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Your knowledge hu

Morty: All right, all right. So, what’s so special about these seeds, anyways?
Rick: You ask a lot of questions, Morty. Not very charismatic. It makes you kind of an (burps) under- (burps)
underfoot figure.

Morty: You have a whole planet sitting around making your power for you? That’s slavery.

Rick: It’s society. They work for each other, Morty. They pay each other. They buy houses. They get married and
make children that replace them when they get too old to make power.

Morty: That just sounds like slavery with extra steps.

Rick: Ooh-la-la, someone’s gonna get laid in college.
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Kurzfassung

Es wird erwartet, dass die Gesamtmenge der jedes Jahr erstellten Daten von derzeit
50ZB im Jahr 2020 auf 175ZB im Jahr 2025 anwachsen wird. Dabei werden mehr als
60 % dieser Datenmenge von Endpunkten wie Internet—of-Things Geraten, Fahrzeugen,
Smartphones und ihren Benutzern erzeugt werden, wihrend die anderen 40 % in groA§en
Datenzentren und Gateways, Mobilfunk-Zelltiirmen und Zweigstellen erzeugt werden.
Waiéhrend sich die Datenspeicherung von Festplattenlaufwerken auf Solid-State-Laufwerke
in mobilen Computergerdten verlagert hat, werden Festplattenlaufwerke hauptséchlich
in Datenspeicherzentren eingesetzt. Um den stetig steigenden Speicherbedarf zu decken,
missen etwa 60 % der jahrlich produzierten Daten auf Festplattenlaufwerken in tradi-
tionellen oder Cloud-basierten Rechenzentren gespeichert werden. In dieser Arbeit wird
ein System entwickelt, das in der Lage ist, die Form eines konventionellen magnetischen
Schreibkopfes und das darunter liegende Mediun eines Festplattenlaufwerks zu optimie-
ren. Fin Konstruktionsskript fiir eine parametrisierte Schreibkopfgeometrie wird in ein
Optimierungs-Framework eingebettet. Mit mikromagnetischen Simulationen wird das
emittierte Schreibfeld eines einpoligen Schreibkopfes in der Medienebene berechnet. Dy-
namische Schreibprozesse werden simuliert, um drei spezifische Fehlerraten zu berechnen:
(i) kein Schreiben des gewtinschten Bits, (ii) falsches Schreiben eines zuvor geschriebenen
Bits und (iii) thermisch induziertes Uberschreiben von Bits in einer benachbarten Spur.
Durch Abstimmung der Materialeigenschaften des Mediums kann die Gesamtfehlerrate
angepasst werden. Die magnetokristalline Anisotropiekonstante wird fiir ein einphasiges
bit-strukturiertes Mediendesign mit einer Speicherdichte von 2.12 Th/in? und die Kopp-
lungsstéirke und Anisotropiekonstante fiir ein austauschgekoppeltes Verbundmedium mit
einer Speicherdichte von 4 Tb/in? optimiert. Um das Potenzial von zentrierter, gestaffelter
und geschichteter Aufzeichnung zu untersuchen, werden beide Medienentwiirfe fAijr jedes
Schreibschema getrennt optimiert. Ein kommerzieller Multiobjektiv-Optimierer und ein
Open-Source-Optimierungs-Framework werden eingesetzt. Der Optimierer findet zwei
lokale Minima, bei denen unterschiedliche Medientypen auftreten, wiahrend die Form
des Schreibkopfes dhnlich bleibt. Ein optimierter Medientyp weist eine starke Kopplung
zwischen der harten und der weichen Schicht auf, wihrend der andere eine schwache
Kopplung aufweist. Die Gesamtschreibfehlerraten kénnen mit Hilfe dieses Frameworks
unter die Obergrenze von 10~2 gesenkt werden. Die Schichtaufzeichnung erweist sich als
das vielversprechendste Schema in Hinblick auf die Maximierung der Speicherdichte und
die Reduzierung der Schreibfehlerraten.
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Abstract

The total amount of data created each year is expected to grow from currently 50 ZB in
2020 to 175ZB in 2025. Where more than 60 % of this amount of data will be produced
by endpoints such as Internet—of-Things devices, vehicles, smartphones and their users,
whereas the other 40 % is produced at large data centers and gateways, cell towers
and branch offices. While data storage has shifted from hard disc drives to solid state
drives in mobile computing devices, hard disc drives are mostly used in data storage
centers. To meet the steadily increasing storage demand, around 60 % of the annual
produced data will have to be stored on hard disc drives at traditional or cloud based
datacenters. A this thesis a framework capable of optimizing the shape of a conventional
magnetic recording head and the underlying media of a hard disc drive is developed.
A parametrized script for the construction of recording head geometries is embedded
into an optimization framework. With micromagnetic simulations the emitted write field
of a single pole recording head is computed at the media plane. Dynamic recording
processes are simulated to compute three specific error rates: (i) not writing the target,
(ii) falsely writing a previously written bit, and (iii) thermally induced overwriting of
bits in an adjacent track. The total error rate can be adjusted by tuning the material
properties of the medium. The magnetocrystalline anisotropy constant is optimized for a
single phase bit patterned media design with an storage density of 2.12Th/in? and the
coupling strength and anisotropy constant for an exchange coupled composite media with
an storage density of 4Th/in%. To investigate the potential of centered, staggered and
shingled recording, both media designs are optimized for each writing scheme, separately.
A commercial multiobjective optimizer and an open source optimization framework are
applied. The optimizer finds two local minima where different media types show up
while the recording head’s shape stays similar. One optimized media type has strong
coupling between the hard and soft layer whereas the other has a weak coupling. The
total write error rates can be decreased below the upper limit of 1072 with the help of
this framework. Shingled recording turns out to be the most promising scheme in terms
of areal density maximization and reduction of write error rates.
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CHAPTER

Motivation

There being nowadays throughout the scientific world great activity of
thought regarding listening and talking machines, the readers of THE ELEC-
TRICAL WORLD may be interested in a description of two or three possible
methods of making a phonograph which the writer contrived some years ago,
but which were laid aside and never brought to completion on account of a
press of other work.

"Some Possible Forms of Phonograph" by Oberlin Smith, September 8, 1888

The American engineer Oberlin Smith proposed these ideas for data storage after visiting
Thomas Edison’s laboratory in New Jersey. It is said that Oberlin Smith has seen
Edison’s phonograph where a needle was used to etch sound waves through vibration
onto a rotating cylinder. Inspired by this concept of recording and replaying sound he
wanted to improve Edison’s recording device by replacing the mechanical approach with
an electromagnetic one. Instead of a stylus a magnetic coil should record the sound
waves onto a magnetizable wire. He unfortunately failed to build a prototype, but wrote
an accurate description about his ideas which are dated back to the year 1878. Ten
years later in the year 1888 he published an article in The Electrical World magazine [I]
making his previous thoughts accessible for everyone who is "interested" in and willing to
spend approximately 4 % of his own daily wage at that time for the magazineﬂ It took
ten more years until Valdemar Poulsen officially proved Smith’s concepts feasibility by
developing a functional prototype: the "Telegraphone". This device was intended to store
and replay missed telephone calls and Poulsen filed patents for his invention in Denmark
and the United States [3]. At the International Exhibition in Paris in the year 1900 he
demonstrated his machinery to Franz Joseph, the Austrian emperor at this time, whose
excitement has been recorded and is still preserved in the Danish Museum of Science

Ipercentage in the US and 8 % in Belgium/around Europe, according to the average daily wages in
the United States and Europe, 1870-1898 [2]
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and Technology. After Poulsen’s patents [3H8] expired the technology has been further
improved. Fritz Pfleumer filed a patent about a magnetizable powder embedded into a
thin elastic film beeing in direct contact with a reading and recording device [9], which
can be considered as the beginning of the "tape".

When the first non-commercial computing machines were introduced at that time
data and programs were stored on punched paper cards. Soon the computational power
and amount of produced data increased and so did the demand of data storage. Reading
and writing data on magnetic tapes has been the latest technique back at that time. But
one major drawback of this system was, that the tape had to be rolled up on a tube,
which required sequential reading and writing processes by winding the tape forwards
and backwards. A more flexible technology which would allow reading and writing at
any time and location onto the media was needed.

After several years of research IBM introduced its first commercially available hard disc
drive in the year 1956. The hard disc was shipped in a room-sized computer and consisted
of 50 rotating magnetic discs, each 24 inches (~0.6m) in diameter. The read/write head
was floating above the discs with pressurized air. This technique prevented the discs
from mechanical damage in contrast to the previous tape read/write heads, which always
had to be in contact with the tape. With a, at that time achievable areal density of
2kbit in~2 (around 3 bit mm~2) a total capacity of 4.5 MB was reached.

Between 1957 and today the competitive magnetic recording industry demonstrated
great advancements. 1988 for example, a new magneto-resistive effect was discovered
by Fert [10] and Griinberg [I1] independently. Later this discovery has been recognized
with the Nobel Price in 2007. The exploitation of the giant magneto-resistive effect
(GMR) led to more sensible reading heads, which consequently allowed increased areal
density. Its first usage in hard drives has been demonstrated by IBM. In 1997 IBM
released a storage system with a total storage capacity of about 17GB [12]. In 1988
the new form factor of 2.5inches for hard disc drives was introduced, which is still used
today in mobile devices. From 1991 to 1998 the areal density doubled every two years.
Perpendicular recording was introduced into the market by Seagate, Hitachi and Futjitsu
in 2006 [13]. Many other improvements of recording- and read-heads in lithography for
fabrication and for overall performance appeared. Inventions in terms of how to record
the information like in a two-dimensional manner or shingled magnetic recording further
improved the areal density. The usage of composite materials for magnetic recording
reduced the required write fields [14] [15].

As shown in Fig. many individual companies emerged and were bought by other
recording companies later. Please note that this list is not complete and focuses on the
past of todays three leading recording companies. The success of the different companies
was mainly determined by the ability to file new patents describing small improvements
in magnetic recording.

Why is this important? Magnetic hard discs are predominantly used today in data
centers storing 60 % of the overall produced data [I§]. The demand of storage capacity
increases with cloud computing and the number of mobile devices. The monthly data
usage of one mobile device lies around 7 GB in 2019 and is expected to increase [19]. The

2
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Figure 1.1: A tree chart including the three big hard drive companies Toshiba, Western
Digital and Seagate. Company names are colored and grouped by their present owner.
The chart visualizes the data compiled from [16] and the plot is generated with help
of gnuclad [I7]. In [16] it is pointed out that the founding year and the year of first
shipment has been taken for startups and other entrants, respectively.

increase in storage capacity per surface area reduces the number of spinning discs in data
centers and consequently the energy costs. Every possible method capable of improving
the current hard drive system at hand had and still should be considered.

One common method to improve the storage density is the systematical variation
of adjustable parameters using design of experiment analysis. This methodology is
commonly used in the automotive industry. The combination of finite element analysis
with optimization [20] has a long tradition in the automotive industry [2I] and electrical
engineering [22]. Applied in magnetic recoring numerical optimization can improve the
system design [23H25]. Key adjustable parameters for hard disc storage include the
geometrical features of the write head and the intrinsic properties of the recording media.

The main goal for optimization magnetic recording is to increase areal density, the
amount of bits stored per limited amount of space measured in bits per square inch
(bitin=2). A bit cell describes the minimum required surface area in which one single bit
resides.

Recent granular bit cell sizes are around 10nm to 15nm times 8 nm [26, pp. 161]
which translates into areal densities above 1 Thitin~2. Currently, one bit of information
is stored in 6—-10 magnetic grains on the disc. The microstructure of a recording media
will be discussed in Sections [2.1.2) and [2.1.3 and is shown in Fig. 2.4 One bit cell, as
shown in Fig. has an average length of one grain diameter and a width of multiple
grain diameters.

Increasing the areal density is not a simple task, which will be discussed in more detail
in Section [2.2] With about 7 grains per bit of information, current hard disc drives store

3
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a bit on an area of around 7.5nm times 8 nm. There are many design objectives which
have to be optimized simultaneously. These include thermal stability, address-ability,
write-ability and read-ability. With decreasing bit size one has to make a risky trade-off
between conflicting objectives. Clever ways for multi-objective optimization need to be
introduced.

The main topic of this work is to use numerical optimization to reduce the write error
rate, which is an important figure of merit in magnetic recording. It has to be mentioned
tough, that "Magnetic Recording" itself governs a large variety of different terms and
effects and that it is not scope of this work to revisit all of them in a detailed manner.
The main goal is to demonstrate increased efficiencies in recording systems with the help
of numerical optimization methods.

Magnetic recording systems can be improved by optimizing the geometry of magnetic
write heads [23] 27, 28], changing the layout and material compositions [14] [I5] of the
data layer or improving the channel and error correction codes [29]. In this thesis I focus
on the simultaneous optimization of recording heads and data layer properties for bit
patterned magnetic recording. The joint optimization of these design variables can lead
to a significant reduction of the write error rate as discussed in Section

Industries, where prototyping is time consuming and expensive — for example in the
automotive or semiconductor industry — can greatly benefit from the use of computation
models and simulations. Even simplified models can still predict valuable system param-
eters, rule out designs or give a comparison of the importance of different parameters.
These computational results can then improve the whole system and reduce the costs of
prototyping (see Section . As pointed out in [26, p. 55] the fabrication of a typical
recording head takes around 5 months involving more than 1000 processing steps.

This work might be of interest to researchers working in the field of magnetic recording,
simulations with finite element micromagnetic solvers and maybe partially in the field of
global optimization methods and shape optimizations.

Readers unfamiliar with the functionality of hard drives or magnetic recording will find
an introduction in Chapter [2] which is followed by a description of optimization strategies
or methods used within this work in Chapter [3]and micromagnetism in Chapter [4]

Chapter [p| introduces the basic concepts for the computational exploration of write
fields and associated recording strategies for high density recording for areal densities
greater than 2 Td/in%.

A constrained multi-objective optimization of raw output data treated statically is
presented in Chapter [6] A single objective optimization incorporating a more elaborate
definition of recording performance is presented in Chapter [7]

Combining micromagnetic simulation tools with an optimization toolkit which auto-
matically explores a recording systems parameter space with a well formulated definition
of improvement is presented in Section [7.1.2]

Chapter [§| summarizes the main findings.
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CHAPTER

Basics of Magnetic Recording
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This chapter gives a brief introduction to magnetic recording. Section [2.] introduces
the three major parts inside a hard drive and how their interplay forms a system in
which it is possible to write bits onto the disc and how these written bits can be read
out again. Then I discuss the current problems associated with increasing the storage
density which result from the conflicting objectives of thermal stability, signal to noise
ratio, writeability. Then current concepts to overcome this trilemma are introduced.
Section explains in more detail each part of the device and the different terms used
in the field of magnetic recording and within this work.

2.1 How does Magnetic Recording work?

A hard disc drive can be split up into three major magnetic parts: the recording head, the
media and the read head. Fig. introduces such a perpendicular magnetic recording
system from different views and at different length scales.
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Figure 2.1: Three different length scales of magnetic recording @ "most familiar view"
of a hard disc drive taken and adapted from [30]. Highlighted is the rotating disc and the
actuator arm which has the slider mounted on its tip. Media-surface perspective’s
view. Highlighted is the mainpole, its coils and the reader element (taken and adapted
from [31]). On the sliders trailing edge the main pole is highlighted. The media
plane illustrated here includes the soft under layer. The schematic is taken and adapted
from [32]. @ Cross-section of the slider, in which the main pole is highlighted. Note
that the control of the flight height has to consider aerodynamics in such length scales.

In Fig. one can see the most familiar perspective of a hard disc drive (HDD).
On the right hand side the disc represents the media. On the left hand side the actuator
arm, which is positioning the read/write head above a track. Mounted onto this actuator
is the slider, which is illustrated in more detail in Fig. Above the media the slider
with the tiny recording head is mounted on the actuator arm.

The actuator arm controls the position of the head above a specific media track.
Below, the rotating magnetizable discs are mounted onto a spindle motor. Just a 10 nm to
20nm thin crystal structure layer represents the layer in which information is stored [33]
pp. 138]. Below the media a soft under layer helps to close the magnetic flux from the
main pole to the return pole. The single pole head consisting of main pole, soft under
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Figure 2.2: A finite element model of a perpendicular write head is shown. The main
pole and yoke is surrounded a coil with 4 turns. In the enlarged section the shielded pole
tip and one underlying bit patterned media island is shown.

layer and return pole was considered to be one of the main advantages of perpendicular
magnetic recording, which places the data layer in the air gap of the write head instead
of only using the fringing field of a ring head as in longitudinal magnetic recording.
This enables higher write fields in perpendicular recording as compared to longitudinal
recording.

To see the difference in scale between slider and main pole, the Fig. shows a cross
section of the floating slider from Fig. Within this cross section it becomes more
clear that the thin film recording head and reader stack are just very small as compared
to the slider. Fig. is the media’s view onto the air bearing surface. From top to
bottom one can see the yoke, main pole, coil wires, return pole and after a gap the read
head, residing between two large shields. In Fig. the tip of the main pole is shown,
which will be further referred to as pole tip. Small vents control the airflow in order to
keep the distance to belows media surface constant.

The difference in scales is best illustrated in Fig. [2.2] where we chose a finite element
model of the writer. The enlarged section shows the pole tip and one island of a bit
patterned media.

By applying a current to the coil contacts, dependent on the current’s direction
the recording head will reverse to the desired polarization and switches the media’s
magnetization, in perpendicular recording, up or down.

