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ABSTRACT

The main physical limitation in the down-scaling of magnetic data storage technologies, namely
the superparamagnetic effect, can be pushed back considerably by using high perpendicular
magnetic anisotropy materials. The lack of understanding of the nature of such switching
dynamics of magnetic bits especially close to Curie temperature led to the development of a new
formalism that takes into account both longitudinal and transverse magnetization relaxation
mechanisms in addition to temperature dependent damping parameters. All such effects are
conventionally disregarded within the Landau-Lifshitz-Gilbert (LLG) framework. In our study,
we point out significant changes in the switching process close to the Curie temperature using
the recently proposed stochastic Landau-Lifshitz-Bloch formalism [15] which takes into account
thermal excitations at elevated temperatures by including Gaussian stochastic processes. The
essential motivation of the current work is to develop a Stochastic-LLB based macrospin model,
using experimentally measured temperature dependence of intrinsic parameters for an example
magnetic system CoNi/Pd multilayers as realistic material parameters. Such a model enables us
to determine the temperature dependence of longitudinal susceptibility from single fit
simulations of experimental switching data consistent with previous ab-initio calculations. A
map of switching time as a function of magnetic field and heating pulses together with a
visualization of the granular switching process is presented for the evaluation of this and similar
material systems for potential thermally assisted recording applications. While using a simple
macrospin approach appears effective in describing the average behavior of strongly exchange-
coupled magnetic MLs, a good understanding of the detailed switching mechanism and the role
of geometry when patterned into nanoscale structures would necessitate an extension of our

model to micromagnetic simulations.

Note: This work has been accepted for the publication in Applied Physics Letters (APL).
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Figure 1.1.  The schematic representation of a novel data storage technology, the Heat Assisted
Magnetic Recording (HAMR) system which uses a well focused laser spot just before the magnetic field
pulse to write bits on the media with perpendicular anisotropy.

Figure 1.2.  This is a schematic representation of the motion of a magnetization vector (cyan color).
The motion of magnetization vector is governed by the undamped form LL equation (as the external
magnetic field (gray colored arrow) is applied through the z direction).In the presence of the precessional
torquez, the magnetization vector follows the trajectory (red color) depicted above.

Figure 1.3.  This is a schematic representation of the motion of a magnetization vector (blue color)
when the motion of magnetization vector is governed by LLG equation (as the external magnetic field
(pink color arrows) is applied through the z direction), there are two types of torque which affect this

motion the damping torque 7, and the precessional torque 7|

Figure 1.4.  That is a lattice structure of the BCC type unit cell; at each corner and in the center, there
is an atom with s; spin. By taking the average value of all spins in this structure, we can simply reach to

unit magnetization vector m, .

Figure 1.5.  As the external magnetic field (gray color) is applied through the z direction, the
magnetization vector (cyan color) is affected by three torque terms apart from the spin torque. They are

the transverse 7, and the longitudinal z,, damping terms and also the precessional torque term 7, in the

LLB description.

Figure 1.6. The temperature dependence of Gilbert damping parameter (dashed green), the
longitudinal (solid red) and the transverse (dashed blue) damping parameters. 1394,2 K is the Curie
temperature for Hep Co.

Figure 2.1.  a) The time evolution of magnetization vector components at zero temperature. b) 3D
trajectory of magnetization vector (blue), red arrow shows the magnetization vector and brown arrow
shows the direction of the magnetic field.

Figure 2.2.  a) The time evolution of both magnetization magnitude and its x, y and z components
when Langevin field is included in the effective field. b) 3D path of the magnetization vector

Figure 2.3.  Time evolution of x component of magnetization vector for different external magnetic
fields. As we change the effective magnetic field and (H; :100 —1500mT ) for a certain value of

Gilbert damping parameter (o =0.05), the damping time is reduced. For this simulation, temperature is
set to 700 K).



Figure 2.4.  The time evolution of the x component of magnetization vector for different Gilbert
Damping Parameter. To figure out the effect of variation in the Gilbert damping parameter on the

magnetization dynamics, the effective field is set to a constant value ( H.; =120 kA/m). This simulation

was performed at room temperature (T=300 K).

Figure 2.5.  The time evolution of the magnetization vector with an effective magnetic field that
includes Gaussian stochastic process, external magnetic field and the field which controls the
longitudinal fluctuations in the magnetization magnitude.

a) The relaxation process of magnetization vector components together with the magnetization
magnitude(brown solid line) during the reversal of the magnetization vector. Since x and y components
(red and black solid lines) are relaxing to zero z component (blue solid line) aligns parallel to the external
field. b) 3D trajectory of the magnetization vector (blue solid line), red arrow shows the initial position of
the magnetization vector and the brown arrow shows the direction of external magnetic field.

Figure 2.6.  The effect of stochasticity on the trajectory of magnetization vector. The external
field 120 KA/m, T= 0.5 T, and the Gilbert damping parameter is taken as 0.03.

a) The time evolution of magnetization vector z component in the presence and in the absence of
Gaussian stochastic process. b) The time evolution of transverse components in the presence and in the
absence of stochastic process. The thermal agitations bring about small vibrations around the predicted
path of magnetization.

Figure 2.7.  The effects of both in plane anisotropy and stochastic random process on the
behavior of the magnetization as it is under the influence of an external magnetic field (brown
arrow).

a) The time evolution of magnetization vector components (red, black, and blue solid lines are for X, v,
and z components of magnetization vector) together with the magnetization magnitude (brown solid line).
b) The 3D trajectory of magnetization vector as the magnetic thin film has a dominant in-plane
anisotropy.

Figure 2.8.  The time evolution of magnetization vector for a magnetic thin film with high
perpendicular anisotropy

a) The variation in all components of the magnetization vector. In this figure the purple one shows us the
applied field pulse ( Happ) (pulse width is approximately 1.3 nanoseconds and the amplitude of the pulse

is 120 kA/m), b) The strong perpendicular anisotropy addition to the effective field makes the surface of
the thin film sample energetically unfavorable. While the red arrow shows the direction of magnetization
vector, the brown one is in the magnetic field direction.

Figure 3.1.  The temperature dependence of saturation magnetization and coercivity

a) The temperature dependence of saturation magnetization as the material is under the influence of
magnetic field (red point markers) and as no magnetic field is acting on the material (blue point markers).
The solid lines show the interpolation functions of saturation magnetization for both nonzero and zero. b)



Experimental determination of temperature dependence of coercivity (blue point markers). Red solid line
shows the simulated magnetic field which is sufficient to reverse the magnetization vector from one
preferred direction to the other.

Figure 3.2.  The extracted temperature dependence of longitudinal susceptibility

a) The temperature dependent behavior of longitudinal susceptibility extracted by using a single fit
parameter LLB macrospin model.. b) The temperature trend of longitudinal susceptibility extracted by
using ab inito calculations for FePt magnetic structure[see the reference 10].

Figure 3.3.  The blue solid line shows experimentally determined hysteresis loop measurement of
CoNi/Pd MLs. The red solid line is the macrospin simulation result.

Figure 3.4.  An example heat and magnetic field pulse set. Initially the heating pulse (brown solid
line) is turned on. After 0.5 ns delay magnetic field pulse (blue solid line) is applied to the material.

Figure 3.5.  a) The time evolution of magnetization vector components together with the magnitude
of magnetization vector. The inset shows the response of the magnetization magnitude for different
heating pulse amplitudes. b) 3-D trajectory of magnetization vector. While red arrow shows the initial
position of magnetization vector, blue colored solid line is the trajectory of the magnetization vector.

Figure 3.6.  An example set of total effective field and heating pulses (black and blue solid lines
respectively ). The red solid line is the response of z component of magnetization vector to this field and
heating pulse combination. The switching time for this case is about 2.1 ns.

Figure 3.7.  For different field and heating pulse combinations, the switching time is calculated. The
black region is showing the non-switching region and the red one shows the ultrafast switching. In this
case, the Gaussian stochastic process in not taken into account.

Figure 3.8.  The switching time is represented as the functions of heating and magnetic field pulses.
The red region is showing ultrafast switching and the black region shows non switching. In this case, the

Gaussian stochastic process is taken into account.

Figure A.1: Components of the classical gyromagnetic ratio of the obiting electron
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INTRODUCTION

Nanomagnetism research applications include heat assisted magnetic recording (HAMR),
magnetic logic devices, spin based devices. Especially, the ultrahigh density data storage is
attainable using magnetic materials or their alloys. The data storage capacity is mainly
determined by the magnetization dynamics of the reversal.

Since the perpendicular magnetic recording method (where magnetic bits are perpendicular to
the recording medium) provides higher areal density than the longitudinal magnetic recording
method (where the magnetic bits are parallel to the recording medium), the perpendicular

magnetic recording method is preferred in the latest magnetic recording technologies.

As the need for higher data storage capacity increases, search for suitable magnetic materials to
be used in novel magnetic recording applications is inevitably attracting attention of many
research groups and companies. Yet, the main problem in increasing areal density is to tune three
important correlated parameters of the material. These are the readability, the writability and
thermal stability of the magnetic medium, which are setting up the trilemma of magnetic data

storage [2]. The figure below shows schematic representation of this phenomena.

Figure 1.1. a) Schematic illustration of trilemma of magnetic data storage.

b) Schematic illustration of quadrilemma of magnetic data stroge.



It is reported that, three correlated physical factors must be taken under control in achiving
higher areal density data storage. These are data storage density (is possible by decreasing the
volume of the bit size), thermal stability (based upon anisotropy of the material) and write heads
(rely on the coercivity of the material). The interrelationships between these important factors
form the trilemma of magnetic data storage. So as to reach high density data storage capacity,
these three crucial points must be taken into account. However, recent advancements in the spin
based reasearches, in addition to these three crucial issues another significant factor, the bit error
rate, plays an undeniable role if the bit size is submicrocron scale. The bit error rate is related to
the probability of thermally writing a bit to a submicron scale medium. By the addition of the

latter factor, the usual trilemma turns out to be the quadrilemma of the magnetic data storage [3].

After the clear description of problems in front of achiving high density data staorage, one
solution to this quadrilemma is the energy assisted magnetic recording (it has two different ways
but the most accepted one is the heat assisted or the thermally assisted magnetic recording
system). Theoretical expressions predict that a large thermal stability with high density data
recording is possible with the usage of magnetic materials with high perpendicular magnetic
anisotropy [2,4]. Yet, this type of material preference makes the switching of the magnetization
for each bit subtle within the conventional perpendicular magnetic recording (PMR) method.
One of the proposed methods not merely pushes back the superparamagnetic effect considerably,
but also ensures a boost in storage density. This novel data storage method is called
Thermally/Heat Assisted Magnetic Recording (TAR/HAMR) system. It potentially allows
recording densities higher than 1 Tb/in? [2,5]. Its schematic illustration is shown in the Figure
1.2. This epoch making new method, TAR/HAMR procedure, near the magnetic field involves
application of a laser heating pulse with a small spot, inducing local heating up to the Curie
temperature (T.) (which is the phase change point between ferromagnetic and paramagnetic
phases). Simultaneously, the coercivity of magnetic material is reduced significantly allowing a
reasonable writing magnetic field. TAR/HAMR process writes the bits at elevated temperature
close to T, and stores them at an ambient temperature (i.e. at room temperature) with superior
thermal stability and data retention. Eventually, due to the preference of high perpendicular
magnetic anisotropy material, both nonvolatility and areal density improvements can be
achieved. A magnetic material with high saturation magnetization and strong anisotropy is

effective against the thermal fluctuations which cause serious increase in the bit error rate [3].
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Figure 1.2 The schematic representation of a novel data storage technology, the Heat Assisted

Magnetic Recording (HAMR) system which uses laser spot near the magnetic field pulse to write

bits on the media with the perpendicular anisotropy.

To sum up, a study of the modeling of magnetization dynamics for the prospective materials to
be used in data storage technologies is a hot research field. Plus, in all of the conventional studies
numerical analysis of magnetization has been implemented using either a micromagnetic or
macrospin approach with the Landau-Lifshitz-Gilbert (LLG) equation of motion. Eventhough,
the Landau Lifshitz Gilbert (LLG) equation involves a phenomenological estimation for the
magnetization and works successfully at zero temperature, the finite temperature stochastic
effects are not accurately described as the magnetization vector is subject to an effective
magnetic field.

If we simulate the magnetization dynamics exploiting LLB equation, the longitudinal damping
term also acts on the magnetization together with both precession and (transverse) damping
torque terms of the conventional LLG equation [1]. Due to this additional term, LLB equation
predicts longitudinal fluctuations in the length of magnetization vector in addition to the
transverse fluctuations [1]. Moreover, whilst LLG equation only includes the material dependent



Gilbert Damping Parameter, LLB equation contains both transverse and longitudinal damping
parameters which depend on both temperature and the phenomenological Gilbert damping
parameter.

Although the atomistic modeling based on LLB equation describes many significant physical
aspects of the behavior of nanoscale magnetic systems, including the damping phenomena,
longitudinal fluctuations and the effect of thermal agitations, these effects can alternatively be
described by a simple macrospin model based on LLB equation. The latter model is considerably
more efficient.

In this study, we have implemented a full macrospin model of magnetization dynamics using
LLB equation of motion. After successive tests of the LLB model, instead of applying our model
for extensively analyzed L1, phase intermallic FePt, we applied LLB equation based macrospin
approach for strongly exchange coupled CoNi/Pd multilayers with strong perpendicular
anisotropy. This alloy possesses lower Curie Temperature (T.=448 K), a high squareness of the

magnetic hysteresis and considerably high perpendicular anisotropy Hy=18 kOe (corresponding
to ~210°erg/cm?®). These nice magnetic characteristics makes it a leading candidate for the

magnetic medium to be used in TAR/HAMR technology.

In our systematic analysis, initially, CoNi/Pd MLs was experimentally investigated [12]. In other
words, the temperature dependence of intrinsic parameters such as zero temperature equilibrium
magnetization, saturation magnetization and coercivity values were taken from the experimental
results [12]. After sufficient investigation of experimental data of these essential parameters of
CoNi/Pd MLs, the LLB based macrospin model is implemented by using simulations to fit to the
experimental data. Further, to achieve a successful modeling of the TAR/HAMR technique, we
applied almost rectangular (or smoothed step function) shaped heating pulse. In addition to this,
a magnetic field pulse is also applied to the material as a representation of the magnetic field
applied by the writing heads to the magnetic media. The response of the magnetization to the
application of pulsed forms of heat and magnetic field is studied in detail for different
combinations of peak values and durations. An entire switching time distribution with respect to
peak values of both heating and field pulses has been achieved. For certain temperature values,
we examined the switching probabilities. The experimentally taken hysteresis measurements are
plotted with their corresponding LLB simulation results. Another part of this thesis encompasses

hysteresis loop creation by sweeping the magnetic field. Using our LLB model, hysteresis loops



are plotted together with the corresponding experimental hysteresis loops for different

temperature values.

We began with an LLB based model using the magnetic properties of hcp type Co and at the
same time, many control simulations have been performed to understand whether the LLB based
macrospin model gives plausible results or not. Right after that the model is extended to a real
potential candidate for the recording layer of HAMR system which is CoNi/Pd multilayers [12].

In our LLB based magnetization modeling, we used two different programs. First of all, we
preferred to use COMSOL Multiphysics which is one of the reasonable modeling programs that
has the ability to process different physical variable at the same time [13]. As a secondary
approach, we preferred to use Mathematica 8 vs.

However, in COMSOL Multi-Physics due to meshing problems and higher computation time of
the simulations of magnetization dynamics based on LLB equation made us choose Mathematica
as the major program. Yet, most of the macrospin simulations were carried out in both of these
two programming languages to check whether they are giving similar results or not. The details
of the codes in COMSOL Multiphysics and Mathethematica are given in Appendix E and
Appendix F. The COMSOL approach also has the advangtage that it can be extended to

micromagnetic simulations.



Chapter 1. THEORETICAL BACKGROUND



1.1. Magnetization Dynamics: Landau-Lifshitz-Gilbert Equation

The magnetization dynamics is an attractive field of study. This complex problem requires a
clear formulation to understand the subtitles involved. In early 1930s, L.D. Landau and E.M.
Lifshitz have described a primitive equation of motion for spins and their interaction with the

magnetic field [22].

The magnetic moment has a well-known relation with spin angular momentumsS:

u= —(%}S = yS8 where g is called g-factor and is approximately equal to 2 for ferromagnets,

Uy i1s Bohr Magneton and 7 is obtained by dividing Planck constant h by 27 . Lastly, » is the

ratio of the magnetic moment to its spin angular momentum and called gyromagnetic ratio, see
Appendix A for detailed information. When the magnetic field is applied to the material, it
directly interacts with the magnetic moment of material which causes the creation of a torque

acting on the magnetic moment in the following form;

t=uxH (eq.1)

Since torque is the time differentiation of angular momentum and S = ﬁ, we can write torque as
4
T= as = l(d—”j . Thus, the equation below is obtained;
dt  pdt

(;—’t':—|y|ﬂxH(eq. 2)

For the spin system, in the absence of damping mechanism, this leads to the Larmor precession
with a well-defined frequency(called Larmor Precession Frequency) and eq. 2 is called
damping-free equation (undamped form of Landau-Lifshitz equation) and reveals that the spin
system doesn’t exchange their energy with the environment so according to the conservations of
both energy and angular momentum, a permanent precession occurs. In that case, the schematic

illustration of magnetization vector time evolution is shown in the figure below.
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Figure 1.3: This is a schematic representation of the motion of a magnetization vector (cyan color). The
motion of magnetization vector is governed by the undamped form LL equation (as the external magnetic
field (gray colored arrow) is applied through +z direction).In the presence of the precessional torquez,

the magnetization vector follows the trajectory (red color) depicted above.

Yet, the spin systems are in a viscous like medium which causes exchange of energy with the
environment. The dissipation of energy which is directly related to the relaxation of
magnetization was first taken into account in 1935 by L.D. Landau and E.M. Lifshitz. To
describe this non-linear motion of the spins in the presence of an effective magnetic field, they
proposed an ordinary differential equation (ODE) called Landau-Lifshitz (LL) equation. By
taking the energy dissipation processes into account due to phenomenological reasons, they

preferred to write damped form Landau-Lifshitz equation as follows;

dM

M (M Heﬁ)+|7|[

ot J(M x(MxHeﬁ)) (eq. 3)

A
M

S



where H_, is the effective magnetic field which includes contributions from the external

applied magnetic field (i.e. Zeeman Field), anisotropy and some interaction fields such as dipole-

dipole and exchange interactions. M iS a macroscopic magnetic moment density (or

. . _ N .
macroscopic magnetization vector) and it is equal to M = (v]y . V is the volume of the sample

and N is number of magnetic moments. As it is stated above, the first term describes purely
precessional motion of the magnetization vector without damping. The second one has been
proposed to create a damping mechanism during the precessional motion. It is important to note
that this form of the second term is chosen to drive the magnetization toward the effective field
direction. This direction is the minimal energy state for the magnetization vector. Yet, there is a
substantial problem which leads the Landau-Lifshitz equation to restrict itself in a region
depending on the value of A. Since A is is a parameter introduce to describe the energy
dissipation processes, it cannot take a large value (4 >1 is called over-damped regime) which
would dominate the magnetization trajectory. Moreover, it is clear in the equation 3 that when
the damping torque term increases, the magnetization will move faster but this gives an

unphysical result which can easily be seen by taking limit of equation 3 as 4 — oo [14].

Therefore, in 1955, Gilbert modified the LL equation by including phenomenological damping
constant obtained from the experimental observations. Unlike the LL equation, Landau-Lifshitz-
Gilbert (LLG) equation imposes a different meaning to the damping constant A, which is the
fact that damping constant is not a universal constant but it depends on the magnetic medium and
it has a weak temperature dependence [1,6,15]. The inclusion of the material dependent damping
constant is an important step to get the accurate description of the magnetization dynamics for

the low temperature regime. The equation below (eq. 4) is LLG equation of motion.

@z—y(l\/l xHeﬁ)+i(M xd—Mj
dt M 4
\ J \\ ) (eq )

v Y

Precessional  Damping

Torque Torque

where



Symbol Name

M Magnetization Vector

H.q Effective Field

/4 Gyromagnetic Ratio

a Gilbert Damping Constant
M Saturation Magnetization

Like LL equation, for Landau-Lifshitz-Gilbert equation of motion, there are two types of torque
terms that affect the motion of the magnetization vector (see the figure 2). These are the

precessional torque term that arises due to the interaction between the magnetic field and

magnetic moments causing a precessional motion with a frequency w,,.. = y24H. , the other one

is the phenomenological damping torque term which arises due to the spin lattice interaction.
The damping torque term is responsible for the energy dissipation during magnetization
precession [14]. The analogy between the LL equation and LLG equation can be seen when LLG
equation (eq. 4) is written in the form of LL equation (eq. 3). After the exhaustive derivations
which are shown in detail in Appendix B, the equation below (eq. 5) can be obtained which is

similar to the LL equation.

oM y 8 i a 8 5
dt __(l+a2)(M HEﬁ)+7(MS(1+a2DM (M HEﬁ) (¢4.5)

LLG equation is written above by using the macroscopic magnetization vectorM as the

dependent variable and H_, as a functional. « is called Gilbert damping constant which has a

significant influence on the relaxation time of the spins. That is to say, the higher the damping
and the higher the phenomenological Gilbert damping constant, the faster magnetization of the
system aligns itself in the same direction as the effective field and thus, the faster the relaxation

of magnetization occurs.



1.1.1. Magnetic Damping

The Gilbert damping is used to describe the dissipation of both energy and angular momentum
out of the magnetization system. However, the origin of the damping phenomena is still an
intensive research topic. However, it can be revealed that the phenomenological damping
constant is roughly proportional to Z* (Z atomic number, number of protons in the nucleus)
suggesting that the damping mechanism mainly arises from energy exchange between the spin
system and the crystal lattice(spin-orbit coupling) [16]. That is why, particularly rare earth
materials with high Z values possess high damping. It means that the angular momentum of the
spin system is transferred into the lattice via spin-orbit coupling. Finally, the energy is dissipated
through the fixed lattice spins.
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Figure 1.4: This is a schematic representation of the motion of a magnetization vector (blue
color) when the motion of magnetization vector is governed by LLG equation (as the external



magnetic field (pink color arrows) is applied through the z direction), there are two types of
torque which affect this motion: damping torque 7, and precessional torque r, .

The figure 1.4 is the schematic illustration of time evolution of magnetization vector in the
presence of an external magnetic field. The magnetization vector dissipates its energy which is
gained via the interaction between the external magnetic field and the magnetization vector
(which is called as Zeeman energy). During the application of external magnetic field, there are
two torques that act on the magnetization vector. They are precesional and damping torques. If
the external magnetic field is high enough then the magnetization vector aligns along the external
magnetic field direction. This direction can be attributed to a new easy direction for the

magnetization vector.



1.1.2. Further Steps Through The Dimensionless Form of LLG Equation
LLG equation can also be written in terms of the spin polarization vector m that is related to the

spin vector S; with the following relation; m =%Z(si) (and i is the lattice site index (i=1, 2,
3,.....; N)). Using m =(s;) relation (which comes from the Mean Field Approximation
[1,7,10,11,15]), the spin polarization vector can be written as m =%Zmi [1]. Furthermore,

this equation is written considering a fixed length |m| = 1throughout the relaxation process. That

means that the magnitude of the spin polarization vector doesn’t change with the other

parameters such as magnetic field, temperature etc.

Figure 1.5: That is a lattice structure of the BCC type unit cell; at each corner and in the center,
there is an atom with S; spin. By taking the average value of all spins in this structure, we can
simply reach to unit magnetization vector m;.



First of all, by using the relation where v, is the volume of the unit cell in the lattice system and

M, 1s the magnetic moment; above LLG equation can be written using another dependent

variable, the spin polarization vector m [1,7,15] as follows;

2 -y 1

(€9.6)

The maximum value of the magnetization is its saturation value M. This value differs from

material to material [M|= Mg (where M is the saturation magnetization) and in this sense, the

maximum value of normalized magnetization is |m|=1.

