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Scienti ¢ and economic interest has recently turned to smal ler and smaller mag-
netic structures which can be used in hard disk drives, magne toresistive random
access memory (MRAM), and other novel devices. For nanomagnets the geomet-
ric shape of the object becomes more important than other factors such as mag-
netocrystalline anisotropy — the smaller the object, the mo re strongly the shape
anisotropy affects the hysteresis loop.

We investigate the micromagnetic behaviour of ferromagnet ic samples of var-
ious geometries using numerical methods. Finite differenc es and nite elements
are used to solve the Landau-Lifshitz-Gilbert and Brown's eq uations in three di-
mensions. Simulations of basic geometric primitives such as cylinders and spheres
of sub-micron size orders provide hysteresis loops of the av erage magnetisation,
and additionally our computations allow the study of the mic roscopic con gura-
tion of the magnetisation. We show different mechanisms of v ortex penetration for
these geometries, and investigate part-spherical geometries whose magnetisation
pattern demonstrates qualities of other primitives.

Developing this further, we calculate the hysteresis loops for a dropletshape —
a part-sphere capped with an half-ellipsoid. This resembles the shapes formed by
some chemical self-assembly methods, a low-cost and ef cient way of creating a
commercially viable product. When examining the magnetic m icrostructure of this
geometry we nd different types of vortex behaviour, and rev eal the dependence
of this on the physical characteristics of the droplet.

We also examine the hysteresis loops and magnetic structures of other geome-
tries formed through the self-assembly method such as antid ots — honeycomb-like
arrays of spherical holes in a thin Im. We show magnetisatio n patterns and com-
parison between experimental and computed magnetic force m icroscopy (MFM)
measurements.



Contents

1

Introduction 1
1.1 Historicalcontext . . . . . . . . . . . ... .. 1
1.2 Modernmagnetism . . . . . . . ... .. 3
1.3 Harddiskdrives . . ... ... . ... 4
1.4 Overview of relevantinteractions . . . . . . ... ... ... ...... 5
1.5 Computersimulations . . . . . ... .. .. ... 6
1.6 Summary . . . . . . e e e e 6
Micromagnetics 8
2.1 Introduction . . . . . .. ... 8
2.2 From quantum mechanics to micromagnetics . . . . . ... .. .. .. 9
2.3 Interactions between atomic magnetic moments . . . .. ... .. .. 10
2.3.1 Exchangeenergy ... .. ... ... ... ... 10
2.3.2 ANisSOtropy €nergy . . . . . v o i e e e e e 12
2.3.3 Zeemanenergy . . . . . ... e e e e e 14
2.3.4 Dipolarenergy . . .. .. .. .. 14
235 Totalenergy . . . . . . . . .. 15
2.4 Micromagneticdescription. . . . . . .. ... . . o 0o 15
241 Exchangeenergy . . . . . . . .. .. 16
2.4.2 AnNisSOtropy energy . . . . . . i i e e e e e e 17
243 Zeemanenergy . . . . . ... e e e e e 19
2.4.4 Dipolarenergy . . .. . . .. .. 19
25 Fromstatictodynamic . . . . . . .. ... 19
2.6 Computationalmodels . . . .. .. .. .. .. ... .. .. .. ... 20
2.6.1 The Stoner-Wohlfarthmodel . . .. ... ... ......... 20
2.6.2 The Landau-Lifshitz-Gilbert equation . . . .. ... ... ... 2
2.7 Simulation . . . ... e 22
2.7.1 Discretisation . . . . .. . ... 22
272 LLGrelaxation . .. ... ... .. ... ... 25
2.8 Micromagneticsystems. . . . . . . . ... e e 26
2.8.1 Thehysteresisloop . . . . . ... ... ... ... .. ... 26
28.2 Domains . . . . . . 26



2.8.3 States — microstructures of magnetisation . . . ... ... .. 28

2.9 Computationallssues . . . . . . . . . . . . . . e 29
2.9.1 OOMMF software requirements . . . ... ... ... ..... 30
2.9.2 magparsoftware requirements . . . . . ... ... ... .. ... 31
2.9.3 POSt-processing . . . . . . . . 33
2.9.4 Hardwarerequirements . . . . .. ... ... .. ... ... 33
295 Diskspace . . . .. ... 34
2.9.6 Commoditycomputing . . ... .. ... ... ... ...... 35
2.9.7 Visualisation. . .. .. .. ... .. .. ... e 36

2.10 Applications . . . . . . .. e 39
2.10.1 Patterned and non-patterned media . . . . . . ... ... ... 40
2.10.2 Magnetoresistive random accessmemory . . . . . . . . .. .. 4

Basic geometries: at cylinders and spheres 42

3.1 Introduction . . . . .. . . ... 42

3.2 Priorwork . . ... 42

3.3 Parameterisationofgeometry . . . .. .. ... ... . o oL 43

3.4 Flatcylinder . . . . . . .. 45

3.5 Sphere . . . ... 49
3.5.1 Finite differences and niteelements . . . ... ... ... .. D
3.5.2 Reversalmechanism . ... ... ... .............. 51
3.5.3 Sizedependence .. ... ... ... .. ... 0 52

3.6 Summary . . ... e e e e e e 56

Cones 57

4.1 Introduction . . . . . . . ... e 57

4.2 Parameters . . . . . . .. e 57

4.3 Results . . . . . .. . e 58

4.4 SUMMANY . . . . o e e e e e e e e e e e 61

Nanodots 63

5.1 Introduction . . . . . . . . . ... e 63
5.1.1 Whatisananodot? . . . .. ... .. .. ... ... .. 63
5.1.2 Lithography . . . . . . . . . . .. 65
5.1.3 Self-assembly . . . ... ... ... ... 65

5.2 Half-sphere . . . . . . . . ... e 66
521 Results . . . . . . e 66
5,22 Discussion . . . . ... 67

5.3 Part-sphericalnanodots . . . . ... ... ... ... .. .. . ... 76
531 Parameters. . . . . . . .. 69
532 Results . . . .. ... e 70
5.3.3 ComparingOOMMF andmagpar. . . . . .. .. ... ..... 72

iv



5.4 Multiplevortexstates. . . . .. . . ... ... ..o

55 “Droplet’nanodots . . . .. .. .. .. ... .. .. .. ...
551 Parameters. . . . . . . . . ... e
5.5.2 Reversal mechanism . . ... ... .............
5.5.3 Sizedependence . . ... ... ... ... ... .. ...

5.6 Applying an out-of-planeexternal eld . . . ... ... .......

57 Summary . . ...

Antidots

6.1 Introduction . . . . . . . . . .. e

6.1.1 The hexagonallattice . . . . . . ... ... .........
6.2 Parameters of the antidotsystem . . .. .. ... .........

6.3 Three-dimensionalmodel . . .. ... ... ... .. ........
6.4 Two-dimensionalmodel . . . ... ... ... .. .. ........
6.5 Stray eldmeasurement . . . . ... ... .. ... ...

6.5.1 Numerical calculation ofthestray eld . .. ... ... ...

6.5.2 Stray eld calculation through analytical techniques . . . .
6.6 Monte Carlosimulation . . ... ...................
6.7 Results . .. . . . . ..
6.8 Summary . . . . ...
6.8.1 Outlook . ... ... ... ...

Summary and outlook
7.1 SUMMANY . . . . e e e

Analytical calculation of the stray eld

Supporting equations for the 3D/1D Monte Carlo method
Material parameters

CGS and Sl (MKS) unit systems

Complete simulation process
E.1 Notation . ... .. .. . . . . . .. . e

Constructive solid geometries



List of Tables

2.1
2.2
2.3

Cl1

D.1

Magnetic moments of important transition metals ( Kittel, 1996) . . . . 10
Exchange energy between parallel ferromagnetic moments . . . . . . 11
Properties of some common ferromagnetic materials . . . . ... ... 24
Properties of ferromagneticmaterials . . . . . . .. ... ... .. ... 115

The centimetre-gram-seconds (CGS) and the metre-kilogram-seconds
(Shunitsystems . . . . . . . . 116

Vi



List of Figures

11
1.2
13

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19

2.20
2.21
2.22
2.23

3.1
3.2
3.3
3.4

William Gilbert's magnetic model ofthe Earth . . . .. ... ... .. 2
Coulomb's dipoles and Faraday's lines offorce . . . . ... ... ... 3
An exploded view of the Hitachi Microdrive . . . .. ... ... ... 5
Increasing storage density . . . . . . ... ... ... .. . . ... 9
A three-platter IDE hard disk drive, manufactured by Fuji tsuin 1999 10
Energy density due to uniaxial anisotropy . . . . . . .. .. ... ... 12
Cubic anisotropy energy surfaces . . . . . .. ... .. ... .. .. . 13
The unit vectors of two moments S;andS; .. ... .. ........ 16
The functionscos and 1 72 ....................... 18
The effect of altering the number of cellsinageometry . . .. .. .. 23
Finite difference and nite elementmeshes . . . . . ... ... .. .. 24
Relaxed magnetisation from edge- and diagonally-aligned states . . 25
Typical hysteresisloops . . . . . . . . ... ... ... 27
Magnetic recordingideals . . . . .. .. .. ... .. .. .. ... 27
Atypicalferromagnet . . . .. .. ... .. .. ... 28
Domains formed in sample withclosed ux . . . . ... ... ... .. 28
Micromagnetic systemstates . . . ... .. ... ... ... ... ... 29
The simpli ed simulationprocess . . . . ... ... .. ... ...... 30
OOMMF memoryrequirements . . . . . . . . . .. . ... ..... 31
Memory usage scalingwithmagpar. . . . . . ... ... ... ..... 32
Memory usage of OOMMF and magpar . . . .. ... ... ...... 32
A visualisation showing surface maps, streamlines, magnetisation
andanisosurface . . . . ... .. ... 37
Massless patrticles highlighting corevortex . . . . .. .. .. ... .. 38
Out-of-plane and in-place vortices . . . . . ... ... ...... .. 39
Patterned and non-patterned media . . . . . .. ... ... .. ... 39
Magnetoresistive random accessmemory . . . . . .. .. .. .. .. 41
Single-domainand vortex states . . . . . . ... ... ... 43
Anisotropic simulation domain . . . . . ... ... L. M
Hysteresis loop for a at nickelcylinder . . . . .. ... ... ... .. 45
Cylinder overview with magnetisation in a high applied e Id . ... 46

Vii



3.5 Magnetisationin atcylinder . . . . ... ... .. ... ... ...
3.6 Flower state and onion state inacylinder . . .. .. .. ........
3.7 Flatcylinder entering the vortex state . . . . . . ... ... ......
3.8 Flat cylinder just before leaving the vortex state . . . . . ... .. ..
3.9 Height dependence of state transition incylinders . . . . . . ... ..
3.10 Phase diagram for nickelcylinders . . . . . ... ... ... .....
3.11 Hysteresis loops for nickel spheres of diameter d=200nm . . . . . ..
3.12 Nickel sphere in high applied eld showing spin tapering . . . . ..
3.13 Sphere athighapplied eld . . .. ... ... .. ... .........
3.14 Sphere immediately after entering the vortex state . . . .. .. .. ..
3.15 Sphereinvortexstate . . . . . . . ... ..o
3.16 Sphereinlatevortexstate . .. .. ... ... .. ... ... ...,
3.17 Size dependence of nickel spheres . . . . . .. .. ... ... ....
3.18 Hysteresis loops for nickel spheres of diameter 50nm and 80nm . . .

4.1 Remanent magnetisation states in conical geometries . . .. . . . ..
4.2 Phase diagram of remanent statesincones . ... ..........
4.3 Hysteresis loop forconeofd= h=100nm . . . . ... ... ......
4.4 Detailed points for cone reversal mechanism where d = h =100nm

5.1 Scanning electron microscope image of a dropletarray . . ... ...
5.2 MOKE measurements for a nickeldotarray . . . ... ... ......
5.3 The double-template self-assembly technique . . . . . .. .. .. ...
5.4 Atypical nanodot “droplet”’geometry . . . . . . . ... ... ...
5.5 Hysteresis loop for a nickel half-sphere of diameter 200nm . . . . . .
5.6 Half-sphere at high applied eld (point ain gure55) ... ... ..
5.7 Half-sphereinremanentvortexstate . . . . .. ... ... ..... .
5.8 Half-sphereinlatevortexstate . . ... ................
5.9 Reversal mechanism phase diagram for part-spheres . . . . .. . ..
5.10 Reversal mechanism ford=50nm,h=0.5d. . ... ... ... ... ...
5.11 Reversal mechanism ford=100nm,h=d. . . . . . ... ... ... ...
5.12 Hysteretic comparison of OOMMF (FD method) and magpar(hybrid
FE/BEmethod) . . . .. .. .. . . . . . .
5.13 Hysteresis loop for an isotropic nickel half-sphere of d iameter 350nm
5.14 Two vortex states in an isotropic nickel half-sphere of d iameter 350nm
5.15 Hysteresis loop for isotropic nickel half-sphere of dia meter 750nm . .
5.16 Vortex “pinning” in three-quarter sphere . . . . . . .. .. ..
5.17 Reversal mechanism for nickel droplet of diameter 140nm . . . . . .
5.18 Hysteresis loops for droplets of bounding sphere diamet er 140nm,
350nmand500nm . . . ...
5.19 Size dependence of coercive eld in droplet nanodots . . . . ... ..

viii

73
74
75
76
76



5.20 Comparison of experiment and simulation for nickel nano dots . . . .
5.21 Different hysteresis characteristics in droplet nanodots . . . . . . ..
5.22 Reversal mechanism of a droplet in a perpendicular applied eld . .
5.23 Size dependence of out-of-plane coercive eld in drople t nanodots
5.24 Size dependence of out-of-plane and in-plane coercivity in droplet
nanodots . . . . . ..

6.1 The single-template self-assembly technique . . .. .. ... . ...
6.2 Scanning electron microscope image of an antidotarray . .. . . . . .
6.3 Oscillation of coercivity observed experimentally . . . . . .. ... ..
6.4 Cubically and hexagonally packed spheres . . . . .. ... ... .. .
6.5 600x600x150nm cut of simple cubic nickel antispheres . . .. . . . ..
6.6 Magnetisation of a cobalt hexagonal antidot array in zero eld . . . .
6.7 Hysteresis loop for permalloy antidotarray . . . . . ... ... .. ..
6.8 Microscopic images of an antidotarray . . ... .. ..........
6.9 Measured and computed demagnetising eld of an antidot ar ray in
zero eld . . ..
6.10 Measured and computed MFM signal of an antidot sample ina small
applied eld . . . . ... .. . e
6.11 Overview of Monte Carlo simulation . . . . . . ... ... .......
6.12 Coercivity of small permalloy nanodots . . . . ... ... .......
6.13 Coercivity of large permalloy nanodots . . . . ... ... ... ....
6.14 Monte Carlo simulationresults . . . . . . ... ... ... ......
6.15 MOKE and numerical measurements for cobalt antidots . . . . . . .

B.1 Polar plot of anisotropy energy and reversal conditions . . . . . . ..

E.1 The complete simulationprocess . . .. ... ... ... ........
E.2 TheOOMMF Oxsframework . . . .. ... ... ... ... ......

F.1 Simple constructive solid geometries . . . . .. .. .. ... ... ..

80



Declaration of Authorship

I, Richard Paul Boardman, declare that the thesis entitled Computer simulation stud-
ies of magnetic nanostructuresd the work presented in it are my own. | conrm
that:

this work was done wholly or mainly while in candidature for a  research
degree at the University;

where any part of this thesis has previously been submitted f or a degree or
any other quali cation at this University or any other instit ution, this has
been clearly stated;

where | have consulted the published work of others, this is a lways clearly
attributed;

where | have quoted from the work of others, the source is alwa ys given.
With the exception of such quotations, this thesis is entire ly my own work;

| have acknowledged all main sources of help;

where the thesis is based on work done by myself jointly with o thers, | have
made clear exactly what was done by others and what | have cont ributed
myself;

parts of this work have been published as:

— Micromagnetic simulation of ferromagnetic part-spherica | particles Jour-
nal of Applied Physics95(11), pp. 7037-7039, June 2004 (with H. Fangohr,
A. V. Goncharov, A. A. Zhukov, P. A. J. de Groot and S. J. Cox)

— Micromagnetic simulation studies of ferromagnetic part-s pheres Journal
of Applied Physicsaccepted, to be published June 2005 (with J. Zimmer-
mann, H. Fangohr, A. A. Zhukov and P. A. J. de Groot)

— Oscillatory thickness dependence of the coercive eld in 3D anti-dot ar-
rays from self-assembly Journal of Applied Physi¢caccepted, August 2004
(with A. A. Zhukov, A. V. Goncharoy, P. A. J. de Groot, M. A. Ghanem, |
S. El-Hallag, P. N. Bartlett, H. Fangohr, V. Novosad and G. Kar apetrov)

— Oscillatory thickness dependence of the coercive eld in ma gnetic 3D
anti-dot arrays Physical Review Letters, preprint at cond-mat/0406081b-
mitted June 2004 (with A. A. Zhukov, M. A. Ghanem, A. V. Goncharov, V.
Novosad, G. Karapetrov, H. Fangohr, P. N. Bartlett and P. A. J. de Groot)



Signed:

Date:

Xi



Acknowledgements

The author would like to acknowledge helpful discussions wit h Michael Donahue
of the Math, Statistics and Computational Science department within the National
Institute of Standards and Technology, to whom | am indebted for affording much
assistance with the ner points of the Object Oriented Micromagnetic Framework

Many fruitful conversations with Werner Scholz of Seagate T echnologies, Inc.
yielded further insight into the workings of magpar for which 1 am most grateful.

| have had many indispensable meetings, e-mail and telephon e conversations
with Alexander Zhukov, Alexander Goncharov and Peter de Groot of the School
of Physics and Astronomy at the University of Southampton, pro viding plots of
experimental data and guidance with theory — | am much oblige d to you all.

My colleagues Jirgen Zimmermann and Giuliano Bordignon deserve many
thanks for their industrious veri cation of the equations a nd derivations found in
both the body of this thesis and the appendices.

My supervisor Hans Fangohr has provided thorough and depend able rst-class
supervision and assistance where necessary and | am extraodinarily appreciative
of this.

| would like to thank my family for their tireless proof-read ing of this work and
their devoted support, and to them | dedicate this thesis.

Xii



Trademarks and copyright information

AMD , Opteronand Athlon are trademarks of Advanced Micro Devices
RenderMarr and Pixar are registered trademarks of Pixar Animation Studios

The Visualization Toolkit(VTK) is copyright ¢ 1993-2002 Ken Martin, Will Schroeder,
Bill Lorensen

IBM is a trademark of International Business Machines

Intel, Pentium 4and Xeonare trademarks of Intel Corp.

Philipsis a registered trademark of Koninklijke Philips Electronic s N.V.
Hitachi is a trademark of Hitachi Global Storage Technologies
Toshibas a trademark of Toshiba Corporation.

Linux is a trademark of Linus Torvalds

The left-hand side of gure 1.3is ¢ 2004 Griff Wason. http://www.griffwason.com

Xiii



Chapter 1

Introduction

1.1 Historical context

Lodestone, rich in the mineral magnetite (Fe304), was known for its qualities of
attraction thousands of years ago. Historical accounts vary, but they indicate that
ancient Egyptian, Greek and Central American civilisations were familiar with it.
The Chinese rst used a compass as a fortune-telling device and subsequently as a
directional indicator somewhere between 400 B.C. and 100 B.C.,but surprisingly it
was not until later in the rst millennium A.D. that a needle com pass was used for
navigation.

In the thirteenth century Petri Pergrinus (Pierre de Marico urt) outlined the di-
rection to which the needle would point at various positions around a lodestone,
and from this ascertained that magnets had two regions, nort h and south.

The Elizabethan scientist William Gilbert demonstrated tha t the Earth was a gi-
ant magnet (Gilbert and Mottelay 1600, 1991) and that this was responsible for the
directional alignment of a compass needle, additionally ob serving that the attrac-
tive effects of amber were, contrary to general belief at that juncture, not magnetic:
we now know this is a form of electrical attraction. Gilbertp repared and presented
Queen Elizabeth | of England with a magnetite model to demons trate the mag-
netic behaviour of the Earth ( gure 1.1) called a terrella or “little earth”. When the
terrella was aligned with the poles of the Earth it would spin  on its axis.

Gilbert is also responsible for providing the north-southpolar analogy between
magnets and the Earth's poles, and disposing of most of the magical legends sur-
rounding magnetism, though he did develop the somewhat esot eric notion that
the Earth had an anima or “soul” which was the source of the magnetic eld. The
anima was effective up to the orbis virtutis: the “orb of virtue”.

Gilbert can be credited with establishing magnetism as a scientic eld. His
work fascinated Galileo Galilei who, in uenced by Gilbert'sw ork (BBC, 2004), hy-
pothesised that the Earth orbited the Sun rather than the pop ular perception of the
time which was that the Sun (and everything else) revolved ar ound the Earth.



orbis virtutis

Figure 1.1: William Gilbert's magnetic model of the Earth

In the mid-eighteenth century John Michell proposed that th e attractive force
between two magnets can be calculated using the inverse square law, i.e. that if the
two entities are half as far apart, the force between them wil | be four times greater.
Charles Augustin de Coulomb veri ed this experimentally and indicated that if
one were to split a magnet then two new poles would be created ( gure 1.2, left).

A professor at the University of Copenhagen, Hans Christian O ersted, observed
during a demonstration that the needle of a compass was de ect ed whenever he
turned on an electric current; this was the rstrecorded ins tance of the relationship
between magnetism and electricity. Andr € Ampere, a French physicist, con rmed
this and just one week after the initial observation by Oerst ed had developed an
equation to calculate the magnetic force between electric currents.

