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ABSTRACT

MACROSPIN MODEL OF MAGNETIZATION DYNAMICS
GOVERNED BY LANDAU-LIFSHITZ-BLOCH EQUATION
OF MOTION

The main physical limitation in the down-scaling of magnetic data storage technolo-
gies, 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 (T¢) led to the
development of a new formalism that takes into account both longitudinal and transverse mag-
netization relaxation mechanisms in addition to temperature dependent damping parameters.
All such effects are conventionally disregarded within the Landau-Lifshitz-Gilbert framework.
In our study, we point out significant changes in the switching process close to T¢using the
recently proposed stochastic Landau-Lifshitz-Bloch formalism which takes into account ther-
mal excitations at elevated temperatures by including Gaussian stochastic processes. The
essential motivation of current work is to develop a Stochastic-LLB based macrospin model,
using experimentally measured temperature dependence of intrinsic parameters for an ex-
ample 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 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 the micromagnetic simulations.



OZET

LANDAU-LIFSHITZ-BLOCH HAREKET DENKLEMI ILE
YONLENDIRIDILEN MANYETIZASYON DINAMIGININ
MAKROSPIN MODELLENMESI

Manyetik veri depolama teknolojilerinin minyatiirizasyonunun ardindaki ana
fiziksel sinirlama stiperparamanyetik etki olarak nitelendirilir. Bu etki dikey manyetik
anizotropisi yliksek malzemeler kullanildiginda kaydadeger olgiide geri itelenebilir. Man-
yetik bitlerin anahtarlama dinamiginin dogasinin, 6zellikle Curie sicakligina yakin sicak-
liklarda bilinmezligi, yeni bir formalizmanin geligtirilmesine yol acti. Bu yeni for-
malizma, sicakliga bagl soniimleme parametrelerine ek olarak, hem boylamsal hem
de dikey olarak manyetizasyon yatigma/gevseme mekanizmasini goz 6ntinde bulun-
durmaktadir. Tim bu etkiler, Landau-Lifshitz-Gilbert (LLG) gercevesi i¢inde aligila
gelmis bicimde gozardi edilmektedir. Caligmamizda, son zamanlarda onerilen stokastik
Landau-Lifshitz-Bloch formalizmini kullanarak, Curie sicakligi civarinda anahtarlama
isleminde ¢ok onemli degisimler oldugunu gosterdik. Stokastik tipteki bu denklem,
yiksek sicakliklardaki termal uyarilmalari Gaussiyan stokastik iglemleri icererek goz
oniinde bulundurmaktadir. Su anki ¢aligmanin temel motivasyonu, érnek bir manyetik
sistem i¢in deneysel yontemlerle 6lgiilmiis olunan esas/intrinsik parametrelerin sicakliga
baghliklarini kullanarak, stokastik LLB bazli makrospin modelini gelistirmektir. Gergek
malzeme parametreleri olarak CoNi/Pd ¢ok katmanl ince film alinmigtir. Boyle bir
modellemeyle, 6nceki ab-initio hesaplamalariyla tutarhilik gosteren, tek fitli deneysel
anahtarlama simiilasyonlarindan elde edilen boylamsal manyetik duygunlugun sicakliga
baglh fonksiyonunu saptamayi saglamigtir. Anahtarlama icin gerekli zamanin haritasi,
manyetik alan ve 1s1 darbesinin bir fonksiyonu olarak tanimlanmig ve bu harita grantiliin
anahtarlama igleminin gorsellegtirmesiyle sunulmugtur. Bu gosterim 1s1 destekli kayit
uygulamalarindaki potansiyel kullanimi miimkiin olan bu ve buna benzer malzemeli

sistemlerin degerlendirilmesini saglamaktadir. Basit bir makrospin yaklagimi kuvvetli
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degis tokus ciftli, manyetik c¢oklu katman yapidaki ortalama davranisi gozlemlemede
etkilidir. Nanoyapilara ayrildigindaki geometrinin roliiniin ve anahtarlama mekaniz-
masinin kapsamli olarak anlagilmasi i¢in modelimizin mikromanyetik simiilasyonlara

uyarlanmasi gerekecektir.
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1. 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 longi-
tudinal magnetic recording method (where the magnetic bits are parallel to the record-
ing 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 mag-
netic materials to be used in novel magnetic recording applications is inevitably at-
tracting attention of many research groups and companies. Yet, the main problem in
increasing areal density is to tune three important correlated parameters of the mate-
rial. 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.

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 possi-
ble 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 interrela-
tionships 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



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

Figure 1.2. Schematic illustration of quadrilemma of magnetic data storage.



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 record-
ing (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 Th/in? [2,5]. Its schematic illustration is shown
in the Figure 1.3. This epoch making new method, TAR/HAMR procedure, near the
magnetic field involves application of a laser heating pulse with a small spot, induc-
ing local heating up to the Curie temperature (7,) (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 perpendicu-
lar 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].

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
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Figure 1.3. 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.

(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 longi-
tudinal damping term also acts on the magnetization together with both precession
and (transverse) damping torque terms of the conventional LLG equation [6]. Due to
this additional term, LLB equation predicts longitudinal fluctuations in the length of
magnetization vector in addition to the transverse fluctuations [6]. 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 signif-
icant 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 dy-
namics 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 mul-
tilayers with strong perpendicular anisotropy. This alloy possesses lower Curie Temper-
ature (T, = 448 K), a high squareness of the magnetic hysteresis and considerably high
perpendicular anisotropy Hj = 18 kOe (corresponding ~ 2 x 10 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 [7]. 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 [7]. 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 exam-
ined the switching probabilities. The experimentally taken hysteresis measurements
are plotted with their corresponding LLB simulation results. Another part of this the-
sis 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 [7].

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

same time As a secondary approach, we preferred to use Mathematica 8 version.

However, in COMSOL Multiphysics due to meshing problems and higher compu-
tation 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.



2. THEORETICAL BACKGROUND

2.1. 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 [9].

The magnetic moment has a well-known relation with spin angular momentum
(S): = —(%2)S = vS where g is called g-factor and is approximately equal to 2 for
ferromagnets, pp is Bohr Magneton and A is obtained by dividing Planck constant h by
2m. Lastly, v is the ratio of the magnetic moment to its spin angular momentum 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=puxH (2.1)

Since torque is the time differentiation of angular momentum and S = %, we can write

_ﬁ_l(d_u

torque as T = 7 = (7 ). Thus, the equation below is obtained;

dn _

o = lexH (2.2)

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 Equa-
tion 2.2 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.

Magnetic
Field

Magnetization
Vector

Figure 2.1. 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 torque 7, 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
dt

)M x (M x Hyp) (2.3)

— ||(M x H,
[v] (M x ff)+|7|(MS

where H.s 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 macroscopic magnetization vector) and it is equal to M = (£)p.
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 (A > 1 is called over-damped
regime) which would dominate the magnetization trajectory. Moreover, it is clear in
Equation 2.3 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 2.3 as A — oo [10].

Therefore, in 1955, Gilbert modified the LL equation by including phenomeno-
logical 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 de-
pendence [6,11,12]. 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 Equation 2.4 is LLG equation of motion.
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oM o' dM
T A(M x H.pf)+— (M x — 2.4
= O x )+ (< 1) 2.0
Precessional ~ ~~
Torque Damping
Torque

where Like LL equation, for Landau-Lifshitz-Gilbert equation of motion, there are two

Table 2.1. The Symbols And Corresponding Names Used In Conventional LLG

Equation.

Symbol | Name

M Magnetization Vector
H. ¢ Effective Field

v Gyromagnetic Ratio
Q Gilbert Damping Constant
Mg Saturation Magnetization

types of torque terms that affect the motion of the magnetization vector (Equation 2.4).
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
Wpree = YHoHesg, 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 [10]. The analogy between the
LL equation and LLG equation can be seen when LLG Equation 2.4 is written in the
form of LL Equation 2.3. After the exhaustive derivations which are shown in detail

in Appendix B, the equation below 2.5 can be obtained which is similar to the LL

equation.
dM v 1 Q@
— == M x H — M x (M x H, 2.
dt (1+a2>( % eff)+7(MS<1+a2)) X (M x Hepp)  (25)

LLG equation is written above by using the macroscopic magnetization vector M as

the dependent variable and H,¢; as a functional. « is called Gilbert damping constant
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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.
2.1.1. Magnetic Damping

The Gilbert damping is used to describe the dissipation of both energy and an-
gular 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) [13]. That is why, particularly rare earth materials with high 7 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.

Figure 2.2 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.
2.1.2. 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 = + > (s;) (and i is the

lattice site index (i=1, 2, 3, ..., N)). Using m, = (s;) relation (which comes from the
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Magnetic
Field

Magnetlzatlon \
Vector

Figure 2.2. 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 7.
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Mean Field Approximation [1,6,12,14,15]), the spin polarization vector can be written
asm = + >_m, [6]. Furthermore, this equation is written considering a fixed length
lm| =1 th;oughout 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 2.3. 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 14 is the volume of the unit cell in the
lattice system and i is the magnetic moment; above LLG equation can be written

using another dependent variable, the spin polarization vector m [6,12,14] as follows;

) (2)m) () ) L5

140} M s 10}
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dm a (o dm
— == H — — 2.
a M eff+(Ms(uo))mX dt (2:6)

The maximum value of the magnetization is its saturation value Mg. This value differs
from material to material |[M| = Mg (where Mg is the saturation magnetization) and

in this sense, the maximum value of normalized magnetization is jm| = 1.

w(@m)en() e

By using Equation 2.7, Equation 2.6 turns into the following form:

CiZ_T:—'y(mXHeff)+ <M;/;;> (%) <mxcii_7?>

Thus;
om dm
— =—y(mx Hy;p)+a|mx — 2.8
= mx Huy) o (mx ) 28)
Precessional ~ ~~ -~
Torque Damping
Torque

The spin polarization vector or the normalized magnetization vector m is 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 2.8 is already the inverse

of the time (1/s). Moreover, after some calculations, we can obtain the unit for the
m

gyromagnetic ratio as 4= = % [16]. The detailed information about the gyromagnetic

ratio is given in Appendix A.

When the magnetization vector is governed by the Landau-Lifshitz-Gilbert Equa-

tion of motion, two torque terms are driving the magnetization relaxation but during
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the relaxation process magnetization magnitude is preserved [1,6,10-12,14,15,17]. 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 micromag-
netic (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 tempera-
tures. Therefore, LLG equation is accuratein this regime (far from Curie point) [6,11].
However, it is especially problematic for temperatures close to Curie temperature. The
longitudinal fluctuations in the magnetization are enhanced by increasing the temper-

ature [6,11,12].

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.

2.2. 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 Tem-
perature, the taken from the LLG equation based models are no longer accurate in
describing for the experiments [6,11,14]. These undesirable predictions about the LLG
equation of motion lead researchers to construct a more generalized equation of mo-
tion for the understanding of spin dynamics. Consequently, in late 90’s, the Landau
Lifshitz Bloch (LLB) equation was derived by a reduction of the Fokker-Planck equa-
tion using mean field approximation for classical and the density matrix equations for
quantum spins in ferromagnets by D. Garanin [6]. Within the framework of LLB equa-
tion, 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 equa-

tion called as longitudinal and transverse damping parameters. Moreover, they are
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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 [6]. 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 mag-
netization length. The latter one is principally affected by the heating procedure of

the material which brings about the partial/complete demagnetization of material [6].

Usually, solving these underlying equations of magnetization dynamics can only
be achieved by numerical methods. What’s more, the brief concept of the micromag-
netism 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 con-
sidering 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
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term 7, and the other is called as longitudinal damping term 7,,), 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 [6]. 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.

Magnetic
Field

Magnetization-"""'\.._\
Vector :

Figure 2.4. 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 7/, 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;

dm m-H..-)m m X (m x H,
= —y(mx Heyp) +70y (%> - ary ( ( ff))

dt N -~ z m2 m2
Precessional M -
Longitudinal Transverse
Torque Term
4 Damping Term Damping Torque Term

(2.9)
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where

and Gilbert Stochastic Damping parameters;

Table 2.2. Symbols And Corresponding Names Used In LLB Equation.

Symbol | Name

m m=xym,

2

H._ ¢ Effective Field

vy Gyromagnetic Ratio
ayy Longitudinal Relaxation Parameter
o Transverse Relaxation Parameter
T, Curie temperature of the magnetic material
oT a(1-3) =T<T
ayy=qal 5= ).aL= ‘ (2.10)
37T, 2
e a <3—) = T>T,

Figure 2.5 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 2.5) 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 2.5.



19

Damping Parameters — Temperature

0.10F%
a 0.08 nnunu..“""
t= 0.06} (1394.2,0.067)
=]
~ 0.04
t Damping Parameters
o Gilbert D.P
é‘ 0-02 \:a"(T) Longitudinal D. P
. (T) Transverse D.P|
0.00¢ 5
0 500 1000 1500 2000

T[K]

Figure 2.5. 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 hep 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. Fur-
thermore, 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)

where [ is either // or L [1,6,14,15].

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 [6].

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



20

be written in the following form;

H.y=H,,+ H,, +H,,,+ H..+ Hj, (2.12)

Above Equation 2.12 shows that the effective magnetic field H.;; contains terms which
are called applied magnetic field(Zeeman field) H,,,, anisotropy field H,,, Langevin
field (stochastic dimensionless thermal field that causes the fluctuation of the magne-
tization vector from its equilibrium position [6]). Hpgn,, exchange field H.,. and a
term that controls the longitudinal fluctuations in the magnetization magnitude Hjg,.
Occasionally, the each component of the effective field is normalized by M;. This form
of the effective field is called reduced effective field and is mostly shown in the following

fOI‘In: heff = happ + han + hLang + hexc + hlong

The following Equation 2.13 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,) (2.13)

where m,, m,, 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 mag-

netization vector and has a relation as follows;

L(l—”ﬂ)m = T<T.

Hlong - 1 1 3;12 (214)
c 2
_X_// <1—|—5(T_Tc)m >m = TZTC

Up to now, all field terms of the effective field are shown with their relations.
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Several papers determined their principal topic as the stochastic behavior of the
magnetization dynamics [11,12,14,18]. The stochasticity is a random effect that de-
pends 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.

2.2.1. Stochastic Nature Of Magnetization Dynamics

There are two types of representation for the stochastic behavior of the magne-
tization. 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 Hpg,g is pointed out as a randomly fluctuating field with three
dimensional vector components [6,14,17,18] and it is given by; Hpang = €(t) or hy:
hiy, = (hin g, iy, Rin,z)

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

. i akBT .
e & ot e -

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

(hani(t)) =0
(hini(t), hena(t)) = Pogd(t — t')

where

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
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Table 2.3. Symbols And Corresponding Names Used In The Definition Of Stochastic

Process.
Symbol | Name
M, Saturation Magnetization
k and [ | represent the Cartesian Coordinates x, y and z
At Time step
AV Volume of the computational cubic cell
140 Permeability of free space
T Temperature of the magnetic material
kg Boltzman Constant
19 A Gaussian Stochastic function

result for &;

o ()

Then, if we plug this equation into the main equation Equation 2.15 of Langevin field;

o = (\/12_%6_(t22>\/§) - \/% e_J\f) \/2 (uo%&AK‘}J\IzAT> (2.16)

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 7, behavior
has recently been reported by Evans et al. in 2012 [12]. Briefly, this form satisfies the
Boltzmann statistical distribution not only at the low temperature regime but also at

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

// 1 o 2kBT(ai_0‘//)> ; _
<dlogw = (2T s <¢em0 )
and
<O (1) 5= (%) 536(t) < /Gt >=0 (2.15)

where M is the saturation magnetization, kg is the Boltzman constant, p is the
permeability of free space, AV is the volume of the computational cubic cell, ¢ 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 p can either be L or //. It

also has zero mean and unit variance [12].

C»L: 1 6_(?> (QkBT(OéJ_—Oé//))
J V 2T Ms Mo |’7| A\/NISO-/J_2

2kBT’yOz//
! vV 2w Ms A\/1\/-[5

As a conclusion, LLB equation, which is written above Equation 2.11 is not taking into
account the thermal agitations due to the absence of either the Gaussian stochastic pro-
cess 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 [12]. This promising form is written for a macrospin de-
scribes the time evolution of the average spin polarization m = M / Mg (T=0) (M
is the magnetization vector and Mg is the temperature dependent saturation magne-

tization) as it is under the influence of an effective field such that;

Y] ey,
. [m - Heprlm

. Om
mZEZV(mXHeff)JF

~Alax
m2

mx [m x (Hepp+ C1)|+¢))
(2.20)
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Therefore, LLB equation allows fluctuations in the magnitude of m. Involving
the thermal agitations is necessary for the accurateness of the simulation as the tem-
perature 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 [6].

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 depen-
dent 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 [14].

However, for the high temperature regime, in the vicinity of the phase transition
point (7,), 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.
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3. LLB SIMULATION RESULTS BASED ON Hcp TYPE
Co THIN FILM

As it is stated before, within the framework of LLB formalism, there are three im-
portant 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 inter-
actions 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 hep Co (a well-
studied material). We used hep type Co with intrinsic values taken from the literature
as a control system for LLLB macrospin calculations, we checked if the outcome of the

LLB model was plausible and consistent with previous reports.

3.1. 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 con-
verted 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 ver-
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sus time ( see Appendix D for details). It is worth mentioning that the results taken
from the COMSOL Multiphysics, have some extra assumptions. These additional as-
sumptions 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.

3.1.1. Convergence Of LLB To LLG Equation For Zero Temperature

The conventional methodology for the investigation of the magnetization dy-
namics 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 [18,19]. On the one hand, the micromag-
netic 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 magne-
tization reversal path as in TAR/HAMR. This issue creates a considerable change in
the magnetization dynamics [1,3,14]. 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 3.1 and
Figure 3.2 shows the result of LLB simulation as the temperature of the system is
set to zero temperature. While Figure 3.1 shows the time evolution of components of
the magnetization vector (m,(black), m,(blue) and m,(brown)) and the magnitude of

magnetization vector(red color).
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Figure 3.1. Time evolution of magnetization vector components as the temperature of

the system set to zero.
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Figure 3.2. 3D trajectory of magnetization vector (blue), red arrow shows the

magnetization vector and brown arrow shows the direction of magnetic field.
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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.
3.1.2. 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.

