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Kurzfassung

Die Nachfrage nach Speichermedien steigt mit dem wachsenden Datenvolumen. In
den letzten 50 Jahren ist die Speicherdichte von Festplatten exponentiell gewach-
sen. Heutzutage hat sich das Wachstum allerdings verlangsamt, da die verwende-
ten konventionellen Speichertechniken keine Speicherdichten im Bereich von meh-
reren Th/in? erzeugen kénnen. Die wirmeunterstiitzte magnetische Aufzeichnung
(HAMR) [englisch: heat-assisted magnetic recording] ist eine Speichertechnik, die
die Speicherdichten von Festplatten iiber das Limit der derzeit genutzten Speicher-
methoden hinaus verbessert. Die Schliisseltechnologie bei HAMR besteht darin, einen
thermischen Impuls in den Speicherprozess zu integrieren, um die Koerzitivfeldstéarke
von hochanisotropen Materialien zu senken und sie mit den verfiigharen Kopffeldern
schreiben zu konnen. Der Hitzepuls stellt jedoch viele Herausforderungen dar. Ein
grofles Problem sind thermische Schreibfehler, die zu unerwiinschtem Schreiben von
benachbarten Koérnern oder dem Zuriickschalten von Kérnern aufgrund einer zu lang-
samen Abkiihlungsphase fithren kénnen. Das Ziel dieser Arbeit ist es, verschiedene
Herausforderungen in HAMR zu untersuchen und geeignete Losungen zur Reduzie-

rung thermischer Schreibfehler zu finden.

Der wichtigste Parameter zur Bestimmung der Qualitidt der aufgezeichneten Bits
ist das Signal-Rausch-Verhéltnis (SNR) [englisch: signal-to-noise ratio]. Es gibt an,
wie gut das ausgelesene Signal im Vergleich zum Hintergrundrauschen ist. Es ist von
groflem Interesse, den Einfluss verschiedener Material- und Schreibkopfparameter auf
den SNR zu verstehen. Die umfassende Untersuchung in dieser Arbeit zeigt, dass die
Déampfungskonstante ein kritischer Parameter fiir die Verbesserung der Qualitit von
geschriebenen Bits in HAMR ist.

Eines der bisher unbeachteten Probleme bei HAMR ist die Tatsache, dass der aufge-
brachte Hitzepuls zu einem Temperaturgradienten im Aufzeichnungsmaterial fiihrt.
Es wird untersucht, wie dieser Temperaturgradient die Aufzeichnungsleistung in Be-
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zug auf die maximal mégliche Schaltwahrscheinlichkeit und die Breite des Ubergangs
zwischen den Bits beeinflusst. Dariiber hinaus wird veranschaulicht, dass ein kiinstlicher
Curie-Temperaturgradient innerhalb des Materials den Leistungsverlust durch den

Temperaturgradienten ausgleichen kann.

Das grofite Problem bei hartmagnetischen FePt-dhnlichen Kérnern, die fiir den Ein-
satz in HAMR vorgesehen sind, ist die Tatsache, dass diese Korner trotz des angeleg-
ten Schreibfeldes nicht zuverlissig wiahrend verniinftiger Zeiten beschrieben werden
kénnen. Dies fithrt zu dem sogenannten DC-Rauschen, das die maximale Schalt-
wahrscheinlichkeit von Bits begrenzt. Dies bedeutet, dass die Informationen nicht zu-
verlissig geschrieben werden. Eine Struktur bestehend aus einer Schicht hartmagneti-
schem und einer Schicht weichmagnetischem Material mit erhohter Curie-Temperatur
ermoglicht eine Verbesserung der maximalen Schaltwahrscheinlichkeit auf 100%. Die-
se doppelschichtige Struktur fithrt jedoch zu hohem AC-Rauschen, was zu grofieren
Ubergangsbereichen zwischen den Bits und damit einer begrenzten Speicherdichte
fithrt. Die weichmagnetische Materialzusammensetzung einer Doppelschichtstruktur
wird in dieser Arbeit optimiert, um sowohl AC- als auch DC-Rauschen zu reduzieren.
Die Ergebnisse zeigen, dass beide Rauschquellen reduziert werden kénnen sowie dass
die optimale Materialzusammensetzung stark von der Dampfungskonstante abhéngig
ist.

Der Hitzepuls fiithrt zu einer weiteren Herausforderung bei HAMR. Durch das ge-
kritmmte thermische Profil des Hitzepulses ist der Ubergang zwischen den Bits stéirker
gekriimmt als bei den derzeit verwendeten Speichertechniken. Es wird erwartet, dass
dies die Qualitat des Riicklesesignals und damit den resultierenden SNR beeinflusst.
Vor kurzem wurde ein Schreibkopfdesign mit vertauschten Polen vorgeschlagen, bei
dem ein grofler rdumlicher Feldgradienten des Schreibkopfes der Schliissel ist, um die
Kriimmung zwischen den Bits zu reduzieren. In dieser Arbeit wird der Schreibpol ei-
nes HAMR Schreibkopfes optimiert, um sowohl grofie Feldgradienten als auch grofle
Felder im Bereich des Hitzepulses zu erzeugen. Dies geschieht durch Topologieopti-
mierung. Die Ergebnisse zeigen, dass die Steigerungen des Feldgradienten durch die
Optimierung nicht ausreicht, um eine signifikante Reduzierung der Kriimmung zu
erreichen. Es lédsst sich erneut nachweisen, dass die Dampfungskonstante des Spei-

chermaterials eine Schliisselrolle bei der Reduzierung der Ubergangskriimmung spielt.
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Abstract

The demand for storage devices increases with the growing amount of data. Over the
last 50 years, the areal density in magnetic hard disk drives (HDD) has experienced
exponential growth. However, the growth rate has slowed down since conventional
recording techniques that are used nowadays cannot produce areal storage densities
(AD) in the range of several Th/in?. Heat-assisted magnetic recording (HAMR) is a
recording technique that can improve the areal storage densities of hard disk drives
beyond the density limits of conventional recording techniques. The key technol-
ogy in HAMR is the inclusion of a heat pulse in the recording process to lower the
coercivity of high-anisotropy materials and make them writeable with the available
head fields. However, the heat pulse causes diverse challenges. A big problem are
thermally written-in errors which can lead to unwanted writing of neighboring grains
or back-switching of grains due to slow cooling. The aim of this work is to investi-
gate various noise sources in HAMR that lead to thermally written-in errors and find

suitable solutions to reduce them.

The main parameter to determine the quality of the recorded bits is the signal-to-
noise ratio (SNR). It gives a measure on how good the read-back signal of a GMR
read head is compared to the background noise. It is of great interest to understand
the influence of various material and write head parameters on the SNR. The com-
prehensive investigation of this work shows that the damping constant of the material
of the recording grains is a critical parameter to improve the quality of written bits
in HAMR.

One of the problems in HAMR which has remained unobserved so far is the fact
that the applied heat pulse leads to a temperature gradient within the recording
material. It is investigated how this temperature gradient influences the recording
performance in terms of the maximum possible switching probability and the width
of the transition between bits. Moreover, it is illustrated that an artificial Curie



temperature gradient within the material can compensate the performance loss due

to the temperature gradient.

The biggest problem with hard magnetic FePt-like grains, intended for the use in
HAMR, is the fact that this type of grain cannot be reliably written during reason-
able access times, despite the applied head pulse. This leads to the so-called DC
noise, which limits the maximum switching probability of bits. An bilayer structure
consisting of 50% hard and 50% soft magnetic material with graded Curie tempera-
ture allows to improve the maximum switching probability to 100%. However, this
bilayer structure leads to high AC noise, which results in larger transition areas be-
tween bits and thus limits the areal density. In this work, the soft magnetic material
composition of a bilayer structure is optimized in order to reduce both AC and DC
noise. The results show, that both noise sources can be reduced and that the optimal
material composition is strongly depending on the damping constant.

The heat pulse leads to another challenge in HAMR. Due to the curved thermal
profile of the heat pulse, the transition between bits is significantly more curved than
it is for conventional recording techniques. This is expected to reduce the quality
of the read-back signal and thus the resulting SNR. Recently, a write head design
with flipped write and return poles was proposed where a large spatial field gradient
of the write head is the key to significantly reduce the transition curvature. In this
work, the write pole of a heat-assisted magnetic recording head is optimized in order
to produce large field gradients as well as large fields in the region of the heat pulse.
This is done by topology optimization. The results show that the gradients of the
optimized head design are not sufficient to lead to any significant improvement of the
written track. It is again shown, that the damping constant of the recording material

plays a key role for the curvature reduction.
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Chapter 1

Introduction

1.1 Background

The rapid growth of data results in the need of a continued increase in the capacity of
storage devices. 2017, IBM released a study [1] that 90% of all data back then were
created in the last two years. 2018, 2.5 quintillion bytes of data were created every
day. It is expected that the total amount of data created reaches 44 ZB in 2020 [2]
(1ZB = 1zettabyte = 10*! bytes). Hard disk drives (HDDs) [3-6] are non-volatile
magnetic storage devices which are commonly used as secondary storage devices in
desktop computers, multiple user computers, digital video recorders and automotive
vehicles. Secondary storage devices store the data until it is explicitly deleted in
contrast to primary storage devices (RAM, Cache) that keep the data only for a
short period of time while the computer is running. Hard disk drives consist of a
rotating disk which are called platters and are coated with magnetic material. Via a
moving actuator arm, a magnetic recording head is mounted to the HDD and is used
to write and read the data. A picture of a HDD with the platters and the actuator
arm with the recording head is shown in Figure 1.1.

With the increasing amount of data it is not efficient to just produce more storage
devices since this would lead to more costs and a higher energy consumption. Hence,
it is necessary to increase the areal storage density (AD) of the storage devices. Until
2010, the areal density of hard disk drives doubled almost every two years similar
to Moore’s law for integrated circuits, with a minimum compound annual growth
rate (GGR) of ~ 40% per year [8,9]. In almost 60 years the result is an impressive
growth of 500 million times from the first IBM HDD with an AD of 2000 bits/in?
in 1956 [10] to a HDD introduced by Seagate in 2012 with an AD of 1.0 Th/in? [11]
(= 1Terabit per square inch = 10'? bits per square inch). However, since 2010 the
AD growth rate is saturating for conventional recording due to technical reasons.
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Figure 1.1: Opened hard disk drive showing the platter and the actuator arm with the write
and read head on the tip (orange area). Picture taken from [7].

Flash-based solid state drives (SSDs) [12,13] are a big competition to HHDs when
it comes to speed, power consumption and system performance but hard disk drives
are the preferred solution when it comes to the price per Th. Moreover, the growth
rate of SSDs is very similar to that of HDDs and is also at a saturation point. In
Figure 1.2, a comparison between the AD growth rate of hard disk drives and solid
state drives is shown. In the graphic the milestones that led to higher areal densities
for hard disk drives are indicated.

To keep hard disk drives competitive, new technologies and recording concepts have
to be introduced. The most promising recording technology for further areal density
growth is heat-assisted magnetic recording (HAMR) [3, 14-18]. According to the
recording roadmap of the Advanced Storage Research Consortium (ASRC) [19] in
Figure 1.3, areal densities up to 5Th/in? can be reached for HAMR, in combination
with bit-patterned media [20-22] even densities up to 10 Th/in? are predicted. Al-
though, heat-assisted magnetic recording was already introduced 60 years ago [18],
it is not commercially available yet due to several technical challenges. However,
Seagate is already shipping test HDDs with HAMR techonolgy to clients [23]. The
motivation of this work is to find suitable solutions for some challenges that come
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Figure 1.2: Development of areal density for hard disk drives and flash-based solid state
drives (SSDs). CGR is the annual compound growth rate. Picture taken from

[9]-

with the technology of heat-assisted magnetic recording in order to keep HDDs com-
petitive by further increasing the areal density.

1.1.1 Structure of the doctoral thesis

The structure of this thesis is as follows:

e Chapter 2 gives a short introduction into the basics of magnetic recording and
the magnetic recording components. Further, the magnetic recording trilemma
is explained. To overcome it, it is necessary to introduce new recording concepts.
Heat-assisted magnetic recording is presented as a technology to surmount this
recording trilemma. Finally, challenges that occur with HAMR are described.
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Figure 1.3: Recording technology roadmap according to the Advanced Storage Research
Consortium with predicted areal density growth for heat-assisted magnetic
recording. Picture taken from [19].

e In Chapter 3 the simulation tools used in this work are described. Atomistic
simulations, a macrospin model and two qualitative models to determine the
switching probability of the recorded grains are explained. Moreover, it is stated
which HAMR model is taken and how important parameters can be extracted
from a phase diagram that shows the switching probability of recording grains.

e Chapter 4 presents a study on how different write head and recording material
parameters influence the signal-to-noise ratio (SNR). The SNR gives the power
of the signal over the power of the noise and can be taken as a measure for the

quality of written bits.

e Chapter 5 investigates the influence of the temperature gradient in z—direction
on the recording performance of a heat-assisted magnetic recording grain. It
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further shows a way to compensate the loss of recording performance due to the

temperature gradient by varying the Curie temperature within the material.

e Chapter 6 introduces a way to reduce noise by optimizing a recording medium
which consists of a hard and a soft magnetic layer. Different material parameters
of the soft magnetic layer are varied and the material composition with the
lowest AC and DC noise is chosen. Furthermore, the volume ratio between the
hard and the soft magnetic layer is optimized. This is done for two different
hard magnetic layers and the results are compared. Moreover, it is concluded
how much the areal density can be increased by using the optimized structure.

e Chapter 7 investigates a concept to reduce transition curvature which is en-
hanced due to the Gaussian shape of the heat pulse. A write head’s topology
is optimized in order to produce maximum fields and field gradients. With the
resulting write heads it is studied if the transition curvature can be efficiently

reduced.

e Chapter 8 summarizes the doctoral thesis.






Chapter 2
Fundamentals in Magnetic Recording

In this chapter an introduction to magnetic recording is given. The essential con-
cepts in magnetic recording are presented and an overview over the development in
magnetic recording is given. Furthermore, the magnetic recording trilemma is ex-
plained and heat-assisted magnetic recording as a way to overcome this trilemma is
introduced. Finally, the challenges that occur in HAMR are examined.

2.1 Magnetic Recording Basics

Figure 2.1: Schematic representation of bits at a granular recording medium in the two
magnetization states (black and white) that consist of a number of grains.
Picture taken from [3]

The main source of this section is [3], others are explicitly mentioned.

The first generation of hard disk drives was introduced by IBM in 1956 [10] and had
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an areal density of 2000 bits/in?. The so-called IBM 305 RAMAC consisted of 50
disks with a diameter of 24inch each. It weighted over one ton and was leased for
$ 750 per month. The information was stored on the magnetic material of the rotat-
ing disks. The magnetic surface of HDDs is divided into small magnetic regions that
are almost uniformly magnetized, see Figure 2.1. Each of these regions represents
one bit which nowadays consists of 10 to 20 grains that have a diameter below 10 nm.
The information is stored in two magnetic polarities that correspond to either a logi-
cal 0 or a logical 1. It is written to the magnetic recording medium with write heads
and accessed again with read heads. In today’s HDDs, recording heads provide both
a writing and a reading component which are separated by a shield. Basically, write
heads are electromagnets, yokes that are surrounded by a coil, and use the principle
of induction to produce a write field that sets the magnetization direction of the
grain. If the polarity of the current through the coil is reversed, the magnetization
direction of the pole tip reverses as well. The reading part of the recording head is
in principal a GMR sensor that uses the giant magneto-resistance effect [24,25] to
determine the direction of the magnetization of the bit below.

The first widely commercially used recording technique was longitudinal magnetic
recording (LMR) [26]. In LMR, the grain’s magnetization direction is parallel to the
surface of the recording medium (see Figure 2.2). The single grains are aligned one by
one with the poles next to each other. The direction of the applied field determines
the magnetization direction of the grain. To avoid that the magnetizations of the
grains are influencing each other, the grains are separated by non-magnetic material
which limits the maximum reachable areal storage density. The main contribution in
LMR to further increase the AD is the reduction of the size of the grains. However,
the reduction of the grain size is restricted by the superparamagnetic limit [27, 28]
which is explained in more detail in Section 2.2 and leads to the thermal instability of
the magnetization of the medium. Thus, the storage density in longitudinal magnetic
recording is restricted to 100 Gbits/in? [29].

In 1975, Iwasaki introduced perpendicular magnetic recording (PMR) [30]. It took
30 years until the first hard disk drives with perpendicular magnetic recording tech-
nology were shipped by Toshiba in 2005 [31]. In perpendicular magnetic recording, a
thicker magnetic recording layer is used and the grains are magnetized perpendicular
to the surface of the disc as seen in Figure 2.2 [32]. Compared to LMR the demag-
netization field of the grains is lower and thus more grains are able to be stable in
the same area. Furthermore, in PMR the magnetization of adjacent grains is not
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directly opposite. Hence, the non-magnetic transition regions between the grains can
be significantly reduced compared to LMR. Another main difference between LMR
and PMR is the use of a soft magnetic underlayer (SUL) [33,34] in perpendicular
magnetic recording. The SUL is regarded as a part of the write head since it provides
magnetic flux return paths. Due to the SUL, magnetic fields and field gradients are
increased compared to LMR heads with the same materials. Thus, the coercivity
of the grains can be enhanced such that the grain size can be reduced while the
grain stays thermally stable. However, the areal storage density is also limited for
perpendicular recording due to the so-called magnetic recording trilemma [35-37].

Read Shield

Read Element

Write Shield

Recording Layer Soft Magnetic

Underlayer
LMR PMR

Figure 2.2: Comparison of longitudinal (left) and perpendicular (right) magnetic recording
heads. Picture taken from [3]

2.2 Magnetic Recording Trilemma

In this section, the magnetic recording trilemma [35-39] explained in more detail. It
is schematically depicted in Figure 2.3. In order to get higher areal densities, the size
of each bit has to become smaller. The signal-to-noise ratio [40] which determines the
quality of the signal in the read-back process is proportional to the number of grains
in one bit [41,42]. Thus, the number of grains per bit has to be nearly constant to
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Figure 2.3: Schematic presentation of the magnetic recording trilemma. Picture taken from
[3).

achieve similar SNR values which means that the size of each grain has to be reduced.
The superparamagnetic limit [27,28] is a limitation in the reduction of the grain size.
It describes the fact that very small ferromagnetic particles randomly loose their
magnetization state even at temperatures clearly below the Curie temperature. The
energy barrier £y, that has to be overcome to switch a grain with uniaxial anisotropy
from one stable magnetization state to the other is given by

B, = k,V (2.1)

where k, is the uniaxial anisotropy constant and V is the grain’s volume. With
decreasing particle size, the energy barrier reduces due to the smaller grain volume
and becomes comparable to the thermal energy

kV ~ kT (2.2)

where kg is the Boltzmann constant and 7' is the environment temperature. This
means that thermal activation can occur even at room temperature (7 = 300K)
which forces the magnetic moment of the grain to randomly flip with time without the
presence of an external magnetic field. Thus, the magnetic order becomes unstable
and the particles become superparamagnetic. In order to keep the magnetization

10
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of the grain thermally stable, the anisotropy constant has to be enhanced. A good

reference value for a grain to be magnetically stable for 10 years is [3, 14].

koV
> 70. 2.3
T (2:3)

Note, this value is not definite and is stated differently in different sources [28,36,43].
With the higher anisotropy of the grains writability becomes a problem. The write
fields produced by the write heads are limited by the available head materials. The
highest saturation polarization discovered in nature is J; = 2.4 T [44]. Moreover, the
decreasing size of bits demands for the write heads to become smaller in order to
focus the field enough to write the desired grain only. However, smaller write heads
produce smaller write fields lower than 1T [45], such that the high-anisotropy grains
cannot be written.

The magnetic recording trilemma limits the areal density that can be reached with
perpendicular magnetic recording to about 1 Tbh/in?. There are several ideas how to
achieve higher areal densities like graded media [46-50], Shingled Magnetic Record-
ing (SMR) [51-53], Two-dimensional Magnetic Recording (TDMR) [53-55], Bit-
patterned media (BPM) [20-22], Microwave Assisted Magnetic Recording (MAMR)
[56-59] and Heat-assisted Magnetic Recording (HAMR) [14-17]. However, there is
broad agreement that the most promising candidate technology for the next genera-
tion of HDDs is HAMR.

2.3 Heat-assisted magnetic recording

Heat-assisted magnetic recording [3,14-18] is the most promising technology to over-
come the recording trilemma. In HAMR, a heat pulse is added in the writing process
and the medium is locally heated near or above the Curie temperature. This heat-
ing of the recording medium near or above the Curie temperature T¢ leads to a
continuous drop of the intrinsic magnetic properties such as coercivity H., magnetic
anisotropy k, and the saturation magnetization My [15]. With the reduced coercivity
the switching field reduces and the grain can be written with the write fields provided
by the recording head. After the grain is written, the medium is rapidly cooled and
the information is permanently stored. The writing and cooling process happen on
the same time scale of about 1ns [14]. A schematic picture of the HAMR principle
can be seen in Figure 2.4.

The big advantage of HAMR is that grains with high anisotropy can be used. Hence,

11
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Figure 2.4: Schematic representation of the writing process in heat-assisted magnetic
recording. Picture taken from [14].

the grain size can be reduced while the grains stay thermally stable. Another ad-
vantage of HAMR is that high effective write field gradients can be achieved without
special requirements on the write head. The write field gradient can be written
as [3,14,60]

derite dHext de dT

dx dz dT dx

(2.4)

where dHj/dT is the temperature dependence of the anisotropy field Hy just below
the Curie temperature and d7'/dx is the thermal gradient at the freezing temperature
in the down-track direction. The freezing temperature is the temperature below
which the coercivity is so high that the grain cannot be written with the available
write field. dHey/dx is the gradient of the external field in down-track direction. In
contrast to inductive head designs the write field gradients with HAMR heads can
be 3 to 20 times larger because dHy,/dT - dT /dx >> |dHex|/dz. These high effective
write field gradients lead to sharp transitions between bits such that higher down-
track recording densities can be achieved. HAMR was proposed almost 60 years ago
by Burns et al [18]. Despite a lot of research that has been done in HAMR, hard
disk drives that use HAMR are still not commercially available yet but Seagate is

12
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currently shipping test HDDs with HAMR technology to clients [23]. The reason
why HAMR HDDs are still not commercially available is that there are different
challenges in HAMR and novel components had to be developed [3,17,61,62]. A few

of these challenges are described in the further course.

