field creates
magnetic dipoles that are the source of a demagnetizing field. So if we pro2

(1− m2 )m
me

we will see that the
ceed with effective fields : H = Ha + B + 2χ||
evolution of magnetization’s vector in time in different magnetic fields for
different temperatures are shown in the following figures:
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Figure 15: Magnetization 111 at h=0.1 T

Figure 17: Magnetization 101 at h=0.1 T
The figures show the magnetization as we increase the temperature and the
time. The temperature prevents the magnetization and does not reach its
equilibrium state in the same time at different temperature. The anisotropy
field with the external applied field try to align the magnetic moments within
easy axis.
On this occassion, of a single spin the magnetization vector is aligned mostly
within z axis due to the magnetic field. The two other components of magnetization vector go to zero.
As the temperature is increased the equlibrium state is being delayed. If we
apply extra magnetic field we can see that the magnetization will be on z
axis faster. The temperature due to the vibration of the magnetic moments
changes the equilibrium time. However, the final magnetization in z axis is
obvious due to high magnetic field and the different directions of the sample
do not affect the equilibrium.
Different directions are affected by temperature in the same way. Temperature creates an uncertainty in direction. On the other hand, magnetic field
and uniaxial anisotropy want to align magnetic moments within the easy
axis.
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5.2

LLB equation for spin chain

We will examine the equilibrium state of magnetization vector with exchange
interaction. We analyze a ferromagnetic structure with the temperature. The
exchange energy affects the magnetic moments. Magnetic neighbouring moments due to exchange want to align within the same direction. Now we
assume the effective fields from the equation (5.0.2) we simulate the equilibrium state :

Figure 19: Magnetization 111 at h=0.1 T

Figure 21: Magnetization 101 at h=0.1 T
Exchange interaction wants to align the neighbouring spins within one direction and the temperature affects the alignment within one axis and tries
to orient magnetic moments randomly. These two ’forces’ between internal
procedures and external macroscopical forces are up to have a zero mean of
magnetization vector after an equilibrium time.
This occurs at high temperature, close to Curie temperature because the
thermal energy dominates. In lower temperatures magnetic field plays a significant role, having the equilibrium state at the direction of it, reducing
the norm of magnetization which can be shown by the law of spontaneous
magnetization.
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5.3

LLB equation for domain wall

For analysis of domain wall we use magnetization vector in spherical parameterization with a small constant angle φ = φo and a angle θ depending on
x-coordinate due to the ferromagnetic film(yz plane). But now as we can
see from the graphs above the magnetization vector is not conserved but it
is a function of time. So, we will introduce the magnetization vector with a
magnitude ρ(t) . So,
m = (ρ cos φo sin θ, ρ sin φo sin θ, ρ cos θ)

(5.3.1)

Now we will analyze the total LLB equation (5.0.1) . The vector of magnetization with a time dependent amplitude and independent variables (ρ, θ, φo )
can be described with a velocity v θ̇ = vθ0 .
For effective fields of exchange energy, magnetic field and anisotropy we write
the general form of the 3 equation for each component of the magnetization’s
vector in dimensionless factors. Specifically, the γ is included in the time and
the fields are defined by dimensionless parameters. About the derivative of
time for the magnetization’s vector:
ṁ1 = cos φo (ρ̇ sin θ + ρv cos θθ0 ) ê1
ṁ2 = sin φo (ρ̇ sin θ + ρv cos θθ0 ) ê2
ṁ3 = ρ̇ cos θ − ρv sin θθ0 ê3

For exchange field
ρ cos φo (cos θθ00 − sin θθ02 )
ê1
me
ρ sin φo (cos θθ00 − sin θθ02 )
ê2
=
me
ρ(sin θθ00 + cos θθ02 )
=−
ê3
me

fe,x =
fe,y
fe,z

The anisotropy term
fa,x = −2K1 ρ cos φo sin θ ê1
fa,y = 0 ê2
fa,z = 2K3 ρ cos θ ê3
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For magnetic field term :
fz = (0, 0, h)
Finally we consider the final field so we have:
ftem = ctemp (m1 , m2 , m3 )