The reader element on the other side, picks up the changes in stray field coming
from the media. It detects the transitions between regions polarized up and down. The

7
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detection of a transition or no transition is then translated into a binary 1 or 0 respectively.
More details for the layout of a read head are given in Section [2.3.3

2.1.1 Sufficient Recording Head Field

The emitted field of the recording head has to fulfill certain requirements. First, the
field seen from the media layer has to be larger than the media switching field which,
for simplicity, is proportional to the anisotropy field Hupi. Hani = 2K, /Js depends on
intrinsic magnetic material properties, the uniaxial anisotropy constant K, and the
spontaneous magnetic polarization Js.

These strong fields have to be narrowed down to a small region of a few nanometers
in order to write only on a single track. In other words adjacent tracks and previously
written information have to be protected from accidental reversal inflicted by the magnetic
field of the head writing bits on an adjacent track. Soft magnetic shields are capable
of protecting neighboring tracks in cross—track direction and previously written bits in
down—track direction. High cross— and down—track field gradients are required. The
distance of the shield and the main pole in both down— and cross—track direction is
influencing the recording head’s field strength inside the media. If the shield is placed too
far apart, adjacent tracks will be overwritten. If the shield is placed too close to the pole
tip, the write field will be reduced, as the shields attract the flux. A too tight placement
might also introduce a reversed magnetic domain into the shield. This is unwanted as
the strayfield from the associated domain wall could reverse sections of the media which
should be actually protected from reversal.

Additionally the main pole has to flip the magnetization of its tip as fast as bit cells
on the spinning media disc pass by. The higher the areal density the faster the bit cell is
moving.

As the conventional user is not permanently storing information onto the hard disc,
the magnetic recording head has to be able to go into a neutral non-writing magnetization
state. Such a neutral state can be achieved by using a tip made of anti-ferromagnetic
coupled layers, as shown in [34].

Summary of head requirements which all have to be coordinated with the underlying
media structure:

o sufficient write field
e sufficiently sharp field transition
e fast reversing pole tip magnetization ensuring a rapidly changing write field

e narrow spatial distribution of the write field

2.1.2 Writeable but Stable Media

In conventional recording systems (= perpendicular recording), the media plane consists
of a granular structured thin film. The media has to fulfill two requirements, writeability
and thermal stability.

8
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1. it’s magnetization has to be able to get reversed where the effective write field
reaches its maximum

2. it has to withstand thermal fluctuations and the field of a head passing multiple
times adjacent tracks.

The media’s switching field Hgy is determined by the intrinsic material properties
saturation polarization Js and magnetocrystalline anisotropy K, (Hgw x Ky/Js). By
fine tuning composition or even substituting media material during many complex
processing steps — via substrate temperature or gas pressure — recording media composed
of layer of different magnetic materials can be fabricated. In this composite media
the switching field can be adjusted to the specific write fields [35]. Due to thin-film
fabrication steps inhomogeneities occur in the data layer and the intrinsic material
properties vary location dependent. This local variation of intrinsic properties results in
a distribution of the switching field [36]. This will be relevant for error rate estimations
in Sections [6.1.3] and [7.1.4l

The media has to retain its magnetization configuration for at least the lifetime of
the mechanical parts of the hard drive. The average lifetime 7 of a single bit is related to
its magnetizations thermal stability. The thermal stability depends on energy barrier Eg
for magnetization reversal which in turn changes with the reversal type. For uniform
rotation the energy barrier is K,V where V is the grain volume. If the grain reverses
by the nucleation an expansion of a reversed domain the energy barrier is proportional
to 4A\/ A Ky, where Ay is the exchange constant and A is the cross sectional area of
the grain. The non-uniform reversal process is especially important for high aspect ratio
grains [37] and composite recording media. The average lifetime of the magnetization of

a single grain is
1 Ep

T = I exp <l<:BT> , (2.1)
where kg is the Boltzmann constant and 7' the temperature. The dependency of the
thermal stability of the grain size introduces new issues when increasing the areal storage
density later on (see Section . The energy barrier is often given in units of kg7 and is
normally chosen to be around 47-50 kgT" which corresponds to an average media lifetime
of 8164 years, for an attempt frequency fo = 10'2 Hz.

How a single bit reverses its magnetization configuration in the vicinity of a recording
head field strongly affects the minimum required field in order to switch such a bit. The
media’s reversal process can be categorized into either coherent or incoherent switching
and will be discussed in more detail in Section 2.3.11

Summary of media requirements:
e sufficient lifetime 7
e sufficiently low media switching field Hgy to enable writing

e narrow spatial Hg, distribution
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2.1.3 Read-Back Conditions

Recovering information from the media plane is achieved with the reader-stack shown in
Fig. 2.1 To ensure that the read head is only picking up the stray fields from below, it
has to be placed between soft magnetic shields, which "suck" away unwanted stray fields
from neighboring bits in cross- and down-track direction.

A simplistic view of the reader’s functionality is given in Fig.[2.3] Note that here the
bit cell polarizations are longitudinally aligned, as this is a schematic of a longitudinal
read head using a magneto-resistive element for transition detections. Earlier magnetic
recording media had its magnetization in-plane in relation to the media plane, whereas
todays recording media has its magnetization perpendicular to its plane. As this work
focuses on head media interplay, a longitudinal read head is detailed enough to outline
the concept of recovering information from the media. As the read head flies above the
media the emitted stray field changes the reader elements polarization, which can be
picked up as a proportional change in the sensing current measured at lead contacts.

The number of grains forming a bit cell plays a significant role for the detectivity of
transitions in granular media. As emphasized in [26], p. 66, Fig. 2.10] reducing the size
of the bit cell deteriorates the signal to noise ratio unless the number of grains in the
bit can be kept constant. In addition to the number of grains per bit the signal to noise
ratio depends on the transition width. The signal to noise ratio scales as 1/a?, where a
is the transition width [38].

In Fig. 2.4 the effect of reducing the grain size on the read—ability is demonstrated.
From left to right the grain size decreases while consequently the number of grains
increases for a constant track width. The average transition width is proportional to the
average grain size and the sharper the transition the better its detectivity. Or in other
words, with wider transition width noise in the read—back signal gets significant. Further
details can be found in [26].

By using bit patterned media, the granular thin film is replaced by ordered single
islands separated by a non-magnetic phase as outlined in Fig. [2.5] The signal-to-noise
ratio is no longer a grain size dependent factor but scales with lithographic fabrication
tolerances.

A list of reader element requirements:

e high sensitivity/high detectivity

e tailored to media’s areal density and track width

2.2 Superparamagnetic Limit

The areal density increases each year with a highest growth rate around the year 2000. [41]
For many years the superparamagnetic limit was considered to be the fundamental limit
for magnetic recording. In this limit the grain size is so small that thermal activation
reverses a bit before the desired storage life time.

10
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Figure 2.3: A schematic of a read head for longitudinal recording media. The sensing
current is proportional to the angle between a free layer’s magnetization direction and a
pinned layer. The magnetization of the free layer is influenced by the emitted stray field
coming from the underlying media. By measuring the sense current, transitions between
two opposingly magnetized domains can be detected. Figure compiled from [39] [40]. The
layout of a GMR read head is shown in Fig.
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Figure 2.4: Conventional perpendicular magnetic recording media with different average
grain diameters. The smaller the average grain diameter (d) the smaller will be the
transition width (distance between dashed lines). Consequently by using smaller grains
the reader with 50 nm width can pick up the transitions more accurately.
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In Sections 2.1.1} 2.1.3] it has shown that each part of the recording device has to
fulfill certain requirements in order to achieve sufficient recording performances. Not all
of those requirements can be met fully as some of them are concurring. This becomes
more clear by looking at the average lifetime of a single bit as shown in Eq. . The
energy barrier g increases with increasing anisotropy and increasing grain size.

An increase of areal density inevitably requires a reduction of grain size. This
translates into a decrease of the energy barrier. And consequently an exponential decrease
of thermal stability and life time 7. To compensate this loss the use of magnetically
harder material — larger K, — for the media is necessary.

The switching field of a recording media is proportional to the anisotropy constant of
its hardest layer. In case of single phase media we can approximate the media switching
field with its anisotropy field, which is defined by

Hom = 250 (2.2)
Js
An increase of the anisotropy constant ensures thermal stability, but also results in
an increase of the switching field and consequently the required write field Heg. This
approximation neglects the presence of stray field emitted by surrounding neighboring
bits which might change the required switching field [42].

Unfortunately the maximum feasible induced head field to switch the magnetization
of the bits is fundamentally limited to 1T [43], 44]. Therefore, to ensure writable bits the
anisotropy constant is restricted according to Eq. as well. Other ways of reducing
the media’s switching field have to be considered.

Two major methods are able to overcome this issue and can provide more storage
density, while maintaining thermal stability and writeability.

Heat Assisted Magnetic Recording (HAMR): HAMR uses a magnetically hard
medium to ensure thermal stability, but uses an additional heat source, usually a laser,
to elevate the temperature of a small region on the media where a bit should be written.
By adding thermal energy the energy barrier can be overcome with smaller write fields.

The increased temperature reduces the local switching field below the feasible writing
field of the head. When the heat source is removed, the magnetic state is thermally
stable again due to the high anisotropy. Prominent candidates for hard magnetic media
are composites of FePt which show anisotropy constants of around 7 MJ/m? [26], p.220]
which gives room temperature switching fields larger than 5T and needs to be heated to
750 K to be writeable with a write field of around 1T. A good overview can be found
from D. Weller and co-workers [45].

A major challenge of this technology is to focus the heat spot onto a very small
surface area where the bit should be written and the adjacent bits left unaltered. The
focused laser beam is currently achieved by a near field transducer close to the media.
The neighboring grains of the written area can be thermally protected by separating
grains by a heat sink material. Further reading can be found in C. Vogler’s thesis [46], [47].
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Evans et al. [48] pointed out that under current (2012) conditions regarding heat-assisted
magnetic recording the limit in terms of areal density will be 15 Tbh/in? to 20 Tb/in? unless
technology can move beyond the currently available write field magnitudes. Sufficient
head fields are required to mitigate the thermally written in error. Since 2012 the feasible
write field didn’t change substantially, so that this density limit can still be regarded as
valid.

Microwave Assisted Magnetic Recording (MAMR): Similar to HAMR the ad-
ditional energy for overcoming the energy barrier is provided by an oscillating magnetic
field. If the system is in resonance through the oscillations in the GHz regime energy is
absorbed by the media’s magnetization. This again helps to overcome the energy barrier
to magnetically switch the bit. One advantage of MAMR over HAMR is the scalability
in areal density, as the required frequency of such a microwave pulse is again material
dependent, therefore opening the opportunity to use multiple layers with different but
selectable resonance frequencies [49-52].

Bit Patterned Media: Besides the above mentioned strategies another approach is
changing the underlying media structure. In bit patterned media the bit is formed by
a continuous island: The magnetic unit comprises an entire island instead of a single
grain. Thus the island size instead of the grain size determines the energy barrier for
reversal. Thus the stability of a bit can be increased while the write field can be kept
low. In current magnetic recording systems one bit is represented by less than ten grains,
as shown in Fig. Another idea is to use lithographically patterned islands. The
illustration highlights the amount of possible bits in a restricted area. On the left, a
granular media surface storing approximately 4 bits. In contrast a pseudo-hexagonally
aligned bit patterned media layout with 20nm dot size capable of storing almost the
same information as in the granular case. And on the right hand side media islands with
12nm diameter, which will be further investigated in Chapters [6] and [7} In addition to a
higher ratio of life time over switching field, 7/Hgy, the advantage over granular media
structures is an increased detectivity of patterned bits, due to clear transitions, and the
increase of track density in cross-track direction. Still the fabrication of such patterned
islands [53] is even more complicated than granular media but promises areal densities of
about 50 Th/in? [54].

This thesis will cover recording on bit patterned media only and the improvement of
both the recording head and the media with numerical optimization techniques.

2.3 Extended Overview

In Section [2.1] a brief introduction of the three key parts of a recording system has
been given. In addition the increase of areal density and the arising issues with possible
solutions have been introduced.
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Figure 2.5: On the left hand side one single track of granular media with an average grain
diameter of 7.5 nm. On the middle column bit patterned media with 20 nm diameter and
on the right hand side a bit with 12nm. The red contour highlights a single bit cell.

In the field of magnetic recording scientific publications and patents can be found
for each part of the recording system by an overwhelming amount. In the following a
brief explanation of those parts, which are subject of this work are given. Additional
information required as a basis for this work is shown as well. Furthermore the bits
magnetization reversal process and different strategies on how to write data onto the disc
are explained.

2.3.1 Media and Media Reversal Modes

The software controlling the servo motor of the actuator arm and therefore the position
of read/write processes is called the hard disc driver. It divides the storage media into
sectors. Each sector consists of multiple tracks similar to the tracks on a gramophone
record. Each track has a track width of approximately 10nm to 30 nm [55]. The track
width is measured in cross-track direction and the bit length in down-track direction.
Track width and bit length describe a so-called "bit cell" ([56, p. 11-12], [67, Fig. 1]) as
shown as a red contour in Fig.[2.5] The distances between "bit cells" are called down-track-
and cross-track pitch. And the number of bit cells on a square inch give us the areal
density of such media. The areal density is often measured in units of bits per square
inch B/in? or in bit patterned media also dots per square inch d/in2.

State of the art perpendicular magnetic recording heads [55] are capable of reversing
just a few grains of a 10nm to 15nm thin CoCrPtSi-O crystal film [26] pp. 161]. These
grains with an approximately diameter of 8 nm are weakly exchange coupled. The
coupling is adjusted to minimize the transition parameter a. Each grain’s magnetization
state is influenced by the stray field of all neighboring grains. In bit patterned media one
bit cell is represented by the magnetization of one magnetically separated island. Fig.[2.5]
shows a comparison of a conventional granular media and two bit patterned media bit
cells.
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Media Reversal

The field required to reverse a single grain or media island is denoted as media switching
field Hgy. In reality this quantity is not constant throughout all grains or islands, as
fabrication tolerances introduce slight changes in the material composition, bit size and
position. Therefore this field Hg, is often represented as switching field distribution
(SFD) with a certain standard deviation ogy. This will be important for the computation
of media switching probabilities (psyw) [58] later on.

The magnetization of a bit or grain can reverse either in a homogeneous or inhomoge-
neous way. The reversal type depends on the magnet’s size (particle diameter D), shape
and the material dependent critical diameter for uniform rotation D, as formulated
by Brown [59] and Kronmiiller [60]. In Fig. the nucleation field and reversal type as
function of the particle diameter is presented.

Homogeneous reversal occurs for sufficiently small particles with a diameter below
D¢,it. There is no energetically favorable state in which opposing magnetic domains
separated by domain walls would form in such a particle. The domain wall energy is
proportional to the surface area of the domain wall inside a magnetic specimen.
Whether the particle reverses uniformly or by an expansion of a nucleated domain
depends on the critical diameter D, [61], which is proportional to the exchange length
lex = V/10Aex/JZ. The main variables required to describe uniform reversal in a magnetic
particle are shown in Fig. 2.6l The energy F of that magnetic particle with a defined easy
axis k under the influence of an externally applied magnetic field Heyy can be written as:

E = —pgHex Mg cos 0 + Ksin2(<p —0) (2.3)

Where Mg = Js/po and the angles ¢ and 6 are the angles enclosing the external field
direction and the anisotropy axis E, and the external field and the magnetization vector
m, respectively. po is the permeability constant in vacuum (ug = 47 X 107" mkgs 2A72).
If ¢ = 0 the second term of the right hand side in Eq. vanishes and the energy term
trying to align the magnetization with the external field remains.

The domain wall energy is proportional to the domain wall surface area or the particle
diameter squared. In sufficiently small particles less energy is needed for uniform rotation
than forming a domain wall inside. Due to exchange interactions the particle’s magnetic
moments 1 simultaneously align with the externally applied magnetic field Heyi. Such a
magnetic specimen is in a single domain state.

Switching occurs at the value of Heyt that makes the first and second derivative of F
with respect to 6 zero.

The Stoner-Wohlfarth model suggests an external magnetic field angle 45°, ¢ = /4,
at which the switching field is one half the media’s anisotropy field Hapimedia Without
affecting the bit’s thermal stability.

Inhomogeneous Reversal can be observed for larger particles above a critical di-
ameter D (shown in Fig. [2.7)). At intermediate particle size magnetization reversal
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Figure 2.6: Stoner-Wohlfarth particle with a diameter D. The magnetization m and
the easy axis k relative to an external applied field Heyt are expressed with the angles 6
and ¢ respectively.

will occur by curling, a nonuniform magnetic state reduces the magnetostatic energy
during magnetization reversal. High aspect ratio particles reverse by the nucleation and
expansion of a reversed domain.

The wall propagation field Hy.y can be written as follows:

1 OF wall

H. =
wall 2110 M, 0z

(2.4)

where

Ewall = 4\/ AexKu(z) (25)

Note, that in Eq. the intrinsic anisotropy constant K, is written as a function
of the media’s height z. Aex is the exchange stiffness constant of the media, which will
be explained in more detail in Chapter [4 Nonuniform rotation and expansion of a
reversed domain can be enforced in composite media where magnetically soft and hard
materials are combined (see Fig. [2.8b). This has been investigated for example by D.
Hahn et al. [62] where the reversal behavior and required switching field changes by a
gradually increasing anisotropy designed along the media’s height. Such media is called
graded media and it belongs to the group of exchange spring media (see Fig. ) They
emphasized, that the domain wall propagation field has to be matched with the write
field profile of a potential recording head in order to optimize their interplay.