([t ow-(2)
Vo Vo (eq.7)

By using equation 7, equation 6 turns into the following form;

Thus;



d—mz—;/(mxHeﬁ)Jra(mxd—m

dt dt ) (eq.8)

L ¢ J L ¢ J
v v

Precessional Damping

Torque Term Torque Term

The spin polarization vector or the normalized magnetization vector mis in unitless form. Thus,
the units of these two torque terms must equal to the inverse of the time (1/s) because the unit of

the right hand side of the equation (eq. 8) is already the inverse of the time (1/s). Moreover, after

some calculations, we can obtain the unit for the gyromagnetic ratio as Aﬂ z% [17,18]. The
s

detailed information about the gyromagnetic ratio is given in Appendix A .

When the magnetization vector is governed by the Landau-Lifshitz-Gilbert Equation of motion,
two torque terms are driving the magnetization relaxation but during the relaxation process
magnetization magnitude is preserved [1,6,7,10,11,14,15,19]. To put it in another way, LLG
equation doesn’t take into consideration the variation in the magnetization magnitude due to the
thermal fluctuations. The LLG based micromagnetic (or the macrospin) simulations of
magnetization time evolution is disregarding the change in the length of magnetization causes to
give reasonable results only at the low temperature regime. Thermal fluctuations are indeed
insignificant at low temperatures. Therefore, LLG equation is accuratein this regime (far from
Curie point) [1,6]. However, it is especially problematic for temperatures close to Curie
temperature. The longitudinal fluctuations in the magnetization are enhanced by increasing the

temperature [1,6,15].

In the final analysis, the finite temperature effects are not described well in LL or LLG equation.

This can be regarded as a major drawback of the conventional LLG equation.



1.2. Magnetization Dynamics: Landau-Lifshitz-Bloch Equation

The aforementioned lack of crucial points in both LL and LLG equations brings about a
restriction for the applicability/reliability of magnetization simulation based on these equations.
As the temperature of the sample approaches near the Curie Temperature, the taken from the

LLG equation based models are no longer accurate in describing for the experiments [1,6,7].

These undesirable predictions about the LLG equation of motion lead researchers to construct a
more generalized equation of motion for the understanding of spin dynamics. Consequently, in
late 90°, the Landau Lifshitz Bloch (LLB) equation was derived by a reduction of the Fokker-
Planck equation using mean field approximation for classical and the density matrix equations
for quantum spins in ferromagnets by D. Garanin [1]. Within the framework of LLB equation,
changes in magnetization vector length are allowed. This particular consideration within the LLB

framework creates a respectable difference from the conventional LLG framework.

Another remarkable point is that the Gilbert damping parameter in the LLG equation is replaced
with two different damping parameters in the LLB equation called as longitudinal and transverse
damping parameters. Moreover, they are both functions of temperature and are directly
proportional to the Gilbert damping parameter. Whereas strictly speaking the Gilbert damping
parameter is temperature independent. Thus, especially the inclusion of thermal effects by direct
substitution of Gilbert Damping parameter with the linearly temperature dependent two damping
parameters which contributes the LLB equation of motion to consider the thermal fluctuation
effects on the magnetization dynamics, correctly [1]. These two damping parameters are
controlling two separate relaxation processes which are longitudinal and transverse relaxation
processes. Moreover, unlike the LLG equation, there are two different relaxation times for the
magnetization in the LLB equation. One of them is the time period until the magnetization aligns
itself to the same direction with the external magnetic field which is called as transverse
relaxation time. The second one is called longitudinal relaxation time, which is directly related to
the relaxation of magnetization length. The latter one is principally affected by the heating

procedure of the material which brings about the partial/complete demagnetization of material

[1].



Usually, solving these underlying equations of magnetization dynamics can only be achieved by
numerical methods. What’s more, the brief concept of the micromagnetism is that it supports the
mathematical framework to describe magnetic and static properties of the structures and it can be
regarded as a finite element modeling. When we restrict the number of elements to one a single
average spin, which implies not considering the spin-spin interactions we can call this special

case of the micromagnetic modeling as the macrospin modeling.

In the macrospin approach all individual spins are locked in phase and are rotating in unison. In
other words, while the macrospin approximation is capable of describing the coherent rotation of

the spins, it fails to describe micromagnetic phenomena such as the domain wall motion.

If a single bit in the nanomagnetic material is considered as a macrospin where all spins within
the spin system are strongly coupled then, such a macrospin is subject to three different terms;
the first one is called as damping torque term that arises due to the magnetic field (it has two

components one is called as transverse damping torque term z, and the other is called as
longitudinal damping term z,,), the second one is called as precessional torque term 7, that

arises due to the crystal lattice system itself and the last one is called as spin torque term 7, that

exists if a current is applied to the macrospin [1]. Here, we don’t take into consideration the spin
torque because no current flows over it. Under this condition, the motion of the magnetization

vector of the spin is shown in the figure below.
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Figure 1.6: As the external magnetic field (gray color) is applied through the z direction, the
magnetization vector (cyan color) is affected by three torque terms (the spin torque excluded). They are

transverse 7, and longitudinal z,, damping terms and also the precessional torque term 7 iff the time
evolution of magnetization vector is governed by the LLB equation of motion.

By using the spin polarization vector as a dependent variable, LLB equation of motion is written

below;

UMty oo | (TP fmX(mxH )
dt m (eq.9)

m
\ J J 7
v v g
Processional  Longitudinal Transverse

Torque Term Damping Term Damping Torque Term

where m? <1 and



Symbol Name

m Spin Polarization per lattice site m = %Zm
Q, Longitudinal Relaxation Parameter

a, Transverse Relaxation Parameter

H.q Effective Field

/4 Electron’s Gyromagnetic Ratio

Te Curie temperature of the magnetic material

Gilbert Stochastic Damping parameters;
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Figure 1.5 shows us the variations in these three damping parameters with respect to the
temperature. It is apparent from the figure that, as the temperature is varied there is no change in
the Gilbert damping parameter. Yet, according to the equations above, the other two damping
parameters (dashed blue and solid red in the figure 1.7) have an obvious dependence on

temperature.

While the temperature is increased, the transverse damping parameter decreases, below T..
However, the longitudinal damping parameter is directly proportional to the temperature at both
above and below T.. Moreover, above T, the transverse damping parameter and the longitudinal

damping parameter behaves similarly. These can be seen from the figure 1.7.
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Figure 1.7: Temperature dependence of Gilbert Damping parameter (dashed green),
Longitudinal (solid red) and Transverse (dashed blue) Damping Parameters. 1394,2 K is the
Curie Temperature for Hcp Co.

Unlike the conventional LLG equation, the LLB equation allocates two different relaxation times
for the time evolution of magnetization dynamics. Whilst the one is called transverse relaxation
time, the other is the longitudinal relaxation time. Furthermore, they are characterized by the
transverse susceptibility and the longitudinal susceptibility, respectively. They have one general

relation which is written in the following form;

_om(H,T)
' oH (eq. 15)

where | iseither jor L [1,7,10,11].

Similar to the intrinsic magnetic properties such as temperature dependence of saturation
magnetization of prospective materials which are potential candidates for spintronic devices, the
values of the susceptibilities are mostly calculated by using ab-initio calculations based on first

principle method [1].



The other important parameter in LLB equation is the effective field which can be written in the

following form;

Hy = Happ +H, +H +H,.+H

Lang

long (eq 10)

Above equation (eq. 10) shows that the effective magnetic field H_, contains terms which are

called applied magnetic field (Zeeman field) H anisotropy field H_, , Langevin field

app ’
(stochastic dimensionless thermal field that causes the fluctuation of the magnetization vector

from its equilibrium position [1]) H exchange field H,. and a term that controls the

Lang ! exc

longitudinal fluctuations in the magnetization magnitude H, .Occasionally, the each

long
component of the effective field is normalized by Ms. This form of the effective field is called
reduced effective field and is mostly shown in the following form: hes (

heff = happ + han + hLang + hexc + hIong )

The following equation (eq. 11) is the anisotropy field. This type of construction of the
anisotropy field is valid, when the external magnetic field is acting through the +z direction
which is perpendicular to the plane of the thin film sample. Therefore, out of plane anisotropy is
z component of the anisotropy field. The remaining components are forming the in-plane

anisotropy. Yet, always one of them is dominant.

H., = H,, +H,, =—(D,m, + D,m, +D,m,) (eq. 11)

out

where my, my, and m; represent x ,y, and z spatial components of the spin polarization vector,

respectively and D,,D,, D, are just multipliers of spatial components.

H,, . is an additional field that contributes to the longitudinal damping of magnetization vector

long

and has a relation as follows;



2

2
L (1—”‘ jm = T<T,

27, m,
Hlong = 1 3T (eq 12)
——|l+—"--m*m = T=>T,
X 5T -T,)

Up to now, all field terms of the effective field are shown with their relations.

Several papers determined their principal topic as the stochastic behavior of the magnetization
dynamics [6,7,15,20]. The stochasticity is a random effect that depends on temperature and
causes small aberrations from the main trajectory of the magnetization vector during the
precessional motion as it is under the influence of the effective magnetic field. In these studies,

they preferred to add this stochasticity by using two different ways.



1.2.2. Stochastic Nature of Magnetization Dynamics

1) The first one is the inclusion of the thermal fluctuations as a component of effective field.
In such methods, the field which accounts for this behavior is called Langevin Field or Stochastic
Gaussian Field. The following descriptions are written for the purpose of clarifying each point

about the inclusion of stochasticity by that way. Langevin Field H is pointed out as a

Lang

randomly fluctuating field with three dimensional vector components [1,7,19,20] and it is given
by; H g ={(t)or h,:

hy = (h[h,x’ hth,y' h[h,z)

The reduced form of Langevin field has the following general relation;

& akgT
h, =2 [2| ——=2—— | =¢&/P
" MS\/ [yOyOAVMSAt 20 (eq. 13)

and h,, should conform two conditions which are described below;

{<hth,k (t)> =0

<hth,k ®), hth,l (t ')> =R o(t-t)

where

M, Saturation Magnetization

m, Zero Field Equilibrium Spin Polarization

X, Longitudinal Susceptibility

7. Transverse Susceptibility

kand | | represent the Cartesian Coordinates x, y and z
At Time step




AV Volume of the computational cubic cell
o Permeability of free space

T, Temperature of the magnetic material
Ky Boltzman Constant

& A Gaussian Stochastic process

The Gaussian Stochastic process & has zero mean and unit variance features. By using above

space and time dependent Gaussian process relations, we reach the below result for &;

t2

(1 ) 1 eEz] aK,T,
ny = Nk Y 2z | M, \/Z(yoyoAVBMSATJ (eq. 14)

2) The second way of representing the thermal excitations of the magnetization vector is
implemented by addressing two uncorrelated, isotropic and three dimensionless terms into the
LLB equation. The first one is included in the effective field which is acting on the transverse
damping torque term. The second one is acting as an additional torque term. The superior
accuracy of the second way in describing near T behavior has recently been reported by Evans
et al. in 2012 [15]. Briefly, this form satisfies the Boltzmann statistical distribution not only at

the low temperature regime but also at the elevated temperatures.

Furthermore, the stochastic field and torque terms satisfy the following relations:



2k T(a, —a))

<g 0); (1) >:[ ]é‘ijé‘(t) <g'>=0

|7 AVM, a2 (eq. 15)
and
i i _ 2k, Tya, Hel
<& (0)g; (1) >= [TMS 8;0(1) <& 6 >=0 (eq. 16)

where Mg is the saturation magnetization, kg is the Boltzman constant, |, is the permeability of
free space, AV is the volume of the computational cubic cell, 8t is the time step, i and j represent
spatial components in Cartesian coordinates X, y and z. For the Gaussian stochastic process

denoted as ¢, where x can either be L or//. It also has zero mean and unit variance [15].

- 1 e_[zj 2k T(ex, — )
b en M, Hy |7|AVMsaL2

[L] (eq. 17)
2
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As a conclusion, LLB equation, which is written above (eqg. 9), is not taking into account the
thermal agitations due to the absence of either the Gaussian stochastic process or the Langevin
field. Since we gave detailed information about the stochasticity, by the inclusion of this crucial
point, the new equation is addressed as the stochastic form LLB (s-LLB) equation [15]. This
promising form is written for a macrospin describes the time evolution of the average spin

polarization m=M /M (T =0) (Mis the magnetization vector and M; is the temperature

dependent saturation magnetization) as it is under the influence of an effective field such that

. O . % ~
m :Em:;/(mx H )+ |7r|:2‘// [m.Heﬁ]m_ |7r|nOZu m><[m><(Heff +€1)]+§// (eq. 18)




Therefore, LLB equation allows fluctuations in the magnitude of m. Involving the thermal
agitations is necessary for the accurateness of the simulation as the temperature is far below or

close to T. As it is mentioned above that one of the crucial differences between the LLG and

LLB equations of motion is that in LLB equation, the phenomenological Gilbert damping

constant « is replaced by temperature dependent longitudinal and transverse damping terms [1].

In addition, if we take the limit of LLB as T goes to zero, LLB equation turns into LLG equation
because, in this limit the LLB equation loses its temperature dependent properties. For this case
whilst the longitudinal damping term goes to zero, the transverse damping term turns into the

Gilbert damping term of LLG equation [7].

However, for the high temperature regime, in the vicinity of the phase transition point (T.), the
LLB equation gives an accurate description of the thermal effects during the relaxation process
of magnetization. As a consequence, it can be said that the LLB equation is a more generalized
version of LLG equation of motion valid for all temperatures.



Chapter 2. LLB SIMULATION RESULTS BASED ON Hcp TYPE Co THIN FILM

As it is stated before, within the framework of LLB formalism, there are three important
variables which affect the behavior of the spin system. These are temperature, applied magnetic

field and magnetic material properties.

In this part, we shall show the response of magnetization via macrospin model governed by the
LLB equation of motion. In the macrospin model where the interactions between the neighboring
spins (or the boundaries) aren’t taken into account and therefore, the time evolution of the
average magnetization of entire system will be considered. However, in this case we will use the
intrinsic properties of hcp Co (a well-studied material). We used hcp type Co with intrinsic
values taken from the literature as a control system for LLB macrospin calculations, we checked
if the outcome of the LLB model was plausible and consistent with previous reports.



2.1.  Control Simulations

In the model of magnetization dynamics, the optimization of accurateness and the reproducibility
of the results are the staple part of this computational analysis. We developed the modeling in

COMSOL Multiphysics, MATLAB and Mathematica programming languages.

For the case of Comsol Multiphysics, each spatial component of the macrospin is
solved initially as a time dependent function. Eventually, the LLB equation is converted into an
appropriate form to enter in the subdomain-expression-field of COMSOL Multiphysics. Right
after that, both the initial values of the macrospin and the period of time length for the evaluation
are determined and we make LLB equation of motion solved under these conditions. As the
COMSOL Multiphysics evaluates the solution, the time evolution of the each spatial component
can be plotted as magnetization versus time ( see Appendix D for details). It is worth mentioning
that the results taken from the COMSOL Multiphysics, have some extra assumptions. These
additional assumptions of COMSOL Multiphysics (number of meshing time step, internal solver
type etc. ) causes slight differences in numerical analysis results. This inevitably forced us to
develop the LLB based macrospin model in Mathematica, as well.

During the development of the simulations, we tried to add all special features of the
terms of the effective field to our system one by one. Thus, we could have a chance to observe
the effects of all terms on the magnetization relaxation process. This way leads us to analyze the

results of each case, easily.



2.1.1 Convergence of LLB to LLG equation for zero temperature

The conventional methodology for the investigation of the magnetization dynamics relies on the
solution of the Landau-Lifshitz-Gilbert (LLG) equation. The inclusion of effective stochastic
Langevin field term ensures the understanding of the finite temperature effects on magnetization
[23,25]. On the one hand, the micromagnetic simulations based on this conventional approach
have been used in describing the magnetization behavior for decades but unfortunately it can be
regarded as accurate in describing this behavior just for the low temperature regime. On the other
hand, whilst the conventional LLG equation has proven applicable for the low temperature
regime, it cannot explain well the inclusion of ultrafast changes in temperature via laser pulse
which heats the sample close to the Curie point momentarily. Moreover, the need to cinvolute a
heating laser pulse with a write field results in a complicated magnetization reversal path as in
TAR/HAMR. This issue creates a considerable change in the magnetization dynamics [3,7,10].
Therefore, the main drawback of the LLG based micromagnetic approach is the incorrect
assumption of conservation of magnetization length during the dynamical excitations at elevated
temperatures. The figure 2.1 shows the result of LLB simulation as the temperature of the system
is set to zero temperature. While figure 2.1(a) shows the time evolution of components of the
magnetization vector (my(black), my(blue) and m, (brown)) and the magnitude of magnetization
vector(red color).
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Figure 2.1

a) Time evolution of magnetization vector components as the temperature of the system set to zero.

b) 3D trajectory of magnetization vector (blue), red arrow shows the magnetization vector and brown arrow
shows the direction of magnetic field.

To investigate the change in the 3-D trajectory of the magnetization vector, the stochastic Langevin
field is included in the LLG formalism. It is important to emphasize that the magnetization vector
precesses around the effective magnetic field by keeping the magnetization length constant which leads

to draw a spherical path.



2.1.2 The Effect of External Magnetic Field

The increase in the effective field causes an increase in the Larmor precession frequency which
leads the magnetization vector to precess around the effective field faster. Thus, this results in a
faster relaxation of the magnetization vector. In other words, by increasing the precessional
motion the magnetization vector aligns in the same direction with the external field pulse, faster.

Assumptions

Temperature of the sample set to room temperature
Gilbert Damping Parameter Constant

Effective Field Variable

Anisotropy Term Constant

Langevin Field taken as zero

The goal of this assumption is to see how the variation in effective field will affect the
relaxation process of the magnetization vector as the Gilbert damping parameter is taken
as 0.05. Moreover, the temperature of the macrospin is 700 K. In other words, for a certain
value of the Gilbert damping parameter, by varying the effective field, we want to see how
the relaxation process of the macrospin will be affected by this change. Besides, the
temperature dependence of both saturation magnetization and anisotropy constant are also
taken into account. Plus, the transverse and the longitudinal damping parameters vary

with temperature.

Expectation

An increase in the effective field causes an increase in Larmor precession frequency brings

with itself faster damping process.
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Figure 2.2: Time evolution of x component of magnetization vector for different external magnetic
field values (H,; : 100 =1500mT). Gilbert damping parameter is taken as o = 0.05 and this simulation

temperature is 700 K. The considerable decrease can be observed as the external magnetic field is
increased

The figure above (fig. 2.2) is obtained for different constant effective field values as Gilbert
damping parameter is taken as 0.05, and also the system temperature is held at 700 K. Initially,
the magnetization vector is slightly tilted from —z direction so that my is one of the transverse
components of the magnetization vector. When we increase the field pulse from 80 kA/m (
~100mT ) to 140 kA/m (1500mT ), the relaxation time decreases. The demonstration of this
physical fact via LLB based macrospin modeling asserts that our LLB simulation developed in

Mathematica (8™ version) is able to describe the behavior of the magnetization dynamics.



2.1.3 The Effect of Gilbert Damping Parameter

A brief introduction on the importance of the phenomenological Gilbert damping parameter (&)
was given in the chapter 1. The Gilbert damping parameter which is included in both the
conventional Landau Lifshitz Gilbert equation and the Landau Lifshitz Bloch equation has a
material dependent and has a weak temperature dependence which is mostly neglected in the

computation and experimental analysis.

Being able to control the magnetization damping mechanism is important in the operation of
many nanomagnetic structures. It is very critical that we will be able to analyze the effect of

magnetic damping behaviour described by the phenomenological Gilbert damping parameter.

Assumptions

Temperature of the sample set to room temperature
Gilbert Damping Parameter Variable

Effective Field Constant

Anisotropy Term Constant

Langevin Field taken as zero

The goal of this assumption is to see the consequences of the Gilbert damping parameter
variation in the magnetization reversal mechanism. The increase in the Gilbert damping
parameter causes to a direct increase in the longitudinal and transverse damping
parameters. These increments in the temperature dependent damping parameters give rise

to an enhanced damping process (faster relaxation).

Expectation

As we increase the Gilbert Damping Parameter; a faster damping process will occur.
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Figure 2.3: The time evolution of the x component of magnetization vector for different Gilbert Damping
Parameters. To figure out the effect of variation in the Gilbert damping parameter on the magnetization

dynamics, the effective field is set to a constant value (H, =120 kA/m). For this simulation
temperature is set to the room temperature (T=300 K).

According to the reports about the Gilbert damping parameter, it has weakly temperature
dependency and its strength is proportional to the strength of coupling between the spin system
and its orbit. Moreover, both longitudinal and transverse damping parameters are directly
proportional to the Gilbert damping parameter. Then, it can be asserted that the increase in the
Gilbert damping directly affects the magnitude of the terms which are driving the time evolution
of the magnetization vector. Therefore, the response of magnetization against this increase is to

complete the relaxation process faster.



2.2.  The Effective Magnetic Field

The effective field is one of the most important segments which plays a key role in describing
the magnetization dynamics of a magnetic structure. It involves the characteristic properties of
the material. In addition to this, it is the part in which some of the external effects are described.
To sum up, in this sub-chapter the features of effective field components are extensively
analyzed by including them one by one. This results in a great insight meaning about the

behavior of the magnetic moments against the modifications to the effective field.



2.2.1 Constant Effective Field With Non-zero Temperature Value

The LLB formalism considers two types of fluctuations. The first one is the longitudinal
fluctuations mainly caused by thermal agitations. In other words, the rapid change in the
temperature of the system brings about a change in the magnitude of the magnetization vector.
The second one is indeed the field driven transverse fluctuations.

In the LLB formalism, the longitudinal fluctuations are included with an additional damping
term which is itself temperature dependent. This allows a longitudinal relaxation mechanism in
the model. The transverse fluctuations are also represented by the temperature dependent
transverse damping term. The table below shows us the detailed description of the model and the
assumptions that are made to obtain the following results.

Assumptions

Temperature of the macrospin setto T=0.75 T,

Gilbert Damping Parameter set to 0=0.1

Effective Field Hett = Hexet H+Hin+Hourt Hiong= Constant Value+H,
Anisotropy Term Added

Langevin Field Included

The goal of this assumption is to see the relaxation process of the magnetization.

In the LLB model, apart from the Langevin field term, all temperature dependent
properties of the effective field terms are regarded as constant while the temperature of the
system is 0.75 T, (These preliminary results are obtained for hcp type Co (T.=1394.2 K)).

Furthermore, Gilbert damping parameter is taken as 0.1.

Expectation




Unlike the magnetization simulations based on the conventional LLG equation,
there will be a change in the magnetization magnitude during the precessional motion of
the magnetization.
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Figure 2.4:

a) The time evolution of both magnetization magnitude and its x, y, and z components as Langevin field
is included in the effective field.

b) 3D path of the magnetization and change in the magnetization magnitude is evident.

As it is specified in the assumption section, we disregarded the temperature dependent features
of the effective field except the thermal effects of the Langevin field. In fact, it contains the
terms which are the anisotropy field and the field that controls the longitudinal damping of the
magnetization. Yet, we set them to a constant value. Therefore, the alignment of magnetization
with this effective field, which is through +z direction can be clearly realized in the figure 2.4

(a).

Figure 2.4 (a) shows that all components of the magnetization die out except for z component of
the magnetization vector. In addition, the LLB equation allows for a variation of the

magnetization magnitude due to the presence of longitudinal relaxation and above figures 2.4 (a)
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and 2.4 (b) shows us this change, clearly. In the figure 2.4 (b) the red arrow shows the initial
position of magnetization vector and the field is acting through + z direction. Since it is high
enough, the new alignment of the magnetization vector is achieved through the same direction

with the external magnetic field.