Magnetization—Time

0.4}
0.2}
sh’ 0.0 =0.0275
-0.2¢ B H. =100 mT
B =500 mT
—0.4} B Hpa=1000 mT
—15
—0.6k B Hax=1500 mT
0.0 02 04 06 08 1.0 12 14

t(ns)

Figure 3.3. Time evolution of x component of magnetization vector for different
external magnetic field values (H.rs: 100 = 1500 mT). Gilbert damping parameter is
taken as a = 0.05 and this simulation temperature is 700 K. The considerable

decrease can be observed as the external magnetic field is increased.

Figure 3.3 is obtained for different constant effective field values as Gilbert damp-

ing parameter is taken as 0.05, and also the system temperature is held at 700 K.



Table 3.1. Constant Effective Field Case.

Assumptions

Temperature of the sample | set to room temperature

Gilbert Damping Parameter | Constant

Effective Field Variable
Anisotropy Term Constant
Langevin Field taken as zero
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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 temper-
ature 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 af-
fected 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.

Initially, the magnetization vector is slightly tilted from —z direction so that m, 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 model-

ing asserts that our LLB simulation developed in Mathematica (8" version) is able to

describe the behavior of the magnetization dynamics.
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3.1.3. The Effect Of Gilbert Damping Parameter

A brief introduction on the importance of the phenomenological Gilbert damp-
ing parameter («) was given in Chapter 2. The Gilbert damping parameter which
is included in both the conventional Landau Lifshitz Gilbert equation and the Lan-
dau 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.

Table 3.2. The Case Of Gilbert Damping Parameter Variation.

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 in-
crease 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 pro-

cess will occur.
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Figure 3.4. 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,s: 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 be-
tween the spin system and its orbit. Moreover, both longitudinal and transverse damp-
ing 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. There-
fore, the response of magnetization against this increase is to complete the relaxation

process faster.

3.2. 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 subchapter the features

of effective field components are extensively analyzed by including them one by one.
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This results in a great insight meaning about the behavior of the magnetic moments

against the modifications to the effective field.

3.2.1. 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 addi-
tional 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.
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Figure 3.5. The time evolution of both magnetization magnitude and its x, y, and z

components as Langevin field is included in the effective field.
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Figure 3.6. 3D path of the magnetization and change in the magnetization magnitude

is evident.
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As it is specified in the assumption section, we disregarded the temperature de-
pendent 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 Figure 3.5.

Figure 3.5 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 Figure 3.5 and Figure 3.6 shows us this change, clearly. In Figure 3.6 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, incorrect part of the results is to have a gradual increase in the magneti-
zation magnitude which is only physical up to its normalized saturation magnetization

value. This issue will be addressed in the following discussion.

3.2.2. The Field Which Controls The Longitudinal Fluctuations

Since LLB equation considers the change in the magnetization magnitude through-
out the precession motion due to the thermal agitations, to prohibit the unphysical re-
sults due to these longitudinal fluctuations a term is coupled to the effective field which
is responsible for changes in the magnetization magnitude. Figure 3.7 and Figure 3.8
are the replots of Figure 3.5 and Figure 3.6 respectively, after the longitudinal fluctua-
tions 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 mag-

netization length due to the gradual increase in it during the magnetization precession.

A permanent increase in the magnetization length can also be asserted as some-

how incomplete relaxation process. Up to a threshold which is the saturation magneti-
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Figure 3.7. 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.

3D Trajectory of Magnetization

z

1.0
0.5
0.072;

¥ X
-0.5

i B Y

10

-1 ~ 05
0.0
0
05
iy g iy
17210

Figure 3.8. 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.
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zation 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 perturbative 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

Equation 2.14:

1 (1—’”2>m = T<T.

Hlon = /1 me
! L (1+ 3T m2>m = T>T
X// 5(T—-Te) = ¢

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

value of M.

3.2.3. 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 magne-
tization. Yet, according to a recently published paper [12] 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 2 (Stochasticity
Process for the Magnetization Dynamics part) and in Appendix E and F, the Gaussian
stochastic formalism and a pair of sample plots of stochastic processes can be seen.
Figure 3.9 and Figure 3.10 time evolution of magnetization vector transverse compo-
nents in the absence of Gaussian Stochastic process and in the presence of Gaussian
Stochastic Process. These figures are obtained when The external field 120 kA /m, T=

0.5 T, and the Gilbert damping parameter is taken as 0.03.
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Figure 3.9. The time evolution of magnetization vector z component in the presence

and in the absence of Gaussian stochastic process.

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.
3.3. 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 mag-
netic 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
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Figure 3.10. 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.

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.

3.3.1. 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
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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 2 within detail. The
plane of thin film sample is favorable. 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 Figure 3.12. 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 3.11. The time evolution of magnetization vector components (red, black, and
blue solid lines are for x, y, and z components of magnetization vector) together with

the magnetization magnitude (brown solid line).

Therefore, effects of both in plane anisotropy and stochastic random process
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3D Trajectory of Magnetization

Figure 3.12. The 3D trajectory of magnetization vector as the magnetic thin film has

a dominant in-plane anisotropy.
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on the behavior of the magnetization are studied as it is under the influence of an
external magnetic field. Accordingly, 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 Figure

3.11 is evident.

3.3.2. 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 [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.

Figure 3.13 and Figure 3.14 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
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Figure 3.13. Time evolution of magnetization vector for a magnetic thin film with
high perpendicular anisotropy. The variation in all components of the magnetization
vector. In this figure the purple one shows us the applied field pulse (H,,,) (pulse
width is approximately 1.3 nanoseconds and the amplitude of the pulse is 120 kA /m).
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Figure 3.14. 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.
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inherently high PMA, the magnetization vector does not prefer to stay much time in

the plane of thin film.
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4. 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 mul-
tilayer magnetic structure a strong recording-layer candidate for the HAMR/TAR ap-
plications. 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 re-
lying 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
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(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.

4.1. 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) / [Cos5Nigs (0.22nm) /Pd (1.2nm)] x 22 repeats
/Pd (2nm). The films exhibited strong perpendicular anisotropy field Hp=18 kOe (cor-
responding to ~ 2 x 10erg/ecm?3) and saturation magnetization Mg=220 emu/cm? as
determined from vibrating specimen magnetometry (VSM) measurements at room tem-
perature. 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 —6 x 1075rgs/cm) which makes them a good candidate for macrospin like
switching behavior in granular thin films or bit patterned media. Figure 4.1 (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 Mg(T") in the presence of an
applied field and finding the point where Mg 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
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Energy).

Unlike the magnetization temperature trend obtained under a non-dominant ex-
ternal field (1kOe), for the zero field case the magnetization value drops abruptly after
100°C" which can be seen from Figure 4.1 (red point markers) [20]. This implies that
for the case of zero field, out-ofplane 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 Figure 4.1 is ob-
tained [20]. 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).

M, (emu/cmS) vs. T(K)
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Figure 4.1. 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 mea-
surements for CoNi/Pd MLs which correspond to different temperature values. Figure
4.2 (the point markers) shows this experimental data [20]. Therefore, we can easily

assert that if both coercivity and its corresponding temperature values are plugged
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Coercive Field vs. Temperature
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Figure 4.2. 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.

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 4.2 (solid lines),

these values agree with the trend of experimental data.

4.2. 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 (x,/). By
following this simple logic, the temperature dependence of longitudinal susceptibility
is obtained. Thus, we extracted its temperature dependence by including the experi-
mental coercivity and its corresponding temperature values as our inputs to the LLB
based simulations. In Figure 4.3, it is apparent that when the system temperature

approaches Tec, there is a considerable rise in the longitudinal susceptibility value [20].
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Longitudinal Susceptibility vs. Temperature
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Figure 4.3. The temperature dependence of longitudinal susceptibility extracted from

single fit parameter fit to the LLB model.
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Figure 4.4. The temperature dependence of longitudinal susceptibility extracted from

the ab-inito calculations [for detailed information [1]].

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

consistent with the previously reported ab initio studies see Figure 4.4.
4.3. LLB Simulations Of Magnetic Hysteresis Loop Of CoNi/Pd MLs
The application of an alternating magnetic field through the ferromagnetic mag-

netic 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
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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 4.5 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.
M(emufcm3) vs H (Oe)
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Figure 4.5. 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 experi-
mental 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 Figure 4.5. This can
be attributed to an inaccurate thin film demagnetization correction in the experimental

data (-47M for an infinite sheet but somewhat lower for finite dimensions) which results
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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 [7].

4.4. 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 in-
formation 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 in-
vestigated experimentally) has its corresponding M, m., x,/, 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. Figure 4.6 shows an example set of magnetic field (blue

colored) and heating (red colored) pulses.

Pulsed Heating & Magneftic Field
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0 2.x10°0 4.x10° 0 6.x10° T 8.x10-0 1.x10~°
time (s)

Figure 4.6. 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.



o1

Figure 4.7 shows the time evolution of normalized (by zero temperature satura-
tion magnetization M (T = 0K) = 250 emu/cm?®) magnetization vector components
(blue solid line z component, black solid line y component and brown solid line x com-
ponent) 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 energeti-

cally favorable direction and this cannot be changed by appliying an external magnetic

field.

In Figure 4.7, it is shown that the magnetization has completed its longitudi-
nal 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 compo-
nents (blue and brown colored lines) of the magnetization vector die out and the z
component of magnetization aligns along the direction of external field [20]. 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 dura-
tion of the external magnetic field pulse is 1.25 nanoseconds (between 50% transition
points). The inset of 4.7 shows the change in magnetization length with in response to

heating pulses with different amplitudes [20].

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 4.8, 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 [20]. Since
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Figure 4.7. 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
— o z o T T——

Figure 4.8. 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.
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this is a macrospin approach, the field which accounts for the interaction between
the magnetic moments called exchange field is not considered [15]. 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.

4.5. 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 4.2). 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 4.9, 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 [20].

Switching Time Calculation
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Figure 4.9. 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.
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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 [15]. 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) [15]. 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 relaxation time. 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 pre-
sented 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 calcula-
tion 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.

4.5.1. The Case Of Non-Stochastic LLB Model

In the final analysis, Figure 4.10 shows the calculated switching times as a func-
tion 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 4.10. 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 [21] the
actual time required for the switching is expected to be controllable down to 10-100s
of fs. 4.10 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.
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4.5.2. The Case Of Stochastic LLB Model (S-LLB II)

Particularly, stochastic processes play an important role at finite temperatures.
In our study, since system temperature needs to be increased up to the phase transi-
tion 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 II) which is described within detail in Chapter 2.

Switching Time Distribution
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Figure 4.11. 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 [20]. Figure A.1 shows the switching

time distribution as the magnetization dynamics is governed by the stochastic LLB
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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.
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5. CONCLUSION

In this study, we have implemented a comprehensive model to understand the na-
ture of switching dynamics in the existence of both external magnetic field and heating
pulses. Consistent with previous reports, an enhanced damping is observed by increas-
ing the temperature of the magnetic medium. Another significant result is the extrac-
tion of temperature trend of longitudinal susceptibility by addressing it as the single
fitting parameter of our macrospin approach while the other inputs are experimentally
taken bulk properties of a strong candidate (CoNi/Pd MLs) for the recording layer of
TAR/HAMR technique. Moreover, the temperature profile of longitudinal susceptibil-
ity obtained in this way has a considerable consistency with the reports that they have
employed ab-intio calculations. Accordingly, as a unique study the entire switching
time distribution as a function of both heating and magnetic field pulses is created by
taking these essential guidelines (temperature dependence of both intrinsic properties
of CoNi/Pd MLs and the longitudinal susceptibility ) into account. As a consequence
of this, it can be said that the LLB based macrospin model is able to shed a compre-
hensive light on the underlying mechanism of the magnetization reversal during the
writing process of up-coming magnetic data storage techniques (such as TAR/HAMR
). On the one hand, the macrospin model has the requisite qualities to give detailed
description about the coherent rotation of magnetic moments. On the other hand, the
effect of spin spin interactions can be seen by the extension of this simplistic model
to the micromagnetic LLB model. This enables for example the observation of slower
recovery process in response to the enhanced temperature values. Nevertheless, this
simple approach allows a qualified evaluation of the switching properties of CoNi/Pd
MLs with a relatively low Curie temperature and strong perpendicular anisotropy at
room temperature and other similar thin film structures as a candidate for granular or

bit patterned TAR/HAMR applications.
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APPENDIX A: THE UNIT OF THE GYROMAGNETIC
RATIO

m

The unit of v is evidently C/kg but in lots of papers call the unit of v as 3.

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 mo-

ment of an electron p. to the angular momentum L

ety
_ He _ 3 €
=TT mevy (Qme) (A1)

2m,

729-%=9-( ‘ ) (A.2)

When we assume an infinitesimally narrow circular ring has radius r, area A = 772,

J\L= (m(\rv)lz'

-

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

mass m, charge ¢, and angular momentum defined as L = mwvr . Then, the magnitude
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of the magnetic dipole moment is

pu=1IA= <<%> U) mr? = (%) mor = (%) L (A.3)

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

wire. Thus, the last form of the equation above can be written in the following form;

e

e=|(=—)L A4
. <2m> (A4)
The value of the g-factor is 2.002290... for all ferromagnetic materials. 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 A.2 for gyromagnetic ratio, we can reach the gyromagnetic

ratio value for both free electrons and ferromagnetic materials;

Vzg.v(]:g.(%;e):g.(%) (A5)

By means of the above formula A.5, the electron gyromagnetic ratio of a ferromagnet

is calculated within the following form;

i [N o (He 11 _—1—1
Y=g-%=g (Qm) g+ (55) = 1760859770 x 10"~ 7 (A.6)

Here, there is also a mixed unit computation so for T (Tesla) is used as a unit of mag-

netic field strength; 17 = 10* Gauss and 1 Gauss (G) corresponds to 1 Oersted (Oe).

1000) 4

By using this convention and the relation between Oersted and A/m: 10e = ( ) o

the unit for external magnetic field can be turned into the unit for the magnetic field
inside the material within the following form; 17 = 10*Oe = 79.57747155 x 104% then,
if the gyromagnetic ratio unit is analyzed, we firstly need the inverse of the Tesla (T)f1

so that

1 A -1 A -1
-1 _ A _ (A
T = 70 57747155 % 10° (m) 1.25663706 x 10 (m)
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The value of the gyromagnetic ratio for both free electrons and ferromagnetic materials

v=g- (%) — 1.760859770 x 10"~ 17!
A _1
= (1.760859770 x 10"(s)™") - (1.25663706 X 106(%) ) (A7)

— 2912761647 x 10° (

Aﬂ?s>
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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.

oM « dM
W = = (M X Heff) + MS (M X W) (B].)

By vector multiplying both sides of the equation above by M,

oM «Q dM
Mx (E2 - v (MxH M x 22
X(ﬁ 7 X¢m+m< Xw))

oM « dM
Mx —=-—yMx (MxH M M x — B.2
O =AM (M) M (M ) (B2)
Using the following vector product identity;
axbxc=b(a-c)—c(a-b) (B.3)

The second term of the last equation B.3 can be written in the following form;

MX(MX%):M(M-%)—%(M-M) (B.4)

To reach more precise relation, if we take the scalar (inner) product of both sides of

Equation B.3 with M,

M-a—M:—yM-(MxHeff)+A‘;M~(Mx@) (B.5)
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(M x Heyy)

(M x )

=M -M_|

Since M L o

M - M _ —v M| |(M x Heys)| cos(m/2) + c |M]| ‘(M X @) cos(m/2) =0

dt M, dt

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 Equation B.4 in following form;

M x (Mx%):M(M-@)—@(M-M)

— - (M1l eos(0)) = ~27 (57 (B.6)

Therefore, the Equation B.6 becomes

Mx%—lz/[:—fny(MxHeff) AjMX( dM)

@)L,
(%))

S

= —/M x (M x Hepf) + — (

M
an—:—VMx(MxHeff)—k <

dt ML

= —’}/M X (M X Heff) OéMs ( i )
M x & = —yM x (M x Hcf) — aM, (44) B.7
Moreover, we can have one more relation for using the B.1;

dM
M x ——

By equating last two equations B.7 and B.8 to each other;

- ((il—l;d +7(M x Heff)) (B-8)



64

—YM x (M x Hepp) — aM, (GF) = 20 (% +7 (M x Hepy))
(M ( +a)) T8 =M x (M x Hegp) — 2= (M x Hegy)
<ML 1fa2 >MX(MXH6ff)_,Y%;{S <MS (ﬂ%)) (MXHeff)
Thus
oM 1
— = (ﬁ) (M x Hepp) +7 (M (1 fa2)> M x (M x Herp)  (B9)

dM
dt

(M x Hp) £ ( A ) (M x (M x H,j,) (B.10)

M,
Equation B.9 is another form of LLG equation and the similarity between the compo-

nents of the LL. Equation B.10 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 («) 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 B.9, as a = oo, all terms at the left hand side vanish thus,

=0

However, in Equation B.10 (LL equation) as a = oo the second term of the LL
equation (damping term) energy dissipation becomes dominant and therefore, 42 S =

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 [1,6,11,14,15].
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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 pa-
rameters 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;

g—{JraiN{fy(NxH)—fy)\(Nx[N><H])+7:L\—OT<N>< [Nxa%D}fZO (C.1)

where f(IN,t) is the distribution function f(IN,t) = (6*(IN — 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.