2.3.1 Challenges in HAMR

Light Delivery System

In HAMR, laser light is used to enable the heating of the recording medium. One
challenge in HAMR was the production of an efficient light delivery system that
focuses the light well below the diffraction limit [14,63]
0.51A
d= . (2.5)

n

A is the wavelength of the light and n the index of refraction of the lens material.
With conventional far field optics it is not possible to focus the heat spot to a spot
size below 60 nm and simultaneously get enough power to reliably heat the recording
medium [16]. However, for HAMR spot sizes below 20 nm are needed. Thus, so-called
near field transducers (NFT) [16,63-65] are used to focus the light to sub-20 nm spots
with the sufficient power. Near field transducers are made out of plasmonic material
like gold or aluminum and use antennas and apertures to focus the light. Usually, a
diode laser with A ~ 800 nm is used [66,67]. In this area, the research has made huge
progress and nowadays there exist near field transducers that efficiently delivery the
light to the recording medium [68-70].

HAMR Head

The next challenge is the integration of the NFT to the write head [14,71]. The
integrated HAMR head has to fulfill several requirements. The write pole of the
head has to be close to the NFT to provide a sufficiently high head field and high
field gradients at the position of the heat spot and the head has to fly at head to
media spacings (HMS) below 10nm [14]. Furthermore, it has to be small, reliable
and producible in mass at low cost. Commonly in literature, the laser is attached on
a submount that is fixed to the top surface of the head [3,72,73].

Generally, there are three possible ways to define the dimension of the bit. It is
possible to either

13
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(a) focus the heat spot and have a non-local field,
(b) focus the field and have a non-local heat spot or

(c) focus both the field and the heat spot.

Typically, possibility (a) is chosen where the write field defines the magnetization
direction and the heat spot defines the bit dimension [67]. The write head can then
be larger and thus, a higher head field can be achieved. The high field gradients
and sharp transitions between bits can be achieved by optimizing the soft magnetic
underlayer. The head materials need to have high saturation polarization Js to
produce high head fields. FeCo is such a material with J, = 2.4T [44].

HAMR Medium

To achieve higher areal storage densities, not only the recording technique is cru-
cial but also the choice of the recording material. Another challenge in HAMR is
to find suitable low-noise high anisotropy magnetic media with grain sizes below
5 — 6nm [3,14,17,43]. High magnetocrystalline anisotropy over 3.5 MJ/m?, a grain
size distribution below 10%, a Curie temperature distribution about 2% and a grain-
aspect ratio h/D greater than 1.5 (where h is the height and D the diameter of the
grain) are desired [43,74]. The recording material has to combine a good record-
ing performance with a good mechanical performance [17]. For this purpose, FePt
based materials are the most promising [75-77]. In the production process of high
anisotropy L1g phase media, elevated temperatures are needed to order the atoms in
the right way. However, this makes it hard to form grains which are slim and tall
since the grains tend to become spherical at elevated temperatures [17].

To protect the recording medium from damage caused by the elevated temperature,
special lubricants and overcoats are needed. This means that the head disk interface
has to be robust. To enable the recording layer to cool quickly after the writing
process, a heat sink is additionally needed [78-80].

Bit-patterned Media (BPM) and Heated-dot Magnetic Recording (HDMR)

The materials used for recording at the moment are granular media [76,77,82]. As
explained in Section 2.2, 10 to 20 grains that are weakly exchange coupled and
separated by non-magnetic boundary materials, compose one bit, see Figure 2.5(left).

These grains are different in shape, size and arrangement. The energy barrier of
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Conventional granular media Bit patterned media
e T L

Figure 2.5: Comparison of (left) granular recording medium and (right) bit-patterned
media. (Top) Illustration of the recording systems on the disk. (Bottom)
Schematic representation of the bits in both media structures. Picture taken
from [81]

granular media, which has to be overcome to switch the bit, is proportional to the
volume of the grains. Hence the areal density is limited by the superparamagnetic
limit of the single grains [28]. An alternative to granular recording material is bit-
patterned media [20-22,83]. In bit-patterned media, the grains are strongly exchange
coupled and then patterned into magnetic islands with the help of nanolithography
[84,85]. Every magnetic island is one bit of information. In this material, the energy
barrier is proportional to the volume of the whole bit. Since now the volume of the
island can be as small as the volume of one single grain in granular media, higher
storage densities can be achieved with bit-patterned media. The combination of
HAMR with bit-patterned media is called heated-dot magnetic recording (HDMR)
[43]. It is expected that HDMR can extend the areal density of HDDs beyond
10 Th/in? [86]. Although the production of bit-patterned media is sophisticated and
it is not possible to use bit-patterned media commercially yet, research in HAMR
combined with bit-patterned media is an ongoing topic [87].
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Thermally Induced Recording Errors

In HAMR, thermally written-in errors are a serious problem [60,88,89]. These include
unwanted writing of neighboring grains due to accidentally heating the neighboring
grains or a back-switching of the grains after they have been written due to too
slow cooling. This leads to high AC and DC noise which limit the distance between
neighboring grains and the maximum switching probability of grains, respectively.
This thermal noise due to the heating of the material lowers the signal-to-noise ratio
since the SNR gives the power of the signal over the power of the noise. Different
mechanisms to study and reduce thermally written-in errors and the noise in HAMR
media have been achieved with the help of computer simulations [40,90]. In this
work, approaches to determine the influence of different material and write head
parameters on the SNR (see Chapter 4) and to optimize the recording medium in
order to reduce AC and DC noise are demonstrated (see Chapter 6).

Another thermally induced problem in HAMR is the curvature of transitions between
bits in state-of-the-art granular media. Curved transitions occur also in perpendicular
magnetic recording [35,91,92]. In HAMR, the curved thermal profile of the heat
pulse amplifies this transition curvature. Since this transition curvature is expected
to limit the signal quality in the read-back process it is of great interest to reduce the
transition curvature. Different approaches to reduce transition curvature have been
proposed [93,94]. In Chapter 7 these approaches are presented and further studies
on transition curvature reduction that have been achieved during the course of this
work are presented.
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Chapter 3
Computer Simulations

Computer simulations are an important tool to investigate physical phenomena or
test out new materials and devices without performing costly experiments. It is
thus necessary that the computer simulations are reliable and efficient and provide
approximations at very high accuracies. There are a variety of approaches on different
length and time scales to model magnetism phenomena with the help of computer
simulations, ranging from the detailed ab initio calculations [95] to the more general
description with Maxwell’s equations. In this work, the switching probability of
recording grains during HAMR is computed with the help of atomistic simulations, a
macrospin simulation tool and with two models that describe the switching behavior
qualitatively. These models depend on each other as indicated in Figure 3.1, meaning
that some models need input parameters that are determined from other models. In
the following, an overview over the various models to simulate the HAMR process
is given. Further, the model parameters for heat-assisted magnetic recording are
introduced and ways to determine important properties like the maximum switching
probability, the transition jitter and the signal-to-noise ratio are described.

3.1 Atomistic Simulations

The main source of this chapter is the publication by Evans et al [96], others are
explicitly mentioned.

A lot of simulations in magnetism today are performed using micromagnetic mod-
elling. However, often it is necessary to consider the detailed atomic structure of
the materials and the changes on the atomistic level in the simulations. This is
for example the case for sub-nanometer spatial variations in magnetization that are
caused by high temperature, atomic level ordering or atomic surface and interface

effects. In the atomistic simulations each atom is considered to possess a magnetic
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Figure 3.1: Overview over the different models to simulate the switching probability of
recording grains during HAMR. The dependence of the different models on
each other are indicated by the arrows. The input parameters for the models
are determined by the previous models that they depend on.

moment. Atomistic models originate from the Ising model from 1925 which only con-
siders spin-up and spin-down states and can be generalized by the Heisenberg model.
In the following the classical Heisenberg spin model and the related energy contri-
butions are explained. Further, the Landau-Lifshitz-Gilbert (LLG) equation that
describes the time-dependent magnetization behavior and Langevin dynamics with

which temperature-dependence can be added to the LLG equation are introduced.

3.1.1 Classical Spin Hamiltonian

The origin of atomistic models is the Ising model where only spin-up and spin-down
states are considered. A generalization of the Ising model that allows the spins to
move free in the 3-dimensional space is the Heisenberg spin model. The energetic
behavior of the magnetic system in the Heisenberg model is described by a spin
Hamiltonian. The spin Hamiltonian describes the magnetic interaction between the
spins of the electrons of the atoms. Typically, the energy contributions that are
considered in the spin Hamiltonian are the exchange energy Hey., the Zeeman energy
H,ee, and the anisotropy energy H.,;. With those, the spin Hamiltonian is given by

H = Hexc + Hzee + %ani (31)
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There are further energy contributions like the demagnetization energy which are
not considered in this work. Below all three considered energy contributions are

explained in more detail.

Exchange Energy

The dominant part in the Heisenberg spin Hamiltonian in the temperature range
300 — 1300 K is the exchange energy [96]. It has the effect that it is energetically
more favorable for localized spins to be aligned parallel instead of antiparallel. The
exchange energy has an electrostatic origin, it is of the order of 1 — 2eV and is thus
more than 1000 times larger than the next largest contribution. The exchange energy

for a system of interacting moments is given by

Hexe = — »_ JijSi - S, (3.2)
i#]

where J;; is the exchange interaction between the atomistic sites ¢ and j, S; is a
unit vector denoting the local spin moment direction of atom 7 and S; is the spin
moment direction of a neighboring atom. S; = pug/|us|, where pg is the atomic
moment. For the exchange interaction J;;, it is important to consider the correct sign.
Jij > 0 describes ferromagnetic materials whereas J;; < 0 describes antiferromagnetic
materials. In this work, an isotropic exchange interaction is used meaning that the
exchange energy of two spins is only depending on their relative orientation. The
exchange interaction is strongly depending on the distance. Thus, often only nearest
neighbor exchange interactions are considered which reduces the computational effort

and allows for larger system sizes.

Zeeman Energy

The energy of a ferromagnet is highly depending on the interaction between the
system with an external field H,p,. The spins tend to align in the direction of the
applied field. The energy contribution corresponding to this interaction is called
Zeeman energy. It is given by

Hzee = - Z /JJSSZ ' Happl (33)

S, is again a unit vector that gives the local spin moment direction of atom ¢ and p

is the atomic spin moment.
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Anisotropy Energy

Magnetic anisotropy is a contribution in which alignment of the spins along one or
multiple axes, the so-called easy axes is preferred. The simplest form of anisotropy
is uniaxial anisotropy where the magnetic moments prefer to align along one single
axis. In this work only uniaxial anisotropy is considered. Uniaxial anisotropy results
from the structure of the underlying crystal. Anisotropy is an effect that is only

bounded to the local magnetic moments. It is given by
Mo =~k > (Si-e)’ (3.4)

where k, is the anisotropy energy per atom and e is the direction vector of the single

easy axis.

3.1.2 Landau-Lifshitz-Gilbert (LLG) Equation

Figure 3.2: Schematic presentation of the contributions to the magnetization dynamics of
the Landau-Lifshitz-Gilbert equation. In (a) the precessional motion around
the effective field is depicted. In (b) the magnetization relaxation towards the
effective field can be seen. (c) shows the combined precession and damping that
are described by the LLG equation. Picture taken from [97].

A common way to describe time-dependent magnetization dynamics is the Landau-
Lifshitz-Gilbert equation which is a nonlinear partial differential equation [96,98,99].
1935, Landau and Lifshitz first introduced a basic dynamics equation for the mag-

netization based on a ferromagnetic resonance experiment [100]. This equation by
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Landau and Lifshitz (LL equation) is given by

om

- m X H, +m x (m x H, 3.5

5 ol Heyg +) ( 7)) (3.5)
precessional motion damping

where v is the gyromagnetic ratio and m = M /M is a unit vector that describes
the direction of the magnetization of the sample with M being the magnetization
vector and My being the saturation magnetization. H.g is the effective applied field
that acts on the sample and X\ is a phenomenological damping constant that de-
pends on the material. The first term of the Landau-Lifshitz equation describes the
precessional motion of the magnetization due to the interaction with the applied
field (see Figure 3.2(a)). It can be derived from the Heisenberg equation of mo-
tion in the classical limit [98,99,101]. The second term characterizes the relaxation
of the magnetization where the magnetization gradually rotates towards the exter-
nal field (Figure 3.2(b)). The strength with which the magnetization is coupled to
the external field is determined by the dimensionless damping parameter A. In the
original Landau-Lifshitz equation, the relaxation function was assumed to be linear.
However, Gilbert replaced it with an equivalent damping term in 1955 yielding the
Landau-Lifshitz-Gilbert equation [102]. In Figure 3.2(c), the combined precessional
and dissipative motion that are described by the LL equation are shown. Since both
terms of the LL equation contain a cross product, both terms are perpendicular to
the magnetization.
The LLG equation was initially introduced for macroscopic magnetization dynamics
where X includes both intrinsic and extrinsic contributions. In contrast to this, the
damping constant in the atomistic LLG equation only includes the local intrinsic
contributions [96]. Thus, the microscopic damping parameter in the atomistic LLG
equation is called « to distinguish it from the macroscopic damping parameter .
With this, the atomistic LLG equation is given by

dS; v

ot (1+a?) [Si x Heg + aS; x (S; x Hyg)] (3.6)

where « is the microscopic damping constant, v is the gyromagnetic ratio, S; is a
unit vector that gives the direction of the magnetic spin moment on site ¢ and H'y
is the effective field which is the net magnetic field acting on spin 7. Note, that
compared to eq. (3.5), in eq. (3.6) the damping term proposed by Gilbert is used,
which leads (in the atomistic case with damping constant «) to the scaling factor
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1/(1+ a?) [103]. The atomistic LLG equation describes the magnetization dynamics
of an atomistic spin moment i in an effective field H'y;. The effective field can be

determined by

;1 OH
eff — ,usaSz

(3.7)

where p is the local spin moment and #H is the spin Hamiltonian of the system (see
Section 3.1.1).

Note, that the LLG equation is only valid at zero temperature. Both, the damp-
ing constant and the saturation magnetization are constant and not temperature
dependent.

3.1.3 Langevin Dynamics

As mentioned before, the classic LLG equation is only applicable at a temperature of
0 K. The absolute value of the magnetization is fixed, independently from the tem-
perature. However, thermal effects lead to thermodynamic fluctuations of the spins.
At high temperatures, these fluctuations have a stronger impact on the magnetiza-
tion dynamics than the exchange interaction, leading to ferromagnetic-paramagnetic
phase transitions. A way to include the thermal effects into the LLG equation are the
Langevin dynamics, introduced by Brown [104]. In the Langevin dynamics [105-107],
the effects of temperature are modeled as Gaussian white noise. A stochastic process

¢ has white noise properties if

(€(t)) =0 (3.8)
(€(), (")) = 2D5(t — 1), (3.9)

meaning that the mean value is zero and the process is delta correlated [106]. If
higher temperatures are assumed, the width of the Gaussian distribution increases
which leads to stronger fluctuations. The thermal field on spin ¢ at each time ¢ is
given by

20ékiBT

AT (3.10)

tih = F(t)

where kg is the Boltzmann constant, 7" is the system temperature, « is the Gilbert

damping, v is the absolute value of the gyromagnetic ratio, ug is the magnitude of
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the atomic magnetic moment and At is the integration time step. I'(¢) here is the
Gaussian distribution in three dimensions with a mean value of zero that represents
the thermodynamic fluctuations. Each spin has a different thermal field for each time
step t. The combination of the atomistic LLG with the Langevin dynamics gives the
effective field on spin

i _i@?—l
ot ps 0S;

+ H},. (3.11)

Equation (3.6) together with eq. (3.11) is the stochastic Landau-Lifshitz-Gilbert
equation.

3.1.4 Realization with VAMPIRE

The atomistic simulation software used in this work is VAMPIRE which was devel-
oped by Evans et al [96]. [96] is the main source of this section, others are explicitly

mentioned.

Time Integration

The stochastic LLG equation (3.6) is a stochastic differential equation since the
influence of temperature is treated with an uncorrelated Gaussian white noise [96,
108]. To numerically compute the dynamics of a system, appropriate time integration
methods for stochastic differential equations are needed [106,108,109]. There is only a
limited number of solvers that are applicable to stochastic differential equations, like
the Heun method and other explicit midpoint schemes. The time integration method
provided by VAMPIRE that is used in this work is the so-called Heun method. It is
a second order Runge-Kutta scheme and consistent with the Stratonovich calculus
[110,111]. The Heun method consists of a predictor and a corrector step. After both
the predictor and the corrector step it is necessary to renormalize the length of the
magnetization in order to preserve it. This ensures the stability of the numerical
scheme and the convergence to the Stratonovich solution [96].

Assume a general Langevin equation

dz
pri A(x,t) + B(z,t)E(t) (3.12)
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with the stochastic process ¢ which has white noise properties as in (3.8) and (3.9).
The predictor step of the Heun scheme is the given by [106, 112]

2l = a; + A(wy, ) At + Blay, t) AW. (3.13)

W is a Wiener process [112,113] with
(W) o< VAL (3.14)

Since the length of the magnetization is not preserved in the predictor step, it has
to be renormalized. The intermediate spin positions are changed after the predictor
step, so the effective field has to be re-evaluated which gives the revised effective field
i+ [96]. The corrector step is then given by [112]
1 [P

1 p P
Tj = gyt gleth + A o)A+ Bl ) AW (3.15)

This step is calculated for every spin. Lastly, the length of the magnetization is once
more renormalized.
Input Parameters

In the following, the most important input parameters for VAMPIRE are stated in
Table 3.1.

Parameter Symbol Unit

Atomic magnetic moment Ihs pp = 9.2740 x 10724 J/link
Exchange energy Jij J/link
Anisotropy constant ky J/atom
Damping constant « —

Applied field H A/m
Temperature T K

Unit cell size a A

Table 3.1: Key input parameters for VAMPIRE [96].
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3.2 Coarse-grained LLB Model

Atomistic simulations are an accurate tool that consider the underlying crystal struc-
ture of the grain accurately. However, they are very time consuming and thus only
applicable for small system sizes of some tens of nanometers. For structures on the
micrometer scale, the Landau-Lifshitz-Bloch (LLB) equation can be used to model
the dynamic magnetization behaviour. In contrast to the atomistic LLG equation,
it summarizes the spins within a nanoparticle to just one magnetic moment. In this
work, a coarse-grained model based on the LLB equation developed by Vogler et
al [114] is used for simulation. First, the general Landau-Lifshitz-Bloch model is
introduced. After that, it is explained how temperature dependent input parameters
to the LLB model can be derived from atomistic simulations.

3.2.1 Landau-Lifshitz-Bloch (LLB) Equation

The main source of this section is [114], others are explicitly mentioned.

a. Precessional
motion

b. Longitudinal
relaxation

c. Perpendicular
relaxation

Figure 3.3: Schematic presentation of the contributions to the magnetization dynamics of
the Landau-Lifshitz-Bloch equation with the precession, the longitudinal and
the perpendicular magnetization relaxation. Picture taken from [115]

The Landau-Lifshitz-Gilbert equation in combination with Langevin dynamics is
a good way to describe dynamic magnetization behavior at an atomistic length
scale [96]. However, since each atom has to be described by one spin it is very time
consuming. A macroscopic equation of motion that is valid for the whole tempera-
ture range is the Landau-Lifshitz-Bloch equation [114,116]. It was derived directly
from the Fokker-Planck equation by Garanin [117] and connects the Landau-Lifshitz
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equation for low temperatures and the Bloch equation for high temperatures. The
LLB equation contains both transverse and longitudinal magnetization relaxation
and allows for the absolute value of the magnetization to change with temperature.
The transverse and longitudinal relaxation are schematically displayed in Figure 3.3.

The classical LLB equation has the form

dm ,
o = MY (m X Heg)
A /
— S {m x fm x (Heg + €)1}
)\ /
+ "TZ;” m(m - Hag)+ €| (3.16)

where 7' is the reduced electron gyromagnetic ratio [y = |ve|/(1 + a?), with |vy.| =
1.760859708 x 10 (Ts)~! with the intrinsic damping constant « of the atomistic
LLG equation eq. (3.6)], uo is the vacuum permeability and m = M /M, is the
reduced magnetization. M, is the saturation magnetization at zero temperature.
The dot product between the magnetic field and the magnetization in the third term
in eq. (3.16) shows that it is parallel to the magnetization. £, and §|| consist of white
noise random numbers. A, and A|| denote the dimensionless perpendicular and the
transverse damping parameters, respectively. In contrast to the LLG equation, in
the LLB equation both damping constants are temperature dependent and given by

a(l-L) T<Tg, 2T
)\J_ = ( TC) ¢ /\|| = . (3.17)
/\|| T >1¢, 3Tc

T¢ is the Curie temperature. A thermal field &, with = || and n =_L is introduced for
the longitudinal and perpendicular case. &, consists of white noise random numbers

with zero mean and variance
<€777i(t7 T)fn,j (t/, T/)> = 2D775ij5('r — TI)(S(t — t,) (318)

where the diffusion constants D, result from the fluctuation-dissipation theorem

(AL = N)ksT

D, =
T MV
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. )\||’y’kBT

— 3.19
S VAT (3.19)

The effective field in the LLB equation contains the same terms as the LLG equation
but with temperature dependent constants. The anisotropy field H,,; has the form

H,,, = i(mmex + mye,) (3.20)

XL
if the easy axis is assumed to be in z—direction. The perpendicular susceptibility
X1 is temperature dependent and contains the temperature dependent anisotropy
constant K; and the temperature dependent magnetization M. Additionally, H.g
in the LLB equation contains an internal exchange field Hy that controls the length

of the magnetization. It is given by

(1 —2)m T < T,
Hﬁ:Qﬂ( fz ) . (3.21)
—X_H(l—i_ET—CTcm ym T > Tg,

Concluding, the effective field of the LLB equation reads as [118]
Heff = Hexc + Hzee + Hani + HJ' (322)

me is the zero-field equilibrium magnetization and x| the longitudinal susceptibility
at zero-field condition. Both parameters are temperature dependent. Furthermore,
kg is the Boltzmann constant, T the Curie temperature and gy is the vacuum per-
meability.

To integrate the LLB equation at arbitrary temperatures, the temperature depen-
dence of m, x| and 1 has to be known. For this purpose, LLG simulations with an
atomistic spatial discretization of the underlying ferromagnetic particle can be used
as well as a mean-field ansatz [114].