However, the incorrect part of the results is to have a gradual increase in the magnetization
magnitude which is only physical up to its normalized saturation magnetization value. This issue

will be addressed in the following discussion.
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2.2.1 The field which controls the longitudinal Fluctuations

Since LLB equation considers the change in the magnetization magnitude throughout the
precession motion due to the thermal agitations, to prohibit the unphysical results due to these
longitudinal fluctuations a term is coupled to the effective field which is responsible for changes
in the magnetization magnitude. The figure 2.5 a and b are the replots of figure 2.2 a and b, after
the longitudinal fluctuations in the magnitude of the magnetization are taken under control. The
inclusion of this field led us to prevent the macrospin LLB modeling from giving unphysical

magnetization length due to the gradual increase in it during the magnetization precession.
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Figure 2.5: Time evolution of magnetization vector as the effective magnetic field includes Gaussian
stochastic process, external magnetic field and the field which controls the longitudinal fluctuations in the
magnetization magnitude.

a) The relaxation process of magnetization vector components together with the magnetization
magnitude(brown solid line) during the reversal of the magnetization vector. Since x and y components
(red and black solid lines) are relaxing to zero z component (blue solid line) aligns same direction with
the external field.

b) 3D trajectory of the magnetization vector (blue solid line), red arrow shows the initial position of
magnetization vector and brown arrow show the direction of external magnetic field.



A permanent increase in the magnetization length can also be asserted as somehow incomplete
relaxation process. Up to a threshold which is the saturation magnetization value everything can
be regarded as physical but to exceed this limit is directly attributed to an unphysical result.
Since the LLB equation is a pertubative approach which works accurately in non-equilibrium
state of magnetization, in equilibrium state the LLB equation needs to be coupled with Curie
Weiss equation to achive an accurate description of magnetization behavior as it is under the
influence of a magnetic field even at the equilibrium state. This caused the addition of a new
field term which is eq. 12

2
i(l—m jm - T<T,

2

|2x m,
long —
—i(1+LmZJm = T=>T,
A 5(T _Tc)

This new field allows the restriction of the magnetization length to have a maximum value of M.



2.2.2 Gaussian Stochastic Process

Another significant addition to the effective field is the Langevin field (random noise term)
which is mentioned within detail in Appendix D. The inclusion of thermal noise field enables
addressing the thermal agitations of the magnetization vector as it precesses around the effective
field. In addition to this, we will also look at the impact of the Langevin Stochastic Field term
on the relaxation process of magnetization as we add the special properties of the other terms of
the effective field. In short, the last thing is to see the effect of the Langevin field to the time
evolution of the magnetization. Yet, according to a recently published paper [15] the thermal
excitations of magnetic moments need to be identified by different formalism to satisfy the
Boltzman distribution. This new formalism is expressed in detail in Chapter 1 (Stochasticity
Process for the Magnetization Dynamics part) and in Appendix E and 6, the Gaussian stochastic
formalism and a pair of sample plots of stochastic processes can be seen. Figure 2.6 a and b time
evolution of magnetization vector transverse components in the absence of Gaussian Stochastic

process and in the presence of Gaussian Stochastic Process.
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Figure 2.6: Effect of stochasticity on the trajectory of magnetization vector. The external field 120

kA/m, T=0.5 T, and the Gilbert damping parameter is taken as 0.03.




a) The time evolution of magnetization vector z component in the presence and in the absence of
Gaussian stochastic process.

b) The time evolution of transverse components in the presence and in the absence of stochastic process.
The thermal agitations bring about small vibrations around the predicted path of magnetization.

In the latter case, the small aberration from the main trajectory of magnetization results from the
thermal excitations. If these thermal excitations are strong enough, they will result in random

alignment of magnetic moment leading to demagnetization.



2.3.  Systems with Different Magnetic Anisotropies

Many magnetic properties of the materials are based upon a preferential direction. This
directional dependence stems from the magnetic anisotropy. Whilst the magnetic moments in a
magnetically anisotropic material tend to align themselves through a preferential direction, for
the case of magnetically isotropic materials, however, the dependence on a preferential direction
for their magnetic moments does not exist. This preferential direction (which is one of the easy
axes) of spontaneous magnetization leads the magnetic moments to have an opportunity of
minimizing their energy. This energetically favorable alignment is determined by the sources of

magnetic anisotropies.

Ferromagnetic material has net magnetic moments even in the absence of magnetic field because
the entire volume of a ferromagnet is divided into lots of small subvolumes which are called
domains and each domain is spontaneously magnetized and has a net alignment. Even though the
direction of magnetization changes from domain to domain, the vector sum of all domains

produces nonzero magnetization.

In this part, we will implement the inclusion of principal magnetic anisotropies in our macrospin
model for the purpose of discerning how the direction based properties of the magnetic material

affect the relaxation process of the magnetic system.



2.3.1 In-plane Anisotropy

As it is stated above that the magnetic anisotropy permits the magnetic moments to
minimize their energy when they are aligned along a particular crystal direction. In the presence
of a magnetic field the Zeeman energy of the magnetic moments reaches its lowest value when
they lie parallel to the magnetic field direction.

According to the magnetic material preference, the preferential orientation of the
magnetization shows variety due to the dominant magnetic anisotropy mechanism. In other
words, there are several types of anisotropies possesses by each magnetic material but there is
just one anisotropy that dominates over the other anisotropies. If the plane of the thin film
sample is energetically favorable rather than the out of plane, for this particular case the in plane

anisotropy of the material is the dominant anisotropy.

Towards a more realistic model, the sample is taken as a thin film ferromagnetic material.
This gives rise to take the shape anisotropy into account, inevitably. As a consequence of this, a
demagnetizing field in the direction which is perpendicular to the thin film surface is included as
it is described in chapter 1 within detail. The plane of thin film sample is favourable. Therefore,
magnetization vector spends less time out of the thin film plane and hence this brings with itself

of having a more elliptical trajectory rather than a spherical one.

As a result, the theoretically predicted (elliptical) trajectory is observed in the simulations as
shown in the figure 2.7 (b). Brown and red arrows represent the external magnetic field and the

initial position of magnetization vector, respectively. Thin film shape is shown by square region.
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Figure 2.7: The effects of both in plane anisotropy and stochastic random process on the behavior of the
magnetization as it is under the influence of an external magnetic field (brown arrow).

a)The time evolution of magnetization vector components (red, black, and blue solid linesare for x,y, and
z components of magnetization vector) together with the magnetization magnitude (brown solid line).

b)The 3D trajectory of magnetization vector as the magnetic thin film has a dominant in-plane anisotropy.

Therefore, in this part, since the field which controls the longitudinal fluctuations in the
magnetization length is also included in the effective field, we prevent unphysical gradual
increment in the magnetization magnitude during the precessional motion. When the
magnetization vector has completed its switching the saturation of magnetization is completed as
well. Moreover, since this is an LLB modeling the change in magnetization magnitude which is

shown with brown solid line in the figure 2.7 (a) is evident.



2.3.2 Out of Plane Anisotropy

One of the hot research topics is to study the behavior of magnetic moments in the magnetic thin
films and magnetic multilayer structures which can potentially be used in the development of
new solid state electronic devices.

Moreover, a great effort has been devoted to the study of tailoring the preferential direction of
magnetization orientation in the absence of magnetic field which may cause the development of
new recording systems. The possession of high perpendicular magnetic anisotropy (PMA) results
in the orientation of magnetization to be the out of the plane helps to record more data in the
same size medium [2,4]. The anisotropy energy defines the easy axis of magnetic moments.
Although there are many types of anisotropy which have more or less contribution to the
anisotropy energy for a magnetic structure, there is only one term which is the strongest among
them. If the dominant anisotropy is perpendicular magnetic anisotropy (which originates from
the competition between the magnetostatic energy and the out-of-plane anisotropy energy), the
easy axis of the magnetization is normal to the thin film plane. In this part, we included both in

plane and out of plane anisotropy but the out of plane anisotropy is determined as the dominant

anisotropy.
o , Magnetization —Time
Mugnetization-Time NS omy
1.0 a=0.05 I:?UUK
—] B &,
: B L
2 08 m
-§ W on
7 B |n
& 00 e
]
z
-0.5

0.0 0.5 10 L5 20 25 30 33

Figure 2.8: Time evolution of magnetization vector for a magnetic thin film with high perpendicular
anisotropy.



a) The variation in all components of the magnetization vector.In this figure the purple one shows us the
applied field pulse ( Happ) (pulse width is approximately 1.3 nanoseconds and the amplitude of the pulse

is 120 kA/m)

b) The strong perpendicular anisotropy addition to the effective field makes the surface of the thin film
sample energetically unfavorable. While the red arrow shows the direction of magnetization vector, the
brown one is in the magnetic field direction.

The figure 2.8 (a) and (b) show the time evolution of magnetization vector components and three
dimensional trajectory of the magnetization vector respectively. Since the applied magnetic field
is normal to the thin film plane and the material has inherently high PMA, the magnetization

vector does not prefer to stay much time in the plane of thin film.



Chapter 3. LLB SIMULATIONS BASED UPON EXPERIMENTAL RESULTS: HIGH
PERPENDICULAR ANISOTROPY CoNi/Pd MLs

The write stage in the TAR/HAMR process involves a sequential application of a writing
magnetic field pulse (whose magnitude entails to be larger than the coercivity of the heated
region in order to ensure magnetization reversal) and a laser pulse (which is increasing the

temperature of a localized region momentarily).

By means of localized heating, a momentarily decrease in the coercivity of this region is
achieved. This brings with itself more energy-efficient data write-process than the conventional
recording techniques since the reduction in the coercivity means that the magnetic moments can

be aligned by applying less external magnetic field.

Hence, the possession of high perpendicular anisotropy made the CoNi/Pd multilayer magnetic
structure a strong recording-layer candidate for the HAMR/TAR applications. Further, its high

coercivity decreases in the vicinity of Curie point as in the case of FePt multilayers.

The switching mechanism of magnetization dynamics has been studied before relying upon
material parameters determined from ab initio calculations. In this chapter, an LLB based
macrospin approach is applied to a CoNi/Pd magnetic multilayer (ML) thin film. The goal is to
extract the temperature dependent switching behavior with realistic input parameters which are

exracted from the experimental measurements.

In other words, the temperature dependencies of intrinsic parameters such as zero temperature
equilibrium magnetization, saturation magnetization and coercivity values were obtained from

the experimental data.

Further, to achieve a successful model of TAR/HAMR process, both heating pulse (which is the
simplification of electron temperature profiles as they occur in pump-probe experiments) and
magnetic field pulse (which can be regarded as a representation of magnetic field applied by the
writing heads to the magnetic media) are taken to be almost in the form of rectangular (or
smoothed step function) shape pulses. To see detailed description about how we can create a
pulse with adjustable width, height, and slopes please see Appendix D for codes written in
Mathematica and Appendix E for the codes written in COMSOL Multiphysics.



The response of magnetization to the applications of heating and magnetic field pulses are
studied in detail for different peak values and durations. Lastly, an entire switching time
distribution as a function of both heating and field pulse amplitudes have been calculated. Plus,

all simulations are carried out in the presence and absence of the Gaussian stochastic process.



3.1.  Experimental Analysis of CoNi/Pd MLs

The CoNi/Pd MLs were sputter deposited onto a Si/SiO, substrate with a stack consisting of Ta
(1.5nm) /Pd (3nm)/ [CossNigs (0.22nm) /Pd (1.2nm)] x 22 repeats /Pd (2nm). The films exhibited

strong perpendicular anisotropy field H,=18 kOe (corresponding to~ 2 10°erg/cm®) and

saturation magnetization Ms=220 emu/cm® as determined from vibrating specimen
magnetometry (VSM) measurements at room temperature. A striking feature of such magnetic
material systems is the strong exchange coupling (exchange lengths in the 20-30nm range with

an effective exchange constant A =3-6x10"° ergs/cm) which makes them a good candidate

for macrospin like switching behavior in granular thin films or bit patterned media. Fig 3.1 (a)
and (b) show the temperature dependence of the Ms (curve for H=0 Oe) and the coercive field as
measured by the VSM technique, respectively. The T, was measured to be 448 K and an estimate
of the zero temperature equilibrium magnetization was obtained as 250 emu/cm® from
extrapolation to zero temperature in the data of Fig. 3.1a (where an out of plane magnetic field of

1 kOe was applied to avoid demagnetization by breaking into domains above 400K).

The Curie temperature is determined by measuring Ms(T) in the presence of an applied field and
finding the point where M approaches zero. The first one is based on the measurements that are
carried out in the presence of a small external magnetic field. The second one is obtained in the
absence of external magnetic field (no Zeeman Energy).

Unlike the magnetization temperature trend obtained under a non-dominant external field
(1kOe), for the zero field case the magnetization value drops abruptly after 100°C which can be
seen from the figure 3.1a (red point markers). This implies that for the case of zero field, out-of-
plane anisotropy still exists near 100-125 °C and the magnetization relaxation occurs due to the
demagnetization by breaking into domains with perpendicular orientation. The blue point
markers shown in the figure 3.1a is obtained. As a result, the intersection point of data which is
taken in the absence of magnetic field and in the presence of magnetic field which determines the
Curie temperature of CoNi/Pd MLs as 175°C (448 K).
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Figure 3.1a: Temperature dependence of saturation magnetization as the material is under the influence
of magnetic field (red point markers) and as no magnetic field is acting on the material (blue point
markers). The solid lines are showing the interpolation functions of saturation magnetization for both

nonzero and zero magnetic field.

The temperature dependence of coercivity is extracted from the hysteresis measurements for
CoNi/Pd MLs which correspond to different temperature values. Figure 3.1b (the point markers)

shows this experimental data.
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Figure 3.1 b: Experimental determination of temperature dependence of coercivity(blue point markers).
Red solid line shows the simulated magnetic field which is sufficient to reverse the magnetization vector

from one preferred direction to the other.

Therefore, we can easily assert that if both coercivity and its corresponding temperature values
are plugged into the LLB simulation, more or less we need to see the magnetization reversal
from one preferred direction (determined by the anisotropy of the material) to the other direction
(stimulated by the external field). As a result, in figure 3.1b (solid lines), these values agree with
the trend of experimental data.

3.2.  The Temperature Dependence of Longitudinal Susceptibility

As it is stated before, the temperature dependency of coercivity can certainly be accepted as an
interpolating function into the simulation. The details of the creation of an interpolation function
are shown in Appendix D. This function is obtained isung a single fit parameter. This parameter

is called longitudinal susceptibility (z ). By following this simple logic, the temperature

dependence of longitudinal susceptibility is obtained. Thus, we extracted its temperature

dependence by including the experimental coercivity and its corresponding temperature values as



our inputs to the LLB based simulations. In figure 3.2a, it is apparent that when the system

temperature approaches T¢, there is a considerable rise in the longitudinal susceptibility value.
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Figure 3.2a: The temperature dependence of longitudinal susceptibility extracted from single fit
parameter fit to the LLB model.
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Figure 3.2b: The temperature dependence of longitudinal susceptibility extracted from the ab-inito

calculations [ see the reference 10 for detailed information]



Most importantly, the result obtained by following this simple logic is remarkably consistent

with the previously reported ab initio studies see figure 3.2b.



3.3.  LLB Simulations of Magnetic Hysteresis Loop of CoNi/Pd MLs

The application of an alternating magnetic field through the ferromagnetic magnetic material
makes the trajectory of the magnetization draw an irreversible path. In other words, the
magnetization vector traces out a loop which is called as the magnetic hysteresis loop which is a
measure of magnetization versus field as the field is swept between two extremes. This behavior

results from the existence of magnetic domains inside the magnetic material.

Figure 3.3 shows the experimentally determined hysteresis loop (blue solid line) on top of the
simulated hysteresis loop at T=344 K. The simulations were performed with the longitudinal
susceptibility value obtained from fitting the switching field to the coercive field and sweeping
the field through the range used in the experiment. This procedure was repeated for all

temperatures and checked against the experimental measurements.
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Figure 3.3: The blue solid line shows the hysteresis loop measurement which is experimentally
determined. The red solid line is the macrospin simulation result for the same circumstance.



We have consistently been able to reproduce the switching in both directions at the correct
applied field value. However, a careful comparison between the experimental and simulated
hysteresis loops reveals that there is a clear discrepancy in the squareness of hystesis loops
probably due to the detailed switching mechanism that is not considered in a simple macrospin
approach as can be seen in Fig 3.3. This can be attributed to an inaccurate thin film
demagnetization correction in the experimental data (-4zM for an infinite sheet but somewhat
lower for finite dimensions) which results in a finite slope of the M vs. H curve perhaps in
addition to the micromagnetic reversal mechanism which was reported to be nucleation

dominated in a previous study [12].



3.4.  The Time Evolution Of Magnetization Dynamics In The Presence Of Heating And
Magnetic Field Pulses (A Simplified HAMR Simulations)
Like the other intrinsic parameters, the temperature dependence of longitudinal susceptibility is
employed in the model as an interpolating function. The detailed information about the inclusion
of longitudinal susceptibility as an interpolating function can be seen in Appendix E. Thus, even

for a certain temperature value (but not investigated experimentally) has its corresponding M,

Me, 7, , and H values inside the model.

We choose a set of realistic field and temperature values which can be used during the data
recording process. The figure 3.4 shows an example set of magnetic field (blue colored) and

heating (red colored) pulses.
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Figure 3.4 An example heating and magnetic field pulse set. Initially the heating pulse(brown
solid line) is opened. After 0.5 ns delay magnetic field pulse(blue solid line) is applied to the
material.

Figure 3.5a shows the time evolution of normalized (by zero temperature saturation
magnetization Ms(T=0K)= 250 emu/cm®) magnetization vector components (blue solid line z
component, black solid line y component and brown solid line x component) together with the

magnetization length (red solid line) as a response to the application of heating and field pulses.



In these simulations, the initial position of the magnetization vector is slightly tilted (10") from —
z direction (the easy axis determined by the strong perpendicular anisotropy). The reason behind
tilting magnetization from —z direction with a small angle is that within the perfect alignment of
magnetization along —z direction the magnetic moments find themselves the most possible
energetically favorable direction and this cannot be changed by appliying an external magnetic
field.

In the figure 3.5a, it is shown that the magnetization has completed its longitudinal relaxation (in
a few nanoseconds) and its transverse relaxation (in a few tens of nanoseconds). Since the
external field is through + z direction, both x and y components (blue and brown colored lines)
of the magnetization vector die out and the z component of magnetization aligns along the
direction of external field. In the final analysis, the ambient temperature of the system was taken
as room temperature (300 K). Heating pulses with different pulse amplitudes were applied to the
material to study the magnetization response. The delay between two pulses is 0.5 ns. The
duration of the external magnetic field pulse is 1.25 nanoseconds (between %50 transition
points). The inset of figure 3.5a shows the change in magnetization length with in response to

heating pulses with different amplitudes.
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Figure 3.5a: The time evolution of magnetization vector components together with the magnitude of
magnetization vector. The inset shows the response of the magnetization magnitude for different heating

pulse amplitudes.

Magnetization Trajectory

Figure3.5b: 3-D trajectory of magnetization vector. While red arrow shows the initial position of

magnetization vector, blue colored solid line represents the trajectory of magnetization vector.

Thanks to the existence of high perpendicular magnetic anisotropy, the plane of the thin
film sample is not energetically favorable. Therefore, the magnetization minimizes the time spent
in the plane of thin film sample during the precessional motion around the magnetic field. In
figure 3.5b, the 3-D trajectory of magnetization vector is represented as it is under the influence
of an effective magnetic field which includes an external field pulse (which aligns the
magnetization along a preferred direction), anisotropy field (including in-plane anisotropy and
dominant perpendicular anisotropy) and lastly, the field which is responsible for the longitudinal
fluctuations. Since this is a macrospin approach, the field which accounts for the interaction
between the magnetic moments called exchange field is not considered [11]. The trajectory is
also slightly elliptically distorted due to the thin film demagnetizing field effect. The exchange

field is required for the alignment of magnetic moments along a direction.



3.5.  Switching Time Distribution

The considerable decrease in the coercivity of the material can only be achieved as the
temperature of the system approaches T, (see figure 3.1b). Therefore, the physical mechanism of
magnetic recording at elevated temperatures needs to be investigated in detail. In pursuit of this
goal, we investigated the switching process as a function of both heating and writing field pulses
systematically. Whilst the peak value of laser pulse ranges from 300 K to 450 K, the peak value
of magnetic field pulse ranges from 0 A/m to 150 kA/m. In figure 3.6, the pulse width (1.25ns),
the rise and fall times (0.25 ns), and the delay between between pulses (0.5 ns) are fixed

throughout the simulations while the pulse amplitudes varied.
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Figure3.6: An example set of total effective field and heating pulses (black and blue solid lines
respetively). The red solid line is the response of z component of magnetization vector to this field and
heating pulse combination. The switching time for this case is about 2.1 ns.

Heating the system by using a laser pulse is a rather complicated process. Heating of the
recording region initially affects the electron system (in a few femtoseconds). Due to the
coupling between electron and lattice system, the energy exchange between them starts. During

this energy transfer lattice temperature and the electron temperature relaxes to a new eqilibrium



temperature value. The thermal exchange between the electron and lattice systems is described
by the two temperature model[11]. After the application of heating pulse electron temperature
increases drastically and then the dissipation of the energy (possessed by the electrons) heats the
lattice system (hundreds of picoseconds) [11]. Therefore, in one of the prior studies, it is reported
that by employing the experimentally determined temperature dependence of thermal
conductivity in the finite element calculations, the estimated thermal relaxation time for CoNi/Pd
ML system is on the order of 100 ps which is comparable to the typical electron-lattice thermal

Error! Bookmark not defined.

relaxation tim e. The cooling time is set to 250 ps in our simulations.

After the determination of pulse properties, the next focus is about how to get the switching time
distribution. The details of switching time calculation are presented in Appendix F. The
switching time is defined as the time elapsed between the onset of the heating pulse and the
instant when 90% of the equilibrium magnetization value is achieved. It is worth noting that
since the actual switching time calculation is intermixed with the longitudinal relaxation process
during heating and cooling, the switching time obtained with this procedure gives an upper

bound to the actual switching time.



3.5.1. The Case of Non-Stochastic LLB Model

In the final analysis, figure 3.7 shows the calculated switching times as a function of the heating
pulse and writing pulse amplitudes (averaged over 200 iterations). The switching times are color

coded. While the black color implies no switching, the red color implies ultrafast switching.
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Figure 3.7: For different field and heating pulse combinations, the switching time is calculated. The black
region is showing the non-switching region and the red one shows the ultrafast switching. For this case,
the Gaussian stochastic process in not taken into account.

It can be inferred from the numerical analysis based on the LLB formalism that for a given
heating pulse, the switching time can be reduced considerably by applying magnetic fields well
above the coercive field value. Furthermore, as the temperature of the system exceeds 425 K
(close to T, = 448 K), the ultrafast switching (sub-ns scale) is observed with very small magnetic

fields (in the order of less than an Oersted).

According to the reports on ultrafast manipulation of magnetization [24] the actual time required

for the switching is expected to be controllable down to 10-100s of fs. Figure 3.7 suggests that at



any temperature value, by over-driving the switching with an external magnetic field pulse which

is higher than the coercive field, the switching can be achieved in sub-nanosecond scale.



3.5.2. The Case of Stochastic LLB Model (S-LLB I1)

Particularly, stochastic processes play an important role at finite temperatures. In our study, since
system temperature needs to be increased up to the phase transition point (which is in between
the ferromagnetic and paramagnetic transition), the implementation of stochasticity is a
requirement of obtaining a probabilistic point of view to the magnetization reversal process. So
the thermally induced noise effects are significant at especially temperature regime close to T..
For this purpose, the LLB equation has been modified by including the Gaussian Stochastic

process (resulting in S-LLB I1) which is described within detail in Chapter I.
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Figure3.8 The average switching time (obtained from 200 iterations) is represented as a function of
heating and magnetic field pulses. The red region is showing ultrafast switching and the black region
shows non switching case. In this case, the Gaussian stochastic process is taken into account.

Due to the probabilistic nature of the switching process, we have repeated our simulations to
obtain the switching time 200 times. Figure 3.8 shows the switching time distribution as the

magnetization dynamics is governed by the stochastic LLB equation of motion (S-LLB II).



While the black color means the combination of field and heating pulses are not capable of
switching the magnetization vector, the red one implies the ultrafast reversal of the
magnetization vector. It is worth noting here that for higher temperature values, the switching
can be achieved by moderately high magnetic fields.