/ BNNF(N,t) = (s) =m (C.2)
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This can be proved trivially by plugging the general relation of distribution function

written within the mean field approach:

/d3NNf(N,t) = /d3NN (0°(N —s(t)) = </d3NN53(N — s(t))> =(s) =m

When the magnetization vector is differentiated, we can combine Fokker-Planck Equa-
tion C.1 with the following differential equation. In this way, the first stage of LLB

equation can be obtained.

dm d 0
— = — EBENNf(N,t) ) = | NN= (f(N,t
=5 (Jewsan) = [aenng o)
Therefore, instead of % (f(N,t)), we can write its equivalence which were taken from

the Equation C.1

JBENNE(f(N,1)) =

fd3NN{—8iN {fy(NxH)—fy)\(Nx [N x HJ) + 25T (N x [N x %})}f}
=—[d®*NN% (N x H) f+

A [ENNL (N x [N x H])f + 2L [BENN 5L (N x [N x &) f

= [d@N(NxH)f -3\ [d®N (N x [N x H))f+

PEL [N (N x [N x 5%]) f

As a result of this, we can reach the following expression;

/d3NN% (f(N,t)) = =y (m x H)—yA (s x [s X H}>+7)\55T /d3N (N X {N X aiN}) f

(C.4)

Detailed analysis of the third term at the right hand side of the Equation C.4:
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
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all for each LeviCivita symbol (5%5, eh jk) over the Equation C.4

vAkBT/ . 9 _’MkBT/ INee F NN
" PN (N INx | ) f(N.#) = " *Ne® e’ B NN = f(N, 1)

(C.5)

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;

€ai5 = Ewip and 5ja = _6ocj (06)
Xi = (5in]' and Xj = 5”XZ (C?)

€ai’666jk = 25;% = 6Oéj5ik — 5ak(5ij
or (C.8)

ePepin = Eaigepit = 0jadik — Oaklij

So we obtain;

f}/)\kBT/ 3 5 wring O k ”y)\lfBT/ . 5 _ a0 k
_— Ne®, A IN'IN — f(N.t) = ——— | d°Ne&“Pegp; "N* 4+ N7¢’") — f(N,
" d*Ne®5” 51 N f(N,1) " ePesn (6 + N6 )aN f(N,1)

The product of two Levi-Civita symbols can be expressed as the combinations
of the Kronecker’s symbols Equation C.8. As a result, we can write this term with

tensors in the following form;

—VAifT fd3N€ai686jk (5ikNj + Niéjk) %k (N.#) =

(C.9)
= P0EL [ PN (5%0% — 6°0";) (§FNT + NIGIF) 27 F(N, t)

Now, we are ready to analyze Equation C.9 by looking at the values of indices;

By setting @ = k and 7 = j, solution is zero.
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By setting a = j and i = k, solution is in the following form;

DL [N (5750 — 074';) (3FNY + N'G) R F (N 1) =
B o a « (¥ Yet k
= 0L [ PN (5708, — 0718"%,) (6%N° + N'*F) &5 F(N, )

29\ T a 8k
:A’/L—OdeSNN N (N, 1)

The equation written above is last form the third term in Equation C.4. 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:
ax(bxc)=b(a-c)—c(a-b) (C.10)
The proof of this relation:

d =ax (b xc)=ennian (€ijkbjck) = Emnicijranbjcy
= (Omj0nk — OmkOnj) anbjcr = ambcr — cma;b;

=[b(a-c)],, —[c(a-b)],

Then, we can apply this to our case;

AT [ BN (N x [N x &]) f = 2827 [ @N (N [N2RD| - 2 (f(N,)N?)) =

ON
_ YXkBT Of(N,t) Of (N,t) Of(N,t)
= 2kal fd?’N(N[N—aN ]-N? N _ g NUN )
_ YXkpT of (N, of (N, Of(N,t)
=1 qu fdgN (/3%1)/_/3%@/_ 2N ON >
kT af(N,1)
= -2 [d°N (Na—N>

As a result we obtained the same result ;

’)/>\l€BT 3 i . _’}/>\k3T 3 8f(N,t)
—Mo /dN(Nx{NxaN})f— —Mo 2/dN(N—aN )
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By doing integration by parts, the first derivative of the distribution function

disappears;

Integration by parts: [udv = uv — [vdu

u= N*
[ PN BN = [ dv
= f(N,1)

QVAkBde?’NNOéaN f( ): 27/\kBT (Naf(N + |+OO deNNOéf(N Zf))
_%ICFNNQJC( ,1)

By making use of Equation C.2 and under the light of this equation written above, we

can revise Equation C.11;

BT [ BN (N x [N x &) f = =220T2 [ @b (N2RE) = — 2T [ @NNe f(N, 1)
29\kgT « _ 29AkgT
— 2T [ NN f(N, £) = — 22Ty

Ho

By recalling Equation C.4 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;

om

mzﬁzy[mxH]—ANm—y)&sx[SXH]) (C.11)

Q’YAkBT

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.
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If the distribution function is chosen as f(IN) = exp(&o - N>/Z(£0) where Z(&,) =
4T (Sinh(fo)/&) is the partition function and &, = Bu,H,,f4is reduced magnetic field.
Therofore, for the non-equilibrium condition one can assume that f(N) = (exp(¢ - N))/Z( £)
where £=£(t) non equilibrium reduced magnetic field. By recalling Equation C.2, we

obtain;

;= (s;) :/d3NNjf(N,t) :/df’NNj (eXP (&N, (5))

As it can be seen from Equation C.11, 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(¢) — g

2 Z(6) = 4= (J@Nexp (& -N)) = [d* NN, exp (& - N)
=7 () (f d3NNif (N, 1)) = Z (&) my

where we used f (N,t) = ((GXP( ))/Z( )) relation. When we take the 2"¢ deriva-
tive of partition function with respect the reduced field, we obtain an important relation

before we reach the classical LLB equation of motion.

(f (N, 1) = <<6Xp§ N), > (exp(€N)) Z(6)~ LD exp(e.N)

a A )

Nk(exp(§ )) m; exp(§-N) Nk (exp(& N ))—1ny exp(§-N)
Z(8) Z(&

= Nk (f (Nvt)) - (f (N7 t)) ﬁlk

~

Thus,

gg; /(N0 = Ni (/ (N 1)) = (f (N, 0) s (C.12)
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The following equations are exploited in the derivation of the Equation C.12 which is

written above.

> e 2(8) = Z (&) iy
£)
> f(N,t) =

DﬁlZ:B

—~

N

exXp (5] ’ N)/Z (5))

The first thing is to write down %’?";

ol &) 9B & 3 ol
0¢; (B(g)?> = o et B(f)a@% + 3(5)628@ %>
9 i 0 &5
— 0% 1 B©)dyt — BO&ids = (B8 - 20) & + BO)Ly

0B(§) & _ (53(5) B B(§)> && ., B(E)

Oii C.
o, €\ o, € )e Te (C.13)

where ggi_ = 0;;. By using the following trivial relation: B* =1— B'(£) — 2%, we can
J
reach our goal which is to write an extended relation for the second moments of the

distribution function.

(sis;) = <%B(§)> Sy g, = % ((% - 3) %Ej + 6ij) (C.14)
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By taking the advantage of both Equation C.12 and Equation C.13, the second

order differentiation of the partition function can be obtained:

2 (£29) = &1 Z() i () + i (Z(€))
= Z() 22 () ( )m
= Z(8) 55 (J&NNif (N, 1)) + 5. ([ d*N (€ N)) s
= Z(&) (J NN (F (V1)) + 1 ([ NN (- N))
=Z(§) (J &®NN; (Ny, (f (N, 1)) - <f(N,t>>mk))+mi (J@*NNZ(€) f (N, 1))
= ([ @NNf (N, 1)) Z (&) = Z (&) i ([ d*NN; (f (N, 1)))
+Z (&) (J ®NN;Ng, (f (N,1)))
= Z(6) (i — ) + (J &NNf (N,0)) Z (€)
= Z(€) [, i) + ([ NN;N.f (N,1)) Z (€)

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

%a% (aa&z(g)> — </ PNN;N, f (N,t)) = (s;s1) (C.15)

At that stage, the first thing is to write down the Equation C.11 by using tensors.
Thus, we get rid of the vectoral form since tensors conceal the vectoral form of the
equation.

on — ylm x H] — Aym — v\ (s x [s x H])

= VEijk <3j> Hy — An <Sz> - %&jnélmn <Sj3m> Son

m =

By using both a simple equation for reduced magnetic field & = % and the

relations that were derived above Equation C.12, Equation C.14, and Equation C.15,
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we can do the following calculations;

O = yeijn (s5) Hi — Ay (8i) — 2 €5mE tmn {B(g) <<% - ) i 4 5jm) } o
= veijk (Sj) Hi — Ay (s:) — ATNEijn&mn < —3) &fe o, — A7N€¢jn€lmn$5jm€on

B(§)
3 )
= Yeijk (5;) Hi — Ay (1) — 2 €imEmn (1 - 3?7”) &0, — ATNé?ijn€zmn5jm%§on

Moreover, by using the Levi Civita mathematical formalism;

Eimngijkanbjck = (5m]5nk - (Smk(snj) anbjck = ambkck - Cmajbj

_5ijnglmn€m§j€0n = - (5zm53n - 5m6]m) gmgj&)i = 52501- - (gjgz) 501-

The reduced magnetic field turns into the following form;

(s5.) 33
5011 - 52] gz - EijnglmnjéTfOn (016)
Fortunately, we have another important relation % = % leads to modify Equation
C.16:
(mé&o) MMy,
§o, = e & — 5ijn€lmn#§0n

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;

ami
ot

m - & m MM
= veiemHy — Ay (1 ey ) m; — YA (1 - z) EijnSlmnF]Hn

In the vectoral form;

%_T =ymx H— Ay <1 - mwp'éo) m— A (1 - %) (m (:;X 1)) (C.17)

Now, we do some further analysis of each term of Equation C.17. During the analysis,
we will perturb the magnetization by applying an external field (H). For small devi-

ations from the equilibrium where m = mgy and m = mg = B (50)%3, one can put LLB
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equation into more compact form using H = ]f—ono and m —mgy = B'(&)(€ — &)

(i) The 1 term becomes y(m x H)

mo _ B(&o)
(i) The 2" term is —Ay (1 — myﬂ—?) mm=my= B(fo)g—g = (% Bfg) which led

3 3
us to get the following relation that describes the deviation from the equilibrium

state.

m —mg = 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.

—Ay (1 _ m'_iO) m=—Ay (m(éféo)) m=—Ay (""L(Tré/(?)o)) m

mg mg mg
A m?—mm A mmg\ m?
=~ (") M= mmy (-0 T
_ _ Ay B® mm _ mm
= 4552 (1 - =) m = -1y (1 - =) m
In this way, we obtain
m - & mmg
Ay (11— m=—T, (1— & )m (C.18)
mé m
where ['; = <%> (@) is called as the coefficient of the longitudinal relax-
ation term.
(iii) The 3™ term is —yA (1 — %) {mx(mxH))

For the detailed analysis of the transverse relaxation term the two relations writ-

ten below play a key role since they will describe the initial condition of the
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magnetization before the perturbation made by the external magnetic field;

H = kB;Tfo

L o (T S = N wem
m =1mgy = B(&))f_o

m mx(mxH m
—7A (1 - z) (mx(mxH)) _ (1 . z) (L) (m % (m X kf—oTBng)m0>>
_ kpT _¢& m | (mx(mxmo)) _ A 3 m ) (mx(mxmo))
= At (1 ) el = A () (1) (i
&

_ _Ax (( €0 ) B ()) (mx(mxmo)) _ _ A << 0 > B 1) (mx (mxmo))
2 B(&o) m? 2 B(éo) m?

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

m\ (mx(mxH)) (mx(mxm))
—A (1_£> — =TI, (C.19)

m2

where 'y = ATN (( Bfgo)) — 1) is coefficient of transverse relaxation term.

As a conclusion, when we plug Equation C.16 and Equation C.17 into Equa-
tion C.19, we obtain the classical LLB equation by using the quantum generalization

methods.

LLB equation for ferromagnetic materials which is 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 polariza-
tion without considering any interaction between the magnetic moments (which can
be referred as isolated magnetic moments). That simulates the situation in pure para-
magnetism. 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, indi-
vidual 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 [6]. More-
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over, 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):

1
H = — Mo Z HiSi - 5 Z Jij (nmsmismj + ThySyiSyj + Sziszj) (C21)

.3

ny and 7, are the anisotropy factors which are 7,,n7, <1

It is impossible to treat the spin-spin interactions fully without some approxi-
mations. Garanin took the advantage of Mean Field Approximation (MFA) [6] in the
description of effective field corresponding to each lattice site. Semi-classical spin dy-
namics leads us to get the interaction field of the system by presenting the following
equation for the single spin Hamiltonian:

L — 5 — (s x H(s))
—gupH(s) = 51 = H(s) = — = (57)
= H (s) =— (5—H)

s

The last equation is in CGS unit and gup is inserted inside of the effective field.

In ST unit system, we need to divide it to the permeability of free space po which will
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have the following form;

MFA _ _ 1 0H
H; ~ po Os

_ﬁa%i <_N0 Z” H;s; — %Z” Jij (MwSziSaj + MySyisyj + 32i52j)>
=H; + % > Jij (MaSaj + MySyi + S21)

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

Ho

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: |H;”| > |H;| Above of Cruie temperature (7,) which is the phase
transition temperature for the ferromagnetic material so the spontaneous magnetiza-
tion does not exist because ferromagnetic material behaves like a paramagnet.

H-HF

(HF)*

By using the special form of Taylor expansion called Maclaurin expansion one
can get a special relation for HM% which is the modulus of MFA field;
frx1
(1/1—z)=04z) " "=14+z+2>+23+a*. ..
T — -

(1L/14z)=0+2) ' =1—az+a>—23+a* ...

E E E ce
@E)? T\ (HF) (HE) (C.23)
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After that the relations below are written for general expressions of Equation C.24
exchange interaction field, Equation C.25 magnetization vector at the non-equilibrium
case and Equation C.26 the relation between the reduced magnetic field and the MFA

field, respectively.

HE = o (C.24)
_ e &0

m = B (&) & (C.25)

&0 = BuoHM"™ (C.26)

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

the magnetization at equilibrium case;

mo = B (B4 (4ies ) = B (8o H'74) (frsers

B (ﬁMOHMFA) = W

HMFA

By taking advantage of Mean Field Approximation, the Langevin function is

expanded up to first order and it has the following form;

B (&) = B (BuoHP) + B' (Ao H®) 2

Ok (C.27)

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
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field.
<%) =~ B (BuoH") + B' (BuoH") (?Hgf ) (C.28)
Therefore, we obtain a compact equation;
mo = (B (BroH") + B’ (BuoH") ?Hgf ) <Zﬁj> (C.29)

Yet, Equation C.29 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 (Equation C.8 and Equation C.10). By utilizing

these equations, the last form of mg is obtained;

(m-H)m  Bug(H xm)xm
m2 mdJy m2

B
mo & —m + B'Buqg (C.30)

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'y) of the terms of LLB equation
shown in Equation C.20. In these analyses the vital role is to plug the relation of my

(Equation C.30) into Equation C.20.

(i) Transverse relaxation term: _FQW where ['y = ATN ((3%20)) — 1)

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

2’)//\]€BT
Ho

o m = B (&) §—§
o (= BMOHMFA

QAN:
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The coefficient of the transverse relaxation term I's is obtained in the following

form;

A £
Ty =52 ( B(&)) - 1)
Y kBT 5
_ 0
“ ((ste) 1)
— 2AkBT (( &o _ 1>
1o B(&o)
WkpT (1 B (B(&))) Bug HMFA
T o o B(&o)

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;

J J
HP > He HMA—HP y H=m+Hr2mAB=1/kgT
Ho Ho

I, = 2 (1 (28))) 1/ g pem
2 o B(&o)

A ([ B(o) Jom __ m_ Jo
" o <1 ( o )) B?ﬁo) o ,YO{J‘B(‘EO)#Z

Thus,

m
B(&o) o

[y =vyay (C.31)

where oy = A (1 - (%)) The transverse relaxation (or damping) term (Equa-

tion C.31) of LLB equation turns out to be in a different form when the Equation

(C.32 which is written below is used.

1= (%0) (5igy) ™ (€.52)
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By means of the Equation C.32, we can obtain the following equation:

_FQ (mx(z;mo)) — _ATN ((B%go)) o 1) (mX(Z;mo))

m  Jo (mx(mxmg))

=TT B no m?2
B
o ol )

_ m__Jo (BT (mx(mxH))
— _VQJ_MP_?{ ( kgT %) m2

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

transverse relaxation term.

o = BuoHMEA
HMFA —

§o = BJom

Joym
©o

—T, (mX(ZZ’XmO)) = —va, (@%%) (mx(mnng))
= —ya, (ﬁ%ﬂj&{) (o (mx )

= —~va, (mx%xH))

As a result, the transverse relaxation term is obtained;

H
T, (m x (m2>< mg)) — a, (m x (m2>< ) (C.33)
m m
(ii) The longitudinal relaxation term: —I'y (1 — 252) m where I'; = B"}—%%

The magnetization of the whole system at the equilibrium case Equation C.30

was

H - HE HMFA
my = (B (mloHE) + B’ (5,u0HE) (HE)2 ) (HMFA)

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

m{ Bt B g L2 _ B (1) xm

I (1—23)m =T (1- i m, o m m
L m24 B! Bpom® (gl — D0y, FLXmem

= _Fl (1 — {m ’”fl; mJo m } m

B
= -1 <1 - 7""}'{7 + B/ﬁﬂo—(%f» m
— _FlBlﬁ,uO (1—B/m + (mH)> m

B'Buo m?