The motivation of using exchange coupled composite (ECC) media is the reduction of
the required switching field while keeping the thermal stability almost constant [15] 64-66].
In Fig. the media dot in the middle represents such an exchange coupled composite
structure. On the bottom a strongly anisotropic material is used, which is also referred
to as the "storage layer". It can keep the information due to thermal stability. The layer
above is soft magnetic and dubbed as "assisting layer". The soft layer will reverse at lower
external field and a domain wall between those two layers will form. The stray fields from
the soft layer assists then the depinnig of the domain wall trough the hard layer[67], which
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Figure 2.7: Nucleation field as a function of particle size, showing superparamagnetism,
coherent rotation, curling and multi domain reversal. The nucleation field is an upper
limit of the coercivity. Caption and illustration taken and adapted from [63].
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Figure 2.8: Three different media types each with a different anisotropy distribution
along the media height. (a) Single phase media, (b) exchange coupled media and (c)
graded media. Figure reproduced from [69].

needs less field than reversing a single domain particle as shown in Fig. The switching
field of such a composite cylinder can be estimated with a proposed model of Kalezhi et
al. [67, 68]. Fine tuning both layers’ material parameters and the exchange coupling in
between allows a switching field reduction of one fifth of the initial anisotropy field of
the media [66]. One promising ECC application might be a new media type suitable for
microwave assisted magnetic recording [49, [52], as shortly outlined in Section

2.3.2 Recorder and Recording Schemes

Ring-Shaped Electromagnet with Airgap is formed by the main pole and yoke
surrounded by the coil, through the media and the soft underlayer back to the main pole
via the return pole. By applying a current to the coils the main pole saturates. Through
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Figure 2.9: Left: In longitudinal recording the magnetization is reversed with the fringing
field of the ring head. Right: In perpendicular recording the media is effectively placed
in the air gap between main pole and soft under layer (SUL).

the soft under layer, which is a soft magnetic layer below the actual information layer,
the flux is returned to the return poles. The surface area of the return pole facing the
media has to be large as the flux should not be able to reverse any grains or bits in this
area [63, pp. 530]. Besides the reader shields, the coils, main pole, yoke, soft under layer
and return pole are the magnetically active parts during recording and are illustrated in

Fig. 2.1D]

Magnetic Spacing The magnetic spacing refers to the distance between the head’s
air bearing surface and the magnetic layer. The air bearing surface denotes the pole tips
surface facing the media. In [70] the minimum achievable distance of 6.5 nm is mentioned,
considering the presence of surface roughness, a media-protection layer, lubricant and
space for a few gas molecules.

Recording Orientation

Longitudinal Previous magnetic recording systems stored the bits by magnetizing the
bit cells in in-plane direction, either in positive or negative down-track direction, of the
media (see Fig. and . The recording head design has been different in contrast to
today’s perpendicular recording systems. The material of the longitudinal media was a
composition of Co, Cr, Ta, Pt and B. In Fig. both recording orientations are shown.

Perpendicular To increase areal density, Iwasaki proposed in 1975 to record the bit
cells by magnetizing them in out-of-plane direction of the media [7I]. This had the
advantage of having less demagnetizing effects from neighboring bit cells and a higher
areal density as compared to longitudinal recording. Still the recording head design and
the reader elements had to be improved. For example the introduction of a soft underlayer
was necessary to provide a flux return path back to the return poles of the write head. It
took another 30 years, around 2005 to 2008, until this technology was mature enough for
the industry to make the transition from longitudinal to perpendicular recording. The
media’s material is a composition of Co, Cr, Pt and Oxides [72]. Nowadays conventional
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recording refers to perpendicular magnetic recording with a single pole head writing
on granular media and reading with a giant magneto-resistive [73] reader stack, tunnel
magnetic resistance [74] or spin orbit torque heads [75].

Perpendicular Magnetic Recording Schemes

Design parameters of the recording head and media are usually optimized for one of
three different writing schemes: Centered writing, staggered writing and shingled writing.
These different writing schemes are especially of interest for bit patterned magnetic
recording. Fig. illustrates the three different writing schemes above a bit patterned
media layout.

Centered Centered writing is the classical writing scheme and focuses on one track in
the center only. Usually the smallest pole tip width allowed by the fabrication resolution
dictates the track width on granular media. The recording head is centered above a
single track. Having very slim pole tips comes with a disadvantageous decrease in write
field strength.

Staggered Another clever way is to allow a pole tip width which covers two tracks
and recording on it as it would be a one single but much denser track. This scheme
is called staggered [76] and comes with additional requirements for the media, reader
and recorder. This scheme allows an additional areal density increase of around 5-10 %
governed by allowing the usage of harder media material. To sufficiently write on the
same bit patterned media, the write head has to switch much faster in order to switch
only one underlying bit.

Shingled Introduced by Wood et al [29] [70], this approach increases the effective field
exerted on the medium by increasing the pole tip width even more. By writing in an
overlapping manner like placing shingles onto a rooftop you can further increase the
hardness of the media, consequently allowing a higher areal density.

2.3.3 Read Head

The reader or read-back of written bits is not considered within this work but a description
of its functionality is added here for completeness.

Previously in longitudinal magnetic recording the reader used the magneto-resistive
effect as shown in Fig. As the name already implies, the change of electrical resistance
in the reader element mainly governed by changes of the felt stray field can be measured.
The relative change of electric resistance is in the range of 0.125% to 0.25% [77]. To get
picked up by the read head, either the stray fields exerted by the magnetic transition
must be relatively high or the gap between reader element and media surface must be
very small (e.g. as in tape recording). With the discovery of the giant-magneto-resistive
(GMR) effect in the late ’80s [10} [11], read heads with much higher sensitivity where
developed which replaced previous read heads in the late '90s. GMR read heads comprise
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Figure 2.10: @ Centered, staggered and shingled magnetic recording scheme above
a triangular bit patterned media layout. The bold lines indicate the air bearing surface
of the corresponding write head. Here, the flight direction always goes from left to right,
which means that the short edge of the pole tip represents the leading edge and the
opposite, long one is the trailing edge. The trailing edge can be seen as the actual writing
edge.

a thin film stack of alternating ferromagnetic and non-magnetic layers which show huge
resistance changes due to changes of the media’s stray field. The relative change of
electric resistance of GMR heads typically increases by a factor of ten as compared
to magneto-resistive heads [20, p. 81]. This opened up the opportunity to make more
sensitive magnetic field sensors. The sensor itself is referred to as reader-stack, consisting
of multiple different layers between two Cu leads which transfer the sensing current over
the actuator arm to the hard disc’s driver. Such a GMR reader-stack is illustrated in
Fig. This sensor stack consists of a pinning layer, reference layer, an insulator and a
free layer. The pinning layer is strongly anti-ferromagnetically coupled with the reference
layer with its magnetization pointing along cross-track direction. These two layers act as
a stabilized reference magnetization for the free layer. The sensing current flows through
the reference layer and the free layer. The free layer is picking up the stray field induced
by the magnetization configuration coming from the underlying media surface. The angle
between the magnetization of the free layer and the reference layer is proportional to
the resistance. Therefore with changing stray field, the resistance and sequentially the
sensing current changes.

As the free layer should only pick up fields from below its current position, the reader
stack has to be surrounded by large micron scaled shields. These reduce the influences of
other fields in cross- and down-track direction onto the free layer.

Another important aspect of the free layer is, that this layer has no favored magne-
tization direction. It’s a magnetically "soft" layer (low K or K = 0). There is a small
chance that this layer flips its magnetization direction, which would result in read errors.
This can be stabilized with a so-called hard bias magnet placed along the reader stack in
cross-track direction. This magnet induces an additional guiding field for the free layer
in case the layers magnetization direction displacement gets too large.
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Figure 2.11: A finite element model of a perpendicular read head is shown. A thin GMR
reader stack consisting of a free layer, a reference layer and a pinned layer. On the sides
of the stack the hard bias can be seen. The big shields protect the reader stack from
unwanted stray fields.

For tunnel magnetic resistance (TMR) the Cu layer is replaced by a non-conductive
thin oxide layer. With TMR heads the signal amplitude could be tripled as compared to
GMR heads [26], p. 81].

2.3.4 Writer Shields

The writer shields main objective is to protect regions of the media, which shall not be
written by the recording head field. Thus, the shields narrow down the spatial distribution
of the write field or in other words narrow down the writing window [78].

Mallary et al. [79] emphasized the importance of shielding as areal densities in hard
drives increased further. They simulated the effect of shields and their gap distances to
the pole tip. A trailing shield drastically increases the write field gradient compared to
an unshielded monopole head, allowing for a much higher density of write transitions. By
fine tuning the write head’s geometry with respect to the side shields, the overall available
write field is reduced, but the bit cells in neighboring tracks are better protected against
unintentional switching [79, [80]. Fig. shows a wrap-around shield which combines
trailing shield and side shields in a single soft magnetic layer. Further reading about
shield variations can be found in [81) p. 147, Fig. 3.7].

2.3.5 Skewing and Pole Tip Taper Angle

The term skewing describes the rotation of the air bearing surface relative to the media
surface. This rotation occurs because the recording head is mounted on the actuator
arm which has a different rotation center than the tracks on the medium. Fig. 2.12]
shows magnified selections of the air bearing surface of write heads with the underlying
bit pattern of the medium, at the outer most track (lower row) and inner most track
(upper row). Comparing the track directions, denoted by the dot-dashed lines, between
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Figure 2.12: A recording head’s air bearing surface rotates relative to the media surface.
This becomes mostly relevant at the inner or outer most track of the hard drive disc.
On the left side a rectangular shaped head profile is shown which is not considering this
rotation and therefore would overwrite adjacent information. On the right hand side a
tapered head is shown, perfectly fitting in-between the neighboring tracks.

the two actuator positions a significant rotation occurs with respect to the write head.
A rectangular write head, shown in the left column of the selections, would overwrite
adjacent tracks. A tapered head with a taper angle of 15°, shown in the right column,
avoids this writing error. This is later taken into account in Chapter [7] and could be
included into the optimization process, but is kept constant within this work. A useful
schematic and a more in-depth view can be found in [82].

2.3.6 Recording Errors and their Occurrences

On a granular media, if one grain of a bit cell is not correctly switched, the reader would
still pick up the transition with a slightly lower signal compared to a perfect transition.
The noise in the read-back signal originating from the media’s granularity [70] can be
corrected by the design of the read head and medium. In contrast, if an island of a BPM
gets written with wrong polarity, it is an erroneous bit. The switching field distribution of
the media and the write and read synchronization becomes more relevant in bit patterned
magnetic recording [83] pp. 252]. Different approaches will be described and explained in
more detail in Section Section [6.1.3[and [7.1.4] Albrecht et al. [57] assumed that a
write error rate below 1072 is well recoverable with the employment of error correcting
codes at the expense of additional storage overhead.
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CHAPTER

Global Optimization Method

Contents
[3.1  Search Strategies|. . . . . . .. ..o 24
3.2 Conclusionl . . . . . . . . .. e 31

This chapter briefly explains terms of optimization and provides a more in-depth view
of the methods used in this work. It starts with a formal description of an optimization
problem, followed by a discussion about sampling methods and what methods would be
better than just sampling. A more elaborate introduction to optimization algorithms
may be found in [84].

In general an optimization consists of several evaluations of the objective function
wherein one or multiple inputs are tested iteratively until one or multiple outputs of
that function meet a predefined requirement. A requirement would be, for example
minimize cost or maximize efficiency. The number of input and output dimensions will be
denoted as ki, and kot respectively. A deterministic function f(-) maps the input values
(y1,Y2, - , Yk, ) into output values also called responses (71,72, - ,Tk,,, ) Which can also
be written as f : RFn s RFout| The input and output values are usually described as
vectors by

(Y1,92,--- ’ykin)T =y € Yhn C RFinand
f(y) = (r1,re, -+ 77“kout)T = p € RFout |

Y is a subset of possible input values which constrain the optimization. This subset could
represent e. g. fabrication ranges or can simply narrow down the design space region. Y
should be a convex, closed and solid space.

Typically a constrained optimization problem is formulated as

minimize f (y) (3.1)
subject to g; (y) <0, j=1,2,---,m.
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In words, find a y minimizing the objective or cost function f(y) while satisfying the
conditions g; (y), where m is the number of applied conditions. The optimization’s
goal is defined by the objective function (3.1)). This function has to be deterministic,
meaning that its inputs are transformed into non-random outputs. The above mentioned
restrictions are referred to as inequality constraint functions .

As the optimization itself is an iterative search for the perfect choice of input param-
eters an additional index (i) as superscript y® or () is introduced denoting the current
iteration where 1 = 1,2,--- ,n. After an unknown amount of iterations the input vector
which fulfills the objective in following the boundary conditions from (3.2)) will be
denoted with y* and the resulting solution as r*.

Within this work one evaluation of f (y) is very time consuming, as it involves
the construction, the mesh generation of a complex geometry and a finite element
micromagnetic simulation. Two approaches with multiple input parameters are tested
trying to grasp the full performance of the investigated system.

In Chapter [6] an approach with multiple objective functions to optimize a system is
used. In this approach we maximize the effective write field and the write field gradient
under the constraint that the effective write field at the adjacent track is smaller than
media switching field. A self-updating weighted sum of responses is applied to combine
multiple objectives and assess a calculated design.

The second approach is presented in Chapter [7}, where the write error rate is used as
a single objective function.

Several methods are suitable for exploring such a set of design parameters. The kind
of search strategy — that is most suitable — depends on the balance between computational
power and the degree of detail we want to describe and understand the recording system.

3.1 Search Strategies

In case of global optimization the worst-case path towards an optimal solution requires
a large number of evaluations which scale exponentially with the parameter space
dimensions kin [20]. In order to understand the behavior of changes in all of those input
dimensions different approaches are applied.

Parameter Study One way is to systematically test every possible parameter com-
bination in a discretized parameter space within a certain range by constructing a
multi-dimensional grid with equidistant grid points. This sampling method has the
highest computational cost but will provide the most insight. It is suitable for studies
involving design evaluations with low computational costs and low dimensional design
space. The number of evaluations increases exponentially with the number of input
parameters kip.

Random Sampling Testing a random set of input numbers until the objective value is
quantitatively improved is another time-intensive strategy. No intelligent search strategy
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is applied but it is suitable if the computational time of each evaluation is very low. It is
also called Monte Carlo Sampling.

Meta Models If the computational cost is high, a full parameter study in a high
dimensional parameter space Y*» with ki, > 3 will be too time consuming to find the
best set of design parameters.

As a rough estimate of the response space between evaluations, the already computed
results can be fitted with a mathematical function, e.g. with a spline or a polynomial.
Often referred to as response surface method too. This approximation is called meta
modeling [85], 86]. By using meta models the computation time is reduced, hence more
local or global optimization steps can be done. It can be used as a guide for possible
optima candidates and to make an estimation where to find a better design compared to
the current best one. As the response surface method describes the currently available
evaluations with a mathematical function, the gradients can be easily computed and
used for steepest descent methods to find minima and maxima. Although meta models
allow computationally less expensive search towards an optimum, they require an already
well explored parameter space without missing nonlinearities within that space. This
is one common drawback of above mentioned random sampling approach as an evenly
distributed set of input values is only reached after a very large number of evaluations.

However, the initial training set is a critical part. If the response for example is very
noisy or very non-uniformly distributed, the surface interpolation of the response function
might be strongly underrepresented by the interpolating surface. This would lead to an
inefficient search.

Optimized Latin-hypercube Space Filling A nearly uniform distribution of input
values throughout even high dimensional design spaces (ki > 10) is achieved by using an
optimized Latin hyper-cube space-filling method [87, [88]. It is an expansion of common
Latin Hyper Cube space filling with an additional quantity like entropy, discrepancy and
minimax or maximin distances to be optimized. In order to get a representative amount
of initial data points for the meta model, a rule of thumb states, that at least ten times
kin initial design points should be evaluated [89, [90]. This method is applied for the sake
of producing a non-biased initial data set.

Standard random sampling produces a non-biased data set much faster in contrast to
the optimized Latin-hypercube space filling method for problems of high dimensionality.
This is because random sampling does not require knowledge about previous sampling
points, whereas the Latin-hypercube sampling method does. Samples of the Latin-
hypercube space filling method have in common that they do not share any individual
coordinate which cannot be ensured with random sampling. In Fig. fifty initial samples
are produced with random Monte-Carlo and optimized Latin-hypercube sampling methods
for comparison. One can see that clusters of sample points appear in random sampling
in contrast to Latin-hypercube sampling.

25


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

(]
|
rk

10 ;Random L}‘IS
L4 0
@9 [ ] ¢ ..
0.8 A o o0® L4 [ ] ° [ ] o ©
° . Ye ° 'o °. L4 *
0.6 1o ¢ e 1 ..o ° .
oo ° ° o ° ° .
xTo L] (]
0.4 - o d . o °. o ©®
° b ° °
0.2 1 o 1® o %
0’ o, L o* °
0.0 P8 o o s . e
0.0 0.2 04 0.6 0.8 1.00.0 0.2 04 0.6 0.8 1.0
xr1 X1

Figure 3.1: Fifty sampling points of a two-dimensional design space once sampled with a
random uniform sampling strategy and once sampled with the optimized Latin-hypercube
sampling (LHS) method.

Meta Model with Uncertainty Measurement Uncertainty measures help to iter-
atively improve a meta-model. In order to estimate the uncertainty evaluations of the
objective functions are described by the mean value 1 and its deviation (. The index
(i) denotes the iteration number of successive function evaluations. Two evaluations
located "close” to each other are assumed to show similar response values. Each already
evaluated design point is defined with zero uncertainty. The uncertainty o is defined to
increase with distance d from already evaluated points whereas the mean value is derived
from a simple approximating method. The measure of distance between those already
evaluated design points act as a quantity of a prediction uncertainty. In contrast Linear
Regression-Methods assume that each prediction error is independent from others [85]
p. 4].