Chapter 4.  CONCLUSIONS

WILL BE WRITTEN LATER ON.....



APPENDIX A. The Unit of The Gyromagnetic Ratio

m
The unit of y is evidently C/kg but in lots of papers call the unit of y as[mj. Now, in this

appendix, we show that these two units are equal.

In general, it is known that gyromagnetic ratio is the ratio of the magnetic moment of an electron

M, to the angular momentum L [17,18].

eXf

A, 2 e
=2F — = App.A A
Yo L ex// (2 GJ (App.Aeq.1)

As it is multiplied with the Lande g-factor “g” (that is unitless, varies between 1 and 10), we can
reach the gyromagnetic ratio as follows;

e
7y=97%=9 -(—2 j (App.Aeq.2)
m

e

Figure A.1: Components of the classical gyromagnetic ratio of the obiting electron



When we assume an infinitesimally narrow circular ring has radius r, area A = zir?, mass m,
charge g, and angular momentum defined as L =mvr. Then, the magnitude of the magnetic

dipole moment is

a9 2 _( 9 (9
ﬂ_IA_((Z;ﬂJVJ}” _(ijmvr (Zm)L (App.Aeqg.3)

The orbital motion of an electron can be regarded as the flow of current in a circular wire

[17,18]. Thus, the last form of the equation above can be written in the following form;
e

M, = (2—j L (App.Aeq.4)
m

The value of the g-factor is 2.002290... for all ferromagnetic materials [17,18]. Furthermore, our
primary objective is to carry out these simulations by using a special ferromagnetic material.
Thus, this g-factor will be used as one of our constants in our simulation. By using the last
equation (App.A eq.2) for gyromagnetic ratio, we can reach the gyromagnetic ratio value for

both free electrons and ferromagnetic materials;

2m

e

y=07=0 (i] =g (%] (App.A eq.5)

By means of the above formula (App.A €q.5), the electron gyromagnetic ratio of a ferromagnet is

calculated within the following form;

y=9-7%=9- L g (&] =1760859770x10"s*T*
2m h

e

Here, there is also a mixed unit computation so for T (Tesla) is used as a unit of magnetic field
strength; 1T=10* Gauss and 1 Gauss (G) corresponds to 1 Oersted (Oe). By using this

convention and the relation between Oersted and A/m:1 Oe = [@jé the unit for external

4-7)m
magnetic field can be turned into the unit for the magnetic field inside the material within the

following form;



1T =10* Oe = 79.57747155 x 10* A [17,18] then, if the gyromagnetic ratio unit is analyzed, we
m

firstly need the inverse of the Tesla (T)™ so that

-1 -1
T'= L - (éj =1.25663706 %10 (éj
79.57747155x10" \m m

The value of the gyromagnetic ratio for both free electrons and ferromagnetic materials

y=g (%} ~1760859770x10%s T [6]
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APPENDIX B. Brief Derivation of Landau Lifshitz Gilbert Equation of Motion

Equation 4 is the LLG equation but it is different from the form of LL equation.

M a dMm
F:—y(MxHeﬁ)+M—(MxEj (App. 2 eq. 1)

S

By vector multiplying both sides of the equation above by M ;
oM a dMm
M X(T:—y(M X Heff )+M_(M X—j]

oM o dM
MXF:—}/MX(MXHBﬁ)+M—M X(MXTJ (App. 2¢eq. 2)

S

Using the following vector product identity;

axbxc=b(a-c)-c(a-b)



The second term of the last equation (App. 2 eg. 2) can be written in the following form;

dM dMY M
M Mx—|=M| M -— |- M-M App. 2 eqg. 3
x( xdt) ( dtj H(M-M)  (App.2¢q.3)

To reach more precise relation, if we take the scalar (inner) product of both sides of App. 2 eq.1
with M;

d
M -{ad—l\:lz—}/(l\/l xHeﬁ)+|\;{ (M x—MD

M, dt

oM

a dMm
M -E:—yM (M xHeﬁ)+M—M -[M ij (eq. 4)

oM

o dMm
M -Ez—ﬂM”(M x H, g )‘Cos(zz/2)+M—s|M|‘(M ij cos(z/2)=0

The principal knowledge has been used in both LL and LLG equation is that the magnetization

magnitude is constant in time |M|= M. Thus, we can write down the second term of the App. 2
eq. 3 in following form;

M X(M Xd_sz I\/I(M .w]_dﬂ(m.m)
dt dt dt

dM dM
Z_TGM”M'COS(O)):_MSZ(dt) (App. 2 q. 5)

Therefore, the equation 4.2 becomes



oM a dMm a ,( dM
MGt M (M ) MGyt )21

oM a 2 (dM dM
MGt = MM e MG M) e (5

oM dM
MXF:—yMX(MXHeﬁ)—aMS(Tj (AppZqu)

Moreover, we can have one more relation for using the App. 2 eq. 1;

[M xd—Mj='\is(a—M+y(MxHeﬁ)) (App. 2 €q. 7)

By equating last two equations (App. 2 eq. 6 and App. 2 eg. 7)) to each other;

dMm M

—yM x (M x Heﬁ)—aMs(Ej: — (—+y(|v| x H, )j

1+ a?

a_M:_( 72j(MxHeﬁ)+y(Mis( « BMx(MxHeﬁ) (App.2 eq. 8)

MLJ(M x(Mx H, )) (App. 2 eq. 9)

S

H:—M(M x H 4 )+|7/|(

App. 2 eq.8 is another form of LLG equation and the similarity between the components of the

LL equation (App. 2 eg. 9) and LLG equation can be seen, easily.

Yet, there is a huge difference between them. While the LL equation can describe the

magnetization dynamics as the damping constant (A ) is less than 1, LLG equation gives a new



description to damping constant and thus even for larger damping regime the LLG equation
gives the true result.

Using equation 4.6, as « = o, all terms at the left hand side vanish thus, dd—'\:l =0

However, in App. 2 eq. 9 (LL equation) as 4 = oo the second term of the LL equation (damping

term) energy dissipation becomes dominant and therefore, dd_l\t/l => oo Which is unphysical.

It is important to note that when the thermal interactions are taken into account, these two

conventional equations give accurate results just for the low temperature regime [1,6,7,10,11].

APPENDIX C. The Classical Derivation of Landau Lifshitz Bloch Equation of Motion

The conventional LLG equation has crucial drawbacks as opposed to the LLB equation. For
example, the latter one involves a field term to control the longitudinal fluctuations in the
magnetization length which brings with itself additional relaxation time called as the longitudinal
relaxation time. Whereas, there is just one relaxation time for the magnetization relaxation
process which is called as transverse relaxation time in the former one. Furthermore, in LLB
equation there are two damping parameters called as longitudinal damping parameter and
transverse damping parameter which depend on both macroscopic Gilbert damping parameter

and the temperature of the system.

In this appendix, the goal is to derive this equation of motion which is valid for classical
ferromagnets for the whole temperature range starting from the Fokker-Planck formalism which

is a methodology to describe the evolution of probability density function

of 0 AT 0
E_FN{Y(N x H)—yk(N x[N x H])+YM_O(N X‘:N XND}f =0 (App.3eq.l)

where f(N,t) is the distribution function f(N,t):<63(N —S(t))>and m=(s) is the spin

polarization vector which is dimensionless and it has a clear expression in terms of the

distribution function.



jd3NNf(N,t)=<s>=m (App. 3 eq.2)

This can be proved trivially by plugging the general relation of distribution function written

within the mean field approach:
[d®NNF(N, 1) = [d°NN (8°(N —s(1))) = <jd3NN53(N —s(t))> —(s)=m

When the magnetization vector is differentiated, we can combine Fokker-Planck equation (App.
3 eg.1) with the following differential equation. In this way, the first stage of LLB equation can

be obtained.

dm

e (IdsNNf(N,t)):jd3NN%(f(N,t))

Therefore, instead of %(f(N ,t)), we can write its equivalence which were taken from the App.

3eq.l.

Jd*NN = (f(N ) = [d*NN {—%{y(N x H) =L (N x[N x H])+ Y%kBT(N ){N X%D}f}

Mo

0 0 ykk T 0 0
:_yjd3NNa—N(NxH)f—yxjd?’NNa—N(N HI)f + === [ d° NNa—N{N{NX_Df

=—¢[®N(N x H)f —yA[d®N(N x[N x H])f + s Tjd N(N {N x%Df

Ak T 0
d*NN < (F(N, t H)—yA H)+ 2 d*N N x—— ||f
e 0000 =m0
(App. 3eg.3)

Detailed analysis of the third term in App. 3eq.3:

Inside the last integral (third term), instead of cross product representation, we can make use of

two Levi Civita mathematical identities.



Simultaneously, we did partial by parts integration after we played with dummy indices by

lowering and raising them all for each LeviCivita symbol (g“iﬁ, sﬁjk) over the App. 3 eq.3.

—WBTIdSN Nx{in} F(N, 1) = 2XeT T [dNetyel N N2, (A 2eqa)
i oN Ho oN

While we are dealing with a tensor problem, the following three main features are extensively
used which leads to raise or to lower the indices;
€

=g,; and 9§, =-0, (App. 3€eq.5)

0
X' =8"X;, and X;=8X (App. 3 €q.6)

s“”‘eﬁjk = 28}1i = 6‘*]6‘k - 6°‘k6‘j
or (App. 3eq.7)
80uﬁgﬁik = €€ = 0j, O — 0,0

So we obtain

YAKgT

) = YAKgT
TR

k
jd Ne%e N N‘a— f(N,t jd Ne“Pey, (8N +NJ€>'k)6iI f(N,t)

The product of two Levi-Civita symbols can be expressed as the combinations of the Kronecker's

symbols (App. 3 €q.7). As a result, we can write this term with tensors in the following form;

YAk T o , ok
" = [d*Ne e mk(ﬁkNJ+N5‘k)8N f(N,t) =
k
_ 1Ak, Tjd N (88", —8,8') (8% N’ + N'&* ) —— 0 f(N, 1)
Lo oN
(App. 3 €q9.8)

Now, we are ready to analyze App. 3 9.8 by looking at the values of indices;



By setting o=k and i=j, solution is zero.

By setting ao=j and 1=K, solution is in the following form;
k
YAKg Tjd N (8°8', —8%8')) (8"NT+ N'8™) — O f(N,1)=
o oN
k
_ YK T_[d N (8°,8%, — 88", ) (8N + N'6™)—= O £(NL1)
Mo OoN
_ 21Ke Tjd N2 f(N, 1)
o oN

The equation written above is last form the third term in (App. 3 eq.3). Yet, there is another way
of getting the same result. Classically, we can reach this result by the help of a trivial method
which is a special feature of Levi Civita: two consecutive vector products with three different

vectors can be written as follows:
x(bxc)=b(a-c)—c(a-b) (App. 3 €q.9)
The proof of this relation:

d=ax(bxc) =g, (&b ) = Emiti@,b;C

mni ' n

= (8,8 — OBy )2,DIC, = 8, by C, —Crayh;

mj~ nk

=[b(a-c)] —[c(a-b)]

Then, we can apply this to our case;



kg TJdN( [NxaiNDf ykaIdN[ {N%} ail(f(N N )j

_ YAkg TJ~d N( {N af(N,t)}_Nz oANY 6f(N,t)J
oN oN oN

ykk Tjd N(\Q(G\EQ_N(NJ) _2N8f(N,t)J

ON~_ oN
yxk szd N( af(N,t)j
Ho oN

As a result we obtained the same result ;

Ykk Tjd N( |:N xi}jf=_Y7kaT2J'd3N(N6f(N,t)j
oN oN

Ho Ho

By doing integration by parts, the first derivative of the distribution function disappears;

Integration by parts: Iudv =uv —Ivdu

u=N*
jikf(N,t)dSN =fadv
oN

v="F(N,t)

2yAkgT

TN
By making use of App. 3 eq.2 and under the light of this equation written above, we can revise

(App. 3 eq.10);

0 M(|\|°‘f(|\|,t)\*”°—jo|3|\||\|f*f(|\|,t))= e T [NNF(N, 1)
Mo -

8 [d*NN"— (N, 1) = 21K T
oN Ho

y“”jol N[ [insz y7‘szjol N( ‘%(N’t)j ZV“(Tjd NN“f(N., 1)
N n N

_21*Ke T_[d NNF(N, 1) = — 2K T
Ho Ho



By recalling App. 3 eqg.3 and replacing the term that we have just analyzed above with its last

form, a primitive equation of motion for the spin polarization vector can be obtained;

r:n:%n:y[mxH]—ANm—yX@X[SXH]> (App. 3 €q.10)

2y kT
Mo

where Ay =

However, when we look at the last term of the equation, this can be regarded as an equation of
motion for the magnetization dynamics which is coupled to the second moments of the
distribution function. The derivation of a more concrete equation depends on further analysis of
this last term. Therefore, for the non-equilibrium state of magnetization, this will be studied in
detail by deriving a driven equation so called LLB equation.

If the distribution function is chosen as f(N) = exp(<, 'N%(f ) where Z(&) = 4n (Sinh%j

is the partition function and &, =pu,H, ., is reduced magnetic field. Therofore, for the non-

equilibrium condition one can assume that f(N):eXp(é'N%(é) where =& (1) non

equilibrium reduced magnetic field. By recalling App. 3 eq.2, we obtain;

= (s,) = [d°NN £ (N, ) = [d°NN; (eXp(éi .N%(g)J

As it can be seen from (App. 3 eg.10), the second moments of the distribution function requires

analysis in detail. To do so, we initially try to write down a relation for the 2" order

differentiation of the distribution function in terms of Langevin function B(&) = coth(&) — %;

a%ﬂg):@%(jd"*N%D(é~N))=jd3NNi exp(& - N)

=Z(&)(J&NNE (V1)) = 2 () i,



exp(é - N
where we used f(N,t)=[ p(éj yz(i)J relation. When we take the 2nd derivative of

partition function with respect the reduced field, we obtain an important relation before we reach
the classical LLB equation of motion.

0
(exp(¢-N))Z(¢)-
0 exp(&-N) &,
=[P D 262
N, (exp(¢&-N) }GQ—\Z\@miexp f-N)= N, (exp(&-N)) -, exp(&-N)
Z(¢) 2(€) Z(¢)
:Nk(f(N’t))_(f(N't))mk

—(F(N, 1)) =N, (F(N,t)) = (F(N, 1)), (App. 3 eq.11)

The following equations are exploited in the derivation of the equation (App. 3 €g.11) which is
written above.

22 gzaj) z(&)m,

. £,
& M =BEx
i = B(¢) :

o -MNJ)=FMﬂQ'T%25J

The first thing is to write down % X

i )_9BE) &  gsy il 1
8&( (5)5] a; & (6)8&& P i[ij

_BEE gy lop BE) B |55, gyls
%t (é).,g @m% (a% &}& @Q




BE) & _ [aB@) ) B(é)] 58, B (App. 360.12)

o, & e & )& g

%Gi s

where

B

By using the following trivial relation: B =1-B'(¢) -2 , We can reach our goal which is

to write an extended relation for the second moments of the distribution function.

<sisj> = {i B(;—’)} 2 +Mmm, = B(;) (E B(i”) 3) &; 8"} (App. 3eq.13)

By taking the advantage of both App. 3 eq.11 and App. 3 eq.12, the second order differentiation
of the partition function can be obtained:

0 - - -
g[? @j o (2€)m)=2(6) () o - (2(2)

= Z(&)([ NN (N, (F (N, 1) = (F (W, t))rhk)) i ([°NNZ()F (V1))

=, ([ °NNLE (N, 1)) Z(€) - Z(&) s ([ NNV, (F (N, 1)) + Z(&) ([ °NN, N (F (N 1))
= Z(&) (sinyin, — s v, ) + s, [ NN (N, 1)) Z (&)

= Z(&)[sin, s ]+ ([ NN N (N, 1)) Z(¢)

We obtain the following relation where we used the commutation relation [mi , rﬁj] =0;

% ai (— Z(f)j (j d*NNV,N, f (N, t)) = (S;S) (App. 3 eq.14)



At that stage, the first thing is to write down the relation (App. 3 eq.10) by using tensors. Thus,

we get rid of the vectoral form since tensors conceal the vectoral form of the equation.

_am
ot

= Y&iji <Sj>Hk - Ay <Si> A2 €iin€imn <SjSm>E_vOn

:y[mxH]—ANm—yK<sx[sx H]>

H ]
— Mo and the relations that
B

By using both a simple equation for reduced magnetic field &,

were derived above ((App. 3 eq.11), (App. 3 eq.13) and (App. 3 eq.14)), we can do the following

calculations;
am _ _ Ay B($) & €&
8’[ _ygijk <Si>Hk AN <Si> 2 8ljnglmn { é ([ B(f) ) é +8 )}i n
_ _ Ay B(E)( & Ei€m A_ B(&)
= Y& <Sj> H,— Ay <Si> > €ijn€1mn £ (B(f) ] E,.z gon €ijn€imn e 8ngon
Ay 3m\m.m_ Ay
= Ve <Sj>Hk -Ay <Si>—78ijn8|mn [l—?mj rjnz &, — 5 EiinE1mOjm %F;On

Moreover, by using the Levi Civita mathematical formalism;

EimEix@nD Ch = (8O — OBy )anbiC, =a,b,c, —c ab,

mj~ nk

_Sijnglmnamajgon - (SlmSJn in jm)gma ao _g EJO (&j&i)&oi

The reduced magnetic field turns into the following form;

55,) €

&2 &i S|Jn Imn a2 éo (App3eq15)

éoi =
. . & m. .
Fortunately, we have another important relation Ej =—1 |eads to modify App. 3 eq.15:
m

(m&,) m,m, e

E_,Z & 8un Slmn mz n

ioi =



When we plug the relation above, we can obtain LLB equation . Yet, it is not able to describe the

motion of the spin polarization vector, clearly;

| , m_m.
%zygijkijk_AN [1_m éojmi_yk(l_mjgijnglmn%H"
ot mé& g m

In the vectoral form;

M mxH-A, (1—m'—5°jm—yx[1—mj(mx(mx H)) (App. 3 €q.16)
ot mg m

Now, we do some further analysis of each term of (App. 3 eg.16). During the analysis, we will

perturb the magnetization by applying an external field (H). For small deviations from the
So

equilibrium where §=¢, and m=m, =B(&,)=>, one can put LLB equation into more
0

KeT

compact form by using H = & and m—m, =B'(&)(E-E,):

Mo

1)  The 1% term becomesym x H

2)  The2"termis —A, (1— m_éo) m

m&
m, _B(&)
m;mosB(fo)é = © S which led us to get the following relation that
S m_B()

¢ g

describes the deviation from the equilibrium state.

m—m, = B()(¢ - &)

Simultaneously, the second term is called longitudinal relaxation term of LLB equation will turn

into a different form by considering the relations written above.



A, (1— m-e, j m=-TI, (1— "’"Zij (App. 3 €q.17)
mé& m

Ay B(S)

where I'; = —T is called as the coefficient of the longitudinal relaxation term.

B'(¢)

m](mx(mXH))

3 The 39 termis—yA|1— —
) ' [ e/ m

For the detailed analysis of the transverse relaxation term the two relations written below play a
key role since they will describe the initial condition of the magnetization before the perturbation

made by the external magnetic field;

H - KgT £,
Ho H = kT g = keT &, 0
m=m, = B(fo)i Ho B B(&)



yx(lmj(mx(mxH))zyk(l%J[m{mx?is(&%)moj}
kel & [l_mj(mx(mxmo)):_AzN( & j(l_mJ(mx(mxmo))

Ho B(&) g B(&,) g m?

_ATN[(B@O ) @\B%%J(m " mO)):_AZN [(B?@o)J_lj(mX(E; )

Thus, the third term of LLB equation turns into the following form;

mx(mxH mx(mxm
—yx(l—mJ( “ . ))=—r2( al - o) (App. 3eq.18)
& m m
where I', = [[ B(iz )j—l] is coefficient of transverse relaxation term.
0

As a conclusion, when we plug App. 3 eq.15 and App. 3 eg.16 into App. 3 €q.18, we obtain the

classical LLB equation by using the quantum generalization methods.

Al )m—]‘2 (mx(mxmo)) (App. 3€eq.19)

om
—=ymxH-T,
a ! [ m?
LLB equation for ferromagnetic materials including the analysis of the critical behavior of

the magnetization dynamics below and above Curie Temperature:

Up to now, we aim at obtaining an isolated equation of motion for the spin polarization without
considering any interaction between the magnetic moments (which can be referred as isolated
magnetic moments). That simulates the situation in pure paramagnetism. Due to thermal
agitations, we expect a random orientation of the dipoles which do not have interaction with one
another, in the absence of an external field which brings about the zero net magnetic moment
(paramagnetic case). But, individual moments have random orientations initially and in the
presence of an external magnetic field which is able to deal with the thermal excitations. A new
alignment of magnetization vector driven by the external magnetic field can be acquired [1].

Moreover, this can be characterized by the equation that we derived above.



Now, we will revise the LBB equation by considering the case where the magnetic moments are
not-isolated and are instead exchange coupled to each other. Furthermore, the interaction
between the moments will be assumed as isotropic and the first nearest neighbor interactions are
going to be taken into account. For the sake of clarity, the system Hamiltonian will include just
external magnetic field-spin (magnetic field coupling) and the exchange interaction (spin—spin or

Heisenberg exchange interaction):
=t ) His; - ZJU (7,548 +1,5,iS,; +545;) (App. 3 £q.20)

n,and 7, are the anisotropy factors which are 7,,7, <1.

It is impossible to treat the spin-spin interactions fully without some approximations. Garanin
took the advantage of Mean Field Approximation (MFA) [1] in the description of effective field

corresponding to each lattice site.

Semi-classical spin dynamics leads us to get the interaction field of the system by presenting the

following equation for the single spin Hamiltonian:

S 5= 4(sxH(S)
oH 1 (oH
—guzH(s) = 5 H(s) = - o (gj
- SH
= H(S) :—(Ej

The last equation is in CGS unit and gug is inserted inside of the effective field. In SI unit
system, we need to divide it to the permeability of free space po which will have the following

form;

1 oH
HiMFA:_Eg:_,U_g[ OZH Si __Z‘]u (UXSXI xi T 71ySyiSy; +SZ'SZJ))
0 ||



1
=H, +_Z‘]ij (ﬂxsxj +7,S, + Szi)
Ho i

The MFA field can be written in a more compact form;

HY" =HF+H, :ﬁmi +H, (App. 3 eq.21)

Hy
One of the most prominent features of the ferromagnetic materials is the case of very strong and
homogenous exchange field which can be said for the temperature below Curie point:

HE[>H,)-

Above of Cruie temperature (T¢) which is the phase transition temperature for the ferromagnetic
material so the spontaneous magnetization does not exist because ferromagnetic material

behaves like a paramagnet.

H-HE

()

HY =Hf+H =HF|1+

By using the special form of Taylor expansion called Maclaurin expansion one can get a special

relation for }{—IMFA which is the modulus of MFA field;



If xxl1

(%_ x) = (L4 %) =14 x4 x50+ xh

X — —X
(}/+x) (1+x) Polex X - x Xt
1 _ 1|, H-Hf Hone | [wome)
H SR ey (e ey )
(App. 3eq.22)
_ 1|, H-HF
TH Ty

After that the relations below are written for general expressions of (a) exchange interaction
field, (b) magnetization vector at the non-equilibrium case and (c) the relation between the
reduced magnetic field and the MFA field , respectively.

@ HE=2m oa (0) m=BE)ZE A (o) &=AuH"

Thus, we can obtain the following relation between the Langevin function and the magnetization

at equilibrium case;

pH"" MFA i
:B(ﬂ,uOHMFA)[%J:B(ﬂ%H )(ﬁMFAj

B(ﬂﬂOHMFA):

By taking advantage of Mean Field Approximation, the Langevin function is expanded up to first
order and it has the following form;

B(&)=B(Bu,H")+B'(BuH") 'Z : H2 (App. 3 €g.23)

HE



Meanwhile, the main goal is to obtain a relation for the equilibrium magnetization and its small

deviation case from the equilibrium due to the effect of applied magnetic field.