Taking into account the effective fields we will find the 3 factors of the LLB
equation:
ρ2 sin φo θ00
+ ρ sin φo sin θ(h + 2K3 ρ cos θ) ê1
me
ρ2 cos φo θ00
− ρ cos φo sin θ(h + 2K3 ρ cos θ + 2K1 ρ cos θ) ê2
m × fy = +
me
m × f z = 2K1 ρ2 cos φo sin φo sin2 θ ê3
m × fx = −

m·f =

ρ2 θ02
+ (h + 2K3 ρ cos θ)ρ cos θ − ctemp ρ2 − 2K1 ρ2 cos2 φo sin2 θ
me

m × (m × f ) =
2K1 ρ3 cos φo (sin2 φo sin3 θ + cos2 θ sin θ)+
ρ3 cos θ cos φo θ00
+ (h + 2K3 ρ cos θ)ρ2 cos φo sin θ cos θ ê1
−
me
ρ3 sin φo cos θθ00
−
− 2K1 ρ3 cos2 φo sin φo sin3 θ + ρ2 sin φo cos θ sin θ(h + 2K3 ρ cos θ) ê2
me
ρ3 sin θθ00
3
2
2
− ρ2 sin2 θ(h + 2K3 ρ cos θ) ê3
− 2K1 ρ cos φo cos θ sin θ +
me
Now we substitute the factors to the LLB equation (5.0.1) in order to have
the three components. We multiply the first component by cos φo , the second
by sin φo and adding them together we have the following equation:
ρ̇ sin θ + vρ cos θθ0 = 2K1 ρ2 cos φo sin φo sin θ cos θ + a|| (
−a⊥ (−

m·f
) sin θ
ρ2

ρ cos θθ00
+ (h + 2K3 ρ cos θ) sin θ cos θ + 2K1 ρ cos2 φo cos2 θ sin θ)
me
(5.3.2)
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About the 3rd component of magnetization:
ρ̇ cos θ − vρ sin θθ0 = −2K1 ρ2 cos φo sin φo sin2 θ + a|| (

m·f
) cos θ
ρ2

ρ sin θθ00
− 2K1 ρ cos2 φo cos θ sin2 θ − (h + 2K3 ρ cos θ) sin2 θ)
−a⊥ (
me

(5.3.3)

In addition, we multiply the equation (5.3.3) by cos θ and the equation (5.3.2)
by sin θ, we add them and we obtain:
ρ̇
h
= θ02 + ( + 2K3 ρ cos θ) cos θ − ctemp + 2K1 cos2 φo sin2 θ = C (5.3.4)
2
a|| ρ
ρ
From the above equation we can find a solution for the norm of magnetization
ρ:
1
(5.3.5)
ρ= 1
+ Ca|| t
ρo
Now we will try to produce a relation for the domain’s wall velocity and the
parameters of the system. Using the equation (5.3.2) and the (5.3.3), we
multiply the first by cos θ and the second by sin θ, subtract them, and we
get:
vρθ0 = 2K1 ρ2 cos φo sin φo sin θ+
ρθ00
a⊥ (
− (h + 2K3 ρ cos θ) sin θ − 2K1 ρ cos2 φo cos θ sin θ)
me

Seeing the similarity of the equation with the domain wall dynamics without the temperature parameter we will separate the factors. We suppose that
external field depends on temperature as the magnetization. So, we have:
vρθ0
= K1 ρ2 sin 2φo sin θ
2
θ00 = (2K3 + 2K1 cos2 φo )me cos θ sin θ
vρθ0
= −a⊥ h sin θ
2

(5.3.6)