3.2.2 Calculation of Temperature Dependent Material Functions

All informations in this section are taken from [114].

Computation of m.(7T)

To calculate the zero-field equilibrium magnetization m.(7"), simulations with the

atomistic simulation program VAMPIRE [96] need to be performed. In the simu-
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Figure 3.4: Zero-field equilibrium magnetization m, over the temperature for a hard mag-
netic material. The simulations were performed with the atomistic simulation
tool VAMPIRE [96]. Picture taken from [114].

lations the temperature is varied from 0 K to temperatures clearly above the Curie
temperature (~ 1000 K). At each temperature, 128 trajectories are simulated with
a duration of a few tens of nanoseconds without the presence of an external field.
It is necessary to adjust the time step At according to the material parameters, es-
pecially the damping constant. For example, a reduction of the damping constant
from a = 0.1 to @ = 0.02 requires the time step to be changed from At = 107'°s to
At = 107 5. The resulting magnetization curve < |m(T)| > averaged over the 128
trajectories show in Figure 3.4 is then fitted with

Tc—T
Tc

f(T)=c (3.23)

to determine m.(7"), where the Curie temperature T and the parameter ¢ are the
fitting parameters. This procedure has to be repeated for every material layer of the
recording grain.

Computation of y, and x|

The same simulations as above can be used to calculate the longitudinal and trans-
verse susceptibility with respect to the easy axis of the grain. VAMPIRE has the
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Figure 3.5: Transverse and parallel susceptibility over temperature for hard magnetic ma-
terials. The simulations are obtained with VAMPIRE [96]. The dashed black
line indicates the Curie temperature. Picture taken from [114].

option to get all components of the susceptibility as output parameters from the

simulations. It is defined as [96]

_ Zi,ui

Xa = 22 (m2) = (ma)?) (324

with a = z,y, 2z, m, m, being the directional components of the magnetization in
x,y and z as well as the longitudinal susceptibility x,,. (-) denotes the mean value.
;18 the atomistic spin moment of spin i, kg is the Boltzman constant and T is the
temperature.

For hard magnetic materials, the behaviour of the components is different below
and above the Curie temperature as seen in Figure 3.5. Below T, x1 and Y| be-
have differently, whereas they become equal above T because the grain becomes
paramagnetic. The fitting curves of the components of the susceptibility are given

by

4 T < T
qy =1 T c (3.25)
_T—zTc T > TC
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Figure 3.6: Susceptibility over temperature for soft magnetic materials. The simulations
were performed with VAMPIRE. The dashed black line indicates T¢. Picture
taken from [114].

and

. csmet T << I
=1 (3.26)

C5
T—T6 T>"1T¢.

with the fitting parameters ¢; — c5. The intermediate temperature range in which y
is not defined is fitted with a polynomial of fourth order.

For soft magnetic materials with small or no uniaxial anisotropy, a different approach
has to be chosen since the grain may be superparamagnetic without the presence of
an external field. Thus, as seen in Figure 3.6, all components of the susceptibility
X correspond quite well to each other. (The z—direction is the direction of the easy
axis.) Since a perfect soft magnetic grain (not true for K; > 0) aligns very fast with
the external field, the perpendicular susceptibility x; has to be set to infinity (in
practical usage: very large compared to xj).

X|| cannot be extracted from the fluctuations of the magnetization’s z—component
as for the hard magnetic case. In eq. (3.21), x| ensures that the magnitude of the
magnetization in the LLB equation remains in proximity to m.. For the soft magnetic

case, the parallel susceptibility can be derived from the variance of the magnetization
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magnitude by
Xm = b Var(jm|) =0 ((|jm*) — (Im/])?) (3.27)

This is done because Var(|m|) shows a similar behavior to x| in the case of the
hard magnetic material. The fluctuation of the magnetization is smaller than the
fluctuation of the single components. Thus, the proportionality factor b is needed
to scale the variance of the magnetization properly. The resulting y,, is then fitted
with eq. (3.25), which yields the parallel susceptibility .

3.2.3 Model example: Switching probability phase diagram

One application of the coarse-grained LLB model is the computation of a so-called
switching probability phase diagram. In a switching probability phase diagram, the
probability of the magnetization of a grain to switch in the desired write direction is
given depending on the position of the grain in a granular medium. The Gaussian
heat pulse that is applied to the grain is given by

2

T(2,y,t) = Tpeax(y) - € 2% + Truin (3.28)

with

FWHM
o= (3.29)

V/81n(2)
x is the down-track position, FWHM is the full width at half maximum and 7T}, is
the ambient temperature. With

2

Toeak(y) = (Twrive — Tin)e 27 + Tonin. (3.30)

the off-track position y can be converted into a unique maximum applied temperature
Theak if Tyrite is fixed, and vice versa. In this form, the phase diagram contains
even more information, since the maximum temperature of the heat pulse Tyyite in
the center can be chose arbitrarily. The write head with the integrated heating
system moves over a granular recording medium with velocity v and exerts a certain
temperature to the grain corresponding to its position relative to the heating system.
The grain is first heated up and then heated near or above the Curie temperature

of the material (in the center of the bit). The writing process happens when the
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grain is cooling down. The direction in which the write field points during the
cooling process determines the direction of the magnetization of the grain. Although
the magnetization of the grain can only point in two different directions (] or 1),
there are also transition areas in which the probability of the magnetization to point
in | — or 1T —direction is about 50%. Detailed information about the underlying
mechanisms of the switching process is given in Section 3.4. With the coarse-grained
LLB model, a phase diagram can be computed and in the further course be used for
extracting important parameters from it (see Section 3.5.2) or to simulate a HAMR
writing process on a granular recording medium (see Section 3.5.3). One example of
a switching probability phase diagram computed with the coarse-grained LLB model
is displayed in Figure 3.7.

550
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]jpeak [K]

—40-30-20—-10 0 10
down-track [nm]

s
0 02 04 06 08 1

Figure 3.7: Switching probability phase diagram of a FePt-like hard magnetic grain com-
puted with the coarse-grained LLB model.
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3.3 Analytical Model of Phase Diagram

The computation of a locally resolved switching probability phase diagram is very
time consuming with both the atomistic simulations and also the coarse-grained
LLB model. To systematically investigate the influence of different parameters on
the shape of a phase diagram and the signal-to-noise ratio, a more simple way to
determine a phase diagram has to be introduced. For this reason Slanovc et al
[119] developed a model which makes it computationally less costly to compute a
switching probability phase diagram. The main source of this section is [119], others
are explicitly mentioned.

In the model, different input parameters are used to determine the shape of the
switching probability phase diagram. The model input parameters are

e down-track jitter oqown in nm,

o off-track (Tpeax) jitter oo in K,

e maximum switching probability Ppax,

e half maximum temperature Fxq in K,

e bit length b in nm,

e curvature ¢ in nm/K?2

e position in Tjex—direction py in K, and

e position in down-track direction p3 in nm.

Note, the half maximum temperature Fyy is not related to the full width at half
maximum (FWHM) but denotes the temperature at which the switching probabil-
ity of the grain is 50%. These eight parameters fully determine the shape of the
phaseplot which can be seen in Figure 3.8. A model function P(d, Tpeax) that gives
the switching probability as a function of the down-track position d and the peak
temperature Tpeqx is defined. Two help functions h; and hy which depend on the
upper parameters are used for this purpose.

First the off-track and the down-track jitter are determined by fitting the switch-
ing probability curves at a fixed down-track position or a fixed peak temperature,
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Figure 3.8: Visualization of the different input parameters that are used in the mathe-
matical model of a phaseplot developed by Slanove et al [119]. Picture taken
from [119].
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respectively, with a cummulative Gaussian distribution function

Oz, 1, 0) = % (1 +erf (x\/%:)) (3.31)

with

lim &(z) =0, lim ®(z) =1,P(n) = ! (3.32)

T——00 T—00 2

where the slope o gives the jitter. The procedure is explained in more detail in
Section 3.5.2. h; is then defined by

hl (d, Tpeak) = Pmax . (I)(d, O, gdown) : cI)(T‘peaka F50a goff) (333)

The graph of h; is plotted in Figure 3.9(a). v/ Ppax gives the maximum function value
with

lim  hi(d, Toear) = v/ Proax. (3.34)

d_>007Tpeak

Since the switching probability of the grain should decrease after a certain writ-
ing distance in down-track direction, a mirrored and shifted function h; has to be

multiplied. This gives the second help function hy (see Figure 3.9(b))
hZ(da Tpeak) = hl (d7 Tpeak) : hl (b - d: Tpeak) (335)

The maximum function value is Py... However, P, .« might never be reached since
it only holds in the limit b, T,ca — oo. Until now, the model does not account for
the curved shape of a realistic switching probability phase diagram. Thus hy has to
be transformed into parabolic shape by

P(d7 Tpeak) = h2(d - (C(Tpeak - p2>2 - p3); Tpeak) (336)

The final phaseplot can be seen in Figure 3.9(c). To get the desired more or less
realistic basic parameters, a phaseplot derived from the LLB model is needed and
the parameters are fitted with a least square fit. The resulting values are given in the

relevant sections since they depend on the used material and write head parameters.
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Figure 3.9: In (a) and (b) the graphs of the help functions h; and hg can be seen, re-
spectively. In (c) the final curved model phaseplot is displayed. Picture taken
from [119].
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3.4 ERTW Model

The last model to compute the switching probability of a grain during HAMR is
the effective recording time window (ERTW) model developed by Vogler et al [90].
Zhu and Li [40,120] showed that there is a correlation between the noise power and
the recording time window. The effective recording time window (ERTW) is defined
by [90]

ERTW¢ = [t(Tfreeze)u t(TC>] N [ti,starm ti,ﬁnal]- (337)

The first term on the right hand side gives the time window in which the grains
can be written in HAMR, namely in the temperature range between the Curie tem-
perature T and the freezing temperature Teee. Above the Curie temperature, the
particles get paramagnetic and the information is lost. At the freezing temperature
the coercivity decreases below the given field strength such that the grains cannot
be written any longer. To calculate the ERTW, the freezing temperature has to be
estimated. For this reason, hysteresis loops are simulated for various temperatures.
At each fixed temperature, 128 easy-axis loops are computed and H, is extracted.
Then, the temperature dependence of the coercive field dH,./dT is determined. If the
coercive field at a fixed temperature is lower than the write field, the temperature is
a possible write temperature. Note, that to consider varying field magnitudes, the
freezing temperature must be adjusted accordingly since it increases for decreasing
field and vice versa.

The second term of eq. (3.37) gives the time window in which the field points in
the desired write direction, which in the following is regarded as pointing downwards
without loss of generality. A schematic depiction of the definition of the effective
recording time window is shown in Figure 3.10. With the ERTW, the switching
probability of a recording grain can be computed via [90]

ERT ERT
p = min (ﬂ, 1) [1 — min (ﬂ, 1)] . (3.38)
ERTW ERTW

The first term gives the probability that a bit is written in write direction. Since the
probability cannot exceed 1, the minimum between 1 and ERTW | /Oggrw is taken.
OgrTw 18 a threshold of the ERTW that gives the time that must be exceeded in
order to be able to switch the grain in | —direction with a probability of 100%. It
depends mainly on the material of the recording grains and the field strength. It can
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Figure 3.10: Depiction of the definition of the ERTW. The solid line in green shows the
temperature pulse. T¢ denotes the Curie temperature and 77 is the freezing
temperature. The dotted area indicates the time window in which the external
field points in write direction (}). The grey solid area illustrates the times
window in which the grain can be written. ERTW| is then defined as the
overlap of the former two, shown with the red striped area. Picture taken
from [90].

be determined as a fitting parameter to reproduce the results of the coarse-grained
LLB model (Section 3.2) and is related to the mean switching time. The second
term is the probability that a grain is not overwritten after it was already aligned in
write direction. Together, p describes the joint probability to switch a bit in write
direction and to not revert it afterwards. In Figure 3.11, a switching probability
phase diagram is computed with the ERTW model for pure hard magnetic material.
Note, that different material parameters are used in this switching probability phase
diagram than in Figure 3.7. To explain the underlying mechanisms more extensively,
four representative points in the switching probability phase diagram are investigated
in more detailed.

For simplification, the recording temperature window is defined by
Trec = t(TC) - t(Tfreeze) (339)
and the recording field window in | —direction by

T, =t final — Ty start (3.40)
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Figure 3.11: Switching probability phase diagram of pure hard magnetic material computed
with the ERTW model. A detailed analysis of the ERTW corresponding to
the marked yellow points (A)-(D) is depicted in Figure 3.12.

First, point (A) is considered. Here, the peak temperature is Tpeax = 700 K and the
down-track position is z = —20nm. As seen in Figure 3.12(A), the head field points
in write ({) direction during the whole time span 7o = 0.321ns. Thus, ERTW]= 7.
With definition 3.38, the switching probability for point (A) is 100% with the ERTW
model.

For point (B) with T, = 700 K and 2 = —10 nm, there is no overlap of 7. = 0.32ns
and 7 (see Figure 3.12(B)). The field does not point in write direction while the grain
can be written. Thus, the switching probability for point (B) is 0% according to the
ERTW model.

In Figure 3.12(C), the ERTW for point (C) with Tpex = 600K and z = —20nm
is displayed. The recording temperature window is 7. = 0.44nm. During most of
Tree, the head field points in T —direction such that the magnetization of the grain
is aligned antiparallel to the write direction. The effective recording time window
is with ERTW = 0.18ns smaller than ©ggrrw = 0.2 such that the grain does not
switch with a probability of 100%. Thus, the switching probability of the grain at
point (C) is with 64.7% clearly below 100% switching,.

The last point is (D) with Tyeac = 600K and x = —10nm. Here, the head field
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Figure 3.12: Illustrations of the ERTW for the marked points (A)-(D) in the phase diagram

displayed in Figure 3.11. (A) Tpeax = 700K and z = —20nm, (B) Tpeak =
700K and z = —10nm, (C) Tpeax = 600K and z = —20nm and (D) Tpeak =
600 K and z = —10nm. The temperature pulse is shown in green and the field
pulse is depicted in red. The grey area shows the time window 7. in which
the grain can be written due to an appropriate temperature and the red area
indicates the time window 7| in which the head field points in write direction.
The head velocity is assumed to be v = 10m/s.
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points in writing direction during most of 7., yielding to ERTW, = 0.36ns. The
field then switches into T —direction and leads to ERTW; = 0.08ns. This small
effective recording time window ERTW; is enough to prevent the grain at point
(D) from complete (100%) switching. The magnetization is able to reverse again to
1 —direction, giving a switching probability in | —direction of 85.3%.

With the ERTW it is possible to gain insight into basic noise mechanisms of heat-
assisted magnetic recording. Figure 3.13 gives a comparison between switching prob-
ability phase diagrams calculated with the LLB model and the ERTW model.

3.5 HAMR Model

In the following, it is described how a HAMR process is simulated in the atomistic
simulations as well as with the coarse-grained LLB model. All write head and mate-
rial parameters are just generally introduced. The actual values of these parameters
are specified in the respective chapter.

In the simulations, a cylindrical recording grain is considered with height h and di-
ameter d. It can be interpreted as one grain of a state-of-the-art granular recording
medium or one island of a patterned media design for ultra high density. A simple
cubic crystal structure is used. The effective lattice parameter a and the exchange
interaction J;; are adjusted in order to lead to the experimentally obtained saturation
magnetization and Curie temperature. [121,122]. This results in a lattice parameter
a = 0.24nm. In the simulations, only nearest neighbor exchange interactions be-
tween the atoms are included. A continuous laser pulse with Gaussian shape and the
full width at half maximum FWHM is assumed in all simulations. The temperature

profile of the heat pulse is given by

T(2,y,t) = (Twrite — Twin)e” 2% + Thniu (3.41)
— Tpeuily) - T + T (3.42)

with
o— TN (3.43)

/81n(2)
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Figure 3.13: (a) Switching probability phase diagrams of pure hard magnetic grains for
different head velocities v, computed with the coarse-grained LLB model (see
Section 3.2). (b) The effective recording time window ERTW | for the same ma-
terial is calculated. In (c) the switching probability is computed with eq. (3.38)
based on the ERTW. The black contour lines in (a) and (c) indicate the tran-
sition between areas with switching probability less than 0.8% (red) and areas
with switching probability higher than 99% (blue). The white contour lines in
(b) show the lines with ERTW | = ©ggrrw = 0.15ns. Picture taken from [90].
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Figure 3.14: Schematic representation of a trapezoidal field and a Gaussian heat pulse for
the HAMR simulations at down-track position z = 0 nm.

and

2

Tpeak<y) = (Twrite - jﬂ’min)eiii2 + Tmin- (344)

v is the speed of the write head. xy = vt denotes the down-track position of the write
head with respect to the center of the bit. x and y label the down-track and the
off-track position of the grain, respectively. In the simulations both the down-track
position x and the off-track position y are mutable. The origin of the heat pulse is at
x = 0nm and y = Onm. The final temperature of all simulations is Ty,;,. The applied
field is modeled as a trapezoidal field with a special write frequency and a field rise
and decay time of 0.1ns. The field strength is assumed to be +0.8T and —0.8 T
in z—direction. The schematic position between the heat pulse and the trapezoidal
field at down-track position z = Onm can be seen in Figure 3.14. Initially, the
magnetization of each grain points in +z-direction. The trapezoidal field tries to
switch the magnetization of the grain from +z-direction to —z-direction. At the end
of every simulation, it is evaluated if the bit has switched or not.

The values of the parameters used in the simulations are stated separately in each

section.
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3.5.1 Determination of the Phase Diagram

With the results of the HAMR simulations, the switching probability of the grain
depending on the down-track position x and the off-track position y is calculated
and a locally resolved switching probability phase diagrams can be determined (see
also Section 3.2.3). In each phase point, i.e. for each (z,y)—combination 128 HAMR
simulations are performed and the switching probability of these simulation trajec-
tories is computed.
Solving the equation

Tpeasc(®) = (Tuite — Tonin)e % + Toi (3.45)
(see eq. (3.42)) for y and fixing the write temperature T,ite, gives an equation where
one can compute an unique off-track position y for every peak temperature Tjeax.
Thus, the switching probability can also be given as a function of the down-track
position x and the peak temperature Tpc. that corresponds to y as shown in Fig-

ure 3.15. This model phase diagram is computed with the atomistic simulation
program VAMPIRE [96].

3.5.2 Determination of Jitter and P,

Both the off-track and the down-track jitter can be extracted from the switching
probability phase diagram. The transition in off-track direction at a specific down-
track position can be obtained by making a vertical cut in the phase diagram. For
example, the off-track transition at down-track position = Onm is marked by the
dashed vertical line at x = Onm in Figure 3.15. On the other hand, the down-track
transition is marked by a cut in the horizontal direction at a specific off-track position
which is depicted by the corresponding peak temperature. For a peak temperature
Theax = 700K, the switching probability curve in off-track direction at down-track
position x = Onm and the transition curve in down-track direction at off-track po-
sition y = 0nm (Tpeax = Trwrite) can be seen in Figure 3.16 (a) and (b). In order to
compute the jitter of the material configurations, the switching probability curves
are fitted with a Gaussian cumulative distribution function

1 T —
(I)M:O'Q = 5 (1 + erf (T‘-’Z>) - p (346)
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Figure 3.15: Switching probability phase diagram of a pure FePt-like hard magnetic grain
taken from Chapter 6. The dashed lines mark the switching probability curves

shown in Figure 3.16.
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Figure 3.16: Switching probability curves of an FePt-like hard magnetic grain taken from
Chapter 6. (a) P(Tpeak) Which corresponds to off-track switching probability
curve for a fixed down-track position z = Onm. (b) Down-track switching
probability curve P(z) for a fixed off-track position y = Onm and the peak
temperature Teax = 700 K.
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with
erf(x) 2 /x e d (3.47)
=— T, .
VT Jo

where the mean value p, the standard deviation o and the mean maximum switching
probability p € [0,1] are the fitting parameters. The standard deviation o, which
determines the steepness of the transition function, is a measure for the transition
jitter and thus for the achievable maximum areal density of a recording medium.
The fitting parameter p is a measure for the average switching probability at the bit
center. Often, only the down-track jitter ogown is of interest and the off-track jitter
oof 1s neglected. Note, that the calculated down-track jitter values ogown do not fully
describe the write jitter. The so-called a—parameter is given by

4= \/0%m + 02 (3.48)

where o, is a grain-size-dependent jitter contribution [123]. The write jitter can then
be calculated by

S
Owrite ~ Q W (34.9)

where W is the reader width and S = D + B is the grain size, i.e. the sum of the
grain diameter D and the nonmagnetic boundary B [3,119].

3.5.3 Determination of the Signal-to-noise Ratio (SNR)

In magnetic recording, the quality of a written bit sequence can be described by the
signal-to-noise ratio [40]. The SNR = Pigna1/ Paoise; gives the power of the signal over
the power of the background noise. The media SNR depends on various parameters.

There holds [3]
st (2)' (22 (1) o)

where b is the bit length, a is the a—parameter, T5y denotes the read-back pulse
width, W is the reader width and S labels the grain size (S = D + B, where D
is the diameter of the grain and B is the nonmagnetic boundary). B is a fixed size
(1nm) which means that the grain size S depends only on the grain diameter D. The

transition parameter a defined above (see Section 3.5.2) comes from the down-track
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jitter and a grain size dependent jitter contribution o,. o, is given by

S
Oy = —— 3.51
= (3.51)
with the grain size S as defined above.
In this work, the following procedure is used to determine the SNR. The information
for the determination process of the SNR is mainly taken from [119], others are

explicitly mentioned.

Writing

First, the information has to be written onto the granular media. To do this, the
received switching probability phase diagram from Section 3.5.1 is mapped onto gran-
ular recording media. The switching probability of each cylindrical recording grain
is determined from the phase diagram according to the position of the grain. A spa-
tially varying temperature within the single grains is neglected such that the whole
grain is exposed to the same Gaussian pulse. The stray field is only considered by
adding a T variation and not directly taken into account [119].

50 different initially randomly magnetized granular media with different grain struc-

ture are considered. The bit series that is written to the media is the following

(-1+1+1)-1-1-1-1-1414+141-1-141-1-1-1+1
-1+1-14+41414+1+1-14141-1+1-1-14+1+1(-1-1-1).