H-HEf

(W)

mO
H MFA
( HMFA j

Therefore, we obtain a compact equation;

I

B(AuH* )+ B'(AHE) (App. 3 £q.24)

m, E[B(ﬁﬂoHE)+ B,(ﬁﬂoHE) ASia }(ﬂmm} (App. 3 eq.25)

(He)
Yet, the equation above (App. 3 eq.25) entails to be extended by using the relation of exchange
field and the MFA field together with some mathematical relations about the conversion of dot

product into the vector product (App. 3 eq.7 and App. 3 eq.9). By utilizing these equations, the

last form of m, is obtained;

B , m-H)m B Hxm)xm
m, zam+8ﬂyo( mz) —m’f]l"( m2) (App. 3 €q.26)
0

Now, we can continue with the new stage which will lead us to reach LLB equation of motion
for ferromagnets that is capable of showing the behavior of the magnetization vector for the

finite temperature regime.

In that stage, we analyze the coefficients (I, and I,) of the terms of LLB equation shown in

App. 3 eq.19. In these analysis the vital role is to plug the relation of my (App. 3 eq.26) into App.
3eq.19.

o (mx(mxm)) A&
1) Transverse relaxation term: -1, > where I, =—"-|| ——|-1
m 2 (| B(&)

By using the following three principal relations that are studied above;



(a) A, =21H*T () m=B(§o)§—°

Mo 0

© &= BHOHMFA

The coefficient of the transverse relaxation term I, is obtained in the following form;
Zyak T
F2=A—N( & J_l: Ho [ & J_l
2\ B(&) Z B(<)
Ak, T H & J_ 1] kT (1_ { B(@)D Bu H ™
Ho B(<) Ho S B()

Having strong exchange interaction causes to consider the applied magnetic field-spin interaction

as the perturbation so the MFA field turns into the following form;

HESHoH™ cHE s H=2miH~%m A B=%<T
Ho Ho B

) 2 i

& B(fo) Mo & B(fo)
w2
o B(&,) Ko
Thus,
B
r,=ya, B?;O)i—z where o, = 7{1—(%}} (App. 3 eq.27)

When we look at the transverse relaxation (or damping) term (App. 3 eq.27) of LLB equation, it

will be in a different form of equation(App. 3 eq.28) below.

kT
B é:o
MO H :kB_T E,,o

m=m, = B(éo)g—o Mo B(&)

0

H=
m, (App. 3€eq.28)
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) () ) (me(mem)

2 m? 2 (| B(¢g, m
EECE
m J, (mx(mxmg)) m J, keT &
=—Ya, — 2 =Yoy T 2
B(&)) Mo m B(&)) 1o m
g M3 [ 46 BE&) | (mx(mxH))
"B W kT & m?

Then, by using the relations that are written below, give the last shape to the transverse

relaxation term.

& = BMOHMFA
H MFA =J—°m & =BIym
Mo
(mx(mxmo)) m J, (mx(mxH))
_FZ 2 = _ya’i P 2 =
m KsT &, m
yn/ 30\ (mx(mxH)) (mx(mxH))
=Yy B%{ Kj\\ﬁ{ m? = Yoy m?2
As a result, the transverse relaxation term is obtained:;
mx(mxm mx(mxH
-1, ( ( 2 O)) =—Yo, ( ( 2 )) (App. 3 eq.29)
m m
2) The longitudinal relaxation term: —I", (1— m_rrzlojm where I, = /,\N %
m B'(¢) ¢

The magnetization of the whole system at the equilibrium case(App. 3 eq.26) was

m, = B(,B,UOHE)+ B,(:B/JOHE) AML ](:MFA)

()



First of all, this crucial relation is plugged into the longitudinal relaxation term of LLB equation;

m-H)m Hxm)xm

m{Bm+B’l3Ho( 2) —BMO( . 2)>< }
mm, m m mJ, m

—1“1(1——2jm=—1“1 1- oy m=

B , , (m~H) B, xm)xm
{mm + BB i _mPJLOFH\m\"\}

mZ

=-I,|1- m =

B
ot : _B ,
=-I, 1—m—+B'Bu0(m ") m=rlB'Bu°[1 %M(m H)Jm

}Y( m’ B'Bu, m?
Thus,
1% (m-H)
mm m
= (1— szjm _—yoc,,[ B'BHT + o m  (App. 3eq.30)

h " = — B 0 = _ 0 = :2)\/—
Where o » Bu BT 1 BB % Xe Russ ¢

is called the longitudinal damping parameter.

To gain more concrete relation for the longitudinal damping parameter we again resort to Mean

Field Approximation which gives us the following relation;
Jo =3k, T, (App. 3eq.31)

By using (App. 3 eq.31) and the other three relations (which are written below), we can obtain a

B(<)

crucial relation for ——=
0
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As a result, the longitudinal damping parameter has the following form;

BE) _, 2T

o, =2\ : 3T
C

(App. 3€eq.32)

It is important to note that up to now we were interested in the temperature below Curie Point.

Yet, what if we exceed the phase transition point?

(1—5j is a small quantity proportional to the deviation from the equilibrium. Thus, B is
m

expanded around the equilibrium magnetization m, up to the first order in dm=m-m,

B(&) =B(&,) + BIB'(£)om (App. 3 eq.33)

1_BE) _,_ B(&)+BIB(S)om
m m

-6

, om om
—BIBI(E)—=—
m m m

(1-83,B'(&))

Accordingly, we can expand Sm =m—m, around m_> up to first order;

m 2 m >

e

2 2
om 1{—m — M, j (App. 3 eq.34)

In view of these two important approximations (App. 3 eq.33 and App. 3 eq.34), we analyze the

following term;
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where y = L=FIoBe) | s the longitudinal susceptibility.
" ﬂ/uOBl(é:e)

Therefore, we can rewrite the longitudinal relaxation term by using these new relations;

m [ 1 (mz -m? H
1-B ‘H 2y m.’
-y, [ %n + (m )J m=—ya, ! m  (App. 3 eq.36)

In a critical region where the phase transition happens, the relations requires some modifications
to reflect the reality of the case above the Curie point so that by taking the advantage of the
Taylor expansion, the Langevin function can be expanded but the main contribution comes from
the first two terms thus,

2 5 1

Ll 1, 2 P PR
B(§) =& -8 oo - aT25e 35(1 155) (App. 3 €q.37)

In addition to this by resorting to Mean Field Approximation, we obtain

B 1(, 1) 1f, 1) 1fy v, T) T
e-1-L ?—3(1 155] 3(1 Nﬁg} 3(\1\ \L+TC] 3_I_C(App.3eq.38)

c

£? =15¢

As a result both longitudinal and transverse damping parameters have the same relation above T,

T
a,=a, = 2/137 (App 3 eq39)

c



Moreover, the longitudinal susceptibility and the field-like-term which is responsible for the

fluctuations in the magnetization length are also revised. m,? ;%g is again a modification of

MFA to the equilibrium magnetization. Thus,

-84 :Ll-mos'(fe)};[mz -mﬁJNJ_o(gmz _g]:J_o(gmz _1+1j
5 T

BB, | BuB(&) J2{ m? )" i4\5 o

e

To sum up, LLG equation is not able to describe high temperature effects on the magnetization
dynamics. Whereas, the LLB equation is a more generalized form of the conventional LLG
equation of motion. In this appendix, we derive LLB equation of motion for ferromagnetic
materials by using some results taken from the Mean Field Approximation. We should not forget
the fact that LLB equation is a perturbative approach to the Fokker Planck Equation and it is
valid at non-equilibrium state of magnetization dynamics. At the equilibrium case this equation

is coupled to Curie Weiss Equation to continue to give sufficiently accurate and physical results.

By using the equations (App. 3 eq.29, App. 3 €q.30, App. 3 eq.32, App. 3 eq.36 and App. 3
eq.39) we can conclude this long and complex derivation with an equation which is able drive

the magnetization at finite temperature even above the Curie temperature.

It is important to note that the whole derivation has been carried out when the effective mean
field is including both external magnetic field (Zeeman field) and exchange field (which is
extremely strong for ferromagnetic materials). Moreover, the external applied field was

considered as a perturbation to the exchange field.

However, in general when the field is simulating the real field acting on the magnetization
vector, it includes many field components in addition to the applied and exchange field.
Therefore, this new field can be addressed as effective field Hetr as written below.

Hy = Hyy +H,, +

appl an

1[3( T,
27,5\ T, -T

1 ( mZJ
l——2 m
27(// m;

m2—1}m T>T

(App. 3 €g.40)
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where 7 = 1
+ o

> and H_, applied magnetic field and H,, anisotropy field including both in

plane and out of plane anisotropy. The temperature dependence of the transverse and
longitudinal damping parameters are given by:

J aG(l—L) T<T,

2T 3T,
a, =ag T : a, = (App. 3 eg.41)

2T
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LLB equation is obtained and it is written in the following form;

%ﬂ = —;7[m x Hq ] +|7:ni’|’2[[m-Heﬁ]m] —&g[m x [m x H ﬂ (App. 3 q.42)



APPENDIX D. LLB Based Macrospin Model Using COMSOL Multiphysics

The first thing to model the magnetization dynamics in COMSOL Multiphysics program is the
detailed mathematical analysis of the LLB equation of motion.

Magnetization vector has three spatial components:
m = (m,,m,,m, )and it can be pointed out like

m = mx? +m, j+mk (App.deq.l)

The square of spin polarization vector is
m?=m?2+m?+m and m? <1

Like the spatial components of the spin polarization vector, the effective terms of the spatial

components should be written for this purpose;

Hy =HT+H " J+H, k=H,, +H, +H_+H,, (App4eq2)

After, we determine the terms of the effective field above, we can also write the spatial components

of each term of the effective field, as follows;
The applied field term “Happ *“:

HElpp =H,i+ Hyj +H,k

The longitudinal damping field term “Hjong™:

i 1_m_2 -m T.>T
ZZ” m62 C

_ _ long long long
= =H " +H,™ +H,

Hlong
— i [1+Lmzj.m TC <T
Z|| 5(T_Tc)
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The anisotropy field term “Ha™:
1 A A A an an an
Han :_(—j-(mxex+myey+mzez): HX -|-Hy +HZ
& (App.4eq.4)

The Langevin field term H, = M h, ;

s
1 e(2 aK.T
— Lo — X8 App.4 eq.5
| x| M, \/(yoyoAVMsATj (App-4€q.5)

By the way, the stochastic Langevin field is dimensionless. It affects the motion of the
magnetization vector, randomly and thermally. Like the other terms of effective field, Langevin

field has three spatial but uncorrelated components.

We turn all of them into dimensionless form by normalizing them to saturation magnetization. The

new field can be called as reduced field and can be written as follows;

In this way, we make the effective field as dimensionless. As we write effective field in the reduced
effective field form, we are able to sum the Langevin field with our effective field because

Langevin field is already in the dimensionless form.

hy =

He
Mﬁ +h, (App.4 eq.6)

Therefore, the last form of LLB equation where all variables are dimensionless;



-H H
%_T—y-(mxHeﬁ)er.a-{(mm—e;)m] L'V'[mX(mefxm)] (App.4 €q.6)

In the equation above, we use the spin polarization vector m as our dependent variable.

As a result, now we know that LLB equation of motion has 3 components except the spin torque
term that is only taken into account when the current is applied to it. Therefore; the expanded form
of these terms of LLB equation can be easily entered into the simulation program. Here, the
effective magnetic field unit also exists and equals to “A/m”. Yet, “m ™ is the spin polarization
vector is dimensionless and gyromagnetic ratio was taken from our above simulation results as
“C/kg” but we will anymore take the unit of it as (Aﬂsj and then we will solve below PDE by
taking these units into consideration. By the way, the unit of the field should still be “A/m” because
when we solve the unit inconsistency between the terms of the effective field we should also break
down the unit consistency among the components of LLB equation by multiplying the new form of

effective field with the saturation magnetization again.
Then, here we make the expansion of the terms of LLB equation.

The first term is the precessional torque term:

ik
(MxHg )= m . m —m

X y z

He H* H*
:i(myH;“ -m,H )+ ](msze” -mH.,* )+k(mXHye“ —myHXe“)
The second term is to consider the longitudinal relaxation of the macrospin:
(MmeHg )m = (mXHXe" +mH, " +mH," )(mxf+ m, j+ mzk)

—_ eff eff eff A
_mx-(mxHX +mH " +mH, )I
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The third one is the transverse damping torque term:
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Then, if we again plug these expanded forms of the torque terms in LLB equation , we get a clear
and comprehensible form of this equation.

We can write the first derivative of spin polarization vector with respect to the time as;

dm om,. om,~ om, ~dm,2 om, om
— = I+ j+ k= +
d ot ot ot ot ot ot
Thus, we separated the spin polarization vector into its three spatial components m(my, my, m,) and in
this way we get three partial differential equations:

om, _ —)/(mszeﬁ -m,H“ )+(%j[mx -(mXHXeﬁ +mH " +mH. " )J

ot
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We can see that our LLB equation is an ordinary coefficient form of differential equation and now
we ready to enter this equation into the COMSOL Multiphysics. However, we need to have an

ordinary coefficient form of differential equation that is recognized by COMSOL.

Actually, COMSOL Multiphysics separates all types of differential equations into the different
forms. It also has boundary conditions if someone wants to add a condition as the COMSOL solves

the partial differential equation.

As we said before COMSOL can solve given partial differential equations. Here, as we mentioned
before that LLB equation is in the Coefficient PDE form, so if look at the default equation for the
Coefficient Form PDE interface in COMSOL Multiphysics;

o°u ou
& o7 +d, - = +V-(-c-(Vu)—au+y)+B(Vu)+au=f (App.4eq.7)

As we can see that the dependent variable “u” and independent variable is “t” for this default PDE.

The other all terms are the coefficients of the PDE. The names of these coefficients are;

Symbol Coefficient Name

e, The mass coefficient

d, A damping coefficient or a mass coefficient
C The diffusion coefficient




The conservative flux convection coefficient

The conservative flux source term

The convection coefficient

The absorption coefficient

—hthQ

The source term

Therefore, at first we should determine that which term will be the dependent variable and which
will be independent variable in our modeling. Then, the whole equation must be rearranged
according to this kind of above arrangement of default PDE in the COMSOL. Besides, if we need
we can also add constraint(s) to the modeling by using the subdomain setting, subdomain
expressions, boundary settings and also the boundary expressions pages of COMSOL Multiphysics
which are opened for this purpose of all PDE types.

If we want to make a simulation that relies on an original PDE (which looks like only from the
framework of the PDEs ) for our case we should at first arrange our PDE to determine clearly the
coefficients of the default form Coefficient Partial Differential Equation in the COMSOL. In other
words to enter our PDE in the COMSOL one of the first things that should be done is to arrange the
PDE according to the explanations about the default form of this PDE s in the COMSOL. Below
equations are the last cases of the LLB that are ready to be entered to the COMSOL.

—%jtmy H%}-(mXHX“ +myHye“ +m,H,” )—(%)-(mZH;ﬁ +mH, )}:

{_y.(mzH;ff ~mH,* ){%).(mzmyeﬁ FmH )}
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Moreover, as we mentioned before in default general coefficient form of PDE in the COMSOL
Multiphysics program , there are several coefficients so that if we look at the values of these

coefficients for our case;

e,=0
c=0
a =0
}/:
B =0
-1 0 0
d,={0 -1 0
0O 0 -1
L) O 0
a=| 0 (22) O
0 0 (33
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After the determination of coefficients, we should do another thing which is turning them
into codes to enter the PDE in the COMSOL.

These codes are;

Name Symbol Code
Gyromagnetic ratio Y gamma
Damping parameter a alpha
Longitudinal damping parameter 2 alpha_pll
Transverse damping parameter | ¢, alpha_tr
Effective Magnetic field H H
Magnetic field x direction Hx HX

Magnetic field y direction Hy HY




Magnetic field z direction Hz HZ
Temperature ratio r=T/T, r
Damping parameter difference Ad da
Permeability of Free Space 1y M_0
Saturation Magnetization Ms M_s
Square of Spin Polarization Vectd m? m_square
Curie Temperature of the Materia T, TC
Boltzman Constant ks KB
Logitudinal Susceptibility 2 Xl
Transverse Susceptibility 1. Xt

Model Navigator:

1. Start Comsol MultiPhysics.

2. From the space dimension, select 3D and from application modes select:

COMSOL Multiphysics/PDE Modes/PDE, Coefficient Form-->Time-dependent analysis

3. In the Dependent variables field, enter “ mx my mz ”, with space in between the components.

4. Click OK.

Options and Settings:

1. From Options menu, select Constants.



2. Define the following constants:

%P Constants
MName Expression Value Descripkion
alpha 0.05 0.05 damping parameter -
r TITc 0.50208[1] L over b cruie il
alpha_pll alpha*2*r[3 0.016736[1] alpha longitudinal
alpha_tr alpha™(1-r/3) 0.041632[1] alpha transverse
d_a alpha_pll-alpha_tr -0.024896[1] delta alpha
Tc 1394.2[K] 1394.2[K] Curie of Co
T 700[K] 700[K] temperature of Ca
dt 1*10-12 [5] (1e-12)[s] time stepping
M_s 141775004 m] 1.41775e6[A/m] saturation magnetization
gamma (2.21276*(10~510m/CH] 2,21276e5[m/(s-A)] gyromagnetic ratio
dv (20%[10"-9))"3 [m~3] (Be-24)[m°] volume of baox
i (1.25663706%* 10~-6)) [(m™ka/( s*A)~2)] |(1.256637e-6)[Him] permeability of free space
kb 1.38%10(-237) [ka™((m/s)™2)/K] (1.38e-23)[m -kg/(s2.k)] |boltzman constant
MULT (2*alpha*Kb*T) (9.66e-22)[1] multiplicator of langevin Field
HO1 -1 (A -3.174603e5[A/m] Far x comp constant part of out of plane anisotropy | =
HO2 -1/ (3B -1.587302e5[A/m] Far y comp constant part of out of plane anisotropy
HO3 -1 (E*C -158.730159[A/m] Faor z comp constant part of out of plane anisotropy
A 2 2 anisotropy field(constant)
B 1 1 anisotropy field{constant)
C 0.001 0.001 anisokropy Field{constant)
Wk 0.0000063[m/A] (6.3e-6)[m[A] transverse susceptibiliby{constant case)
K. 105 [Jfm™3] 1e5[Pa] Anisokropy constant
ol 0.085[m/A] 0.085[m/fA] lorgitudinal susceptibility{constant case)
a 250e-12[s] (2.52-10)[s] step Function parameter For smaathness
b 1450e-12[s] (1.45e-9)[s] step Function parameter For smaathness
scale 155e-12 1.55e-10 step Function parameter Far width
amp 140000[A/m] 1.4e5[A/m] field amplitude of the z component
ampao s[a/m] S[am] field amplitude of the x v component e
TRT 1/{gamma*alpha_tr*amp) (7.753725e-10)[s] transverse relaxation time
TRT1 1/{gamma*alpha_pl*amp) (1.928794e-39][s] transverse relaxation kime 1
LRT dl/{gamma*alpha_pll) (2.295265e-5)[s] longitudinal relaxation time
LRT1 [ [(gamma*alpha_tr) (6.838785e-10][s] longitudinal relaxation time 1
= E QK ] [ Cancel ] [ Apply ] [ Help
Picture 1

The picturel shows the constants of the LLB model. These are the real values of hcp type Cobalt.

Geometry modeling:

1. From Draw menu, select Block.

2. Specify properties according to the following tables; when done click OK.




It should be center based bhox because the arrow that we will see after the COMSOL solves the

PDE. One point of the arrow starts from the center to the one corner of the box.

Length Value

X=2 y=2 z=2

Here, we work on Sl Unit system so that the unit of the length is taken meter

AXxis base point

x=-1 y=1 z=-1

3. From Options menu, select Suppress/ Suppress Boundaries.
4. Select all boundaries from the list and click Select Current Suppression.

5. Click OK.

We want to suppress the boundaries because after COMSOL solves the PDE for a time interval that

we determine before we want to see the arrow’s position.

6. From Options/ Expressions, select Subdomain Expressions.

7. Select Subdomain 1, enter the following in the edit fields:



Subdomain selection

O - |

| =
e e R ——— ==

Marne Expression LInik
m_square m™2+my-"2+mz"~2 [1 -
H_square HH™2+HY 2 +HZ~2 [1 El
Hx H¥E+Huiox 1
HY HYE+Hory [1
HZ HZt+Hoz W]
Hxk Hxe+Hlx 1
HYt Hry+Hly [1
HZE Hz+Hlz 1
Hlx [}
Hly [u}
Hiz [u]
Hoz mz*HO3 [1
Hovy my*HO2 []
Hoe mx*HO 1 [1
Hzw HO3 Afm
Heyw HOZ2 AJm
Haeow HO1 Afm
Hllz HIl*mz 1
Hlly HIFFrmy [1
Hllz HIl*rmax [
HIl 0.5%(1-m_square/me"2] [« 1
Ha ampo*k3 [1
Hey ampo*k3 1
Hz amp*k3 [1
k1 Flc1hs(t-a,scale) [
k= Flc 1his(t-b,scale) 1
k3 k1-k2 [
me 0.88%M_S(T) W]
langevinc (MULT/DEMNM)}™0.5/M_S(T) [1
DEMM dv*d*gamma*mu*M_s(T) [1
Hzdl HxE+Hbx []
Hl Ht+Hby 1
HZI HZt+Hbz ]
Hbx Hiac+Hllx [

| [HEw Hiy+Hlly 1
Hbz Hoz+Hllz [1

[ K, ] [ Cancel ] [ Apply ] [ Help

Picture 2

These are our subdomain expressions that are important for the accuracy of the simulation because

they are some kind of conditions that COMSOL must obey these conditions as it solves the PDE.




Physics Settings:
1. From Physics menu, select Subdomain Settings.

2. Select Subdomain 1, enter the following values:

Below pictures “3a”, “3b “and “3c¢” shows us where and how our coefficients of the PDE are

entered to the COMSOL Multiphysics Program.

-

Subdomain Settings - PDE, Coefficient Form (<)

et |

Equaktion
E'.-a-E:.Izu,l'-Ell:2 +d_gufat + Vi-cVu-au + y) +au+ B Vu=F
Subdomains | Groups | | c I a I F I eal d, | a I B I " I Init I Element I Weak I |
Subdaornain selection Damping/Mass coefficient
i mx my mz
-1 (4] (4]
a -1 (4]
a a -1
GSroup:
[] Select by group
Active in this domain
[ (a1 ] [ Cancel ] [ Apply ] [ Help ]

Picture 3a



Subdomain Settings - PDE, Coefficient Form () e

Equation

f_-ﬂu':l:"'llj'ual:2 +daﬂuJ'ﬂt + Vi{-cVu-ou+y)+au+fVu=F

Eul:udnmahs_:;,m] _ I.;I,,.F.e.[dllulﬂ[qulrtlﬂe:mlﬁ"e#l
Subdomain selection Source berm
[ - a1
(2,2)
(3,3
(1.1
gamma*(my*HZl-mz*HY])+(gamma*alpha tr*(-my*my-mz*mz)*HXt)/(m_square)
= | (22}
Group: [ ~ gamma*(mz*HXIl-mx*HZIl)+(gamma=alpha_tr*(-mz*mz-mx*mx)*HYt)/(m_square)
(3,3)
|| Select by group gamma*(mx*HYl-my*HXI)+(gamma*alpha_tr*(-mx*mx-my*my)*HZt)/(m_square)
[7] Active in this domain

e [ Conca J[_topty ][ heb ]

Picture 3b




Subdomain Settings - PDE, Coefficient Form (c) e

Equation

e,3%u/3t% +d duat + V(-cVu-ou+y) + au + f-Vu=Ff

SUdelTlﬂnSvG(oups i(iaf e.‘d.{olﬁlvllmlﬂemlWeak{
Subdomain selection Source term
. - 1)
> (2,2)
Group: (3,3)
Select by group
V| Active in this domain [ oK i [ Cancel J [ Aogly ‘ Help |

1,1):
(gamma*alpha_pll*(mx*HX+my*HY-+mz*HZ)-
-gamma*alpha_tr*((-my*my-mz*mz)*Hxvimy*HY+mz*HZ))/(m_square)
(2,2):
(gamma=*alpha pll*(mx*HX-+my*HY+mz*HZ)-
-gamma¥*alpha_tr*((-mx*mx-mz*mz)*Hyvi+mz*HZ+mx*HX))/(m_square)
3.3):
(gamma*alpha_pll*(mx*HX+my*HY+mz*HZ)-
-gamma¥*alpha_tr*((-my*my-mx*mx)*Hzv+my*HY-+mx*HX))/(m_square)

Picture 3c

We should also give an initial condition to the PDE as COMSOL starts to solve the PDE by using
this initial condition.