Thus,

-1, (1 — mm0> m = —yay, (1 ;;;Z)m + (meH)) m (C.34)

where oy = BB = 2P BUET B0 = FEE B paf = 205D

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 = 3kpTe (C.35)

By using Equation C.35 and the other three relations (which are written below), we

can obtain a crucial relation for _Bgo);
m = B (&) §—§
o = BuoHM A B) _m_ . m _ owmw kT T
0 o S BuoHMEA 5%;—?(%% 3ksTc  3T¢
HMFA _ ﬁm

Ho

As a result, the longitudinal damping parameter has the following form;

_ B 2T
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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 — %) is a
small quantity proportional to the deviation from the equilibrium. Thus, B is expanded

around around the equilibrium magnetization m, up to the first order in dm = m —m,
B(&) = B(&) + BB (§)om (C.37)

Therefore,

1 _ BO _ | _ BE)+BIB(€im

m m

=128 _gB/(g)m = dm (1 _ 3], B(E,))

Accordingly, we can expand ém = m — m, around m.2 up to first order;

2 2
om 1 <—m e ) (C.38)

m 2 me2

In view of these two important approximations Equation C.37 and Equation C.38, we

analyze the following term;

1- 28 (1—BJOB’(gE)>1(m2—m£) ! (mQ—me2) (.30
ﬂMOB/(ge) B BMOB/(&E) 2 m€2 B 2X// m€2 .

where x, = (%) is is the longitudinal susceptibility. Therefore, we can rewrite

the longitudinal relaxation term by using these new relations;

- (s () 4
1_B/m (m'H) 2X// m€2
_’Va// B/BMO + m2 m = _705// m?2 m

(C.40)

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
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but the main contribution comes from the first two terms thus,

11 2 1 1,1
B(§) = §§ - 4—553 + %(Ss - m57 R 35 (1 15§2> (C.A41)

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

€2 > 15¢
=i(1-58)=30-5% 15 ¢
(C.42)
=5 (1-1+%) =4
621—% ‘ ‘

As a result, both longitudinal and transverse damping parameters have the same rela-

tion above T,

T
3T,

&//:Oq_:2)\ (C.43)

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

~

for the fluctuations in the magnetization length are also revised. m,? € is again a

wlot

modification of MFA to the equilibrium magnetization. Thus,

1—B/m _ (1-BJB(E)\1 (m>—m>\ _ Jo (3 , N YER T
= (s )t ) 2 (37 )~ (G-t )

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.
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By using the Equation C.33, Equation C.34, Equation C.36, Equation C.40, and
Equation C.43 we can conclude this long and complex derivation with an equation
which is able drive the magnetization at finite temperature even above the Curie tem-

perature.

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 H,y;

as written below.

1 m?2
Heff = Happl+Han + (C44)
1 3 T
s 3 ()2 = 1w T2

where 7 = H?TGQ and H,,, applied magnetic field and H,, anisotropy field includ-
ing both in plane and out of plane anisotropy. The temperature dependence of the

transverse and longitudinal damping parameters are given by:

[67¢] <1—%> T<Tc
2T
ay =g ( ) Ty = (C.45)

3T,
oo (%) T=T.

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

om N o’
5 =7 (m X Hepg] + L [[m - Hoyy]

i m| — JoL [m x [m x Hegyl] (C.46)

ml?
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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 = (my,my,m,) and it can be pointed out like

o~

m = mgi +my,j +m.k (D.1)
The square of spin polarization vector is
2

m? =m,> + my2 +m,2andm? < 1

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

spatial components should be written for this purpose;
Hopr = H 0+ HH )+ HA k= Hyppt Hop+ Hi+ Higng (D.2)
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 “H,,,":

Hupp = Hyi+ H,j + H.k



87

The longitudinal damping field term “Hjop,":

) Te >T
() (1=35)m
X| Me

(L _3T. 2
(Xn) <1 s ) " Te <T

— Hxlong _|_Hylong + Hzlong

m2 - -~ o TC >T
(2) (1) (- mi o)
1 3T. .2 A A T
N (XH> (1 =l ) (mmz Ty mzk> Te <T
The anisotropy field term “H,,,":
1 ~ ~ A an an an
Hep = — (_> (Mmyly +myéy +m.e.) = H,*" + H,"" + H, (D.4)
XL
The Langevin field term Hyp = Mhyp;
By = 1 e_(%> 5 aKpT; (D.5)
M Var M, HoYo AV M AT |

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;
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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.

H,
hefy = Mff + ha, (D.6)

Therefore, the following equation which is the last form of LLB equation where all vari-
ables are dimensionless when the spin polarization vector (m) is used as our dependent

variable.

e g (SO o (2 X

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 (%) 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:
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The first term is the precessional torque term:

(mxHepg) =1 my my, m,
Hyetd Hyetd Hets

:?(myH;ff —m,H,7)

+j (moHy o —mg H 7 )

+k (mgyHyt' — myH, 1)

The second term is to consider the longitudinal relaxation of the macrospin:

(m - Hepp)m = (mgHyer +myHy" +m,H,7) <mx/i\+ my3+ mzk\)

=my (M Hyr +myHy o +m,H,*7 )1

~

+my (Mg Hye!r +myHy +m,H,<1) g
+m, (mgHye'' +my Hyo /' +m, H,<7) k

The third one is the transverse damping torque term:

i fi k
m X (Heff X m) = My my m,
(mszeff — mZHyeff) (mZH.’Eeff — mereff) (mxHyeff — myHreff)
= (my (myHy"" — myH, ') —m, (m,H,' — mxH;ff))/i\

+ (mz (mszEff —_ mZHyEff) — mx (mIHyEfj _ mnyEff)) )
+

J
(my (m,Hye " — mgyH, ) —my, (my,H,*/" — mZHyeff))E

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;

d_m B (9m:m+ Omy~ GmZE _ Omy N om,, n om,
a ot T o o ot ot ot
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Thus, we separated the spin polarization vector into its three spatial components

m (mg, my, m,) and in this way we get three partial differential equations:

O = = (my H." —m H,7) + (M) [ma (Mo Ho '+ my Hy 4 m.H.17)]

ot —5
— (228) [ (a0 = m, H,01) = m, (o, H,ot! = m, Ho01)
ag;y = —v (mszeff _ mtzeff) 4 (%) [my (mmeeff + myHyeff + mszeff)]
- (%) [(mz (mszeff - mZHyeff) — My (mxHyeff — mnyeff»]

O = = (maHy ' —my Hpe) + () [me (moHy Y +my Hyl + m. H.7)]

ot m2

- (%) [(ml‘ (mZHJJEff - mmHzeff) — My (mszeff — mzHyEff))]

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;

€a (%) + d, (%) + V- (=c(Vu) —au+7)+ 8 (Vu) +au = f (D.8)
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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; Therefore, at first we should determine that which term will be

Table D.1. The symbols and the their corresponding meanings in the default ordinary

differential equation which is shown in the LLB equation.

Symbol | Coefficient Name

€q The mass coefficient

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

Q@ The conservative flux convection coefficient
vy The conservative flux source term

I} The convection coefficient

a The absorption coefficient

f The source term

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
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cases of the LLB that are ready to be entered to the COMSOL.

_3&% +my [(%) (my Hy 5+ my Hy ' +m  H7) — (WL) (my Hye " + mszeff)}

m2

= — [y (myH.**" — m H, ) + (24) (my*H, ' + m,2H,*7)]

=ty [(GF) (e Ha ! my Hye s ma Hoeit) = () (maHe !+ m et )
= — [y (mH —mu H ) 4 (25F) (m 2 Hy 0+ my > Hye /)]

<t ((20) (4 H 04 ) = (B8 G HL0 )

m2

= — [y (maHy™' — myH,) + (24) (ma2H. + my>H.*7 )]

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, =10
c=0
a=0
v=20
B=0
-1 0 0
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(1,1) = [(Z20) (g Hyt? + myHyt! + moHott) — (12
(2,2) = [(%) (Mg Hoo! 4 my, Hye!! +m, H,o/7) — (%) (m.H.*/f + mxerff)}
(3,3) = [(34) (maHo " + myHy 5 +m H, 1) — (224) (mgHyo' ' + my Hy /)]

) m?2

(2,2) = — [—v (mH,™ — maH.*) + (224) (m.2Hy ™' + my2Hy 7 )|
(3,3) = = [ (moH, /=, Hyot) + (%) (m,? Hoett +m, Hoeth)

m?

(1,1) = = [=y (myH.~" —m.H,) + (24) (m,2H, 7 + m,2H,/)]

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;



the LLB equations.

Name Symbol | Code
Gyromagnetic ratio ¥ Gamma
Damping parameter « Alpha
Longitudinal damping parameter ot alpha_pll
Transverse damping parameter o alpha_tr
Effective Magnetic field H H
Magnetic field x direction Hy HX
Magnetic field y direction Hy HY
Magnetic field z direction Hy HZ
Temperature ratio r=T/T, | r
Damping parameter difference Ad d_a
Permeability of Free Space 140 MO
Saturation Magnetization Mg M-S
Square of Spin Polarization Vector | m? m_square
Curie Temperature of the Material | T, TC
Boltzman Constant kg KB
Logitudinal Susceptibility X// Xl
Transverse Susceptibility X, Xt
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Table D.2. Code names corresponding to the symbols and symbols which are used in
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Model Navigator:

(i) Start Comsol MultiPhysics

(ii) From the space dimension, select 3D and from application modes select:
COMSOL Multiphysics/PDE Modes/PDE, Coefficient Form—Time-dependent
analysis

¢

(iii) In the Dependent variables field, enter “ mx my mz ”, with space in between the

components

(iv) Click OK

Options and Settings:

(i) From Options menu, select Constants

(ii) Define the following constants

\', Constants g
Name Expression Value Description
alpha 0.05 0.05 damping -
r T[Te 10.50208[1] t over t cruie B
alpha_pll jalpha*2*r[3 0.016736[1] alpha longitudinal
alpha_tr lalpha*(1-r/3) 10.041632(1] alpha transverse
d_a alpha_pli-alpha_tr -0.024896(1] delta alpha
Tc 1394.2[K] 1394.2[K] Curie of Co
T 700[K] 700[K] temperature of Co
dt 1*107-12[s] 1e-12)[s] time stepping
M_s 1417750[Ajm] 1.41775e6[Ajm] saturation
gamma 2.21276%(10~(S)[(m/C)] 2.21276e5[m/(s-A)] |ayromagnetic ratio
v 20%10~-9))~3 [m~3: Fae-zﬂ[m]] volume of box
mu 1.25663706%( 10°-6)) [(m*ka( s*A)*2)] |(1.256637e-6)[H/m] bility of free space
Kb 1.38%(10~(-23)) [kg*((m/s)*2)/K] 1.38e-23)[m?-kg/(s2 k)] _|boltzman constant
MULT (2*alpha*Kb*T) (9.66e-22)[J] multiplicator of langevin field
HO1 F1/0@)*A -3.174603eS[A/m] For x comp constant part of out of plane anisotropy | = | ||
Ho2 ~1/0a)*8 ~1.587302eS[Ajm For y comp constant part of out of plane anisotropy
HO3 =10E)*C -158.730159[Ajm’ For z comp constant part of out of plane anisotropy |
A 2 2 i Field(constant)
1 f i )
cC 0.001 10.001 anisotropy field(constant) fl
D 0.0000063[m/A] 6.32-6)[m/A] transverse i 1stant case)
K 1075 [Jjm~3] 1e5[Pa)] Anisotropy constant
] 0.085[m/A] 10.085[m/A] longitudinal susceptibility{constant case)
a 'ﬁe-lz[s] 2.5e-10)(s] step Function parameter for smoothness
b 1450e-12[s] 1.45e-9)(s] step Function parameter for smoothness
scale 155e-12 1.55e-10 step function parameter For width
amp 140000[A/m] 1.4eS[A[m] field amplitude of the z component
ampo S[A/m] S[A/m] field amplitude of the x y component 1
TRT 1/(gamma* alpha_tr*amp) (7.753725e-10)[s] transverse ion time
TRT1 1/(gamma*alpha_pll*amp) 1.928794e-9)[s] transverse relaxation time 1
LRT lj(gamma*alpha_pl) 2.295265¢-5)[s] longitudinal relaxation time
LRTL DXt/(gamma*alpha_tr) 6.838785¢-10)[s] longitudinal relaxation time 1
= T R e ——p
/)

Figure D.1. This is screen shot of Constant Interface in COMSOLMultiphysics.



(vi)
(vii)
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Geometry Modeling:

From Draw menu, select Block

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

It should be center based box because the arrow that we will see after the COM-
SOL solves the PDE. One point of the arrow starts from the center to the one

corner of the box.

Length value can ben determined as follows;

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

Axis base point can ben determined as follows;

r=—-1ly=—-1,2=-1

From Options menu, select Suppress/ Suppress Boundaries

Select all boundaries from the list and click Select Current Suppression

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.
From Options/ Expressions, select Subdomain Expressions

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

Physics Settings:

From Physics menu, select Subdomain Settings
Select Subdomain 1, enter the following values
Below Figure D.3, Figure D.4 and Figure D.5 shows us where and how our coef-

ficients of the PDE are entered to the COMSOL Multiphysics Program.



[ - [ Expressien =
m_square mx 24my ~24mz 2 -
H_square HX~24+HY A 24+HZ~2 |EI
IHX HXE+-Hox
=Y HYt+Hoy
HZ HZt+Hoz
Hx Hx+HIx
HE Hy+Hly
HZE Hz+Hlz
Hbx i
Hly 0
Hlz o
Hoz mz*HO3 8]
Hoy my*HO2 0
Hox mx*HO 1 0]
Hzv HO3 [Afm
Hyv HO2 |Alm
IHacw HO1 A fm
Hilz HIl*mz
Hily HI*my
Hibe HI*mx
Hil 0.5%(1-m_squarejme~2) [l
Hx ampo™k3
Hy lampo*k3
Hz amp™k3
k1 Flc1hs(t-a,scale)

2 Fic1hs(t-b, scale)
=] k1-k2
me 0.88%M_S(T)
langevinc (MULT[DENM)~0.5/M_S(T)
DENM dv™dt™gamma*mu*M_S(T)
Ha HX+Hbx
Hl HYt-+Hby
ard] HZt-+Hbz
Hbx Hox-+Hllx
Hby Haoy+Hiby
‘l—bz Hoz+Hllz
Eot] (wtencal] [wtprtyon] [uuticn
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Figure D.2. This is a screen shot of Subdomain Expressions Interface in COMSOL

Multiphysics.
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IS tbtiomain Settng: = PDEICOSILesEnt Eox ralic] T ]
Equation
e, ufat® + d_sufat + V{-cTu- au + y) + au + B-Vu =F
Subdomains | Groups clalel=a] 2 [olel e [eemen [weak o= ]
Subdomain selection Damping|Mass 5
mx my mz
-1 lo lo
o -1 lo
o o -1
Group:
[] Select by aroup
[#] Active in this domain
[ ox [ cancel |[ meoly |[ rele |

Figure D.3. This is a screen shot of Subdomain Settings Interface in COMSOL

Multiphysics. This tab shows only “da” cofficient values of the entire equation.

" Subdomain Settings - PDE, Coefficient Form () e

Equation

eiazulat2 + daaulat + P{-cVu-ou+y)+au+p-Tu=F

subdomsins [ Groups| ([ f [, 4, [a] v int | Eement [ weak|
Subdomain selection [ sourceterm
1,1
2,2)
3,3
(1,1
gamma*(my*HZl-mz*HY1)+(gamma*alpha_tr*(-my*my-mz*mz)*HXt)/(m_square)
(2,2}
Fer = gamma*(mz*HXI-mx*HZl)+(gamma*alpha_tr*(-mz*mz-mx*mx)*HYt)/(m_square)
- 63
(7] select by group gamma*(mx*HYl-my*HXI)+(gamma*alpha_tr*(-mx*mx-my*my)*HZ()/(m_square)

[¥] Active in this domain |

(N T ) O

Figure D.4. This is a screen shot of Subdomain Settings Interface in COMSOL

Multiphysics. This tab shows only “f” cofficient values of the entire equation.
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Subdomain Settings - PDE, Coefficient Form (c) &

Equation

e,3%/3t% +d dujat + V{-<Vu- ou +y) + au + B-u=f

Subdomains | Groups c|a e, [d,[a]p]v]nt]Eement | wesk]
Subdomain selection Source term
P - | an
‘ -] 22
s 6
Select by group

¥ Active in this domain ok ][ concel |[ apply |[ hHep |

(1,1):
(gamma*alpha_pll*(mx*HX+my*HY+mz*HZ)-
-gamma*alpha_tr*((-my*my-mz*mz)*Hxv+my*HY+mz*HZ))/(m_square)
2,2):
(gamma*alpha_pll*(mx*HX+my*HY+mz*HZ)-
-gamma¥*alpha_tr*((-mx*mx-mz*mz)*Hyv+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)

Figure D.5. This is a screen shot of Subdomain Settings Interface in COMSOL

Multiphysics. This shows only “a” cofficient values of the entire equation.

We should also give an initial condition to the PDE as COMSOL starts to solve

the PDE by using this initial condition.
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Subdomain Settings - PDE, Coefficient Form (c) -

Equation

2,8%u/3t + d_3u/at + V-(-cVu - ou + v) + au + B-Vu =F

Subdomains | Groups ‘clalt’lG,ld.lOlBlV‘ln't‘Ekvmlwaakl ‘
Subdomain selection Initial value
1 - mx(ty) 0

my(tg) [-((20/180)~(0.5))*0.85
mz(ty) |-((160/180)~(0.5))*0.85
mxt(tn) 0
myt(ty) [0

mzt(tu) 0
Group:
[] Select by group

Active in this domain

ok ][ conce ][ sppty ][ heb ]

Figure D.6. This is a screen shot of Subdomain Settings Interface in COMSOL

Multiphysics. This tab shows the initial conditions of the entire model.

An alternative way of inclusion of functions which depends on the same indepen-

dent variable of the system is to insert listed values of the function corresponding to

this independent variable.