This idea is related with the term kriging. Kriging is an adjusted Gaussian Process
regression method for Geology applications predicting locations of Gold with a small
number of drill holes in a region in South Africa which dates back to the 60’s. The
method is similar to a response surface approach but describing the function space with
a Gaussian process (i, 0?).

The uncertainty of prediction increases in unexplored regions. In an iterative process
different strategies can be applied to find the point where the objective function should be
evaluated at the next iteration. One strategy could be to evaluate the objective function
at the point of maximum uncertainty. Another possibility is to evaluate the next point
where the objective function where the current best design point can be improved. In a
Gaussian process model not only a measure of uncertainty is tracked, but also needed
information to compute the probability of improving the current best available design.

Efficient Global Optimization Efficient Global optimization evaluates the objective
function at points where the expected improvement function is maximal. The following
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part is a description of this algorithm from [85] reformulated with a slightly modified
test example. This algorithm is implemented within the open-source optimization tool
dakota [91] and is abbreviated with EGO. The algorithm in dakota initially fills the
parameter space with an optimized Latin-Hypercube space filling method. After this
setup phase the algorithm sequentially evaluates the point which currently maximizes the
expected improvement function (EIF). The number of initial samples is recommended to
be 10k;, and can be computed in parallel. The sequential evaluation is then repeated
until a previously defined number of maximum iterations is exceeded or no further
improvement — in a certain tolerance spectra — can be found. In [91] the importance
to understand the mechanism of maximizing the expected improvement function is
emphasized. The authors also provide a good explanation of this method. By evaluating
the current point at the highest improvement probability a trade-off mechanism between
evaluating design points (i) promising of overcoming the current best design and (ii)
evaluating design points in unexplored regions is introduced. They claim that this
prevents the search algorithm from stopping at local minima which still strongly depends
on the smoothness of the response space. However such a Gaussian regression method is
performing better then gradient-based methods for problems with noisy responses. The
authors in [85] propose that "EGO’s methodology is especially good at modeling the
non-linear, multi-modal functions that often occur in engineering".

In Figures [3:3] to [3.6] the functionality of Gaussian process optimization is illustrated.
In this example the parameter space x € R is continuous and one-dimensional and so is
the response space y (z) € R. The parameter space is constrained to the range 0 < z < 13.
The purpose of this example is on one hand to demonstrate how the algorithm basically
works and on the other hand how it scopes with badly distributed initial training points.
We assume the space filling method evaluated the first six design points in an uneven
manner, as shown in Fig. [3.3| with black circles. The unknown function has been evaluated
at x =1,2,3,4,8,12.

The black solid line in Fig. [3.3] shows the currently estimated mean response value
i = p (x) which maximizes the likelihood function

1 1) TR Yy -1
i ! exp (y—1p) R (y—1p) ’ (3.3)
(2m)"/? (o2)"/? | R|1/2

202

a 1 is an n-vector of ones and n is the number of evaluations already carried out. y is a
vector which gathers the already computed values of the objective function for the design
points collected in the vector . The mean response value yu, its standard deviation o
and other unknowns in R have to be optimized. R is the correlation matrix formed by
already observed design evaluations. Its components are acquired with

Ri; = exp [—d (a:(i), m(j))] . (3.4)

Each (7, j) entry is the error correlation between observed design points, as shown in

Fig. 3.2
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The distance is computed with

k
d (2,20) =3 ol — 2 (00 > 0, pu € [1,2)), (3.5)
h=1
where 601, -- , 0, and pq,--- , px inside the correlation matrix R are tuning parameters

required to be optimized for the likelihood function of Eq. . Fig. [3.2| gives two
examples of error correlation functions with different 6. Note that « is written in vector
form with k;, dimensions.

The model — as described in [85, pp. 460] — optimizes 2k;, + 2 parameters, where
two of them are the mean response value p and its variance o2 from . The other
parameters 61, - ,0, and p1,--- , Dy, are inside the n x n correlation matrix R. Each
(1,7) entry corresponds to the error correlation which is exponentially proportional to a
weighted distance function between n design points, as shown in Fig. [3.2] and defined in
Eq. and Eq. .

The weights 6}, € ]Rar are proportional to the "activeness" of the design parameters.
The parameters py, € [1,2] select between the Manhattan distance and the Euclidean
distance measure. The current approximation of the mean response function value p and

its variance o2 is computed as
1TR 'y
W TR (3.6)
and
—1)'R Y (y -1
52— W—1u) (y —1p) (37)

n

This variance o2 of the predicted response appears in Fig. as green solid line.
This is the main benefit of describing the function space with a Gaussian Process. To

1

error correlation

3

i{ (a;(’i)7 ()
Figure 3.2: Example of error correlation between two points x(? and () with
(0 =1,p =2) as solid line and (§ = 4,p = 2) as dashed line. Figure reproduced from [85),
Fig. 1 p. 459]
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o evaluation points
6- — standard deviation
unknown function

f min
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Figure 3.3: The design space is already evaluated at six data points shown as circles.
The black solid line shows the computed mean value in Eq. and the green solid line
represents the variance from Eq. . The dotted blue line shows the actual response
function f (z) = z sin  unknown for the optimizer. (Efficient global optimization example
compiled and adapted from [85], Fig. 8 and 9].)

fmin

0 2 4 6 8 10 12

Figure 3.4: The prediction uncertainty highlighted as contours of one, two and three
times the standard deviation o along the predicted mean value p as solid black line.
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Figure 3.5: The expected improvement function is proportional to the probability of

overcoming the current min (u).

Here at the right hand side the uncertainty for the

prediction at = 6 is shown. The shaded area, which can be computed from the error

function (fumin — ) / (Uﬁ), here shown in blue is related to the expected improvement.
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Figure 3.6: The current mean and uncertainty are shown in black and gray, similar to
Fig Now in blue the expected improvement function is plotted on a second axis
(right). Between the evaluation points 1 and 2 the expected improvement maximizes.
This will be the next evaluation point for the optimizer.
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highlight the error of the estimation u, the unknown function is shown as a blue fine
dotted line.

To make the view of the optimizer more clear we draw the uncertainty in Fig. [3.4]
Here we see p as black line and one, two and three standard deviations as gray scaled
lines from dark gray, gray and light gray respectively. The currently best design point
marked with fi,;, has been found at x = 1.

Now the expected improvement function is basically the probability of overcoming
the current best design point fi,;, with

BIF (@) = (foin — ) @ (222} 4 g (Lo =tt) (3.8)

where the functions ® (-) and ¢ (-) are the cumulative and the probability density functions,
respectively [85]. An example is presented in Fig. E showing the distribution function
for the certain point at x = 6. The blue patterned surface area on the right hand side is
proportional to the probability of overcoming the currently best objective function value
fmin-

Fig. shows the computed expected improvement function from Eq. in blue on
the right axis. The computed expected improvement shows three peaks, one lies between
the evaluated points at z = 1 and = = 2, another one with lower expected improvement
between x = 4 and x = 8 and the third one between x = 8 and x = 12. At each evaluated
point the prediction uncertainty is zero and therefore the expected improvement is zero
too.

At point = 1.3 as shown in Fig. [3.6] which is located near an already evaluated
point x = 1 the prediction uncertainty is increased. The expected improvement function
maximizes at this point. Therefore the next response evaluated f (1.3) will turn out to be
slightly better than the current fui, and fmin will be updated. Afterwards the response
approximation (i, 02) and EIF (x) will be recomputed proposing either a point close to
x = 6 or x = 10 which are regions lesser explored than others. The evaluation at z = 10
will later lead to a much better response value and the model will end up close to the
global minimum.

3.2 Conclusion

In this work each design evaluation is very costly to compute. Additionally the dimension
of the parameter space is high, as we want to improve many geometrical features for a
magnetic recording head at once. We want to have a method which finds minima/maxima
in a small number of simulations (< 100). Effective Global Optimization (EGO) as
described above is a promising tool for optimizing expensive black box functions. Later
in this work in Chapter |§| we also used SHERPA (Simultaneous Hybrid Exploration that
is Robust, Progressive and Adaptive) for a constrained multi-objective approach where
those objectives are combined within a weighted sum. SHERPA is a commercial software
tool [92] that switches between various optimization methods adaptively. In Chapter
we combined the above described method EGO with our design evaluation.
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No matter how promising those methods are, one has to consider that a certain noise
level, a low number of initial training points or a lack of any systematic trend in the
response might reduce the efficiency of the algorithm to a random search method [86].
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4.1 Introduction

Kronmiiller and Féhnle illustrated in [60, p. 6, Fig. 1.1] the interdisciplinary cooper-
ation between micromagnetism and quantum theory (see Fig. . It is highlighted
that micromagnetism tries to answer questions of material synthesis and constitution
while quantum theory characterizes microstructure, delivers important intrinsic mag-
netic material properties and most importantly for micromagnetics, forms the basis to
describe the effects in ferromagnetism. Micromagnetics is a suitable tool to investigate
magnetic recording processes but also helps to understand intrinsic reversal processes
and microstructural influences in permanent magnets or other magnet applications.

In micromagnetic theory the investigated length scales lie between nm and pm, being
large enough to classically represent atomic spins and still small enough to resolve
magnetic domains. Classically, in the sense of not resolving individual spins, but more a
cluster of multiple spins which are oriented in the same direction due to the assumption
of strong internal forces in the magnet. For the numerical solution of the micromagnetic
equation the ferromagnetic object has to be spatially discretized. Clusters of multiple
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Figure 4.1: Scheme of interdisciplinary cooperation for developing and analyzing magnetic
materials. Reproduced from [60] p. 6, Fig. 1.1].

spins with similar orientation are represented by a unit vector for each computational
cell or for each node point of a finite element mesh, respectively.

This assumption holds for a sufficiently discretized geometry, where the mesh size has
to be in the range of the exchange length scale [y of the investigated magnetic material.

The mesh size of such a geometry discretization is therefore a very important parameter
which will be discussed more in Section Too large mesh sizes lead to unacceptable
discretization errors not capable of resolving domain walls.

In micromagnetic theory the magnetization is described as a classical three dimensional
continous vector field with space coordinates & € R3 as M (x) which approximates
the discrete distribution of magnetic moments well enough. Each i-th vector M (z;)
approximates an averaged atomistic magnetic moment divided by its corresponding finite
element volume dV'.

In general magnetization M (T') is temperature dependent, but this work covers only
constant temperatures through space and time. Temperature is implicitly considered
within intrinsic material properties given by measurements at certain temperatures. Those
intrinsic material properties are the magnetocrystalline anisotropy constant K, exchange
stiffness Aoy and saturation polarization Js. These values can be obtained via elaborate
experiments or computed with ab-initio methods like the density functional theory.
At constant temperature the length of each magnetization vector is normalized with
the material’s saturation magnetization m(x) = M (x,T = const.) /Mg (T = const.),
therefore |m (z)| = 1. For the sake of readability from now on m(x) is denoted as m.

In thermodynamic equilibrium a ferromagnetic object’s most probable state can be
described by the minimum of its Gibb’s free energy Fiot.
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4.2 Total Gibb’s Free Energy

We have four major energy contributions, which are the exchange energy Feyc, describing
the misalignment of neighboring spins, the magnetocrystalline anisotropy energy F.n;,
describing a favored spin orientation due to the stray field energy, which is also called
dipolar energy Fjgip, describing the magnets self-demagnetization and the Zeeman energy
FE,ee, corresponding to the energy related to an externally applied magnetic field acting
on the magnet

Etot = Eexc + Eani + Edip + Ezee- (41)

4.2.1 Zeeman Energy

The energy of a magnetization in an external field Hey is the Zeeman energy. By
integration over the energy density

Eoxs = —tt0 / M, (m - Hog) V. (4.2)

This energy defines the macroscopic potential for manipulating the magnetic state of the
magnet with an external field.

4.2.2 Exchange Energy

There are several approaches to calculate the exchange energy (i) the Heisenberg model
and (ii) the band-theory of ferromagnetism [93]. The former assumes localized magnetic
moments, i.e. spins are fixed at certain crystallographic lattice positions, whereas the
latter does not. With the Heisenberg model the exchange energy of two neighboring
spins is

qbi,j = —2J1‘jSi : Sj. (4.3)

S; and S are the spin quantum numbers for the atoms ¢ and j and J;; is the exchange
integral. The exchange integral depends on the state of the electron shell and the atomic
core distances. The sign of this quantity determines if the spin coupling is parallel or
anti-parallel [94, pp. 242]. In solid state physics we want to determine the exchange
energy considering all spin pairs of a magnetic sample which is a non-trivial task for
large systems. But it is possible to approximate J;; such that it is constant for the next
and next next neighboring spins while farther away it can be zero. With a so-called
continuum approximation the spins are treated as classical normalized spin vectors m.
Under the assumption that misalignments between neighboring spins are always small
we can write the exchange energy like

Eoy = / Aeyx (VM) dV. (4.4)

The exchange stiffness constant can then be expressed as Aex = 2.J5%z/a, where J is
now the constant exchange integral, z the number of neighbors depending on the crystal
structure, a the lattice constant and S the spin quantum number.
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4.2.3 Anisotropy Energy

Anisotropy is the property of being directional. In relation to hard magnetic materials,
the magnetocrystalline anisotropy is one of the most important intrinsic properties of a
magnet. The crystal structure of a ferromagnetic specimen defines which magnetization
direction is most preferable in terms of energy. This direction, if one-dimensional, is often
referred to as easy axis. The anisotropy energy is expanded in terms of the projection
(m - k) of the magnetization m onto the easy axis k. For uniaxial magnetocrytsalline
anisotropy parallel orientation is the energetically favored state. Comparing the magnetic
system to a mechanical system one could imagine the anisotropy energy as a rotational
spring which is rotated out of its equilibrium state. For small rotations the energy is
proportional to the deviation angle squared scaled by the spring constant K;. The
first anisotropy constant of a material composition is important for micromagnetic
simulations, but difficult to estimate. It can be determined experimentally by measuring
the anisotropy-dependent torque of a magnetized specimen as described in [95].

This preference of a certain magnetization direction has its roots from spin-orbit
interactions. Electrons are linked to the crystal structure (also called crystal field) and
their interactions with the spins, which let the spins align to well-defined crystallographic
axes [90, pp. 84]. This crystal field depends on the crystal structure itself.

Hexagonal Crystals

Materials with a hexagonal crystal structure show a uniaxial anisotropy, where (4.5
shows the first two terms of a series expansion with K7 and K. The odd magnitudes of
cos 6 contributions vanish. In a uniaxial crystal the c-axis is an easy direction for Ky > 0
and Ky > 0 or K; > —Ks and K3 < 0 [60]. A uniaxial crystal shows an easy plane if
K, < —Kj and Ko <0 or K < —2K5 and K > 0. Fig. shows the energy density of
a uniaxial crystal for an easy axis and an easy plane.

The anisotropic contribution to the energy density can be written as

eq = Kysin?6 + Kysin? 6 = K, (1—m§) + Ko (1—mg)2 (4.5)

where 6 denotes the angle between the magnetization vector m and the easy axis k.
In k is aligned in z-direction. K; and K5 are constants which can be obtained by
ab-initio calculations or better by experiments. Often the effect of K5 is neglected in
micromagnetic simulations of ferromagnetic materials, when its absolute value is much
smaller than K. Summing up the squared angles between k and m over the whole
discretized ferromagnetic specimen with uniaxial anisotropy and neglecting the second
anisotropy constant K5 gives us an anisotropy energy of

Eoni = —/K1 (k-m)*dv. (4.6)

In the above equation constant terms that do not depend on m have been dropped.
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(a) Uniaxial anisotropy energy (b) Planar anisotropy energy

Figure 4.2: Anisotropy energy of hexagonal crystal structure with c-axis equal to z and
K7 > 0: uniaxial anisotropy, @ K7 < 0: easy-plane anisotropy.

Cubic crystals

For a cubic lattice, on the other hand, more than one crystallographic directions can be
easy axes. Depending on the signs and relative magnitudes of the anisotropy constants
K7 and Ky the preferred directions are either the axes or the diagonal of the cubic unit
cell. The anisotropy energy density can be written in component form as

e =K (mimz + mzmz + mzmi) + Kgmimzmg (4.7)

4.2.4 Demagnetizing Energy

'"Demagnetizing fields and stray fields arise whenever the magnetization has a
component normal to an external or internal surface. They also arise whenever
the magnetization is nonuniform in such a way that V- M # 0." [63] p.231]

While no external field acts, we can state together with the equation for flux density
B = po (H + M) and Gauss’s law for magnetism V- B =0

V- Hgemag = —V - M. (4.8)

The vector field Hgemag is rotation free (V X Hgemag = 0) which will be ensured by
defining it as a gradient of a magnetic scalar potential V¢p,. In order to receive a scalar
potential satisfying Poisson’s equation we put Hyemag = —V ¢, into (4.8)):

V2 o=V -M=—py (4.9)
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This equation holds in the entire space which includes the magnet’s domain, giving

V2, = {V - M inside the magnet (4.10)

0 elsewhere.

From V - B = 0 all incoming flux Bj, normal to the magnet’s surface has to be equal to
all outgoing flux Byt normal to the magnet’s surface.

Bin-n = Boy -1 (

(Hn+ M) -n=Hyy-n (4.12
(=Véin+ M) -n=—Voou 1 (
M -n = (Vo — Voour) - 1 (

We can express the stray field energy contribution with known magnetization configuration
M and the surface normals n.