—1 and +1 indicate bits that are pointing in —z— and +z—direction, respectively.
The bits in the brackets are used for padding. The desired bit series is given by
the 31 bits in between. The magnetization direction of every grain is determined
by a random number generator, according to the switching probability in the phase
diagram. A uniformly distributed pseudo random number r € [0,1) is created. If
the switching probability p > r then the magnetization is aligned according to the
direction of the applied field. Otherwise, the magnetization of the grain remains
unchanged. This process is repeated for polarity change of the magnetic field from
the left of the medium to the right to simulate a real writing process. In Figure 3.17,
both the randomly initialized and the written medium are displayed. The total

dimensions of the medium are 500 nm x 60 nm with a thickness of 8 nm.
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Figure 3.17: (Top): Randomly initialized granular recording medium. The grains have a
diameter of 4nm and the non-magnetic gap between the grains is 1 nm. Red
and blue grains are pointing in +z— and —z—direction, respectively. (Bottom):
Granular medium after the simulated writing process. Picture taken from
[119].

Reading

The reader is modeled with the help of a sensitivity function H as in [124-126]. In
the reciprocity principle used in this work, the sensitivity function corresponds to
the magnetic field produced by a test coil at the read head and can be determined
from simulations with an finite element code. In Figure 3.18(a), the contour plot
of the sensitivity function for a reader width of 30.13nm and a reader resolution of
13.26 nm can be seen. With the reciprocity principle, the integral

V(wy,2) = / H(x +4',y,2) - M(z,y,2) dvdydz (3.52)

over the sensitivity function and the magnetization M of the medium with a reader
dependent constant c¢; gives the voltage of the reader. Due to the strong uniaxial
anisotropy of the grains, the integral simplifies to an areal integral

V=a / H.(x +a',y) - M(x,y) dudy (3.53)

where the constant ¢; does not influence the SNR value. It can thus be computed via a
discrete sum over the data points multiplied with +1, —1 and 0 depending on whether
the point is inside a grain with magnetization in —z—direction or +z—direction or
whether there is a grain boundary. The sensitivity function is moved across the
medium in steps of 0.5nm in down-track direction. The result is a read-back signal
of the whole written bit information. One example is shown in Figure 3.18(b).
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Figure 3.18: (a) Contour plot of a sensitivity function. The data point resolution in off-track
and down-track direction is 0.5 nm. The reader width and reader resolution are
the width between the points with 50% sensitivity in off-track and down-track
direction, respectively. (b) Read-back signal determined with the sensitivity
function in (a) for the written medium in Figure 3.17. Picture taken from [119].
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SNR Calculation

To calculate the SNR, the read-back signal R(x) where x is the down-track position is
determined from 50 media with different grain structures that are initially randomly
magnetized. One example of the 50 read-back signals can be seen in Figure 3.19.
Generally, from the read-back signal of a bit pattern beween the down-track positions

Tstart aNd Teng, the signal power (SP) is calculated from the expectation value E of
R(x) by [40]

SP::%/%MEua@P¢E (3.54)

Tstart

where b is the bit length.
The noise power (NP) is given by the variance of the read-back signal

1 Tend
NP:E/' VIR(x))dz (3.55)

Tstart

where V[R(x)] is the variance of the read-back signal. The SNR can then be deter-

mined via

SP
SNR = —. .
= (3.56)
In this work, the SNR is calculated with a SNR calculator provided by SEAGATE
[127]. The resulting SNR value is given in dB (SNRgp). Principally, there holds
SNRgg = 10log;o(SNR). In the further course, the SNRgp is simply called SNR

unless it is explicitly noted differently.
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Figure 3.19: Read-back signal of a bit pattern written with the same phase diagram on 50
different granular media. The curves are used for the SNR calculation of the

signal. Picture taken from [119].
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Chapter 4

Influence of Recording Parameters on the
Signal-to-noise Ratio

Parts of this chapter have been previously published in [128] and have been repro-
duced with permission of the coauthors and in accordance with the publisher’s policy.
Content that was not generated by the author of this thesis is explicitly denoted.

4.1 Introduction

As mentioned in Section 3.5.3, the signal-to-noise ratio is a good indicator for the
quality of written bits in magnetic recording. High SNR values are required to provide
a good signal and thus allow to reliably read the written information. A priori it is not
clear which write head parameters and which material parameters have the strongest
influence on the SNR. In this work, two sets of material and write head parameters
are considered. The first set of parameters, shown in Table 4.2, is taken from former
studies on heat-assisted magnetic recording [60,89]. It is referred to as parameter set
1. The second set of parameters is a collection of recording parameters according
to the Advanced Storage Research Consortium [19] and is shown in Table 4.1. The
ASRC is a collaboration of different research groups and companies to research and
develop future directions on new key technologies like HAMR or bit-patterned media
[19]. These parameters are in the further course called ASRC parameters. Calculating
the SNR for these two parameter sets for grains with diameter d = 5nm shows
a difference of the SNR values of about 8.25dB. Thus, it is of great interest to
understand the role of each parameter. In this section, the influence of the different
parameters on the SNR is investigated. The ASRC parameters (in Table 4.1) are
assumed to be the initial parameters. First, just single parameters are changed to
get a better understanding of which of them are important or not, with regard to the
SNR. Since the simulations show that an enhancement of the damping constant «
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improves the SNR significantly, further simulations with varying « for two different

grain diameters d = 5nm and d = 7nm are performed.

material write head
Curie temp. | Damping U niaxial . Is ﬁelc}
To [K] o anisotropy ky Jij [J/link] (] v[m/s]| duration | FWHM [nm]
c [J/atom] tis (d) [ns]
693.5 0.02 9.124 x 1072 [ 6.72x107 21 | 1.6 15 0.57 60

Table 4.1: Material and write head parameters of an FePt-like hard magnetic granular
recording medium accoring to the Advanced Storage Research Consortium [19].

material write head
Curie temp. | Damping U niaxial . Hs ﬁel(.i
To [K] o anisotropy ky Jij [J/link] (] v[m/s]| duration | FWHM [nm]
[J/atom] (fd) [ns]
536.6 0.1 9.12x 10~ 517x10721 | 1.7 20 1.0 20

Table 4.2: Material and write head parameters of an FePt-like hard magnetic granular
recording medium that were used in former works [60, 89, 129].

4.2 Modeling Parameters

The initial write head and material parameters in this section are the ASRC pa-
rameters which can be seen in Table 4.1. The model from Section 3.3 is taken to
investigate the influence of the different parameters on the switching probability of
recording grains. The reader width is 30.13nm and the reader resolution in down-
track direction is 13.26 nm. Both, the reader width and resolution are assumed to
be constant in the simulations. Slanovc et al showed that the maximum switching
probability P,,., and the down-track jitter o4own are the input parameters with the
strongest influence on the SNR [119]. Additionally, the bit length b also has a strong
influence on the SNR. In the further course of this section, an equation to include the
bit length to the SNR calculations is shown. Thus, the bit length can be assumed
constant during the SNR determination. The transition curvature ¢ did not show
strong influence on the SNR for the used reader model and the off-track jitter o.g as
well as the half maximum temperature Fjy are neglectable since the reader width is
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with 30.13 nm smaller than the track width with 44.34 nm and thus does not sense
the off-track jitter and Fyy. po and ps only shift the bit pattern and can thus be fixed
for comparability. With these considerations, it is reasonable to fix the input param-
eters, except for the maximum switching probability P,.x and the down-track jitter
Odown- The fixed input parameters are determined by a least square fit from a switch-
ing probability phase diagram computed with a coarse-grained LLB model [114] for
pure hard magnetic grains with material parameters given in Table 4.1. The fitting
parameters are summarized in Table 4.3 for grain diameters d = 5nm and d = 7nm.
Throughout this section, the fitting parameters are kept constant to be able to com-
pare the results with each other. Only the bit length is adjusted in the course of the
work. The ogown and P,.x values for each material compositions are determined from

atomistic simulations with VAMPIRE with the procedure explained in Section 3.5.2.

grain size
Snm 7 nm
oot [K] 225 144
Prax 0.995 0.997

F5o [K] 602 628

b [nm] 10.2  10.2
c[107* nm/K? | 3.88 4.89
p2 [K] 839 830
p3 [nm] 27.5 258

Table 4.3: Reference parameters that are evaluated via least square fit of the simulated
phase diagrams for grain sizes 5nm and 7nm. Details of the parameters can be
found in [119]. ogown and Ppax are variable and determined for each combination

of material and write head parameters.

4.3 Results

4.3.1 Influence of Write Head Parameters

First, the SNR is determined for the ASRC parameters. The track width in the
simulations is 44.34nm. As displayed in Table 4.3, a bit length b = 10.2nm is
assumed in the SNR calculation since this is the bit length resulting from the ASRC
parameters. However, when changing the write head parameters, it is necessary to
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take into account the change of the bit length b due to
b=wv-(fd 4 rdt). (4.1)

where v is the head velocity, fd is the field duration and rdt= 0.1ns is the field rise
and decay time. For that reason, the bit length for parameter set 1 is 22 nm. Slanovc
et al [119] already studied the influence of the bit length on the SNR. To write a bit
pattern with a larger bit length (b > 12nm) the simulations of new granular media
are required. This is computationally very expensive. Thus, a different approach is
needed to qualitatively investigate the influence of the bit length. For the SNR with
SNR4p = 10log;,(SNR), there holds [3]

s (1) (2) (4

with the bit length b and the read-back pulse width 759 which is proportional to the
reader resolution in down-track direction. To determine the read-back pulse with
Tso, the reader response of an isolated transition is differentiated and the pulse width
at 50% amplitude of the differentiated signal gives T5o [127]. The ratio T50/b is called
user bit density and is usually kept constant [3]. Further, the reader width W and
the grain size S are constant. Since the aim is to qualitatively describe the SNR for
a bit length by, from SNR calculations with a bit length b;, the a—parameter a is
also assumed to be constant. The SNRgg for a different bit length by can then be
calculated by

SNRag(b2) — SNRgp(b1)

b
= 101ogyo(b3) — 101og;(b}) = 201og;, (b_2> (4.3)
1

since all other parameters are the same for both bit lengths. Thus, one can compute
the SNRgp value for a varied bit length by via the SNR4g of the bit length b, by

b
SNRdB(bQ) = SNRdB(bl) + 20 loglo (b—2) . (44)
1

In Figure 4.1, the good qualitative agreement between the actual SNR values com-
puted with the model from Section 3.3 for a grain with diameters d = 5nm and
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)
~
Z
=
—— d = 5nm
10 —fit for d = 5nm with eq.(11) with b; = 10.2 nm
— d=T7nm
o | —fit for d = 7nm with eq.(11) with b; = 10.2nm
6 7 8 9 10 11 12

bit length b

Figure 4.1: SNR over bit length for grains with diameters d = 5nm and d = 7nm. The
solid curves are computed by eq. (4.4) for a fixed initial bit length b; = 10.2 nm.
The SNR values over the bit length are taken from Slanovc et al [119].

d = 7nm taken from Slanove et al [119] and eq. (4.4) for a varying bit length by
and by = 10.2nm can be seen. The write head parameters that are changed are
the field duration, the full width at half maximum and the head velocity. To see if
in the case of a change of the field duration and the head velocity, an increase of
the SNR results from the change of the write parameter or only from the change of
the bit length, two parameter variations are simulated for these parameters. In one
variation, the respective parameter (head velocity or field duration) is changed and
with it also the bit length. In the other variation both the head velocity and the
field duration are changed in a way such that the bit length is kept constant. The
P(x)—curves are calculated with VAMPIRE at Tjeax = 760 K and Pax and ogewn are
computed according to Section 3.5.2. The SNR is then determined. The results are
shown in Table 4.4. It can be seen that the change of the write head parameters do
not improve the SNR if the bit length is kept constant but slightly reduce the SNR.
However, if the bit length is enlarged, the SNR is enhanced too. If the write head
parameters are all set to that of parameter set 1 and are compared to the ASRC
parameters, the difference between the SNR values is about 6.14 dB which is entirely
due to the variation of the bit length.
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Varied parameter Original parameter b [nm] | Pmax | Odown [nm] | SNR [dB]

— ASRC 10.2 0.974 0.95 17.51

fd = 1ns fd= 0.57ns 16.5 0.974 0.986 21.62

fd =1ns,v=10m/s | fd=0.57ns,v =15m/s | 10.2 | 0.963 0.703 17.35

FWHM=20nm FWHM=60nm 10.2 0.927 0.732 15.92

v=20m/s v=15m/s 11.6 0.953 1.155 17.38

v=20m/s, fd=0.4ns | v=15m/s, {d=0.57ns | 10.2 | 0.938 0.902 16.15

Parameter sef; 1, ASRC — 22 | 0914 | 0.763 22.04
material

Table 4.4: Resulting Prax, 0down and SNR values from parameter variations of the write
head. The original parameters in column 2 are given by the ASRC (see Ta-
ble 4.1). In each simulation one value is varied as indicated by the varied value
in column 1. b denotes the bit length, fd the field duration, v the head velocity
and FWHM the full width at half maximum.

4.3.2 Influence of Material Parameters

As a next step, the simulations with changing material parameters are performed.
Here, the bit length is 10.2nm for all variations, the track width is again 44.34 nm.
First, a material with the ASRC parameters is considered. In all further simula-
tions, one parameter is changed to the values of parameter set 1 as indicated in
Table 4.5. The P(z)—curves are again calculated at Tpex = 760 K, except for those
cases where a different peak temperature is specified in the table. In these cases the
Curie temperature is different due to the relation

g = SheTe. (4.5)

€z

where kp is the Boltzmann constant, z is the number of nearest neighbors and € is
a correction factor from the mean-field expression which is approximately 0.86 [96].
The curves are fitted according to Section 3.5.2 and the SNR is determined as in
Section 3.5.3. The resulting fitting and SNR values are shown in Table 4.5. It is
visible that for most material parameters the changed value increases the SNR about
0.5—1.0dB. The highest SNR increase by about 2.26 dB can be achieved for a change
of the damping constant from o = 0.02 to a = 0.1. When comparing the new ASRC
material to the parameter set 1, it shows that the SNR increases by about 2.3dB
which suggests that the SNR increase is caused solely by the change of the damping

constant.
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Varied parameter Original parameter b [nm] | Pmax | Odown [nm] | SNR [dB]
— ASRC 10.2 0.974 0.95 17.51
h =10nm h = 8nm 10.2 0.988 0.92 18.42
w=17up w=16up 10.2 0.984 1.01 17.96
a=0.1 a=0.02 10.2 1.0 0.688 19.77

Jij =518 x 10721 J/link, | J;; = 6.72 x 10721 J/link,
Theax = 600K Tpeatc = T60K 10.2 | 0.986 1.05 18.0
Parameter set 1,

Tpeute = 600K 10.2 1.0 0.67 19.81

Table 4.5: Resulting Phax, 0down and SNR values from several material parameter vari-
ations. The original parameters in column 2 are given by the ASRC (see Ta-
ble 4.1). In each simulation one value is varied as indicated by the varied value in
column 1. b denotes the bit length, h the height of the grain and u the atomistic
spin moment. « denotes the damping constant and J;; the exchange interaction.

4.3.3 SNR Dependency on Damping

Based on the findings of Section 4.3.2, the influence of the damping constant on the
signal-to-noise ratio is studied more systematically. The damping constant is varied
from a = 0.01 to o = 0.5 for two different grain sizes d = 5nm and d = 7nm.
All other parameters are taken from Table 4.1. The bit length in the simulations
is 10.2nm and the track width is 44.34 nm. The down-track switching probability
curves are computed with VAMPIRE [96] at Tpeax = 760K and fitted according to
Section 3.5.2. In Figure 4.2 the SNR over the damping constants for both grain sizes
is visible. Note that the SNR is proportional to the number of grains, meaning that
the number of grains per bit has to be kept constant to determine a nearly constant
SNR [42]. However, since the dimensions of the granular media used for the writing
and reading process are fixed, less grains form one bit for d = 7nm. Thus, the SNR
values for the larger grain size are generally smaller than for the smaller grains.

The results show that changing the damping constant from o = 0.01 to o = 0.02
already increases the SNR by 3.66 dB for 5 nm-grains. For d = 7nm, the SNR gain is
1.65dB. For 5nm-grains, damping constants o > 0.1 lead to the best results with a
total improvement of 6 dB compared to o = 0.01. Surprisingly, enhancing the damp-
ing constant beyond 0.1 does not show any further improvement, the SNR saturates.
This behavior is the same for the 7 nm-grains. However, the total betterment of the
SNR is only 2.24 for the larger grains. The SNR saturation results from the fact that
Prax = 1 for a > 0.1. Simultaneously, the down-track jitter ogown varies only little
for a > 0.1 (see Table 4.6) such that it does not alter the SNR. The correlation be-
tween the SNR and the maximum switching probability P.x is shown in Figure 4.3.
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It shows that the fitted SNR curve reproduces the P,., data very well.

By further studying the switching dynamics of a 5nm-grain, one can show that the
assumed pulse duration of the heat pulse and the applied field strength are crucial
for the saturation of the SNR. In Figure 4.4, it is displayed how the duration of
the heat pulse influences the maximum switching probability and with it the SNR.
During the duration of the heat pulse the field is considered to constantly point in
—z-direction. The results demonstrate that P,.. does not saturate for small pulse
durations. If longer pulse durations > 0.5ns are assumed, a P., saturation can
be seen. A similar effect can be seen for a change of the field strength when the
pulse duration is assumed to be 0.5ns (see Figure 4.5). For a small head field with
a strength of 0.5T, P,.. shows no saturation whereas it does for larger head fields.
From the simulations with varying duration of the heat pulse and field strength, it
can also be seen that the SNR can be improved for smaller damping constants if the
duration of the heat pulse is increased due to a smaller head velocity or the field
strength is enhanced.

20 | . s
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17 B

SNR [dD]

i —e—d = Hnm
—— = Tnm

14

‘ | | |
13 0 0.1 0.2 0.3 0.4 0.5

Damping constant a

Figure 4.2: Resulting SNR for various damping constants « for grains with two different
diameters d = 5nm and d = 7nm.
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Figure 4.3: SNR and Pax depending on the damping constant « for a grain size with a
diameter of 5nm.

4.4 Combination damping and bit length

In Table 4.7, the comparison between the SNR of the ASRC' parameters and param-
eter set 1 is displayed for grains with diameters d = 5nm and d = 7nm. It is visible
that for d = 5nm the SNR is about 8.25dB larger for parameter set 1 than for the
ASRC parameters and for d = 7nm it is ~ 7.4dB larger. The question is, if the
damping and bit length variation can fully explain this deviation.

Increasing the damping constant from a = 0.02 to a = 0.1, yields about +2.26 dB
for d = 5nm and +0.72dB for d = 7nm. Additionally, with the calculations from

dnm 7nm

« Tdown MM] | Prax Tdown [MM] | Prax
0.01 2.0 0.917 1.13 0.955
0.02 0.9475 0.974 0.83 0.99
0.05 0.7 0.989 0.549 1.0
0.1 0.688 1.0 0.442 1.0
0.3 0.495 1.0 0.48 1.0
0.5 0.64 1.0 0.636 1.0

Table 4.6: Resulting down-track jitter parameters and mean maximum switching proba-
bility values for pure hard magnetic material with different damping constants
a.
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Figure 4.4: Maximum switching probability Ppax over damping « for different pulse lengths
of the heat pulse. A field strength of —0.8 T for grains with diameter d = 5nm
is assumed.

Section 4.3.1, one can show that by changing the bit length from b; = 10nm to
by = 22 nm there holds

SNRgg(b2) = SNRqg(b;) + 6.85dB. (4.6)

Combined, this shows that the difference in the SNR can be attributed entirely to
the damping and the bit length enhancement. The other write head and material
parameters that were changed in the simulations have only minor influence on the
SNR compared to the damping constant and the bit length which corresponds to the
results achieved before.

4.5 Conclusion

To conclude, it was investigated how different write and material parameters in-
fluence the signal-to-noise ratio. With this knowledge, recording materials that
achieve higher SNRs can be designed. The overall goal was to explain the decrease
of the SNR by about 8.25dB and 7.4dB for grains with diameters d = 5nm and
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Figure 4.5: Maximum switching probability Ppnax over damping « for different field
strengths. The duration of the heat pulse of 0.5ns for grains with diameter
d = 5nm is assumed.

d = 7nm, respectively, when changing from recording parameters used in former
simulations [60, 89, 129] to the ASRC parameters. The change in the write head
parameters showed a significant influence of the bit length on the SNR. The investi-
gation with changing material parameters showed that most of the parameters have
a minor relevance compared to the influence of the damping a.

The effect of the damping constant on the SNR was studied in more detail. The
damping constant was varied between o = 0.01 and o = 0.5 for two different grain
sizes d = bnm and d = 7nm and the SNR was determined. In practice, the damping
constant of FePt might be increased by enhancing the Pt concentration [130, 131].
Another option would be to use a high/low T¢ bilayer structure [50] and increase the
damping of the soft magnetic layer by doping with transition metals [132-136]. An
interesting finding of the study is the enormous SNR improvement of 6 dB that can
be achieved for 5 nm-grains when enhancing the damping constant from « = 0.01 to
a = 0.1. It is reasonable that the SNR improves with larger damping. This results
from the oscillatory behavior of the magnetization for small damping during switch-
ing. In fact, smaller damping facilitates the first switching but with larger damping
it is more likely that the grain will switch stably during the cooling of the thermal
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) . bit length Tdown
Parameter set diameter nm)| Tpeax [K] fm] Prax fm] SNR [dB]
ASRC 5 760 10.2 0.974 0.95 17.51
Parameter set
160,89, 129] 5 600 22 0.984 0.384 25.76
ASRC 7 760 10.2 0.99 0.83 15.35
Parameter set 1 7 600 22 1.0 0.44 22.75

Table 4.7: Resulting Prax, 0down and SNR values for the simulations with ASRC parame-
ters and those used in former simulations [60,89,129].

pulse [137]. This leads to a smaller mean switching time for larger damping constants
and in the further course to higher SNR values. However, an increase of the duration
of the heat pulse due to a smaller head velocity or an increase of the field strength
can improve the SNR even for smaller damping constant.

Furthermore, the results display a SNR saturation for damping constants o > 0.1.
This SNR saturation can be explained with the saturation of the maximum switching
probability and the marginal change of the down-track jitter for « > 0.1. Indeed,
one can check that for shorter pulse durations and smaller field strengths, the behav-
ior is different and the SNR does not saturate. In this case, the SNR rises further
for increasing damping constants. Summarizing, the SNR saturation for a varying
damping constant depends strongly on the used field strength and the duration of
the heat pulse.