Towards the end of the 1830s Michael Faraday propounded the concept of lines
of force nowadays known as magnetic eld lines, as a way of visualisi ng the mag-
netic eld of an object ( gure 1.2, right); these can be seen wh en dusting iron lings
around a traditional bar magnet. Faraday was also responsib le for creating the elec-
tric generator and motor.

During the 1850s and 1860s James Clerk Maxwell developed matematical equa-
tions derived from mechanical models which described the el ectricity and mag-
netism, the relationship between them, and Faraday's lines of force. These equa-
tions were published in 1873 and de ned classical electroma gnetism.



Figure 1.2: Coulomb's theory (left) was that if one were to break a magnet into t wo parts then two
new poles would form at the broken ends. Magnetic eld lines or “lin  es of force” (right)
as demonstrated by Michael Faraday.

1.2 Modern magnetism

Augustin Jean Fresnel, best known for his work with light, men tioned in a letter to
Amp ere that the electric currents responsible for magnetic for ces might operate at
microscopic

lengths.

At the start of the twentieth century another French physicis t, Pierre Weiss, de-
veloped his theory of magnetism, which began to describe mag netic interactions at
the microscopic scale. With the advent of quantum mechanics, magnetic interac-
tions became better understood.

Building on these new principles, magnetic recording syste ms developed at the
end of the nineteenth century were improved and the conseque nt development of
magnetic tape eventually paved the way for the audio tape rec order in the middle
of the twentieth century.

Today, magnets are pervasive in daily life:

Cars contain magnets in starter motors, electric windows, d oor locking sys-
tems, electronic relays and alternators.

Kitchens have magnetic motors in refrigerators, microwave o vens, washing
machines and tumble dryers.

Entertainment systems such as video recorders, CD and DVD players, audio
tape recorders and minidisc players all contain motors. Thes e motors contain
magnets.

Televisions and monitors use magnets to de ect and position t he electron
beam used to create an image, as well as high-voltage electranagnets to de-
gaussthe tube. Degaussing eliminates apparent colouring proble ms with the

display tubes in these devices.



Electric bells in telephones, alarms and doorbells contain magnetic ringers.

Medical applications include the use of magnetic uids in eye surgery and
drug delivery, as guides in keyhole surgery, prosthetics, ¢ ancer therapy and
magnetic resonance imaging.

Magnets can also be found on the reverse side of credit cards, in cooling fans,
power station generators and audio speakers. One of the fastest-developing areas
in magnetism is in the area of data storage in computers, particularly hard disk
drives.

1.3 Hard disk drives

Magnetic systems have been used in recent years for the longterm storage of data
in computers. The rst hard disk came in 1956 from IBM inside th eir RAMAC

(Random Access Method of Accounting and Control) computer, ca pable of storing
100,000 characters on each of fty 24-inch disk platters and constructed from iron

oxide and aluminium. These disks had a data, or areal, density of around 2 kilobits

per square inch.

Seventeen years later IBM released the Winchester hard disk containing the
basic technologies used in modern hard disk drives: a very sm all read/write head
capable of “skiing” around 1/18,000,000 of an inch above the su rface of the disk.
The Winchester had an areal density of 1.7 megabits per square nch.

Seagate Storage Technology developed the rst hard disk for personal comput-
ers in 1980. Although this disk had a similar capacity to the RAM AC, the entire
assembly tinto a 5.25 inch enclosure (form factor): the same width and double
the height of a standard modern CD-ROM drive. Three years late r, Rodime intro-
duced a hard disk in a 3.5 inch form factor, and in 1985 Quantum a ttached this to a
hard card which plugged directly into a personal computer's s ystem board.

This form factor evolution continued throughout the late 198 0s, until standard
3.5 inch hard drives with integrated electronics appeared. | ntroduced by Conner in
1988, these had the same physical dimensions as a standard dsktop PC hard disk
drive today. The same year saw the rst 2.5 inch hard drive, now t he de factcstan-
dard for laptop computers, though the 1.8 inch form factor is g aining popularity
with slimline and sub-notebook sized laptops.

Currently the smallest hard disk drive with this con gurati on is the Hitachi
Microdrive ( gure 1.3), having a one inch form factor and a hei ght of just ve mil-
limetres but with a capacity of four gigabytes.

Hard disk drive manufacturers are constantly looking for wa ys to improve areal
density, as this equates to a greater storage capacity. Arealdensity is widely re-
garded as the crucial metric driving the hard disk industry. ~ The highest areal den-
sity today is more than fty million times greater than inthe  late 1950s: the present

4



integrated drive electronics ]

Figure 1.3: An exploded view of the Hitachi Microdrive. The disk platter and  read/write head can
be seen in the third layer from the top. The long edge of the disk hous ing is one inch (base
image artwork credit: ¢ 2004 Griff Wason).

record is held by Toshiba Corporation at 133 gigabits per squ are inch and areal
density is presently doubling every twelve months.

This trend cannot, however, continue inde nitely. Present m ethods of hard disk
production are approaching physical limits, and the areal d ensity will no longer
be able to increase beyond these fundamental limits. To overcome these physical
limitations, we can look to the behaviour of magnets at the mi croscopic scales used
in hard disks to nd potential solutions.

1.4 Overview of relevant interactions

The direction of magnetic moments at a small scale is governed by four competing
energy terms. The dipolarenergy is the one most people are familiar with, though
not necessarily by this name: this is the energy which causes magnets to align north
pole to south pole. The exchangenergy in ferromagnetic materials will attempt to
make the magnetic moments in the immediately surrounding sp ace lie parallel to
one another. Anisotropyenergy is low when the moments are aligned along a patrtic-
ular crystal direction, and Zeemarenergy is smallest when the magnetic moments
lie in the same direction as an external magnetic eld.

Since the most ef cient magnetic alignment, or con guration, is the one in which
the energy is lowest, these four energy terms will attempt to become as small as



possible at the expense of their peers: this results in very rich, complex and aes-
thetically attractive physics.

The competition of these interactions under different condi tions is responsible
for the overall behaviour of a magnetic system, and the abili ty to compute this
yields a greater understanding of such systems.

1.5 Computer simulations

Analytical models exist for some magnetic systems, however f or these models so-
lutions are only practical for simple cases. Experiments allow observations to be
made of real systems, but we are limited to the detail which ca n be extracted from
these measurements.

When computational resources are available, more complicated models can be
used which provide a link between experiment and theory. The m otivation for us-
ing computer simulations is two-fold: rstly, it is possibl e to interpret experimental
results, and secondly new designs can be predicted and subsejuently developed,
reducing costs.

1.6 Summary

Scienti ¢ and economic interest has recently turned to smal ler and smaller mag-
netic structures which can be used in hard disk drives, magne toresistive random
access memory (MRAM), and other novel devices. For nanomagnets — magnets
with a size order of 10 7 metres and below, more than ve hundred times smaller
than the width of a human hair — the geometric shape of the obje ct becomes more
important; the smaller the object, the more strongly the sha pe anisotropy affects the
hysteresis loop.

This thesis reports on investigations of these magnetic nanostructures.

Chapter 2 brie y summarises the origins of magnetism, the app lications of mi-
cromagnetism in modern digital data storage — speci cally h ard disk media and
magnetoresistive random access memory — and some of the theaies behind mi-
cromagnetics pertaining to our simulation work. Additional ly, this chapter covers
the methods we use in more detail with respect to geometry and computation, and
also touches on post-simulation visualisation.

Chapter 3 investigates the properties of basic primitives. We study numerically
the magnetisation reversal of a at cylinder and a sphere, and provide studies of
size dependence for these geometries.

Chapter 4 discusses the magnetic reversal behaviour of conical particles, and
presents a magnetisation remanence phase diagram as a funcion of diameter and
height.



Chapter 5 considers the simulation of “nanodots”. These tiny part-spherical ge-
ometries can be formed through a chemical self-assembly double template method,
and numerical studies assist with the interpretation of exp erimental data.

In Chapter 6, we study the magnetic behaviour of close-packe d spherical holes,
or antispheres, produced through a self-assembly template method.

Finally in Chapter 7 we summarise our ndings and provide an o utlook for
future research.



Chapter 2

Micromagnetics

2.1 Introduction

After IBM attained an areal recording density of 1Gbit/in 2 (Tsang et al.1993, 1990)
— half a million times greater than RAMAC — the growth of areal de nsity of a
consumer hard disk drive has been approaching 100% every twelve months. Fol-
lowing current trends the next decade should witness the adv ent of an areal density
of 1Thit/in 2 (Tarnopolsky 2004,Wood 2000,Wood et al.2002).

Since modern hard disk drive technology is converging on fun damental limits
(see gures 2.1, 2.2) new approaches must be considered. Micranagnetic simula-
tion is an important method of addressing these limits. Furt her discussion of the
applications of micromagnetic modelling can be seen in section 2.10.

In sections 2.2 to 2.6 we provide an overview of micromagnetics .

In section 2.3 we describe the different interactions and associated energies of a
system of magnetic moments

Section 2.4 describes the micromagnetic approach when the discrete, atomistic
nature of matter is ignored and the magnetisation is represe nted as a continuous
function of space.

In sections 2.5 and 2.6 the Landau-Lifshitz Gilbert equations and the Stoner-
Wohlfarth model are introduced.

Sections 2.7 to 2.10 describe the simulation packages used inhis work and as-
sociated hardware and software requirements.

Micromagnetism as a eld — i.e. that which deals speci cally with the be-
haviour of ferromagnetic materials at ne ( 1 10 ® metre) length scales — was in-
troduced in 1963 when William Fuller Brown Jr. published his paper on antiparallel
domain wall structure ( Brown, 1963); however until comparatively recently compu-
tational micromagnetics — particularly when three-dimens ional problems are con-
sidered — has been prohibitively expensive in terms of compu tational power, but
now a modern desktop PC is capable of performing small microm agnetic simula-
tions within a few days.
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Figure 2.1: As the area in which a bit can be stored decreases, the overall sbrage capacity increases
in O(1=n?) assuming a square bit of edge length n; the scale on the right indicates the
capacity of a four-platter double-sided 3.5” hard disk, ignorin g spindle size and actuation
overheads.

2.2 From quantum mechanics to micromagnetics

To clarify some of the terminology, concepts and fundamenta | models which are
essential to computational micromagnetics, this section will brie y discuss some
of these. More detailed accounts can be found in Brown (1963), O'Handley (1999),
Aharoni (2000) andBlundell (2001).

The magnetic moment is derived from the angular momentum of el ectrons in
an atom. For free atoms, this is a combination of electron spin and orbital momen-
tum (O'Handley, 1999):

= gs(L+Y9) (2.1)

where is the magnetic moment, g is the generalised Landé factor ( 2), g is
the Bohr magneton (9.2741 10 ?* A m?), L is the orbital momentum and S is the
electron spin.

When materials are solids, the spin component S dominates the magnetic mo-



Figure 2.2: A three-platter IDE hard disk drive, manufactured by Fujits uin 1999

| name | symbol | con guration | lattice type | moment (A m?) |

iron Fe 3d° bcc 2.22 10 =
cobalt Co 3d® hcp 1.72 10 %
nickel Ni 3d’ fcc 0.61 10 =

Table 2.1: Magnetic moments of important transition metals ( Kittel, 1996)

ment. The magnetic moment per atom for the important 3d transi tion metals are
shown in table 2.1.

2.3 Interactions between atomic magnetic moments

2.3.1 Exchange energy

The phenomenon whereby individual atomic magnetic moments w ill attempt to
align all other atomic magnetic moments within a material wi th itself is known as
the exchangénteraction ( Aharoni, 2000). If the magnetic moments align in a parallel
fashion, the material is ferromagneticif the magnetic moments align antiparallel,
the material is antiferromagnetic

The exchange energy between two neighbouring magnetic moments ; and
is usually described by:

10



| name | symbol | energy between parallel neighbours (J) |

iron Fe -1.21 10 &
cobalt Co -5.15 10 &
nickel Ni -4.46 10 &

Table 2.2: Exchange energy between parallel ferromagnetic magnetic moments of important transi-
tion metals. Reversing the sign gives the energy between antiparallel moments

Bl = J S § (2.2)

where S is the unit vector of the direction of the magnetic moment:

and J is the exchange integralhich originates from the wave function overlap of
two electrons.

Consequently, the exchange energy for a system of particles under the assump-
tion that the exchange energy is short-ranging and subsequently only acts on direct
neighbours, is:

Eex = 2 Eg( (2.4)

i jJ2Nj

where N; represents the nearest neighboursi. The value of J is derived experi-
mentally and expressed as a function of A (see equation 2.25).

The sign of J is important — if J is positive, it indicates the material ex-
hibits ferromagnetic behaviour and the exchange energy is at a minimum when
two neighbouring moments are in parallel alignment.

Antiferromagnetic materials have a negative J , and as such have a minimum
exchange energy when aligned antiparallel.

If a ferromagnet is heated above a critical point known as the Curie tempera-
ture (Curie, 1895), when the applied eld is zero, the average magnetisation also
becomes zero.

Typical values of exchange energy between two parallel ferr omagnetic mag-
netic moments for iron, cobalt and nickel are given in table 2 .2.

11



27 10*F

410 -

6 10'F

anisotropy energy w, (J/ms)

8 10*F

| ! | ! | ! | ! | ! | ! | !
0 1 2 3 4 5 6
angle from magnetic moment g (radians)

Figure 2.3: Energy density due to uniaxial anisotropy as a function of the ang le from a magnetic
moment . The maximum energy has been normalised to zero for clarity.

2.3.2 Anisotropy energy

Anisotropy is a dependence of energy level on some direction. If the magnetic
moments in a material have a bias towards one particular dire ction (the easy axis)
then the material is said to have uniaxial anisotropy, like ¢ obalt. If the bias is to-
wards many particular directions, then the material has mul tiple easy axes and it
possesses cubic anisotropy (see gure 2.4). Cubic crystals sich as iron and nickel
have this property ( Aharoni, 2000, p86). Uniaxial and cubic anisotropy are forms
of magnetocrystalline anisotropy as their properties in th is respect arise from the
crystalline structure of the material.

The anisotropy energy in transition metal magnets arises fro m spin-orbit cou-
pling. The typical fourth-order approximation of the parame terisation of uniaxial
anisotropy (expressed as an energy density) is (Aharoni, 2000):

Kicof( i) Kacod( ) (2.5)
K1S2+ K,S? (2.6)

Eimi

where jisthe angle betweenS; and the easy axis (being here the component of S in
the direction of the crystallographic axis, z). K1 and K, are temperature-dependent

12



Figure 2.4: Normalised cubic anisotropy energy surfaces wc( ; ) for (left) iron and (right) nickel. The
different shapes of the surfaces are a re ection of the sign of K, (O'Handley, 1999) — iron
has a positive K 1, nickel a negative K1 (see appendix C)

energy densities derived from experiment, and can exist wit h either a positive or
negative sign. When K1 > 0 the axis is easy, whenK; < 0 the axis becomes hard
(which yields an easy plane).

Since constant terms can be neglected, an equivalent paraméerisation is:

Bl = Kasin?( i)+ Kasin®( ) 2.7)

The typical parameterisation of cubic anisotropy is not stra ightforward trigono-
metrically ( O'Handley, 1999):

Elo = Ku(S{S)+ SyS?+ SISS) + Ko(S{S)S?) (2.8)

A positive sign for K ; yields easy axes along the body edges (100). Conversely, a
negative sign for K ; indicates that the easy axes exist across the diagonals (11)(Blun-
dell, 2001).

The energy for a system of magnetic moments is given by:

Ban = Ehn (2.9)

where E;, is either Eyni or Eqyp.

It is worth noting that in some materials which are considere d isotropic (i.e. K1
= K3 = 0) from a crystalline perspective, such as permalloy, the contribution to the
total energy from the anisotropy is zero.

13



There are other types of anisotropy than magnetocrystalline . Magnetostrictionis
an anisotropy caused by the expansion or contraction of a ferromagnet along the
direction of the magnetisation ( Aharoni, 2000, p87). The so-calledshapeanisotropy
(Paine et al.1955) (also known as “con gurational stability” ( Ha et al, 2003)) is the
direction in which the magnetisation will prefer to lie on ac count of the physical
geometry of the sample. This becomes more and more in uential t he smaller one's
sample becomes. This is one of the properties we investigate in this report.

2.3.3 Zeeman energy

The energy of a magnetic moment in an applied magnetic eld H is:
Ee = o Hi (2.10)

For a system of atoms:

X
Ee = E. (2.12)
i
The Zeeman energy is at a minimum when all the magnetic moments in a sam-
ple are in alignment with the applied eld.

2.3.4 Dipolar energy

Dipolar energy (often called magnetostatic or demagnetisi ng energy) is the resul-
tant energy from the interaction of magnetic moments with ea ch other. Two mag-
netic moments at positions r; and rj have the dipolar energy:

i i3 30 ) ri)

1 —
BT jrij j3 jrijj° (12)

where

rj = rj rj (2.13)

For N magnetic moments this becomes:

14



1)(\| X
Ei = = E; (2.14)

i=1 j6i

Computing the dipolar energy is the most expensive part of an y micromagnetic
simulation as the dipolar energy is a long-range interactio n and therefore must
consider the interaction of each magnetic moment ; with every other magnetic
moment ;.
2.3.5 Total energy

Combining equations 2.4, 2.9, 2.11 and 2.14 yields the total enegy:

1 X X o X i X i 1R X i
E = > Eex + Ent zet 5 Ei (2.15)
i 2N i i i j6i

The number of atoms in comparatively small systems is large. As suming a
cubic structure and a lattice spacing of 2.5A as in iron, cobalt or nickel, a cube of
edge length 100nm would contain 6.4 10’ atoms.

2.4 Micromagnetic description

Since numerical computations based on the equations in secion 2.3 are at an atomic
level, they are historically limited to simple cases contai ning not too many degrees
of freedom (Aharoni, 2000, p173). For larger problems other techniques must be
used.

Brown (1963) suggested a theory which is referred to as micromagneticheory.
Instead of considering individual magnetic moments, a cont inuous magnetisation
function M is used to approximate the atomic interaction described above. The
magnetisation represents the locally averaged density of m agnetic moments:

M = ! X 2.16
(r)—m i (2.16)

i2J(r; 1)

where V(r; r)isasphereofradius r placedatr andJ(r; r)isthe setofindices:

J = fi:rp2V(r; ng (2.17)

15



Figure 2.5: The unit vectors of two moments S; and S;

for magnetic moments ; that are located inside the volume V(r; r).

This averaging can be performed over the scale of the exchangelength (see

equation 2.40) and will always contain many magnetic moments .

M (r) is assumed to be a continuous and differentiable function wh ich allows
the expression of the interactions described above using differential operators. The

resulting equations can be solved analytically (if possibl €) or numerically.

2.4.1 Exchange energy

Taking the atomic representation for exchange energy betwe en two moments (equa-
tion 2.2), we can assume that the angle between two neighbouring spinsis ;. The

sum of all the exchange energies based on equation 2.4 can be reritten as:

X X
Ex = J S COS ij
i j2Nj
where S = 1 since S is a unit vector (equation 2.3) and for small values of
use the leading terms in the Taylor expansion of cos i (gure 2.6):
2

COS i 1
1) 2

With this assumption, equation 2.18 can be rewritten:

JSZX X
Eex = K"'T .2]
i j6i

16
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] we

(2.19)

(2.20)



where K is a constant. SinceS; = %rs') and jSjj = jS;j =1 (gure 2.5):

bl 1S S (2.21)
S S
= > i (2.22)
a

and @ approximates the spatial derivative of S over the lattice spacing a.

If we take ri;j to be a lattice translation vector of magnitude a as in gure 2.5,
the directional derivative r [, Scan be used to expresgS;  Sjj.

Inserting this into equation 2.18, the exchange energy can now be represented

as Blundell, 2001):

Eex = J 52X o [(rij T )S]? (2.23)
X 1) .
i j6i

J Szazx X (rm)2+(r )2+(rm)2 (224)
X my z .
i j6i

if we take rj; outside the summations and rede ne this as a (the nearest neighbour
distance). Since we will integrate over volume to obtain the continuous represen-
tation, if we consider a unit cell site number z = 1, 2 or 4 (for simple cubic, body-
centred cubic and face-centred cubic respectively), we cande ne the exchange cou-
pling constant (Aharoni, 2000):

A = (2.25)

We can now ignore the discrete lattice, yielding the continu ous form:

Y4
Eex = A (rS)?+(r §)2+(r S)% dr (2.26)
\%

2.4.2 Anisotropy energy

The continuous form of the anisotropy energy is computed by in tegrating the
anisotropy energy Wz, (Aharoni, 2000), which is in the form of either equation 2.5
or2.8:

Ean = Wand®r (2.27)

17
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2.4.3 Zeeman energy

By ignoring the discrete lattice, equation 2.11 becomes (Aharoni, 2000):

z
Ere = o M(r) H(r)d® (2.28)
\%

2.4.4 Dipolar energy

The dipolar energy can be represented continuously by:
Z
Bai = 0 Hae(r) M(r)d (2.29)
%

where H 4¢(r) is the demagnetising eld with components contributed from  the di-
vergence of magnetisation within the volume and surface pol es (O'Handley, 1999):
z Z 0

Hde(r)=4i Vd3r°r M (r9 ro So|2r°n M(rf)jr'rrrq3

r
gt (2.30)

and n is the surface normal.
A complete derivation of H g is given in Brown (1963),Aharoni (2000) andBlun-
dell (2001).

2.5 From static to dynamic

In order to study dynamical phenomena we can combine the equa tions above with
the work of Landau, Lifshitz and Gilbert. Taking Brown's equa tions for energy and
the effective eld He :

E = EeZ"' Ean + Eze + Eyi (2.31)
= oHe (r) M (r)d3r (2.32)
where
1
He = —rwE (2.33)

0

then the time development of the magnetisation can be writte n as (Landau and Lif-
shitz, 1935):
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dM (r)
dt

= M(r) He(r) WSM(f) (M(r) He () (2.34)

where M (r) He (r) is representative of the precession of M (r) in a local eld
He (r)and M (r) (M (r) He (r)) is an empirical damping term.