Estray = _%/Qﬂdemag -MdAV = %/ﬂV@ﬁm -MdAV (415)

In order to compute the magnetic scalar potential one can either solve Poisson’s
equation numerically or use the analytic expression for the magnetic scalar potential
given below. The scalar potential, due to a limited magnetized volume [63], p.46] and
application of Green’s function is

1 pm 3 / O'm 2 /)
m (T) = — ——d —d , 4.16
Om () 47r(/v]cc—:1;] v ov |x — ' ¥ (4.16)

where o, = m - M represents the magnetic surface density and py, = —V - M the
magnetic charge density.

Within this work the solution of Poisson’s equation for ¢y, is computed with the finite
element method. The determination of the stray field energy is usually more complicated
in comparison to all other mentioned energy contributions because an open boundary
problem is involved [97]. The scalar potential ¢, has to converge to zero at infinite
distance. This would require a spatial discretization even outside of the magnet’s domain.
However, Fredkin and Koéhler proposed a hybrid finite element/boundary element method
in [98] which does not require the surrounding space of the magnet to be resolved by the
finite element model. The computation with the magnetic scalar potential underestimates
the magnetostatic energy the larger the mesh sizes in the discretized magnet are [99].

The contribution of Hgemag usually complicates the determination of the energy
minimum but cannot be neglected as demagnetization is often the main source of reversal,
which prefers to start at corners, edges or other defects/inhomogeneities, where those
fields are the largest.

4.3 Exchange lengths

In micromagnetics the Gibb’s free energy has to be spatially discretized with the finite
element method (FEM) or finite difference method (FDM). Depending on the curvature

38


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

(]
|
rk

of a magnet’s geometry one method might be more suitable than the other. Within the
presented work the magnetization states of recording head structures are computed on a
tetrahedral finite element mesh. The mesh quality affects the solvers convergence.

One assumption in micromagnetism is the parallel alignment of the spins throughout
each single finite element cell. The spin inhomogeneities are resolved by the so-called
exchange lengths [60, p. 357]. This length should be considered as an upper bound for the
spatial discretization of the finite element mesh. The following length in Eq. defines
the Bloch wall parameter §p and gives the exchange length, which is proportional
to the Néel wall width. Both values are related to the intrinsic material properties of the
magnetic specimen, whereas the former is related to magnetocrystalline anisotropy, the
latter to demagnetization.

Aex

So = e (4.17)
Aex
lex = N, (4.18)

The discretization has to be the minimum of both of those exchange lengths. If the
mesh size is chosen larger, it won’t be possible to resolve domain walls and their motion
through the magnet correctly. Usual mesh sizes of hard ferromagnetic materials are
around 1 nm to 3nm.

4.4 Magnetization Dynamics

If the magnet reaches a relaxed state, an energy minimum, the torque on all magnetic
moments vanishes. This can be written as Brown’s equation [100]

m x (246 VM + 2K1k (m - k) + JsHoemag + JsHest ) = 0. (4.19)

The term in brackets divided by Js has the dimension of a magnetic field. Therefore it is
called effective field H.g. The effective field

5Etot o 2Aexvgm+ 2Krl

H.s=— =
off om J. T

k(m-k)+ Hyemag + Hext, (4.20)

is the sum of the exchange field, the anisotropy field, the demagnetizing field and the

external field. The effective field is of essential importance for magnetization dynamics.
The change of the micromagnetic normalized magnetization m(x) over time

om

O — 3l (m x He) 0 (m « am) (4.21)

ot

is described with the Gilbert equation [I01T), T02]. Here 7 is the gyromagnetic ratio and
«a a phenomenological damping parameter introduced by Gilbert in order to describe a
constant energy dissipation. Fig. [4.3] shows both terms separately and in their combined
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m X (m X H.g)

(a) a—0 (b)0<a< (¢) @ = 0

Figure 4.3: @ Precessional motion around effective field vector Heg in this case acting
in positive z direction, the motion towards effective field vector and @ both terms
active.

form. The change of m over time can also be written in the Landau-Lifshitz-Gilbert

form as
om
- = —cm X Heg —cam X (m X Heg) . (4.22)
precession damping
The prefactor
il
= a2 (4.23)

in both terms is just covering constants for clarity, which can be later used as time
scaling factor for time integration. Now damping is applied to both terms but differ
in orders of magnitude. The right-hand side of and consists of two terms:
(1) the precessional term, describing the rotational motion of a magnetic moment m
around that effective field Hog and (2) the damping term, describing the motion of the
magnetic moment towards the effective field. For small o damping is negligible and the
precessional term dominates. The effects of this energy dissipation are still not fully
understood [103] 104]. This phenomenological damping parameter was first introduced
by Landau and Lifshitz. They introduced it to damp the magnetic system into the next
energy minimum. The damping constant on its own scales how fast the magnetization
m gets pulled towards an acting field. Choosing a large damping constant would speed
up the computation of relaxed magnetization states, if the dynamics in reaching such a
state are not of interest.

4.5 Energy barrier estimation

An energy barrier is a barrier between two states with specific energies. In some
applications of micromagnetics it might be important to know the minimum energy
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barrier between a particle or magnet magnetized up and down. Since we can accurately
describe the two states in micromagnetism, we only need to calculate the most likely
path between these points through the energy landscape in order to make a statement
about the required energy that is needed to jump from one energy minimum to the other.
An estimate of that barrier can be used to calculate the transition probability from one
state to another as Néel-Brown’s theory suggests [105].

One way to micromagnetically estimate the required energy to overcome an energy
barrier between two local energy minima is the nudged elastic band method, first
introduced by Henkelman and Jénsson in [106] and applied in micromagnetic systems by
Dittrich [I07]. This method requires an exact description of both states and an initial
guess for an energy path between those states. The initial path is represented by a
sequence of magnetization states, also called images, along that path. This path is usually
set as a straight line between those states. With an iterative approach each of these
states will be relaxed in order to receive a path with lower energy barrier between above
mentioned magnetization states compared to the previous path. This is repeated until the
gradient of the energy is pointing parallel to the path’s direction and the perpendicular
energy gradient vanishes.

The energy landscape of a micromagnetic system depends on many parameters, such
as the microstructure, intrinsic material parameters and external influences, such as an
externally applied field. As a result, there are many local minima. With this method,
however, two or more images can fall into the same energy minima. This leads to a
reduced resolution of the energy landscape and a greater inaccuracy to predict the energy
barrier.

By connecting the images like a chain of springs, or more precise like a nudged elastic
band, the acting spring force keeps them away from each other, preventing clustering of
multiple images in a single energy valley. However, this spring constant, which distributes
all images evenly along the path, is unknown. The spring constant is an adjustable
parameter which depends on the number of images, the size of the geometry and the
number of finite elements.

Another, but very similar method is called the String-method [I07HITI], where images
are kept equidistant with a slightly different approach. The String—method uses the
full length of the energy path and divides it into a user-defined number of equidistant
segments. Each new sampling point is moved downhill by a small step then the sampling
points are interpolated on the path in order to achieve equidistant sampling. This process
will be repeated until the energy gradients run parallel to the path or no energy difference
with a predefined ¢ as tolerance can be seen.

This method is more convenient as it guarantees evenly distributed images without
the need of finding appropriate spring constants.
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The effective write field and its gradient are key properties for successful writing on bit
patterned media. Here we compute the effective write filed profile for all mayor writing
schemes and perform manual optimization of the write head geometry. The writing
schemes: centered, staggered and shingled, are described in Fig. The dependence of
the write field profile on different coil currents, side shield gaps and media depths are
presented.

For the centered writing scheme investigation of the effective field profile according
to changes of side shield gaps of 20nm, 10nm and 5nm are carried out. For staggered
writing the field profile changes triggered by an increase of the side shield gap. Gap
distances of 20nm, 25nm are 30 nm are investigated.

By matching the write field with the media values for the media anisotropy are derived
and bit life times are estimated.

Magnetic recording terminology used in this chapter is explained in Ch.

5.1 Write field computation

This section explains how micromagnetic simulations are used to evaluate the write field.
Before we are able to perform a micromagnetic simulation we have to define a domain
where the computation of magnetization dynamics take place. This is done with a
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Python script receiving these input design parameters. It constructs a full write head
geometry with the computer aided design software SALOME [I12]. This script meshes
the geometry with a fine mesh size of 2.5 nm near the pole tip and coarser at the rest of
the head. The meshing is done by the open-source program Netgen [I13].

Within one micromagnetic simulation the write head’s magnetization is relaxed for a
time period of 2ns. Afterwards we saturate the magnetic head by applying an 80 mA
coil current pulse with a rise time of 0.1 ns.

According to the coil currents direction and the coils orientation a magnetic field is
emitted. This field saturates the pole tip to the wanted magnetic field direction.

Note, that the main pole might still be in a multi domain state. And the write current
pulse is mostly inducing a field to the main pole in order to push the currently preferred
domain into the pole tip. The perpendicular component of the head magnetization only
at the small pole tip has to either point in positive or negative z-direction. The domains
forming and moving in the return poles, yoke and main pole far away from the media
surface do not contribute much to the effective write field. Multi domain states are briefly
explained in Section [2:3.1] in relation to incoherent media reversal behavior.

Within realistic hard drives the recording head won’t see such a simple rectangular
current pulse. Normally the current even overshoots in order to accelerate the reversal
process of the head. The head reversal time strongly depends on the chosen material and
geometry of the yoke and the head itself [I14]. In this work the magnetic field below the
head during recording is of interest, which allows us to neglect an accurate simulation of
the magnetization dynamics of the whole recording head, return poles and soft under
layer.

Keeping the write current applied for 2ns, we compute the magnetic stray field
below the pole tip inside a predefined rectangular grid, also referred to as field box. The
resolution of the box was 2.5 nm in each spatial direction where its size covers two cross
track pitches and three down track pitches. For a quick field estimation a two step process
is applied [115]: (i) First we evaluate the magnetostatic scalar potential at the surface
of a prediefined field box using hybrid finite element/boundary element solver [98]. (ii)
Then a fast Poisson Solver is used to compute the scalar potential inside the box and the
magnetostatic field is computed by numerical finite differences.

Fig. [5.1] illustrates the write field of the predefined box located between the pole tip
and the soft underlayer. The two extracted lines (dot-dashed colored red and green),
which are used to evaluate the recording performance of its corresponding recording head
geometry at the target track and the adjacent track. The field box data consists of a field
vector for each cell. It is stored in an unstructured grid format. With the open-source
multi-platform data analysis and visualization application ParaView [116], we compute
the effective field with the directional field components inside the box similar to [I17]:

3

H.g = Hiot {sing (©) + cos? (@)} ? (5.1)

where Hiqt is the Euclidean norm of all directional components
Hio = \/H2 + H2 + H (5.2)

44


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Figure 5.1: Micromagnetic setup and evaluation regions. The main pole in red and shield
contours. The field box is the area in which the Poission equation of the scalar potential
is solved. The dot-dashed lines inside this field profile slice highlights the center of the
target and adjacent track.

and the field angle ©® between the media’s easy axis and field vector

2 2
H+H) 53
H2

V4

© = arctan (

The effective field Hqg is the stray field scaled by the field angle dependent Stoner-
Wolfarth model as shown in Fig.[5.2l When maximizing the effective field at the target
track angles around 45° have to be favored whereas 30° or 60° result in a scaling factor
of 1.9 instead of 2. The usage of an effective field term allows direct comparison with the
media anisotropy field.

Note that the size of the field box in Fig. [5.1]is much larger for illustration purpose
only. During optimization the field box’s size is reduced to a much smaller region to
optimize physical memory occupation for evaluation. Accidentally magnetic domains
may form in the shields. The associated domain walls would emit perpendicular stray
fields towards the media capable of switching bits.

The intrinsic material parameters applied for the main pole represent CoFe having
an exchange coupling constant Ae = 20.15pJm™', a saturation polarization Js = 2.4T
and an anisotropy constant K; = 800 Jm™3,

Initially the recording system’s magnetization is relaxed for 50 ns with no coil current
applied. Afterwards with a rise time of 0.1ns a target coil current is reached and
flows through the coils surrounding the yoke and saturates the pole tip magnetization.
Applying three different coil currents 20 mA, 40 mA and 60 mA we investigate the changes
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Figure 5.2: Stoner-Wohlfarth effective field scaling factor. © is angle of the field vector
relative to media’s easy axis.

in effective field magnitude and gradient. The current is applied with a frequency of
0.5 GHz which translates into a write rate of 1 bit/ns.

5.2 Manual Optimization

After simulating four coil current switching events the field profile at 13nm and 9nm
below the air bearing surface is computed. The different depths shall provide information
about the switching probabilities for different media types in which one has a thickness
of 10nm and the other 5nm. The assumed underlying patterned media layout reflects
an areal density of 2.21 Td/in? (tera dots per square inch). Each media island has a
diameter of 12nm, a cross-track pitch of 19nm and a down-track pitch of 16 nm. The
saturation polarization is assumed to be pgMgmeq = 0.7 T reflecting a CoCrPt media
material [118].

The effective field value which draws a contour, also called a field bubble, on the
cross-track down-track plane has a certain width. Matching the cross-track width of the
specific recording scheme (shown in Fig. gives us a rough estimate of the media’s
maximum switching field. Fig.[5.3shows this contour matching in a sketch for a staggered
recording scheme. Under the assumption that the media switching field Hgy meq is close
to its anisotropy field (as described in Section we further can assume the media’s
anisotropy constant to be Ki med =~ 110 Ms med Hani,med /2.

Adjusting the media anisotropy to the write field ensures that we can write the dots
on the target track. However, we also have to avoid accidentally switching of dots on
adjacent tracks.

The approximated anisotropy field of the media allows an estimation of a zero field
energy barrier for a single bit with specific volume V/

EB,O = Kl,medV (54)
In order to approximate the adjacent track error rate, we need to estimate the energy
barrier of the dot in the fringing field of the head at the adjacent track H,qj. According

to Victora [I19] the energy barrier for a particle switching by uniform rotation in an
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track width for the staggered recording scheme

this contour perfectly fits the

recording head field
9 nm below ABS

Figure 5.3: The grey-scaled plane shows an example of an effective field profile below 9
nm of the recording head’s surface. The white contours and the numbers indicate the
field strength in units of Tesla. The field contour which, in this example, fits the track
width (dashed lines) of such a bit patterned media layout while planning to write in
a staggered manner, is approximately the media’s switching field Hgy med (in this case
1.2T). The dotted line highlights the center of the adjacent track along down-track
direction Hgj(x).

oblique applied field is given by

3/2
Ep (z) =Ep g - (1 - H&‘L(‘r)) . (5.5)
’ Hani,med

This approximated energy barrier Ep of a bit in a neighboring track together with the
Arrhenius-Néel’s equation gives us the average life time of a bit

1 E
= B (5.6)

Dividing the average life time by the average field exposure time for a bit gives the
approximated number of head passes before the bit unintentionally loses its stored
information.

T

5.3 Results and Discussion

Field profiles at the target and adjacent track centers are presented according to the
different recording types presented in Section [2.3.2]

5.3.1 Centered Recording

A recording head with a 12nm wide pole tip is designed for centered recording according
to the above outlined media layout. In Fig. [5.4] the effective fields are computed at two
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2 - — target track — 9nm below air bearing surface
- --- adjacent track 13nm
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Figure 5.4: A recording head designed for centered recording scheme with a pole tip
width of 12nm, a side shield gap of 20nm and a trailing shield gap of 20nm. The
effective field within the target and adjacent track is shown 9nm and 13 nm below the
air bearing surface. From left to right three different applied coil currents are compared.
The different air bearing surface distances are color-coded and the track line-style coded.

different distances from the pole tip’s air bearing surface in order to cover two possible
single phase media thicknesses. An increase of the head-media distance by 4 nm translates
to 0.5 T field reduction at the target track center and 0.25T at the adjacent track. The
effective field increases with increasing coil current, depicted from left to right. The closer
the media can be brought to the air bearing surface, the higher the possible effective
fields. 13 nm below the air bearing surface the difference between the maximum field of
the adjacent and target track is less than 100mT. This is not enough as it will cause
adjacent track erasure. For this recording head the effective field created by 40 mA or
60 mA coil current are almost the same while a coil current of 20mA reduces the field
from 1.8 T to 1.65T.

Initially, with a side shield gap of 20 nm, the shield is now brought closer to the pole
tip. Fig. [5.5] shows the computed effective fields 13 nm below the air bearing surface for
two different coil currents. In the adjacent track at an elevated coil current of 40 mA
large fields are still observed, even far behind the recording head. The same occurs at a
lower coil current but with a narrow gap between the shield and the recording head. This
indicates a reversed domain within the shield increasing the fields inside the adjacent
track.

The most promising design is with a current of 40 mA and a side shield gap of 10 nm.
Using a media material with an anisotropy constant of 0.35 M.J/m? would have a zero
field energy barrier of 80.9 kgT'. The energy barrier in a bit located at the adjacent track
is 22.6 kgT which can be expressed as 5 x 107 writing head passes before erasure.