The qualitative behavior for 7nm-grains is the same as for the 5 nm-grains. Inter-
estingly, the SNR change for a varying damping constant is not as significant as for
grains with d = 5nm. This results from the higher maximum switching probability
and the smaller down-track jitter for 7 nm-grains even for small damping constants.
This is as expected since larger grain sizes lead to an elevated maximum switching
probability [89] and smaller transition jitter [40] compared to smaller grain sizes due
to finite size effects. This limits the possible increase of the recording performance
in terms of P, ., and ogown and thus the possible SNR gain. Additionally, the SNR
saturation value is smaller for 7nm-grains since one bit consists of fewer grains.
Together with the bit length variation, the SNR variation between the two considered
parameter sets could be fully attributed to the damping enhancement. The other
changed parameters like the atomistic spin moment, the grain height, the exchange
interaction and the full width at half maximum have only a minor relevance com-
pared to the influence of the damping « and the bit length.

In fact, the variation of the bit length gave the largest SNR change. However, since
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an increase of the bit length is not realistic in recording devices, the variation of
the material parameters, especially the increase of the damping constant, is a more

promising way to improve the SNR.
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Chapter 5

Noise Due to a Temperature Gradient in
z—direction

Parts of this chapter have been previously published in [138] and have been repro-
duced with permission of the coauthors and in accordance with the publisher’s policy.
Content that was not generated by the author of this thesis is explicitly denoted,
copyright is held by Elsevier.

5.1 Introduction

Quite a number of investigations have been performed to study HAMR in all de-
tails since its proposal almost 60 years ago [18]. Since a heat pulse is included in
the recording process, it is interesting to investigate how the applied temperature
influences the recording process. There are works that study the temperature dis-
tribution in lateral direction [139,140]. However, most of the theoretical works do
not study the effect of the temperature reduction in z—direction within the material
in the writing process. Since the temperature of the heat pulse acts differently on
different layers in the material in reality, it is interesting to analyze how this effects
the performance of HAMR in terms of the maximum switching probability and the
transition jitter. These two parameters are considered for the reason that they have
a strong influence on the SNR [119]. In this section, it is investigated how a tempera-
ture gradient in z—direction within the material influences the switching probability
and the noise of a grain with a diameter of 5nm and a height of 10 nm in terms of the
down-track jitter. To do this, pure FePt—like hard magnetic grains are considered
and different temperature variations of the heat pulse in z—direction are assumed.
Furthermore, it is studied if an artificial Curie temperature gradient within the ma-
terial in z—direction produced by a cleverly designed multilayer structure leads to
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the same effect as the temperature gradient and thus, can compensate the perfor-
mance loss due to the decreased temperature. The simulations are performed with
the atomistic simulation program VAMPIRE [96].

5.2 Modeling Parameters

5.2.1 Write head parameters

For the simulations, the HAMR model from Section 3.5 is used. The parameters that
are used for the model of the HAMR process are the following:

e Grain diameter d = 5nm

Grain height A = 10nm

e FWHM = 20nm

Head velocity v = 20m/s

Field duration = 1ns

o Thin=270K

Note, the maximum thermal gradient in the simulations (25 K/nm) is higher than
that used in reality (~ 3 — 14 K/nm [3,14,141]). These assumptions are made since
higher thermal gradients will be needed to further increase the areal density in the
future for the materials used in this section. However, this is only valid for high
damping constant & = 0.1 as used in this section. The simulations in Chapter 4 show
that this is not the case for small damping o = 0.02 since here the SNR decreases
with smaller FWHM and the resulting higher thermal gradient. The reason is that
due to the higher thermal gradient, the time window in which the grain can be
aligned in write direction becomes to small to write the grain in the case of small
damping. For a = 0.1 the average switching time is smaller and thus the grain can
be aligned correctly even for higher thermal gradients and the corresponding shorter

time windows.

5.2.2 Variation of T,y

An FePt-like hard magnetic grain is considered and different temperature variations

in z—direction are studied. The first “ideal” structure is pure hard magnetic material
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Curie temp. T Uniaxial anisotropy k, N .
K] [J /atom] Jij [J/link] ps (1]

536.6 0.1 9.12 x 1072 5.18 x 10~ 2L 1.7

Damping «

Table 5.1: Material parameters of an FePt-like hard magnetic material. &, is the uniaxial
anisotropy constant. .J;; is the exchange interaction within the material and us
is the atomistic spin moment. « is the damping constant.

(HM) where no temperature gradient is assumed but a constant temperature applied
to the material is considered. A schematic picture of this material configuration can
be seen in Figure 5.1(a) and was already studied in former works [60,89,90]. Secondly,
a grain consisting of two identical layers of hard magnetic material is considered where
the only difference is the peak temperature Tpe.x (which is in the further course of
this section also denoted T},) of the applied heat pulse on each layer. Hereby, the peak
temperature of the heat pulse applied to the top layer is assumed to be 20% larger
than that applied to the bottom layer [142] (see Figure 5.1(b)). The last structure
is a grain consisting of 20 identical hard magnetic material layers, see Figure 5.1(c).
Again, the difference between the applied peak temperature on the top layer and
the applied peak temperature on the bottom layer is 20%. In between, the peak
temperature decreases linearly from top to bottom. Henceforth, the first material is

” and

called “(HM)xn—,”, while the second and third structures are named “(7},)n—2
“(Ty)n=20", respectively. The material parameters that are used for all structures

can be seen in Table 5.1.

5.2.3 Variation of T

Additional simulations are performed, where the Curie temperature T of different
layers is varied. The questions is, if a T gradient in z—direction with a spatially ho-
mogeneous applied temperature leads to the same results as an applied temperature
gradient.
The treated structures are similar to those considered above. First, a grain consisting
of two hard magnetic material layers is considered where the Curie temperature of
the bottom layer is 20% larger than that of the top layer. This is done by increasing
the exchange constant in the bottom layer by 20%, since there holds

Jij = SkBTC, (5.1)

€z
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(a) (b) (c)
(HM)y—1 (1) n=2 (1) N=20

Theatn = 800K

peak,1 = 800K

linear

eak — K
peak = 700 decrease

ak2 = 640K
e peak,20 — 640 K

Figure 5.1: Schematic representation of the considered hard magnetic structures and
the temperature profile of (a) (HM)y=1, (b) (Tp)n=2 and (c¢) (Tp)n=20 in
z—direction at = 0,y = 0. The arrows indicate the T'(x = 0,y = 0, z) profile
with Thear being the peak temperature that is applied to the respective layer.

where kg is the Boltzmann constant, z is the number of nearest neighbors and e is
a correction factor from the mean-field expression which is approximately 0.86 [96].
All other material parameters are taken as before. The second structure is a grain
consisting of 20 hard magnetic material layers where the difference between the Curie
temperature of the top layer and that of the bottom layer is 20% with a linear increase
from top to bottom. The first structure is denoted “(7¢)n=2” and the second one
“(Tc)n=20"- Note, that for these structures the peak temperature is assumed to be
homogeneous.

In the course of the work, a temperature gradient is combined with a T gradient,
to see if both gradients can compensate each other. Here, other than previously, the
Curie temperature is decreased from top to bottom. The results are then compared
with pure hard magnetic material. Again, a structure with two layers, named “(7}, +
Tc)n=2", and one with 20 layers, called “(T}, + Tc)n=20", are considered.

5.3 Results

5.3.1 T, Gradient

First, the switching probability phase diagram of (HM)y—; is determined as described
in Section 3.5.1. The phase diagram in Figure 5.2 shows the switching probability as
a function of the down-track position x and the peak temperature T}e.x that corre-
sponds to y (see eq. (3.45)). The resolution in down-track direction is Az = 2nm and
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Tpeak [K]
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down-track [nm]|
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Figure 5.2: Switching probability phase diagram of a pure FePt-like hard magnetic grain
with constant temperature applied. The contour lines indicate the transition
between areas with switching probability less than 0.8% (red) and areas with
switching probability higher than 99.2% (blue). The threshold 99.2% is used
since 128 simulations per phase point are performed and thus 100% switching
probability in the simulations corresponds to a switching probability greater
than 1 —1/128 = 0.992 in reality. The dashed lines mark the switching proba-
bility curves in down-track and off-track direction that can be seen in Figure 5.4.
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Figure 5.3: Switching probability phase diagrams of a grain with (a) two layers hard mag-
netic material and (b) 20 layers hard magnetic material and an applied tem-
perature gradient. The contour lines mark the transition between areas with
switching probability less than 0.8% (red) and areas with switching probability
higher than 99.2% (blue). The dashed lines mark the switching probability
curves in off-track and down-track direction that can be seen in more detail in
Figure 5.4.

72



Chapter 5 Noise Due to a Temperature Gradient in z—direction

switching probability

(HM) v—,

switching probability

(1) N=20

]
0
down-track [nm)]

Figure 5.4: Simulations (marks) and fits (solid line) of switching probability curves of ma-
terials with an applied T}, gradient. The P(Tpeax) curve at down-track position

z = Onm is plotted in (a). In (b) one can see P(z) at Tpeak,mm),_, = 575K,
Theak,(Tp) y_, = 100K and Theak (1y),_,, = 675 K.
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the resolution in temperature direction is ATpex = 25 K. In each phase point, 128
simulations are performed. Thus, the phase diagram contains about 60,000 switch-
ing trajectories, each with a duration of 2ns. The vertical dashed line marks the
down-track position x = 0 nm, whereas the horizontal dashed line indicates the peak
temperature Tpea = 575 K. Analogous to (HM)y—_;, phase diagrams for (7},) y—2 and
(Tp) N=20 are determined. The simulations with a 7}, gradient are later compared to
simulations with a T¢ gradient (see Section 5.3.2). To make these simulations com-
parable, the write temperature Ty.ite = 800 K is used in the simulations. The results
can be seen in Figure 5.3(a) and (b). From the switching probability phase diagrams,
one can see differences in the switching behavior of the three temperature gradients.
(HM)y=1 only shows few areas of complete (100%) switching. Anyway, the phase
diagram of (7},)ny—2 shows no areas of complete switching at all. For (7},)n=g0 the
phase diagram shows 100% switching probability for only one temperature, namely
Treax = 7T50K. An interesting observation is that for (HM)y—; switching starts at
temperatures more than 20% lower than for the temperature gradients. To compare
the switching behavior of the structures in more detail, the off-track jitter o,¢ and
the down-track jitter ogown are computed. The switching probability curves in off-
track direction at down-track position £ = O nm are marked by the vertical dashed
lines in Figure 5.2 and Figure 5.3(a) and (b). The resulting P(7peax)—curves for
temperatures in a range of 400 K and 800K with AT,.x = 25K can be seen in
Figure 5.4(a). A significant difference between the off-track probability curves of
the different structures is the temperature that is needed to write the grain with a
switching probability > 90% (Tiswitcn). Whereas the switching temperature for pure
(HM)y=1 is at approximately Tywiten = 525K (see Figure 5.4), it is at 625K for
(Tp) N=20 and 650K for (7},) y—2. In order to compare the off-track jitter o.g of the
material configurations more accurately, the switching probability curves are fitted
with a Gaussian cumulative distribution function as in Section 3.5.2. Fitting the
P(Tpeax) curve of the material configurations gives the jitter parameter in tempera-
ture direction. These computed jitter parameters in temperature direction are then
converted into an off-track jitter via the given thermal pulse profile (3.45) and can
be seen in Table 5.2. Similar to the off-track jitter, the down-track jitter of the dif-
ferent structures is compared. The down-track switching probability curve P(zx) at
a certain peak temperature (resp. off-track position) can be determined by making
a horizontal cut at the corresponding peak temperature in the phase diagram (see
Figure 5.2 and Figure 5.3). Since writing of the grain starts at higher tempera-
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Material oot [nm] | oogt [%0] | Odown [NM] | Tdown [70] Praxoff | Pmax,down
(HM) n— 0.326 — 0.45 — 0.989 0.969
(Tp) N=2 0.49 +50 0.47 +4.4 0.988 0.936
(Tp) N=20 0.48 +47.2 0.52 +15.5 0.98 0.967
(Tc)n=2 0.87 | +166.8 0.72 +60 0.966 0.968
(Tc) =20 0.6 184 0.6 +33.3 0.97 0.981
(T, + Tc) N=2 0.398 +22 0.44 —2.2 0.999 0.994
(T + Tc)n=20 | 0.31 —4.9 0.41 —8.89 0.998 0.996

Table 5.2: Resulting jitter parameters extracted from Figure 5.4, Figure 5.6 and Figure 5.8.
Praxoff and Ppax down are the fitting parameters Ppax for the switching proba-
bility curves in off-track and down-track direction, respectively. ogown and oog
are additionally compared to those of (HM)y=;.

tures for (1,)n—2 and (1},) y=20, the down-track jitter is calculated at different peak
temperatures for the different compositions to make it comparable. The considered
peak temperatures are 10% higher than the switching temperature Tiien. Thus,
the down-track switching probability curve is calculated at Tpeak, (M) _, = D7D K,
Theak,(Tp)y_, = 100K and Theak,(Tp) y_pg = 07O K. The used peak temperatures are in-
dicated by the horizontal dashed lines in Figure 5.2 and Figure 5.3. In Figure 5.4(b),
the resulting P(z)—curves are shown. In comparison to the down-track jitter of
(HM) =1, the transitions of (7},) y—2 and (7},) =20 are shifted to different down-track
positions. Again, the switching probability curves are fitted according to Section 3.5.2
to determine the jitter parameter oq.y, for the different material configurations. The

resulting down-track jitter parameters can be seen in Table 5.2.

5.3.2 T Gradient

In this section, switching probability phase diagrams of the two considered structures
with a T¢ gradient are computed. The resulting phase diagrams can be seen in
Figure 5.5. The phase diagrams are similar to those of Section 5.3.1, showing that
both simulations qualitatively lead to the same results. However, there is one visible
difference. One can see that switching starts at a temperature which is about 50 K
lower if a T gradient is considered instead of a temperature gradient. For better
comparison, the switching probability curves in off-track and down-track direction
are plotted in Figure 5.6. The down-track switching probability curve of the different
structures are again evaluated at different peak temperatures, namely Tpeak, (1), , =
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Tpeak [K]
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Tpeak [K]
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Figure 5.5: Switching probability phase diagrams of a grain with (a) two layers hard mag-
netic material and (b) 20 layers hard magnetic material, when the Curie tem-
perature is varied between the layers. The contour lines mark the transition
between areas with switching probability less than 0.8% (red) and areas with
switching probability higher than 99.2% (blue). The dashed lines mark the
switching probability curves in off-track and down-track direction that are con-
sidered in more detail in Figure 5.6.
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S5T5 K, Theak,(Te)y_, = 650K and Tpeak (1), _,, = 625 K which for the latter two are
indicated by the horizontal dashed lines in Figure 5.5(a) and (b). The switching
probability curves are then fitted with a Gaussian distribution function. Both, the
off-track and the down-track jitter parameters are summarized in Table 5.2. These
fitting parameters show that compared to a temperature gradient both the off-track

and the down-track jitter increase significantly in case of a T gradient.

5.3.3 Combination 7}, - and 7» Gradient

Finally, simulations are performed where a temperature gradient is combined with
a Tc gradient. The switching probability phase diagrams are shown in Figure 5.7.
It can be seen that a combination of the 7}, and the T gradient leads to complete
switching in a wide range of down-track positions and peak temperatures. The
switching probability curves in off-track and down-track direction are computed and
then compared to those of pure hard magnetic material with a constant temperature
applied. The resulting switching probability curves can be seen in Figure 5.8 (a) and
(b). The switching probability curves in off-track direction of the combined structures
look similar to that of (HM)y—;. An interesting difference is that the switching
probabilities are higher for the combined structure than for (HM)y—;. More precisely,
both combined structures reach 100% switching probability in the simulations for
temperatures higher than 575 K whereas (HM)y—; only reaches complete switching
for single temperatures. The switching probability curves in down-track direction
are computed at the same peak temperature for all three structures, in this case at
Theax = 575 K. Again, it can be seen that a combination of a temperature and a Tt
gradient leads to higher switching probabilities than a pure hard magnetic structure
with homogeneous applied temperature. Once more, the off-track and down-track
jitter parameters are calculated via fitting of the curves. The off-track and down-track
jitter parameters for the structures are visible in Table 5.2. In fact, for (7, 4+7¢)n=20
the off-track jitter even decreases slightly.

The down-track jitter parameters for the combined structures are even smaller than
that of (HM)y—1. The higher switching probabilities can be clearly seen with the
help of the fitting parameter Pyaxof and Ppaxdown i Table 5.2, which is the mean
maximum switching probability.
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Figure 5.6: Simulations (marks) and fits (solid line) of switching probability curves of
materials with a T¢ gradient. The P(Tpeak) curve at down-track position
z = Onm is plotted in (a). In (b) one can see P(x) at Tyeak (M), _, = 575K,

T

peak,(Tc)N=2 = 650K and j‘i)eabk’(Tc)I\]:20 =625 K.
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Figure 5.7: Switching probability phase diagrams of a grain with (a) two layers hard mag-
netic material and (b) 20 layers hard magnetic material, with combined T},
and T¢ gradients. The contour lines mark the transition between areas with
switching probability less than 0.8% (red) and areas with switching probability
higher than 99.2% (blue). The dashed lines mark the switching probability
curves in off-track and down-track direction that are considered in more detail
in Figure 5.8.
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Figure 5.8: Simulations (marks) and fits (solid line) of switching probability curves of ma-
terials with combined T}, and T¢ gradients. The P(T}eax) curve at down-track
position = 0nm is plotted in (a). In (b) one can see P(z) at Tpeak = 575 K.
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5.4 Conclusion

Concluding, it was investigated how a reduction of the temperature in z—direction
within the material influences the switching probability of a cylindrical recording
grain with a diameter of 5nm and a height of 10 nm. Different hard magnetic mate-
rial compositions were considered where the temperature in the different layers was
either reduced in one step or linearly in 20 steps. Additionally, simulations with a T¢
gradient within the material were studied. As anticipated, the switching probability
reduces for hard magnetic structures when the temperature is reduced in z—direction.
The results show, that for pure hard magnetic material the grain switches at higher
peak temperature and both the off-track and the down-track jitter increase if a tem-
perature reduction in z—direction is assumed. In fact, the peak temperature that is
needed to write the grain gets approximately 20% higher if the difference between the
peak temperatures of the heat pulse in the top and the bottom layer is 20%. This re-
sult is especially interesting for the case where the temperature is linearly decreased.
Here, one could think that the magnetic moments of the layers with higher tempera-
ture, switch easier and induce the magnetic moments in the layers below to switch as
well, just like a thermally induced exchange spring effect [46,47,50,143-145]. How-
ever, it seems that only the weakest link in the system, i.e. the layer with the lowest
applied peak temperature influences the temperature at which the grain is reliably
switched.

Note, that the simulations with N = 2 already display the qualitative behavior of a
temperature gradient really well. The simulations with N = 20 do not change the
results significantly. That is an interesting result for coarse graining since it shows
that considering the temperature gradient very roughly in two layers is enough to
get qualitatively good results.

The simulations with a Curie temperature gradient show the same qualitative behav-
ior as those with a temperature gradient. However, a big difference is that switching
starts at higher temperatures than for a 7}, gradient. Additionally, both the off-track
and the down-track jitter are significantly larger than for the temperature gradi-
ent. As mentioned before, the simulations with the T gradient and those with the
temperature gradient qualitatively show the same behavior. In fact, the resulting
difference could come from the different shapes of the applied heat pulse. For the
Curie temperature gradient, a constant temperature is applied to the grain and thus
the shape of the heat pulse is the same for every layer. In contrast to this, the peak

temperature of the heat pulse is reduced in every layer for the T}, gradient. Since the
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Figure 5.9: Schematic depiction of the different shapes of two heat pulses. The peak tem-
perature of the bottom layer is 20% smaller than that of the top layer. The
FWHM is the same for both heat pulses.

FWHM and thus the cooling time of the heat pulse stays the same in the simulation,
the heat pulse applied to the top layer is steeper than that applied to the bottom
layer. A schematic depiction of the shapes of the heat pulse if the peak tempera-
ture is 20% smaller than that of the top layer is shown in Figure 5.9. Eventually,
this could result in the deviation between the two simulations. However, since both
variations show the same behavior, we combined a temperature gradient with a de-
creasing Curie temperature in the material and studied if both gradients compensate
each other. The results show that the down-track jitter are even smaller than that
of (HM)y=1. The off-track jitter is also smaller for the (7}, + T¢)n=g0 structure.
Furthermore, a combination of a temperature and a T gradient leads to complete
switching in a wider range of temperatures than for pure hard magnetic material
with constant temperature. This is a very interesting result since one could use an
exchange spring structure [46,47,50,143-145] with a T gradient to compensate the
HAMR performance loss due to the temperature gradient in z—direction.

For the further course of the work, the temperature drop in z—direction is not further
considered within the simulations since the simulations could always be tuned in a

way such that the temperature gradient is compensated.
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Chapter 6

Noise Reduction in HAMR by Optimizing a
High/Low 7 Bilayer Structure

Parts of this chapter have been previously published in [129] and [146] and have been
reproduced with permission of the coauthors and in accordance with the publisher’s
policy. Content that was not generated by the author of this thesis is explicitly
denoted, copyright is held by the American Institute of Physics (AIP).

6.1 Introduction

Considering the switching probability curves of a cylindrical FePt-like hard magnetic
grain with diameter d = 5nm and height A = 10nm (see Figure 6.1) shows that
the switching probability of one grain is clearly below 99% [46] which is too low for
practical use in bit-patterned media [20-22]. The idea to overcome this problem is
to use a bilayer structure with graded Curie temperature which consists of a hard
magnetic layer with low Curie temperature and a soft magnetic layer with high Curie
temperature [50]. It has been shown by Vogler et al [60] that using a 50/50 low/high
Tc bilayer structure increases the maximum switching probability but leads to a
significant increase of both the down-track and the off-track jitter parameter (see
Figure 6.1).