We solve the second equation and we obtain:
vθ0 = 2K1 ρ sin 2φo sin θ
p
θ0 = (2K3 + 2K1 cos2 φo ) me sin θ
vρθ0 = −2a⊥ h sin θ
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(5.3.7)

About the magnetization vector from LLB equation we can solve the second
equation of (5.3.6) and we can see the similarity with the magnetization vector of (3.1.3) with a factor of saturation magnetization ρ which can be seen by
equation (5.3.5) that is affected by temperature and time. So magnetization
vector is
p
m1 (x) = ρ sin φo sech( 2K3 + 2K1 cos2 φo me x) ê1
p
(5.3.8)
m2 (x) = ρ cos φo sech( 2K3 + 2K1 cos2 φo me x) ê2
p
m3 (x) = ρ tanh( 2K3 + 2K1 cos2 φo me x) ê3
About velocity we divide the first and the third with second of relation
(5.3.7) and we can see that :
2a⊥ h
2K1 ρ sin 2φo
= p
v = −p
2
2K3 + 2K1 cos φo me
ρ 2K3 + 2K1 cos2 φo me

(5.3.9)

So, we can see that velocity of domain wall is similar to the LLG model
(3.1.4). The first equation with sin 2φo depends on the magnetization vector
amplitude and getting decreased with time and temperature. This can be
explained due to thermal energy that can not follow the geometry of the
system. About the second equation with magnetic field is proportional to
h
√
√ ⊥ instead of 1 . We can see for small
with a factor of ρ2a
me
a
2
2K3 +2K1 cos φo

equilibrium time the velocity is getting decreased for temperetures below
Curie temperature. The magnetostatic field creates a velocity opposite to
the velocity of the magnetic field because the demagnetizing field does not
want to have magnetic dipoles and tries to align the magnetic moments in
xy plane opposite and delay the equilibrium state.

5.4

Numerical Results on LLB equation

We solve numerically the LLB equation in order to see how the domain
wall is affected by different parameters. As we increase the temperature the
width of domain wall is getting greater, which can be seen by the increased
region where the magnetization is different from saturation magnetization.
Specifically, temperature influenced the magnetic spins and domain walls
respectively to reach the equilibrium state. The Neel -Arrenhius law describes
a change of relaxation time due to temperature. The temperature makes the
spin harder to align and the higher the temperature, the greater the domain
1
wall width ∝ √m
.
e
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Domain wall width at t=6 ns for H= 1 T
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Figure 22: Domain wall width as a function of temperature
The domain wall width of the material is getting increased because of
the increase of thermal energy. Thermal energy affects the pointing of the
magnetic moments. Finally, temperature when the magnetic moments try
to point up, affects them and the alignment is more difficult due to thermal
energy.
Saturation magnetization of domain wall at t=6 ns for H= 1T
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Figure 23: Domain wall saturation magnetization
The normalized magnetization of the domain wall is getting increased following aproximately the equation (5.3.5). So, in domain wall as in a single spin
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the magnetization is decreased with temperature and with time. We can see
that the above graphs display at a temperature close to 0.6-0.7 Tc because
our system for greater temperature can not avoid the thermal fluctuations
and we do not have a stable system for domain wall. The temperature acts
catalytically and affects our domain wall. Domain walls can not be presented
in high temperatures because the random orientation of magnetic moments.
So, we have to consider about magnetic domains that will help in order to
understand Heat Assisted Magnetic Recording.
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6.1

Application on Heat Assisted Magnetic Recording
General study of HAMR

[11] The magnetic moments and domain walls play an important role in
technology. Specifically, on computer science the hard disk drives are manufactured with the physics of magnetism.
Hard drive disks (HDDs)
Before we start, we would like to point out how the HDDs work. An HDD
drive is a data storage device that uses magnetic storage in order to save information for the system. About the capacity of the drive, data are written
through the magnetic head on the drive with different techniques. The magnetic recording of the data in a disk is saved with a binary system of zeros
and ones. Every letter stands for a sequence of zeros and ones in order to be
saved properly and without any problem in the disk. The binary system of
ones and zeros is represented with the magnetization’s vector alignment in
every bit.