1 Functions g ]
Defined functions Function definition
M_S - Function name: langz
langx Interpolation method: [|inear -
Extrapolation method: Interpolation Function —
Value outside range:

File name: |C:\Users\Ffizik-i72\lb project\implemented\langey

Do

[ ok ][ cancel | [Apply ][ He |

Figure D.7. This is a screen shot of interpolating function inclusion Interface in
COMSOL Multiphysics. COMSOL Multiphysics allows both a mathematical

equation inclusion and the list of function values.
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Mesh Generation:
From Mesh menu, select Swept Mesh Parameters

)

(ii) Select Subdomain 1
) On the Predefined Mesh Size list, select Extremely Coarse
)

On the Element Layers page, check the Manual Specification of element layers
field
(v) In the Number of Element Layers edit field, enter value 1
(vi) Click Remesh
(vii) Click OK

Computing the Solutions:

) From Solve menu, select Solver Parameters

) Select Time- dependent Solver from the Solver list

(iii) Enter range(0,0.0000000000002,0.00000000005) in the Times edit field
) Click OK

) Click Solve

Postprocessing and Visualization:
From Postprocessing menu, select Plot Parameters

)
(ii) Uncheck all plot types
) In the Arrow page, check the Arrow plot field
(iv) On the Subdomain Data field, enter mx, my, mz in the x, y, z edit fields, respec-
tively
(v) In the Arrow positioning field, enter value 1 for Number of points field for x, y, z
points
(vi) In the Arrow parameters field, select arrow from Arrow Type list and Proportional
from Arrow Length List
(vii) Click Color button and select Red color

(viii) Click Ok



(i)
(i)
(iif)
(iv)
(v)
(vi)

)

(vii

(viii)

(ix)
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Plotting the Result:

From Postprocessing menu, select Cross Section Plot Parameters

In the Plot Type list, check Point plot

In the Solutions to use list, select Stored Output times

From time list, select all the time values

Check the Keep current plot field

Click the Title/Axis button

The default values of Title/ Axis are Auto. In the Second Axis Label, check the
empty field and enter: “magnetization ji;mx/mx(t=0)"

Click OK

Click on the Point tab

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

Enter 0 for x, y, z coordinates

Check that the x-axis data is selected as Auto

Click the Line Settings button

Select Color from the Line color list. Then, click Color button and select random
color

From the Line Style list, select a style

Click OK

Click OK. A plot of variation of magnetization component mx with time appears.
Minimize the plot. BE CAREFUL. DO NOT CLOSE THIS PLOT.

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.
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APPENDIX E: LLB BASED MACROSPIN MODEL
USING MATHEMATICA

In this appendix, our goal is to express in-detail the non stochastic LLB equation

based macrospin model together with its outputs.

# Non-Stochastic LB Macrospin Model.nb * =) |-

e

Variable Parameters

Tc = 448; (+Curie Temperature (for CoNi/Pd Multilayers)
TPEAK = 440; (Peak value of heating pulse

a=0.0275; (Gilbert Damping Parameter

gamma = 2.212761x 10°; ( gyromagnetic ratio [ﬁ]

@ = gamma;
kB = 1.3806504x 1023; (+ Boltzman Constant [i]

mu0 = 47%1077 ; (+ permeability of free space [N.A™?]
AV = (25x107°)%; (+ 25nm-25nm-25nm
tmax = 10x 107°; (+maximum time
tstep = 0.1x 104 (-13); («that is neccessary while we are listing the interpolated data of both field and heat pulses
Fieldxy = 107%; (xSince our structure is on the xy plane along x and y directions we will apply weak field
Fieldz = 0.075; (+Since our structure is on the xy plane we will try to align the magnetization along z
direction by applying a dominant field pulse.
mult = 1; (this is a multiplicator used in the Gaussian Stochastic Process
POW = 9; («this says that field is in the nanosecond scale

POW2 = 9; («this says that heating is in the nanosecond scale+)|

150% =

Figure E.1. The screenshot shows the constants which will be used in the LLB based
model developed by using Mathematica.

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.
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# Non-Stochastic LLB Macrospin Model.nb * e () S

>

Interpolating Polynomial Function will be Implemented for the purpose of obtaining
Heat/Temperature Pulse
ataT = {{"TEMP K", "sat.mag. (emu/cm3)"}, {0, initT0}, {tT1, initTO0}, {tpT0, peakT},
{tpT£, peakT}, {tTd, intT1l}, {tTf, intT1}};

]

erT=1; to erase the first component of “ata™ this is equated to 1

initTO = 300; («that determines the value of first ambient state

£T1 = 0.25x 10~ (-POW2) ; (xthatis the end time for the first ambient state of pulse

£pTO = 0.5x 10~ (-POW2) ; (xthatis the starting time for the peak value of pulse

£pT£ = 1.5x 10~ (-POW2) ; («thatis the end time for the peak value of pulse

peakT = TPEAK; that is the peak value

£Td = 1.75x 104 (-POW2) ; («that is the starting time for the second ambient state of the pulse
intT1 = 300; («that determines the second value of ambient state

£T£ = 10° tmax; («that is the end time for entire pulse which is coupled to the end time for computation.

x = Length[ataT];
ataT3 = Drop[ataT, 0];

ataT4 = Drop[ataT3, erT];

ataT6 = (1040)  (ataT4[[All, 2]1);

ataT4[[All, 2]] = ataTé ;

ataT4;

T = Interpolation[ataT4, InterpolationOrder - 1];

150% =

Figure E.2. This screenshot shows that how we can create an adjustable heating

pulse by using Mathamatica algorithms.

By using the commands which are shown above, we created an interpolated heat-

ing pulse with adjustable width amplitude and the slope.

® Non-Stochastic LLB Macrospin Model.nb W=

plot[r[t], {t, 0, tmax}, Frame - True,

I BaseStyle - {FontFamily - "Times", FontWeight -+ "Bold", FontSize - 14}, I
FrameLabel » {"time(s)", "T(t)"}, PlotRange » All, PlotStyle - {Thickness - 0.004, Black}, E
AspectRatio - _*r , Frame - True,
GoldenRatio

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["Heat Pulse - Time", 28, Red, Italic],
LabelStyle - Directive[Black, Bold, FontSize - 24], PlotRange -> All, ImageSize - 640,

Axes » False, TicksStyle - Directive[Red, Bold]]

Figure E.3. This screenshot shows the required command for plotting the heating

pulse.

After the development of heating pulse and the inclusion of vital constants we can

insert the intrinsic parameters which are possessed by CoNi/Pd multilayer systems.
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Heat Pulse — Time

420 m

400
380

T(t)

340
320

300J
0 5.x107°  1.x107% 15x10% 2.x10°8

time(s)

Figure E.4. This is an output of commands written above. In this output, it is shown

that an example heating pulse with 1.25 ns width and 425 K amplitude.

Saturation magnetization and the zero field equilibrium magnetization are the
among the 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 satu-
ration 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.
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® Non-Stochastic LLB Macrospin Model.nb

« Interpolating Polynomial Function will be Implemented for the purpose of obtaining
l Saturation Magnetization as a Functions of both Time and Temperature -« I
I
atak = {{"TEMP", "K", "sat.", "mag.", "(emu/cm3)"}, {0, 250000}, {75, 246000},
{150, 242000}, {200, 238000}, {250, 232000}, {306.452, 210413.589},
{313.241, 203315.961}, {320.312, 195716.153), {327.384, 188072.179},
{334.455, 180195.576}, {341.527, 171503.141), {348.598, 162264.102},
{355.811, 148559.423}, {362.741, 141479.615), {369.813, 129981.217},
{376.884, 117959.551}, {384.097, 104257.211), {390.886, 91136.974},
{398.240, 75581.448), {405.312, 60026.929}, {412.242, 44653.176}, {419.455, 31188.038},
{426.385, 20650.628), {433.173, 14761.660}, {440.528, 10084.480), {447.882, 8896.967},
{454.52967", 7783.858), {461.601, 6932.141}, {468.8140, 6060.230}, {476.027, 6065.365},
{483.098, 4754.576}};
i=1;

[}

atak24 = Drop[atak3, i];

atak26 = (atak24[[All, 2]]);

atak24[[All, 2]] = atak26 ; atak24;

SatT2 = Interpolation[atak24, InterpolationOrder »1];
St = SatT2[T]; SatT2[0];

ion and it is ized to its zero temp sat mag value form+)
atak3 = Drop[atak, 0] ;
atak4 = Drop[atak3, i];
atak6é = (1/250000) (atak4[[All, 2]1);
atak4[[All, 2]] = atak6 ; atakd;
SatT = Interpolation[atak4, InterpolationOrder - 1];
Stnorm = SatT[T]; SatT[0];

* ion time y by using i ion method «
pulsintT = Table[{t, T[t]}, {t, O, tT£, tstep}];

temp = pulsintT;

SatMag = 10° (SatT[temp]) ;

l SatMag[[All, 1]] = pulsintT[[All, 1]]; SatMag;

Ms = Interpolation[SatMag, InterpolationOrder - 1];

I SatMagl0 = Ms[t];

I 150% +
—

Figure E.5. This is the screen shot which shows the required commands to create

interpolation functions of intrinsic parameters.

The intrinsic parameters(saturation magnetization and zero field equilibrium mag-
netization) are included into the LLB model as interpolation functions. The interpola-
tion is created by using the experimental data. The dependencies of these parameters

are time and temperature.

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.



# Non-Stochastic LLB Macrospin Model.nb: W=

ion time y

Plot[Ms[t], {t, 0, tmax}, Frame -> True,
BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel -> {"time (s)", "M (t)"}, PlotRange -> All,
PlotStyle -> {Thickness -> 0.004, Black}, io -> 1/GoldenRatio,
Frame -> True,
FrameStyle -> { {Black, Thickness[0.005]}, {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}}, GridLines - Automati

GridLinesStyle -> Directive[GrayLevel[.9], Dashed, Small],

PlotLabel -> Style["Saturation 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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Figure E.6. This is the screenshot which shows the necessary commands for plotting

the saturation magnetization with respect to time.

Saturation Magnetization — Time

0.8 _‘

0.6

Msat(t)

0.2

0 5.x107° 1.x107%  1.5x1078
time (s)

saturation magnetization.

2.x1078

Figure E.7. This is an output of the commands shown above. The time dependent
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Saturation magnetization is a time dependent function because the system tem-
perature is changing in time. The change in temperature has a direct influence on the

saturation magnetization value of the sample.

@ Non-Stochastic LLB Macrospin Mo_ — ‘Q‘@‘gn

Plot[SatT2[T], {T, 0, 500}, Frame -> True,

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

PlotStyle -> {Thickness -> 0.004, Black}, io -> 1/GoldenRatio,

Frame -> True,

FrameStyle -> { {Black, Thickness[0.005]}, {Black, Thickness[0.005]},
{Black, Thickness[0.005]}, {Black, Thickness[0.005]}}, GridLines -

GridLinesStyle -> Directive[GraylLevel[.9], Dashed, Small],

I

PlotLabel -> Style["Saturation Magnetization vs. Temperature", 28, Red, Italic],
LabelStyle -> Directive[Black, Bold, FontSize -> 24], PlotRange -> All,

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

Figure E.8. This is the screenshot which shows the necessary commands for plotting

the saturation magnetization with respect to temperature.

Saturation Magnetization vs. Temperature

250 000

200 000
Z 150000
= 100000

50000

0 100 200 300 400 500
Temperature (K)

Figure E.9. This is an output of the commands which are shown above. The

temperature dependent saturation magnetization.

As the temperature of the system is increased up to Curie temperature, the
saturation magnetization value of the material decreases considerably. Since magnetic
moments are starting to move independently, significant decrease in the value of average

magnetization can be observed.
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I Zero field ilibrit i ization [A/m]

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, Black}, io -> 1/GoldenRati

, Frame -> True,
FrameStyle -> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},
GridLines -

ic, GridLinesStyle -> Directive [GraylLevel[.9], Dashed, Small],
PlotLabel -> Style["Zero Field Eq. Mag. vs. Temperature", 28, Red, Italic], =
LabelStyle -> Directive [Black, Bold, FontSize -> 22], PlotRange -> All, ImageSize -> 640,
Axes -> False, TicksStyle -> Directive[Red, Bold]]

Figure E.10. That is a screenshot which is taken from the LLB model is developed by
using Mathematica and this screen shot shows the change in the zero field

equilibrium magnetization value with respect to time.

Zero Field Eq. Mag. vs. Temperature

0.7}
0.6

0.5

m,(t)
e
=

0.3
0.2

0.1 u

0 5.x10° 1.x10°8 1.5x10°8 2.x10°8
time (s)

Figure E.11. This is an output of commands written above which shows the time

dependence of zero field equilibrium saturation magnetization.
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Including the intrinsic parameters as an interpolation function of either time or
temperature in the LLB based macrospin model is one of the crucial parts. By means

of these implementations, our LLB model gains experimental inputs.

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.

# Non-Stochastic LLB Macrospin Model.nb * o () S

Interpolated Susceptibility

The of
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"}, {350, 0.000115"},
{325, 0.000047"}, {310, 0.0000408"}, {300, 0.000026"}, {0, 0}};

chi = Drop[suscep, 11;

I

X10 = Interpolation[chi, InterpolationOrder - 1];
X11 = X10[T] ;

The time dependence of susceptibility
pulsintT = Table[{t, T[t]}, {t, O, tTE, tstep}];
temp = pulsintT;

X11 = 10° (X10[temp]) ;

X11[[All, 1]] = pulsintT[[All, 1]]; X11;

X1 = Interpolation[X1l, InterpolationOrder » 1];

150% ~

Figure E.12. This is the screenshot which shows the necessary codes to insert the
longitudinal susceptibility as an interpolation function in the LLB based macrospin

model.

After that, again we need to see whether the codes written above is working

correctly or not. We plot these two interpolating functions.
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# Non-Stochastic LLB Macrospin Model.nb *

Plot[X1[t], {t, 0, tmax}, Frame -> True,

BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},

FrameLabel -> {"time (s)", "x,/"}, PlotRange -> All, PlotStyle -> {Thickness -> 0.004, Black},

io -> 1/GoldenRatio, Frame -> True,
FrameStyle -> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},
{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},

GridLines - ic, GridLinesStyle -> Directive [GraylLevel[.9], Dashed, Small],

PlotLabel -> Style["Longitudinal Susceptibility - Time", 28, Red, Italic],

LabelStyle -> Directive [Black, Bold, FontSize » 24], PlotRange -> All, ImageSize -> 640,

Axes -> False, TicksStyle -> Directive[Red, Bold]]

Figure E.13. That is the screenshot of the necessary codes to plot the longitudinal
susceptibility with respect to time. This screenshot is taken from the codes written in

Mathematica.

Longitudinal Susceptibility — Time

0.025

0.020

0.015

Xl
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0.000J
0 5.x107°  1.x107% 1.5%x10™% 2.x10°8

time (s)

Figure E.14. That is the output of the commands which are written above shows the

time dependent longitudinal susceptibility.
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The system temperature varies in time causes to regard the longitudinal suscep-

tibility as a functional of time.

> Non-Stochastc LLB Macrospin ModeLnb * =X

ListPlot[suscep, Joined - True, Frame -> True,
BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel -> {"Temperature (K)", "x,,"}, PlotRange -> All,
PlotStyle -> {Thickness -> 0.004, Black}, io -> 1/GoldenRatio, Frame -> True,
FrameStyle -> { {Black, Thickness[0.005]}, {Black, Thickness[0.005]},
{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},

GridLines - ic, GridLinesStyle -> Directive [GrayLevel[.9], Dashed, Small],

PlotLabel -> Style["Longitudinal Susceptibility vs. Temperature", 28, Red, Italic],
LabelStyle -> Directive [Black, Bold, FontSize » 24], PlotRange -> All, ImageSize -> 640,
Axes -> False, TicksStyle -> Directive[Red, Bold]]

Figure E.15. The screenshot of the command window in Mathematica which is

written to plot the longitudinal susceptibility with respect the temperature.

Longitudinal Susceptibility vs. Temperature
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Figure E.16. That is an output of commands written above.lt shows the behavior of

longitudinal susceptibility against to the temperature increase.

As the temperature increases the magnetic moments are more susceptible to the
magnetic field. This is exploited by the HAMR system because in this system by
increasing the system temperature close phase transition point this technique makes
the magnetic layer more susceptible to magnetic field leads to achieve the magnetic

moments alignment along a specified direction with the less magnetic field application.
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==l X

# Non-Stochastic LLB Macrospin Model.nb *

Time Dependence of Damping Parameters

I

(-3=)
Ape: =a - i
R 3Tc

2aTlt]
FEE

apar =

T 2art
apeq,,m:(l-3 Tc), aperpes S faperp=TE[TSTe, Aperp , Aperp2] 7

150% ~

Figure E.17. That is a command window screen shot which is created to develop the

temperature dependence of the damping parameters.

# Non-Stochastic LLB Macrospin Model.nb * B N E X
I Plot[{aperp, apaz}, {t, O, tmax), Frame -> True,
PlotStyle - {{Thickness -> 0.004, Blue}, {Thickness -> 0.004, Black}},
BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize - 14},
FrameLabel -> {"time ()", "ay ., (t)"}, PlotRange -> All,
io -> 1/GoldenRatio, Frame -> True,

PlotStyle -> {Thickness -> 0.004, Black},

FrameStyle -> { {Black, Thickness[0.005]}, {Black, Thickness[0.005]},
{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},

GridLines - ic, GridLinesStyle -> Directive [GrayLevel[.9], Dashed, Small],

PlotLabel -> Style["Damping Parameter - Time", 28, Red, Italic],
LabelStyle -> Directive [Black, Bold, FontSize » 24], PlotRange -> All, ImageSize -> 640,
Axes -> False, TicksStyle -> Directive[Red, Bold]]

Figure E.18. That is a screen shot which shows the necessary commands to plot the

damping parameters with respect to time.

Damping Parameter — Time
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0.018

A1)
]
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time(s)

Figure E.19. That is the output of the commands written above. The longitudinal
damping parameter (blue solid line) and the the transverse damping parameter (black
solid line) are plotted in the same figure. Gilbert damping parameter is taken as

0.0275.
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As it has been stated before that the LLB framework considers two different
damping parameters which are longitudinal and transverse damping parameters and
they are describing the longitudinal and transverse relaxations of the magnetization,
respectively. Here, by using the codes which are shown above, these two vital pa-

rameters are included in the model as the functions of both temperature and time.