5.3.2 Staggered Recording

A staggered recording head is designed with the same geometry as in Section but in
contrast with an increased pole tip width of 19 nm covering two tracks. The effective field
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Figure 5.5: A recording head designed for centered recording scheme with a pole tip width
of 12nm and a trailing shield gap of 20nm. The field is computed 13 nm below the air
bearing surface. From left to right the effective field within the target and adjacent track
is shown, for 20nm, 10 nm, 5 nm side shield gap respectively. Dashed lines correspond
to adjacent track and solid lines to the target track. The line brightness highlights the
different coil currents.
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Figure 5.6: A recording head designed for staggered recording scheme with a pole tip
width of 19nm and a trailing shield gap of 20 nm. Field is computed 13 nm below the
air bearing surface. From left to right the effective fields within the target track and
adjacent track for different coil currents are shown. Different brightnesses of the lines
show three different side shield gaps ranging from darkest 30 nm to brightest 20 nm. Solid
lines correspond to target track and dashed lines to adjacent track.

is computed 13 nm below the air bearing surface for different applied coil currents and is
shown in Fig. Additionally the influence of different side shield gaps is investigated.
At an 20 mA applied current increased side shield gaps show almost no difference (below
100 mT) at the target track. At the adjacent track a 20 nm distance to the side shield
reduces the effective field by 300 mT.

The most promising staggered head design is controlled with 60 mA and has a side
shield gap of 20nm. A media material with an anisotropy constant of 0.49 M.J/m3 would
have a zero field energy barrier of 115 kg7T'. The adjacent track energy barrier is 48.2 kgT
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three different track edges

60 mA
40 mA
20mA

Figure 5.7: Field contour difference with different applied coil currents consequently
changing the track edge, at which the effective field has to be evaluated. For shingled
writing the side shield is only required at one side, the writing track edge. Therefore the
field bubble is asymmetric.

effective field (T/uo)

=
t
T

© 250,300

down track direction (nm)
Figure 5.8: A recording head designed for shingled recording scheme with a pole tip
width of 80 nm, a trailing shield gap of 20nm and a side shield gap of 15nm. Applied
coil current was 40 mA. The field is computed 13 nm below the air bearing surface. The
solid line corresponds to the field in the target track and the dashed line to the adjacent
track.

which can be expressed as 1.9 x 10'® passes before erasure.

5.3.3 Shingled Recording

For shingled recording the pole tip width was 80 nm. We also used a taper angle of 75°

as shown in Fig. 2.12]
A maximum effective write field of 1.8 T is computed at the target track and 1.4 T at

the adjacent track. The field gradient at the target track is 56 mT/nm.
In contrast to centered and staggered writing the shingled recording head is writing
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with one of its corners at the trailing edge. Around this corner much larger field gradients
arise allowing the recording on densly packed bit cells [55], 120]. Now the possible media
anisotropy is not governed by the underlying track width. Here the media anisotropy
is chosen equal to the one for the staggered recording head with 0.49MJ/m?3. This
translates to a anisotropy field of 1.4T. Under different applied coil currents this field
contour changes in shape, which consequently changes the target track centers. This is
outlined in Fig.

The most promising shingled head is controlled with 40 mA and its effective field
profile shown in Fig. [5.8. The same media material as for the staggered head is used.
An anisotropy constant of 0.49 MJ/m? would have a zero field energy barrier of 115 kgT.
The adjacent track energy barrier is 46.9 kg7 which can be expressed as 1.8 x 10'® passes
before erasure.
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CHAPTER

Multi-objective optimization of
static recording simulation

Portions of this chapter were previously published in [Z])] and have been reproduced with
the permission of the co-authors. Content which was not generated by the author of this
thesis is explicitly denoted.
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In this chapter a first version of an automated pole-tip shape optimization tool chain
is presented. The combination of micromagnetic finite element simulations [I15] and a
multi-objective optimization software [121] is described in Section The optimization
maximizes the difference of two field values and one field value at specific locations
along the targeted track. In order to prevent adjacent bits from getting overwritten an
additional constraint keeps the head field below the media switching field at the adjacent
track. After optimization we approximate the achieved error rates. Section [6.2] describes
the chosen recording media and the recording head’s geometry in detail. Section [6.3
reports on first optimized head structures which are discussed in Section [6.4]

Xia and co-workers investigated the influence of head-shield-, head-media-spacings and
track widths on areal density with a 3D finite element head for perpendicular magnetic
recording systems [122]. Shute and co-workers performed similar distance property
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optimizations by using a two-dimensional analytical Fourier approach computing the
magnetic potential between main pole, return pole and soft underlayer [123].

6.1 Strategy

The optimization cycle consists of two major parts. First the optimization process, which
varies several input parameters of a black box system iteratively to minimize or maximize
one or more output values of that same system. The second part is located inside this
black box. The model evaluation, which mostly has to be implemented from scratch,
has to read in the given input parameters and return an output value which ideally
describes the performance of a given set of input parameters. The optimization algorithm
minimizes such an output value by iterating through several combinations of design
parameters, ideally in a reasonably amount of model evaluations. In the following two
chapters a description of both parts is provided.

6.1.1 Design Evaluation

We perform micromagnetic simulations in order to evaluate the write field of different
head designs as outlined in Chap. [f} Now the geometry is automatically constructed
with a Python script controlled via input values, which are defined in Sec. The input
values are provided by the optimizer and therefore the optimizer needs the values of the
objective function and the associated constraint.

In Fig. [6.1] the perpendicular field contribution pgH, and the effective field poHeg
following the Stoner-Wohlfarth-Model in (j5.1]) are plotted along the target and adjacent
track. The figure highlights the three response quantities used for optimization: (1) the
maximum effective field gradient and (2) the effective field at the position of maximum
field gradient, both along the target track. And for the constraint (3) the maximum
effective field along the adjacent track. These three values are handed over to the
optimization software HEEDS®, which itself and its functionality is described in the
section below.

6.1.2 Optimization Process

Within the first approach of optimizing recording head shapes in terms of write perfor-
mance the commercial software HEEDS® by RED CEDAR TECHNOLOGY® software
is used. It promises an automated design space exploration for single and multi-objective
optimizations [92]. The default search method is called SHERPA, which apparently
uses multiple search strategies during optimization in the background. SHERPA is the
abbreviation of "simultaneous hybrid exploration that is robust, progressive and adaptive".
However, it has to be mentioned, that it is kept secret which and how many search
strategies are used simultaneously within HEEDS®.

In order to compute the best shape of a recording head for a specific media and
writing scheme two objectives and one constraint were defined. Fig. highlights the
return values for the optimization after a design evaluation with red circles.
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These three quantities are used for the multi-objective function

max fop, ¥): =) f2(y),y € Y C R (6.1)

subjecttog (y) < Hsw, (6.2)

where f; (y) and fo (y) are both objective functions and ¢ (y) the constraint. y represents
a single set of ki, design parameters (yi,y2, -, Yk, ). These design parameters are
limited in the design space to a feasible set Y shown in Table [6.2] on page [62 However,
within those bounds, the design parameters were treated as continuous variables.

The first objective (6.3) is to maximize the effective field gradient d Heg/dx along the
target track. By maximizing the gradient, head designs with field angles around 45° will
be favored. Huge gradients also translate into head field profiles with a large field at the
targeted bit and a small field at the previously written bit.

fily) = {max (ddH;ﬁﬂmg (6.3)

In conventional recording on granular media large field gradients produce sharper transi-
tions between bitcells. In contrast, with recording on bit patterned media, large field
gradients in both down- and cross-track-direction are favored because they will allow
narrow track pitches in both directions. Therefore higher areal densities are possible.
Consequently the objective function also implicitly let the optimization favor head designs
capable of writing on media with larger areal density. High down-track field gradients
are important for island addressability.

The intrinsic material parameters applied for the main pole represent CoFe having
an exchange coupling constant Ae, = 20.15pJm™', a saturation polarization Js = 2.4T
and an anisotropy constant K; = 800 Jm™3.

But if maximizing the gradient is the only objective function of the optimizer, we
won’t find the solution for the best head design. Additionally we have to favor recording
heads which induce a strong stray field on the target track. Therefore, as second objective
function we define

f2(¥) = [Hett (Tmax)]arg « (6.4)

where xyax denotes the down-track position where the effective field gradient d Heg/dx
has its maximum. This specific position will be called the "working point" of our recording
field profile. The higher the achievable writing field, the more thermally stable materials
can be chosen for a bit (see thermal stability in Eq. . We adjust the media anisotropy
such that the anisotropy field matches Hog(Zmax)-

With above defined objective functions (6.3 and a mechanism is constructed to
increase the overall write performance on the target track as outlined in Fig. [6.2] But
the bits on neighboring tracks need to be treated with care. Therefore, the following
inequality constraint

g (y) = [maX (Heff)]adj < st,med ~ Hani,med = 2K11/J5 = Heff (xmax) (65)

95


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

is defined. This will keep the maximum effective field at the adjacent track below
the media’s switching field Hgy med, as the optimization software will drop all designs
violating that constraint. The small media diameter again allows the assumption of
coherent reversal and therefore the media anisotropy field can be defined as the media’s
switching field Hapimed =~ Hsw,med- Please note that instead of reducing the switching
field according to the Stoner-Wohlfarth equation for oblique field angles we increase the
write field accordingly. Multiplying the computed write field with the Stoner-Wohlfarth
scaling factor (see Fig gives the effective write field.

Stray fields from neighboring bits contribute to the switching field distribution, which
is taken into account when estimating the bit error rate (see Eq. )

Fig. [6.2] summarizes the optimization strategy. Maximizing the field gradient and the
write field at point of maximum gradient increases the difference between the effective
write field at the target island and the previously written island.

Within this chapter we focus on optimizing the shape of the recording head and its
surrounding shield for bit patterned media. Such numerical optimization methods are
iterative and require many evaluations of the objective function. Without a search strategy
good designs are commonly found by performing a so-called Design of Experiments (DOE).
But in DOEs the number of evaluations scales drastically with the number of design space
dimensions. In combination with high computational cost it is a very time consuming
strategy. Within the scope of the presented work, to reduce the number of finite element
micromagnetic field evaluations, a response surface method that locally approximates the
objective functions within the design space is applied [I2I]. The benefit of this method
is, that you are able to apply a gradient descent method to search for better designs.

Of course, a gradient descent method does not guarantee, that it will end up in
the global minimum. Often the method might be trapped in a local minimum. It is a
critical task for the optimization software to initially fill the space with evenly and well
distributed training points.

We performed optimizations for three different writing schemes. The script optimized
a recording head shape for a specific but fixed underlying media layout. After several
design evaluations the design with the maximum field gradient and effective field is used
to compute the error rates described in Section [6.1.3] Optimizations were performed for
a single-phase bit patterned media island of cylindrical shape.

6.1.3 Error Rate Approximation

In general we have to differentiate the following three error occurrences during a writing
process on bit patterned media:

1. accidentally not writing the currently targeted bit
2. accidentally overwriting the previously written bit while writing the targeted bit
3. accidentally overwriting bits in neighboring adjacent tracks
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Figure 6.1: The effective field (bold) plotted along the center of the target (left) and
adjacent track (right). For comparison pgH, shown in thin black and the effective
field gradient in pink. Highlighted with red dots, both objective function values at the
target track: (i) maximum effective field gradient and (ii) effective field at zpax. The
optimization constraint (iii) maximum effective field at the adjacent track is shown on
the right hand side. Note that the red and green dash dotted lines highlight the locations
of the target and adjacent track shown before in Fig. [5.1
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Figure 6.2: Schematic of multi-objective function optimization. Maximizing the effective
field and its down-track gradient will maximize the difference between Hprey and Hiarg.
The solid and dashed lines indicate the effective field along the target track and the
adjacent track respectively. The distance between Hpey and Hiare is one down-track
pitch. The red dot highlights the point of maximum effective field gradient.
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Mallary and co-workers pointed out that the goal of 1 Td/in? in perpendicular record-
ing is feasible as long as a long term error of 0.01 % is not exceeded [I17]. They also
emphasize that every aspect of the recording system must be optimal to achieve such
error rates.

How these three error are treated is explained in the following three sections:

Not Writing the Target Bit

If the effective writing field acting on the target bit lies below the bit’s switching
field (110 Hsw,med = p0Hanimed = 2Ky /Js) we assume that the bit has not been written
successfully. In this study we define pioHefr (max ), the effective field value at our working
point Tyax, to be the media’s switching field. More accurately pgHeg := 2K1/Js where
Js is fixed to Js = 0.724 T and K is calculated with this relation. As previously proposed
in [124] [125], the error rate for not writing the targeted bit BER s can be approximated
with the statistical approach

1 Har - Hani
-l o

V202,

Hiarg is the effective field half a down-track pitch along head flight direction. In Fig. [6.3]
the working point and the assumed target and previous bit position is illustrated. In the
denominator of osw represents the switching field distribution

Osw = \/0%“)05 + 0% + 0%, (6.7)

where oy gives the interaction field distribution, o the deviations in anisotropy field of
each bit due to fabrication tolerances. The misalignment or synchronization error for
writing on bit patterned media is given by

dHeff
OH pos = Upos?a (68)

where o, reflects the head positioning jitter above a bit. The deviations have been
extracted from Schabes and co-workers [126]: oy = 0.02T, 0pos = 0.8nm, 0 = 0.05T.

Accidentally Re-Writing the Previously Written Bit

An insufficiently large field gradient might re-write previously written bits, because the
effective field is still large enough to overcome the media’s switching field. Analogue to
Equation the following statistical relation can be drawn for this error occurrence.

1 H, rev Hani
BER prev = 3 l1 — erf <p>] , (6.9)

/202,

where Hpey is the effective field extracted half a down-track pitch before the recording
head’s working point (see Fig. [6.3).
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Figure 6.3: Perpendicular head field profile (black) along the target track in down-track
direction. The field gradient in down-track direction is colored pink. The media’s
anisotropy field Hynimeq is extracted from this recording field profile. It is chosen to be
the effective field at the point of highest field gradient of the profile. The field values for
the statistical error rate calculation approach Hiaye and Hpey are each extracted half a
down-track pitch in and opposing head flight direction respectively.
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Accidentally Overwriting the Adjacent Track

The constraint defined in filters out all recording head designs where the adjacent
track field is larger than the media’s anisotropy field. From the perspective of a bit
located on an adjacent track it is not sufficient to withstand the fringing field of one
single recording head passing. Instead it has to keep its information after multiple passes
of this recording head.

Therefore, in this third error scenario we approximate the thermally induced track
erasure [127] by placing a single bit at the position where the fringing field reaches its
maximum and compute its energy barrier Eg with the Nudged-Elastic band method. With
the Arrhenius Power Law we can estimate the average life time of the bit’s magnetization

at a certain temperature
1 Ep
— ) 6.10
TR <kBT> (6.10)

The prefactor f; 1'is the inverse of the attempt frequency [127] assumed to be fy =
1.3 x 10" Hz. Temperature T is set to room temperature and kg is the Boltzmann
constant. Eq. estimates the lifetime of a bit before spontaneously overcoming an
energy barrier Eg. By assuming a field exposure time of tyite = 118, we get the number
of passes before erasure with 7 /tyite and the corresponding error rate as

t Ti
BER,q; = WTte. (6.11)

6.2 Geometrical Setup

In the previous section [6.1, we explained how we will optimize our recording head designs
and how we categorize and evaluate them. Now a detailed description of how we model
the media and recording head follows. All geometries are constructed with the help of a
parametrized Python script.

6.2.1 Predefined Media Design

While the pole tip shape and the shield distance vary, a predefined bit patterned media
layout is used as shown in Fig. [6.4] Single phase cylindrical dots with a diameter of
12 nm were used in this media layout. The media was designed to be 10 nm thick. By
separating each bit by 19nm in cross-track direction (cross-track pitch) and 16 nm in
down-track direction (down-track pitch) we get a media layout with an areal density of
2.12Td/in? and a filling factor of 30 %. The distance between the recording head’s air
bearing surface and the media surface is 8 nm.

6.2.2 Parametrized Recording Head Design

The write head uses a helical coil with 4 turns. In Fig. the full finite element
model is illustrated. The coil carries a current of 80 mA and induces a magnetic field
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Figure 6.4: Media layout @ top-down view and @ cross section of 2 Td/in? single phase
media with a dot diameter of dgot = 12nm. The islands on the medium are distributed
in a triangular pattern with a 19 nm cross-track pitch and 16 nm down-track pitch.

in the main pole and yoke of the write head. For the main pole we use a magnetic
saturation magnetization of 2.4T and an exchange constant of 20.15pJm~!. These
intrinsic properties were chosen to reflect a CoFe main pole [63 p. 450]. The applied
intrinsic material properties of the main pole and all other parts are summarized in

Table

part material poMs(T) Aex (pJm™!) K; (Jm™3)

main pole CoFe 2.4 20.15 800
yoke Ni45Fe55 2 13.5 0
return pole NigsFess 2 13 0
shield NiFe 2 13 0
soft underlayer NiysFess 1 13 0

Table 6.1: The applied intrinsic material properties of the recording head model.

Return pole, yoke and soft underlayer posses the similar intrinsic material properties
as the main pole itself, but without magnetocrystalline anisotropy. Those parts are soft
magnetic. Where the main pole has a favoring magnetization axis in y or cross-track
direction and a magnetocrystalline anisotropy constant K; = 800 Jm™3. This helps to
bring the write pole into a well defined magnetic state if the write current is zero.

The write head geometry is constructed with the CAD software Salome [112] and
meshed with Netgen [113]. The air bearing surface is discretized with a mesh size of 2.5 nm
near the pole tip and coarsens with increasing distance. In Fig. [6.6]all relevant parameters
are shown, whereas the parameter space restrictions are summed up in Table While
we optimized both shield gaps and edge angles for all three writing schemes we made
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some exceptions for shingled recording heads regarding their pole tip width. For shingled
writing the pole tip width can be much larger because no centered track needs to be
addressed. The width of the shingled recording head tip is kept constant at 80 nm and
additionally the cross-track position is optimized, as it was not clear where to put the
write corner. This is only necessary for this one writing scheme, because the other two
have the recording heads centered above one or two target tracks.

parameter unit lower bound upper bound
trailing shield gap nm 5 20
trailing edge angle  ° 0 45
side shield gap nm 5 20
side edge angle ° 0 45
pole tip widtH] nm 10 30
cross-track offse nm -10 10

Table 6.2: The search range for each geometrical parameters. All parameters are in the
same optimization loop.