The damping constant is not well understood but at zero temperature it is
due to spin waves quantised as magnons (Blundell, 2001, p122), and at nite tem-
perature due to atomic lattice oscillations quantised as ph onons.

2.6 Computational models

Equation 2.15 requires the evaluation of a number of sums. The computational
effort for n magnetic moments scales asO(n?) as a result of the dipolar term (see
section 2.3.4).

Brown's continuum approximation postulates that the magnet isation M (i.e.the
magnetic moment per unit volume) can be regarded as a continu ous function of
space. This allows an approximation of equation 2.15 to be expressed as a par-
tial differential equation (equation 2.32) for which the sta ndard mathematical tech-
niques for solving PDEs can be used.

The following sections describe different approaches attacking this challenge.
In section 2.6.1 the Stoner-Wohlfarth model is described whic h reduced the number
of degrees of freedom to tackle the reversal of small magnetic particles.

In section 2.6.2 we show how the Landau-Lifshitz-Gilbert (LLG ) equations can
be used to determine the time development of the magnetisati on once the effective
eld is determined through Brown's static equations.

Section 2.7 introduces the simulation packages used n this work which solve the
equations of Brown and Landau-Lifshitz-Gilbert numerical ly — this is commonly
referred to as computational micromagnetism.

2.6.1 The Stoner-Wohlfarth model

The Stoner-Wohlfarth model ( Stoner and Wohlfarth1948) is the model of coherent
rotation of magnetisation. This makes the assumption that th e direction of mag-

netisation of all moments within the system are parallel lea ving only two degrees

of freedom and reducing the exchange energy factor to zero. One then only need
consider the interaction with the applied eld and the aniso tropic energy of the

system (Aharoni, 2000):

E = K.V sin¥ ) H cos (2.35)
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where K 1 is the anisotropy energy density, V is a particle volume, is the magnetic
moment, is the direction of the magnetic moment to the easyaxis (that is, the axis
with which the magnetisation prefers to align), is the angle between the easy axis
and the applied eld.

The Stoner-Wohlfarth model is applicable to smaller systems with a compara-
tively large contribution to anisotropy, where one can cons ider all magnetic mo-
ments to be aligned. If single-domain behaviour can be expected then the Stoner-
Wohlfarth model is appropriate. For larger systems the appr oximation breaks down
as it neglects the dipolar component and consequently more complicated magnetic
microstructures, such as domains and vortices, are unable to form with this model.

2.6.2 The Landau-Lifshitz-Gilbert equation

With the rapidly-increasing processing capability of mode rn computers, there has
been a surge of interest in the eld of computational microma gnetics, and indeed
computer-based simulation in general. An important differe ntial equation was de-
rived by Landau and Lifshit1935).

The Landau-Lifshitz-Gilbert equation, brie y introduced in  section 2.5, is a fun-
damental part of time-dependent computational micromagne tics. Different arrange-
ments of this equation are used in calculations and simulati ons.The OOMMF sim-
ulation software ( Donahue and Porter1999) uses the Landau and Lifshitz form:

d ; L
w = j M(r:t) He (M(r:1)
j ]
M

M(r;t) (M(r;t) He (M(r;t)) (2.36)

which is more commonly written as

av . . J
F—JJM He M

M (M He¢) (2.37)

where M is the magnetisation (i.e. the magnetic moment per unit volume), H¢ is
the effective magnetic eld, isthe Landau and Lifshitz phenomenological damp-
ing parameter (where  from equation 2.34 is equivalentto j j ) and is the Lan-
dau and Lifshitz electron gyromagnetic ratio (the ratio of t he magnetic dipole mo-
ment to the mechanical angular momentum of some system). If o ne assumes

=1+ 2 (2.38)

then this can be shown to be mathematically equivalent to the Gilbert form ( Gilbert,
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1955)

dMm o dMm
W—j M Heg +|VTS M it (2.39)

2.7 Simulation

There are two software packages underpinning the simulation s performed for this
work. The rstis the Object Oriented MicroMagnetic Framewaqrkr OOMMF ( Don-
ahue and Porter1999) provided by the National Institute of Standards and T ech-
nology. OOMMF employs the nite difference (FD) method whic h requires the
discretisation(or segmentation, see section 2.7.1) of a chosen geometry over grid
of cells each of identical volume and cuboidal shape.

The second is magpar(Scholz 2003,Scholz et a).2003a), developed by Werner
Scholz and the group of Prof. Fidler and Prof. Schre of the Te chnische Univer-
sitat Wien. This software uses the hybrid nite element/boundar y element method
(FE/BE) and as such requires that the chosen geometry be disaetised with tetrahe-
dral volume elements which can be of variable volume and shap e.

The aspect of these software packages which shifts the con guration of the mag-
netisation on a step-wise basis is anevolver based on the Landau-Lifshitz-Gilbert
(LLG) differential equation (2.37).

2.7.1 Discretisation

When a particular geometry is decided upon for simulation, t his must be discre-
tised into lots of smaller cuboidal cells to be able to use the nite difference method.
Each cell is considered to be homogeneously magnetised,i.e. within a micromag-
netic simulation all of the atomic magnetic moments inside t his cellular domain are
thought to behave as a single particle. This is an acceptable asumption because at
an atomic length scale the exchange interaction, responsilde for the homogeneous
alignment of magnetic moments, is overwhelmingly the most s igni cant energy
term. These smaller cells can then be used to perform the simulation. The sepa-
rate simulation cells represent a certain amount of magneti ¢ material. Obviously in
this instance a ner discretisation mesh — a smaller simulat ion cell size — is more
desirable than a coarser mesh, particularly when there are curved surfaces in the
geometry.

Figure 2.7 demonstrates the effect of altering the number of cells in a geometry.
In the case of extremely coarse discretisation using the ni te difference method, a
sphere can resemble more a cuboid than a sphere ( gure 2.7, left). A poor repre-
sentation of the shape in the discrete model can affect the in uence of the shape
anisotropy (see section 2.3.2) on the magnetisation, and subgquently negatively
affect the results.
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Figure 2.7: The effect of altering the number of cells in a geometry, in this i nstance a sphere. 4° =
64 cells (left) gives poor shape resolution for the sphere. Increasing this to 9° = 729
cells (centre) improves the resolution but 19° = 6859 cells (right) gives a much more
“spherical” representation

Figure 2.8 shows the discretisation of a sphere using both xe d size cubic cells
( nite difference) and variable sized tetrahedral cells (  nite element). In this sphere
example, there are four times fewer cells in the nite elemen t example yet it is
aesthetically more sphere-like.

The exchange length is a length scale over which the direction of M does not
change signi cantly, as across this length the exchange energy is overwhelmingly
the dominant component and other in uences have little effec t. A coarse mesh will
not allow the software to resolve the exchange length proper ly, so independent
domains will not form correctly. The exchange length is calcu lated by consider-
ing (Kronmiller and Fahnlg2003,Seberino and Bertran2001):

s
A
= 2.40
ex M2 (2.40)

NI

where A is the exchange energy (measured inJ=m), ¢ is the magnetic constant
(410 T m A 1) and Mg is the magnetisation in A=m.

The exchange length ¢ therefore gives us a quantitative measure for the re-
quired mesh resolution.

The derivation of the exchange energy in the micromagnetic th eory uses the
Taylor series expansion of the cosine between two moments (equation 2.19) to the
second-order. It is crucial that the maximum angle between t hese two adjacent
moments is not high ( Donahue and McMichaeR002) — indeed if the angle becomes
larger than = 2 radians, then the results of the simulation are highly inacc urate
as the torque between the two spins begins to decrease when the angle is further
increased; this could potentially lead to the scenario wher e the angle between two
adjacent spins is radians — according to the second-order Taylor expansion of
the cosine, this would be a perfectly legitimate low-energy state, although this is
clearly not the case as the exchange energy and consequentlythe torque between
these two spins in this state would be extremely large.
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material exchange energy | magnetisation anisotropy exchange length
A (J/m) Ms (A/m) K1 (3/m?3) ox (NM)
nickel 9 10 2 49 10° 5.7 10° (cubic) 7:72
iron 21 108 170 1¢° 4:8 10 (cubic) 3:40
cobalt 30 108 1:40 1C° 52 10° (uniaxial) 4:94
supermalloy 105 10 © 80 10° 0 5:11
permalloy 5:85 10 12 111 10° 0 2:76
Niso Feso
permalloy 1:30 10 B 86 10° 0 5:29
Nigo Fexo
iron-palladium 15 10 U 1:36 10° 3:5 10° (uniaxial) 3:59
iron-platinum 1.0 104 114 10° 7:7  10° (uniaxial) 3:50

Table 2.3: Properties of some common ferromagnetic materials

Figure 2.8: Finite difference (left) and nite element (right) meshes. For adequate shape resolution,
the nite difference model requires more cells than the nite e lement model; in this case
27000 and 5000 respectively
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Figure 2.9: Cutplane showing the relaxed magnetisation from an edge-align ed initial state (left) and
a diagonally-aligned initial state (right)

Incidentally, it is worth noting that since the simulationi s not atomistic, (i.e. it
doesn't compute the exchange energy using equation 2.2), the use of the discretised
version of the micromagnetic expression for the exchange energy 2.26 is always
slightly inaccurate from a quantitative perspective, howe ver if the angle between
two spins is greater than =2 radians then the behaviour becomes qualitatively
wrong.

The answer to these problems is of course to create a ner mesh; however if one
makes the meshn times as ne, then the number of the cells in the simulation in -
creases byn? (since the system is three-dimensional) and this results in a massively
increased computational overhead.

2.7.2 LLG relaxation

For problems where we are only interested in a static metastable magnetisation
state —i.e. those for which we do not need to know the coercive eld value o r
indeed need the hysteresis loop — these can be simply “relaxed”. Relaxing the sys-
tem involves de ning some initial magnetisation con gurat ion, usually homoge-
neous or random, and then allowing the system to iterate over the Landau-Lifshitz-
Gilbert equation until the rate of change of magnetisationi s below a certain thresh-
old. The con guration, complete with any domains and states i n which it might
prefer to exist, can be observed and then the magnetic microstructure can be anal-
ysed. This should, of course, be repeated several times to veify that the rema-
nent magnetisation states are consistent. Figure 2.9 shows he relaxation states of a
100nm 100nm 20nm supermalloy (79% nickel, 17% iron and 4% molybdenum)
nanomagnet from our computations; virtually identical res ults can be seen in the
paper by Cowburn(2000).

25



2.8 Micromagnetic systems

2.8.1 The hysteresis loop

The hallmark of a magnetic system is the hysteresis loapThis is traditionally repre-
sented graphically as the overall magnetisation of the samp le against some applied
magnetic eld. The value of the applied eld where the loop cro sses zero mag-
netisation is known as the coerciveeld H. or B¢, and this therefore represents the
amount of applied eld required to reverse the magnetisatio n direction of the mag-
net. The remanent magnetisatioM, is the magnetisation which remains when the
applied eld is reduced to zero.

Comparing the hysteresis loops, such as those in gure 2.10, of a soft and a
hard magnet, one can make the observation that the softer magnet will have a nar-
row hysteresis loop, i.e. the applied eld necessary to reverse the magnetisation is
relatively low, and the hard magnet will possess a comparati vely wide hysteresis
loop.

The point at which the overall magnetisation of a sample can no longer be in-
creased (as all the magnetisation is pointing utterly in a si ngle direction) — the
saturationpoint or Ms — is identi ed as a plateau at the extremes of applied eld
in a hysteresis loop.

Also one should note that the area underneath the hysteresis loop is equivalent
to the energy which, when the eld is reversed, is converted i nto heat.

For the long-term storage of data, it is desirable to have a material with a wide
hysteresis loop, and therefore a large coercive eld, as thi s makes it more dif cult
for the said material to lose its magnetisation state. A narr ow hysteresis loop is a
characteristic bene cial for applications such as recordi ng heads, as in these tem-
porary magnetisation promotes easy switching between magn etisation states. The
ideal hysteresis loops for applications in magnetic media ¢ an be seen in gure 2.11.

2.8.2 Domains

Figure 2.12 shows a relatively large (i.e. a size order of 10 ® metres) ferromagnet
which contains domains. Domains can be thought of as the magn etic structures
which form at small scales within magnets in particular circ umstances Hubert and
Schafer1998, 2000). Within these domains the magnetisation is paallel, though the
overall magnetisation of any given domain is not in a particu lar direction. This
gives rise to a mean magnetisation of approximately zero across a sample in zero
eld. Figure 2.13 illustrates an example of domains formed in a sample with a
simple closed ux.

At high applied elds — what de nes a high eld is dependentont he type,
size and shape of the magnet; it must be enough to fully satura te the magnetisation

26



1T ' i : . f y f 17T ' ' T f T
L i L ( I i
— 0.5 | —

I
» I
Z 05 I
§ . ! -
g of I o | .
5 i [ i | ]
5 ! !
g 05— | — 051 I —
- _ _ / . - I -
-1 . - | — == | 1 L —1—)—!—|'—J—T, 1 | 1 =
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
applied field H / M, applied field H/ M,

Figure 2.10: Two typical hysteresis loops — the left loop shows some permanently magnetic material,
the right loop a softer magnet. The solid blue line indicates redu cing eld, the dashed
red line indicates increasing eld

H

/ — medium
/ — - head

0.5 - 7/

Magnetisation

H

Applied field
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for the eld switching required of read heads in magnetic media applications

27



/- CIN - —
NI — —

Figure 2.12: A typical ferromagnet in zero eld (left) and in an applied el  d (right)

—_—
-
1000nm
—_—
-
B —
-
_—
-
_—

Figure 2.13: Flux closure (left), and (right) a larger sample attempting t o close its ux through do-
mains.

— no individual domains will form as the overall magnetisati on in the sample is
homogeneous at these elds; this can be considered to be asingle domainHowever,
when these elds are reduced, other domains can form in order to minimise the
overall magnetisation, which often remains at zero eld.

Smaller ferromagnets exhibit the property of magnetisatio n alignment with an
applied magnetic eld, though below a certain critical size they will not form do-
mains but may form states (see section 2.8.3).

2.8.3 States — microstructures of magnetisation

At nanometre length scales in magnetic samples, particularl y interesting states oc-
cur (see gure 2.14) as a result of the system attempting to red uce its overall energy.

The single-domainstate, also called the monodomainstate (see gure 2.14, top
left), occurs when an in nitely large external eld is appli ed to a magnetic material.
In small particles, the single-domain state is often mainta ined as the eld is reduced
since the exchange energy is the most dominant term.

The C state (see gure 2.14, top centre) is known as such because themagneti-
sation direction roughly re ects the curve of the letter “C”,  tending to point along
some direction in one part of the sample and gradually changi ng to the opposite
direction in another part of the sample.

The Sstate (see gure 2.14, top right) is also named after the shape of the letter
it re ects. The magnetisation undulates along the sample poin ting initially in one
direction, gradually turning towards another direction an d then nally pointing
back in the initial direction.

A cuboidal geometry of a certain size with a saturated magnet isation can fall
into the ower state when an applied eld is removed (see gure 2.14, bottom
left). In this state the magnetic moments at the extremities point out of the sam-
ple along the overall magnetisation, and into the sample at t he other side of the
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Figure 2.14: Common metastable states of magnetisation microstructures. Top row (left) single-
domain state — homogeneous magnetisation, (centre) C state and (iight) S state. Bottom
row: (left) ower state, (centre) vortex state and (right) onion sta te. The colour indicates
the in-plane angle of magnetisation; the square samples are of sze order 200nm, the
circular samples of size order 500nm. Parameters for isotropic nickel (A = 8.5 10 *2
Jim, Ms =4.93 10° Alm, K1 =K, =0J/m?)were used in these sample simulations.

overall magnetisation. Further examples showing the C, Sand ower states can be
seen inHuang (2003).

At lower elds, or in larger sample sizes, the vortexstate might occur (see g-
ure 2.14, bottom centre). This is where the magnetisation in a sample curls in order
to minimise its dipolar energy, except at the centre, or core of the vortex, where
a minimisation of exchange energy causes the magnetisation here to point in one
particular direction; in this case out of the plane.

In ring samples the onionstate (see gure 2.14, bottom right) is likely to occur
as an applied eld is reduced. This state often occurs prior to vortex nucleation.
The majority of the magnetisation is homogeneous, however to wards the edges
the magnetisation tends to follow the shape of the sample.

2.9 Computational Issues

To perform micromagnetic simulations, two different proce dures are necessary de-
pending on whether the OOMMF software (Donahue and Porterl999) or magpar
(Scholz et a).2003a) is used to determine the demagnetising eld.
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Figure 2.15: The simplied simulation process. The left-hand side of the cha rt represents the
input les for the simulation packages for OOMMF ( nite differe  nce method; the
micromagnetic information format le contains material, simulation and geometric pa-
rameters) or magpar (hybrid nite element/boundary element m ethod, material; sim-
ulation and geometric (mesh) parameters as individual les). The results from each of
these packages are transformed into uni ed output formats (rig ht-hand side) for analysis
(xmgrace (Turner, 1995)) and visualisation (VTK)

OOMMF

magpar

xmgrace file

2.9.1 OOMMF software requirements

We use three pieces of software to perform micromagnetic studies with the -
nite difference method. Each of these packages is an extensbn on other widely-
available applications (see gures 2.15 and E.1).

The rst piece of software is a proprietary program, mifmaker which we devel-
oped to create simulation environments. Ordinarily a signi cant amount of manual
effort is required to generate a simulation, as the problem m ust be directly de ned
in a Tcl-based format which OOMMF can recognise. There is no method built-
in to OOMMF which allows this process to be automated for three-dimensi onal
problems. The mifmakerprogram is a command-line application which can ac-
cept a series of geometric, material and simulation parameters and generate a valid
OOMMF problem description.

Using mifmakerit is straightforward to generate batches of valid simulati on
problems which can subsequently be solved. This is ideal for p erforming size-
dependence studies and generating phase diagrams. The operdion of mifmakerde-
pends on Python(Hetland 2002,Lutz and Ascher2003,van Rossum and Drak@001).

After the appropriate magnetic problem has been generated by mifmaker this
is sent to OOMMF — the Object Oriented MicroMagnetic Framework- developed
by the National Institute of Standards and Technology. OOMMF can then solve
the micromagnetic problem which we have presented to it. OOMMF is heavily
dependent on Tcl/Tk (Ball, 1999, Flynt, 1999,Raines and Tranterl999, Smith, 2000,
Welch 1999).

Figure 2.16 shows how the requirements for system memory in OOMMF scale
in a cubic system (i.e. the length of the x, y and z sides of the cube are the same
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Figure 2.16: The memory requirements of OOMMF as a function of the number of discrete simulation
cells per edge for a three-dimensional geometry

length and have the same discrete cell size) as a function of the number of cells.

2.9.2 magpar software requirements

The procedure for hybrid nite element/boundary elementpro  blems is more com-
plicated. The magparsoftware (Scholz et aJ.2003a) requires that the geometry of
the problem be de ned with a nite element mesh. For this, any nite element
modelling software can be used, provided that its output is ¢ onverted to the AVS
unstructured cell data (UCD) format. We used the nite elemen t mesh generator
NETGEN (Schoberl2003). Natively, this software does not create AVS/UCD form at
les, however it does have a fairly exible approach to constr uctive solid geometry
(CSG) allowing for the creation of complex geometries.

Figure 2.17 shows how the memory requirements of magparscale as a function
of both the number of surface elements and the volume elements, while gure 2.18
demonstrates magparand OOMMF memory scaling.

In order to prepare the neutral le format created by NETGEN for magparwe
created a customPythonscript to convert this le to an AVS/UCD-compliant mesh.

The simulation problem and material parameters are generate d with another
bespoke Pythonscript to create the complex input les required for simulat ion with
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Figure 2.17: Memory usage scaling with magparderived from runtime measurements
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Figure 2.18: Memory usage of OOMMF and magpar The dotted lines for magparrepresent a high

volume element to surface element ratio (i.e. a sphere) and the solid line represents a
low volume element to surface element ratio (as in a thin Im). C urve ts are shown for
magpar in all cases the circles represent measured results.
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magpar At this point the problem can now be solved using either a stan dalone
uniprocessor or symmetric multi-processing workstation, or a clustered supercom-
puter.

Further details can be found in appendix E.

2.9.3 Post-processing

Finally, to visualise the results of the simulation, the mag netisation vector datasets
are transformed from either the OOMMF format or the magparformat to the Vi-
sualisation ToolkiVTK) format, an open standard for visualisation. These result s
are visualised with MayaVi, a piece of data visualisation software initially devel-
oped to assist with the visualisation of computational uid d ynamics environ-
ments. MayaVi depends on VTK.

All of these applications should run in any operating system e nvironment for
which an ANSI-compliant C/C++ compiler is available, howeve rin this project we
have only made extensive use of GNU/Linux and Microsoft Windo ws machines
running on either Intel or AMD processors.

We have written many other smaller tools to assist with pre- a nd post-processing
of data les generated by all of the aforementioned applicat ions.

2.9.4 Hardware requirements

Theoretically, these pieces of software have modest hardware requirements, how-
ever as with all simulation problems of this nature “bigger i s better”. Ideally, a
machine with a minimum of one gigabyte of RAM should be used to m aximise the
size of the potential problem which can be solved.

Each discrete cell within a micromagnetic problem to be solv ed with
OOMMF consumes approximately one kilobyte of RAM, therefore to sol ve a sys-
tem with 1 10° cells, one gigabyte of RAM is required just to run the simulati on.
This is without taking into account the size of the simulation package itself, which
must be loaded into RAM and creates a xed overhead.