Subdomain Settings - PDE, Coefficient Form (c)

Equation

Eaazufatz + daau,l'at + V(-cVu-au+vy)+au+ETu=F

SUbdnmalns |CIEIF|Ea|da|U|B|T

Init | Element | Wealk | Galor,

Subdomain selection Indial value

N - | .y

my(ty)  |-((20/180)~(0.5))*0.85

mz(t,)  |-({160/180)~(0.5))*0.85

m]{t(tn] ||:|

myt(t) [0

mztl{tnj ||:|

Group: | -
select by group

Active in this domain

I [ Cancel

][ Apply

Help

Picture 4




Functions
Defined Functions Function definition
M_S - Function name: langz
langx Interpolation method: [|inear -

langy

langz | Extrapolation method: | Interpolation Function

value outside range:

-

[ Mew. .. ][ Delets ]

File name: (C:\Users\fizik-i72\llb projectiimplementedilangey

[ Ok ][ Cancel ]| Apply |[

Help ]

Picture 5

Mesh generation:
1. From Mesh menu, select Swept Mesh Parameters.
2. Select Subdomain 1.

3. On the Predefined Mesh Size list, select Extremely Coarse.

4. On the Element Layers page, check the Manual Specification of element layers field.

5. In the Number of Element Layers edit field, enter value 1.
6. Click Remesh.

7. Click OK.



Computing the Solutions:

1. From Solve menu, select Solver Parameters.

2. Select Time- dependent Solver from the Solver list.

3. Enter range(0,0.0000000000002,0.00000000005) in the Times edit field.
4. Click OK.

5. Click Solve.

Postprocessing and Visualization:

1. From Postprocessing menu, select Plot Parameters.

2. Uncheck all plot types.

3. In the Arrow page, check the Arrow plot field.

4. On the Subdomain Data field, enter mx, my, mz in the x, y, z edit fields, respectively.

5. In the Arrow positioning field, enter value 1 for Number of points field for x, y, z points.

6. In the Arrow parameters field, select arrow from Arrow Type list and Proportional from
Arrow Length List

7. Clink Color button and select Red color.

8. Click Ok.

Plotting the Result:

1. From Postprocessing menu, select Cross Section Plot Parameters.
2. In the Plot Type list, check Point plot.

3. In the Solutions to use list, select Stored Output times.



4. From time list, select all the time values.
5. Check the Keep current plot field.
6. Click the Title/Axis button.

7. The default values of Title/ Axis are Auto. In the Second Axis Label, check the empty field and

enter: “magnetization <i>mx/mx(t=0)".
8. Click OK.
9. Click on the Point tab.

10. On the Point page, enter “mx/M_s” in the Expression field. By doing this, we normalize the

component.

11. Enter O for X, y, z coordinates.

12. Check that the x-axis data is selected as Auto.

13. Click the Line Settings button.

14. Select Color from the Line color list. Then, click Color button and select random color.
15. From the Line Style list, select a style.

16. Click OK.

17. Click OK. A plot of variation of magnetization component mx with time appears. Minimize the
plot. BE

CAREFUL. DO NOT CLOSE THIS PLOT.

18. On the COMSOL Multiphysics program, enter Options/Constants. Change the value of r to
“0.3”.

Click OK.

However; the plottings of the COMSOL are at the undesirable level so that we give up to use of
the post processing and visualization part of COMSOL Multiphysics. Then, we only take the data of



the coordinates of the normalized magnetization versus time graph as a “.dat” file. After that by
using Mathematica 7.0 version first we import the data from this dat file and we plot the data how

we want such as we can put a legend with more visible and presentable case and we can adjust the
image size etc.



APPENDIX E. LLB Based Macrospin Model Using Mathematica

«NON STOCHASTIC LLB BASED MACROSPIN MODEL.,

(» Variable Parameters=)

Tc = 448;
TPEAK = 440;
a=0.,0275;
tmax = 10%107%;

tstep = 0.1x10" (-13) ; (*that is neccessary while we are listing
the initially interpolated data for both field and heat pulsesx)

Fieldxy = 10 °; (*Since our structure is on the xy plane
and through x and y direction we wIll apply a small fields)

Fieldz = 0.075;(*Since our structure is on the xy plane and we will try to align
our MAGNETIZATION through z direction by applying a dominant field pulse.*)

mult = 1;
POW = 9; (*NANOSECOND SCALE FIELD=)

POW2 = 9; (*NANOSECOND SCALE HEATING#*)

The codes written above are staple constants of the LLB simulations. Before writing the main

equations these constant needs to be recognized by the program.



(# Physical Constants—Functions—Functionals #)

for the purp f obtaining Heatf Temperature Pulk *)

ataT = {{"TEMP K", "sat.mag.lemu/cm3)"}, {0, initT0}, {tT1, initTO},
{tpT0, peakT}, {tpTf, peakT}, {tTd, intT1}, {tTf, intT1}};

erT =1; (»f potent  of ! DUE sy

ind®eT0 = 300; (»chat decermines the al ue f first ambi ent statewx)

tT1 = 0.25x 10~ (- POW2) ;

tpT0 = 0.5x 10~ (-POW2) ; (#Lharl Is Che starting time for the peal al e [ pul se=)

tpT£ = 1.5% 10~ (-PowW2) ; (+that is the end time for the peak value of pul ses)

peakT = TPEAK; (#0080 1= [0he peak val lew)

tTd = 1.75x 10~ (- POW2) ;

intTl = 300; (w»Chat it I ambi ent sStatewx)

£T£ = 107 tmax; (wchat f i I

L)

Ew)

x = LengthlataT] ; ataT3=DroplataT, 0]; ataT4 = DroplataT3, ecT]:
ataTé = (10°0) » (ataTa[[A11l, 2]]); ataT4[[All, 2]] = ataTé ; ataT4;
T = Interpolation[ataT4d, InterpolationOrder —+ 1];

By using the commands above we created an interpolated heating pulse with adjustable width

amplitude and the slope. The figure below is an example of the heating pulse.

Heat Pul._s*e — Time i

2 IR

0 5.x107° 1.x10783 1.5x107%  2.x1078
time(s)



Saturation magnetization and the zero field equilibrium magnetization are the other crucial inputs
of our model. By using the experimental data that we have obtained from the experiments does
not include all the values which can be chosen by the user, arbitrarily. To do so, we need to
create interpolated forms of both the saturation magnetization and the zero field equilibrium
magnetization (remanance). What is more, since LLB equation is a time dependent ordinary
differential equation, these two intrinsic parameters need to be the interpolating functions of both

temperature and time, separately. The following codes are written for that purpose.

U 35 a Fur ns of both Time and Temperature «)

atak = {{"TEMP", "K", "sat.”, "mag.”, "(emu/cm3) "}, {0, 250000}, {75, 246000},
{150, 242000}, {200, 238000}, {250, 232000}, {306.45246", 210413.58974358978"},
{313.2411", 203315.96153846156°}, {320.3126", 195716.15384615387"},
{327.3841", 188072.1794871795"}, {334.4556", 180195.57692307694"},
{341.5271", 171503.14102564103"}, {348.5986", 162264.1025641026'},
{355.81153", 148559.42307692312"}, {362.7416", 141479.61538461538°},
{369.81309999999996° , 129981.21794871795°}, {376.8846°, 117959.5512820513"},
{2384.09753", 104257.21153846155° 1, {390.88617", 91136.97435897437"},
{298.24053", 75581 .44871794872"}, {405.31202909099904 ", 60026.029487179485"°},
{412.24209999999994 ", 44653.17692307693" 1,
{419.45502999999997 ", 31188.03846153846° 1, {426.38509099999997", 20650.6282051282"},
{433.173739909999995° , 14761.660256410252"}, {440.5281", 10084 480769230766},
{447 .88246" , 8896.967948717944° 1, {454.52067", 7783,858974358971"},
{461.60117", 6932.141025641024°}, {468.81409999999994" , 6060.230769230763"},
{476.02702999999997" , 6065.365384615383°}, {483.09853", 4754 .576923076918°}} ;

i=1;

({*Saturation Magnetization temperature interpolaticn
normalized to its zerc temp sat mag value form*)
atak3 = Droplatak, 0] ; atakd = Droplatak3, il:
ataké = (1/ 250000) (atak4[[all, 2]]); atak4[[All, 2]] = atak6 ; atakd;
SatT = Interpolationlatakd, InterpolationOrder —+ 1] ;
Stnorm = SatT[T] ;
satT[0] ;

(*Saturation magnetization temperature interpolationt)

atak24 = Droplatak3, i] ; atak26 = (atak24[[Al11, 2]]) ; atak24[[All, 2]] = atak26 ; atak2d;
SatT2 = Interpolation[atak24, InterpolationOrder —+ 1] ;

st = satT2([T];

satT2[0];

({*Saturation magnetization time dependency by using interpclaticn method*)
pulsintT = Tablel[{t, T[t]}, {t, 0, £Tf, tstepl]:

temp = pulsintT;

SatMag = 107 (SatT[templ) ;

SatMag[[All, 1]] = pulsintT[[All, 1]]: SatMag:

Ms = Interpolation[SatMag, InterpolationOrder —+ 1] ;

SatMaglO = Ms[t] ;



After this step, we need to see whether the saturation magnetization and the zero field
equilibrium magnetization are functions of both temperature and time, separately or not. To see

them, we plot each case by using the following commands.

(*Saturation magnetization time dependency®)

Plot[Ms[t]l, {t, 0, tmax}, Frame -> True,

BaseStyle -> {FontFamily -> "Times", FontWeight -» "Bold", FontSize -> 14},
FrameLabel -» {"time (s)", "M...(t}"}, PlotRange -> All,

PlotStyle -> {Thickness -> 0.004, Blackl, AspectRatio -> 1/ GoldenRatio,
Frame -> True, FrameStyle -> { {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}, {Black, Thickness[0.005]1}},
GridLines + Automatic, GridlinesStyle -» Directivel[GrayLevell.®], Dashed, Smalll,
PlotLabal —> Stylel"Saturation Magnetization - Time", 28, Red, Italiec],
LabalStyle -> Directive[Black, Bold, FontSize -> 24], PlotRange -> All,
ImageSize -> 640, Axes -> False, TicksStyle -> Directivel[Red, Bold]]

Saturation Magnetization — Time
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(*Saturation magnetization temperature dependencyw)

Plet[satr2[T], {T, 0, 500}, Frame -> True,

BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel -*> {"Temperature (K)", "M_,.(T)"}, PlotRange -> All,

PlotStyle -> {Thickness -> 0.004, Blackl, AspectRatioc -> 1/ GoldenRatio,
Frame -> True, FrameStyle -> { {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}, {Black, Thickness[0.005]}},
Gridlines @ Automatic, GridlinesStyle -» Directive[Graylevell.9], Dashed, Small],
PlotLabeal -> Stylel["Saturation Magnetization ws. Temperature”, 28, Red, Italie],
LabelStyle -* Directivel[Black, Bold, FontSize —» 24], PlotRange -> All,
ImageSize -> 640, Axes —> False, TicksStyle -> Directivel[Red, Bold]]

Saturation Magnetization vs. Temperature
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(*Normalized Saturation magnetization temperature dependency+*)
Plot[satT[T], {T, 0, 500}, Frame -> True,
BaseStyle -> {FontFamily —> "Times", FontWeight -* "Bold", FontSize -> 14},
FrameLabel -> {"Temperature (K)", "M, (T)/M_,. (0)"}, PlotRange -> All,
PlotStyle -> {Thickness -> 0.004, Blackl, AspectRatic -*» 1/ GoldenRatio,
Frame -> True, FrameStyle -> { {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}, {Black, Thickness[0.005]}},
GridLines + Automatic, GridLinesStyle -» DirectivelGrayLevell.9], Dashed, Small],
PlotLabel -> Style["Normalized Sat. Mag. vs. Temperature’, 28, Red, Italie],

LabelStyle -> Directive[Black, Bold, FontSize -> 24], FlotRange —> All,
ImageSize —> 640, Axes —> False, TicksStyle —> Directive[Red, Bold]]

Normalized Sat. Mag. vs. Temperature
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{*me = 0.88 Ms[t];

zero field eguilibrium saturation magnetization [A/m] (remenance)*)
me = (SatT[initT0] / SatT[0]) Ms[t] ;

Plot[me, {t, 0, tmax}, Frame —* True,
BaseStyle -» {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel -> {"time (s)", "m.(t)"}, PlotRange —*> All,
PlotStyle -> {Thickness -> 0.004, Blackl, AspectRatio -> 1/ GoldenRatio,
Frame -> True, FrameStyle -> {{Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}, {Black, Thickness[0.005]}},
GridlLines + Automatic, GridlLinesStyle -» Directivel[GraylLewvell.9], Dashed, Small],
PlotLabel -> Style(["Zerc Field Egq. Mag. ws. Temperature",6 28, Red, Italie],
LabelStyle -> Directive[Black, Bold, FontSize -> 22] , PlotRange —> All,

ImageSize —* 640, Axes -* False, TicksStyle -> Directivel[Red, Bold]]

Zero Field Eq. Mag. vs. Temperature
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The single fitting of our entire model was the longitudinal susceptibility. First, we plugged both
the coercivity values of CoNi/Pd MLs and its temperature values into the model as DC magnetic
field and heating pulse, respectively. Thus, we had extracted the temperature dependence of
longitudinal susceptibility. After these significant steps, to proceed ourselves to another crucial
stage, we need to include the longitudinal susceptibility in the model as an interpolating function

of both time and temperature, separately. The following commands are created for this purpose.

(= INTERPOLATED Susceptibility )
(*Susceptibility temperature dependency by using interpolation methodw)
suscep = {{" Temperture” , "susceptibilty"}, {448, 0.107"}, {447, 0.103"},
{445, 0.097"}, {440, 0.079°}, {435, 0.046°}, {430, 0.027"}, {425, 0.016"},
{420, 0.0085"}, {415, 0.0049°}, {410, 0.00301"}, {405, 0.00192"}, {400, 0.00145°},
{395, 0.000935°}, {385, 0.00053°}, {375, 0.000331"}, {365, 0.000215"},
{250, 0.000115°}, {325, 0.000047"}, {310, 0.0000408"}, {200, 0.000026°}, {0, O}};
chi = Droplsuscep, 1] ;
¥10 = Interpolation[chi, InterpolationOrder—+ 1] ;

X11 = X1olT] ;
(*Susceptibility time dependency by using interpelation method®)
pulsintT = Table[{t, T[t]}, {t, 0, £Tf, tstepl] ;

temp = pulsintT;

#11 = 107 (%10 [ temp]) ;

X11[[a11, 1]) = pulsintT[[A11, 1]]; X11;

X1 = Interpolation[X1l, InterpeolationOrder -+ 1] ;

After that, again we need to see whether the codes written above is working correctly or not. We

plot these two interpolating functions.

Plot[X1[t], {t, 0, tmax}, Frame —> True,
BaseStyle > {FontFamily -> "Times” , FontWeight -> "Beld”, FontSize -> 14},
FrameLabel -> {"time (s)", "Xx//"}, PlotRange —> All,
PlotStyle -> {Thickness —> 0.004, Blackl}, AspectRatio -> 1/ GoldenRatio,
Frame -* True, FrameStyle -> {{Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}, {Black, Thickness[0.005]}1},
GridLines + Automatic, GridLinesStyle -* DirectivelGraylLewvell.9], Dashed, Smalll,
PlotLabel -> Style["Longitudinal Susceptibility - Time", 28, Red, Italic] .,
LabelStyle -* Directive[Black, Bold, FontSize + 24], PlotRange —-> All,

ImageSize —> 640, Axes —> False, TicksStyle —> Directive[Red, Bold]]

ListPlot[suscep, Joined + True, Frame —> True,
BaseStyle -» {FontFamily -> "Times" , FontWeight -> "Bold”, FontSize -> 14},
FrameLabel -> {"Temperature (K)", "X;/"}, PlotRange -> All,
PlotStyle —-> {Thickness -> 0.004, Black}, AspectRatic -> 1/ GoldenRatio,
Frame -* True, FrameStyle -> {{Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}, {Black, Thickness[0.005]11},
GridLines + Automatic, GridLinesStyle -* DirectivelGrayLevell.9], Dashed, Smalll,
PlotLabel -> Style["Longitudinal Susceptibility vws. Temperature”, 28, Red, Italic],
LabelStyle -* Directive[Black, Bold, FontSize + 24] , PlotRange —> All,

ImageSize —> 640, Axes —> False, TicksStyle —> Directive([Red, Bold]]
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(» Other Constants and Indirect

Time Dependence of Damping Parameters =)

As it is stated before the magnetization has two kinds of relaxation processes. They are called
transverse and longitudinal relaxation processes which are characterized by the transverse and
longitudinal damping parameters. At that stage, we tried to describe their temperature
dependencies. Since the temperature of the system is a function of time which is described
above, these two damping parameters are also the functionals of time. The codes below are

written for this purpose.

gamma = 2.212761 *10%; (* gyromagrnetic ratio [ﬁ] *)
g = gamma;
kB = 1.3806504 *10°**; (* Boltzman Constant [i]*:'

mud = 47 » 1077 ;(* permeability of free space [NJ\'Z]*J
av= (25%107%)%; (# 25nm-25nm-25nm *)

(*LLB Damping Parametars*)
T[] ]

aFup=“[1'3T 5
L=

2aT[t]

Apar
3Te

(*LLE Damping Parameters
a g

= g =227 . = 5
agup;—ﬂh 3 __.C] 5 fparpz™ =7 i Bpap If[TSTc,aFaF;,apugz] LY

Again, we plotted the both longitudinal and transverse damping parameters at the same time.
Since the temperature is in a pulsed shape configuration, like the other parameters, these two

damping parameters are affected by this, directly.



Plot[{app_,:?, apn}, {t, 0, tmax}, Frame —> True,
FlotStyle + {{Thickness -> 0.004, Elue}, {Thickness -> 0.004, Blackl}},
BaseStyle —> {FontFamily -> "Times" , FontWeight -> "Bold", FentSize+ 14},
FrameLabel -> {"time(s) ", "& .(t)"},6 PlotRange -> All,
PlotStyle —> {Thickness -> 0.004, Blackl}, AspectRatio -> 1/ GoldenRatio,
Frame -* True, FrameStyle -> {{Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}, {Black, Thickness[0.005]1}},
Gridlines + Automatic, GridlLinesStyle -* Directivel[Graylevell.9], Dashed, Smalll,
PlotLabel -> Style["Damping Parameter - Time", 28, Red, Italic],

LabelStyle —* Directive[Black, Bold, FontSize —+ 24], PlotRange —-> All,
ImageSize —> 640, Axes -> False, TicksStyle -> Directive[Red, Bold]]
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(# EFFECTI VE MAGNETIC FIELD =)

The total effective field which is helping in describing the behavior of the magnetization vector
while it is evolving in time. The first component of the effective magnetic field is applied
external magnetic field or so called Zeeman field. The codes below are written for the purpose of
creating a pulsed shape field pulse. Like in the case of heating pulse, the field pulse has the

properties of adjustable width, amplitude and the slope.

(» Interpdlating Polynomial Function_will be Implemented_for the purpose of obtaining

Field Pulse *)
ata= {{"time", "field"}, {0, init0},
{t1, init0}, {tp0, peak}, {tpf, peakl}, {td, intl}, {t£f, intl}};

er = 1; ([ I | 1)
indit0 = 0 (*0 Dol termi nes th al f first ambient states)
t1=0.5%10""™; (xthat is th nod ti for the first ambl ent stat f pulsesx)
tpd = 0.75% 10" "™ (»xthat is the stating ti for the peak wal f pul se«)
tpf = 1.750 x 10", (v«chat is th nd ti for the peak wal I pul sewx)
paak = 1; (»Lhat 1S Lhe Deat al * )

td=2.0x107";

intl = @ (»CDat LEerm nes the s I al I ambient statew)

tf = 107 tmax; (#Chal L f t
hich is %)

Fieldxy

mul

ata3 = Droplata, 0] ; atad = Droplata3, ec]; atag = [ * (atad [[A11, 2]]) *#mult:

atad[[All, 2]] = ataé ; atad;(* as=Tablel[atad]w):
(*¥ and ¥ components of external field+*)
puls = Interpolation[atad, InterpolationOrder -+ 1] ;
pulsint = Table[{t, pulsi[t]l}, {t, 0, tf, tstepl];

Fieldz

atadz = Drop[ata3, er]; ata6z = ] * (atadz[[a11, 2]]) *mult;

mud
atadz[[All, 2])] = ataBz; atadz; (*asz=Tablael[atad=z];*)
(*Z component of external fieldw)

pulsz = Interpolation[atadz, InterpelationOrder + 1];
pulsintz = Table[{t, pulszi(t]}, {t, 0, tf, tstepl]:
(#=======>>>>>w)pulsl = puls[t] ; (*A'm Unitw)
(#=======35>>>%) pulszl = pulsz[t] ; (*A/m Unitw*)
pulsz [.‘is< IO'H] :

puls['lﬂ'-u] &



The same procedure after writing the core codes for the creation of the field pulse was applied.

Plot[{puls[t], pulsz[t]}, {t, 0, tmax},
PlotStyle —> {{Thickness -> 0.004, Black}, {Thickness -> 0.004, Blue}}, Frame -*> True,
BaseStyle -> {FontFamily -> "Times" , FontWeight -> "Bold", FontSize -> 14},
FrameLabel -» {"time(s) ", "Field Pulse"}, PlotRange —> All,
PlotStyle —>» {Thickness -> 0.004, Black}, AspectRatio -> 1/ GoldenRatio,
Frame -> True, FrameStyle -> {{Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}, {Black, Thickness[0.005]1}},
Gridlines + Automatic, GridLinesStyle —* Directive[GrayLevell[.9], Dashed, Smalll,
PlotLabel -> Style["Field Pulse - Time", 28, Red, Italic],

LabelStyle -> Directive[Black, Bold, FontSize -> 24], FlotRange -> All,
ImageSize —> 640, Axes —» False, TicksStyle -> Directivel[Red, Bold]]
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The last thing which needs to be done is to allocate this pulsed type to the modeling as a field
pulse. Due to that reason, we wrote down the below codes. Since the whole model is in three

dimensions, we created three pulses corresponding to each spatial component.

(*External Field w)
Hx = puls[t];

Hy = puls(t];

Hz = pulsz[t] ;

The perpendicular anisotropy is the dominant anisotropy of our system. This makes the plane of
the thin film sample energetically unfavorable. The codes below are describing this fact.

(*Perpendicular anisotropy *)

(* dominant part of the anisotropy is in the perpendicular direction *)

Hanx[t ] = - (satT2[0]) *0.2* mx[t]
Hany[t ] = - (satT2[0]) *0.78 * my[t]
Hanz[t ] = -0.02+* (SatT2[0]) *mz[t]

Another important component of the effective field is Gaussian stochastic process. In this case
we did not consider the stochasticity. Yet, it has just been turned off. In other words, our
modeling is the stochastic form LLB modeling and we can have the flexibility of turning the
random fluctuations off or on at any time. The below codes are written for the purpose of
creating the Gaussian stochastic process which is described in Chapter I in detail form. It has two

parts:

The first one is acting on the system as a component in the transverse damping torque term. This

is included as a field term in the effective field.