# Non-Stochastic LLB Macrospin Modelnb * ) ST
I Interpolating_Polynomial_Function_will be Implemented_for the purpose of obtaining_

Field Pulse
ata = {{"time", "field"}, {0, init0}, {tl, init0}, {tp0, peak}, {tpf, peak},
{td, intl}, {tf, intl}};
er=1; to erase the first component of “ata™ this is equated to 1
init0 =0; that determines the value of first ambient state-
t1=0.5x107"; (ithatis the end time for the first ambient state of pulse
£p0 = 0.75x 107°™; (that is the stating time for the peak value of pulse
tpE = 1.750 x 107" ; (sthat is the end time for the peak value of pulse
peak = 1; that is the peak value
td =2.0x107%"; (sthatis the starting time for the second ambient state of the pulse
intl=0; (sthat determines the second value of ambient state
££ = 10° tmax; («that is the end time for entire pulse which is coupled to the end time for computation

ata3 = Drop[ata, 0];

X and Y components of external field

I

ata4 = Drop[ata3, er];
[Fieldxy]

ata6 = * (atad [[AlL, 2]]) #mult;

ata4[[All, 2]] = ata6 ;

ata4;

puls = Interpolation[atad, InterpolationOrder »1];
pulsint = Table[{t, pulsl[t]}, {t, 0, tf, tstep}];

Z component of external field
atadz = Drop[ata3, er];
Fieldz

muo
atadz[[All, 2]] = ata6z;

atadz;

ata6z = [ ]* (atad4z[[All, 2]]) *mult;

pulsz = Interpolation[atadz, InterpolationOrder » 1];
pulsintz = Table[{t, pulszl[t]}, {t, 0, tf, tstep}];

pulsl = puls[t]; I
pulszl = pulsz[t];

150% « l

Figure E.20. That is the screenshot and it shows that the creation of magnetic field
pulse with adjustable width, amplitude and fall and rise slopes.

We are applying weak external magnetic field along x and y direction in addition
to a dominant magnetic field along the z direction (perpendicular to the plane of the
thin film structure). The reason behind choosing the dominant field application direc-
tion as z direction is because of the having a magnetic media with high perpendicular

anisotropy.
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# Non-Stochastic LLB Macrospin Model.nb * - BRI

I Plot[{puls[t], pulsz[t]}, {t, O, 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}, io -> 1/GoldenRatio, Frame -> True,
FrameStyle -> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},
GridLines - ic, GridLinesStyle -> Directive[GraylLevel[.9], Dashed, Small],
PlotLabel -> Style["Field Pulse - Time", 28, Red, Italic],
LabelStyle -> Directive [Black, Bold, FontSize -> 24], PlotRange -> All, ImageSize -> 640,
Axes -> False, TicksStyle -> Directive[Red, Bold]]

Figure E.21. That is the screenshot of the required commands to plot the external

magnetic field.

The external magnetic field pulse is a simplification of the straying field applied
to the recording layer by the writing head.

Field Pulse — Time

60 000
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Field Pulse
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10000

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

Figure E.22. That is an output of the commands written above which shows an

example of the applied magnetic field pulse.

The blue solid line in the figure shows the dominant magnetic field pulse (the z
component of the external magnetic field pulse). The black solid line shows the weak

magnetic field pulse applied along both x and y directions.

The total effective field which is helping in describing the behavior of the mag-
netization 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
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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.

® Non-Stochastic LLB Macrospin Model.nb * == g

« Effective Magnetic Field Components:

+External Field «
Hx = puls[t];
Hy = puls[t];
Hz = pulsz[t];

+Perpendicular anisotropy

Hanx[£ ] = - (SatT2[0]) 0.2 mx[t]

Hany[t ] = - (SatT2[0]) *0.78 % my[t]
Hanz[t_ ] = -0.02% (SatT2[0]) *mz[t]

~Gaussian Stochastic Process
+Transverse part«

Hrp = 0

HLANG11[t ] := 0
HLANG11[t ] :=0; =
+Longitudinal part
Hrll=0
HLANGp[t ] := 0
HLANGp[t ] :=0;
«The field resposible for itudi ios in the ization length «
HLlx[t ] := ((SatT2[0]) / (2XL[£])) (1- (((mx[e])?+ (my[£])?+ (mz[£1)?) / ((me)*2))) ¥mx[£];
Hlly[t ] := ((SatT2[01) / (2X1[])) (1- (((mx[£])?+ (my[£])?+ (mz[£])?) / ((me) *2))) % my[t];
Hllz[£ ] := ((SatT2[0]) / (2X1[£])) (1- (((mx[£])?+ (my[£])?+ (mz[£])?) / ((me)~2))) * mz[£];
+ The effective field that the free layer sees «
Heffx1[t ] := (Hx +Hanx[t] + H11x[t]) / (SatT2[0]);
Heffyl[t ] := (Hy+Hany[t] + Hlly[t]) / (SatT2[0]);
Heffzl[t ] := (Hz + Hanz[t] +H11z[t]) / (SatT2[0]);

150% =
“

Figure E.23. This screenshot shows the exigent commands to include the total

effective field of the LLB macrospin model.

In the effective magnetic field, the individual interaction between the magnetic
moments are disregarded. In the macrospin model all spins are strongly coupled to
each other and they are creating a coherent motion as they are under the influence of

magnetic field.

The last thing which needs to be done is to create field pulse. Due to that reason,
we wrote down the above codes. Since the whole model is in three dimensions, we

created three applied magnetic field pulses corresponding to each spatial component.

Moreover, the perpendicular anisotropy is the dominant anisotropy of our system.
This makes the plane of the thin film sample energetically unfavorable. The codes are

describing this fact, as well.
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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. Considering that
is a nonstochastic LLB based macrospin model, the Gaussian stochastic process is set

to zero. To see the relations of them see the Appendix F.

The last term is included controls the longitudinal fluctuations in the magneti-
zation length. In the final analysis, we created our effective magnetic field, for which

three spatial components are described.

# Non-Stochastic LB Macrospin Model.nb * | () S

Initial Conditions of Magnetization Vector Components
mi = {-Sin[10 °] xCos[5 °], Sin[5 °] *Sin[10 °], -Cos[5 °1};
Magntd = Sqrt[mi[[1]]142+mi[[2]142+mi[[3]]172];

mx0 = ((mi[[1]] /Magntd))  (SatT[initT0] /SatT[0]);
my0 = ((mi[[2]] /Magntd))  (SatT[initT0] /SatT[0]);
mz0 = ((mi[[3]]/Magntd)) % (SatT[initT0] /SatT[0]);
mi0 = {mx0, my0, mz0}

150% ~

Figure E.24. That is the command window screenshot which shows the initial

condition of magnetization vector.

In this model, due to the preference of the high perpendicular anisotropy mag-
netic media, the easy axis of the magnetic moment (which is the inherently preferred
direction of magnetic moments as they are not under the influence anything) is along
the out of plane direction. It is normalized to its magnitude at a given ambient tem-

perature.
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@ Non-Stochastic LLB Macrospin Modelnb < =X
(+ Solving The LLB Equation ) @
(1+a?)
LLBxx = mx'[t] = - (my[t] Hef£fzl[t] - mz[t] HefEy1[t]) +
g SatT2(0]
Apar
—— P | (mx[t] Hef£xl[t] + my[t] Heffyl[t] +mz[t] Heffz1[t]) mx[t] -
mx[t]? + my[t]? + mz[t]?
3perp
mx[t]? + my[£]2 + mz[t]2
(my[t] (mx[t] (Heffyl[t] + HLANGp[t]) - my[t] (Heffx1[t] + HLANGp[t])) -
mz[t] (mz[t] (Heffxl1[t] + HLANGp[t]) - mx[t] (Heffzl[t] + HLANGp[t]))) + HLANG11[t];
(1+a?)
LLByy = |————— | my ' [t] = - (mz[t] Hef£x1[t] - mx[t] Heffz1[t]) +
g SatT2(0]
Apar
—— P | (mx[t] Hef£xl[t] + my[t] Heffyl[t] +mz[t] Heffz1[t]) my[t] -
mx[t]? + my[t]? + mz[t]?
3perp
mx[t]? + my[t]? + mz[t]?
(mz[t] (my[t] (Heffzl[t] + HLANGp[t]) - mz[t] ( Heffyl[t] + HLANGp([t])) - =
mx[t] (mx[t] (Heffyl[t] + HLANGp[t]) - my[t] (Heffxl[t] + HLANGp[t]))) + HLANG11[t]; E
(1+a?)
LLBzz = mz'[t] = - (mx[t] Heffyl[t] - my[t] HefEx1[t]) +
g SatT2(0]
Apar
= (mx[t] Hef£x1[t] + my[t] Heffyl[t] + mz[t] Heffz1[t]) mz[t] -
mx[t]? + my[£]2 + mz[t]2
3perp
mx[t]? + my[t]? + mz[t]?
(mx[t] (mz[t] (Heffxl[t] + HLANGp[t]) - mx[t] (Heffzl[t] + HLANGp[t])) -
my[t] (my[t] (Heffzl[t] + HLANGp[t]) - mz[t] (Heffyl[t] + HLANGp[t]))) + HLANG11[t];
I sol = NDSolve[{LLBxx, LLByy, LLBzz, mx[0] = mx0, my[0] = my0, mz[0] = mz0},
{mx, my, mz}, {t, 0, tmax}, MaxSteps - w]; A
150% =
= J

Figure E.25. This is the screenshot which shows the spatial components of the main

LLB equation.

The LLB equation is a second order ordinary time dependent differential equation.

By means of the codes written above we can solve the LLB equation.

o () S

# Non-Stochastic LLB Macrospin Model.nb *

(«Results of The Solved Differential Equation)
Mx[t ] :=mx[t] /. sol;

My[t ] :=my[t] /. sol;

Mz[t_ ] :=mz[t] /. sol;

HTOT[t_] := Heffzl[t] /. sol;

HAPPZ[t ] := Hz /. sol;

Hlong[t ] := Hllz[¢] /. sol;

Hlgll[t ] := HLANGIL[£] /. sol;

Hlgp[t_] := HLANGp[t] /. sol;

tempP[t ] := T[] /. sol;

TotalField[t ] := (Heffzl[t] + HLANGp[t]) /. sol;

]

150% ~

Figure E.26. That is the screenshot which shows the required codes to analyze the
behavior of the magnetization vector depending on the solution of the differential

equation written above.

By using the codes written above we can plot the time evolution of all parameters
used in the LLB model. In other words, when the codes written above has found a

solution for this ODE, the results are allocated to the new variables to see their time
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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.
Now, we wiil show some of the example figures which rely on the solution of the LLB

based macrospin model.

3 Non-Stochastic LLB Macrospin Modeln - =X

ParametricPlot[Evaluate[{Mx[t], My[t]} /. sol], {t, 0.1 tmax, tmax}, Frame -> True, I
I BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel -> {"M, (t)", "M, ()"}, PlotRange -> All, PlotStyle -> {Thickness -> 0.003, Blue},
AspectRatio -> 1, Frame -> True,
FrameStyle -> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},
GridLines - ic, GridLinesStyle -> Directive[GraylLevel[.9], Dashed, Small],

PlotLabel -> Style["Transverse Components of Magnetization", 28, Red, Italic],
LabelStyle -> Directive [Black, Bold, FontSize -> 24], PlotRange -> All, ImageSize -> 640,
Axes -> False, TicksStyle -> Directive[Red, Bold]]

Figure E.27. That is the screenshot which shows the necessary codes to plot the time

evolution of transverse components of magnetization vector.

Transverse Components of Magnetization
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Figure E.28. That is the output of the codes written above. It shows that the time

evolution of the transverse components.

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 com-

ponents damp to zero.
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# Non-Stochastic LLB Macrospin Modelnb * =E
Show|

Plot[Mx[t], {t, 0, tmax}, Frame -> True,
BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel -> {"t:\.me (s)", "mi (£)/1m (£=0) | :\.:x,y,z"}, PlotRange -> All,
PlotStyle -> {Thickness -> 0.003, Black}, io -> 1/GoldenRatio, Frame -> True,
FrameStyle -> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},
{Black, Thickness[0.005]}, {Black, Thickness[0.005]}},
GridLines - ic, GridLinesStyle -> Directive [GrayLevel[.9], Dashed, Small],

PlotLabel -> Style["Magnetization - Time", 28, Red, Italic],
LabelStyle -> Directive[Black, Bold, FontSize -> 24], PlotRange -> All, ImageSize -> 640,
Axes -> False, TicksStyle -> Directive[Red, Bold]] ,

Plot[My[t], {t, 0, tmax}, Frame -> True,
BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel -> {"time (s)", "M, ()"}, PlotRange -> All,
PlotStyle -> {Thickness -> 0.003, Brown}, AspectRatio -> 1/GoldenRatio, Frame -> True],

Plot[Mz[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}, AspectRatio -> 1/GoldenRatio, Frame -> True], 3

Plot[ Mx[t]2 +My[t]2 +Mz[t]2 , {t, O, tmax}, Frame -> True,
BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel -> {"tlma (s)", "M } PlotRange -> All, PlotStyle -> {Thickness -> 0.004, Red},

io -> 1/GoldenRatio, Frame -> Tzue\]

l _ 150% + l

Figure E.29. That is the screenshot of the required commands to plot the spatial

components together with the magnetization magnitude in the same figure.

The Figure E.30 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. The external magnetic field pulse amplitude is 60 kA /m and
the width of the pulse is 1.25 ns. The heating pulse amplitude is 440 K and the width

of the heating pulse is 1.25. The delay between the heating the field pulses is 0.5ns.
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Magnetization — Time
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Figure E.30. That is the output of the codes written above which shows the time
evolution of magnetization vector components (x, y, and z components brown, black

and blue solid line and the magnetization magnitude is the red solid line).

# Non-Stochastic LLB Macrospin Model.nb * | () S

3-D Trajectory of Magnetization Vector o

Show[ParametricPlot3D[Evaluate[{Mx[t], My[t], Mz[t]} /. sol], {t, O, 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],
Style["m,", Bold, 32, Black]}, FaceGrids - {{0, 0, -1}},
TicksStyle - Directive[Large, Red, Bold], FaceGridsStyle » Directive [Gray, Dashed],
Axes » True],
Graphics3D[{Yellow, Opacity[0.15], Cuboid[{-1.03, -0.73, -0.01250}, {1.03, 0.73, 0.025}1}1,
Graphics3D[
{Line[ps {{-1.02, 0, 0}, {1.02, 0, 0}}], Line[ps {{0, -0.82, 0}, {0, 0.82, 0}}1,
Line[ps {{0, 0, -0.85}, {0, 0, 0.9}}], Text[Style["x", Large, Bold, Black], {1.11p, 0, 0}],
Text[Style["y", Large, Bold, Black], {0, -0.91p, 0}1,
Text([Style["z", Large, Bold, Black], {0, 0, 0.9751p}1} /. {ps »1.05, 1p»1.05}],
TicksStyle » Directive[Black, Bold, 25]]

I

150% =

Figure E.31. That is the required command to plot 3D trajectory of the

magnetization vector.

By using the commands which are shown above will not only show the 3Dtrajec-

tory of the magnetization vector but also the thin film.
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Magnetization —Time
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Figure E.32. That is the output of the codes written above which shows the switching

process of the magnetization vector.

The figure above shows the three dimensional trajectory of the magnetization
vector. Due to possession of high perpendicular anisotropy makes the out of plane of
the thin film energetically favorable. Therefore, the magnetization tendency is not to

spend much time on the plane of the thin film sample.
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® Non-Stochastic LLB Macrospin Model.nb *

I («Exporting The Data)

TIMEDATA = Table[{t, 2t, 3t, 4t, 5t, 6¢t, 7t}, {t, 0, tmax, tstep}];

MAGDATA = Table[\/m[t]2 +My[t]2+Mz[t]?, (t, 0, tmax, tstep)];

MAGXDATA = Table [Mx[t], {t, 0, tmax, tstep}];
MAGYDATA = Table[My[t], {t, 0, tmax, tstep}];
MAGZDATA = Table[Mz[t], {t, 0, tmax, tstep}];

TDATA = Table[tempP[t], {t, 0, tmax, tstep}];
HDATA = Table [HAPPZ[t], {t, 0, tmax, tstep}];

TIMEDATA[[All, 2]] = MAGDATA[[All, 1]]; TIMEDATA;

TIMEDATA[[ALL, 3]] = MAGxDATA[[ALL, 1]]; TIMEDATA;

TIMEDATA[[ALL, 4]] = MAGYDATA[[ALL, 1]]; TIMEDATA;

TIMEDATA[[A1l, 5]] = HDATA[[All, 1]]; TIMEDATA;

|
TIMEDATA[[AL1l, 7]] = TDATA[[All, 1]]; TIMEDATA;

TIMEDATA[[ALll, 6]] = HDATA[[All, 1]]; TIMEDATA;
(*DONOT CHANGE ANYTHING IN THE CODES WRITTEN ABOVE
JUST GIVE A NAME TO THIS FILE WRITTEN BELOW«)
Export[
"C:\\Users\\elite3\\Desktop\\codes used in paper\\entie switching dist\\THESIS
PLOTS\\TRI AXIAL WITH DOMINANT PERP\\h 0.03 430 t M mx my mz Htot templ.dat", TIMEDATA]

]

150% «

Figure E.33. That is the command window screenshot which shows how to extract

the time evolutions of spatial components or the other parameters as as a list.

By using the codes written above we can save the evolution of crucial parameters

as txt file and after that we can plot them even we close the LLB based model.
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APPENDIX F: SWITCHING TIME DISTRIBUTION
MODEL IN MATHEMATICA

In this appendix the goal is to show how to create the switching time distribution

as a function of both heating and external field pulses.

® Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb * ==

mis %

Variable Parameters and Constants of the Model

©=5; (razimutal angle

@ =10; (+ inclination

gamma = 2.212761% 10°; (+ gyromagnetic ratio [l]
as

kB = 1.3806504 x 1072%; (» Boltzman Constant [1]
X

mul = 4x7mx1077 ; permeability of free space [N.A2]

AV = (25%107)%; (+ 25nm-25am-25am

Tc = 448; Curie Temperature for CoNi/Pd MLs

a=0.0275; («Gilbert Damping parameter

tmax = 1x 107%; (+time range

tstep= 1x10*(-13); («that is neccessary while we are listing the
initially interpolated data for both field and heat pulses
Fieldxy = 107%; (+Since our structure is on the xy plane,

along x and y direction we will apply a small field

dt = 1x107%2; (+time step required for gaussian stochastic process

pow = 10; (+That is changing 10s order of magnitude of width of pulses

150% ~

Figure F.1. The screenshot taken from constants which are used in the S-LLB II

model.

The first thing is to determine the constants of the LLB equation based macrospin
model. Since the switching time distribution depends on both heating and magnetic
field pulse amplitudes, the amplitudes of these two pulses are considered as individual

variables.
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/& Landau Lifshitz Bloch Macrospin Model Using MATHEMAH@M:ﬁ

(+ Interpolated Heat/Temperature Pulse ») [

erT=1; (#to erase the first component of "~‘ata’  this is equated to 1+)

initTO = 300; (+that determines the value of first ambient states)
+T1=0.75x 10~ (-pow)

(+that is the end time for the first ambient state of the pulse:)

tpT0 = 1.0x 10~ (-pow) ; (+that is the starting time for the peak value

of the pulses)

tpT£ = 2.0x 10~ (-pow) ; (+that is the end time for the peak value of the pulse:)
£Td = 2.25x 104 (-pow) ; (+that is the starting time for second ambient

state of the pulse &)

intTl = 300; (+that determines the second value of ambient state:)

tTf = 10° tmax; (sthat is the end time for entire pulse which is coupled

to the end time for computation.s)

peakTsample = 400;

ataTsample = {{"TEMP K", "sat.mag. (emu/em3)"}, {0, initTO0}, {tT1, initTO},

{tpT0, peakTsample}, {tpTf, peakTsample}, {tTd, intT1}, {tfsample, intT1}};

xsample = Length [ataTsample];

ataT. le3 = Dxop[ataT: le, 0];
ataTsample4 = Drop[ataTsample3, exrT];
ataTsample6 = (10~0) % (ataTsample4[[All, 2]1]);
ataTsample4[[All, 2]] = ataTsample6 ;
ataTsampled;

temperature = ListPlot[ataTsample4, Joined - True, PlotRange - All,
Frame -> True,
BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel -> {"time (s)", "Heatig Pulse (K)"}, PlotRange -> All,
PlotStyle -> {Thickness -> 0.005, Red}, AspectRatic -> 0.45, 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],
Plotlabel -> Style["Heating Pulse - Time", 24, Red, Italic],
LabelStyle -> Directive[Black, Bold, FontSize -> 22], PlotRange -> All,
ImageSize - 520, Axes -> False, TicksStyle -> Directive[Red, Bold]];

150% ~

Figure F.2. The screenshot of written codes of the S-LLB II model. In this part, the

creation of interpolation function for an adjustable heating pulse.
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(+ Interpolated Field Pulse «) N

ata = {{"time", "field"}, {0, init0}, {tl, init0}, {tp0, peak}, {tpf, peak},
{td, intl}, {tf, intl}};

er=1; (+to erase the first component of "‘ata’  this is equated to 1x)

init0 = 0; (+that determines the value of first ambient states)

£1=1.25x10""; (.that is the end time for the first ambient state

of the pulse:)

m

tp0 = 1.5% 10"°"; (sthat is the starting time for the peak value of the pulses)
tpf = 2.5x 107", («that is the end time for the peak value of the pulsex)
peak = 1; (+that is the peak values)
td =2.75x107P°"; (. that is the starting time for the second ambient
state of the pulse +)
intl =0; (+that determines the second value of ambient state:)
tf = 10° tmax; (+that is the end time for entire pulse which is coupled
to the end time for computation. +)
tfsample = 10° tmax;
atasample = {{"time", "£ield"}, {0, init0}, {t1, init0}, {tp0, peak},
{tpf, peak}, {td, intl}, {tfsample, intl}};
samplemagnitude = 100;
atasample3 = Drop[atasample, 0];
atasampled = Drop[atasample3, er];
atasample6 = samplemagnitude » (atasample4[[All, 211);
atasampled[[All, 2]] = atasample6 ;

atasampled;

fieldpuls = ListPlot[atasample4, 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, Blue}, AspectRatio -> 0.45, Frame -> True,
FrameStyle -> {{Black, Thickness[0.005]}, {Black, Thickness[0.005]},

{Black, Thickness[0.005]}, {Black, Thickness[0.005]1}},

GridLines - Automatic, GridLinesStyle -> Directive[GrayLevel[.9], Dashed, Small],
PlotLabel -» Style["Field Pulse - Time", 24, Red, Italic],
LabelStyle -> Directive [Black, Bold, FontSize -> 22], PlotRange -> All,
ImageSize - 520, Axes -> False, TicksStyle -> Directive[Red, Bold]];

150% ~
— —

Figure F.3. The screenshot of written codes of the S-LLB Model. In this part, the

creation of interpolation function for an adjustable field pulse.

After creating both magnetic field and heating pulses to show their characteristic
behavior, we plot them in the same figure by using the following commands. By the

way of these commands the figure gains a representational form.
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& Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb * 3 gm

Show[ListPlot[{atasampled, ataTsampled}, Joined - True, Frame -> True,
BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
PlotRange -> All,

PlotStyle -> {{Thickness -> 0.005, {Blue}}, {Thickness ->0.005, {Brown}}}],

PlotRange - ALL,
FrameLabel » {{"Field Pulse (kA/m)", "Heatig Pulse (K)"}, {"time (s)", ""}},
AspectRatio » 1/GoldenRatio, Frame -> True,
FrameStyle -> {{Black, Thickness[0.005]}, {Blue, Thickness[0.005]}, |5|

{Black, Thickness[0.005]}, {Brown, Thickness[0.005]}}, T
GridLines » Automatic, GridLinesStyle -> Directive [GrayLevel[.9], Dashed, Small],
PlotLabel -> Style["Pulsed Heating & Magnetic Field", 24, Red, Italie],
LabelStyle -> Directive [Black, Bold, FontSize -> 22], PlotRange -> All,
ImageSize » 600, Axes -> False, TicksStyle -» Directive[Red, Bold]]

Figure F.4. That is the screenshot which shows the codes for the plot of heating and

field pulse in the same figure.
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Figure F.5. That is the plot of interpolating functions of both heating and field pulses

(brown solid line is the heating pulse and blue solid line is the magnetic field pulse).

As in the case HAMR technique the employed heating pulse is opened first, after
that (in our case the delay between two pulses is 0.5 ns) the external magnetic field
pulse is turned on to align the magnetic moments along the direction of the external
magnetic field pulse. In this example set, the amplitudes of both heating and magnetic

field pulses are 400 K and 100kA /m, respectively.

Another important component of the effective field is Gaussian stochastic process.
In this case, we considered the stochasticity. In other words, our modeling is the

stochastic form LLB modeling and we can have the flexibility of turning the random
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fluctuations off or on at any time. The codes below are written for the purpose of
creating the Gaussian stochastic process which is described indetail in Chapter I. The
Gaussian stochastic process is described in two different ways but here we will use the
recently proposed stochastic process. Conforming the properties of this new fromalism
makes the name of our equation as S-LLB II equation which satisfies the Boltzman
Distribution even at the temperature values close to Curie temperature. This process
has two parts and the following two screenshots are showing the codes written for the

accurate description of stochastic behavior of magnetization vector.

# Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb * 3 gm

Gaussian Stochastic Process Transverse Part n

meandll = 0; varnsll =1;
Nts = Round [tmax /dt] ;
ndistxx = NormalDistzibution[meandll, varnsll];
ndistyy = NormalDistzibution[meandll, varnsll];
ndistzz = NormalDistzibution[meandll, varnsll];
rdxx = Table[{dt+i, Random[ndistxx]}, {i, 0, Nts} ]/
xdyy = Table[{dt+i, Random[ndistyyl}, {i, 0, Nts}1;
rdzz = Table[{dt i, Random[ndistzz]}, {i, 0, Nts}]; ‘
norbx = Max [rdxx[[All, 2]]];

norlx = Min[rdxx[[All, 2]]];

If[norbx > Abs[norlx], denominx = norbx, denominx = norlx];

nxx = [ ]*(rd.xx[[All, 211

denominx
rdxx[[ALL, 2]] = nxx; rdxx;

RandFxx = Interpolation[rdxx, InterpolationOrder -> 5];
norby = Max [rdyy[[All, 2]1];

norly = Min[rdyy[[All, 2]1];

If[norby > Abs[norly], denominy = norby, denominy = norly];

nyy = [ ]*(rdny[All. 2117

denominy
rdyy[[All, 2]] = nyy; xdyy;

RandFyy = Interpolation[rdyy, InterpolationOrder -> 5];
norbz = Max [rdzz[[All, 2]11;

norlz = Min[rdzz[[All, 2]11;

If[norbz > Abs[norlz], denominz = norbz, denominz = norlz];

nzz = [ ]*(zdzz[[All, 211) 7

denominz
rdzz[[All, 2]] = nzz; rdzz;
RandFzz = Interpolation[rdzz, InterpolationOrder -> 5];

Norma =

1
\/ [ (NIntegrate[ (RandFxx[t]” + RandFyy[t]? + RandFzz[t]?) /3,
tmax

{t, 0, tmax}, WorkingP: ision - 20, A v 1-»5])];

150% « l

Figure F.6. The codes which are required for the creation of the transverse part of

the Gaussian stochastic process.

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.



129

® Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb * 3 gm

Gaussian Stochastic Process Longitudinal Part ji

ndistxxl = NormalDistribution[meandll, varnsll];
ndistyyl = NormalDistribution[meandll, varnsll];
ndistzzl = NormalDistribution[meandll, varnsll];
rdxxl = Table[{dt*i, Random[ndistxx1]}, {i, 0, Nts}1;
rdyyl = Table[{dti, Random[ndistyyll}, {i, 0, Nts} 1,
rdzzl = Table[{dt+i, Random[ndistzzll}, {i, 0, Nts} 1,
norbxl = Max[rdxx1[[ALLl, 2111

norlxl = Min[rdxx1[[All, 2]1];

If[norbxl > Abs[norlxl], denominxl = norbxl, denominxl = norlxl];

nxxl = [ ]i-(rdxxl[[ﬂll, 211

denominxl
raxx1[[All, 2]] = nxxl; rdxxl;

RandFxxl = Interpolation[rdxxl, InterpolationOrder -> 5];
norbyl = Max[rdyyl[[All, 2]1];

norlyl = Min[rdyyl[[All, 2111

If [norbyl > Abs[norlyl], denominyl = norbyl, denominyl = norlyl];
1

nyyl = [ ]*(rdyylttélly 211

denominyl
rdyy1[[A11l, 2]] = nyyl; rdyyl;
RandFyyl = Interpolation[rdyyl, InterpolationOrder -> 5];
norbzl = Max[rdzzl[[All, 2]1]
norlzl = Min[rdzz1[[All, 2111

If [norbzl > Abs[norlzl], denominzl = norbzl, denominzl = norlzl];

nzzl = { ]*(zdzzl[[All, 211 ;

denominzl
rdzz1[[All, 2]] = nzzl; rdzzl;

RandFzzl = Interpolation[rdzzl, InterpolationOrder -> 51;
Nozxmal =

1
\/ [— NIntegrate [ (RandFxxl[t]? + RandFyyl[t]? + RandFzz1[t]?) /3,
tmax

{t, 0, tmax}, WorkingPrecision - 20, AccuracyGoal » 5] ];

150% ~

Figure F.7. The codes which are required for the creation of longitudinal part of the

Gaussian stochastic process.

The second one is the acting on the system as an additional torque term. These
are creating random functions by considering the properties of the Gaussian distribu-
tion function. 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 processes in the effective
field which is just acting on the transverse damping torque term. The remaining three
are for the additional torque terms. 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 (which are written between (* and *)).
These two things are the 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

1

s' unit (because all terms of LLB equation are in s unit).
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'® Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb * 5@

Plot|{RandFxx[t], RandFyy[t], RandFzz[t]}, {t, 0, 0.01 tmax},

PlotStyle - { {RGBColor[1, 0, 0], Thickness[0.0037]},

{RGBColor[0, 0, 1], Thickness[0.0037]}, {RGBColor[0, 1, 1], Thickness[0.0037]}},
PlotRange - All, Frame -> True,
BaseStyle -> {FontFamily -> "Times", FontWeight -> "Bold", FontSize -> 14},
FrameLabel -> {"t:‘\.me (s)", "tleroc/Ms(T=0) i:x,y,z"}, PlotRange -> All,
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[GrayLevel[.9], Dashed, Small],
PlotLabel -> Style["Normalized Stochastic Torque - Time", 24, Red, Italic],
LabelStyle -> Directive [Black, Bold, FontSize - 18], PlotRange -> All,

[

ImageSize » 600, Axes -> False, TicksStyle -> Directive[Red, Bald]]

Figure F.8. The codes written for the purpose of showing the spatial components of

Gaussian stochastic torque in one figure.

Normalized Stochastic Torque — Time

I oo [ dh] Wb | |
3 | / \ i m\
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time (s)

Figure F.9. The spatial components of normalized Gaussian stochastic torque.

The spatial components of the torque form of the Gaussian stochastic process are

mainly a randomly fluctuating based upon Gaussian function.
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‘@ Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb * 5@

Plct[{Randexl[t], RandFyyl[t], RandFzz1[t]}, {t, O, 0.01 tmax},
PlotStyle » {{RGBColor[1, 0, 0], Thickness[0.0037]},
{RGBColor[0, 0, 1], Thickness[0.0037]}, {RGBColor[0, 1, 1], Thickness[0.00371}},
PlotRange - All, Frame -> True,
BaseStyle -> (FontFamily -> "Times", FontWeight -> "Bold", FontSize - 10},

FrameLabel -> {"time (5)™, "hlceoo=H"stoc (£) /Mg (T=0) i:x,y,z"},
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 [GrayLevel[.9], Dashed, Small],
PlotLabel -> Style["Normalized Stochastic Field - Time", 24, Red, Italie],
LabelStyle -> Directive[Black, Bold, FontSize - 18], PlotRange -> All,
ImageSize » 600, Axes -> False, TicksStyle -> Directive[Red, Bold]]

Figure F.10. The codes written for the purpose of showing the spatial components of

Gaussian stochastic field in one figure.
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Figure F.11. The spatial components of normalized Gaussian stochastic field.

The spatial components of the field form of the Gaussian stochastic process are

mainly a randomly fluctuating based upon Gaussian function.

When the descriptions of both transverse and longitudinal Gaussian stochastic
processes are implemented the last thing is to manipulate the amplitudes of the external
magnetic field pulse and heating pulse. Below screen shots are components of these

manipulations.
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'® Stochastic Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb = 5@

initT = 324;

initH=0;

fname =
FileNameJoin[{"C:\\Users\\elite3\\Desktop",
"STOCH wholeswicthingtimenano 324 448 trial 3.txt"}];
str = OpenWrite[fname];

Fox|[ik = 0,
TPEAK = initT + 2« (ik); ik = 62, ik++,
For[3j =0,
Fieldz = initH+0.004 3;
32250, 34+,

(+ Interpolated Susceptibility «)

(+Susceptibility temperature dependency by using interpolation method:)
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}, {350, 0.000115"}, {325, 0.000047"}, {310, 0.0000408"},
{300, 0.000026"}, {0, 0}};

chi = Drop[suscep, 1];

[

© o o o

X10 = Interpolation[chi, InterpolationOrder »1];
X11 = X10[T] ;

(+#Susceptibility time dependency by using interpolation method#)
pulsintT = Table[{t, T[t]}, {t, 0, tTE, tstep}],

temp = pulsintT;

X11 = 10° (X10[temp]) ;

X11[[All, 1]] = pulsintT[[All, 1]]; X11;

X1 = Interpolation[X1l, InterpolationOrder - 1];

150% ~

Figure F.12. This is the screen shot which shows the required codes for both the
creation of the different combinations of field and heating pulses and interpolating

susceptibility.

The first thing is to set a directory for a document in which all data will be
saved in. The screen shot shown above is showing the way of creating a file with a
specified directory. After that the parameters which are affected by the manipulated
variables must be inserted inside of this manipulation command. Moreover, one of

them is longitudinal susceptibility. The screenshot above shows also this inclusion.
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# Stochastic Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb =l X

Interpolated Heat/Temperature Pulse

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

x = Length[ataT] ;

ataT3 = Droplatal, 0];

ataT4 = DroplataT3, exT];

ataT6 = (1040) # (ataT4[[ALL, 2]1])/

ataT4[[ALL, 2]] = ataT6 ;

ataT4;

Il

T = Interpolation[ataT4, InterpolationOrder - 1];
peakT = TPEAK;
that is the peak value

150% ~

Figure F.13. These are the codes for the creation of heating pulse.