Once operating system overheads are considered, it is clearthat the amount of
physical system RAM available to a machine should be greater t han the amount of
RAM required by the simulation — this is primarily to avoid “th  rashing”, a situ-
ation where the operating system is forced to temporarily wr ite (“swap”) areas of
the RAM to the hard disk and read other areas back into RAM from th e disk. The
precise amount of RAM required for operating overheads will v ary from system
to system; a system dedicated and optimised for performing o nly simulations may
only need a few megabytes reserved for the operating environ ment, but a worksta-
tion which is running other applications concurrently ( e.g. visualisation software,
e-mail clients, document editors and Internet web browsers ) may require several
hundreds of megabytes.
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Bearing in mind that the access times in modern hard disks are several orders
of magnitude greater than those of RAM (these access times aremeasured in mil-
liseconds for hard disk drives and nanoseconds for RAM), this will slow down any
particular simulation by this factor, making successful co mpletion of the simula-
tion impossible from a practical standpoint. Even in an opti mised scenario where
data seek latency is eliminated, the hard disk can be expected to deliver data ap-
proximately 100 times more slowly than RAM ( Barclay et al.2003).

The speed at which the processor can perform oating point calc ulations is
overwhelmingly the primary factor when considering the tim e a simulation will
take to complete. Any processor which has a fast oating point u nit coupled with
a compiler which is able to take maximum advantage of this oat ing point unit
when optimising the simulation source code is ideal — throug h our own studies
we note that carefully chosen compiler options can increase the execution speed of
the simulation threefold.

Additional methods such as high-throughput batch processin g (Litzkow, 1987,
Litzkow et al, 1988) and clustering (Ridge et al.1997) allow either sets of simulations
to be performed (e.g.many small computations such as those needed for phase dia-
grams) or larger computations which would be impossible to ¢ ompute with neither
the memory capacity nor the processing power of a supercompu ter. OOMMF, un-
like magparis unable to take advantage of the message-passing interfae (Snir et al,
1995,Walker, 1992) common to computational clusters.

2.9.5 Disk space

A collection of large hard disks is also bene cial to allow th e long-term storage
of previous simulation runs, assisting with the rapid retri eval of past vector data
created by simulations.

Either 32-bit (single precision) or 64-bit (double precisi on) oating point num-
bers (IEEE, 1985) can be used to store the components of the vector data.The case
for selecting one precision over another can be argued (Goldberg 1991) from two
perspectives: storing 32-bit numbers will save disk space if the extra precision of-
fered by 64-bit numbers is not necessary, however vector interpolation used by cer-
tain visualisation techniques (e.g. the calculation of streamlines, gure 2.20) may
bene t from a higher-precision. Further arguments for the u se of single or double
precision numbers can be found in Bennett Goldberl967),Demmel(1984),Goldberg
(1991) andKnuth (1998). It is worth noting that OOMMF will perform the simu-
lation using double precision humbers irrespective of the p recision of the output
format, and the solver component of magpar(Balay et al. 2002, 1997) uses double
precision numbers.

Double precision oating point numbers usually require eigh t bytes of storage
each. To store the magnetisation vectors for a given mesh inOOMMF , each position
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of the mesh requires three 64-bit numbers to describe it (x, y and z components).
This gives a simple equation for calculating the amount of spa ce needed to store
one set of magnetisation data for a simulation:

s = a+ b ly Iz 3p (2.41)

CxCyC, 8

where ais the space consumed by a header describing the relationship between the
vector data and the simulation, Iy, Iy and I, represent the size of the complete mesh,
Cx, Gy and ¢, are the edge lengths of the discrete cell andp is the number of bits used
to store one oating point number. Note that with OOMMEF, even empty cells (i.e.
where jM j = 0) are stored by default.

For example, to store the magnetisation vectors for a sphere of diameter 120nm
(x = ly =1, =120 10 °m) with a cubic mesh cell size of 5nm3 (cx = ¢, = ¢, =
5 10 °m) with 64-bit precision ( p = 64), (120=5)% (8 3) = 331776 bytes of disk
space are needed, plus a small xed overhead. If a coarser mesh were used, such
thatck = ¢, = ¢, =10 10 °m, then only 41472 bytes of disk space are necessary
to store the magnetisation data for one timestep.

For a complete simulation many sets of magnetisation vector data are stored,
each usually representing a particular “stage” — a point whe re the magnetisation
con guration for an externally adjustable factor, such as a pplied magnetic eld, is
considered stable. A typical simulation might have 100 of th ese stages. In the case
of the sphere example above, this equates to over 31 megabyte of disk space. For a
sphere of double the diameter with a high eld step resolutio n (giving 1000 stages
if 500mT By 500mT and By is reduced in 1mT steps), over 2.5 gigabytes of
storage space would be necessary. Doubling the mesh resoluion and the diameter
further, such that ¢, = ¢, = ¢, = 2:5nm and d = 480nm, the amount of required
disk space grows to well over 150 gigabytes.

2.9.6 Commodity computing

Although it is possible to perform micromagnetic simulation s on a local worksta-
tion, throughput is limited. Having only one CPU means only o ne simulation
can be effectively performed at one time. When more CPUs are available to use
then more simulations can be performed simultaneously, mak ing parameter de-
pendence studies such as phase diagrams practical.

By con guring several powerful local workstations with MPl  (Snir et al, 1995),
it is possible to perform simulations normally impractical ; code which can take ad-
vantage of MPI environments such as magpairis capable of using the total available
memory of those MPI-enabled machines effectively as one contiguous block — this
allows larger simulations to be performed.

Condor (Litzkow et al, 1988) provides another mechanism for distributing and

35



computing smaller problems. Whereas high-performance com modity computing
systems such as Beowulf require dedicated compute resources, Condor is designed
to take advantage of the CPU cycles left idle on “normal” work stations. Since these
workstations are not dedicated, the jobs which run on them ge nerally relinquish
their resources when the owner of the workstation returns. Us eful results can there-
fore only be acquired if the jobs which run via Condor are capa ble of completing in
a short time.

Iridis is the University of Southampton's Linux-based cluste red computational
facility, consisting of several hundred Intel and AMD proces sors. Time is reserved
in advance on this system and scheduling priority organised according to the size
of the job in terms of CPU hours and node availability. As a dedi cated compute re-
source it is designed to handle both batch and MPI jobs according to requirements,
however competition for CPU cycles means that only a relativ ely small proportion
of the total power can be used by an individual.

By using Iridis for extended studies with several variables , Condor for phase
diagrams on smaller samples and optimised local workstatio n clusters for the most
extreme situations, a varied cross-section of results from the different software can
be acquired.

2.9.7 Visualisation

Visualisation is an important part of scienti c computatio n, both for the analysis of
results and their presentation. To visualise computed resu Its, we use MayaVi (Ra-
machandran2001), which makes use of Kitware's VTK (Schroeder et al1996, 1997)
as the middleware for preparing the data prior to being rende red in either POV-Ray
or a Pixar Renderman r (Pixar, 1989, 2000) compliant raytracer.

We can exploit the features of these tools, particularly by a dding features com-
monly found in computational uid dynamics to further our und erstanding of the
magnetisation patterns resulting from our simulations.

Figure 2.19 shows a typical visualisation. Point A in the uppe rimage shows the
surface map of a scalar, in this instance the xy angle of magnetisation. For clarity
a wireframe map showing the outline of the nite element mesh s visible. In the
lower image, the scalar surface map remains, though it is tra nslucent (point B). The
cones indicated by point C represent the mean magnetisation of the small area im-
mediately surrounding the cones; the colour shows a scalar (the z component of
the magnetisation) and the direction of the cone re ects the m agnetisation vector
itself. Where smaller cones are present in a visualisation, these represent an inter-
polation of the vector where source data is only available ar ound that point rather
than at the point itself. This usually takes place at boundari es, arising from a linear
interpolation between M and 0.

To highlight points of interest, an isosurface of a scalar (such as that indicated
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Figure 2.19: A visualisation showing a surface map (A), translucent surfac e map (B), area mean mag-
netisation vectors (C), isosurface (D) and streamlines (E)
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Figure 2.20: Vortex at the core of a droplet object (see section 5.5) highlighted with streamlines (mass-
less particles, or tracer9 injected into the material. At the edges of the sample these
follow the magnetisation as if it were a velocity eld; at the coret hese follow the curl of
the magnetisation.

by point D) may be shown. The isosurface in this example is agai n based on thez
component of the magnetisation and attaches a visual representation to the core of
a vortex. Finally, point E shows streamlines, which are the r esult of tracer particles
being “dropped” into the system. These tracers follow the pat h of the magnetisa-
tion and provide a visual cue for interesting features of the visualisation; here they
gradually follow the magnetisation around the surface of th e sample, spiralling in
until they reach the vortex core.

Where the volume of the sample is of particular interest, a ra ndom point mask
can be applied to the visualisation, such as that in gure 2.20 . Here streamlines
have again been used to add depth to the visualisation and by o perating on a de-
rived vector (in this case, the curl of the magnetisation) th e bounds of the vortex
core are clear.

Python (van Rossum2003) and Linux shell scripts (Ramey 2003) were employed
extensively in coordinating the process to take raw simulat ion results and pro-
duce camera-ready images and animations suitable for the analysis of magnetic
microstructures.

Schematic drawings are occasionally used to assist underseanding physical ge-
ometry or aspects of magnetisation. Figure 2.21 shows two schematics of a generic
sample with arbitrary shape and a symmetry in the xy plane (point A), here repre-
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Figure 2.21: Schematic of out-of-plane (left) and in-plane (right) vortices. The dotted red arrow indi-
cates the vortex core direction; the solid blue arrows show the magn etisation circulating
around the core
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Figure 2.22: A schematic representation of non-patterned media is shown on the left, such as that
used in traditional hard disk media ( Albrecht et al, 2003,Si3 2002); the thicker line de-

limits one bit. The representation shown on the right is that of pat terned media with
each “dot” containing a single bit

sented by a rhombus. The axes on the left indicate the three-dimensionality of the
sample. If the applied eld (point B) were initially applied  along the x direction,
then two possible vortex types emerge. The vortex shown in the left sample has
an out-of-planevortex, where the magnetisation circulates in the xy plane (point C,
solid blue arrow) and the core of the vortex (point D, dotted r ed arrow) points per-
pendicular to this symmetric plane, i.e.in z. The vortex shown in the right sample
has anin-planevortex — the circulation of the magnetisation (point C, soli d blue
arrow) is in the yz plane and the core of the vortex (point D, solid red arrow) is
aligned with the direction of the initial applied eld, i.e.in x.

2.10 Applications

Micromagnetic modelling is important to understand the beh aviour of modern
hard disk media and the research of novel materials and desig ns which could be
incorporated into future hard disk platters.

Other emerging applications such as magnetic RAM can also bene t greatly
from the investigation of micromagnetic systems offered th rough simulation tech-
niques.
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2.10.1 Patterned and non-patterned media

Most modern hard disk drives have non-patterned media platt ers. The platter con-
sists of a substrate, usually made of glass (though in the past aluminium and mag-
nesium have been used), and is plated with nickel-phosphoro us. On top of this
substrate a magnetic cobalt-chromium-platinum-tantalum (CoCrPtTa) Im is de-
posited by evaporation. This results in an irregular structu re approximated in g-
ure 2.22; the sizes of the individual grains within this struc ture are approximately
20nm in size (IBM, 2002), though the grain size in the most recent disks is around
5mn (de Groot 2005). When pieces of data are written to this Im, they are w ritten
along tracks shown by the dashed lines in the gure; the magne tisation of the crys-
tals within the area representing that bit is set to a binary s tate. When the pieces of
data are read back, the drive takes a mean of the magnetisation as measured by the
head and decides whether that particular segment should be a “zero' or a “one', i.e.
a bit of data. Typically, one bit is made up of 20 grains by 50 grains , giving a total
physical bit size of 400nm  1000nm 0:4 m 1 m) (IBM, 2002). Figure 2.1 shows
the relationship between bit size and storage capacity.

Advancements in hard disk drive technologies have allowed ca pacity and per-
formance increases in a similar order of magnitude to that of computer processors
— traditionally doubling approximately every eighteen mon ths but recently ev-
ery twelve months; for example, the giant magnetoresistanc e (GMR) effect discov-
ered in 1988 Baibich et al.1988) gave manufacturers a head technology capable of
reading smaller physical data bits on account of their incre ased sensitivity. Subse-
quently, to increase data density, manufacturers can reduce the width of the tracks;
at 6 Gbit/in 2 this is approximately 1 m.

At some point it becomes impossible to reduce the track width a ny further
whilst ensuring reliability, and consequently data integr ity, as there are too few
CoCrPtTa grains within the track width to guarantee a partic ular overall state (i.e.
Zero or one); a very narrow track may reduce the strength and t herefore the “clar-
ity” of the read signal. To increase reliability, manufactu rers must reduce the size
of the particles which coat the substrate, thereby increasing the relative number of
grains representing one state; if these particles fall below a certain critical size, the
superparamagnetic effect may reverse the magnetisation in individual grains due
to thermal uctuations.

Patterned magnetic arrays (Ross 2001) at a nanoscopic level are becoming fea-
sible as hard disk storage media (Chouy 1997,Chou et al. 1996) owing to advance-
ment in fabrication processes (Cowburn et al, 1999a,b), including self-assembly tech-
niques (Bartlett et al, 2003a,Hoinville et al, 2003,Mayes et al. 2003, Zhukov et al,
20044a, 2003). However, to understandwhat precisely should be assembled, a study
is needed into the relative merits of the entities making up t he array; indeed, as
nanoscopic length scales are approached, the physical shag of an entity becomes
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Figure 2.23: A depiction of how data can be accessed in MRAM; light blue areas r epresent the read
path. Between the purple tracks, from top to bottom: free ferromag net (yellow), tunnel
junction (dark blue), pinned ferromagnet (green), antiferrom agnet (red), seed layer (dark
green)

more important ( Aharoni, 2000, p115) than other factors, such as magnetocrystallire
anisotropy, because it will affect increasingly the charac teristics of the hysteresis
loop (see section 2.8.1). In chapter 5 we investigate the propeties of such nanodots.

2.10.2 Magnetoresistive random access memory

In 1974 IBM Research developed the magnetic tunnel junction, the main component
of magnetostatic random access memory (MRAM). This tunnel jun ction is a sand-
wich of ferromagnetic and antiferromagnetic material betw een columns of bits and
rows of words, allowing an * [x; y]’-like access to individual bits within the mem-
ory; this can be seen in gure 2.23.

MRAM has the potential to be fast and dense, but even more impor tantly, it
is non-volatile i.e. it does not require a constant application of power to retain
its state), unlike standard dynamic random access memory (D RAM). This non-
volatility provides another benet in the form of low-power consumption, mak-
ing MRAM ideal for applications where power is paramount, suc h as laptop and
palmtop computers, mobile telephones and portable music sy stems.

To help understand which particle shapes are useful as part o f a typical MRAM
con guration ( Teherani et a].1999), itis bene cial to study these through simulation.
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Chapter 3

Basic geometries: at cylinders
and spheres

3.1 Introduction

The knowledge which can be acquired from micromagnetic simul ation reveals the
underlying physical processes that govern the hysteresis [oop. This complements
experimental work in which the average magnetisation as usu ally shown in hys-
teresis loops is observed.

The ability to examine numerically the micromagnetic behavi our of a given fer-
romagnetic system is of particular interest to experimenta lists because it allows us
to investigate in great detail the microstructures of the ma gnetisation which form
inside the system and observe their effects.

We wish to understand the micromagnetic behaviour of the dro plets later pre-
sented in chapter 5 which our collaborators in Prof. Bartlet t's group can fabricate
and our collaborators in Prof. de Groot's group investigate e xperimentally. In this
chapter we study some more fundamental geometries to prepar e this investigation.

3.2 Prior work

Previous work with at cylinders, i.ewhere the diameter of the circular plane is sig-
ni cantly larger than the height, has been done by Cowburn et al.(1999a,b). These
papers present hysteresis loops and SEM micrographs for supermalloy
single-domain circular nanomagnets ( at cylinders). The dia meter d of these cylin-
ders is between 55nm and 500nm, and their height h is between 6nm and 15nm.
Cowburn concludes that there is a distinct behaviour switch between the vortex
state and the single-domain state (see gure 3.1) dependent on the diameter of
the nanomagnet, con rmed by micromagnetic simulation ( Dao et al, 2001). Two-
dimensional simulation studies by Gubbiotti et al.(2002) show the vortex behaviour
in circular permalloy dots of diameter 200nm. Other single- domain to vortex state

42



Figure 3.1: Two states: the single domain state (left) and the vortex state (right)

transitions and phase studies have been performed by Scholz et al(2003b).

Ha et al.(2003) suggest that many interesting states are formed in permalloy
cylinders, which are dependent on height, radius and applie d eld. In atcylinders
at zero eld with a diameter of 200nm, they observe the onion s tate; when the
diameter is doubled, the vortex state is apparent at zero el d.

Initial micromagnetic studies of spheres have been previou sly performed ( Aha-
roni, 1980,C. H. Stapper1969,Eisenstein and Aharonil975) and the results of these
studies indicate that there is a smooth, gradual reduction i n the overall magneti-
sation of a sphere as the applied eld is reduced. Later work ( Aharoni, 1983) notes
there is a form to the magnetisation transition which is not ¢ ertain.

Mayes et al(2003) and Hoinville et al. (2003) discuss the practicality of storing
data on spherical cobalt-platinum nanoparticles, created using a biological process
and provide experimental results when used directly as a coa ting on a hard disk
platter.

In this chapter, we take this work further, and simulate and o bserve the be-
haviour of a sphere (C. H. Stapper 1969, Eisenstein and Aharonil975,Lam, 1992),
with a diameter d of 200nm and a at cylinder (disc) of diameter d = 100nm and
height 2=5d = 80nm; in both cases we use the material parameters for isotropic
nickel (Ms = 493380A/m, A =8:5 10 *?J/m, K1 =0 J)with a damping parame-
ter of 0.25 to assist with convergence. We also demonstrate the diferent magnetic
microstructures when the height of the cylinder is altered, and perform a diameter
dependence study with the cylinder.

3.3 Parameterisation of geometry

To instruct OOMMF what geometry to simulate, a Tcl function ( Flynt, 1999,Welch
1999) describing a constructive solid geometry (see appendx F) needs to be written
that is part of a problem con guration le. The conventioncho sen by OOMMF is to
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Figure 3.2: Anisotropic simulation domain. The image on the left has the physi cal x, y and z com-
ponents of the simulation domain equal to each other — as such the in scribed geometry
is a sphere — while the image on the right has the physical z component half the size of
the physical x and y components, causing the inscribed geometry to be ellipsoidal. Both
inscribed geometries are described by equation F.1

always operate in a geometric simulation space with interna | coordinates ranging
from O to 1 in all three dimensions (see gure 3.2). In addition , OOMMF requires
knowledge about the absolute size of this simulation cell an d will scale the nor-
malised cell accordingly.

We have found this approach counterintuitive at times and ha ve therefore writ-
ten a Python program ( mifmake} which takes the size of the object we wish to in-
vestigate in absolute units, and will then create the necessary con guration le for
OOMMF automatically, including the Tcl function to describe the g eometry in nor-
malised units. To generate a problem which will simulate a co balt cylinder of di-
ameter 100nm and height 40nm, with a mesh resolution of 2.5nm and an in-plane
applied eld ranging from 500mT to -500mT in 1mT steps, we nee d to issue the
following command to mifmaker

mifmaker --cylinder --material=cobalt --xy=100e-9 -z 40e 9\
-c 2.5e-9 -h 500 -l -500 -s 1000 --direction=down

The investment in creating this “one-shot” approach to gener ating micromag-
netic problems pays off when the parameter space is to be explored systematically.

When OOMMEF interprets the problem con guration le, it test s each point in
the normalised geometric simulation space against the geometry function. At this
point, the function can return results of either Mg or zero, depending on whether
or not material is present at the point of test. By inverting t he results when the
conditions are met, negative geometries can be built up, such as the “antisphere”
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Figure 3.3: Hysteresis loop for a at nickel cylinder of height 40nm and diame ter 200nm. The points
on the graph correspond to the states described in the text and g ures 3.5, 3.7 and 3.8

— a spherical hole in an otherwise solid (cubic) geometry.

3.4 Flat cylinder

We compute a hysteresis loop as shown in gure 3.3 in the follow ing way: initially,
a magnetic eld is applied in the simulation such that the mag netisation across the
cylinder is homogeneous (see gure 3.4).

For Bx = OmT (point ain gure 3.3) the magnetisation appears roughly homo-
geneous ( gure 3.5) but closer inspection ( gure 3.6) reveals a slight out-of-plane
magnetisation shift at either end of the sample due to a small contribution from the
dipolar interaction. This can also be seen in gure 3.5 ( Bertram 1994), and over-
all an onion stateoccurs, present to minimise the dipolar surface charges (Ha et al,
2003); this is shown in gure 3.6, and the homogeneous magneti sation state at this
point can be seen with a normalised colour scale in gure 3.5 an d corresponds to
point ain gure 3.3.

As the applied eld is reduced further a vortex forms in the x-y plane ( g-
ure 3.7). Note that this vortex (point bin gure 3.3) does not appear until after
the applied eld has passed zero; the vortex appears here as there is an energy
barrier which it must rst overcome. This results in the vorte x forming slightly
off-centre, so that when the vortex is created the magnetisation jumps from a high
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Figure 3.4: Overview of the cylindrical geometry (left) with the magnetis ation (represented by the
cones) in a high applied eld (right). The rectangular surfac e on the right is a cut-plane
through the sample, the colour of which re ects the scalar value of the in-plane x vy
angle.