In the first part of this section, an exchange coupled grain is optimized to obtain
a switching probability of Pu.. > 99.2% while maintaining the low down-track
and off-track jitter of a pure FePt grain with the same dimensions. The thresh-
old 99.2% is used since 128 simulations per phase point are performed and thus
100% switching probability in reality corresponds to a switching probability greater
than 1 — 1/128 = 0.992 in the simulations. The optimization is achieved by vary-
ing the composition of the soft magnetic layer as well as the ratio between the soft
and the hard magnetic layer. It is reasonable to optimize the recording medium by
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maximizing the maximum switching probability and minimizing the transition jit-
ter, since these parameters have a strong influence on the signal-to-noise ratio [119]
(see Chapter 4). The Gilbert damping in the hard magnetic layer that is used when
obtaining the optimization process is assumed to be agy = 0.1. However, a = 0.1 is
too high for FePt-like hard magnetic material in reality.

In Chapter 4 it has already been studied that the damping constant is an impor-
tant parameter when modeling magnetic recording material since it has a significant
influence on the signal-to-noise ratio. Thus, in the second part of the section, the
optimization approach is followed for material parameters that were introduced by
the Advanced Storage Research Consortium [19], especially for small Gilbert damp-
ing agy = 0.02, and it is studied how the optimized material differs from that with
agm = 0.1.

Additionally, it is investigated how much the areal storage density can be improved
when using the optimized recording material instead of the pure hard magnetic one.
This is done with the help of the signal-to-noise ratio. The section is structured as
follows: First, the principle of exchange spring media (ESM) is introduced. Then,
the recording medium optimization process is presented for apy = 0.1. Further, the
optimization process for different material parameters according to the ASRC with
amy = 0.02 is followed and it is studied how much the areal storage density can be
improved when using the optimized structure instead of the pure hard magnetic one.

6.2 Exchange Spring Media

Exchange spring medium was first proposed by Suess et al [48] in 2004 and is used in
commercial hard disks since 2007. Originally, it was introduced to increase the areal
storage density in perpendicular magnetic recording. In conventional perpendiclar
recording medium, the coercive field and the energy barrier AFE are linearly depen-
dent on the uniaxial anisotropy constant K via AE = KV. Here, V is the volume of
the grain. Consequently, enhancing the anisotropy to make smaller grains thermally
stable immediately increases the energy barrier. However, the maximum anisotropy
is limited by the maximum available head field which are for their parts limited by
the highest saturation magnetizations of head materials [47,144]. A way to further
increase the anisotropy of the hard magnetic layer is exchange spring media. The
idea of ESM is to use recording grains that consist of a soft magnetic (SM) and a
hard magnetic (HM) layer which are strongly exchange coupled [46,47,49,143,144].
The soft magnetic layer acts as a magnetic spring to initiate switching of the hard
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Figure 6.1: Comparison of the switching probability curves in (a) off-track direction and (b)
down-track direction for pure hard magnetic material and a bilayer structure
with 50% hard and 50% soft magnetic material.
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magnetic layer and is thus a write assist. Switching happens in two steps. If an
external field is applied, first, a nucleation is formed in the soft magnetic layer. The

nucleation field is given by [49,147]

. 2Ksoft 2A7T2

H
N Js + 442 Jg

(6.1)

where K., Js and A are the anisotropy, the spontaneous polarization and the ex-
change constant in the soft magnetic layer, respectively. t. . is the thickness of the
soft magnetic layer. The second term on the right hand side describes the exchange
field from the hard magnetic layer that stabilizes the soft layer. The nucleation prop-
agates towards the interface between the hard and the soft magnetic layer where it
gets pinned. If the external field exceeds the so-called pinning field Hp, the domain
wall propagates through the hard magnetic layer and the whole grain switches. The
resulting coercive field is then given by H. = max(Hy, Hp). The coercive field is
strongly dependent on the exchange coupling strength between the magnetic lay-
ers. If the layers are not exchange coupled, the switching field is equivalent to that
of a pure hard magnetic grain. If the exchange coupling strength is increased, the
switching field decreases until it reaches a minimum. However, further increasing the
exchange coupling strength leads to an opposite effect by causing larger switching
fields again. This is due to the fact that the soft magnetic layer gets coupled too
strong to the hard magnetic layer and looses its ability to freely rotate before switch-
ing.

In ESM, the ratio between the energy barrier and the coercive field is not constant
as predicted by the Stoner-Wohlfarth theory allowing for independent optimization.
This is due the different magnetization states during switching. In fact, thermal sta-
bility and coercivity can be optimized independently from each other. Theoretically,
the lowest coercive field can be obtained for Ky = 1/5Kpara, where Ko and Kyarg
are the anisotropy constants of the soft and the hard magnetic layer, respectively.
Additionally, the thermal stability of the exchange spring medium can be improved
by a factor 2 compared to a single phase medium while the coercivity stays unchanged
by optimizing the material parameters.
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6.3 Optimization Procedure

6.3.1 Modeling Parameters

A. Write Head Parameters

In this section, the same write head parameters as in Section 5.2.1 are used:
e F'WHM = 20 nm
e Head velocity v = 20m/s
e Field duration = 1ns

o Tmin =270K
B. Hard Magnetic Layer

The composition of the FePt-like hard magnetic material (HM) is the same in all
simulations which are performed with the atomistic simulation program VAMPIRE.
Only the amount of the hard magnetic material is optimized later. The parameters
are chosen as follows: For the damping constant we use agy = 0.1. The atomistic
spin moment in pugy = 1.7 ug which corresponds to a saturation polarization Jyy =
1.42T. The exchange energy within the hard magnetic material is J;; ym = 5.18 X
10721 J/link. We use uniaxial anisotropy in z—direction with an anisotropy constant
k, = 9.12 x 1072 /atom which corresponds to an uniaxial anisotropy Kjpm =
6.6 MJ/m3. This material composition was also used in former simulations by Suess
et al [46] and Vogler et al [60].

C. Optional Parameters

In order to find the material composition which maximizes the switching probability
and simultaneously minimizes the transition jitter, different parameters of the soft
magnetic material (SM) are varied and simulations for the different material compo-
sitions are performed. However, some parameters of the soft magnetic material are
specifically chosen to model the material as simple as possible. The fixed parame-
ters, on one hand, are the damping constant agyy = 0.1 and the anisotropy constant
ky,sm which is set to zero. On the other hand, the exchange energy within the layer,
the exchange energy between the layers and the atomistic spin moment are variable.
The amount of hard and soft magnetic material in the simulations to determine the
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soft magnetic
layer

hard magnetic
layer

Figure 6.2: Schematic representation of the atoms within the cylindrical recording grain
with a bilayer structure composed of 20% soft magnetic material (red) and 80%
hard magnetic material (blue).

optimal soft magnetic material composition is always 50%.

After the optimal soft magnetic material configuration has been found, the amounts
of soft and hard magnetic material are additionally varied to further optimize the
recording grains. Figure 6.2 shows a grain consisting of different amounts hard and
soft magnetic material.

6.3.2 Results

A. Hard Magnetic Layer

First, a phase diagram (see Section 3.5.1) is computed for a pure FePt-like grain, see
Figure 6.3. In the phase diagram, the switching probability is shown as a function
of the down-track position = and the peak temperature T}ex. The same parameters
as in Section 5.3.1 are used, namely

e Az =2nm
o ATeax = 25K

e (60,000 switching trajectories with 2nm duration.
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Figure 6.3: Switching probability phase diagram of a pure FePt-like hard magnetic grain.
The contour lines indicate the transition between areas with switching probabil-
ity less than 0.8% (red) and areas with switching probability higher than 99.2%
(blue). The dashed lines mark the switching probability curves in Figure 6.5
and Figure 6.6.

The areas with less than 0.8% switching and the areas with more than 99.2% switch-
ing are marked by the contour lines. The phase diagram of the pure hard magnetic
grain shows only a few areas of complete (100%) switching. In particular, no com-
plete switching occurs for high peak temperatures larger than 650 K. This shows the
high DC noise of pure hard magnetic grains. It can be explained by the high thermal
gradient for temperatures larger than 650 K. Due to the high thermal gradient, the
recording time window gets smaller and is therefore too small for the hard magnetic
grain to reliably switch [40,90,148].

Both the off-track and the down-track jitter can be extracted from the switching
probability phase diagram (see Section 3.5.2). In Figure 6.3, the off-track switching
probability curve at down-track position £ = Onm is marked by the dashed vertical
line at + = Onm. The down-track switching probability curve for Theax = Twrite
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(corresponds to off-track position y = 0nm with eq. (3.45)) is marked by the dashed
horizontal line. For a peak temperature Tphe.x = 700K, the switching probability
curve in off-track direction at down-track position x = O nm and the switching prob-
ability curve in down-track direction at off-track position y = Onm can be seen in

Figure 6.5 and Figure 6.6.

B. Soft Magnetic Layer

In this section, an exchange coupled bilayer structure is considered. The parameters
for a suitable soft magnetic composition are sought. Since the atomistic simula-
tions are very time consuming, it is not possible to calculate a switching probability
phase diagram for every material configuration. For this reason, only the switch-
ing probability curve along the temperature (corresponds to off-track) direction at
down-track position x = Onm is calculated. The result of these simulations is a
switching probability curve P(Tpeax) for 400 K < Tpeax < 700K which gives both,
the maximum switching probability in the center of the grain and the off-track jitter
oof. Additionally, the switching probability curve along the down-track direcion at
Toeak = Tswiteh + 10% (see Section 5.3.1) is computed and the down-track jitter ogown
is extracted. In a first optimization step, soft magnetic materials reaching complete
switching in the center of the grains are pre-selected. To do this, the switching
probability curves are fitted with a Gaussian cumulative distribution function as in
Section 3.5.2. In Figure 6.4, one can see the fitting parameter P, for a recording
grain as a function of different atomistic spin moments pugy and different exchange
energies J;; gv within the soft layer. Materials with Py,ax less or equal 99.2% are not
further considered. The phase diagram shows, that there are a few material compo-
sitions with sufficiently high P,... For these materials, the fitting parameters o.g
and oqown are additionally compared for the different configurations and the material
with the lowest off-track and down-track jitter simultaneously is chosen. Two mate-
rials, namely that with ugy = 1.7 up and J;; s = 7.25 x 10721 J/link and that with
psm = 2.0 up and Jijsm = 7.25 x 1072! J/link nearly have the same and the lowest
Ooff and Tgown. Since the atomistic spin moment for the hard magnetic material is
v = 1.7 pp the same value is chosen for the soft magnetic material.

In summary, the optimal parameters for the soft magnetic composition are shown in

Table 6.1. The exchange energy between the materials is given by Ji; = \/Jijum - Jijsum-
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Figure 6.4: Phase diagram of a recording grain with 50% hard magnetic material and 50%
soft magnetic material where the fitting parameter Py« can be seen for different

configurations of the soft magnetic layer. The contour lines mark the areas with
Prax > 99.2%.

Curie temp. T¢
(K]

Damping a

Uniaxial anisotropy ky
[J/atom]

Jz‘j,SM [J/hnk]

s (18]

748.2

0.1

0

7.25 x 10721

6.13-10721

1.7

Table 6.1: Material parameters of the optimized soft magnetic material composition.
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Thickness HM/SM [%] | Tpeak [K] | Pmax
100/0 (FIM) 654 | 0.984
90/10 660 0.984
89/11 660 0.984
88/12 666 0.992
87/13 666 0.992
86,14 672 1.0
85/15 672 1.0
84/16 678 0.976
83/17 678 0.976
82/18 678 0.976
81/19 684 1.0
80/20 690 1.0
79/21 696 1.0

Table 6.2: Results for material compositions with different amounts of hard magnetic (HM)
and soft magnetic (SM) ratio. The maximum switching probability is calculated
at down-track postition x = Onm and for a peak temperature Tpeac which is
20% higher than the Curie temperature of the material composition.

C. Bilayer Composition

With the chosen parameters, the amount of soft and hard magnetic material is op-
timized. The idea is to use as little soft magnetic material as possible to get narrow
transitions, but as much soft magnetic material as necessary to get 100% switch-
ing probability in the simulations. Phase diagrams are only computed for the most
promising materials. To find candidates, again switching probability curves in the
off-track and the down-track direction are calculated.

In Table 6.2 the resulting maximum switching probabilities for different material
compositions with Tje. which is 20% above the Curie temperature of the material
can be seen. One observes that materials with an amount of soft magnetic material
of 20% or more have a switching probability of 100% for the indicated temperatures.
Thus, the transition curves of these materials are compared to that of pure HM. This
is done by fitting the switching probability curves according to Section 3.5.2. The
switching probability curves in temperature direction and the corresponding fitting
curves of the different materials can be seen in Figure 6.5 for peak temperatures
between 400 K and 700 K. Note, the fitting curve of HM with the temperature jit-

ter parameter op v = 9.7 K shows that the switching probability does not reach
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Figure 6.5: (a) P(Tpeak)—curves and corresponding fits of grains with different amounts of
soft magnetic ratio at down-track position x = Onm for different peak temper-
atures Tpeak. (b) Zoomed transition and fitting curves for peak temperatures
in a range from 550 K to 700 K.
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100% in the simulations. For the other material configurations, full switching can
be seen for sufficiently high temperatures. Further, in Figure 6.5, one can see that
the off-track transition jitter gets larger for a higher amount of soft magnetic mate-
rial. For 20% soft magnetic material, the transition is the steepest one among the
bilayer compositions with orgy/20 = 14.2K. Thus, it is much steeper than that of
a material with 50% soft magnetic volume fraction for which or50/50 = 27.87TK is
almost twice as large as for 80/20. Note that the temperature jitter parameters can
again be converted to off-track jitter o.¢. The off-track jitter parameters are then
oo M = 0.326 nm, oo 80/20 = 0.46 nm, 0o 75/25 = 0.49nm and o4 50/50 = 0.93 nm.
Actually, the transition of the composition with 20% soft magnetic material is the
best compared to that of HM although even here oo 59/20 is 41% larger than oo m.
Additionally, the jitter in down-track direction for one peak temperature and all
down-track positions is calculated with higher resolution for pure hard magnetic ma-
terial, a 50/50 structure and the candidate 80/20 material composition. Since writing
of the grain starts at T,eax = 475 K for the materials, the jitter is considered at the
same peak temperature, Theax = 700 K, for all materials. The simulations are done for
down-track positions x between —20 nm and 22 nm with a resolution of Az = 2nm.
Again, in the area of the transitions the resolution is finer, namely Az = 0.166 nm.
In Figure 6.6, the results of these simulations can be seen. For T,e,x = 700K, the
80/20 material reaches 100% switching probability whereas the switching probability
of the pure HM is clearly below 100%. In contrast to the distinct switching proba-
bilities of the materials, the transitions of HM and 80/20 are almost the same. The
switching probability curves are again fitted with a Gaussian cumulative distribution
function as in eq. (3.46) and eq. (3.47). For both material compositions (HM and
80/20), the steepness of the transitions differs marginally. This can be seen by the
fitting values which are oqownav = 0.45nm and Ggewn,g0/20 = 0.49nm. For compari-
son, a composition with 50% hard and 50% soft magnetic material has a fitting value
Tdown,50/50 = 0.64nm. Since a grain with 80% hard magnetic material and 20% soft
magnetic material (80/20) is the optimal material with regard to the off-track and
the down-track jitter, a switching probability phase diagram is calculated for 80/20.
In Figure 6.7, this switching probability phase diagram is illustrated. In contrast to
the phase diagram of HM (see Figure 6.3), the 80/20 phase diagram shows complete
switching also for higher peak temperatures. Indeed, the bilayer structure shows
100% switching probability for peak temperatures higher than 550 K in a range from
down-track position z = 4+10nm to x = —6nm.
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Figure 6.6: Comparison of down-track jitter at a peak temperature Tjcax = 700K for a
pure hard magnetic grain and a 80/20 hard/soft layer composition (a) for all
down-track positions x from -20nm to 22nm. In (b) the jitter in down-track
direction is shown more closely for down-track positions between z = —10nm
and r = —4nm.
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Figure 6.7: Switching probability phase diagram of recording grain consisting of a compo-
sition of 80% FePt-like hard magnetic material and 20% Fe like soft magnetic
material. The contour lines indicate the transition between areas with switch-
ing probability less than 0.8% (red) and areas with switching probability higher
than 99.2% (blue). The dashed lines mark the switching probability curves in
Figure 6.5 and Figure 6.6.
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6.4 Optimization of a Material with Gilbert Damping o = 0.02

6.4.1 Modeling Parameters
A. Write Head Parameters

For the simulations, the HAMR model from Section 3.5 is used. The simulations are
performed with the atomistic simulation program VAMPIRE [96]. The parameters
that are used for the model of the HAMR, process are the following:

e Grain diameter d = 5nm

Grain height A = 8 nm

FWHM = 60 nm

Head velocity v = 15m/s

Field duration = 0.57 ns

o Thin =300K

Note, most of the parameters differ from those used in Section 6.3. The thermal
gradient is 11 K/nm. The write head and material parameters used in this section
are parameters which agree with the guidelines of the Advanced Storage Research

Consortium [19].

B. Material Parameters

The material parameters for the hard magnetic material can be seen in Table 6.3. For
the soft magnetic material, the atomistic spin moment is assumed to be ps = 1.6 up
which corresponds to a saturation polarization Jg = 1.35T. The uniaxial anisotropy
constant k,gm in the soft magnetic layer is initially set to 0 but later varied. The
Gilbert damping agy and the exchange interaction J;; v within the soft magnetic
material are varied. Experimentally, it is possible to increase the damping constant
by doping with transition metals like Gd (gadolinium) or Os (osmium) [132-136].
Thus, also enhanced damping constants agy larger than 0.02 are considered in the

simulations.
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Curie temp. T Uniaxial anisotropy k, N .
K] [J /atom] Jij [J/link] ps (1]

693.5 0.02 0.124 x 10723 6.72 x 10721 1.6

Damping «

Table 6.3: Material parameters of an FePt-like hard magnetic granular recording medium.

6.4.2 Results

Hard magentic grain

First, a switching probability phase diagram for the pure hard magnetic material
is computed according to Section 3.5.1. The switching probability in Figure 6.8 is
shown as a function of the down-track position z and the peak temperature Tpecax
that corresponds to the off-track position y. The resolution in down-track direction
is Az = 1.5nm and that in temperature direction is AT e = 25 K. In each phase
point, 128 trajectories are simulated with a length of 1.5ns. Thus, the phase diagram
contains more than 30,000 switching trajectories. From the phase diagram it can be
seen that the pure hard magnetic grain shows only two small areas with switching
probability larger than 99.2%. In this part, only the down-track jitter parameter
Odown 18 investigated since this is the more interesting parameter in praxis. To de-
termine the down-track jitter, a down-track switching probability curve P(z) for
—20nm <z < 6nm at a fixed temperature Tyeax = Tc + 60 K = 760 K is determined
for pure hard magnetic material. The switching probability curve is fitted according
to Section 3.5.2. The resulting fitting parameters of the hard magnetic material are
Prax = 0.974 and 04own = 0.95 nm.

Media Optimization

To find the best soft magnetic material composition, down-track switching proba-
bility curves P(z) are computed for 50/50 bilayer structures with different damping
constants agy and different exchange interactions J;gv. After the optimal soft
magnetic material composition is found, the ratio between hard and soft magnetic
material is optimized. The range in which the parameters are varied can be seen
in Table 6.4. Note, that P(z) is computed at different peak temperatures for the
different exchange interactions, due to

Jij = SkBTC, (6.2)

€z
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Figure 6.8: Switching probability phase diagram of a pure FePt-like hard magnetic grain.
The contour lines indicate the transition between areas with switching prob-
ability less than 0.8% (red) and areas with switching probability higher than
99.2% (blue).

Parameter min. value max.value

asm 0.02 0.5

Jijsm [J/link] | 5.72 x 1072 9.72 x 10721

ku.sm [J/atom] 0 1/2ky v = 4.562 x 1072

Table 6.4: Range in which the different soft magnetic material parameters are varied.

where kg is the Boltzmann constant, z is the number of nearest neighbors and e is
a correction factor from the mean-field expression which is approximately 0.86 [96].
The temperature at which P(zx) is calculated is chosen to be T + 60 K. The down-
track switching probability curves are then fitted according to Section 3.5.2. The
down-track jitter parameters as a function of the damping constant and the exchange
interaction can be seen in Figure 6.9. Note, the maximum switching probability is 1
for > 0.1.
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Figure 6.9: Down-track jitter oqown as a function of the damping constant agy and the
exchange interaction J;; sym. The contour line indicates the transition between
areas with down-track jitter larger than 0.5nm (blue,green) and areas with
down-track jitter smaller than 0.5 nm (purple).

kusm x 10723 [J/atom] | Gdaown 0m] | Prax
0 0.41 1.0
0.562 0.919 1.0
1.8428 [= 1/5 ky pav] 1.04 1.0
3.124 0.898 1.0
4,562 [= 1/2 ki 1in] 1.01 1.0

Table 6.5: Resulting down-track jitter parameters and mean maximum switching probabil-
ity values for soft magnetic materials with different uniaxial anisotropy constants

ku,SM'

Uniaxial anisotropy k,

Damping agm 13 /atom] Jij.sm [J/link] Jij [J/link] Us [pB]

0.1 0 772 x 10721 7.2 x 10721 1.6

Table 6.6: Resulting material parameters for the optimal soft magnetic material
composition.
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HM/SM Odown D] | Prpax
100/0 (M) | 095 | 0.974
90/10 1.06 0.969
80/20 0.813 0.998
70/30 0.6 0.988
60/40 0.8 0.999
50,/50 0.41 1.0

Table 6.7: Resulting down-track jitter parameters and mean maximum switching proba-
bility values for hard magnetic material with Gilber damping o = 0.02 and
different hard/soft bilayer structures with enhanced damping constants in the
soft magnetic material.

The results show that a Gilbert damping agy = 0.1 together with Jjjem = 7.72 X
10721 /link leads to the best results with the smallest down-track jitter ogown =
0.41nm and a switching probability Py.x = 1.

The last soft magnetic parameter that is varied, is the uniaxial anisotropy kysm. It is
known that the smallest coercive field in an exchange spring medium can be achieved
if Ksy = 1/5Knuy [49,149]. Here

al kui .
K= 120w e rSM, HM) (6.3)

ad

are the macroscopic anisotropy constants in J/m?® with the unit cell size a = 0.24 nm
and the number of atoms n, per unit cell. k, gy is varied between 0 and 1/2k, ym =
4.562 x 10723 J /Jatom. The resulting fitting parameters are summarized in Table 6.5.
It can be seen that the switching probability is one for all varied k, gpr. However, the
down-track jitter increases for higher k, gy Since for k, g = 0J/atom the jitter is
the smallest, this value is chosen for the optimal material composition. In conclusion,
the material parameters of the optimized soft magnetic material composition can be
seen in Table 6.6.