One of the variables of the switching time distribution model is heating pulse.
Whist the width of the heating pulse is kept constant, the amplitude will be varied by
using manipulation command. The saturation magnetization and zero field equilibrium
magnetization depend on temperature. Since the system temperature is a function of
time. These two intrinsic parameters are time dependent, as well. Moreover, to include

them in the manipulation command is also a requirement.
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'® Stochastic Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb

(+ Interpolated Saturation magnetization as a Functions of both Time and
Temperature )

atak = {{"TEMP", "K", "sat.", "mag.", "(emu/ecm3)"}, {0, 250000}, {75, 246000},
{150, 242000}, {200, 238000}, {250, 232000}, {306.452, 210413.589},
{313.241, 203315.961}, {320.312, 195716.153}, {327.384, 188072.179},
{334.455, 180195.576}, {341.527, 171503.141), {348.598, 162264.102},
{355.811, 148559.423}, {362.741, 141479.615}, (369.813, 129981.217},
{376.884, 117959.551}, {384.097, 104257.211}, {390.886, 91136.974},
{398.240, 75581.448}, {405.312, 60026.929}, ({412.242, 44653.176},
{419.455, 31188.038), (426.385, 20650.628}, {433.173, 14761660},
{440.528, 10084.480), (447.882, 8896.967}, {454.52967" , 7783.858},
{461.601, 6932.141}, {468.8140, 6060.230}, {476.027, 6065.365},
{483.098, 4754.5763}};

i=1;

( ion ization interpolation when it is

normalized to its zero temperature values)
atak3 = Drop[atak, 0];

atak4 = Drop[atak3, i];

atak6 = (1/250000) (atak4[[All, 2]]);

atak4[[All, 2]] = ataké ; atakd;

SatT = Interpolation[atak4, InterpolationOrder »1];
Stnorm = SatT[T]; SatT[0];

[

n ization interpolation«)

atak24 = Drop[atak3, i];

atak26 = (atak24[[All, 2]]);

atak24[[All, 2]] = atak26 ; atak24;

SatT2 = Interpolation[atak24, InterpolationOrder - 1];
St = 5atT2[T]; SatT2[0];

(+Saturation magnetization time dependency+)
pulsintT = Table[{t, T[t]}, {t, 0, tTE, tstep}];

temp = pulsintT; SatMag = 10° (SatT[temp])
SatMag[[All, 1]] = pulsintT[[All, 1]]; SatMag;

Ms = Interpolation[SatMag, InterpolationOrdex »1];
SatMaglO = Ms[t]/

(+me = 0.88 Ms[t]; zero field equilibrium ion ization ( )
me = (SatT[initT0] /SatT[0]) Ms[t];

1 150% » |I

Figure F.14. This is the screen shot for the creation of time and temperature

dependence of saturation magnetization.
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Damping Parameters Affected By The Pulse Form of Temperature

g = gamma SatT[0];

[ T[t]
Bperp = & [1- —];
P 31
2aTrE]
S = ———

T 31

LLB Damping Parameters
T 2

a a(1-7)7 = .
perpl = 37’ FPeTR2T T

m

i @perp=I£[T<TC, Aperp1 , Aperp2] 7
mit_]:=((mx[t])?+ (my[t]) 2+ (mz[£])2)%5;
sat[t_]:=If[m[t]<Magntd, me, (SatT [initT0] /SatT[0])]/

150% ~

Figure F.15. This is the screen shot for the creation of time and temperature

dependence of damping parameters.

Another two temperature dependent parameters are parallel and transverse damp-
ing parameters. Due to their dependence on temperature, their values are changing in

time, as well. Moreover, these two parameters are inserted in the manipulation.

— I
# Stochastic Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb * =107

|¢« Interpolated Field Pulse

X and Y components of external field
ata3 = Drop[ata, 0] ;
atad = Drop[ata3, er];
Fieldxy

atab = [ ]*(ata![[All,Z]]);

mul
ata4[[All, 2]] = ata6 ;

atad;

puls = Interpolation[ata4, InterpolationOrder » 1];
pulsint = Table[{t, pulsl[t]}, {t, 0, t£, tstep}];

2 component of external field
atadz = Drop[ata3, er];
Fieldz

atabz = [ ]*(atalz[[All, 211) 7

mu0
atadz[[All, 2]] = ataéz;

atadz;

T

pulsz = Interpolation[ataédz, InterpolationOrder »1];
pulsintz = Table[{t, pulsz1[t]}, {t, O, tf, tstep}];

pulsl = puls[t]; (+[A/m]
pulszl = pulsz[t]; [A/m]

150% ~

Figure F.16. The screen shot shows the necessary codes which are written to create

an adjustable interpolating field pulse.

The second variant of the manipulation is the amplitude of magnetic field pulse.
The screenshot above shows the necessary commands to create an adjustable field pulse.
Since the manipulation depends on the amplitude of field pulse, the codes written for

the creation of a magnetic field is inserted in the manipulation.
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¢+ Components of The Effective Field «)
(#1. External Field +)

Hx = puls[t];

Hy = puls[t];

Hz = pulsz[t];

(#2. Perpendicular (Dominant) and In plane(Weak) anisotropies in
Demagnetizating Field Foxms)

Hanx[t ] := - (SatT2[0]) « 0.2 mx[t];

Hany[t ] := - (SatT2[0]) % 0.2« my[t];

Hanz[t ] := +0.1% (5atT2[0]) xmz[¢];

(#3. Gaussian Stochastic Process &)

1 J [ 2 (@perp - apar) KBTLE]

= *
(5atT2[0]) Noxma gamma mu0 SatT2[0] (dt) AV (apesp)?

1 2 2y, kKBT[t] gamma
Hrll = * ;
Normal mu0 SatT2[0] (dt) AV

HLANGpx[&_] := Hrp RandFxx[t];
HLANG1lx[t ] := Hrll RandFxxl[t];

HLANGpy[£ ] := Hrp RandFyy[t];

HLANGlly[t ] := Hrll RandFyyl[t];

HLANGpz[&_] := Hrp RandFzz[t];

HLANG1lz[t ] := Hrll RandFzzl[t];

(+4. The field responsible for longitudinal fluctuations in the

magnetization lengths)

(mx[£]1)? + (my[£])? + (mz[t])?
Hllx[t ] := ((satT2[0]) / (2X1[£])) |1- *mx[t];
(me) A2 7
(mx[£])?+ (my[£]) %+ (mz[£])? H
Hlly[t ] := ((satT2[0]) / (2X1[£])) |1- *my[£]; [
(me) A2
(mx[£])?+ (my[£]) %+ (mz[£])?
Hllz[t ] := ((SatT2[0]) / (2X1[£])) |1- wmz[t];
(me) A2
(» the effective field that the free layexr sees x|
Heffxl[t ] := (Hx+Hanx[£] + Hl1x[t]) / (SatT2[0]);
Heffyl[t_] := (Hy + Hany[t] + HL1y[t]) / (SatT2[0]);
Heffzl[t ] := (Hz+Hanz[t] + H11z[t]) / (SatT2[0]);

I 150% ~ |I

Figure F.17. The screen shot shows the necessary codes for the identifications of

components of effective field.

The effective magnetic field does not only depend on the temperature of the
system but also the external magnetic field is one of the components of the effective

field. The screenshot above shows the codes of the effective magnetic field.
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# Stochastic Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb * | (. S|

Initial Magnetization Value

mi= N[{S8in[(e) °] xCos[(®) °1, Sin[(e) °] xSin[(¥) °1, -Ces[(e) °1}1;
Magntd = N[Sqrt[mi[[1]]*2+mi[[2]]"2+mi[[3]]"2]];

mx0 = ((mi[[1]] /Magntd)) % (SatT[initT0] / SatT[0]);
myO = ((mi[[2]] /Magntd)) * (SatT[initT0] / SatT[0]);
mz0 = ((mi[[3]1] /Magntd))  (SatT[initT0] /8atT[0])/

ml

150% «

Figure F.18. The screen shot shows the necessary codes to identify the initial

condition of the magnetization vector.

The determination of the initial condition of magnetization vector is definitely im-
portant. In our case, the preference of highly perpendicular anisotropy magnetic media
makes the preferential direction of the magnetic moments perpendicular to the plane.
Yet, for the ferromagnetic materials, there are more than one magnetic anisotropies.
While one of them is dominant, others weakly exist. That is why the initial condition
of the magnetization vector is tilted a little from perpendicular direction to the thin

film plane.
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e ——

(+ Main Equation )

(1+a?)

LlBxx = | —————
g 5atT2[0]

] mx' [t] = - (my[t] Heffz1[t] -mz[t] Heffyl[t]) +

2par
= (mx[t] Heffx1[t] + my[t] Heffyl[t] + mz[t] Hef£fz1[t])
mx[t]? +my[t]% + mz[t]?
a,
mx[t] - | —— P
mx[t]? + my[£]? + mz[t]?
(my[t] (mx[t] (Heffyl[t] + HLANGpx[t]) - my[t] (Heffx1[t] + HLANGpx[t])) -
mz[t] (mz[t] (Heffxl[t] + HLANGpx[t]) - mx[t] (Heffz1[t] + HLANGpx[t]))) +
HLANGL1x[t];

(1407)

LlByy = | ——————
g 5atT2[0]

my'[t] = - (mz[t] Heffxl[t] - mx[t] Heffz1l[t]) +

[*] (mx[t] Heffx1[t] + my[t] Heffyl[t] + mz[t] Hef£z1[t])
mx[t]? +my[t]% + mz[t]?

Aperp

mx[t]? + my[t]12 + mz[t]z]

(mz[t] (my[t] (Heffzl[t] + HLANGpy[t]) - mz[t] (Heffyl[t] + HLANGpy[t])) -

mx[t] (mx[t] (HefEyl[t] + HLANGpy[t]) - my[t] (Heffx1[t] + HLANGpy[t]))) +
HLANG1lly[t];

(1+a?)

g SatT2[0]

my [+] -

L1Bzz =

] mz' [t] = - (mx[t] Heffyl[t] - my[t] Heffx1[t]) +

a,
— (mx[t] Heffxl[t] + my[t] Heffyl[t] + mz [t] Heffzl[t])
mi[t]? + my[t]? + mz[t]?

a,
mzlt] - | ———
mx[t]? + my[t]% + mz[t]?
(mx[t] (mz[t] (Heffxl[t] + HLANGpz [t]) - mx[t] (Heffzl[t] + HLANGpz[t])) -

my[t] (my[t] (Hef£zl[t] + HLANGpz[t]) - mz[t] (Heffyl[t] + HLANGpz[t]))) +
HLANG1lz[t];

sol = NDSolve[{LLBxx, LLByy, LLBzz, mx[0] = mx0, my[0] = my0, mz[0] = mz0},
{mx, my, mz}, {t, 0, tmax}, MaxSteps > o] ;

[

150% « |I
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Figure F.19. The screen shot shows the required codes to describe the main equation

(S-LLB II formalism).

The LLB equation is distinguished into three spatial components. They are also

included in the manipulation because, in the end, all variables are plugged into this

main equation.
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& Stochastic Landau Lifshitz Bloch Macrospin Model Using MATHEMATICA 8V.nb * =iy X

Solution

Mz[t ] :=mz[t] /. sol;

datamz = Table[{t, 0}, {t, 0, tmax, tstep}];
asz = Table[Mz[t], {t, 0, tmax, tstep}];
datamz[[All, 2]] = asz[[All, 1]];

datamz ;

data = Drop[datamz, 1];

length = Length[data];

For[si =2, si < length, si++,

If[data[[si, 2]] > 0.85 Abs [datamz[[2, 2]]], Break[] 1:
1
Print |N[{mx0}], " ", N[{my0}1, " ", N[{mz0}1, "
N[0.85Abs[datamz[[2, 2]]]], " ", N[data[[si, 2]1]] mg (tsw)
", N[data[[si, 1111 (+tew#), " ", TPEAK, " ", X10 [TPEAK],
Fieldz
" tsteps), " ",j]r
mu0
Fieldz
Write[str, {N[data[[si, 1]1] (+switching times), " d
mu0
switching fields), " ", TPEAK (+The peak value of heating pulse

", X10[TPEAK] (+susceptibility }],

[

1l

Close[str]

150% =

Figure F.20. The screen shot which is taken from the S-LLB II model created in

Mathematica. This part is exigent for extracting the outputs from this model.

The last part of the manipulation is related to outputs. After the determinations
of the outputs of the LLB based macrospin model, using the codes which are shown in
the screenshot above, we write the outputs in a file whose directory is determined in

the beginning.



140

APPENDIX G: SOFTWARE INTERFACE OF
MACROSPIN LLB MODEL FOR CONI/PD MLS

In this section, by manipulating some crucial parameters in the macrospin model,
we end up with a minimal but sufficient interface of the LLB macrospin modeling. The

following figure is the screen shot of the interface. It enables us having user friendly and

% Ib manupula‘hmﬂb i

Time

{} 1.0183x10°

e | =
Initial Magnetization
magnitude of m

Q=1
el H“mn 3D Trajectory of Magnetization
inclination
i 5
External Mangetic Field
magnitude of H (x107)

1} 0.032

0032 BE
azimuthal angle

0] 0
inclination

{} 0
**"| Gilbert Damping Parameter

{} 0.02

002 B
Temperature
Sample

{} 425
Currie Temperature

{} 448
Anisotropy Terms
x compaonent (In-Plane)

{1} 05
y component (In-Plane)
{} 04
z companent (Out of Plane)

{ 01
Longitudinal Susceptibility
X

| 1} 0.00001

Figure G.1. An extensive manipulation of the LLB based macrospin model.

interactive applications by setting some inputs. So that modifying the implemented
codes for each time is not necessary. In pursuit of this goal, we can observe the behavior
of the magnetization vector as it is under the influence of an external magnetic field.
Besides as response of the magnetization to the given parameters, we can follow the

magnetization vector trajectory in each time step.
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APPENDIX H: EXPERIMENTAL ANALYSIS (VSM
MEASUREMENT TECHNIQUE)

One of our staple goals is to use the experimentally determined temperature
dependence of intrinsic properties of a magnetic structure. As it has been stated
before that we preferred CoNi/Pd magnetic multilayer structure which possesses high
perpendicular anisotropy which makes it a potential recording layer candidate for the
HAMR system. In this appendix, we will try to give some detailed information about

the experimental work.

The first thing which needs to be identified is that CoNi/Pd multilayer structure
is obtained by using sputtering technique. The Figure H.1 is the schematic illustration
of the whole structure. This multilayer system is sputter deposited onto Si/SiO2 sub-
strate with a structure of Ta (1.5)/Pd (3)/ [CossNigs (0.22) / Pd (1.2)] x 22 repeats
/Pd (2) (where all thicknesses are in nanometer scale). Temperature dependence of
hysteresis loops, saturation magnetization, and coercive field of the whole structure
were measured by using vibrating sample magnetometry (VSM). It is worth noting
that the temperature of the system ranges from room temperature (300 K) up to the

Curie temperature of the sample (7,=448K) [7] In this appendix, the VSM measure-

Ta(1.5 nm)
Pd(3 nm)
[CoNi(0.22nm)/Pd(1.2 nm)],,

Pd(2 nm)

Si/SiO, subsrate

Figure H.1. Schematic representation of the CoNi/Pd MLs structure.

ment technique will be presented in-detail. A VSM is used to measure the magnetic
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behavior of magnetic materials and it is based on the measurement of magnetic flux
change in a coil when a magnetized sample is vibrated near it. The magnetic sample is
attached to one end of a nonmagnetic rod (it is a kind of versatile sample holder), the
other end of which is connected to a driving system (a loudspeaker cone Figure H.2) or
another kind of mechanical vibrator). This driving system is in charge of the vibration
of the sample. Moreover, the magnetic dipole moments create a magnetic field around
the sample and it is called the magnetic stray field. As the sample is moved up and
down, this magnetic stray field changes as a function of time and can be sensed by a set
of pick-up coils. The vibration of the magnetic sample results in an oscillating magnetic
field and this induces an alternating electromotive force (emf) in the coils. Further-
more, the magnitude of the induced emf is proportional to the magnetic moment of the
sample. The (small) alternating emf is usually amplified via a lock-in amplifier. This
amplifier is adjusted to sense only the signals with the specified vibration frequency. In
other words, a reference signal at the frequency of vibration is required for the lock-in
amplifier, which can come from an optical, magnetic, or capacitive sensor coupled to
the driving system. There are many types of driving systems [22]. One of them is
in the mechanical form which is carried out by a cam or crank ( which is a rotating
disk shaped to convert circular motion into linear motion). In this case, the vibration
frequency is generally below 40 Hz, and the vibration amplitude is a few millimeters.

The amplitude is fixed by the geometry of the mechanical system.

By the advent of new technologies, the mechanical driving system is replaced by
the linear motor based driving system. Moreover, the amplitude is fixed by the drive
signal to the linear motor. Alternatively, another driving system which is based on a
loudspeaker, as in Figure H.2. In this case, the frequency is generally about 100 Hz, and
the amplitude is near 0.1 mm. Therefore, the latter driving technique is more sensitive
than the preceding one. However, in this case, depending on the mass of the sample
and its interaction with the magnetic field, the amplitude may vary. To control and
monitor both the variations in the amplitude and the frequency, there must be some
provisions. One method for this is to attach a small permanent magnet to the sample
rod, outside the varying field region, with a second set of sensing coils Figure H.2. The

important maintenance is to minimize vibration of the sensing coils in the magnetic
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field, and to keep the measuring field from influencing other parts of the system. It is
important to note that the VSM measures the magnetic moment (m) of the sample,

and therefore the magnetization M, whereas the fluxmeter method ordinarily measures

Loudspeaker
Drive

the flux density B.

Sample
Mamand /Holder

Electromagnet

Figure H.2. Schematic representation of the VSM technique.

As a consequence, the VSM is very versatile and sensitive. It may be used for
both weakly and strongly magnetic substances, and standard versions can detect a
magnetic moment of about 107° emu = 1 erg/Oe or 1078 Am?. This corresponds to
the saturation magnetization of about 0.04 mg of iron, which suggests the attention
to cleanliness. That is definitely necessary when measuring small or weakly magnetic

samples [22].
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The VSM must be used with care in the determination of the magnetization
curves or hysteresis loops of magnetically soft materials. The specimen has to be short
and the demagnetizing field may then be such a large fraction of the applied field that
the true field is uncertain. However, if the sample is or can be made very thin, as is often
the case in spintronic devices, the demagnetizing correction can be small or negligible.
The demagnetizing correction is also generally unimportant in the determination of
saturation magnetization Mg [22]. The VSM can be adapted for measurements at high
and low temperatures, since only the sample and the vibrating rod must be heated
or cooled. VSMs are limited to small samples, generally less than 1 g. In addition to
these, the various components of VSM technique are hooked up to a computer interface.
By means of the interfaces which are controlling and monitoring software, the VSM
system can tell you more accurately how much the sample is magnetized and how its

magnetization depends on the strength of the constant magnetic field.
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