Figure 3.5: Flat cylinder with homogeneous magnetisation (point ain gure 3.3). The colour is rep-
resentative of the in-plane x-y angle. There is a small out-of-plane magnetisation shift
due to demagnetising energy at the edges which is not present in a high applied eld
(gure 3.4)
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Figure 3.6: The ower state and the onion state shown together in a cylinder of di ameter 200nm and
height 40nm in zero applied eld. The ower state is shown by the coloured cut-plane
(xz) and exists in the x-z plane. The onion state is shown by monochrome streamlines
which follow the magnetisation direction; this exists in the x-y plane.

positive value to approximately  0:1M g, where Mg is the saturation magnetisation
(see gure 3.5). The position of the core of the vortex is a re ect ion of the amount of
magnetisation which is following the applied eld to minimi  se the Zeeman energy.

As the eldis further reduced, the core of the vortex can be see nto pass through
the cylinder in the negative y direction until My = 0:7Ms ( gure 3.8), correspond-
ing to point cin gure 3.3; at this point the core of the vortex is close to the edge of
the cylinder and disappears with another increase in the mag nitude of the applied
magnetic eld, leaving the magnetisation once more homogen eous in the direction
of the applied eld, which is the opposite situation to thati n gure 3.5.

Taking a cylinder of diameter 200nm, we study the microstruc tures of the mag-
netisation which form for different heights of a cylinder be tween 5nm and 100nm.
Using the technique outlined in section 2.7.2 we assign a unifor m magnetisation in
the x direction, allow the system to relax in zero applied eld, an d make observa-
tions.

Figure 3.9 shows the ower state, clearly visible in the shorte r cylinders; how-
ever as the height is increased, the dipolar energy exerts a geater in uence, as in
gure 3.6. The dipolar energy continues to exert more and more p ressure on the
cylinder to abandon its ower state in favour of a vortex — at a h eight of 75nm
the top and bottom of the cylinder are completely dominated b y the magnetostatic
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Figure 3.7: Flat cylinder entering the vortex state (point bin gure 3.3). The direction of the cones
corresponds to the direction of the magnetisation; their colour show s their angle in the
x-y plane — yellow is 0 from +x, blue is 180 from +x. The translucent cutplane in
y-z shows the magnetisation pattern is consistent throughout the hei ght, and the grey
isosurface outlines the core of the vortex.

Figure 3.8: Flat cylinder just before leaving the vortex state (point cin gure 3.3).

Figure 3.9: Height dependence of the remanent state in cylinders - vertic al cutplanes in the xz plane
of a cylinder of diameter 200nm in zero applied eld are shown. Th e images are (left) a
cylinder of height 35nm, (centre) h =75nm and (right) h =85nm. The colour variation
represents thez component of the magnetisation.
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Figure 3.10: Phase diagram of the remanent magnetisation state for nickel cylinders of varying height
and diameter

energy. Increasing the height a little further from here to 8 Onm causes this structure
to collapse and fall into the vortex state at zero eld.

Figure 3.10 shows the reversal behaviour of nickel cylinders dependent on height
and diameter. As height is increased, the single domain behaviour disappears and
vortex reversal behaviour occurs; the same is true as the diameter is increased.

3.5 Sphere

3.5.1 Finite differences and nite elements

Figure 3.11 depicts the hysteresis loops obtained from simul ations of a nickel sphere
(diameter d=200nm, K 1=0). The loops in the upper left, upper right and lower left
of the gure show loops yielded withthe OOMMEF software, whilst the lower right
loop was computed with magpar

For each simulation, the applied eld direction was variedi n and , respec-
tively the azimuth and polar angle of the applied eld. These a re relative to the
orientation of the nite difference grid, aligned with the x -, y- and z-axes.

All the loops show a similar pattern just below saturation, wi th small openings
in the hysteresis where the magnetisation moves from the sin gle domain state into
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Figure 3.11: Hysteresis loops for nickel spheres of diameter d=200nm with no magnetocrystalline
anisotropy with varying applied eld offsetsin  xy ( ) and xz ( ). The top left hysteresis
loop was performed with  OOMMF with applied eld offsets  =45°, =0°. The top right
loop (OOMMF) has =10°, =0°. The bottom left loop (OOMMF) has =30°, =18°. The
bottom right hysteresis loop was performed with magparusing an applied eld offset of

:4°, :60
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the vortex state.

It is interesting to note that in the loops computed with OOMMF there is an
“opening” in the hysteresis loop around By=0, the size of which varies with the
direction of the applied eld, although it is never quite eli minated. The results
from magpardo not display this characteristic.

These data show that the inner loop depends on the angles and . For the
spherically symmetric system that we wish to simulate, howt he coordinate system
of the simulation software is aligned relative to the direct ion of the applied eld
should be irrelevant. It is therefore likely that the inner o penings in the hystere-
sis loops are an artefact of the nite difference simulation technique as these vary
substantially as a function of this direction.

Initially, we assume the applied eld is zero and the magneti sation forms a vor-
tex with the core pointing inthe x direction as shown later in gure 3.15, and a very
small eld is applied in the opposite direction ( i.e. x) such that the vortex struc-
ture of the magnetisation is not signi cantly affected. Sin ce the overall magnetic
moment of the magnetisation is nite and points in the direct ion of the moments
in the vortex core, it is therefore energetically favourabl e for the system to align the
vortex core with the applied eld.

In order for this to happen, the vortex core needs to turn arou nd by 180 degrees
(i.e.pointin  x rather than +X. If there is no magnetocrystalline anisotropy in the
system, the spherically symmetric sphere should allow the ¢ ore to rotate round in
either or , similar to a typical Stoner-Wohlfarth particle. The spheri cal symmetry
should not allow the occurrence of the “inner” hysteresis lo op indicated in gure
3.11; this is supported by the results presented in the lower right of gure 3.11
computed with the nite element code.

Itis plausible therefore to assume that directions along th e discretisation axis are
either favoured or avoided by the system when a nite differe nce grid is introduced
for symmetric geometries.

3.5.2 Reversal mechanism

A strong magnetic eld applied across a nickel sphere of diam eter 200nm gives a
homogeneous magnetisation. As this eld is reduced the magne tisation at the sur-
face of the sphere diverges as a consequence of the dipolar ineractions ( gure 3.12
corresponding to point ain gure 3.11; also shown in gure 3.13); this behaviour is
similar to that in small cylinders.

As the eldis reduced, the sphere falls into the vortex state a little above 100mT
(see gure 3.14, corresponding to point bin gure 3.11), but, contrary to the cylin-
der, this vortex forms aroundthe axis of the applied eld. The majority of the mag-
netisation at this stage is pointing in the direction of the a pplied eld rather than
against it, as the core of the vortex is aligned with the direc tion of the initial mag-
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Figure 3.12: Nickel sphere in high applied eld showing spin tapering owing  to demagnetising en-
ergy; the leftimage shows a cut-plane through x andy, the rightimage shows a cut-plane
through x and z. This corresponds to point ain gure 3.11

netisation. The magnetisation around the core of the vortex i s able to maintain its
circular vortex pattern and adjust its alignment with the pr esent applied eld.

At zero eld, the magnetisation in the vortex core remains poi nting in the di-
rection of the applied eld ( gure 3.15, corresponding to poi nt cin gure 3.11),
however if the eld is increased inthe  x direction then the magnetisation in the
core is reversed (gure 3.16, point din gure 3.11).

Further increasing the eld eventually results in the vorte x dissipating at around
180mT. This results in the magnetisation of the sample pointi ng entirely in the di-
rection of the applied eld as in gure 3.13, only in the opposi te direction.

3.5.3 Size dependence

A size dependence study was performed on the diameter of nick el spheres; the
results of this can be seenin gure 3.17, showing a change in behaviour at a certain
diameter.

There is a qualitative change in the magnetisation reversal w hen the diameter
is reduced; the hysteresis loops for spheres of diameter 50rm and 80nm are shown
in gure 3.18.

The following equation ( O'Handley, 1999) gives thecritical radius(i.e. the radius
above which a sphere changes from single domain behaviour to vortex behaviour)
of a spherical sample of some material which has a low anisotr opy value.

S

M1 = In — 1 (3.1)
Using this equation, one can quickly converge on the critical radius for nickel by
iterating equation 3.1 until rp+1  rp = 0. The calculated critical radius of 34nm
agrees well with our simulations of nickel spheres; these studies show that the
magnetisation pattern of a nickel sphere of diameter 60nm (r = 30nm) reverses
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Figure 3.13: Sphere at high applied eld (point ain gure 3.11); see also gure 3.12.

Yy X

Figure 3.14: Sphere immediately after entering the vortex state (point bin gure 3.11).
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Figure 3.15: Sphere in vortex state (point cin gure 3.11).

Yy X

Figure 3.16: Sphere in vortex state at a further reduced eld (point din gure 3.11).
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Figure 3.17: Size dependence of the domain state in nickel spheres. The vertical dotted line shows
the critical radius for state transition computed with equation 3.1
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Figure 3.18: Hysteresis loops for nickel spheres of (left) diameter 50nm and ( right) diameter 80nm.
The 50nm sphere reverses through the single-domain state; the80nm sphere through the
vortex state
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as a single-domain, and the magnetisation pattern when the d iameter is 70nm is
vortex-like.

3.6 Summary

We have studied the magnetisation reversal in nickel cylind ers and spheres of the
size order 200nm. Around this size, in nickel the samples will not tend to form
domain walls as the samples are physically too small — the energy from dipolar
interaction is not great enough to counteract the domain wal | energy — and neither
will the shapes behave as single-domain states as the dipolar energy is then too
great (Wachowiak et al2002).

Below a certain critical diameter, cylinders exhibit singl e-domain behaviour.
Above this critical diameter, the cylinders enter the vortex state. In this regime,
the vortex penetrates and moves to adapt My to By after the eld is reversed. In
all cases, nickel cylinders cannot maintain a single-domain reversal method once
their height is above a critical value; we nd that the vortex reversal method is
present in all cylinders with a height greater than 60nm. The r esults for the simu-
lated cylinders are qualitatively in agreement with work by  Cowburn et al(1999b),
however these cannot be compared directly because different materials have been
investigated.

With the simulated spheres, vortex behaviour exists for a su f ciently large sys-
tem, however the vortex penetrates at a greater applied eld than thatin a cylinder
of comparable size. The vortex in spheres is also static with the core of the vortex
pointing in the original direction of the applied eld, asop posed to the vortex ap-
pearing in cylindrical samples, where the core of the vortex is able to move through
the system to compensate for a change in applied eld. In cyli ndrical samples, the
core of the vortex is perpendicular to the direction of the ap plied eld, i.e.it points
out of the circular plane.

We have shown that for non-cuboidal structures, great care h as be taken to en-
sure that the nite difference simulation technique does no tintroduce artefacts that
do not re ect the behaviour of the physical system. In subsequ ent chapters we have
used nite element simulations to corroborate nite differ ence simulation results,
and varied the directions of applied eld to ensure to exclud e such artefacts from
our observations.
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Chapter 4

Ccones

The work described in this chapter has been submitted to Physi cal Review B (Board-
man et al, 2005a).

4.1 Introduction

Tapered structures such as pyramids and cones are commonly used in magnetic
force microscopy (Dahlberg and Proksgl999,Saenz et a).1987); the phase shift in-
duced by the movement of a cantilever attached to the structu re can be interpreted
to yield the stray eld pattern of a sample ( McVitie et al.,, 2001).

Part-conical samples of size order 1 m and above have previously been fabri-
cated for bubble devices (Sanders et al.1981). Nanolithographically de ned struc-
tures created through electron beam lithography ( Choy 1997,Chou et al,. 1996) re-
sult in arrays of tapered pillars which are geometrically co nical. The coercivity of
arrays of shorter cones created with interference lithogra phy has been previously
investigated experimentally and numerically ( Ross et a).2001).

In this chapter, we study the magnetic reversal behaviour of cones systemati-
cally and compute a magnetisation remanence phase diagram as a function of di-
ameter and height.

4.2 Parameters

We use the material parameters for NiggFeyo permalloy (Js=1.0 TA=1.3 10
J/im, K1 =0.0 J/m3) (Skomski and Coey1999) and a damping constant of 0.25 to
improve convergence.

We perform simulations on cones where the overall diameter d of the base
ranges from 10nm to 100nm, the height h between the base and the tip ranges from
10nm to 100nm and the external magnetic eld is applied along the x direction of
the cone (see gure 4.1).
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single domain x  single domain z buckle state C state out-of-plane vortex

Figure 4.1: Representation of remanent magnetisation states; the solid arrows indicate the magnetisa-
tion direction, the dotted arrow shows the vortex core direction. From left to right: single
domain state in X, single domain state in +z (lled arrow) and  z (hollow arrow), buckle
state (Koltsov et al. 2000), C state and out-of-plane vortex state.

The mesh for the magparhybrid FE/BE simulation is created using NETGEN
(Schoberl2003). For the cone whered = 100nm and h = 100nm, the mesh contains
210825 tetrahedra, with the largest element having an edge length smaller than
4nm, which is below ( Donahue and McMichagll997) the calculated exchange length

ex = 2A= oM Z (Kronmiller and Fahnlg2003) of 5.71nm.

The remanent magnetisation con gurations using OOMMF and magparare in
agreement providing the shape is suf ciently well resolved in both cases. To ensure
this is the case with OOMMEF, the cones were discretised into 8000 cells, in the
largest case the cell edge length is 5nm with a maximum adjacent cell spin angle of
0.5 radians.

Starting from an initially uniform magnetisation state poi nting in the + x direc-
tion, we apply a magnetic eld of 500mT capable of maintainin g a nearly homoge-
neous magnetisation and reduce this eld in steps of 1mT unti | the magnetisation
is reversed to compute the hysteresis loop. When the applied eld is reduced to
zero, we classify the magnetisation pattern to create the remanence phase diagram.
Figure 4.1 shows schematic plots of the observed remanent stdes.

4.3 Results

Figure 4.2 shows the phase diagram for the remanent magnetisation states in cones
where 10nm d 100nmand 10nm h 100nmand the applied eld was orig-
inally in the + x direction (see gure 4.1). Where h is less than 20nm, the remanent
state is a single domain state with the magnetisation pointi ng in the x direction
(gure 4.1, left). If his above 50nm and the ratio h=d is high (i.e. a tall, thin cone)
then the single domain state in z is preferable due to shape anisotropy ( gure 4.1,
second from left). We have observed two types of single domai n states in z: one
with the magnetisation pointing up towards the tip of the con e and the other with
the magnetisation pointing down towards the base. The single domain states in x
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Figure 4.2: Phase diagram of the remanent magnetisation states for cones whee the applied eld was

originally in the + x direction. The symbols represent computed points, dashed lines are
guides to the eye.
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Figure 4.3: Hysteresis loop and reversal mechanism for a cone where d = h = 100nm and the applied
eld is across the diameter. Points E, F, G and H are explained in gure 4.4.

and z are in agreement with experimental data in Ross et al(2001).

For larger h and d the demagnetising energy grows and the remanent state is
the vortex state with the magnetisation in the core of the vor tex pointing out of the
Xy plane ( gure 4.1, right).

For intermediate values of h we nd at large d the buckle state ( gure 4.1, cen-
tre), in which the overall magnetisation points in  x but around the centre of the xy
plane this bends slightly upwards and downwards in  z. The buckling is an indica-
tion of the growing dipolar energy of the single-domain stat e.

At smaller d for intermediate h the remanent state is a C-shaped con guration
(gure 4.1, second from right). The C state is related to the sin gle domain state in
z by the shape anisotropy driving the magnetisation to point p rimarily in the - z
direction. In larger diameters the magnetisation will atte mpt to reduce the demag-
netisation energy — the bending of the magnetisation in the + x direction close to
the base of the cone shows the history of the system: prior to the eld being reduced
to zero the magnetisation was pointing in the + x direction.

Figure 4.3 shows the complete hysteresis loop for a cone with d=h=100nm, com-
puted using magpar When the applied eld is reduced from saturating the mag-
netisation in the +x direction, it forms an in-plane vortex ( i.e. where the mag-
netisation circulates in yz and the vortex core points in the x direction) shown at
point A. The same behaviour is observed for the magnetisation r eversal of spheres
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(Boardman et al.2005b,Eisenstein and Aharonil975) of similar size. Note that this
con guration is not observed in the absence of an applied el d and therefore this
state is not shown in gure 4.1.

The in-plane vortex is replaced by an out-of-plane vortex ( i.e. where the mag-
netisation circulates in xy and the vortex core points in the z direction) shown at
point B after overcoming an energy barrier. The core of this vo rtex is anchored at
the tip of the cone and compensates for the applied eld by til ting the core, allowing
the majority of the magnetisation to align with the applied eld, thus minimising
Zeeman energy.

A further reduction of the eld (point C) causes the core of th e vortex to shift to
the centre of the cone. Reducing the eld below zero causes the vortex to bend in
the opposite direction to point B. At Bx = O0mT the magnetisation is in the vortex
state as shown in gure 4.1 (right). Another energy barrier nee ds to be overcome to
destroy the out-of-plane vortex, leaving the magnetisatio n with an in-plane vortex
(point D) with the core pointing in the opposite directionto  the vortex at point A.

Once the eldis suf ciently high the in-plane vortex aligns  into a homogeneous
saturated magnetisation in the - x direction for jBxj 250mT.

Figure 4.4 shows speci cally the magnetisation at points E, F, G and H from
gure 4.3 to explain the subtle “kinks” in the hysteresis loop . The top row shows
a magnetisation cross section along the height of the cone ard the bottom row that
along the base. The middle row is a schematic representation of the two vortices
corresponding to the cross sections above and below.

Starting at point E, the system contains two vortices: the ou t-of-plane vortex
with the core pointing in the + z direction introduced at point B, and the formation
of an in-plane vortex with the core in the - x direction parallel to the applied eld.
Increasing the eld in the - x direction causes the in-plane vortex to become more
dominant (point F). A further increase of the applied eldin the -x direction allows
the in-plane vortex to become even more in uential, moving th e out-of-plane vor-
tex to the edge of the sample (point G). There is a small energy barrier present to
force the out-of-plane vortex from the system; once this has been overcome only
the in-plane vortex remains (point H).

4.4 Summary

We have simulated the magnetisation reversal in conical samples, and ve separate
remanent states — single-domain in x, single-domain in z, out-of-plane vortex,
buckle and C-state — have been observed.

By analysing the remanent magnetisation con guration for a series of simula-
tions, we have created a phase diagram showing these results The dynamics of the
magnetisation reversal are more complicated to classify and describe.
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Figure 4.4: Reversal mechanism detail for points E, F, G and H in gure 4.3. T op: yz cutplanes of
magnetisation shaded by the x component of the magnetisation (M ). Middle: schemat-
ics indicating vortex behaviour (solid arrows for the in-plane vor tex shown the in top
row, dashed arrows for the out-of-plane vortex shown in the bottom row).  Bottom: xy
cutplanes of the magnetisation at the base of the cone.

We have investigated and presented in more detail the magnetisation reversal
of larger cones (height greater than 70nm and diameter greater than 50nm) and
nd that for parts of the hysteresis loop, two coexisting vor tices can be found in the
magnetisation (with cores pointing in approximately perpe ndicular directions).
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Chapter 5

Nanodots

The work described in this chapter has been published in two pa pers in the Journal
of Applied Physics ( Boardman et a].2004, 2005b).

5.1 Introduction

Figure 5.1 shows an array of nanodots created using the novel “double template”
method imaged using a scanning electron microscope.

Figure 5.2 shows the experimentally measured hysteresis loop for such an ar-
ray of nickel nanodots (see section 5.1.1) with a bounding sphere diameter d of
500nm (Zhukov, 2004) obtained through magneto-optical Kerr effect (Argyres, 1955)
microscopy. The motivation here is to reveal the physics in th is hysteresis loop
through micromagnetic simulation.

Although the precise shape of the nanodot is not known, we do kn ow the man-
ufacturing method (see section 5.1.3) and from this we can derive an approximate
representation of the nanodot.

It is not feasible to perform a three-dimensional micromagn etic simulation of a
large array of nanodots so instead a single nanodot is modell ed numerically. De-
spite some inevitable dipolar interaction in the real syste m, particularly when the
nanodots are close together, it remains of interest to investigate the magnetisation
of an independent nanodot.

5.1.1 Whatis a nanodot?

We de ne a nanodot to be a magnetic sample with a physical edge size Iy of less
than 1 m and “short” in geometry, i.e.l,  0:5lx. Arrays of nanodots are strong
candidates for use in patterned media, as the consistency of shape from one nan-
odot to the next promotes predictable behaviour; one nanodo t will behave in the

same way to another nanodot, in contrast to irregular grains where clusters of
grains are required to reduce the effects of this irregulari ty.
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Figure 5.1: Scanning electron microscope image of a droplet array

| | I | I | I |
-200 -100 0 100

applied field B, (mT)

Figure 5.2: Normalised MOKE measurements for a nickel dot array of diameter 5 00nm
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Figure 5.3: The double-template self-assembly technique. First, an aqueous suspension of latex
spheres (top left) of diameter d is poured onto a substrate. As the water evaporates,
the latex spheres are attracted to each other (top centre), forming a regular close-packed
structure. This template can be lled with a non-magnetic mat erial (top right) and the
latex spheres etched away (bottom left). The resulting gaps can be lled with a magnetic
material to a varying height h (bottom right) to form arrays of connected or disconnected
part-spherical nanodots.

5.1.2 Lithography

There are several different ways of creating nanodots. Litho graphic methods such
as those used byCowburn et al.(1999a),Li et al. (2002) and discussed in chapter 3,
although successful, are limited in the grain size they can p roduce; in photolithog-
raphy the wavelength of light used in the fabrication proces s effectively limits the
dot size to those above 0:4 m, and electron beam lithography is still a prohibitively
expensive process.