6.3 Results

The free parameters listed in Table have been optimized for minimum bit error rates.
For each recording scheme, we reached a stopping condition after 140 design evaluations.
About 30 percent of the evaluations violated constraints defined in and have been
discarded. For each recording scheme, the optimized parameters along with their bit
error rates are summarized in Table [6.3]

Note that the optimization maximized the objective function defined in Section [6.1.2
and the error rate calculations have been performed afterwards as described in Sec-
tion 613

The thermally induced adjacent track erasure BER,q; is clearly dominating for these
optimized recording head designs. By shifting the working point within the field profile,
as pointed out in Section [6.1} we are able to use media materials with a larger anisotropy
field. We simple re-evaluated the write error for the optimized head design for a larger
media anisotropy. This increases the thermal stability of the recording media leading to a
reduced adjacent track erasure, but makes it harder to write the bits in the target track.
The shingled recording head design clearly outperforms the two other investigated writing
scheme heads. A shingled recording head has a significantly larger air bearing surface
capable of emitting way more stray field towards the media allowing thermally more
stable bits. The shingled recording head has a tapered pole tip shape which translates
into lower adjacent error rates compared to rectangular shaped air bearing surfaces. The
optimized pole tip widths were 14nm, 29nm and fixed 80 nm, for centered, staggered

!For shingled recording the pole tip width was fixed at 80 nm
20ptimized only for shingled recording and is kept Onm for centred and staggered writing
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Figure 6.5: Geometry dimensions of the recording head, soft underlayer, wrap-around
shield and return poles. The soft underlayer has a thickness of 60 nm. The distance
between the air bearing surface and soft under layer is 20nm as shown in Fig.
Material properties of each part are summarized in Table [6.]]
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Figure 6.6: Main pole (red), wrap around shield (green) and their free parameters. (a)
Down-track view of pole tip and shield with the writing scheme dependent cross-track
offset, (b) Cross-track view and (c) Top view. The pole tip taper angle is always kept
90° except for shingled recording it is 75°. In the lower right sub-figure the taper angle
is highlighted as right angle sign.
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trailing trailing side  side  pole
shield edge shield edge tip

1o Hani gap angle gap angle width
BERtarg BERprey  BERagj (T) (nm) (°)  (nm) (°)  (nm)
centered writing"
5.1x107°%  1.3x107° > 1 0.75 9 20 16 15 14
1.9x1072  9.4x10~" 5.5x10~'  0.90 9 20 16 15 14
staggered writing"™
1.3x1076  4.7x1076 > 1 0.82 13 35 11 10 29
2.9x1072 7.2x107% 5.2x1072  1.07 13 35 11 10 29
shingled writingV
1.2x107°  1.1x107°  5.5x107%  1.00 14 45 12 5 80
1.4x10~*  2.3x107% 2.7x10°%  1.10 14 45 12 5 80

Table 6.3: Bit error rates and parameters for best designs for each writing scheme. For
each optimized writer design we picked two working points, which determines the media
anisotropy field Hapi: one at the point of maximum field gradient and one at higher
media anisotropy field. This results in better error rates throughout all writing schemes.
All values are rounded to two significant digits. Writing schemes marked with ¥ and V
have been designed with a pole tip taper angle of 90° and 75° respectively.

and the shingled recording head, respectively. In Fig. we can observe the effective
write fields along the target tracks for the three different writing schemes. The largest
difference between the write field on the target track and on the filed at the adjacent
track occurs for shingled writing. The field gradients throughout all writing schemes are
within a range of 30mT nm~! to 40 mT nm ™.

Additionally we observe that a pole tip width of 14 nm for centered recording is slightly
above one bit diameter of 12nm. As for staggered recording the opposite is observed,
as the optimized pole tip width is 29 nm, which is slightly below two bit diameters plus
their distance in cross-track direction. This underlines the importance of the pole tip
width according to the underlying media layout as we want to keep as less write field as
possible in the adjacent tracks.

6.4 Remarks

A fully-automated pole-tip shape optimization tool has been developed. It involves
the construction of a write head with the open source computer-aided design software
SALOME [112]. This is all done within a single Python script constructing a parametrized
recording head geometry and performing multiple simulations to finally compute error
rates. Optimization was done with the framework HEEDS® using a multi-objective
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Figure 6.7: Effective field profiles of each writing scheme’s best recording head design.
The solid and dashed lines show target track and adjacent track field profiles respectively.

The target track’s effective field gradient is depicted as a dot-dashed line.
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optimization algorithm called SHERPA. The script constructs a write head geometry
described by 5 free design parameters: trailing shield gap, trailing edge angle, side shield
gap, side edge angle and pole tip width. These parameters were optimized so that the
effective field and its gradient is maximized in order to minimize the bit error rate during
recording. We varied and optimized the recording head shapes for three different writing
schemes: centered, staggered and shingled recording. A more detailed description of
those schemes can be found Section It was assumed that the working point of a
recording head’s flux, shown in Fig. [6.3] should be at the point with highest field gradient
and the best recording performance is achieved if the point of highest field gradient is
located near the maximum field point as well. Our simulations show that taking into
account the write error rate it is beneficial to move the working point towards higher
write fields.

As assumed by Albrecht et.al [57] a write error rate below 1072 is tolerable and
potential loss of data can be recovered with the help of error correction codes. This
error rate is achieved only for the shingled writing scheme. Shingled recording clearly
outperforms the other two writing schemes, which is explained through a much larger
achievable flux caused by allowing larger head dimensions and tapering. First results
show that the adjacent track error is the most critical error rate throughout all optimized
writing schemes. Adjusting the anisotropy field of the investigated media allows tuning
the adjacent track error while decreasing write-ability on the targeted track.

Looking at the optimized shingled recording head a ten percent increase in the media
anisotropy field leads to a one to two order reduction of BER,q; and BERev, while
BERtarg is increased by an order of magnitude.

Higher areal densities not only require a high local field gradient, but also a very fast
magnetic switching of the pole tip to ensure an acceptable write speed. It is assumed
that this recording system is capable of switching sufficiently fast for the underlying
media layout and writing scheme. Only the head’s final produced stray field is taken into
account for the error rate approximations.

To evaluate the field in the middle of the track, and therefore in the middle of the bit
only is too optimistic, because in other areas of a media island a magnetic field larger
than the medias switching field might prevail as illustrated in Fig. This means that
at one side, designs which would be capable of switching the targeted bit have been
dropped while on the other side designs which would overwrite the adjacent bit have
been kept as a feasible design. A more elaborate treatment of the currently acting field
on a media island has to be developed considering not a single field value but the full
field acting on the media dot.

The above mentioned issues are addressed in Chap. [7] where both the 3-dimensional
distribution of the write field and its change in time are taken into account. Simulating
the recording process also considers the dynamic switching process of the individual
islands.
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Figure 6.8: The effective write field is strongly non-uniform within the target bit and the
bits of the adjacent track. The definition of the objective function treats this scenario as
not capable of writing the bit because the region of evaluation is chosen too pessimistic.
Vice-versa this treatment would lead to a too optimistic decision regarding the field
evaluation within the adjacent track. Designs which are actually capable of switching the
target bit were dropped while designs capable of switching the previous or adjacent bits
have been considered as viable. Here the field distribution in an island of the adjacent
track is shown.
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CHAPTER

Single objective optimization of
dynamic recording simulation

Portions of this Chapter were previously published in [25] and have been reproduced with
the permission of the co-authors. Content which was not generated by the author of this
thesis is explicitly denoted.
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In Chapter [6] the recording process has been described statically. The effective
field below the pole tip’s air bearing surface has been computed and extracted at two
specific locations in order to evaluate the error rates. By fine-tuning the media’s intrinsic
properties the error rates could be improved. Within the following Chapter a more
elaborate approach is presented. Media properties are now optimized together with the
recording head geometry. The media type has changed from single phase to exchange
coupled composites (ECC) with a doubling areal density media layout (see Section .
In order to compute the contributions to the total error rate multiple finite element
micromagnetic recording simulations are performed considering the complete head field
felt by each targeted, previous or adjacent bit.
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7.1 Strategy

M. Schabes analyzed how bit patterned media fabrication tolerances translate into areal
density restrictions and field gradient requirements at a fixed write error rate [126]. He
emphasized that the "field distributions, fabrication tolerances, write-synchronization
tolerances, as well as the field gradient have to be well controlled in a balanced bit
patterned system." Kanai and coworkers investigated the influence of shields surrounding
a single pole recording head tip [I128]. They computed the magnetic recording head field
with a finite element micromagnetic solver and simulated the recording process onto
many different Voronoi tessellated granular media with areal densities around 400 Gb/in?.
They co-optimized features of the head and the media together. In their work they
emphasized the importance of trailing shields and that a head structure can be found
through numerical optimization, in order to record on such presented media layouts.
Fukuda and co-workers presented a method simultaneously optimizing writer and granular
media parameters for perpendicular recording, using a genetic algorithm together with a
finite element static Maxwell solver and a micromagnetic solver [129]. Li et al. utilized
a second order response surface method in order to co-optimize bit patterned media
and write head properties maximizing the effective writing field gradient for shingled
magnetic recording [I30]. They showed that the reduction of trailing shield gap increases
the effective field gradient and that the media’s coercivity influences the geometrical
requirements of the shields.

The head-media spacing is one of the most important parameters, as higher fields at
the media allow the use of more thermally stable materials. In order to achieve lower
error rates reduced the magnetic spacing to 6 nm.

In the following Sections we document how the optimization strategy has been
improved relative to the method presented in Chapter [6l Section [7.1.2] introduces a
newly implemented optimization software, Section [7.1.3] the definition of a new objective
function, and Section an improved version of the error rate calculation.

7.1.1 Design Evaluation

In the following Fig. a flow chart of a single design evaluation is presented. In contrast
to the previous evaluation from Chapter [6] the computation of the head field is the first of
multiple steps of acquiring the sum of all writing error rates. The computed 3D head field
profile is afterwards used for dynamic recording simulations. Each target and previous
bit error computation consists of 12 parallelly executed writing simulations which will
be described in Section [7.1.4] Those will lead to a more comprehensive investigation of
the media switching field distribution. Through joint optimization of head and media
properties the error rates are reduced as compared to those presented in Chapter [6]

To prevent wasting computational resources for useless head designs the error rate
contributions are computed in a sequentially manner beginning with the target-, then the
previous- and at last the adjacent track error. If the head design fails to write the target
bit, an early stopping criteria is met, in which all further simulations will be aborted.
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This criterion will also be met if the previously written bit is overwritten. The dashed
boxes in Fig. indicate this stopping criteria.

I Design evaluation R
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Figure 7.1: The flow chart of a single model evaluation which returns the sum of all
error rates after sequentially evaluating the write error rate of the targeted bit, the error
rate of accidentally writing the previously written bit and the error rate of accidentally
writing a bit located at an adjacent track. The design evaluation is handled by a Python
script which calls different other software packages noted in the rounded brackets below
each task description.

7.1.2 Optimization Process

In this Chapter we switched to the open source software toolkit Dakota (Design Analysis
Kit for Optimzation and Terascale Applications)[91] for optimization. Within this
toolbox many different optimization algorithms are implemented and can be easily used
and adapted within a command shell. One promising algorithm which suits the problem
at hand is called efficient global optimization (EGO) [85, 86]. In EGO the design space
is described with a Gaussian Process and promises a good trade-off between design space
exploration and exploitation [85]. A more detailed description of EGO and its expected
improvement function (EIF) can be found in Section

71


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

7.1.3 Comprehensive Objective Function

The definition of the objective function has been reconsidered as we are now performing
recording simulations within the optimization cycle. This opens the opportunity to
include the error rates into the objective function itself. The new single objective is
defined to minimize the total bit error rate, which is the sum of all three error rates.

myin fobj (¥) := BERyet (y) ,y € YFn C RFim (7.1)

where y represents a single set of ki, design parameters {y1,y2, - , Yk, } explained in
more detail in Section [7:2] BERy is the total bit error rate used as response value
calculated by

BERtot = BERtarg + BERprev + BER,gj- (7.2)

The simulations for each kind of error rate are computationally expensive, hence they
are calculated sequentially to be able to omit the remaining design evaluation as soon as
one error rate doesn’t meet the requirement. For example if the current evaluated write
head design can’t reverse the target bit with its write field, there is no reason to compute
the other error rates. Similarly, if the head design has a low target bit error rate but
always re-writes the previous bit, the computation of the adjacent error rate is obsolete.

7.1.4 Improved Error Rate Approximation

The error rate calculation for the target and the previous bit error rate has been updated.
Previously we computed the error based on the static write field and the media switching
field neglecting the 3-dimensional distribution of the write field and magnetization
dynamics. In Fig. the flaws of the error rate estimation presented in Chapter [6] are
highlighted.

Now we derive the write error from multiple simultaneous dynamic recording sim-
ulations. As done in Section [6.1.3] we still apply the statistical relation presented

in [124, [126, 131] to estimate the error rates.

An alternative method was applied by Kalezhi and Miles [68], where they used an
analytical model to compute the energy barrier for write errors of a two-layer exchange
coupled composite bit patterned media island. They replaced the magnetization of both
the hard and soft layer with a single spin. The method fits well with micromagnetic
simulations performed by Greaves et al. [55]. These methods treat the externally applied
writing field constant over the entire magnetic body and static over time. In this work
we use a similar approach but consider the full field distribution acting on a single media
island and dynamically move the head field along the targeted track.
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Target and Previous Bit Error

Until now the error rate

BERtarg = % ll —erf (Htarg _ Hani)]

/202,

takes the difference between the effective field at the target bit Hiare and the theoretical
switching field of that same bit. The theoretical switching field of the bit is assumed to
be its anisotropy field H,n; = 2K7/Js. Now two reasons do not allow that simple field
difference anymore: (i) the recording head field is not treated homogeneously anymore
and (ii) the anisotropy field as media switching field holds as a rough estimate for single
phase media only but not for bits with two different phases.

This field difference can be rethought as an interference field Hiyierr interfering with
the head field Hyeaq. By knowing how strong that opposing Hintert can be until the Hyeaq
is not sufficient to switch the bit anymore will give us insight about the target bit error
rate BERarg. By knowing how strong an amplifying Hinterr can be until the head field
unintentionally switches the previous bit as well, will give us the BERpeyv. The error rate
equations are rewritten to

BER targ = % [1 — erf (HC“agﬂ and (7.3)
1

V2075,

BERprey = 5 ll —erf (Htpvﬂ , (7.4)

V202,

where Herit targ and Herit prev are the opposing critical field hindering the applied head field
from switching the target bit and the critical amplifying field causing an unintentional
switching event in the previously written bit, respectively.

To find those critical opposing or amplifying fields, several field values have to be
sampled with the help of micromagnetic simulations. During a single micromagnetic
simulation the previously computed write head field is locally applied. The 3-dimensional
field profile is shifted with previously defined down-track and cross-track offsets accord-
ingly. During writing the field is scaled with the wave form of the write current. The
current rise time was 0.1ns. In addition an external homogeneous field Hiyiert is globally
applied, acting as the described interference field. The interference field acts as a counter
force to the write head field. Fig. illustrates the initial simulation setup to find the
critical fields for both error rates, BERtars and BERprev.

Those critical fields will be searched along an assumed switching field distribution
which is a rough estimate. The bit islands have a switching field distribution which
is modeled by a Gaussian distribution. Its standard deviation is proportional to the
anisotropy field of the hardest phase of the multiphase media island gy est = 0.015 Hyni
where Hyni = 2 K hard/Js. Along this initial estimated field distribution, not to be
confused with the switching field distribution considering position jitter and fabrication
tolerances, we perform micromagnetic recording simulations. For recording simulations,
twelve evenly distributed interference field magnitudes Hiptert Were picked in the interval
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Figure 7.2: The initial state of each recording simulation search for the critical interfering

field causing either an unsuccessful or successful write attempt. (a) illustrates the scenarios
for the target error and (b) for the previous error rate acquisition.
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of 0 to 40w est- These simulations can be done in parallel. Each of 12 CPUs perform
a recording simulation where only the interference field varies (see Fig. [7.3). The
additionally applied disturbance field is anti-parallel or parallel aligned to the head field
for calculating the target bit or previous bit error rate, respectively.

After determining the maximal allowed disturbing fields Heyit targ and Herit,prev We are

able to obtain both bit error rates by integrating over the tail of the Gaussian function
with the critical fields as lower bound [124], as equations (7.3)) and ( show.

The part of the evaluation script, which searches for the crltlcal ﬁeld H_,i is able to
refine the search range multiple times. In this work the search has been refined twice
with an initial search discretization of half the estimated switching field distribution
Osw,est, Which is indicated by long and short tic marks on the Hiyterf-Axis in Fig. as
first and second refinement step, respectively. For these recording simulations the write
field moves with 13.5ms™! in down-track direction. This results in a writing time of one
nano second per bit.