(*Gaussian Stochastic Process Field®)
(*perpendicularc+)

(*meandll=0;

varnsll=1;

ndistxx = NormalDistribution[meandll, wvarnsil]:
NormalDistribution[meandll, wvarnsii]:
HormalDistribution[meandll, wvarnsil]:

dt=1 10" ;Nts=Round[tmax/dt];

rdxx=Table[{dt*i, Random[ndistax]}, {i,0 ,Mts} ]:
rdyy=Table[{dt*i, Random[ndistyy]}, {i,0,HNts} ];:
rdzz=Table[{dt*i, Random[ndistzz]}, {i,0 Nts} ]:
RandFxx=Interpolation[rdxx, InterpclationOrder -> 5];
RandFyy=Interpolation[rdvy, InterpelationOrder -> 5] ;
RandFzz=Interpolation[rdzz, InterpclationOrder -> 5];

ndistyy

ndistzz

Norma=\j {ﬁﬂ]ntagrate[ {Randi‘xx[t] Z+RandFyvy[t] *+RandFzz[t] 2) ,if3..
{t,0,tmax} ,WorkingPrecision+20 ,Ac:c:ura::yﬁoa.l—‘S] ] H

{*Plot[Hrzz RandFzz(t],h {t,0,tmax}]
Plot[{RandFxx[t] ,RandFyylt] ,RandFz=z[t]}, {¢,0,0.01tmax},
PlotStyle* {RGBColor([1,0,0] ,RGBColor[0,0,1] ,RGBColor[0,1,1]}]*)w)

The second one is the acting on the system as an additional torque term.

{*Longi tudinal®)

{*ndistxxl= MormalDistribution[meandll, wvarnsll];
ndistyyl= NormalDistribution[meandll, warnsll];
ndistzzl= NermalDistribution[meandll, wvarnsll]:
rdxx1=Table[{dt*i, Random[ndistxx1]}, {i,0,Mts} ];
rdyyl=Table[{dt*i, Random[ndistyv1]}, {i,0 Nts} ]:
rdzzl=Table[{dt*i, Random[ndistzz1]}, {i,0,Mts} ];
RandFxxl=Interpolation[rdxxl, InterpolationOrder -> 5] ;
RandFyyl=Interpclation[rdyyl, InterpoclationOrder -»> 5];
RandFzzl=-Interpolation[rdzzl, InterpolationOrder -> 5] ;

l-l!;:l:n1.i1|.1=\)J {ﬁﬂ]ntqgrata[ {RandExxl [t] 2+RandFyyl [t] *+RandFzz1[t] 2)}’3 ’
{t,0, tmax} , WorkingPrecision+20 rAr.:t::urat::yGea.l—'5] ] &

{*Plot[Hrzz RandFzz([t], {t,0, tmax}]
Plot[{RandFxx[t] ,RandFyylt] ,RandFz=z[t]}, {¢,0,0.01tmax},
PlotStyle {RGBColor(1,0,0] ,RGBColor(0,0,1] ,RGEColor[0,1,1]}] *)»)

These are creating random functions by considering the properties of Gaussian distribution
funtion. These randomly fluctuating functions have zero mean and unit variance. Further, by the
codes written above we created six uncorrelated randomly fluctuating functions. While three of
them are for the Gaussian stochastic process in the effective field which is acting on the
transverse damping torque term. The remaining three are for the additional torque term. Each of

these three corresponds to one spatial component.



After that, these functions need to be in the forms of a field and a torque. For that purpose, we
described their relations by writing the codes written below (the relations which are written

between (* and *) are the corresponding relations of a field and a torque).

= 1 2 |apwp=dp:) kB T[t] J ) .
Hep = of SatT2 [0] Horma J(gam mod SatTzlo] (dt) &v fa,)* LE

1 ¥ rlt]
Hrll = of = - = Bas BB TLE *);
satTz[0] Hormai gamma mad SatTzlal &v (dc)

As it can be seen from that both of these parameters are equated to zero to turn the stochastic
process off. To turn on this effect we need to replace zero with the codes written at the rigth hand
side of the equations. They are written in between (* and *).

t{—l\] = . (—)\] [_—] S() (2

These two things are unit analysis of the Gaussian stochastic processes While the first one is in
unitless form (because our effective field is reduced effective field (normalized to the zero
temperature saturation magnetization)), the second one is in s™ unit (bacasue all terms of LLB

equation are in s™* unit).

The codes written below show two opposite cases when turn the gaussian stochastic process off
the codes written below are equated to zero.

HLANGp([t ] := 0;
HLANG11[t ] :=0;

When the Gaussian stochastic processes are turned on, they will be in the following form;

HLANGp[t ] :=Hrp RandFzz[t]:
HLANG11[t ]:=Hrll RandFzzl[t] ;*)



After the inclusion of the Gaussian stochastic processes to the modeling, the effective field the
last term will be included which controls the longitudinal fluctuations in the magnetization

length by including the following commands.

(*The field resposible for longitudinal fluctuatios in the magnetization lengthw)
Hllx[t ] :=

{{saeT2(0]) 7 (2x1[£])) (1- (((mx[e])®+ (myle])? + (mz{e])2) / ((me) ~2)) ) # mx[e] ;
Hlly[t ] := ((satT2[0]) 7 (2X1[¢]))

(1- ((tmx[£])%+ (mylt]) 3+ (mz[£])2) / ((me) ~2))) * myle];
Hllz[t ] := ((satT2[0]) / (2xX1[e])

(1- ((tmx[e])%+ (my[£]) 2+ (mz[£1)%) / ((me) ~2))) * mzlt];

All in all, we created our effective magnetic field, for which three spatial components are

described in the following form;

{* the effective field that the free layer sees *)

Heffxi[t ] := (Hx+ Hanx[t] +Hl1lx[t]) 7 (satT2([0]):
Heffyl[t ] := (Hy + Hany[t] +H11ly[t]) 7 (satT2([0]) ;
Heffzl[t ] := (Hz + Hanz[t] +H11=z[t]) 7 (satT2[0]) ;

(« INITI AL CONDITIONS OF
MAGNETI ZATION VECTOR COMPONENTS =)

The initial conditions of magnetization vector are described by using the following method. It
worth noting here that we normalized our magnetization vector to the zero temperature saturation

magnetization value.

Since we are studying the magnetization dynamics for high perpendicular magnetic anisotropy

materials the magnetization vector is slightly tilted from the —z direction.

mi = {—Sin[lﬂ °] * Cos[S "] . Sin[S °] * Si:n[lO °] . —Cos[5°]};
Magntd = Sgre(mil[[1]]~2+mi[[2]] ~2+mi[[3]]~2];

mx0 = ((mi [[1]] / Magntd) ) * (SatT[initT0] / satT[O]) ;

o0 = ((mi [[2]] / Magntd) ) * (SatT[initT0] / satT[0])

mz0 = ((mi[[3]] / Magntd) ) * (SatT[initT0] / SatT[0O]) ;

mi0 = {mx0, my0, mz0}



(+ SOLVING THE LLB EQUATION ..

As it is stated before LLB equation is a time dependent ordinary differential equation(ODE), the

codes written below are corresponding to each spatial component.

Lurxa+aﬂ

g SatT2[0]

i
mx' [t] = - (my[t] Hef£z1lt] - mz[t] Heffyi[t]) + = ]
melt]? + mylt] 2+ mz[e]?

(mx[t] Heffx1[t] +my[t] Heffyllt] +mz(t] Heffz1[t]) mx[t] -

]
m[t]"—+w[t]z+m[t]z
(my[t] (mx[t] (Heffyl[t] < HIAHGP[!‘.]J —I'I'[y[t] (Heffx1[t] + HLANGP[!‘.]JJ -

mzlt] (mzlt] (Heffx1[t] + HLANGp[t]) -~mx[t] (Heffzl[t] + HLANGp[t]))) + HLANG11([¢] ;
{1+a2)
LiByy = |———— | my ' [t] = - (mz[t] Heffxl[t] —mx[t] Heffz1[t]) +
gsatT2[0]
Apar

] (mx[t] Heffx1[t] + mylt] Heffyl[t] + mz[t] Heffz1[t]) my[t] -
mxlt]®+my(t] 2 +mz=[e]?

=
mx[t]? + my[t] 2 +m=[e]?
(mz[t] (mylt] (Heffzi[t] + HLANGp[t]) - m=(t] ( Heffyl[t] + HLANGR[t])) -

mxlt] (mxlt] (Heffyllt] + HLANGE[t]) - my[t] (Heffxl[t] + HLANGE[t]))) +HLANGL1[t] ;
{1+a2)
Lifize = |——— | mz'[t] = - (mx[t] Heffyl[t] ~mylt] Heffx1[t]) +
gsatT2[0]
Apar

] (mx[t] Heffx1[t] + mylt] Heffyl[t] + mz[t] Heffz1[t]) m=[t] -
mx[t]?+myl[t]®+m=[e]?

=
mx[t]?+myl[t]®+m=[e]?
(mx[t] (mzlt] (Heffxli[t] + HLANGp[t]) ~mx[t] (Heffzl[t] + HLANGP[t])) -
mylt] (mylt] (Heffzilt] + HLANGG[t]) -mz[t] (Heffyl([t] + HLANGE[t]))) +HLANG11([t] ;
sol = NDSolve[{LlLBxx, LIByy, LLBzz, mx[0] = mx0, my[0] = my0, mz[0] = m=z0},
{mx, my, mz}, {t, 0, tmax}, MaxSteps +®];

(+RESULTS OF THE SOLVED DIFFERENTIAL EQUATION.

When the codes written above has found a solution for this ODE, the results are allocated to the
new variables to see their time evolution. Such as x component of magnetization vector was
called in the codes as “"'mx " but after solving the differential equation, the time evolution of mx
is allocated to ~"Mx"" variable. The codes written above carry out this allocation for other
variables.



Mx[t_] =mx[t] /. sel;

Myt ] :=mylt] /. sel;

Mzlt ] :=mzlt] /. sol:

HTOT[t_] := Heffzl([t] /. sol;

HAPPZ[t ] :=Hz /. sol;

Hlong[t ] := Hllz[t] /. sel;

Hlgll[t_ ] := HLANG11[t] /. sol;

Hlgplt ] := HLANGp[t] /. sol:

tempP[t_] :=T[t] /. sel;

TotalField[t ] := (Heffzl[t] + HLANGR[t]) /. sol;

(*CREATION OF FIGURES#)

The codes written below to see the time evolution plots of the variables described in LLB

equation



ParmtncPlot[Evaluata[{Mx[t] , Myl[t]l} /. sel], {t, 0.1 tmax, tmax}, Frame -> True,
BaseStyle -» {FontFamily -> "Times" , FontWeight -> "Boeld", FontSize -> 14},
FrameLabel -> {*M.(t) ", “M,(t) "}, PlotRange -> All,

PlotStyle -> {Thickness -> 0.003, Bluel, AspectRatic -* 1, Frame —-* True,
FrameStyle -> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]1},
Gridlines + Automatic, GridLinesStyle —* Directivel[GrayLevell.%], Dashed, Smalll,
Plotlabel -> Style[" Transverse Components of Magnetization”, 28, Red, Italic],
LabelStyle -* Directive[Black, Bold, FontSize —> 24] , FlotRange —> All,
ImageSize —> 640, Axes -> False, TicksStyle -» Directive[Red, Bold]]

Transverse Components of Magnetization

0.15¢

0.10¢

0.05¢

—0.15[ -

—02 0.0 0.2 0.4

M ()
The figure above is the plot of transverse components of magnetization vector. The magnetic

field is applied through the + z direction. That is why, these two components damp to zero.



shw[

Plot[Mx[t], {t, 0, tmax}, Frams -> True,
BaseStyle -> {FontFamily -> "Times", FontWeight —-> "Bold" , FontSize -> 14},
FrameLabel -> {"time (s)", "m, (£)/Im(t=0)1 i:x.v,2"}, PlotRange —> All,
PlotStyle -> [Thickness -> 0.002, Black}, AspectRatic -> 1/ GoldenRatic,
Frame -> True, FrameStyle -> {{Black, Thicknes=[0.005]}, {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},

GridLines - Automatic, GridLinesStyle -> Directive[GraylLevel[.9], Dashed, Smalll,
PlotLabel -> Style["Magnetization - Time", 2B, Red, Italic],
LabelStyle -> Directive[Black, Bold, FontSize —> 24], PlotRange -> All,
ImageSize —* 640, Axes —> False, TicksStyle -> Directive[Red, Bold]] .

Plot[mylt], {t, 0, tmax}, Frame -> Trus,

BaseStyle -> {FontFamily -> "Times", FontWeight —-> "Bold" , FontSize -> 14},
FrameLabel -> {"time (s)", "My(t)"}, PlotRange -> All,

PlotStyle -> {Thickness -> 0.003, Brownl, AspectRatic -> 1/ GoldenRatie,

Frame -> True, FrameStyle -> {{Black, Thicknes=[0.005]}, {Black, Thickness[0.005]},

{Black, Thicknes=[0.005]}, {Black, Thickness[0.005]}},

GridLines —+ Automatic, GridLinesStyle —* Directive[Graylevel[.8], Dashed, Smalll,
PlotLabel -> Style["Magnetization - Time", 28, Red, Italic],

LabelStyle -> Directive[Black, Bold, FontSize —> 24] , PlotRange -> All,

ImageSize -> 640, Axes -> False, TicksStyle -> Directive[Red, Bold]],

Plot[M=z[t], {t, 0, tmax}, Frame —> True,
BaseStyle -> {FontFamily -> "Times", FontWeight —-> "Bold" , FontSize -> 14},
FrameLabel -> {"time (s}", "M_(t)"}, PlotRange -> All,
PlotStyle -> {Thickness -> 0.003, Blue}, AspectRatic -> 1/ GoldenRatio,
Frame -* True, FrameStyle -*> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},
{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},
GridLines —+ Automatic, GridLinesStyle —* Directive[Graylevel[.8], Dashed, Smalll,
FPlotLabel -* Style["Magnetization - Time", 28, Red, Italic],
LabelStyle -> Directive[Black, Bold, FontSize -> 24] , PlotRange -> All,
ImageSize -» 640, Axes -> False, TicksStyle -> Directive[Red, Bold]],

Plot[v/Mx[t]? +M[£]Z +Mz[£]? , (£, 0, tmax}, Frame -> True,

BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel > {"time (s)", "IMI"}, FlotRangs -> All,

PlotStyle -» {Thickness -» 0.004, Red}, AspectRatioc —-» 1/ GoldenRatio, Frame -» True,
FrameStyle -> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},

GridlLines - Automatic, GridLinesStyle -> Directive[GraylLevel([.9], Dashed, Smalll,
PlotLabel -> Style["Magnetization - Time", 28, Red, Italic],

LabelStyle -> Directive[Black, Bold, FontSize —> 24], PlotRange -> All,

ImageSize -» 640, Axes -> False, TicksStyle -> Directive[Red, Bold]]
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The figure above shows the time evolution of the magnetization vector together with the time
evolution of the magnetization magnitude. Since the external magnetic field is applied through
the +z direction, x and y components (black and brown colored solid lines, respectively) of the
magnetization vector die out. Yet, the z component of the magnetization (blue colored solid line)
relaxes to the same direction with the external magnetic field. During the time evolution, the

change in the magnetization magnitude is apparent.



Plot[T[t], {t, 0, tmax}, Frame —> True,
BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel -> {"time (s)", "T(t)"}, PlotRange -> All,
PlotStyle -> {Thickness —> 0.003, Green}, AspectRatic -> 0.40, Frame —* True,
FrameStyle -» {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},
Gridlines + Automatic, GridlLinesStyle -* Directive[GrayLevell.8], Dashed, Small],
Plotlabel -> Style["Heat Pulse-Time", 28, Red, Italic],
LabelStyle -> Directive [Black, Beld, FontSize -> 24], PlotRange -> All,
ImageSize —> 640, Axes —* False, TicksStyle -> Directive[Red, Bold]]

Heat Pulse— Time
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Plot['u’m[t12+ny[tlz+m[tlz , {t, 0, tmax}, Frame -* True,
BaseStyle -> {FontFamily -> "Times" , FontWeight -> "Bold”, FontSize -> 14},
FrameLabel -> {"timﬂ (s, *| Ml "}, FlotRange -> All,
PlotStyle -> {Thickness -> 0.004, Red}, AspectRatic -> 0.40, Frame -> True,
FrameStyle -> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},
{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},
GridlLines + Automatic, GridlinesStyle -> Directive[GrayLevell.9], Dashed, Small] ,
PlotLabel -> Style["Magnetization - Time", 28, Red, Italie],
LabelStyle -> Diractive[Black, Bold, FontSize -> 24], PlotRange -> All,
ImageSize —> 640, Axes —> False, TicksStyle -> Directive[Red, Bold]]
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(«3=D Trajectory of Magnetization Vectors)

Shﬂw[ParmtricPlntm[Bvaluata[{I'b:[t] , Myle]l , Mz[t]} /. sel],
{t, 0, 0.53 tmax}, PlotRange -+ {{-1.05, 1.05}, {-1.05, 1.05}, {-1.05, 1.05}},
PlotLabel + Style[”"Magnetization-Time" , 32, Red, Bold, Italic],
PlotStyle —+ {Thickness + 0.003, Red}, ImageSize —+ 640,
AxesLabel -+ {Style["m.", Bold, 32, Black] ,
style["m,", Bold, 32, Black], Stylel"m.", Beld, 32, Blackl},
FaceGrids— {{0, 0, -1}}, TicksStyle - Directivel[Large, Red, Bold],
FaceGridsStyle -+ Directive[Gray, Dashed], Axes + Trm] , Graphics3D[
{Yellow, Opacity[0.15], Cuboid[{-1.03, -0.73, -0.01250}, {1.03, 0.73, 0.025}]1}],
Graphies3D[{Line[ps {{-1.02, 0, 0}, {1.02, 0, 0}}], Line[ps {{0, -0.82, O}, {0, 0.82, O}}],
Line[ps {{0, 0, -0.85}, {0, 0, 0.9}}], Text[Style["x", Large, Bold, Black] ,
{1.11p, 0, 0}], Text[Stylel"y", Large, Bold, Black], {0, -0.91p, 0}],
Text[Style["=z", Large, Bold, Black] , {0, 0, 0.9751p}]} /. {ps+1.05, 1p—+1.05}],
TicksStyle - DirectivelBlack, Bold, 25]]

Magnetization— Time

10 -1.0
The figure above shows the three dimensional trajectory of the magnetization vector. Due to
possession of high perpendicular anisotropy makes out of plane of the thin film energetically

favorable.



(#*EXPORTING THE DATA#)

{*FOR DIFFERENT TEMPERATURES WE CAN DO THE SAME CALCULATICNS ONE

BY ONE FOR EVERY CASE USING THESE CODES BUT WHEN YOU WANT TC FLOT THE
BESULTS ON THE SAME CARVE THEN YOU NEED TO DO THESE NUMERICAL EVALUATIONS

AGAIN AND AGAIN. donet worry about it since there is a way out:
WE ARE ING OUR D {PORTING ONLY

. DOME IS TO CHANGE

{ TO A F

W

TH ANOT) % APFROFRIATE ©

HAME OF THE FILE WI

THE NEXT RESULTS ARE GOING TO BE SAVED IN T

. SAME FILE CAUSES DATA LOSE

TIMEDATA = Table[{t, 2t, 3t, 4t, 5¢t, 6¢, Tt}, {t, 0, tmax, tstepl];

MAGDATA = Table [\ Mx[t]?+ My[t]?+Mzl[t]? , (t, 0, tmax, tstep}];
MAGXDATA = Table [Mx[t], {t, 0, tmax, tstepl]:
MAGYDATA = Table[My[t], {t, 0, tmax, tstep}];
MAGZDATA = Table[Mz[t], {t, 0, tmax, tstepl]:

TDATA = Table[tempP[t], {t, 0, tmax, tstepl}]:
HDATA = Table[HAPPZ[t], {t, 0, tmax, tstepl}];

TIMEDATA[ [Al1l, 2]] = MAGDATA[[A11l, 1]]; TIMEDATA;
TIMEDATA[ [A11, 3]] = MAGxDATA[[AL11, 1]] ; TIMEDATA ;
TIMEDATA[ [A11, 4]] = MAGYDATA[[AL11, 1]] ; TIMEDATA
TIMEDATA[[AL11l, 5]] = HDATA[[A11l, 1]]; TIMEDATA;
TIMEDATA[[A11, 7]] = TDATA[[A11l, 1]]; TIMEDATA;
TIMEDATA[[AL11l, 6]] = HDATA[[A11l, 1]]; TIMEDATA;
{=DONOT {ANGE ANYTHING IN L N ABOVE
JUST A HAME TO g FI LoW»)
Export["C:\\Users\\elite3\\Desktop'\codes used

in paper\\entie sewitching dist\\THESIS PLOTS\\TRI AXIAL WITH
DOMIMANT PERP\\h 0.03 430 t M mx my mz Htot templ.dat"”, TIMEDATA]

(&)

W




APPENDIX F. Switching Time Distribution Model in Mathematica

(» VARIABLE PARAMETERS AND SOME CONSTANTS «)

@=5; (*azimutal angle*)

#=10;:(* inclination *)

gamma = 2.212761 % 10%; (* gyromagnetic ratic [T-;] *)

kB = 1.3806504 X 10°3*; (+ Boltzman Constant [2]+)

mul = 47 #1077 ;(* permeability of free space [N.A’z]*]

av= (25%107%)%; (* 25nm-25nm-25nm *)

Te = 448; (*Curie Temperature for CoMNi/Pd MLs*)

a=0.0275; (*Gilbrt Dampig parametar®)

tmax = 1% 107%; (*time range*)

tstep = 1%10~(-13); (*that is neccessary while we are listing
the initially interpolated data for both field and heat pulses*)

Fieldxy = 10°%; (*Since our structure is on the xy plane and
through x and v direction we wll apply a small field#)

dt =1%107"%; (*time step required for gaussin stochastic process *)

pow = 10; (*That is changing the tens order of magnitude of width of pulses*) :
(= INTERPOLATED HeatfTemperature Pulse *)
rst co of

erT=1; («to erase the [l L MO ata this 15 et t lw)
initT0 = 300; (+that determines the value of first ambier

£T1 = 0.75% 10" (- pow) ;

[(ethat is the end time for the first ambient state

tpT0=1.0x 10" (-pow) ; (»Lhat 1s Che 1 time for 1 pul sew)
tpTf = 2.0x 10" (-pow) ; (*L0=a = th for th Ul SEw)

tTd = 2.25% 10" (- pow) ;

(rthat 1= the starting time for th bi ent Lhe pu *)

intTl = 300; (w»that determines the second valuse of ambient sStatew)

tTf = 10% tmax; (xthat is the end time for entire

:..Ll. SewWnlcn 1s ¢ .Ll:... ed To e end Time [or « .::.:..ll[ 41 On *}
peakTsample = 400;
ataTsample = {{"TEMP K", "sat.mag.{emu/cm3) "}, {0, initTO}, {£T1, initTO},

{tpT0, peakTsamplel, {tpTf, peakTsample}, {tTd, intT1l}, {tfsample, intT1}};

xsample = Length[ataTsample] ; ataTsample3 = DroplataTsample, 0] ;
ataTsampled = DroplataTsample3, erT] ; ataTsamples = (10°0) * (ataTsampled [[al11, 2]1]1);
ataTsampled [[All, 2]] = ataTsampleé ; ataTsampled;

temperature = ListPlot [ataTsampled, Jeined + True, PletRange * All, Frame —>* True,
BaseStyle -> {FontFamily -> “Times", FontWeight -* "Bold”, FontSize -> 14},
Framelabel -> {"time (s)", "Heatig Pulse (K)"}, PlotRange -> All,
FlotStyle —* {Thickness —> 0.005, Red}, AspectRatio —> 0.45, Frame —> True,
FrameStyle -*> [{Black, Thickness[0.005]}, {Black, Thickness[0.005]},

{Black, Thickness[0.005]1}, {Black, Thickness[0.005]1},

Gridlines -+ Autematie, GridlinesStyle —> DirectivelGrayLevel[.9], Dashed, Small],
Plotlabel -* Style["Heating Pulse - Time", 24, Red, Italie],
LabelStyle -* Directive[Black, Beld, FontSize —* 22], PlotRange —> All,
ImageSize + 520, Axes -> False, TicksStyle -> DirectivelRed, Bold]] ;