5.1.3 Self-assembly

Self-assembly methods Qenkov et al. 1993) appear to be a cost-effective way to
create templates, from which an array of structures as shown in gure 5.1 can be
formed (Ghanem et a].2004,Zhukov et al, 2003). These structures are the motiva-
tion behind this chapter. One particular method of chemical self-assembly involves
the formation of templates through the evaporation of an aqu eous suspension of
polystyrene latex spheres (Bartlett et al, 2002, 2003a), initiating the self-assembly.
Figure 5.3 shows this process schematically.

Using these templates, it is possible to create magnetic structures from sizes of
50nm to 1000nm by lling the spaces between the close-packed spheres with some
material through electrochemical deposition. By etching a way the polystyrene
spheres, another template is formed. This template can then be lled with magnetic
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Figure 5.4: A typical nanodot “droplet” geometry arranged in a hexagonal latt ice (artist's impression
on the left) and a schematic of the droplet (right)

material, and by varying the Il amount of the resulting sphe rical holes, connected
or disconnected arrays of dots can be formed. This is known as the double-template
self-assembly method.

The resulting structures have several applications, such as photonic materi-
als (Bogomolov et g11997,Vlasov et al. 2001), microchip reactors Gau et al, 1999)
and biosensors (Velev and Kaler1999). The application in which we are interested
for this work pertains to magnetism.

We present here the results for two types of nanodot geometry — part-sphere
and “droplet”. The droplet geometry can be considered to be a p art-sphere with a
rounded upper; this is described in more detail in section 5.5 .

5.2 Half-sphere

We wish to simulate a half-sphere so we can see what effect the rounded upper
dome (which can be seen in gure 5.1) has on the results; these an then be com-
pared to “droplet” systems (section 5.5) which re ect the shap e in gure 5.1. The
half-sphere nanodot we simulate here is isotropic nickel ( Mg = 493380A/m, A =
85 10 2J/m, K1 =0 J), with a diameter of 200nm. We use OOMMF to simulate
this geometry with a nite difference cubic cell of edge leng th 5nm.

5.2.1 Results

Applying a suf ciently large magnetic eld across the circul ar plane of a half-
sphere results in an initially homogeneous magnetisation p attern, and as with the
sphere in section 3.5, a slight deviation at the surface resulting from the demagnetis-
ing eld. This corresponds to point ain gure 5.5; the homogeneous magnetisation
is illustrated in gure 5.6.
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Figure 5.5: Hysteresis loop for a nickel half-sphere of diameter 200nm

Reducing the eld further causes the nucleation of a vortex a t around 30mT,
resulting in the magnetisation drop immediately following  point ain gure 5.5.

The vortex core moves in the y direction while the eld is reduced further
(point cin gure 5.5; illustrated in gure 5.8), until the vortex leave s the system
and a homogeneous magnetisation in the x direction is established.

5.2.2 Discussion

Although hysteretically this exhibits a qualitative simila rity with the sphere ( g-
ure 3.11) insofar as their possession of two minor loops, the magnetic microstruc-
ture is more reminiscent of the at cylinder in that the vortex nucleates out of the
plane and moves through the geometry in the same fashion as the at cylinder ( g-
ures 3.3 to 3.8), however the vortex appearsprior to the applied eld being reduced
below zero.

Figure 5.7 illustrates that at zero eld the direction of the v ortex core is perpen-
dicular to and in the centre of the xy plane; see pointbin gure 5.5. For isolated
half-spheres we always nd the magnetisation in the core of t he vortex to point
“down” ( i.e. towards the spherical surface). We attribute this to the asy mmetry of
the half-sphere in the z direction.

5.3 Part-spherical nanodots

We have seen above that the magnetisation reversal in the halff-sphere occurs via
vortex nucleation similar to the mechanism in the atcylinde rshown in section 3.4.
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Figure 5.6: Half-sphere at high applied eld (point ain gure 5.5)

Figure 5.7: Half-sphere in vortex state in zero applied eld (point bin gure 5.5). Axes are the same
as those in gure 5.6
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Figure 5.8: Half-sphere in late vortex state (point cin gure 5.5). Axes are the same as those in g-
ure 5.6

We have shown in section 3.5 that a full sphere reverses via a different mechanism.
From this it can be concluded that for some height h > d=2 of a part-sphere a
transition between the two reversal mechanisms takes place.

These results are also relevant to the experimentally manufactured nanodots
because the amount of material that is deposited through the self-assembly method
described in section 5.1.3 can be varied to grow spheres of heichts h  d.

We calculate numerically the magnetisation reversal of sof t part-spherical par-
ticles. The observed reversal mechanisms range from single domain reversal at
small radii, to vortex movement in shallow systems at larger radii and vortex core
reversal at larger heights as observed in spheres.

In this section we study the behaviour of the new class of part -spherical struc-
tures and compute a magnetic reversal phase diagram as a fundion of diameter
and height.

5.3.1 Parameters

Geometrically we consider the part-spheres to have one at su rface when h <d;in
the caseh = 0:5d the geometry will resemble the half-sphere from section 5.2.

We perform the phase diagram studies using the material para meters for
NisgFeso permalloy (Mg = 1.11 10° A/m, A =5.85 10 2J/m, K1=0J/m?3, see
also appendix C) and a damping constant  of 0.25 to improve convergence.
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Figure 5.9: Phase diagram of reversal mechanisms for Niso Feso permalloy part-spheres. The dotted
and dashed lines are guides to the eye indicating reversal mechanism boundaries

5.3.2 Results

Figure 5.9 shows a phase diagram of remanent magnetisation states for systems
simulated with magparwhere the height h increases from 1=8d to d in 1=8d steps
and d varies between 12.5nm and 125nm.

We observe three distinct reversal mechanisms. Taking d=50nm, for h=d  0:375
the reversal is coherent; all the magnetic moments remain aligned and rotate ho-
mogeneously. Between h=d = 0:5 and h=d = 0:875 an out-of-plane vortex forms
with a core perpendicular to the applied eld after some init ial energy barrier is
overcome and this can freely move around the inside of the par t-sphere with the
applied eld. This is similar to the behaviour seen in cylindr ical particles shown
in gures 3.3 to 3.8 and in other works ( Boardman et a].2004,Cowburn et al, 1999b,
Ha et al, 2003,Li et al., 2002). We will now discuss the reversal mechanism in more
detail.

Figure 5.10 shows the perpendicular vortex reversal behaviour. Point A shows
the homogeneously aligned state at high applied eld, thoug h there is a small C-
state-like shift in the x-z direction at the extremities in order to minimise dipolar
energy. At point B there is a shift into an S-like state in the x-y direction, where
the magnetic moments at the edges of the half-sphere persistin the applied eld
direction while the moments towards the centre are aligned a few degrees away
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Figure 5.10: Reversal mechanism for d=50nm, h=0.5d

from the x direction into the y direction. Reducing the eld further overcomes
an energy barrier and a perpendicular (i.e. the core of the vortex points in the z
direction) vortex is formed. Point C shows the remanent stat e of the half-sphere
with this vortex in the centre; the net magnetisation in the x direction is now zero.
Point D shows the effects of a continued eld reduction; the v ortex has shifted
further into the y direction appropriate for allowing the majority of the magn etic
moments to point in the negative x direction. Finally, at point E the external eld is
now suf ciently low to remove the vortex from the system, and a homogeneously
aligned state remains.

Figure 5.11 shows the reversal mechanism with an in-plane vor tex for a sphere
(i.e.h=d = 1:0). Although the size and material differ from the sphere in sec tion 3.5,
there is a qualitative similarity we will review. Point A sho ws a homogeneous
alignment of the magnetic moments in the x direction, which persists until point B,
where the eld has been lowered enough to overcome the energy barrier and allow
an in-plane (i.e. where the core points in the x direction) vortex to form; this also
allows the majority of the magnetisation to continue pointi ng in the x direction.

As the eld is further reduced, the x component of the magnetisation outside
the vortex core continues to follow the applied eld; howeve r the core remains
pointing wholly in the direction of the initial applied eld . At point C, after the
eld is reduced below zero the core of the vortex ips over, whi ch is responsible

71



| T T T | T
1 - —]
B /

L A .

05+ _]

s L i
[
je)

& o _

g C

® - _

IS
V4
05 q/v_
y X
i D ]
M,
1 _
| ! | ! | ! | ! |
-400 -200 0 200 400

applied field B, (mT)

Figure 5.11: Reversal mechanism for d=100nm, h=d

for the “minor” hysteresis loop around By = 0. The vortex can exit the system
when the eld is further reduced and the magnetisation becom es homogeneous
(point D).

Our simulation results agree with the computation of the cri tical radius
(O'Handley, 1999, p305) of single-domain to vortex state transition (equation 3.1)
for Ni 5oFeso permalloy in spheres of radius 12.4nm (d=24.8nm): a single-domain
remanent state is observed in our simulations of spheres of diameter 24nm and
below where the exchange energy is dominant, whilst an in-pl ane vortex is in the
remanent state when the diameter is 25nm or greater as the dipolar energy becomes
preponderant.

5.3.3 Comparing OOMMF and magpar

Figure 5.12 shows results computed during the simulation of a half-sphere of diam-
eter 50nm using two different simulation packages that empl oy the nite difference
method (Donahue and Porte1999) and the hybrid nite element/boundary element
method (Scholz et a).2003a) respectively. There is good agreement between the tvo
packages.

The results obtained from both OOMMF (FD method) and magparhybrid FE/BE
method) display an energy barrier which is overcome when By is below 50mT. Ad-
ditionally, reversible behaviour around By = 0 is present in both cases.
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Figure 5.12: Hysteresis loops for a d=50nm half-sphere obtained with (solid line) OOMMF ( nite
difference method) and (dashed line) magpar( nite element/boundary element method)

The slight aberration in the hysteresis loop for the hybrid FE /BE case is caused
by a slight shift in the magnetisation towards the centre of t he sample ( gure 5.10,
point B), present in the simulation as a result of the improve d shape resolution over
the FD case.

5.4 Multiple vortex states

As the diameter of a part-spherical geometry is increased, fu rther characteristics
are observed which resemble those of the full sphere.

Figure 5.13 shows the hysteresis loop for an isotropic nickel half-sphere of di-
ameter 350nm. This hysteresis loop shares some similarity with that of a smaller
half-spherical system, such as that in gure 5.10 — it has zero remanence and there
are openings in the hysteresis loop. The characteristic difference between the two
loops is there are two energy barriers: the rst occurs when By is around 100mT,
followed by another when By is approximately 70mT, corresponding to the kink in
the curve at 60mT in gure 5.10.

Figure 5.14 reveals the magnetic microstructures in this mod el. The image on
the left shows the magnetisation when By is 80mT. An in-plane vortex has formed
and the magnetisation circulates in the yz plane, with the core of the vortex point-
ing in the x direction with the applied eld. The image on the right shows t he
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Figure 5.13: Hysteresis loop for an isotropic nickel half-sphere of diameter 35 Onm. Two energy barri-
ers can be seen: one at 100mT and another at 70mT. The rst indicates the transition
from the single-domain state to the in-plane vortex state, the s econd the transition from
the in-plane vortex state to the perpendicular vortex state.

magnetisation after By has been reduced to 65mT. The in-plane vortex has been re-
placed by a perpendicular vortex: the magnetisation now cir culates in the xy plane
with the core of the vortex pointing in the z direction. The core of the vortex is
off-centre to allow the majority of the magnetisation to poi ntin the direction of the
applied eld.

Figure 5.15 shows the hysteresis loop when the diameter of the nickel half-
sphere is increased to 750nm. Qualitatively, the same behavour is observed as
when the half-sphere diameter is 350nm. Point A shows the ful ly-saturated mag-
netisation at a high applied eld inthe + x direction. When this is reduced to over-
come the rst energy barrier (point B) then the in-plane vort ex forms, with the core
of the vortex pointing in the direction of the applied eld. As the eldis reduced to
immediately prior to the second energy barrier at around 75m T (point C), the mag-
netisation around the core of the vortex deviates further aw ay from the x direction
to minimise dipolar energy.

Point D shows the magnetisation immediately after the secon d energy barrier
has been overcome. The in-plane vortex has disappeared to be eplaced by a per-
pendicular vortex, with the core pointing in the z direction. The majority of the
magnetisation remains in the direction of the applied eld. Reducing the eld to
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Figure 5.14: Two vortex states in an isotropic nickel half-sphere of diameter 350nm. The images show
vector cut-planes of magnetisation in the y-z direction — applied eld was inthe x direc-
tion. The in-plane vortex (left) is clearly visible at Bx  80mT. The perpendicular vortex
(right)isina eld of  65mT, and is off-centre to compensate for the applied eld.

zero (point E) sees the vortex core move across the sample in he y direction, caus-
ing the average M to be zero. Increasing the applied eld in the opposite direc tion
( x) causes the vortex core to move further along the y direction (point F) allowing
the majority of the magnetisation to pointinthe  x direction, similar to point D.

Increasing the eld further in the  x direction overcomes another energy bar-
rier present around -125mT (point G), causing the perpendic ular vortex to disap-
pear and an in-plane vortex with the core pointingin  x to form, which disappears
when the applied eld is increased to -140mT (point H).

5.5 “Droplet” nanodots

5.5.1 Parameters

In this instance, the geometry of the nanodot is similar to th at of a “droplet”; we
consider the shape to be split into two parts — the lower part f ollows a “bounding
sphere” to some fraction, at which point it is cut off to form a part-sphere. This
is then provided with an ellipsoidal top, giving the geometr y a dome-topped ap-
pearance, which can be seen more clearly in gure 5.4, in order to approximate the
experimentally grown droplets ( gure 5.1) as well as possibl e..

For these simulations, we de ne the height of the geometry th us (as gure 5.4,
right):

ly = 2=7d (5.1)
Lo = 1=7d (5.2)
)1, = 3=7d (5.3)

< 1=2d (5.4)
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Figure 5.15: Hysteresis loop for isotropic nickel half-sphere of diameter 750n m simulated with mag-
par. The coloured sections of the smaller images represent the magndisation in the x
direction
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Figure 5.16: Vortex “pinning” in a part-sphere of height  0:75d. After entering an in-plane vortex state
(left), the upper part of the vortex core is situated about the cen tre of the xy plane while
the lower part is towards +y. When the eld is reduced to zero (centre), the upper and
lower parts of the vortex core are around the centre of the xy plane. If a negative eld
is then applied (right), then the lower part of the vortex core move stowards vy, but the
upper part remains at the centre of xy.
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Figure 5.17: The hysteresis loop for the 140nm droplet with inset x-y cut-planes showing vortex prop-
agation

where |, is the part which follows the outline of some bounding sphere of diam-
eter d, and |, is the upper ellipsoidal dome part. These parameters most clo sely
re ect the geometry of droplets resulting from the partial 1  ling of templates with
spherical voids. We study the results of simulations perfor med on such nanodots
with d between 50nm and 500nm.

5.5.2 Reversal mechanism

Figure 5.17 shows the hysteresis loop for a droplet with bound ing sphere diameter
d = 140nm. From an initially homogeneous magnetisation broug ht about through
the application of a saturating magnetic eld in the x direction, a slight tapering
effect appears at the surface as this eld is reduced owing to long-range dipolar
interactions (see gure 5.17, point A).

Further reduction of the applied eld causes the dipolar ene rgy to become more
dominant. At slightly above zero eld this causes the formati on of a vortex slightly
away from the sample centre (see gure 5.17, point B), the direction of which allows
the overall magnetisation direction to remain in that of the applied eld. The vortex
moves closer to the centre of the sample as the eld tends towards zero, and when
there is no applied eld, the Zeeman energy term is also zero a nd the vortex moves
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Figure 5.18: Hysteresis loops for droplets of bounding sphere diameter 140nm, 3 50nm and 500nm;
note that the loops are offset in the y direction for clarity. Inset is the hysteresis loop for
a droplet of bounding sphere diameter 50nm.
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Figure 5.19: Size dependence of coercive eld in droplet nanodots. An error of  1mT is present as
this is the applied eld step size. Where B. > OmT, the remanent state is single domain,
where B = 0mT there is a vortex remanent state.

to the centre.

The net magnetisation My of the sample at this point is now zero (see gure 5.17,
point C). Reducing the eld further ( i.e. increased in the opposite direction) shifts
the vortex further across the sample (see gure 5.17, point D), until the Zeeman
energy term in uences the magnetisation more than the other e nergy terms and the
magnetisation of the sample becomes homogeneous in the direction of the applied
eld.

It is interesting to note that if the height I, from equation 5.1 is increased to
around 0:5d, the reversal mechanism is slightly different. Although the magneti-
sation falls into the vortex state, only the lower half of the vortex moves through
the system; the upper half is “pinned' to the centre of the elli psoidal part during the
entire reversal in a similar fashion to the three-quarter sp here in gure 5.16. This
gives the vortex a pendulum-like movement throughout the sy stem. Indeed, im-
mediately after nucleation, the vortex is almost at acrosst he droplet in the plane
of the applied eld in a similar way to the sphere in section 3.5
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Figure 5.20: Two hysteresis curves for nickel nanodots with bounding sphere d iameter of 500nm. The
hysteresis loop on the left shows results obtained from experiment . The right-hand loop
shows the results of the numerical modelling.

5.5.3 Size dependence

We have varied the diameter d of the droplet from 50nm to 500nm and computed
a hysteresis loop for every d in steps of 10nm. We nd two differentr égimes. Fig-
ure 5.19 re ects the size dependence of the coercive eld for th ese droplets.

When d < 140nm, the magnetisation reversal mechanism is single-domain (see
gure 5.21, left and centre). When d  140nm, the magnetisation reverses through
the vortex state (see gure 5.17 and gure 5.21, right).

The relatively consistent coercivity of 5mT between 60nm and 130nm in g-
ure 5.19 is a result of a coherent rotation reversal process, wlike that shown by
dots smaller than 60nm. The hysteresis loops at 60nm d  130nm are substan-
tially less “square” than those shown with sub-60nm boundin g sphere sizes and
bear a resemblance to the loops from 140nm and greater droplets, as indicated by
the centre loop (d=90nm)in gure 5.21.

Above 140nm the coercivity of the droplets is zero. For drople ts of greater size
the hysteresis characteristics are similar, although as the size is increased the rever-
sal takes place over an increasingly large applied eld, and the smaller loops at the
top and bottom of the hysteresis graph become more rounded (see gure 5.18).

There is a good agreement between the experimental hysteress curve measured
across a nickel nanodot of bounding sphere diameter 500nm ( gure 5.20, left) and
the results of the numerical simulation for the droplet of th e same bounding sphere
diameter ( gure 5.20, right).

5.6 Applying an out-of-plane external eld

By adjusting the direction of the applied eld such thatitis now along the short
axis of the droplet, or out-of-plane rather than across the symmetry plane we can
perform further studies on the droplet nanodot.
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Figure 5.21: Hysteresis loops for droplet nanodots of (from left to right) bounding  sphere diameter d
of 30nm, 90nm and 140nm

Figure 5.22 demonstrates a typical hysteresis loop obtained from these simula-
tions and also the associated reversal mechanism. The vignete images along the
hysteresis loop show a cut-plane of the magnetisation in the xz plane, z being the
short axis and that of the applied eld. Initially, a high ext ernal magnetic eld is
applied such that the magnetisation becomes homogeneous in + z (point A), then
this eld is gradually lowered until it is suf ciently high i n the opposite direction
( z) to maintain a homogeneous magnetisation in this direction .

As the eld is reduced, the system falls into the out-of-plane v ortex state with
no apparent energy barrier to overcome (point B), with the co re pointing in the di-
rection of the initial applied eld (point C). Further reduc tion of the applied eld
results in the magnetisation surrounding the core pointing more towards the di-
rection of the applied eld, so that when the applied eld is < OmT the overall
magnetisation is in  z (point D). The core, however, remains pointing in + z until
around 50mT, at which point the core ips causing the small jump in magne tisa-
tion around this point (point E).

Finally, once the magnetisation is suf ciently large in  z, the vortex disappears
completely and the magnetisation is homogeneous in  z (point F).

Figure 5.23 shows the size dependence of the droplets when the applied eld
is out of the plane. The coercive eld of the droplets decrease s as the bounding
sphere radius is increased, with the rate of coercivity redu ction decreasing as the
radius is further increased.

Figure 5.24 places the coercive eld size dependence of the droplets where the
initial applied eld is out of the plane into context by compa ring this to the coer-
civity of the same droplets when the original applied eldis inthe plane. Itis clear
from these results that applying the eld across the short ou t-of-plane axis of the
droplets increases the coercivity signi cantly; for a coer cive eld of 20mT a droplet
of bounding sphere diameter of around 25nm is suf cient with  an in-plane applied

eld, however with an out-of-plane eld a bounding sphere di ameter of 160nm
is required.
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5.7 Summary

We have simulated the magnetisation reversal in part-spher ical and droplet nan-
odots. In droplet nanodots, we observe two different mechan isms for this reversal
— the single-domain state and the vortex state.

If the overall size of the droplet system is increased then we notice a distinct
transition from the single domain state to the vortex state, which we identify for
isotropic nickel (see appendix C) as being at a droplet bound ing sphere diameter of
140nm (physical droplet diameter in this instance is around 90% of the bounding
sphere diameter, approximately 126nm, and h =3=7d = 60nm). This change occurs
at a smaller diameter than for thin ( h ~ 30nm) circular nanodots (see gure 3.10).

The “soft” vortex behaviour — i.e. the vortex will readily adjust its position to
accommodate a change in applied eld — observed in the large d roplets is a useful
characteristic in sensor applications; smaller droplets have the square hysteresis
loops desirable for data storage.

In part-spherical particles, three separate remanent states — single-domain,
out-of-plane vortex and in-plane vortex — have been observe d.

As the diameter of the part-spherical particle decreases, a larger h=dis necessary
for a vortex to form. As h is increased, the magnetisation is more likely to form a
vortex. Below a critical radius of 12.4nm for Ni s5gFesq, all h=d values will resultin a
single-domain remanent state.