Next, simulations for different ratios of hard and soft magnetic material are per-
formed. Down-track switching probability curves P(x) are computed for different
ratios at Tpheax = 780K and the down-track jitter and the mean maximum switch-
ing probability are determined. The results are listed in Table 6.7. The results show
that a structure with 50% hard magnetic and 50% soft magnetic material leads to the
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Figure 6.10: Switching probability phase diagram of recording grain consisting of a op-
timized composition of 50% hard magnetic material with Gilbert damping
a = 0.02 and 50% soft magnetic material with agy = 0.1, kysm = 0J/atom
and Jijjsm = 7.72 x 10721J /link. The contour lines indicate the transition
between areas with switching probability less than 0.8% (red) and areas with
switching probability higher than 99.2% (blue).

smallest jitter and the highest switching probability. This result differs from the op-
timized material composition in Section 6.3, where the optimal composition consists
of 80% hard magnetic and 20% soft magnetic materials. In Figure 6.10, a switching
probability phase diagram of the optimized bilayer structure with 50% hard and 50%
soft magnetic material can be seen. It is visible that the switching probability of
the structure is larger than 99.2% for a bigger area of down-track positions and peak
temperatures. This shows the reduction of DC noise in the optimized structure. The
reduction of AC noise can be seen by the reduced jitter values in Table 6.7.
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6.5 Areal Density Analysis

To analyse the possible increase of the areal density by using the optimized bilayer
structure instead of the pure hard magnetic recording medium, the signal-to-noise
ratio is calculated with the help of the analytical model from Section 3.3. The gqown
and Pp., values are those resulting from the atomistic simulations for pure hard mag-
netic material and the optimized bilayer structure. All other model input parameters
are obtained by a least square fit from a switching probability phase diagram com-
puted with a coarse-grained LLB model [114]. According to the considerations of
Section 4.2, all values except Pax and ogown can be fixed. These fixed fitting param-
eters are shown in Table 6.8. The SNR is analyzed for areal densities of 2 to 5 Th/in?.
For the bitsize (bs) at a certain areal density, there are different track width (¢) and
bit length (b) combinations (¢, ) that yield

bs =t -b. (6.4)

To compute the SNR for a certain (¢,b) combination, the reader is scaled in both
the down-track and the off-track direction according to the bit length and the track
width, respectively. The reader resolution R in down-track direction is scaled by

b
R=Ry — (6.5)
bo
where b is the bit length, Ry = 13.26nm is the initial reader resolution and by =
10.2nm denotes the mean initial bit length according to the ASRC. In off-track
direction, the reader width is scaled with the respective track width ¢. The initial

5 nm

oot [K] 9225
Prax 0.995

Fyo [K] 602

b [nm] 10.2

¢ [107% nm/K?] | 3.88
ps K] 839

ps3 [nm] 27.5

Table 6.8: Reference parameters that are evaluated via least square fit of the phase diagrams
simulated with the coarse-grained LLB model for grain sizes 5nm and 7nm.
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AD[Th/in2] | M2 (3151}; [4B] ‘/E“’IEEB] y [nm] (M) MBE’;I\?/NS?W[?B] (Iﬁlg?/‘g]M) y [nm] (HM/SM)
5 13.85 100 | 3226 16.08 8.06 10,02
3 11.07 623 | 3452 13.37 5.37 37.53
4 9.46 5.0 32.26 11.55 5.0 32.26
5 7.16 43 30.01 9.16 4.69 27.51

Table 6.9: Resulting bit length = and track width y combinations for the maximum SNR
at different areal densities (AD) for pure hard magnetic material (HM) and the
optimized bilayer structure (HM/SM) with 50% hard magnetic and 50% soft
magnetic material.

track width is 44.34 nm. In Figure 6.11(a) and (b) the SNR is shown as a function of
the bit length and the track width for pure hard magnetic material and the optimized
bilayer structure, respectively. Additionally, the phase plots include the SNR curves
for (¢,b) combinations that yield areal densities from 2 to 5Th/in?. From the phase
diagrams it is visible that higher SNR values can be achieved for the optimized
structures than for the pure hard magnetic material in the same bit length — track
width range. For example, the SNR for an areal density of 2 Tbh/in? for the bilayer
structure is larger than 15dB whereas it is between 10dB and 15dB for pure hard
magnetic material. For each AD there is a (¢,b) combination for which the SNR
is maximal and which is marked by a dot in the phase plots. In Figure 6.12 the
maximum SNR over the areal density is displayed for both structures. The results
show that the SNR that can be achieved with the optimized structure is around 2 dB
higher than that of the hard magnetic material, if the same areal density is assumed.
To get the same SNR, the optimized design allows for an areal density that is 1 Tb/in?
higher than for the hard magnetic one. Summarizing, the bit length — track width
combinations at which the maximum SNR is achieved are given in Table 6.9.

6.5.1 Conclusion

To conclude, the recording medium with high/low T grains for heat-assisted mag-
netic recording for two different Gilbert damping constants oy = 0.1 and agy =
0.02 in the hard magnetic part was optimized. The hard magnetic layer had a low
Curie temperature and the soft magnetic layer a high Curie temperature. The goal
was to vary the composition and the amount of soft magnetic material such that at
the same time both the AC noise and the DC noise are minimized. AC noise deter-
mines the distance between neighboring bits in bit-patterned media. DC noise on the
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Figure 6.11: Signal-to-noise ratio (in dB) as a function of the bit length and the track width
for (a) pure hard magnetic material and (b) the optimized hard/soft bilayer
structure. The red lines indicate the bit length — track width combinations
that yield 2, 3, 4 and 5 Tb/in? areal density. The dots indicate the combination
at which the SNR is maximal.
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Figure 6.12: Maximum SNR for different areal densities for pure hard magnetic material
and the optimized bilayer structure.

other hand limits the switching probability of a bit in bit-patterned media or a grain
in granular media. The simulations for a cylindrical recording grain with diameter
d = 5nm and two different heights A = 10nm and h = 8 nm were performed with the
atomistic simulation program VAMPIRE. Different material parameters in the soft
magnetic layers were varied. Varying the soft magnetic composition for amgy = 0.1
led to a soft magnetic material with the same atomistic spin moment as the hard
magnetic material. A higher Curie temperature was chosen in the soft magnetic layer
than in the hard magnetic layer. The used composition is similar to the one used by
Vogler et al [60]. Further simulations to vary the amount of hard and soft magnetic
material showed that more soft magnetic material leads to higher switching probabil-
ities, whereas less soft magnetic material leads to narrower transitions. These results
are not surprising. Because of the low coercivity of the soft magnetic layer and the
exchange spring effect, the soft magnetic layer helps to switch the magnetization of
the hard magnetic layer more reliably. Thus, the switching probability increases for
a thicker soft magnetic layer. Furthermore, the soft magnetic layer facilitates switch-
ing of the grain in a larger range of temperatures and down-track positions. This

increases the jitter in off-track and down-track direction for the bilayer structure.
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We showed that a material composition consisting of 20% soft magnetic material
and 80% hard magnetic material leads to similar AC and DC noise compared to
pure hard magnetic material. The situation is different for hard magnetic materials
with damping ag = 0.02. The damping constant of the soft magnetic material
was assumed to be enhanced by doping the soft magnetic material with transition
metals. The simulations showed that larger damping constants in the soft magnetic
layer lead to smaller jitter and higher switching probabilities. A damping constant
agy = 0.1, in combination with an exchange interaction J;jem = 7.72 X 10721 J/link
and an uniaxial anisotropy constant k, sy = 0J/atom, led to the best results in terms
of small down-track jitter and high switching probability in a wide range of down-
track and off-track positions. Interestingly, the soft magnetic composition is almost
the same as for the structure with ayy = 0.1. Optimizing the amount of hard and
soft magnetic material showed that, surprisingly, a higher amount of soft magnetic
material leads to smaller down-track jitter. This is not as expected. However, it can
be easily explained why a higher amount of soft magnetic material leads to better
jitter results for agmy = 0.02. Studying the influence of the damping constant on the
down-track jitter (see Chapter 4) shows that an increase of the damping constant
from 0.02 to 0.1 reduces the down-track jitter by almost 30%. Additionally, the max-
imum switching probability increases to 1. Since it can be seen that higher damping
leads to smaller jitter and higher maximum switching probability, it is reasonable
that a higher amount of soft magnetic material with agy = 0.1 leads to a better
recording performance. For ayy = 0.1, the improved performance due to higher
damping was not an issue since the damping constant was 0.1 in both layers. This
explains the different ratios of hard and soft magnetic material.

Furthermore, the increase of the areal density can be improved if an optimized bi-
layer structure is used instead of pure hard magnetic recording material. This was
done by analyzing the signal-to-noise ratio for the optimized material compositions
with amgy = 0.02. The results showed that the areal density of the optimized bilayer
structure could be increased by 1Th/in? to achieve the same SNR as for the pure
hard magnetic structure. In other words, that means that at a certain areal density,
the SNR was increased by about 2 dB by using the optimized structure. Concluding,
the optimized bilayer structure is a promising design to increase the areal storage
density by just modifying the recording material.
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Chapter 7
Eliminating transition curvature in HAMR

Parts of this chapter have been previously published in [150] and have been repro-
duced with permission of the coauthors and in accordance with the publisher’s policy.
Content that was not generated by the author of this thesis is explicitly denoted,
copyright is held by American Institute of Physics (AIP).

7.1 Introduction

In HAMR, the heat pulse is used to write high-anisotropy grains with the available
small head fields. In general, the Gaussian shaped heat pulse produced by a near-field
transducer leads to circular temperature contours within the recording medium. The
write field produced by state-of-the art write heads can be assumed to be spatially
relatively homogeneous. This in combination with the circular temperature contours
always creates transitions with a significant curvature [64,65], see Figure 7.1. These
curved transitions are expected to be a serious problem in the read-back process in
HAMR since the signal-to-noise ratio is reduced [94]. Additionally, transition cur-
vature yields edge erasure at higher linear densities. Different methods to efficiently
reduce transition curvature in HAMR have been proposed, for example a special
write head field design by Zhu et al [94,151,152] or a flipped head design by Vogler
et al [93]. In this section, this latter approach is used to design write heads that are
supposed to be able to reduce transition curvature in HAMR media. The section
is based on the publication by Vogler et al [93], where a recording head design to
effectively reduce transition curvature is suggested. In the proposal, the difference
to a conventional recording head design is that the write and the return pole are
switched. Thus, the grain gets written spatially after the return pole and near the
near field transducer (NFT) [16] whereas for the standard head the grain is written
spatially between the write pole and the NFT (see Figure 7.2). This leads to a differ-
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Figure 7.1: Illustration of curved bit transitions due to a Gaussian shaped heat pulse if a
uniform write field is applied. The picture is taken from Zhu et al [94].
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Figure 7.2: Schematic representation of (a) a conventional and (b) a flipped recording head
design proposed by Vogler et al [93]. In (c) and (d) the temporal evolution of
the applied field and the temperature pulse for the conventional and the flipped

design, respectively, can be seen. The grey arrows in (a) and (b) indicate the
position at which the grains are written.
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ent behavior of the write field during the cooling process of the heat pulse. For the
conventional design, the applied field is relatively homogeneous during the cooling
process. However, for the flipped design, due to the larger distance between the pole
tip and the grains to be written, the field is decreasing in down-track direction during
cooling which leads to a head field gradient in the same direction as the temperature
gradient. At the track edges, the grain is written at the same temperature as before
since the write field is sufficiently high. This is due to the fact that at the lower
temperatures at the track edges the maximum field is required to reverse the grains.
However, in the track center, the transition contour shifts to higher temperature
since the write field is quickly decreased in down-track direction. This then leads to
a reduction of the transition curvature. Unfortunately, in the former work, the field
gradient is assumed to be much higher than in reality.

Thus, the realistic field gradient for an initial flipped design that follows the model
of a state-of-the-art recording head design [153,154] at the position of the cooling of
the heat pulse is computed. Since this field gradient is too small to efficiently reduce
transition curvature, a write pole that maximizes both the field and the field gradient
at the required position is designed. This is done by topology optimization [155], an
application of the inverse magnetostatic problem [156]. With the resulting fields and
field gradients locally resolved switching probability phase diagrams with a coarse-
grained LLB model [114] are computed. From this locally resolved phase diagrams,
the resulting curvature can be analyzed.

7.2 Topology Optimization

In today’s applications, like magnetic sensors [157,158], electric generators and mo-
tors [159], magnetic materials play a key role. Often it is required that the field
produced by the magnet fulfills certain requirements such as high field values or high
field gradients. The inverse magnetostatic problem allows to reconstruct the mag-
netization in a certain magnetic region from a prescribed magnetic field measured
outside this magnetic region or to design a magnet to have desired field properties.
The inverse magnetostatic problem can on the one hand be used to design the ge-
ometry of a magnet to rebuild a certain strayfield [160-162]. On the other hand it is
possible to design the magnetization configuration of existing components [163,164].
Since it is not easy to produce magnets with complicated inhomogeneous magneti-

zation configurations, the design of an optimal geometry is often a more promising
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approach.

The inverse magnetostatic problem does not necessarily have a unique solution and
is worse conditioned than the forward problem. Thus, solvers of the inverse problem
are based on stable and reliable solvers of the forward problem. In this section, the
forward problem and the inverse magnetostatic problem are introduced. Further-
more, a general method - the adjoint method - to solve the inverse magnetostatic
problem is presented. Last, the density method that is used in this work for topology

optimization is explained.

7.2.1 Forward Problem

In the forward problem, the demagnetization field Hy is computed. The demagneti-
zation field is the field that is generated by the magnetization m of a magnetic body.
In this work, the simulation of the forward and the inverse problem is based on the
work of Huber [165]. The starting point is the Maxwell’s equations

V-B=0 (7.1)
V x H =0. (7.2)

Equation (7.2) allows to express H as the gradient of a scalar potential u by
H = —-Vu. (7.3)

To solve the problem, the space is divided into three regions based on the magnetic
characteristics. These regions are (i) the air region €, outside the magnetic region
(needed for finite element method (FEM) based computation), (ii) a soft magnetic
material region () and (iii) a permanent magnetic region §2,. The magnetic flux
density B combined with eq. (7.3) is given by

—poVu in Q,
B = _Moﬂrvu n Qs (74)
_:u(),urnvu + ,U/OMO in Qp

This results from the following considerations:

e Air region 2,

Ba = /,LoHa = —/,Lovu (75)
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with the vacuum permeability pg [= 471077 Tm/A]. H, is the magnetic field

in the air region.

e Soft magnetic region ()
Bs = NO(HS + Ms) = ,U/O,urHs = _NOMrvu (76)

with the relative permeability i, and the magnetic field Hy in the soft magnetic

region.

e Hard magnetic region €,
B, = uo(Hy, + My) = popem Hy, + p1o My = — piofim Vu + 1o My (7.7)

where p,, is the recoil permeability which is e.g. between 1.05 and 1.2 for
rare earth magnets. Hp is the magnetic field in the permanent region and
M, = B,/ is the prescribed magnetization vector with B, being the remance
of the permanent magnet.

In the simulations, u, and pu,, are constant. Thus, the method allows only to describe
linear material laws.

V - B = 0 together with the definition of B in eq. (7.4) is a Poisson equation.
To use the finite element method (FEM), a variational approach is used. For this
reason eq. (7.1) is multiplied with a test function v and integrated over the region
2 =0,UQ,UQ,. Qis a good approximation to the real space if the air region (2, is
sufficiently large. This is because the Maxwell’s equations only hold for an infinitely

large air space. Integration by parts then yields

—/ BVvdr+ | Buvnds=0 Vv in Hy(Q). (7.8)
Q o9

The boundary term vanishes since the Sobolev space H{(f2) with zero boundary
conditions is used for the test functions. This space is taken since the magnetic
flux vanishes at the infinitely far away boundary which corresponds to zero Dirichlet
boundary conditions in the distant boundary 092 = 0€2,. Splitting the region € into
2, £ und €, gives an equation

a(u,v) = L(v) (7.9)
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with the bilinear form a(u,v) given by

k m
a(u,v) = /Q VuVodr + Z (/Q ,uriVqud’r> + Z (/Q umjVqudr>
a =1 S5 Pj

J=1

(7.10)

and the linear form L(v) given by
Movad'r) : (7.11)

Introducing a discrete subspace X, C €2 with basic functions ¢1, @9, ..., ¢n allows to
write the discrete functions

N N
up = Zuzqﬁz and v, = Zujgbj. (7.12)
i=1 =1

When the discrete functions wuy, and vy, are inserted into eq. (7.9), this yields a system
of linear equations

A-u=0> (7.13)
with the matrix A and the vector b given by

(A)ij = al¢i, ¢5) (7.14)
(b); = L(;). (7.15)

Numerically, this system can be solved by the open-source library FEniCS [166,167]
for solving partial differential equations (PDE).

7.2.2 Inverse Problem and Adjoint Method

In contrast to the forward problem, the inverse problem is ill-posed since it is usu-
ally bad conditioned and the solution is not unique [156]. To get a unique solution,
additional information needs to be provided for example by using a Tikhonov regu-
larization [168]. The inverse problem can be seen as an optimization problem that is
constrained by a partial differential equation. The constraining PDE is the forward
problem.
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Consider a general objective functional J that has to be minimized

mA}nJ(M,H) :mj\}nJ(M,u) (7.16)
with the magnetization M and the field H. A necessary condition for this functional
to be minimized is dJ/dM = 0. dJ/dM can be written as

dJ 0J du  8J

IM  ouoM oM (7.17)

The direct computation of du/0M is very inefficient. A better way to compute
the derivative is to use the adjoint equation [169,170]. For this reason, the forward

problem is used since the scalar potential u is determined by
F=A-u—-b=0 (7.18)

To use the adjoint equation, the derivative of the constraint F'

dF  OF Ou or

M~ ouont T oM (7.19)
is considered, which yields
ou 0A ob
A.aM—I_@Mu:@M (7.20)
ou 1 0A ob
Inserting eq. (7.21) into eq. (7.17) gives
dJ 9J ,_, 0A ob oJ
~—

(*)

(%) is the product of a row vector with a matrix and can thus be interpreted as the
solution of a linear equation

A= <g—iA1>T — (A’ (g—i)T (7.23)
AT (g_i)T (7.24)
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This equation eq. (7.24) is called adjoint equation. With the help of the adjoint

equation, the gradient of J can be written as

dJ |7 0A ob oJ
—dM—)\ (—aMu—i-aM) M (7.25)
Since the gradient needs to vanish, there holds
aJ T 0A ob

With this, the inverse problem can easily be solved by solving the adjoint equation
eq. (7.24). To numerically solve this problem, the library dolfin-adjoint [171, 172]
is used. Dolfin-adjoint automatically determines and solves adjoint linear equations
using PDEs which are discretized with finite elements.

7.2.3 Density Method

To solve the topology-optimization problem, the density method, which is also known
as solid isotropic microstructure with penalization (SIMP), is used [173,174]. First,
the geometry is meshed with a tetrahedral mesh. At each element of the mesh the
density p of the material is considered and a value between 0 (no material) and 1
(material) is assigned to it. p is a filling factor which indicates if the element is
assigned with material (1) or not (0). This leads to one optimization variable per
element. The final design should only have density values of 0 or 1. This is achieved
by using a penalization parameter k to penalize those densities that are intermediate.
For a permanent magnetic region , C R3  the magnetization as a function of the
density p can be written as

M (p) = p* My (7.27)

with the density value p € [0,1] of one element and the penalization parameter k.
M, is the prescribed magnetization. For hard magnetic materials, £ = 1 is a good
choice [175]. For a soft magnetic design region ), C R3 the magnetic susceptibiliy
x can be reformulated as a function of the density to

x(p) = xo- p* (7.28)
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and thus for the relative permeability, there holds

1 (p) = (pwo — 1)p" +1 (7.29)

and it can in this way be used for topology optimization. In the case of soft magnetic
material, k = 4 leads to good results [165].
The topology-optimization problem that needs to be solved is given by

Find : min J(p)
P

subject to :/ p(r)dr <V, (7.30)
Q

i

ng(r)glaregl

where J is the objective functional, V' is the maximum volume of the design as a
constraint and i € {s, p} defines the soft and permanent magnetic region, respectively.
In words this means that the objective functional .J is minimized under the constraints
that the density p only lives in the prescribed region (dimensions: (Zyrite + Tpack) X
Ytotal X Zopt)) and that p only takes values between 0 and 1.

The objective function used to maximize the magnetic field and the z—field gradient

is given by minimizing

1 1
J@:/ ————m+/ —dr
Qfeld |VHZ(p)|2 Qfeld |H2(p)|2

+A-/ p(1 — p)dr,

Q pt
NS >
~N~

penalization

(7.31)

where o is the region of the material that is optimized, H.(p) is the z—field and
V H.(p) is the gradient of the z—field. A is a penalization parameter. The penaliza-
tion term is used to force the densities p to only take the values 0 and 1.

The topology-optimization problem is solved by a finite element method (FEM)
which is based on the open-source library FEniCS [166,167] for solving partial differ-
ential equations (PDEs) and the library dolfin-adjoint [171,172]. Dolfin-adjoint au-
tomatically determines and solves adjoint linear equations using PDEs which are dis-
cretized with finite elements. The minimization problem is solved using the L-BFGS-
B (Limited-Broyden-Fletcher-Goldfarb-Shanno-Bound-constraint) method [176,177]

which is an optimization method in the family of quasi-Newton solvers and uses a
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limited amount of memory. The extension -B extends the L-BFGS solver to problems

with bound constraints.

7.3 Write Head Design to Effectively Reduce Transition

Curvature

7.3.1 Head Design Parameters

In the topology-optimization simulations, a write head [72,178] is optimized, which
consists of a write and a return pole, a permanent magnet to simulate the core mag-
netized by a coil and a 50 nm thick soft magnetic underlayer (SUL). Additionally, in
some simulations a backshield is considered. All components and the dimensions of
the write head are marked in Figure 7.3 and summarized in Table 7.1. The tip of the
write pole and the backshield, if considered, are the parts of the write head that are
optimized by topology optimization. Except the permanent magnet, all other parts
of the write head consist of soft magnetic material.