Adjacent Bit Error

In order to calculate the thermally induced adjacent track erasure error BER,g;, a single
bit is placed into the fringing field of the head. The placement of the adjacent bit for
each writing scheme can be seen in Fig. [7.7 At this position the field is mapped onto the
bit and assumed to be the worst case field exposure for an adjacent bit. Using the nudged
elastic band method [106], we compute the energy barrier Ep for magnetic reversal of
the adjacent bit under the influence of the fringing field. The energy path is discretized
into 40 images (see Section and has been computed with a relative and absolute
tolerance of 1 x 1078, It is assumed that the highest field exposure and the lowest barrier
occurs at the down-track location where the pole tip has its maximum width shifted
2nm in flight direction. From the energy barrier we calculate the life time of the bit
7 = fy 'exp (Eg/kpT) with an attempt frequency of fy = 130 GHz [127]. We assume
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Figure 7.3: Calculation of Target Bit Error Rate with Assumed Switching Field Dis-
tribution Pyy est With ogw est = 0.015Hani. Herig targ is the anti-parallel aligned external
field Hinterr which is needed to prevent switching of the target bit. Calculation of the
previous bit error rate is analogue. We search for Hcyit prev Which is the parallel applied
field Hinterf where the previous bit gets rewritten with Hyeaq.

a field exposure time during writing tyite = 1ns. Then the number of passes before
erasure is 7 /tyrite, i-6. BERadj = twrite/T-

The total bit error rate is the sum of the above described error rates BERiot =
BERtarg + BERprev + BER,gj.

7.2 Geometrical Setup

A more dense media layout and composite media which switches by non-uniform rotation
are introduced. New parameters for the recording head such as the pole tip taper-angle
and shield thickness are optimized. The position of the recording head in cross- and
down-track direction is now a free parameter as well.

7.2.1 Exchange Coupled Composite Media Design and Layout

Results from optimizing the recording head geometry of Section show that the
adjacent track erasure dominates the total error rate due to the high field magnitude
in the neighboring tracks. The goal is to increase storage capacity and therefore we
need to look at optimizations for higher areal densities. One promising way is to change
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the switching type of the underlying media by adding additional exchange coupled
layers. Bashir et al. demonstrated a head optimization using the software IOSO, while
writing on bit patterned, exchange coupled graded media with an areal density of around
2.5 Th/in? [23]. For their optimization they used the product of the write field gradient
times the write field as objective function.

Exchange coupled composite media as shown in [132] allows a reduction of the required
switching field while keeping a certain thermal stability (see Section . Introducing
this media type promises more stable bits within a passing head’s fringing field improving
the previous and adjacent track error. In Fig. the triangular media layout is shown
with a down-track pitch of 13.5nm, cross-track pitch of 11.7nm and a dot diameter of
12nm. The bits have a height of 12nm and a distance to the head’s air bearing surface
of 6nm. This results in an estimated areal density of 4.08 Tb/in? and a filling factor of
71.6 %. In order to reproduce exchange coupled composites the finite element mesh of
the media island is separated into three sections. A hard phase acting as the storage
layer, a soft phase acting as the switching assist layer and a 1 nm thick coupling interface.
A cross-sectional view can be seen in Fig. [7.4b]

New free parameters are the hard phase’s magnetocrystalline anisotropy K pard and
the interface exchange constant Aey int of the coupling layer. The soft phase anisotropy is
changed proportionally to the hard phase anisotropy K soft = (1/5) K1 hara. The magnetic
saturation polarization of both phases is 0.7T. In order to also consider position jitter, a
corresponding distribution could be embedded into oy, in Equation and like
described in following [126]. Here also fabrication tolerances are included into the
switching field distribution oy,

7.2.2 Parametrized Recording Head Design

For each optimization of a specific writing scheme (centered, staggered and shingled),
the free parameters are the trailing shield gap, trailing edge angle, side shield gap, side
edge angle and trailing edge down-track position. Those are presented in Fig. [7.5] All
angles are defined relative to their next main pole surface. The wrap around shield
surfaces are constructed parallel to their opposing pole tip surface. Considering skewing
(see Fig. , the taper angle from trailing edge to leading edge of the write head’s air
bearing surface (see Fig. [7.5c) is kept constant at 75° during optimization. Note that
this trapezoidal or triangular air bearing surface shape is the reason for non-planar pole
tip cross-track faces which might be restricted by manufacturability.

For centered and staggered writing an optimal cross-track offset of O nm is assumed
due to symmetry of the scheme. For shingled recording this offset is included as free
parameter. The shield thickness is included as parameter for the optimization process as
well. The pole tip width and the shield thickness at 80 nm and 50 nm respectively are
kept constant for this writing scheme.

In Fig. the free design parameters of the write head and the contour of a wrap
around shield are shown. In Fig. [.5h the main pole and shield is pictured in down-track
direction, with the side gap of the shield, the shield thickness, the side edge angles,
the pole tip width and the cross-track offset parameter. Fig. [T.5b represents a cross
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Figure 7.4: Media layout @ top-down view and @ cross section of 4 Th/in? exchange
coupled composite media with a dot diameter of dgot = 12nm. The media is pseudo-
hexagonally aligned with a 11.7nm cross-track pitch and 13.5nm down-track pitch.
K1 hara and Aex int are included as design parameters into the optimization procedure.
Soft phase anisotropy is one fifth of hard phase anisotropy. Media filling factor = 71.6 %.
(Red dashed lines show the 2 Th/in? media layout of Chapter |§|)

section of the geometry in cross-track direction illustrating the trailing shield gap, trailing
edge angle and the down-track offset parameter. In Fig. [7.5c the write head and wrap
around shield is shown from the media’s perspective looking up to the air bearing surface,
depicting the definition of the pole tip taper angle.

The wrap-around shield geometry has been improved for shingled magnetic recording
heads, as an increased gap opposing the write corner cross-track direction has been
introduced.

In order to reduce computational time, the recording head geometry has been simpli-
fied. In contrast to our work in Chapter [6] the finite element model comprises only the
main pole and shield and not the full recording head structures. We cut the writer at
yoke height and replace the influence of the yoke with magnetic surface charges at the
cut plane. We set the surface charges oy, to 2.4T which has been acquired from previous
full recording head simulations. This reduces the finite element mesh complexity of the
write head while the cost in head field precision is tolerable. The method that mimicks
the yoke with a simple charge sheet goes back to the work of Victora [133] [134]. In order
to efficiently treat the soft underlayer we mirror pole tip and shield at the mirror plane.
Fig. [7.6] shows how charge sheets and mirroring are used to model the yoke and the soft
underlayer, respectively.

Table [7.1] summarizes the free parameters used during optimization and their param-
eter search range. All design parameters in this work are treated as continuous variables
by the optimization algorithm.
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Figure 7.5: The main pole (red), wrap around shield (green) and their free parameters.
The (a) down-track view of pole tip and shield with the writing scheme dependent
cross-track offset, (b) cross-track view and (c) top view. The pole tip taper angle is
always kept at 75°.

7.3 Results

The use of several design parameters during an optimization may result in an objective
function landscape which has more than one local minimum with comparable objective
function values. Thus more than one design with similar performance is possible. The
two best designs for each writing scheme are summarized in Table [7:2] The field profiles
of each writing scheme’s best design are shown in Fig. [7.7] Each field profile is shown
from the top, cross- and down-track direction. The top view shows a zy-plane slice of
the field profile 9nm below the air bearing surface, which corresponds to the middle
of the media’s soft phase. The cross- and down-track slices are taken depending on
the location of the target bit which is furthermore dependent on optimized down- and
cross-track offset. The location of target, previous and adjacent bit are illustrated as
labeled contours.

For centered writing (Fig. [7.7h) the number of free parameters was 9. After 46
function evaluations the total bit error rate BER; was minimized to 2.9x1073. The target
bit error rate BERarg dominates for both optimized designs, which show considerable
difference with respect to their geometry. One design has a very narrow pole tip of 5.3 nm
while the other one has pole tip width of 18 nm. The narrow recording head is writing on
a slightly softer media than the broad recording head. Making the media softer results
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Figure 7.6: A focused view of the pole tip, shield, soft underlayer and location of the
media layer. On the left hand side the soft underlayer is meshed with finite elements
whereas on the right hand side the effect of the soft underlayer is mimicked by a mirrored
pole tip, with charge sheets applying 2.4 T to the main pole.

in better writeability but also increases the chance of accidentally writing other bits. By
increasing the uniaxial magnetocrystalline anisotropy of the media island we reduce the
chance of unwanted switching of the previous and adjacent bit but also decrease the
writeability of the target bit.

The narrow pole tip cannot apply much flux to the media, which can be seen by a
higher target error rate. In contrast the wide tip reduces the target error but slightly
increases adjacent track erasure. The wide tip needs a much sharper angle of 18° on the
side walls to obtain similar adjacent error rates compared to the narrow tip with 45°.

For staggered writing (Fig. [7.7b) the number of free parameters was 9 as well.
After 94 function evaluations the total bit error rate BERo; was minimized to 1.8x1072.
Due to the halved bit distance in down-track direction, in staggered recording overwriting
of the previous bit becomes more likely as compared to the results in centered writing.
However, adjacent track erasure is drastically decreased due to a narrow pole tip width of
12nm. For the best two designs, optimized head and media parameters are very similar
and do not vary much in error rates.

For shingled writing (Fig. |7.7c) the number of free parameters was 8. The total
bit error rate was 1.5x107% after 62 function evaluations. The overall bit error rate is
dominated by the probability of thermally switching an island on the adjacent track. A
similar performance, with slightly changed trailing edge angle and side shield gap but
with interfacial exchange coupling Aex halved, was reached after 68 function evaluations
with a total bit error rate of BERo; = 8.4x10~%. For both designs the overall bit error
rate is dominated by equal errors BERtarg and BERprey, no matter if the media’s hard
and soft phase are strongly or weakly coupled. It is worth noting that the optimization
found an exchange spring and an exchange break setting for the media design.

Additionally we calculated the zero field energy barriers Ep (shown in Table as
well) with the nudged elastic band method, for each best exchange coupled-composite
media design. The zero field energy barrier of the two best centered writing designs are
140kgT and 110kgT respectively with T'= 300 K. For staggered writing both barriers
are identical at 110kgT and for shingled writing we calculated zero field energy barriers
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of 140kgT and 130kpT.

parameter unit lower bound initial upper bound
trailing shield gap nm 5.0 9.0 20.0
trailing edge angle ° 5.0 20.0 45.0
side shield gap nm 5.0 16.0 20.0
side edge angle ° 5.0 15.0 45.0
pole tip width nm 5.0 14.0 20.0
pole tip taper angle ° 75.0 75.0 75.0
shield thickness nm 3.0 10.0 20.0
K1 hard MJ/m? 0.5 0.8 1.2
Aex,int pJ/m 1.0 2.0 10.0
down-track offset nm 0.0 6.8 8.0
cross-track offset nm -8.0 0.0 8.0

Table 7.1: Initial value, lower and upper bound for each free parameter. All parameters,
of both the head and media, are treated simultaneously.

7.4 Remarks

An algorithm has been developed for the joint optimization of writer and media properties.
Optimal design parameters for high-density bit patterned media recording were acquired.
The areal density was doubled from 2 Tb/in? to 4 Th/in? compared to the first approach
(in Chapter@. The evaluation of the error rate is fully based on micromagnetic simulations
which take into account magnetization dynamics for computing on-track errors and also
the thermally induced adjacent track erasure. The computational framework has been
deployed on a computer cluster enabling a fast search for solutions of optimization
problems with rich design spaces.

The optimization runs show that shingled writing clearly outperforms all the other
investigated writing schemes for high areal densities with respect to write error rates. In
centered or staggered writing the conflicting demands of a high field gradient and a high
write field cause a poor on track performance of the writer. In the design parameters
found for centered and staggered writing the perpendicular write field is well below 1 T.
Decreasing the air bearing surface to media spacing of 6 nm as used in our simulations
will be essential to achieve error rates below 1072 with centered writing on 4 Tb/in?
exchange coupled composite bit patterned media. On the other hand write error rates in
the range of 10~8 were achieved for shingled writing.

One remark has to be made regarding the response space in relation to the early
stopping criteria which is reached when designs couldn’t even write the targeted bit.
When such a stopping criteria is met the objective function was set to a total error rate
above 1. This definitely led to a distorted response space making it more difficult to fit
approximating functions to the total error rate.
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Figure 7.7: Perpendicular field profile of the optimized design for (a) centered writing
(b) staggered writing and (c) shingled writing. Each field profile is shown in three
perspectives: top view 9nm below the air bearing surface, (I) cross-track view along
down-track offset and (II) down-track view along cross-track offset. Each top view shows
the contours of the best head’s air bearing surface in red and shield in green.
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CHAPTER

Conclusion and Outlook

8.1 Conclusion

Bit patterned media is a candidate for extending magnetic data storage towards 10 Tbh/in?.
Many papers have been published showing its potential [36], 70, 124 126, 135]. Writing
on conventional granular media, where a bit cell is formed by a large group of grains, no
immediate loss of information appears if just a few grains are not switched by the write
field. This is different with bit patterned media, where each bit is now represented by
one cylindrically shaped grain (see Fig. . Now it has to be assessed whether switching
has occurred or not and requires the introduction of error rates [27, [135].

This work’s purpose is to demonstrate the capability of a fully automated recording
head geometry optimization framework to find the best possible combination of recording
head and bit patterned media design.

How well such a recording geometry performs in writing on a specific media type
and layout, can be estimated by performing micromagnetic recording simulations of bit
patterned media ensembles [126] and counting how many write errors occurred. This has
to be repeated several times resulting in high computational cost. Another possibility is
the use of a statistical approach to compute the write error rates [I35]. Within this work,
under the assumption of a Gaussian media switching field distribution, the statistical
approach is applied with a maximum allowed disturbance field (see Section . This
allowed to see the suitability of a specific recording head shape. Errors on adjacent or
previously written bits could be observed while writing a targeted bit.

From first simple parameter and coil current variations (see Chapter [5)) to an optimiza-
tion framework including four to five varying parameters with multiple objectives (see
Chapter @ evolved a head—media co-optimization tool with a meaningful and informative
single objective function improving nine different parameters (documented in Chapter [7)).

The optimization improved the performance for writing on a single phase media
with an areal density of 2Td/in? (tera dots per square inch) and on exchange coupled
composite media with an areal density of 4 Td/in?. The head-media system for centered
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writing improved from a 50 % chance of a write error each write attempt to an acceptable
error rate of 3 x 1073, The staggered recording head system’s error rates reached a value
of 1 x 1072 to 2 x 1072, Results showed that the shingled writing scheme — due to its
much wider tip width — is the most promising candidate. It achieves high effective fields of
1.8 T in the target track while 0.4 T low field is seen from bits at the adjacent track. This
allows the use of highly thermally stable media material. Low error rates in the range of
1 x 107 for high density magnetic recording with a conventional perpendicular recording
head are achieved. Much lower error rates of 1 x 107% are found if the geometrical
features of the head are matched with the underlying media.

Since a large number of parameters are freely selectable by the optimizer, various
parameter combinations can reach an error rate minimum. Due to the exchange constant
between the hard and soft magnetic layer as a free parameter of the optimization two
media switching types are found. One with an interface exchange of 10pJm~! and
one with half of the exchange constant. The high exchange coupling corresponds to an
exchange spring behavior whereas the lower coupling value shows an exchange break
behavior which has also been found in [136] [137].

8.1.1 Possible Model Improvements

Within this work several assumptions where made and certain effects have been neglected.
Most importantly we neglected the effects of thermal fluctuations in the simulation of
the writing process. In our simulation we used temperature dependent intrinsic material
properties but neglect random thermal fluctuations. For fast writing these fluctuations
may influence the switching time. Considering the full thermal effects would involve the
introduction of a stochastic fluctuation term for each magnetic moment 1m on the nodes
of the finite element mesh [46, 138, [139].

In addition flying height, head position and the size of writer elements may fluctuate
with temperature [140} [141]. Taking this effect into account would require the re-modeling
and meshing of the recording system.

8.2 Outlook

While several geometrical parameters have been examined in this work, still more complex
structures could be included into the optimization process. For example a filed patent
showed cutouts in the trailing shield at different positions next to the pole tip which
could be parametrized [I42]. The stray field profile emitted by the recording head can be
fine tuned by introducing such notches in the shield geometry [143]. This becomes more
important for the promising shingled recording scheme.

By replacing the rather restrictive geometrical recording head description with a more
flexible level-set method [I44] better recording head and shield shapes could be found.
Topology optimization has already been proven worth considering, if certain fabrication
tolerances can be met [145]. In future we can foresee the combination of level-set methods
for shape optimization combined with the dynamics of magnetic recording simulation for
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computing the total error rate.

More parameters could be allowed to change for the underlying media, as for example
the cross- and down-track pitches. This raises questions about media island to island
interaction and its effects onto the assumed switching field distribution.

In a more production oriented perspective the design space could be configured to exactly
match the possible manufacturing precisions, media layouts, etc. Economically speaking
one could gain insight which production routine might be most beneficial in terms of
error rate and areal density.

Besides conventional recording energy assisted magnetic recording features could be
optimized. For example the heat spot or near field transducer shape in heat assisted mag-
netic recording (HAMR). Or the frequency, position and shape of spin-torque oscillators
for microwave assisted magnetic recording (MAMR) could be analyzed. Conventional
perpendicular recording will most likely be replaced by those new methods to reach areal
densities of 10 Th/in? [126].

The combination of micromagnetic simulations capable of resolving magnetization
dynamics with an optimization framework does not only improve magnetic recording sys-
tem. The joint optimization of various parameters like the shape of a magnetic recording
head and properties of the media reduces the write error rate. Similarly micromagnetic
simulations combined with numerical optimization can be used for optimizing magnetic
materials and devices. An example are the optimization of permanent magnets with
respect to their granular structure, in order to maximize the energy density product,
which is the key figure of merit for permanent magnets [146].
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