The hysteresis loops observed experimentally agree well wit h the numerical
results from the simulation.

We observe good agreement between the nite difference meth od in OOMMF
and the hybrid nite element/boundary element model in  magpar
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Chapter 6

Antidots

Parts of this work have been submitted for publication as Zhukov et al.(2004a)
and Zhukov et al(2004b). Experimental measurements were obtained by Dr. Alexan-
der Zhukov of the School of Physics and Astronomy (University o f Southampton)

and the Monte Carlo simulations performed by Dr. Hans Fangoh r of the School of
Engineering Sciences (University of Southampton).

6.1 Introduction

Lithographic techniques have allowed researchers to create ordered structures on
the sub-micron scale (Cowburn et al, 1997, Fruchart et al, 1999, Hehn et al, 1996,
Mart'n et al., 2003,Van Roy et al. 1993), either as well-formed small magnetic ele-
ments such as the cylindrical and spherical objects described in chapters 3 and 5
or as regular arrays of holes in magnetic Ims. Antidots are the “opposite' of the
nanodots discussed in the previous chapter. If one creates ahole in a thin sam-
ple, the hole can be considered to be an antidot. Lithographi ¢ techniques generally
yield cylindrical holes, but emerging self-assembly techn iques (Bartlett et al, 2002)
promise a wider range of shapes.

Figure 6.1 shows the single-template self-assembly technique. Electrochemical
deposition can be used to create nanoscale magnetic materids by creating an or-
dered template from polystyrene latex spheres of size order 50nm d  1000nm
(Bartlett et al, 2003b,Xu et al,, 2000). Initially, an aqueous solution of monodisperse
latex spheres is deposited on a glass substrate. On this subsrate sputtered buffer
layers of chromium and gold have been deposited, with thickn esses of 10nm and
200nm respectively.

Over a period of between three and ve days the evaporation of the water leads
to the formation of the template: the combination of the elec trostatic repulsion be-
tween the latex spheres and the attractive capillary forces provided by the evapo-
ration of the water produces a well-ordered close-packed st ructure (Bartlett et al,
2002, 2000, 2003Db).
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Figure 6.1: The single-template self-assembly technique. Latex sphetes of diameter d are poured on
to a substrate (left). As the water evaporates, the latex spheres become close-packed,
forming a template (centre) which can then be lled with a magn etic material from the
substrate upwards to a height h (right).

Using electrodeposition from the gold layer, the electrodep osited material lls
the spaces between the latex spheres, using the spheres as a ould. By dissolving
the latex spheres in toluene, 3D antidot arrays with spheric al holes are formed.

Different thicknesses of antidot arrays can be formed by adj usting the charge
during the electrodepaosition process, while the period of t he antidots is controlled
by altering the diameter of the latex spheres.

Figure 6.2 shows a scanning electron microscope image of an aridot array cre-
ated through the self-assembly template method, and demonstrates the regular
structure formed with this process.

Figure 6.3 shows the experimentally-measured coercivity of NisgFesg antidot
arrays with a diameter d of 550nm when the external eld is applied in-plane. The
coercivity oscillates as a function of height (thickness) h. When the height of the

Im is close to the sphere centres, the coercivity reaches a local maximum. This
oscillatory behaviour is what we wish to understand and expl ain in this chapter.

6.1.1 The hexagonal lattice

For a hexagonal lattice with base vectors:

a; = a (6.1)
1 P3
a = AR+ —a (6.2)
g 2
8
az = —a (6.3)
3
the lattice points are:
P = nja;+ noay+ nsas (6.4)
(n;n2;n3) 2 N3 (6.5)
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Figure 6.2: Scanning electron microscope image of an antidot array created by the self-assembly tem-
plate method. The image on the left shows the top of the array; the ri ght-hand image
shows the honeycomb-like structure at the edge of the sample
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Figure 6.3: Experimentally observed coercivity oscillation in Ni soFes antidot arrays of d=550nm
against the height (thickness) h of the Im. The dashed lines indicate the positions of
sphere centres for each layer in the close-packed structure. The coercivity shows maxima
close to the sphere centres. The solid line is a guide to the eye
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Figure 6.4: Two layers of spheres packed cubically (left) and hexagonally (right)

Shown in gure 6.4 on the right is a hexagonal structure which e xhibits this prop-
erty. However, one should note that there are two ways of pack ing this layer as
there are two positions in which the rst sphere can be placed . The two structures
are called hexagonal close-packaad face-centred cuhiclhe hexagonal close-packed
structure, or hcp has the third layer in ¢ having the same x and y coordinates as
the rstlayer, the second layer has the same x and y coordinates as the fourth layer
(ABABAB. . .) and so on (Kittel, 1996). The face-centred cubic structure has an alter-
native arrangement of spheres in the third layer where the sp heres share the same
x coordinate with the rst layer but have different y coordinates (ABCABC...).
Although this arrangement appears at the outset to be hexagonal, by rotating its
primitive cell the vectors can be shown to be a variant of a cub ic lattice.

6.2 Parameters of the antidot system

Since three-dimensional arrays of objects become rapidly impractical to simulate
even across modern supercomputing clusters, a feasibility study was conducted to
assess the limits of the available hardware when computing t he hysteresis loops for
these systems.

A set of different self-assembled experimental samples were prepared from
nickel, iron, cobalt and Ni sgFesg permalloy from spheres sized 20nm d  1000nm.
For the initial micromagnetic study we chose to model the nic kel sample. Nickel
has a relatively large exchange length ( ex ~ 7:5nm) when compared to Ni soFesg
permalloy ( ex 2:75nm), allowing for physically larger systems to be computed
within a simulation domain of a comparable discrete cell cou nt.

For the simulations, the parameters for amorphous nickel we re selected M =
493 10° A/m, A = 8.5 10 2 J/m, K1 = 0 J/m?3) and to improve convergence a
damping constant  of 0.25 was chosen.
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Figure 6.5: 600x600x150nm cut of simple cubic nickel antispheres in zeroapplied eld. The colouring
represents the angle betweenx and y in radians; the lower left inset shows an x-y cut-
plane through the centre of the sample, the lower right shows a cut -plane through a lower
part of the same sample

6.3 Three-dimensional model

A cubic arrangement of antispheres of radius 150nm cut from a sample of nickel of
dimensions 600nm 600nm 150nm was prepared and the remanent magnetisa-
tion computed for this system with a nite difference celled ge length of 5nm. These
particular dimensions were chosen as they represent the largest system which can
be simulated in a timely fashion.

The magnetic microstructures which this system creates in zero applied eld
after being relaxed from an initially homogeneous state in t he x direction can be
seen in gure 6.5. Unfortunately it would appear that the effec t of the edges in
this system overwhelmingly in uences the microstructure, s o such a small sample
does not provide a particularly useful insight into an effec tively in nite array of
antispheres. In particular, the relatively thin physical w alls in the z direction which
exist in this arrangement apparently act as pinning centres of sorts; since it is dif-
cult for the system to in uence the middle of these walls, the  system must have
a signi cantly large external magnetic eld applied to it fo r these spins to reverse
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Figure 6.6: Magnetisation of a cobalt hexagonal antidot array in zero eld; di rection of initial applied
eld =30°d=300nm, £ =0.4,h=0.0

their direction of magnetisation.

For more useful results to be obtained, a much larger system is required. Instead
of 3 3 antisphere centres being present in the system, we estimate5 5 or more
centres would be necessary to reduce the effects of the sampé edges enough to
accurately re ect the microstructures which form within the  experimental sample.

Zhukov et al(2003) perform experimental measurements on large hexagonal ar-
rays of isotropic Ni soFeso permalloy antispheres (Ms=1.1 106 A/m, A=5.85 10 12
J/im, K1 =0 J/m3); this permalloy variant has a particularly small exchange length
( ex=2.76 nm) and as such requires a ner mesh. When this ne meshis combined
with the need for a large number of antisphere centres, it bec omes unrealistic to
perform even one simulation of the resulting structure.

6.4 Two-dimensional model

By considering only two-dimensional cut-planes of the hexa gonal antispheres —
assuming that the individual layers behave independently — it is possible to simu-
late signi cantly larger systems in the x and y directions than if attempting to per-
form a simulation across a three-dimensional sample of simi lar proportions. We
can then measure the coercive eld for different layers.

The hexagonal antisphere systems in Zhukov et al.(2003) can be mapped to
two-dimensional samples by considering hexagonally-spac ed circular holes — at
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Figure 6.7: Hysteresis loop for a 2d array of hexagonally arranged permalloy an tidots (d = 100nm,

hole radius to spacing period radius ratio r=R = 0:4) in an in-plane applied eld offset 30
degrees from the x direction
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antidots — in a thin Im. By varying the ratio of hole radius  r to spacing radius R
the surface of the antisphere geometry at different heights can be modelled reason-
ably accurately. Since larger systems can be simulated, thein uence of the sample
edges detailed in section 6.3 is substantially reduced ( gur e 6.6).

6.5 Stray eld measurement

The development of the scanning tunnelling microscope (STM) a llowed scientists
to determine the electronic topography of a sample with a res olution down to a
few angstroms (Binnig and Rohrer1985,Binnig et al, 1982, 1983). The atomic force
microscope (AFM) is a further development of the STM which expl oits the defor-
mation of a spring attached to a cantilever to allow the measu rement of the force
exerted on the sharp AFM tip ( Binnig et al, 1986).

To characterise the magnetic properties of a sample, the standard diamond tip
of the AFM is replaced by a ferromagnetic tip ( Rugar et al, 1990,Saenz et a].1987)
allowing the observation of magnetic domain structures by m easuring the force
gradient exerted on the tip by the stray eld as a function oft he position — a tech-
nigue known as magnetic force microscopy (MFM) . Rather than the tip following
the surface contours of the sample as in STM, the MFM operates with the tip at a
xed z pointin space.

To assess the appropriateness of the two-dimensional approximation above, we
compute the stray eld and compare this to the experimental i mages provided
through magnetic force microscopy.

The tip of an MFM is magnetic and we assume that it is a dipole d. In the
absence of knowledge of the precise magnetisation of the tip, this is the simplest
approach possible (Barthelmef3 et §12003). The signal which the MFM records is
proportional to the gradient of the demagnetising eld H ge.

6.5.1 Numerical calculation of the stray eld

We compute the stray eld from our simulation data as it would be read from a
magnetic force microscope by simulating several layers of “ empty space” above
the sample and measuring the demagnetising eld. This has the a dvantage that
the ef cient OOMMF algorithm for the computation of the demagnetising eld can
be used. However, we need to compute the second derivative nu merically (using
central differences):

@t  f(x+h) 2f(x)+f(x h)
@ - 0 + 0O(h?) (6.6)
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Figure 6.8: Microscopic images of an antidot array. The tunnelling image on th e left shows the lo-
cation of the antidots; the magnetic force microscopy image on the ri ght highlights the
demagnetisation eld

where h is the distance between the upper and lower layers of the dema gnetising
eld.

6.5.2 Stray eld calculation through analytical techniques

Alternatively, we can interpret the discrete magnetisation vector M (r) at the sur-
face of the sample as a layer of dipoles and compute the stray eld at the MFM tip
and consequently the second derivative analytically.

This approach is more accurate in determining the second deri vative because
h in equation 6.6 cannot be made arbitrarily small. Additionally , an analytical ap-
proach is more exible with respect to the y height of the MFM ti  p.

It should be noted that this approach ignores the higher orde r magnetic mo-
ments associated with each simulation cell in OOMMF by replacing them with the
leading dipole term. This is justi ed if the height of the MFM t ip above the sample
surface is much greater than the OOMMF cell spacing.

The second derivative of the demagnetising energy should be p roportional to
the signal at the tip of a magnetic force microscope and can be shown (see ap-
pendix A) to be:
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Figure 6.9: Demagnetising eld of an antidot sample in zero applied eld as measured by the tip of
the magnetic force microscope (left) and the second derivative as computed through the
analytical techniques from equation 6.7 (right)

@Eq4 3m mO
@ ~ ° g 1P
15 m mYz 29?2
jroorg’
6 mim,
jrr97
+30(m r rYYmdz 29
jrrg’
+30(m0 (r rYYmy(z 29
jrorg’
L 15m (r r9H(mo (r r9Y)
jrorg7
105m (r r9)(m° (r Y% 292
ir19° (6.7)

This assumes that the tip of the MFM is a dipole:

0 . 1
mO= % 0 § (6.8)
C

The full derivation of this can be found in appendix A.

Figure 6.9 shows the comparison between the experimental data measured with
a magnetic force microscope in zero applied eld and the seco nd derivative of the
demagnetising eld as calculated by the above equation. Ther e is a signi cant sim-
ilarity between the images; both show a characteristic peri odic parallelogram pat-
tern. The tip distance, both experimental and computed, was h alf of the distance
between the antidot centres.

Figure 6.10 shows a clear agreement between the measurement$rom the MFM
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Figure 6.10: Measured MFM signal of a three-dimensional antidot sample in a s mall (  10mT) ap-
plied eld (left) and simulated MFM signal of a simulated two-d  imensional layer using
equation 6.7 (right)

in a small applied eld (approximately 10mT) and the computed stray eld from
the simulation results.

Figures 6.9 and 6.10 suggest that the simulation of a two-dimensional layer with
cylindrical holes produces a magnetisation which is at leas t qualitatively in agree-
ment with the measured magnetisation in the top layer of a thr ee-dimensional sam-
ple with spherical holes.

6.6 Monte Carlo simulation

In section 6.4 we described a method for extracting the coercive eld of the two-
dimensional antidot layers. The assumption with this approa ch is that the layers
are independent, however different layers interact via the exchange coupling. A
Monte Carlo simulation is used to simulate the reversal beha viour of a stack of
exchange-coupled two-dimensional layers. It is assumed that all magnetic mo-
ments in one two-dimensional layer point in the same directi on, i.e. each layer
is treated as a single Stoner-Wohlfarth particle (see gure 6.11).

By taking the computed coercive eld B from the two-dimensional model as
a function of r=R, we can determine an effective anisotropy energy K (arising
from the adapted Stoner-Wohlfarth model described in appen dix B considering
anisotropy and Zeeman components) for each Stoner-Wohlfarth layer with holes
of the sizer:

(6.9)
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Figure 6.11: Overview of Monte Carlo simulation. A “stack-of-spins' model (A) i s used as a basis
for simulation. The “spins' are coupled by an exchange energy component computed
through neighbouring interface atoms (B) between layers. An an isotropy component is
computed from the coercivity of the 2D layer (C) and the magnetisa tion contribution is
calculated from the volume of material in each layer. See appendi x B for the derivation
of the anisotropy component.

where m is the magnetic moment of a two-dimensional layer of 5nm thic kness
with holes of radius r. Thus, each Stoner-Wohlfarth layer will — if it is decou-
pled from the other layers — switch at the coercive eld as mea sured in the two-
dimensional simulations (see appendix B for the full deriva tion of equation 6.9).

The layers are coupled by the exchange interaction and the exchange energy
can be computed between two neighbouring layers A and B:

2NJ Sa Sg (6.10)
2NJ S?cos( ag) (6.11)

Eexa e

where N is the number of neighbouring atoms, J is the exchange integral, S is
the atomic magnetic moment and g is the angle between the magnetisation in
the neighbouring layers. The exchange energy component yielded by this equa-
tion represents the energy between the interface of layers A and B (point B in g-
ure 6.11).

By performing a Monte Carlo simulation of the system of coupl ed
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Figure 6.12: Coercivity of a 6x6 permalloy hexagonal antidot array with applie d elds 10, 15, and 30
degrees from the x direction (d = 100nm).

Stoner-Wohlfarth layers using the equations above and inpu t parameters for B¢,
from the two-dimensional simulations shown in gure 6.12, we are able to more ac-
curately compute the coercive eld with respect to the heigh tof the Im, and there-
fore use the results of the two-dimensional simulations to u nderstand a simpli ed
model of the three-dimensional system.

6.7 Results

The calculated hysteresis loop for a two-dimensional permal loy hexagonal antidot
sample is shown in gure 6.7, showing a relatively large coerc ive eld of around
25mT. The dot spacing in this sample is 100nm between centres,with the dot diam-
eter being 40% of the dot spacing.

Figure 6.12 shows the effect the radius ratio r=R of the hole to spacing has on
the coercivity of the sample. Simulations were performed on permalloy antidots d
= 100nm with applied elds offset by 10, 15 and 30 degrees from the x direction.
When r=R is below 0.1, the antidots have little effect on the overall co ercive eld
of the sample in all three cases. However, when r=R increases above 0.1, the co-
ercivity doubles sharply for offsets of 10 and 15 degrees; the 30 degree coercivity
measurement also increases, but more gradually.

A more drastic change in behaviour is observed when r=R increases to 0.8 and
above; the coercivity rapidly increases as a result of the reduction in material be-
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Figure 6.13: Coercivity of a larger 6x6 permalloy hexagonal antidot array with  the applied eld offset
30 degrees from the x axis (d = 200nm).

tween the antidots; this makes it more dif cult for the syste m to reverse the mag-
netisation between these thin “walls' of material. In the mos t extreme case, the co-
ercivity of the 30 degree sample when r=R is 0.9 is approximately ten times greater
than that when r=R is 0.1 and below.

Any simulation performed in the situation where r=R is 1.0 is likely to be in-
accurate as the nite resolution of the simulation will not a llow the extremely ne
walls around the point where the antidots touch to be precise ly resolved.

Figure 6.13 shows a coercive eld graph of a 30° offset permalloy antidot sys-
tem, similar to that shown in gure 6.12 only with  d =200nm. In this larger system,
the jump in the system at r=R = 0:1is less pronounced and the coercivity increases
in a less abrupt fashion.

Figure 6.14 shows the results of the Monte Carlo simulation us ing values of B¢,
from the d = 200nm permalloy dataset demonstrated in gure 6.13, compar able to
the experimental results shown in gure 6.3.

Figure 6.15 shows on the left an experimental magnetic force microscope im-
age of a cobalt antidot Im ( d = 700nm, h = 100nm) in zero applied eld. The
holes at the surface of the antidot Im are indicated by the bl ue circles. The image
on the right-hand side shows the remanent magnetisation pat tern from the two-
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Figure 6.14: Monte Carlo simulation results with B¢, , values from gure 6.13

dimensional micromagnetic modelling case when r=R = 0:5. In both cases the
applied eld was 30 degrees from the indicated x axis.

The numerical results show that the magnetisation follows ar ound the holes,
forming a consistent periodic microstructure. The magnetis ation between neigh-
bours in a; (see equation 6.1) is 90 degrees fromx (60 degrees from the applied
eld), but between neighbours in a; the magnetisation is 60 degrees from x (30 de-
grees from the applied eld). The magnetisation between neig hbours in
( axx);axy)) is 30 degrees fromx (aligned with the applied eld).

6.8 Summary

We have calculated hysteresis loops, magnetisation pattems and stray elds over
antidot samples, and whilst three-dimensional micromagne tic simulations will al-
ways be the most accurate way of simulating these shapes, itis not always practical.

In certain situations, particularly where a large simulati on domain is desir-
able, a two-dimensional simulation which accurately re ect s the three-dimensional
physical sample can offer insight into the magnetisation pa tterns and in particular
the stray eld patterns in these physical samples.

In addition, the strong similarity between the experimenta | MFM results and
the computed stray eld from the simulation allows us to conc lude that the two-
dimensional model is a reasonably accurate re ection of the t hree-dimensional ex-
perimental system.
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Figure 6.15: Experimental and numerical images for a cobalt antidot Im (lef t) MFM image of Im
prepared with spheres of diameter 700nm with thickness 100nm ; blue circles indicate
the position of the holes in the Im and (right) magnetisation dire ction from numerical
modelling with r=R = 0:5; the colour scale represents the magnetisation angle in thexy
plane in radians

6.8.1 Outlook

By using periodic boundary conditions, unfortunately not a vailable in the
simulation software, it would be possible to compute a syste m in three dimen-
sions by making the sample periodic in the x and y directions. Parallel execution
of the simulation code coupled with a shared memory model wou Id also make the
three-dimensional simulation case feasible.

The next steps in following up the presented results would be t o further un-
derstand the three régimes in B,-g) for two-dimensional systems shown in g-
ure 6.12, in addition to modelling the full three-dimensiona | system.
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Chapter 7

Summary and outlook

7.1 Summary

We have investigated the properties of micromagnetic sampl es through simulation
paying particular attention to shape anisotropy — the in uen ce the shape has on
the hysteresis loop and magnetic microstructure.

Most magnetic samples at a nanometre scale possess charactéstics desirable
for magnetic data storage applications, either as data read/write heads or sensors,
where the magnetisation is sensitive to small changes in B, or as storage media
with a high coercivity.

We note that cylinders are particularly suitable candidate s for storage media
when considering their comparatively large coercivity, an d our phase diagram iden-
ti es the behavioural dependence on diameter and height. Sp herical geometries
exhibit properties useful for magnetic sensors. Our studie s reveal how coercivity
decreases when overall diameter is increased.

More complex shapes, such as the cone, half-sphere and the doplet are more
exible, and by subtle alterations in their sizes can be manip ulated for use in any
data storage application. Size dependence studies in the droplet geometry show
that the transition between the single-domain and the vorte x state occurs at a bound-
ing sphere diameter of 140nm in nickel. Larger droplets whic h have reversible
characteristics and zero coercivity are ideal for magnetic sensor applications.

Antidots show interesting characteristics when considered in arrays of their
peers, and given the exibility of the coercive eld through a Itering the size of the
dots as a fraction of the spacing distance, make good candidates for storage media.