Figure 24: Behaviour of bits in an HHD drive

Heat Assisted Magnetic Recording (HAMR) increases the capacity of drive
disks with the assistance of temperature. A laser is placed and heats up a
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small region of the magnetic drive. For that operation, the HDD is manufactured by a ferromagnetic material with a great saturation magnetization
and anisotropy constant too which may be infuenced by the temperature.

Figure 25: HAMR system
The HAMR can be described in different ways. We will consider that there
is no diffraction problem and the laser is pointed in a specific region without
losing any intensity due to diffraction.
The domain wall in HAMR and in magnetic disks generally is about a ”dead”
spot due to the changing of the magnetization’s vector in which information
can not be saved for a system , e.g. a computer.

6.2

Magnetization under different magnetic fields and
anisotropies

The HAMR procedure can be analyzed by the change of the magnetic macrospin
in order to be stable and save information for a longer time. That can be seen
by the magnetization vector norm and how this is affected by the parameters of the system. Now we will see the effect of magnetization if we apply
different external magnetic fields. We use LLB equation for a macrospin and
we can see the following figures:
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Figure 26: Magnetization at different fields
We observe that the saturation magnetization is reduced rapidly as we
increase the temperature. The applied field is actually the magnetic energy (µB B) and the temperature is the thermal energy of kB T . So from the
graph we see that magnetization is getting higher as the magnetic field is
getting greater. This can be explained as the line of hysterisis loop for a
ferromagnetic material that its saturation magnetization is decreased due to
the increase of temperature. As we increase the temperature the material’s
saturation magnetization is getting decreased and it is not capable of controlling the magnetic moments, leading to zero magnetization close to Curie
temperature.
Now the change in magnetization that is affected by anisotropy’s constant
(for constant magnetic field h=0.1 T) too.

Figure 27: Magnetization at different anisotropies

We can see the similarity with the previous figures with magnetic fields. The
anisotropy constant for constant magnetic field helps the spins to point up.
The behaviour of magnetization is similar with the magnetic field due to the
same operation for the magnetic moments.The difference between the two
graphs at the temperature 0.7 Tc may can be explained because anisotropy
do not like phase change and tries to have a non zero magnetization. The
anisotropy and magnetic field wants to align the magnetic spins within easy
axis(z-direction) but temperature plays a crucial role of vanishing the magnetization because it is greater energy instead of the magnetic field energies
that are used in expreriments.
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6.3

Magnetization at different temperatures

We try to analyze the equilibrium of the system and study phase transitions
of the ferromagnetic material. The damping parameterer helps in order to
have a faster equilibrium. This can be shown by the following figure.

Figure 28: Magnetization at different damping
For our simulations we use a damping constant of one because is easier for the
simulations to be done. So for this damping parameter we have the following
analysis. We want to see how the anisotropy and the magnetic field affect
our system in the evolution of temperature. We can see the following figure:

Figure 29: Magnetization at different temperatures
This figure shows that the magnetization is affected by temperature. The
magnetization is affected strongly by temperature and the anisotropy constant affects the system near to the phase transition of the material. With
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anisotropy there is a peak in graph instead of the system without anisotropy.
This can be explained by the fact that the anisotropy does not want to be
changed the phase of the material and wants to conserve the magnetization
in the material instead of being a paramagnetic material.
In addition we can see that magnetization’s modification due to the increase of temperature and magnetic field simultaneously.