The material of the recording head is assumed to be FeCo [67]. Hence, a relative
permeability p, = 18000 and a saturation polarization of 2.4 T are assumed [44]. It is
considered that the coil magnetizes the core with 0.8 T in z—direction which is mod-
eled by the means of a permanent magnet that is magnetized in x—direction with
0.8 T. This field is chosen because then the maximum magnetization of the initial
design is slightly below the saturation polarization of the material.

The field and the field gradient are computed and optimized at the position where the
recording medium heated by the heat spot produced by the NFT is already cooling
down. This position is assumed to be 50 nm away from the pole tip in z—direction.
Since small head to media spacings (HMS) are needed, to get high areal storage
density [179], the HMS is assumed to be 5 nm.

Four different starting geometries are considered. The starting geometries are basic
geometries of dimensions Tyyite X Ytotal X Zopt, Where the density initially is 1 for each
element. During the optimization process, the density of each element is adjusted.
The difference between the geometries is the dimension in x—direction and whether a
backshield is considered or not. The dimensions in y— and z—direction are the same
for all starting geometries and equal t0 Yiora1 and 2Zopt, respectively. The first geometry
to be optimized, is one with dimension Zy.ite = 100 nm and no backshield. This one
is referred to as Basicigg. The second geometry also has dimension e = 100 nm.

However, for this geometry a backshield with xp,gc = 100nm is additionally con-
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TSUL | Ytotal | Ztotal | Tmagn| Ymagn | Zmagn | Zopt | Lwrite | Lreturn diStw,r Thack diStf,w Tfield Yfield
2pm| S5pm| 13pm| 1pym | 3pm | 3pum | 2 pum varied| 200nm| 1pm | varied 50nm| 100nm | 100 nm

Table 7.1: Dimensions of an initial flipped recording head design as marked in Figure 7.3.

sidered and optimized. Afterwards, this geometry is called Backshieldgg. The last
geometries are similar to the former ones but with dimensions xy.i. = 200 nm and
Track = 200nm. They are labeled Basicogy and Backshieldsgg. The zyite and zpacc
values of the different geometries are summarized in Table 7.2.

After the optimal head designs are determined via topology-optimization, additional
simulations with magnum.fe [180] that include a coil instead of a permanent magnet
are performed. These coil-simulations are performed in order to determine realistic
fields with the optimized head designs. Here, all parts of the write head are consid-
ered to be soft magnetic with the above material parameters. A head design with
simulated coil can be seen in Figure 7.4. The current density inside the coil is assumed
to be 2.5 x 10’ A/m? which is below the current density limit of 10’ A/m?, [181].

7.3.2 Results
A. Field Gradients

Forward simulations show that the field gradient of the initial flipped design, which
follows a state-of-the-art head design [153,154], at 50 nm distance from the write pole
is approximately 2.2 mT /nm. In Figure 7.5 the resulting fields from simulations with
and without the coil with the optimized geometries are plotted. Figure 7.5(a) and (b)
show the change of the magnitude of the external field over the down-track position.
The results show that the best outcome can be achieved for a geometry with a pole
tip with Zyrte = 200nm and an additional backshield with zp.gc = 200nm. Here,
the maximum field gradient is 11.8 mT /nm. The optimized Backshielday geometry
is shown in Figure 7.6. Note that all optimized geometries are similar and show a
tapered shape. Recapitulating, the resulting write fields and field gradients for the
different geometries are summarized in Table 7.2.
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(a) (b)

write pole

I———py o — X

Figure 7.3: Schematic representation with dimensions of the initial flipped head design.
The dimensions can be seen in Table 7.1. In (a) the front view and in (b) the
side view can be seen.
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Figure 7.4: Schematic representation of the Basicogg geometry simulated with a coil. The
color red indicates areas where the filling factor p is 1 (magnetic material),
whereas blue indicates ares with p = 0 (no material). The coil is blue since it
is not made out of magnetic material.
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Figure 7.5: Comparison of the fields of the topology optimized geometries for an FeCo like
head material. The magnetic field is plotted over the x—length of the 100 nm x
100 nm wide fieldbox. At x = 0, the fieldbox is 50 nm away from the edge of the
write pole. On the left the preliminary results after the topology optimization
without the coil are displayed, on the right the realistic fields with an assumed
coil are plotted.

Geometry Trite [NM] | Thack [nm] | poH [T] | Max. podH /dz [mT /nm]
Conventional 100 — 0.8 0

Initial flipped design 100 — 0.2 2.2

Basicigg 100 — 0.4 4.1

Basicmo 200 - 0.7 8.6
Backshieldqog 100 100 0.67 8.1
Backshieldagg 200 200 0.8 11.8

Table 7.2: Resulting fields and field gradients produced by the write heads which are op-
timized with the help of topology optimization for an FeCo like head material.
The field and field gradient of a conventional head are added for comparison.
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(b)

Figure 7.6: Comparison of the initial flipped head design (grey) and the topology optimized
write pole (red) with a backshield (blue) with Zyrite = 200nm and Zpaq =
200 nm (red). (a) Front view and (b) rear view with backshield of the optimized
write pole.
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B. Curvature Reduction

To analyse the curvature reduction, switching probability phase diagrams are com-
puted with the help of a coarse-grained model from Section 3.2 based on the stochastic
Landau-Lifshitz-Bloch equation [114] for an FePt-like granular recording medium as
described in Section 3.5.1. The following write head parameters are used:

e 'WHM = 60 nm

e Head velocity v = 15m/s
e Field duration = 0.57ns
o Thin = 300K

The shift (hgpir) between the heat pulse and the write field, which is an important
parameter in the work of Vogler et al [93], is adjusted according to the former pub-
lication.

The material parameters of the medium can be seen in Table 7.3. In each phase
point 128 simulations are performed. In the phase diagrams the switching probabil-
ity is shown as a function of the down-track position z and the off-track position y.
First, the phase diagram is computed for a spatially homogeneous field which corre-
sponds to a conventional recording head design. Additionally, switching probability
phase diagrams for optimized geometries with field gradients of 8.6 mT/nm (Ba-
sicago), 8.1mT/nm (Backshieldioy) and 11.8 mT /nm (Backshielday) are computed.
The geometries with field gradients 2.2 mT /nm (Initial flipped) and 4.1 mT /nm (Ba-
sicigp) are not further considered since the phase diagrams show too much noise to
get reliable results due to the low maximum fields. Note, that different write fields
(see Table 7.2) are used for the simulations with different field gradients as seen in
Table 7.2. In Figure 7.7, the resulting switching probability phase diagrams are dis-
played. There are some visible differences between the phase diagrams of the different
field gradients.

One can see that for the flipped designs the recording performance is worse than for
the conventional design where a homogeneous field is assumed. This can be seen
by the increase of jitter in down-track direction and the reduction of the maximum
switching probability Pu.x and can be explained as follows: First, note that the
origin of the Gaussian shaped heat pulse is at © = Onm and y = Onm. The full
width at half maximum is 60 nm for the heat pulse. This means a heat pulse with
Tyrite = 800 K would heat all pure hard magnetic grains within an off-track distance
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. . Anisotropy Anisotropy .

Cu;e [tIe{r]np. Darr;lplng const. field poHy [T) Js [T] ze[lngr?lﬁ diameter d [nm]
c K1 [MJ/m?] at 300 K
693.5 0.02 6.6 10 1.35 8 5

Table 7.3: Material parameters of an FePt-like hard magnetic granular recording medium.
Note, that different material parameters for the recording medium are used
compared to the original work of Vogler et al [93].

of 0 — 17nm above their Curie temperature. Without an external applied field all of
these grains would end up with a switching probability of 50% after cooling, since
there is no bias. Only by applying a field the grains can be magnetized along the
z—direction. But for the flipped head design the field is reduced during cooling and
especially for Figure 7.7(c) the maximum field is about 15% lower than that for the
conventional design in Figure 7.7(a). This means that the field is too weak for the
flipped design to align 100% of the corresponding grains within the effective record-
ing time window, yielding noise along the whole track in down-track direction.

Prax and the jitter can be determined by fitting the P(z)—curve at one tempera-
ture with a Gaussian cumulative distribution function as described in Section 3.5.2.
The temperature at which the down-track jitter is determined is Tpeax = 760 K. The
resulting jitter and P, values are summarized in Table 7.4. Additionally, it can
be seen that the grains at larger off-track positions are written for increasing field
gradients. The various write fields lead to writing of the grains at different peak
temperatures. For smaller write fields the grains are written at higher temperatures

only whereas they are written at lower temperatures for higher fields. The convention

2

Tpeak(y) = (Twrite - Tmin>€72?i? ~+ Thin- (732)

shows that with higher write fields the off-track edge of a bit shifts to larger off-track
positions, because the minimum temperature necessary to write a grain is smaller.

For a detailed analysis of the transition curvature, the full down-track range Az in
which the bit is written with Py, > 50% is computed. Ax is marked in Figure 7.7
as the distance between the dashed black lines. Because of the different off-track
widths Ay in the phase diagrams for the different geometries, it is necessary to scale
the curvature parameter with Ay. This is done, since the track width is usually
kept constant in magnetic recording. In reality the track-width can be controlled by
adjusting the write temperature T, or the full width at half maximum [182]. With
the curvature parameter ¢ = Az /Ay, the curvature can be reliably analyzed. This
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Figure 7.7: Switching probability phase diagrams of (a) a conventional head with a homo-
geneous write field and the flipped design with optimized field gradients (b)
podH /dz = 8.6 mT /nm (Basican), (¢) podH/dx = 8.1 mT /nm (Backshieldoo)
and (d) podH/dz = 11.8 mT /nm (Backshieldago) in combination with pure hard
magnetic recording material. The dashed black lines indicate the maximum and
minimum down-track position x with P(x) = 50%.
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Geometry c [%} Prnax [%] Odown [%]
Basicagg +1.4 —95.5 +118.7
Backshield1gg | +3.8 -7 +113.5
Backshieldogy | —1.35 —2.3 +28.4

Table 7.4: Resulting curvature, Ppax and jitter reduction/increase of the different flipped
head designs in combination with a pure hard magnetic recording material given
with regard to a conventional recording head design. The values of the conven-
tional design are ¢ = 1.05974, Pyax = 0.95 and 0gown = 0.974 nm.

curvature parameter is used instead of that given by Vogler et al [93] since the one
in the latter work is strongly depending on the fitting procedure of the curvature
with a second-order polynomial. In contrast to this, the curvature parameter ¢ in
this work is only dependent on the track width Ay and Ax which are both unique
values. The curvature analysis shows that the curvature is increased for both the
Basicogy and the Backshield gy design compared to the conventional design. The
curvature reduction for the Backshieldsyy flipped head design with a field gradient of
11.8mT/nm is about 1.35%. Detailed information about the curvature parameters

can be seen in Table 7.4.

C. Exchange Spring Recording Medium

Since the curvature reduction is only small for pure hard magnetic recording media
in combination with the flipped head design, a bilayer structure with 50% hard and
50% soft magnetic material is tested as recording material. The total height of the
grains is again h = 8 nm. The material parameters of the soft magnetic composition
can be seen in Table 7.5. Phase diagrams for the different head designs are calculated
and shown in Figure 7.8. Again, the jitter ogown and Ppa., are determined from the
switching probability phase diagrams and compared in Table 7.6. Due to the higher
Curie temperature of the exchange coupled recording medium, the down-track jitter
is determined at 800 K. For the exchange coupled recording material the behavior of
the curvature reduction is even worse than that of the pure hard magnetic recording
media. For the Backshieldyg head design the decrease is only 0.08% compared to
the conventional design. However, the maximum switching probability stays 100%
and the down-track jitter decreases.
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Curie temp.
Tc K]

Damping «

Anisotropy const.
K 1 [MJ / II13]

Js [T]

740.9

0.1

0

1.35

Table 7.5: Material parameters of the soft magnetic composition of the bilayer structure.
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Figure 7.8: Switching probability phase diagrams of (a) a conventional head with podH /dz
= 0mT/nm and the flipped design with optimized field gradients (b) podH/dx
= 8.6 mT/nm, (c¢) podH/dr = 8.1 mT/nm and (d) podH/dx = 11.8mT /nm in
combination with an exchange coupled bilayer structure.

128



Chapter 7 Eliminating transition curvature in HAMR

Geometry c [%] Poax [%] | cdown [%)]
Basicagg +1.38 —2.5 —16.2
Backshield1og +1.9 —1.19 —4.7
Backshieldagg | —0.08 | +/—0.0 —19

Table 7.6: Resulting curvature, Ppax and jitter reduction/increase of the different flipped
head designs in combination with an exchange spring recording medium given
with regard to a conventional recording head design with the same recording
material. The values of the conventional design are ¢ = 0.96414, Py, = 1.0 and
Odown = 0.5 nm.

D. Comparison with ERTW Model

To understand why both the pure hard magnetic and the exchange coupled media
show almost no curvature reduction, the results are compared to theoretical con-
siderations with the effective recording time window (ERTW) model described in
Section 3.4 [93]. For the Backshieldygy geometry, the theoretically expected curva-
ture reduction is about 1% for the pure hard magnetic recording material compared
to the conventional design. This agrees very good with the curvature reduction re-
sulting from the LLB simulations. For the exchange spring bilayer structure, the
ERTW model predicts a curvature reduction of about 1.7%. The very small value
achieved by the LLB simulation (—0.08%) results from the shift of edge 1 (marked
in Figure 7.8(d)) that happens around the down-track position 2 = 0 nm. This shift
does not happen in the analytical ERTW model and comes from the stochastic na-
ture of the LLB model.

Additionally, with the ERTW model, it can be analyzed with reasonable computa-
tional effort how the transition curvature reduction depends on the field gradient.
The resulting curvature reduction values can be seen in Table 7.7. They display that
the curvature reduces linearly with the field gradient. Moreover, a higher potential
for the curvature reduction can be seen for the exchange spring bilayer structure.

However, even with field gradients up to 40 mT /nm, the bilayer structure did not
show as high curvature reduction as the exchange spring media used by Vogler et al.
The curvature reduction for the exchange coupled recording media (EC1 and EC2
- see Table 7.8) from [93] resulting from the ERWT model and evaluated with the
curvature definition ¢ = Az /Ay are shown in Table 7.9. The much smaller curvature
reduction effect can most likely be explained by the different damping constants used
in the hard and soft magnetic material. In the work by Vogler et al, the damping
constant is agy = 0.1 whereas it is agy = 0.02 in this work. The different damping

129



Chapter 7 Eliminating transition curvature in HAMR

F“ﬁfjﬁfﬁm ¢ [%)] HM | ¢ [%] HM/SM
12 —1.0 —-1.7
16 —1.6 —-3.64
20 —2.09 —5.58
24 —2.59 —7.5
28 —-3.38 —-9.48
32 —4.6 —11.4
36 —5.2 —13.11
40 —5H.8 —14.2

Table 7.7: Curvature reduction in % compared to a conventional design for pure hard
magnetic recording material (HM) and an exchange coupled bilayer structure

(HM/SM).

Parameter EC1 | EC2
Kunara [1072 J/atom] | 9.12 | 9.12
HS hard [NB] 1.7 1.7

QHM 0.1 0.1

hhard [nm] 5 5
T¢ hara [K] 644 | 537

Eusofe (1072 J /atom] 0 0
S soft [,UB] L7 1.7
asM 1.0 1.0

hsoft [nm)] 5 5
Tc soft [K] 537 | 795

Table 7.8: Material parameters for the exchange coupled recording materials used by Vogler
et al [93].

constants lead to different dH,./dT gradients. The dH./dT gradients for the exchange
coupled recording media (EC1 and EC2) from [93] compared to that of the bilayer
structure used in this work (HM/SM) can be seen in Figure 7.9. The dH../dT gradient
of the HM/SM structure is with 16.95 mT /K significantly larger than that of the EC-
structures with 4.8 mT/K and 5.6 mT /K for EC1 and EC2, respectively. By taking
the reciprocal of these gradients, one gets the change of the freezing temperature
if the coercive field changes by 1 mT. The gradients dT/dH,. are then 0.06 K/mT,
0.2K/mT and 0.17 K/mT for the HM/SM structure, the EC1 and the EC2 structure,
respectively. Consequently, the freezing temperature reduces less for the HM/SM
structure than for the EC media if the coercive field is reduced during the HAMR
process. This results in a higher freezing temperature for the HM/SM structure and
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Material FWHM [nm]| | ¢ [%)]
EC1 20 —10
EC1 40 —16
EC2 40 —29.5
EC2 60 —40

Table 7.9: Resulting curvature reduction from phase diagrams computed with the ERTW
model for the exchange coupled materials used by Vogler et al. The curvature
definition is ¢ = Az /Ay and it is compared to the same material with a conven-
tional design. The field gradient is assumed to be 40 mT /nm.

thus in a narrower ERTW. The consequence is a decreased curvature reduction effect.

This shows that damping plays a key role for the curvature reduction.

7.3.3 Conclusion

To conclude, in this section it was tried to optimize the design of the write pole of
a recording head for heat-assisted magnetic recording in order to reduce transition
curvature. The write pole of the head was optimized in a way to maximize both
the z—field and the z—field gradient at the position where the applied heat pulse
is cooling down. This was done with the help of topology optimization which is an
application of the inverse magnetostatic problem. Different starting geometries were
considered. The comparison of the different geometries to a conventional recording
head design showed the best results for a write pole and an additional backshield
which both have dimension 200 nm in down-track direction. The resulting field gra-
dient is then 11.8 mT/nm with a maximum field of 0.8 T. The optimized geometries
are all similar. They all have smooth edges, a tapered shape with a tip in the middle
and the peak is skewed in z—direction such that the distance of the pole tip to the
recording medium is close to the fieldbox and larger on the side away from it (see
Figure 7.6). An option to further increase the field gradient produced by the write
pole is a design where the NFT is closer to the write pole.

The switching probability phase diagrams of FePt-like magnetic recording media was
calculated for the different optimized field gradients. It is noteworthy that the switch-
ing performance, in terms of down-track jitter and maximum switching probability,
for all flipped head designs is worse than that of the conventional head design. Both,
the AC and the DC noise increase for the flipped head designs. The performance
loss results most likely from the smaller write fields that are produced by the flipped
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Figure 7.9: dH./dT gradients for the exchange coupled structures (EC1 and EC2) from the
work by Vogler et al [93] and the bilayer structure (HM/SM) used in this work.

head designs. Analyzing the transition curvature showed that the curvature reduces
only marginally even for the Backshieldsoy design where the highest write field and
field gradient can be achieved. An idea how to improve the curvature reduction is
to use an exchange spring medium [46,47,50,143-145]. The soft magnetic layer acts
as a write assist and thus smaller write fields are required to write the grains. For
the conventional design the curvature of the exchange spring recording medium is
larger than that of the pure hard magnetic medium. Thus, the curvature reduc-
tion potential was expected to be higher for the exchange spring media. Switching
probability phase diagrams for the different head designs in combination with the
exchange spring recording media were computed. Surprisingly, the curvature reduc-
tion for the Backshieldsgy design was even smaller than for the pure hard magnetic
material. To understand why the curvature reduces only so little, the results were
analyzed in the context of the effective recording time window (ERTW) model that
was used in the paper by Vogler et al [93]. The ERTW model confirmed the results
of the LLB model. Hence, it is possible to conclude that the marginal reduction of
the curvature is not a consequence of noise. The analysis also pointed out that the
exchange spring recording medium shows a larger potential for curvature reduction
if higher field gradients are used.
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In conclusion, it was not possible to see any improvement for the resulting field gra-
dients of the optimized flipped head design in combination with pure hard magnetic
and exchange spring recording media. The results showed that a simple optimization
of the conventional head design is not sufficient for effective curvature reduction but

that new head concepts have to be introduced to reduce transition curvature.
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Chapter 8
Conclusion

To conclude, in this work challenges of heat-assisted magnetic recording that result
from the elevated temperatures during the recording process were investigated. The
sources that lead to temperature-dependent noise during recording were studied and
suitable solutions to reduce the noise were presented. Overall, the goal was to improve
the quality of the information that is written on the grains during the HAMR process.

The parameter that determines the quality of the bits is the signal-to-noise ratio. It
was examined how various material and write head parameters influence the SNR.
The investigation showed that for small grain sizes the SNR strongly depends on the
damping constant. Together with a varying bit length, the damping constant is the
key parameter to explain large SNR changes between different parameters. All the

other material and write head parameters showed only a marginal influence on the
SNR.

In reality, the applied heat pulse during HAMR leads to a temperature gradient
within the recording material. Since this temperature gradient is a source of ther-
mal noise, it was investigated how this temperature gradient influences the recording
performance in terms of the maximum possible switching probability and the width
of the transition between bits. The results showed that the behavior when assuming
a temperature gradient is qualitatively similar to that when a Curie temperature
gradient is considered. Moreover, it was illustrated that an artificial Curie temper-
ature gradient within the material can compensate the performance loss due to the

temperature gradient.

A critical point for the quality of the recorded information is the choice of recording
material. Single phase hard magnetic recording material shows a reduced maximum
switching probability and a bilayer structure consisting of 50% hard and 50% soft
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magnetic material with graded Curie temperature show noise that limits possible
density of the recording grains. A bilayer structure was thus optimized in order to
reduce these noise sources. The results showed a strong dependence of the optimal
material composition on the damping constant of the hard magnetic layer. Whereas
the optimized composition of the soft magnetic material was similar in all cases, the
amount of soft magnetic material was strongly varying with the damping constant
of the hard magnetic layer. This again shows the strong dependece of the damping

constant on the recording performance.

Another challenge of HAMR results from the heat pulse. Due to the Gaussian shape
of the heat pulse, the temperature contours in the recording material and thus also
the transition between bits are significantly stronger curved than in perpendicular
magnetic recording. This curvature is expected to reduce the quality of the read-
back signal and thus the resulting SNR. Recently, a write head design with flipped
write and return poles was proposed. In this design a large spatial field gradient of
the write head is the key to significantly reduce the transition curvature. Thus, in
this work, the write pole of a heat-assisted magnetic recording head was optimized
with topology optimization in order to produce large field gradients as well as large
fields in the region of the heat pulse. Locally resolved switching probability dia-
grams were computed and the results were compared with a qualitative model. The
results showed that the gradients of the optimized head design were not sufficient
to lead to any significant improvement of the written track neither for single phase
hard magnetic recording material nor for the optimized bilayer structure that was
determined during the optimization process of the recording material. An additional
analysis showed that even higher field gradients did not lead to a curvature reduction
as expected for both recording materials. Again, a strong influence of the damping
constant on the possible curvature reduction could be seen.
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