(= INTERPOLATED Field Pulse «

ata = {{"time" , "field"}, {0, init0},
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{tl, init0}, {tp0, peakl}, {tpf, peakl}, {td, intll}, {tf, intl}};
wr=1; (*to erase the first component of ata this is equated to le)

ipitd = 0; (»that determines the value of first ambient statee)
t1=1.25x% 10 P
tp0 = 1.5% 10 F=¥
tpf = 2.5% 10°F"; (=that is the end time for the peak
peak =1; (+that 1s the al uew)

td = 2.75% 107F°%;

(»tnat is the starti ng Tlme for the

sthat is the end time for the first ambient state of pul ses)
k value of pul see)

value of pul ses)

I
s 0

»LNAC 1S TNE sSCating time for the

nd ambi ent state of the pul se =)

intl = 0; (#that determines the second value of ambient states)
tf = 10%tmax; (#thar 15 the end time for entire

pul =& which is coupled to the end time for computation. =)
tfsample = 107 tmax;
atasample = {{"time”, "field"}, {0, init0},

{tl, init0}, {tp0, peakl}, {tpf, peakl}, {td, intll}, {tfsample, intl}};

sampl emagni tude = 100;
atasample3 = Droplatasample, 0] ; atasampled = Droplatasample3, er] ;
atasamplef = samplemagnitude * (atasampled[[all, 2]1]);
atasampled [[All, 2]] = atasample6 ; atasampled; (* as=Table[atad]#)

fieldpuls = ListPlot[atasampled, Joined + True, PlotRange + All, Frame -> True,
BaseStyle -> {FontFamily -* "Times", FontWeight -> "Bold”, FontSize -> 14},
FrameLabel -> {"time (s)", "Field Pulse (kA/m)"}, PlotRange -> All,
PlotStyle - {Thickness -> 0.005, Bluel, AspectRatioc -> 0.45, Frame —> True,
FrameStyle -> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]1,

{Black, Thickness[0.005]}, {Black, Thickness[0.005]1}},

Gridlines -+ Automatic, GridlinesStyle -» Directive[GrayLevel[.9], Dashed, Smalll,
Flotlabel -> Style["Field Pulse - Time", 24, Red, Italic],
LabelStyle -> Directive[Black, Bold, FentSize —> 22] , PlotRange -> All,
ImageSize + 520, Axes -* False, TicksStyle -* Directive[Red, Bold]] ;

Show[ListPlot[latasampled , ataTsampled}, Joined + True, Frame —* True, BaseStyle —>
{FontFamily —> "Times"” , FontWeight —* "Bold”, FontSize -> 14}, PlotRange —> All,
PlotsStyle -> {{Thickness -> 0.005, {Blue}}, {Thickness -> 0.005, {Brownl}}}], PlotRange +
All, FrameLabel + [{"Field Pulse (kA m)", "Heatig Pulse (K)"}, {"time (s)", ""1},
AspectRatio + 1/ GoldenRatio, Frame -* True,
FrameStyle -> {{Black, Thickness[0.005]}, {Blue, Thickness[0.005]},
{Black, Thickness[0.005]}, {Brown, Thickness[0.005]}},
GridLines + Automatic, GridlLinesStyle —* DirectivelGrayLevell.9], Dashed, Small],
PlotLabel -> Style["Pulsed Heating & Magnetic Field", 24, Red, Italic],
LabelStyle —* Directive[Black, Bold, FontSize -> 22], FlotRange —> All,
ImageSize + 600, Axes —> False, TicksStyle -> Directive[Red, Bold]]
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{» Gaussian Stochastic Process Langevin Field )
{*perpendicularc+)
meandll = 0;

varnsll = 1;

ndistxx = NormalDistribution[meandil, wvarnsii]:
ndistyy = NemalDistribution[meandll, varnsll];
ndistzz = NomalDistribution[meandll, wvarnsii]:

Nts = Round [ tmax / dt] ;

rdxx = Table[{dt *i, Random[ndistxx]}, {i, 0, Nes}]:
rdyy = Table[{dt *i, Randem[ndistyvl}, {i, 0, Nes} ]:
rdzz = Table[{dt *i, Random[ndistzz]}, (i, 0, Hts} ];
norbx = Max([rdxx[[A11, 2]1]];
norlx = Min[edxx[[A11, 2]]];
If[norbx > Abs[nerlx] , denominx = norbx, denominx = norlx] ;

1

nx::=[ ]*(r:l:::[[all,ﬂ]];rd::[[hll,i‘]]=nx::; rdxx;

denaminx

RandFxx = Interpelation[rdxx, InterpolationOrder -> 5];
norby = Max[rdyy[[a11, 2111 ;

norly = Min[rcdyy[[A11, 2]11]

If [norby > Abs[neorly] , deneminy = nerby, deneminy = norly] ;

nyy = [; * (cdyy[[a11, 211) ; rdyy[[All, 2]] = nyy: cdvy:
denomi ny

RandFyy = Interpoclation[rdyy, InterpolationOrder -> 5];



4 | RENK MNew 5-LLB II formalism updated324-448.nb

nerbz = Max[rdz=z[[a11, 2]1]] ;
nerlz = Minl[rdzz[[a11, 2]11:
If[norbz > Abs[norlz], denominz = norbz, denominz = norlz] ;

nzz = [ ] w (rdzz[[a11, 2]]) ; ed=z=z[[A11, 2]] = nz=z; cd=z=z;

denominz
RandFzz = Interpolation([rdzz, InterpolaticnOrder -> 5];

Norma = ,\((; (MIntegrate[ (RandFxx[t]® + RandFyy[t]® + RandFz=[t]?) / 3,
tmax

{t, 0, tmax}, WorkingPrecision + 20, AccuracyGoal —+ 5] }] 3

Plot[{RandFxx[t] , RandFyy[t] , RandFzz[t]}, {t, 0, 0.01 tmax},
FlotStyle + {RGBColex[l, 0, 0], RGEColex[0, 0, 1], RGBCelex(0, 1, 1]}, PlotRange —* All,
Frame —» True, BaseStyle -» {FontFamily —» "Times" , FontWeight -> "Bold” , FontSize —> 14},

s

FrameLabel -> {“tim (s)®, "T2_ /M (T=0) i :x,y,z‘"} , PlotRange —> All,

AspectRatic -> 1/ GeldenRatic, Frame -> True, FrameStyle -> [[Black, Thickness[0.005]},
{Black, Thickness[0.005]}, [Black, Thickness[0.005]}, {Black, Thickness[0.005]}},

GridLines + Automatic, GridLinesStyle —» DirectivelGrayLevell.9], Dashed, Smalll,

PlotLabel > Style["Normalized Stochastic Torgue — Time”, 24, Red, Italic],

LabelStyle -> Directive[Black, Bold, FontSize + 18], PlotRange —> All,

ImageSize + 600, Axes -> False, TicksStyle -> Directive[Red, Boldl ]

{*Longitudinal+)
ndistxxl = NormalDistribution[meandll, varnsli];
ndistyyl = NormalDistribution[meandll, wvarnsll];
ndistzzl = NormalDistribution[meandll, wvarnsll];
rdxxl = Table[{dt *i, Random[ndistxx1]}, {i, 0, Nts}]:
rdyyl = Table[{dt* i, Random[ndistyyl]l}, {i, 0, Nts} ];
rdzzl = Table[{dt* i, Randomlndistzzi]}, {i, 0, Mts}]:
norbxl = Max[rdxx1[[a11, 2]]1]1;
nerlxl = Min[ed==x1[[AL1, 2]]1]:
If[norbxl > Abs[norlxl)] , denominxl = norbxl, denominxl = norlxi] ;

1
nx::1=[ * (pdxx1[[a11, 2110 ; cdxx1[[A11, 2]] = nxx1; rdxxl;

denominxl
RandFxxl = Interpolation(rdxxl, InterpolationOrder -> 5];
norbyl = Max[rdyyi1[[a11, 2]]];
nerlyl = Minlcdyvi[[a11, 21]11;
If[norbyl > Abs[norlyl] , denominyl = norbyl, denominyl = norlyi] ;

rm'1=[ ]*irdyylllnlrzlll:rdwl[[.ul,2]]=nw1: rdyyl;

denomi nyl

RandFyyl = Interpolation[rdyyl, Interpolationdrder -> 5] :
norbzl = Max[rdz=z1[[a11, 2]]];

nerlzl = Minlrdzzi([[a11, 2111;

If[norbzl > Abs[norlzl] , denominzl = norbzl, denominzl = norlzl] ;

nzzl = [ J * (rdzz1[[A11, 2]]) ; ed==z1[[A11, 2]] = nzzl; rd=zzl;

denominzl
RandFzzl = Interpolation[rdzzl, Interpolationdrder -* 5] :

1
Normal = ,\/[— NIntegrate[ (RandFxx1[t]? + RandFyyl[t]® + RandFz=z1[t]?) [ 3,
tmax
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{t, 0, tmax}, WorkingPrecision —+ 20, AccuracyGoal —+ 5] :

Flot[{RandFxx1[t], RandFyyl[t], RandFzz1[t]}, {t, 0, 0.01 tmax},
FletsStyle + {RGEColer[1, 0, 0], RGECeler[0, 0, 1], RGBColer[0, 1, 1]}, PlotRange =+ All,
Frame —> True, BaseStyle —> {FontFamily -> "Times" , FontWeight —> "Bold" , FentSize —+ 10},

— —
FrameLabel -> {"time (s)*, "h®.tec~H'ctaa (£) /M (T=0) i:x,y,2"},
PlotRange —> All, AspectRatio + 1/ GoldenRatio, Frame —> True,
FrameStyle -> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},
{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},
Gridlines @ Automatie, GridLinesStyle -> Directive[GrayLevell.9], Dashed, Small],
PlotlLabel -> Style["Normalized Stochastic Field - Time", 24, Red, Italie],
Labelstyle —> Directive [Black, Bold, FontSize —+ 18], PlotRange —* All,
ImageSize + 600, Axes —> False, TicksStyle -* Directive[Red, Bold]]

Normalized Stochastic Torque — Time

0.5 1 4
q -
0.0} A \ | .
\ |
\/ |
|
I
—0.5} -
0 2.x10711 4.x1071 6.x107M1  8.x 1071 1.x 1071

time (s)
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Normalized Stochastic Field — Time

l
= 0.5}
E |
L bl i
_;: 0.0 I | \J ﬂ ;I ’j '/\ I.
% r‘ \ L \ " ﬂLf A
B v
| &= ; U
Il
é 0.5
T
[.I 2.::(1.[!‘11 4.}:1.[!‘11 ﬁ.xllﬂ‘” S.xllﬂ‘” l.xiﬂ‘m

time (s)

The figures above are spatial components of stochastic torque and field terms respectivelt. Each
spatial component is independepent from the other.. As it is stated before that this is the way
which is used in the S-LLB Il formalism to reperesent the thermal agitations. The reason behind
this way is to satisfy the Boltzman distribution as well.



initT = 324;
initH=0;
fname = FileNameJein[{"C:\\Users\\elite3\\Desktop",
"STOCH wholeswicthingtimenano 324 448 trial 3.txt"}];:
str = OpenWritel[fname) ;

For[ik =0,
TPEAK = indtT + 2 % (ik) ; 41k £ 62, ik++,
For[j =0,
Fieldz = initH+0.004 5;
§ € 250, j++,
(= INTERPOLATED Susceptibility *)
(*Susceptibility temperature dependency by using interpolation method*)
suscep = {{"Temperture”, "susceptibilty"}, {448, 0.2107"}, {447, 0.103"},
{445, 0.097°}, {440, 0.079°}, {435, 0.046°}, {430, 0.027"}, {425, 0.016"},
{420, 0.0085}, {415, 0.0049"}, {410, 0.00301"}, {405, 0.00192"}, {400, 0.00145"},
{395, 0.000935°}, {385, 0.00053"}, {375, 0.000331°}, {365, 0.000215"},
{350, 0.000115°}, {325, 0.000047}, {310, 0.0000408"}, {3200, 0.000026"}, {0, O}};
chi = Droplsuscep, 1] ;
¥10 = Interpolation(ehi, InterpolationOrder =+ 1] ;
¥11 = ®10[T]
(*Susceptibility time dependensy by using interpolation methodw)
pulsintT = Table[{t, T[t]}, {t, 0, tTf, tstepl];
temp = pulsintT;
¥11 = 109 (¥10[templ) ;
¥11[[a11, 1]] = pulsintT[[a11, 1]]; x11;
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X1 = Interpolation([X11, InterpolationOrder -+ 1] ;

Pulse *)

ataT = {{"TEMP K", "sat.mag. (emu/cm3)"}, {0, initT0}, {£T1, initTO},
{tpT0, peakT}, {tpTf, peakT}, {tTd, intT1}, {tT£, intT1l}};

x = Length[ataT] ; ataT3 = DroplataT, 0] ; ataTd = DroplataT3, erT] ;

ataTé = (1070) * (ataT4[[A11, 2]]); ataT4[[all, 2]] = ataT6; ataT4d;

T = Interpolation(ataT4d, InterpolationOrder —+ 1] ;

peakT = TPEAK; (#ihat 1s the 1k val uew)

(« INTERPOLATED Saturat

of bo *)

atak = {{"TEMP", "K", "sat.”, "mag.”, " (emu/em3) "}, {0, 250000}, {75, 246000},
{150, 242000}, {200, 238000}, {250, 232000}, {306.45246°, 210413.58974358978"},
{313.2411", 203315.96153846156°}, {320.3126°, 195716.15384615387"1,
{327.3841", 188072.1794871795"}, {334.4556", 180195.57692307694 "},
{341.5271°, 171503.14102564103"}, {348.5986", 162264 .1025641026"},
{355.81153", 148559.42307692312"}, {362.7416", 141479.61538461538"},
{369.81309999099996" , 129981.21794871795°}, {376.8846°, 117959.5512820513"},
{384.09753", 104257.21153846155°}, {390.88617", 91136.97435897437"},
{398.24053", 75581.44871794872"}, {405.31202099999994 ", 60026. 0929487179485},
{412.24209999999994 ", 44653.17692307693°1,
{419.45502999099907 ", 31188.03846153846° ), {426, 38500999009007 ", 20650. 62820512827},
{4332.17373999999995" . 14761 .660256410252"}, {440.5281", 10084 .480769230766° 1,
{447 .88246°, 88096, 967948717944}, {454.52967", 7783.858974358971 "},
{461.60117", 6932.141025641024"}, {468.81409999999994° , 6060.230769230763"},
{476.02702999999997 ", 6065.365384615383° 1, {483.09853"°, 4754 .576923076918° 11 ;

i=1;

(*Saturation Magnetization temperature

interpolation normalized to its zerc temp sat mag value form®)

atak3 = Droplatak, 0] ; atakd = Droplatak3, i];

ataké = (1/250000) (atak4[[A11l, 2]]1) ; atak4[[A11, 2]] = ataké ; atakd;:

SatT = Interpolation[atakd, InterpolationOrder—+ 1];

Stnerm = SatT[T] :

satT[0] ;

1 magnetization

as a Fur

h Time and Tempse

{*saturation magnetization temperature interpoclation®*)
atak24 = Droplatak3, il;

atak26 = (atak24[[Al1l, 2]]); atak24[[A11, 2]] = atak26 ; atak24;
SatT2 = Interpolationfatak24, InterpolationOrder + 1] ;

st = satT2[T];

satT2[0] ;

(*Saturation magnetization time dependency by using interpolation methodw)
pulsintT = Table[{t, T[t]}, {t, 0, tTE, tstepl];

temp = pulsintT;

SatMag = 10" (SatT[temp]) ;

SatMagl[al11, 1]1] = pulsintT[[A11, 1]]; SatMag:

Ms = Interpolation[SatMag, InterpolationOrder + 1] ;

SatMagl0 = Ms[t] ;

(*me = 0.88 Ms[t];
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zere field equilibrium saturation magnetization [A/m] (remenance)*)
me = (SatT[initT0] / SatT[0]) Ms(t] ;
(« DAMPING PARAMI

BY THE PULSE FORM OF *)
g = gamma SatT[0] ;
- [1 Tlt]
a = =—|»
perp 3 Te
2aT(t]
Bper = —————
B 3Te
(*LLE Damping Parameters

aparp = (1-75-) i Aparps= 5 i Aparg=1£[TST6, dparps o dperp2] ¢

mlt_]:=((mxlt]) 2+ (my[t]) 2+ (mz(£])2)°-5;
sat[t_] :=If[ml[t]<Magntd,me, (SatT[initT0]/SatT[0])] ;*)
(» INTERFOLATED Field Pulse =)

Fieldxy

ma

ata3 = Droplata, 0] ; atad = Droplata3, er]; ata6 = ] * (ataq[[a11, 2]]) ;

atad[[All, 2]] = ataé ; atad;(* as=Tablaelatad]l+);
(*X and Y components of external field#*)

puls = Interpolation[atad, InterpolationOrder -+ 1] ;
pulsint = Table[{t, pulsi(t]}, {t, 0, t£, tstepl];

Fieldz
atadz = Droplata3, er]; ataéz = |—— | * (atadz[[a11, 2]]);
mud
atadz[[All, 2]] = ata6z; atadz; (*asz=Tablelatadz];*)

(*Z component of extarnal fieldw)

pulsz = Interpelationfatadz, InterpolationOrder + 1] ;

pulsintz = Table[{t, pulszl[t]}, {t, 0, tf, tstepl];

==33332%)pulsl = puls[t] ; (*A/m Units)

==33332%) pulszl = pulsz[t] ; (*A/m Unitw)

(« COMPONENTS OF EFFECTIVE FIELD »)

(*External Field )

Hx = puls[t] ;

Hy = puls(t] ;

Hz = pulsz[t];

(*Perpendicular and In plane anisotropi Demagnetizatin Field Az=
1£[1 107292e$3.25 1079,1,0] ;%)

Hanx[t ] := - (satT2[0]) »0.2* mx[t];
Hany[t_] := - (satT2[0]) *0.2* my(t];
Hanz[t ] := +0.1+ (satT2[0]) *mz[t]:

(*Langevin Field®*)

. 1 [ 2 (Sperp ~ Apaz) KB TIt]

(satT2[0]) Norma gamma mu0 SatT2[0] ( de) av (a,..)*

e(E) [ = (2 2] () 2)am
[ [
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1 2 a, kBT[t]
Hell = . = :
(satT2[0]) Normal gamma mul SatT2[0] (dt) av

(][22 - (2 - (@

LagT m

HLANGp=(t ] := Hrp RandFxx[t];
HLANG11x([t ] := Hrll RandFxxi[t];
HLANGpy [t ] := Hrp RandFyy[t]:
HLANG11ly[t ) := Hrll RandFyyi[t]:
HLANGpz [t ] := Hrp RandFzz[t]:
HLANG1lz [t ] := Hrll RandFzzi[t];

(*The field resposible for lengitudinal fluctuatics in the magnetization lengthw)
Hllx[t ] :=
((satT2(0]) / (2x10e])) (1-(((mxle])®+ (mle]) 2+ (mz(t])3) / ((me) ~2))) #mxlt] ;
Hlly[t ] := ((satT2[0]) / (2x1[&]))
(1-((tmx[£])®+ (myl[e]) 2+ (mz[])2) / ((me) ~2))) * mylt];
Hllz[t ] := ((satT2[0]) / (2X1[e]))
(1- ((tmx[e])2+ (myl[e]) 2+ (mz[e])2) / ({me) ~2))) » mz[e];

(* the effective field that the free layer seas *)

Heffxl(t ] := (Hx+ Hanx[t] +H11lx[t]) / (satT2[0]);
Heffyllt ] := (Hy+ Hany[t] +Hl1ly[t]) / (satT2[0]);
Heffzl(t ] := (Hz+ Hanz[t] +H11=z(¢t]) / (satT2([0]);
(e INITIAL MAGNETIZATION VALUE

mi = H[{sin[(8) °] * cos[ () *], sin[(®) *] #sin[(®) °], -cas[(®) *]}]:
Magntd = M{sqrelmi[[1]] ~2+mi([2)]~2+mi[[3]]~2]);
mx0 = ((mi[[1]] / Magntd)) * (SatT[initT0] / SatT[0]) ;
my0 = ((mi[[2]] / Magntd) ) * (SatT[initT0] / SatT[0]);
mz0 = ((mi[[3]] / Magntd)) » (SatT[inieT0] / SatT[0]);

(« MAIN EQUATION )

LLEBxx =
i+ a2
g mx' [t] = - (my[t) Heffz1[t] - mz[t] Heffyl[e]) + = ]
g satT2[0] melt] 2 +mylt] 2+ mz[£]2

Aperp

(mx[t] Heffx1[t] + my[t] Heffyl[t] + mz[t] Heffz1[t]) mx[t] - [
mxle] 2+ myle]l 2+ me[e]2

{mylt] (mx[t] (Heffyl(t] + HLANGpx[t]) - mylt] (Heffxl([t] + HLANGpx[t])) - m=z[¢]
(mz[t] { Heffxi[t] + HLANGpx[t]) - mx[t] (Heffzl([t] + HLANGpx[t]))) + HIANGL1x([t] ;

LLByy =
1+ az
g] my' [t] = - (mz[t] Heffx1[t] - mx[t] Heffz1[t]) + Zpar ]
g 8at12(0] mx[t]? + my[t]?+ mez[t]?
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(mx[t] Hof£x1[t] + my[t] Heffyl[t] + mz[t] Heffz1[t]) mylt] - Zee ]
mx[t]2+my[t] 2+ mz[e] 2
(mz[t] (mylt] (Heffzl(t] + HLANGEy[t]) - mz(t] ( Heffyl[t] + HLANGpy([t])) - mx[t]
(mx(t] (Heffyl[t] + HLANGpy[t]) - mylt] (Heffxi[t] + HLANGpy[t]))) + HLANG11v[t] ;

LLBzz =
(1"“2} Apar
————— | mz' [t] = - (mx[t] Heffyi[t] - mylt] Heffxi[t]) + [
g satT2[0] mx[t]2+mylt]2+m(e]?

Aperp

[m[t]2+w[t]2+m[t]2
(mx[t] (mz(t] (Heffxl[t] +HLANGpz[t]) - mx[t] (Heffzl(t] + HLANGp=z[t])) - my(t]
(my(t] (Heffzl(t] + HLANGpz([t]) - mz(t] (Heffyl[t] + HLANGp=[t]))) + HLANG11=z[t] ;
sol = NDSolvel {LLExx, LLByy, LLBzz, mx[0] = mx0, my[0] = my0, mz[0] = m=z0},
{mx, my, mz}, {t, 0, tmax}, MaxSteps + =] ;

(mx(t] Heffx1[t] + my[t] Heffyl[t] + mz(t] Heffzi[t]) mz[t] -

{« SOLUTION )
Mz[t ] :=mz(t] /. sol;

datamz = Table[{t, 0}, {t, 0, tmax, tstep}]:
asz = Table[Mz([t], {t, 0, tmax, tstepl];
datamz [[A11, 2]] = as=z[[a11, 1]] ;: datam=z:
data = Drop[datamz, 1] ;
length = Lengthldatal ;
For[si = 2, si < length, si++,
If[datal[si, 2]] > 0.85 Abs[datam=z[[2, 2]]1], Break[] (*, Print[*yok"]*}];
1;

{*Export["aaasaa M.dat",Print(datasl[[si, 2]], " * datasl[[si, 11]11]:*)
Print[N[{mx0}], * *, Nl{mp0}], = *, Ml{mz0}1,
= *, N[0.85Abs [datam=[[2, 2]]]] , * *, Nldatal[si, 2]]]
(% m(e£,) #), * ", Nldatallsi, 11]] (*e_*), " ., TEEAK,
Fieldz
" *, %10[TEEAK] , * =P (" ", tstept), “ 3]z
mul

Write[str, {Mldatal[si, 1]]] (*switching fitime®),

Field=
" O (*switching fidelw), ", TPEAK
mud
{*heating pulse peak walue*) , * ", ®X10[TPEAK] (*susceptibility*) }] ;

1]

Close[str]



APPENDIX G. Interface for Entire Macrospin LLB Model
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