Figure 30: Magnetization under different magnetic fields
In the above figure we can see that for small magnetic fields and small
temperatures the saturation magnetization do not change. The magnetic
field energy(≈ µB B) is not so great in order to affect temperature and the
graph follows the equilibrium that is done by temperature. The equilibrium
state close to Curie temperature is zero magnetization for any experimental
field.
However, there is a lift up of the graph due to high magnetic field. The
magnetic field helps in order to have a ordered system with higher saturation
magnetization, that’s why the magnetization is increasing for the same temperature at different magnetic fields and more magnetic moments are aligned
within magnetic field due to its power. However, in the Curie temperature
there is a zero mean magnetization due to the loss of magnetization of the
sample.
About dependence of magnetization and anisotropy parameters we have:

41

Figure 32: Magnetization at different anisotropies
The anisotropy does not contribute as magnetic field. The two figures are
about magnetic field at 0.1 Tesla and 1 Tesla respectively. The anisotropy
constant is not capable to control the magnetization in any point of the graph,
the temperature dominates. But anisotropy is trying to lift up like magnetic
field the graph in order to have a magnetization in z axis. Nevertheless, the
effort of anisotropy is much less powerful instead of magnetic field.
Now we will examine the magnetization in different directions in the material and how they are affected by temperature and time.
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Figure 33: Evolution of magnetization at H=0.1T
First of all, we can see that the direction of magnetization in space is not
a factor that we have to care about in phase transitions and in technological
industry’s investments.
From the above figures we can see that magnetization decrease because of
the time and the temperature. The temperature and time leads the magnetization close to zero. Although if we observe a stripe of a graph we can see
that magnetization for a constant temperature and different time is decreasing less relative to diffenent temperature and same time.
The magnetic field does not contribute in the system as temperatures does.
The thermal energy ≈ kB T is bigger for temperature at 600-800 K relative
to magnetic energy ≈ µB B for sensible magnetic fields up to 2 or 3 Tesla.
So temperature plays a crucial role in the phase transition of the magnetization in order to change the coercivity of materials. Magnetic field is not able
to contribute in the system because thermal energy is greater than magnetic
field energy.
Technologically the thermal energy helps in order to make the material harder
in order to be able to save information stably and for many years. For any
desirable material and applied field if we increase the temperature we lead
to a zero magnetization. So for a desirable magnetic field we can increase
the coercivity because we increase the temperature of the material. So, the
companies try to increase temperature in the ferromagnetic material in order
to make it possible for the information to be stable.
After increasing the temperature and writing the data, companies cool the
media fast in order store the data for a material which has lower coercivity.
With the applied field and high anisotropy store the data in zeros and ones
having stable information for many years. In fact, companies manipulate the
magnetic moments.
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Phase transitions of materials help in making different elements of computer
more efficient . In order to continue the HAMR procedure with higher area
density in magnetic disks, new materials have to be found. The less the
volume of the spins, the more the areal density. So there must be a way in
order to have materials with higher anisotropy. This may can be achieved
by combining materials with high easy axis symmetry in order to produce a
higher anisotropy.
Data storage is a promising field that evolves really fast using thermodynamic
approach of phase transitions.

7

Conclusions

We tried to examine magnetic domain walls and magnetic moments which
are affected by different parameters.
Firstly, we introduced our setup with the effective fields and the analysis of
LLG equation. In addition, we examined the static domain walls (Bloch and
Néel) analytically and numerically in order to see its shape supposing the
rotation of magnetization is on one plane.
In chapter 3 we examine the dynamic magnetic domain wall due to appied
magnetic field and its velocity.
In chapter 4 we work with the propagation magnetic domain wall because of
different parameters of the system in the evolution of time. Especially, we
study the domain wall’s propagation due to magnetic field. We verify the
analytical form for the travelling domain wall with simulations.
Finally, we added the temperature in our model using the LLB equation, in
order to examine magnetic spins and the domain wall due to temperature
and anisotropy constant .
We work in non zero temperature system in order to see how temperature
affect magnetic moments. We verify the phase transition of magnetization
in a ferromagnetic material and we see the changes under different factors.
The temperature helps the system in order to lower the coercivity of material
and to become more stable(harder ferromagnet) in information for the bits
in hard disk drives for a given magnetic field.
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