Comparisons between our simulations and experimental resu Its demonstrate a
high degree of similarity. We can use micromagnetic simulati on to observe hys-
teretic behaviour and coercivity trends with high con denc e, and the study of sam-
ples with other geometries and sizes which are not yet feasib le for experimentalists
to physically produce can yield possible directions for fut ure experimental work.

Overall, we conclude the coercivity of magnetic samples can be controlled by
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their physical shape and size.

Possible candidates for further simulation include the rem ainder of the prim-
itive set — torii and pyramids — as well as constructive solid geometries based
upon these primitives, for example a tear-drop shape built f rom a conical upper
and a half-ellipsoid lower section. Shapes such as these coud be created by com-
bining the self-assembly double-template method outlined in chapter 5 with elec-
tron beam lithographic techniques. Using this method it is al so possible to create
Ims manufactured from different materials — for example, i t might be possible to
create a cobalt half-sphere which has a permalloy “hat”.

The simulations presented in this thesis were computed as zero temperature.
Thermal effects, even at low temperatures, can introduce subtle changes in be-
haviour. As such, the contribution to the results through ni te temperature would
be studied in a continuation of this work. Initial studies in dicate that the size of
secondary hysteresis loop energy barriers in the case of the sphere is reduced at
nite temperature.

The work discussed in section 5.5.2 revealed some interesting properties of
vortex behaviour in the droplets. Initial studies have show n that the droplets,
especially larger ones, demonstrate similar vortex orient ations to those found in
spheres, although they quickly fall into a more disc-like ou t-of-plane vortex state
as the applied eld is further reduced.

A more detailed study will be performed into how the variatio  nof I,y and I,
from equations 5.1 and 5.1 affects the vortex formation, movem ent and subsequent
disappearance. The effect of magnetostatic energy between ajacent nanodots will
also be investigated.

Finally, in chapter 6 we compared experimental data with sim ulation results
produced through two-dimensional simulations, Monte Carl o methods and found
a strong similarity between experimental MFM and computed s tray eld results,
corroborating the two-dimensional model presented in that chapter.
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Appendix A

Analytical calculation of the
stray eld

Since the phase shift of the cantilever attached to the sharp tip in a magnetic force
microscope (Saenz et aJ.1987) when measured corresponds to the measured sig-
nal (McVitie et al., 2001), the second derivative of the stray eld ( Hug et al, 1998,Ru-
gar et al, 1990) is proportional to the rate of change of the force on th e tip (Barthelmel3
et al, 2004).

If the second derivative is evaluated at a xed height above a demagnetising
energy dataset of micromagnetic simulation results then th is is comparable to a
magnetic force microscope. This derivative is presented in t his appendix.

The dipolar energy between two points in a magnetic system, as suming each
discrete cell is a dipole, can be considered to be

m m% 3(m e)(m° e) 0

where e is the unit vector of r.
For xed m©®(such as that in the magnetic tip in magnetic force microscop y), the
effective eld is

m 3(m e)e

H . A2
d T (A.2)
becauseE = om Hg, noting that m is located atr and m°— the tip — is located
atr® We de ne:
ror0
= . A.3
e T (A.3)
For the MFM data:
z
@Epo / @H; (A.4)
@2 @2
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Expand A.1 by substituting A.3:

- m m® 3m (r r% m°(r r9Y
i NTENEE irorg
We precompute some expressions:
gr;rd  jr o9
= (x x92+(y y9%2+(z 292
; 1
s = R
1
= GICE 1z 29
. (z 2
Cogrof9
2%z
S
f g
— jr r(,]3
el _ @ @
@2 @g @2
= 3 g(r;r92 ggr;r()
- i 2 20z
= 3jr r§ g

= 3jr r9:° 2

Qi e

jrorgs
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Looking at the mixed terms in A.5:

(r;r9 m (r

= my(x

m2(x

gﬁ = m( r9Y @@2
+mq{r % =

= m(@ 9 ( md)

@ ag
Q@@?
. @g
@2
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g
V4 V4

jrorge

z
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@hag
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jror

5ir 1§ (2° 2)
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X9+ my(y ¥9+ my(z 29
X9+ myly y)+ miz 29
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x)+ my(y y9+ my(z
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My (X

+ mYr
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(A.38)

jror9°
= - (A.39)
@ @h
gg = 0 e e (A.40)
5 @ 503(Z°
- 9 e glog(z 2) (A.41)
@ 0
= % 5(2972) (A.42)
oom (9 md mo(r r9m,
B jr rgs
5m (r rH(mAr rY(° 2
o (A.43)

Combining the above to give the rst derivative of the dipola r interaction energy
as A.5:

m m® 3m (r )H(m° (r r9Y

Epot = 0 jr rq3 jr rq5 (A44)
With respect to z%
@Bot m m° 3z 29
@2 - 0 jr r(]5
3m (r 9 m2+3mqr  9Ym,
+
jrorg
5m (r r9(m° (r r9(z° z)
\3 o™ (¢ (A.45)
= oA+D+E+F) (A.46)
3m mqz 29
A e (A.47)
3m(r r9 mo
D TR (A.48)
3% 9 m,
e v (A.49)
- 15m (r rO)(m° (r r9(° z) (A.50)

jrory’
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B
A= 2 (A.51)
To nd @@gp"‘ , we need the derivatives of A,D,Eand F:
@ _ CHB & (A.52)
@9 2
Cgr ¥ 3m mq 1) 3m mYz 29 5r 3320 2) (A53)
- jr - rg1o '
~ 3m m% 15m mYz z92
TENLE " jir rg? (A-54)
@ _ Cc&6Bm (r 9 m) 3m@r Y md 5r r43z° Z)(A55)
@2 jr  rqwo '
_ 3mdG(mi(x X9+ my(y y)+ my(z 29
jir 9
15m(r rOYm%z 29
+ TR (A.56)
_3mY( my)  15m(z Z29(r 9 m
Tjr 195 ¥ jir rg? (A.57)
@& _ 3r rPHmMIx x)+ miy y)+ miz 29 m,
@2 jr rq0
anqr 9 m, 5r r33° 2)
T (A.58)
3( mdm;)  15mqr Om,(z 29
jrr9s * jr o rg7 (A.59)
ro = 15(m (r % m° (r r9Y) (A.60)
= 15(mx(x  xY+ my(y y)+ my(z 29)
(my(x  x9+ mily y)+m(z 29 (A.61)
Fi = ro(2° 2) (A.62)
In the derivative, only the terms with z%matter:
_ k1
Fo = - (A.63)
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(A.77)

(A.78)

(A.79)

(A.80)

(A.81)

This is the nal second derivative, which should be proportio nal to the signal at

the tip of the MFM — assuming the MFM tip is a dipole:

oo

O o o
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Appendix B

Supporting equations for the
3D/1D Monte Carlo method

Since the three-dimensional OOMMF model is not computation ally feasible for the
antidot system, by assuming two-dimensional layers (see section 6.4) we can extract
the coercive eld as a function of the radius of the antidots.

By blending these gures for coercivity with a Stoner-Wohlf arth-like (see sec-
tion 2.6.1) approach and Monte Carlo stochastic mathematical simulation methods
we can approximate the three-dimensional system.

The coercive eld of the 2D layers B¢ is a function of the radius of the holes
r with a periodicity of 2R de ned as r=R. An induced anisotropy can be derived
from two points — rst, the magnetisation within the sample w il prefer to shift be-
tween the holes rather than across the empty space inside theholes and second, the
holes are arranged hexagonally. By assuming that the magnetisation in the sam-
ple is a single-domain, we can describe the induced anisotro py with the following
equation:

Uan = Ksin’(3) (B.1)

where is the angle in the plane between the magnetisation and a symmetry axis.

The left-hand side of gure B.1 shows a polar plot of this antido t-induced aniso-
tropy, with the solid black line emerging from the centre rep resentative of = 0.
Adding the Zeeman term:

Uan + UZe (B-Z)
K sin’(3 )+ mB cos( ) (B.3)

Urot

If we assume some overall magnetisation direction in the pla ne such that it is
a single domain, we can use the anisotropy term from equation B.1 in the Stoner-
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Figure B.1: Polar plot of the anisotropy energy Ua, = K sin?(3 ) when K = 1 (left) and reversal
condition determination with competing anisotropy energy ( Uan) and Zeeman energy
(Uze)with B=m=1,K = Bm=18.

Wohlfarth model described in section 2.6.1. To determine the r eversal conditions,
we can compute the rst derivative of U :

dUt
d

= K2sin(3 )3cos(3) mB sin( ) (B.4)

The energy barriers dominating the system are shown to be around =0 (g-
ure B.1, right). Expanding sin and cosaround zero:

sin( ) (B.5)
cos( ) 1 (B.6)

when 0.
Inserting this into equation B.4 yields:

dg““ K3 mB (B.7)
If we assume 60:
mB
K = 18 (B.8)

The right-hand side of gure B.1 shows graphically the resulti ng energies with
B=1,m=1and K = Bm=18.
The value B in equation B.8 is the coercivity B. obtained from the
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two-dimensional antidot simulation layer dependent on r=R. SinceK and m are
the anisotropy constant and the saturation magnetisation r espectively for the whole
simulated layer rather than per unit volume:

M(r=R) Bz
K- = — - 77 B.9
(r—R) 18 ( )

These equations, coupled with an exchange energy approximation outlined in
equation 6.10, can be used to perform a Monte Carlo simulation on the computed
two-dimensional coercivity values. This simulation result s in a coercivity oscilla-
tion as a function of the thickness of the Im which more accur ately re ects the
experimental results shown in gure 6.3.
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Appendix C

Material parameters

materialy magnetisation Ms | exchange parameterA K1 K2

(T (A/m)) (J/m) (I/m3) (I/m?3)
barium iron oxide (1/12/19) 1 0.48 (3.82 10°) 6.3 10 12 450 10° | 3.00 10°
barium iron oxide (1/12/19) room temper- 0.48 (3.82 10°) 6.3 10 12 3.20 10° | 1.00 10°
ature?
cobalt! 1.79 (1.42 10°) 3.02 10 1 7.00 10° | 1.80 10°
cobalt(3) platinum 3 1.38 (1.10 10°) 9.93 10 12 2.00 10° 0
cobalt iron nickel silicon boron 0.53 (4.22 10°) 27 10 12 0 0
(58/5/10/16/11) amorphous alloy 4
cobalt platinum 3 1.01 (8.04 10°) 101 10 & 4.90 10° 0
cobalt platinum chromium 3 0.37 (2.94 10°) 9.99 10 12 2.00 10° 0
cobalt (room temperature) 2 1.79 (1.42 10°) 3.02 10 11 453 10° | 1.45 10°
cobalt! 1.79 (1.42 10°) 314 10 ¥ 7.00 10° | 1.80 10°
cobalt type 2 (room temperature) ? 1.79 (1.42 10°) 314 10 ¥ 453 10° | 1.45 10°
cobalt® 1.76 (1.40 10°) 9.99 10 *? 450 10° 0
iron nickel boron (20/60/20) sputtered ° 0.56 (4.46 10°) 21 10 12 0 0
iron(iO) nickel(40) boron(20) - amorphous | 1.05 (8.36 10°) 8.07 10 *? 0 0
alloy
iron nickel boron (40/40/20) sputtered 1.05 (8.36 10°) 55 10 =2 0 0
iron  nickel  phosphorous  boron 0.8 (6.37 10°) 31 10 12 0 0
(40/40/14/6) amorphous alloy 4
iron nickel boron (60/20/20) sputtered ° 1.46 (1.16 10°) 7.9 10 12 0 0
iron silicon niobium copper boron 1.2 (9.55 10°) 110 1 0 0
(73.5/13.5/3/1/9) nanocrystalline alloy 6
iron boron (80/20) - amorphous alloy * 1.6 (1.27 105) 5 10 12 0 0
iron boron (80/20) sputtered > 1.56 (1.24 10°) 54 10 12 0 0
iron palladium 3 1.38 (1.10 10°) 1.03 10 11 1.80 10° 0
iron platinum (maximum) 3 1.43(1.14 10°) 154 10 11 1.00 107 0
iron platinum (minimum) 3 1.43(1.14 10°) 1.02 10 11 6.60 10° 0
iron - amorphous alloy * 2.185 (1.74 10°) 2.07 10 1 0 0
manganese aluminium?3 0.7 (5.57 10°) 1.02 10 11 1.70 10° 0
neodymium iron boron (2/14/1) 1 1.61 (1.28 10°) 7.3 10 12 -1.80 107 | 4.80 107
neodymium iron boron (2/14/1) room 1.61 (1.28 10°) 7.3 10 12 430 10° | 6.50 10°
temperature?
neodymium iron boron(2/14/1) type 2 1 1.61 (1.28 10°) 8.4 10 12 -1.80 10’ | 4.80 10’
neodymium iron boron (2/14/1) type 2 1.61 (1.28 10°) 8.4 10 12 4.30 10° | 6.50 10°
(room temperature) 2
nickel® 0.62 (4.93 10°) 7.2 10 12 -1.20 10° | 3.00 10*

Micromagnetism and the microstructure of ferromagnetic spligis 17-22, rst edition, Kronm (iller and

Fahnle

2

as!; gures are for materials at room temperature
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material¥ magnetisation Ms | exchange parameterA K1 K2

(T (A/mY) (I/m) (Im3) (IIm?3)
nickel (3) iron1 1.1(8.75 10°) 7.1 10 12 0 0
permalloy (50/50) * 1.39 (1.11 10°) 5.85 10 12 0 0
permalloy (80/20) & 1.0 (7.96 10°) 1.3 10 11 0 0
nickel (room temperature) 2 0.62 (4.93 10°) 7.2 10 12 -4.50 10° | -2.50 10°
nickel - amorphous alloy 4 0.62 (4.93 10°) 85 10 12 0 0
nickel (type 2)1 0.62 (4.93 10°) 85 10 12 -1.20 10° | 3.00 10*
nickel (type 2) room temperature 2 0.62 (4.93 10°) 85 10 12 -450 10° | -2.50 10°
praseodymium iron boron (2/14/1) 1 1.56 (1.24 10°) 1.2 10 1T 2.40 107 | -7.00 108
praseodymium iron boron (2/14/1) room 1.56 (1.24 10°) 1.2 10 11 5.60 10° 0
temperature?
samarium (2) cobalt (17) 1.29 (1.03 10°) 1.4 10 11 6.50 10° 0
saméarium(Z) cobalt(17) at room tempera- 1.29 (1.03 10°) 1.4 10 11 4.20 10° 0
ture
samarium iron nitrogen (2/17/3) 1 1.56 (1.24 10°) 12 10 1T 1.20 10’ | 3.00 10°
samarium iron nitrogen (2/17/3) room 1.56 (1.24 10°) 12 10 1t 8.60 105 | 1.90 10°
temperature?
samarium cobalt(5)® 1.05 (8.36 10°) 1.2 10 1t 2.60 107 0
samarium cobalt(5) room temperature 2 1.05 (8.36 10°) 1.2 10 11 1.70 107 0
alpha iron 2 2.185 (1.74 10°) 2.07 10 1 520 10* | -1.80 10*
alpha iron at room temperature 2 2.185 (1.74 10°) 2.07 10 1 4.80 10 | -1.00 10*
alpha iron (type 2) room temperature 2 2.185 (1.74 10°) 228 10 1 520 10* | -1.80 10*
alpha iron room temperature 2 2.185 (1.74 10°) 22 10 11 4.80 10* | -1.80 10*
gamma magnetite® 0.61 (4.85 10°) 132 10 11 -1.36 10* 0

Table C.1: Properties of ferromagnetic materials

3Klemmer and Weller, ( Scholz 2003)

4as!; gures are for an amorphous alloy

Sas!; gures are for sputtered material

bas': gures are for nanocrystalline alloy

"Alexander Zhukov, School of Physics and Astronomy, University of South ampton

8Smith, Markham and LaTourettg 989)
9Afremov and Panoy1998)

YNote that where the temperature is not speci ed, measurements have been taken at low temper-
ature. Neodymium iron boron (2/14/1) was measured at 20K, all othe rs at 4.2K.

115




Appendix D

CGS and SI (MKS) unit systems

description cgs  unit Sl (mks)  unit factor
acceleration galileo  Gal metre per second squared ms 2 0.01
dynamic viscosity poise P pascal second Pas 0.1
electric charge franklin ~ Fr coulomb C 3.34 10 10
electric current biot  Bi ampere A 10
electric dipole moment debye D coulombmetre Cm 3.34 10 30
energy (work) erg joule J 10 7
force dyne dyn newton N 10 5
heat energy calorie cal joule J 4.187
heat transmission langley kilojoule per square metre  kJ m 2 41.84
illumination phot ph lux  Ix 10*
kinematic viscosity stokes St square metres per second n?s ! 10 4
luminance lambert  Lb cdm 2 3183.1
stiib  sb candela per square metre 104
magnetic dipole moment emu ampere square metre A m? 10 8
magnetic eld strength oersted Oe ampere permetre  Am 1 79.577
line i 10 8
magnetic ux maxwell  Mx weber Wb 10 8
unit pole 1.257 10 7
magnetic ux density gauss G tesla T 10 4
magnetomotive force gilbert  Gi ampere A 0.796
permeability darcy square metre  m2 0.987 10 12
pressure barye ba pascal Pa 0.1
wave number kayser K permetre m 1 100

Table D.1: The centimetre-gram-seconds (CGS) and the metre-kilogram-seconds (SI) unit systems.
To convert from one system to the other, cgs unit  factor = mks unit. Data from Purcell
(1985) andJacksor1999)
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Appendix E

Complete simulation process

This section discusses the complete simulation process, cetred around the dia-
gram in gure E.1. This diagram shows the major supporting libr aries, compilers,
interpreters, scripts, data stores and outputs of the metho d.

E.1 Notation

Hexagonaboxes with green text indicate one of the two simulation pack ages
involved: OOMMF for the nite difference method, or magparfor the hybrid
nite element/boundary element method.

Diamondscontaining red text show a source compiler or a script interp reter,
such asgccor Python

Parallelogramshow a fundamental library necessary for the compilation of
one of the simulation packages.

Ellipseswith purple text show an intermediate data set necessary for “gluing”
components together.

Boxeswith blue text indicate a complex custom application design ed to con-
vert or otherwise handle the input and output of one applicat ion or library.

Trapezoidswvith grey text demonstrate a presentation output le; numer ical
data

would be a hysteresis loop, for example, whereas graphical d ata would be
a magnetisation visualisation.

Ellipsoidswith red text show a supporting external application necess ary for
visualisation, pre- or post-processing or runtime.

Conversion between data sets or to interpret a data set as theinput of another
program is performed by a custom application not necessaril y indicated on the
diagram in gure E.1 for clarity.
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zlib ParMetis SUNDIALS ATLAS Python

libpng

@ MPICH LAPACK materials database sh

mesh transformation

PETSc [ mpmaker ] [ mifmaker |

AVS UCD format mesh / TAO ; magpar options file magpar material parameters @

Hysteresis data Magnetisation vector data @

Post-processing

@ Renderman-compliant raytracer
Numerical data Graphical data

Figure E.1: The complete simulation process, from supporting libraries and ¢ ompilers to visualisa-
tion and post-processing

118




LLG Evolver

‘ Minimisation Evolver

Problem Specification
CED=

Tcl Control Script
Uniaxial Anisotropy

‘ Six Neighbour Exchange
Rectangular Mesh
Const Mag Demag

Figure E.2: The OOMMF extensible solver framework. Blue items in boxes indicate exte nsible areas

General Mesh

Cubic Anisotropy

The build of the hybrid nite element/boundary element packa ge magparis
much more complicated than that of its nite difference peer , OOMMF. OOMMF is
available from the NIST website as either a source code package with a straightfor-
ward build process or as a precompiled binary application fo r many architectures
and operating systems, such as GNU/Linux or Microsoft Window s. The frame-
work of the three-dimensional micromagnetic problem solve r, Oxs (the OOMMF
Extensible Solver), is shown in gure E.2. The blue items in boxes here show a r-
eas which can be straightforwardly extended to include, for example, a twenty-six
neighbour exchange energy contribution rather than the sta ndard six neighbour ex-
change provided as standard with OOMMEF . Oxs provides a powerful mechanism
for extending this micromagnetics package.

Conversely, magparis dependent on many highly optimised mathematics li-
braries which have been developed by different organisatio ns and individuals for
many years. While the result of each of these is a library whic h is extremely power-
ful with respect to its individual application (linear alge bra, matrix transformation,
differential equation solvers), compatibility and ease-o f-use suffer. Although these
issues will be addressed in due course, it alienates many members of the physics
community as one must be familiar with software development in a UNIX-like en-
vironment to successfully use the software when provided in this form.

In theory, of course, binaries of magparcould be provided just as for OOMMF,
however given the automatic calibration and tuning of the ma thematical libraries
involved, performance would be adversely affected, and the re is no guarantee that
the results would be accurate. Taking advantage of the features provided by one
particular architecture can introduce dangerous imprecis ion when run on another
similar architecture, especially when considering oating point computation can-
cellation and round-off errors ( Schulte and Swartzlande2000).
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Appendix F

Constructive solid geometries

In order to create micromagnetic problem input sources, suc h as MIF les for
OOMMF or to describe boundaries for magpals nite element meshes, we need
to de ne the basic geometry of the problem.

A basic geometry is one described by a simple mathematical equation, and these
are generally accepted by three-dimensional graphics modellers to be primitives —
constructive solid geometries (CSGs) (see gure F.1). The primitives can be consid-
ered to be the set of spheres, torii, cylinders, cuboids, pyramids and cones, as well
as the associated two-dimensional shapes. By adding or removing conditions for
satisfying the equations, the shape can be modi ed. For exam ple, if one considers
a sphere where the volume conditions are de ned by:

X2+ y? + z? 1 (F.1)

where x, y and z are between 1 and 1 then it is straightforward to modify this
such that the conditions in equation F.1 are met and z 0, then a half-sphere is
produced. This could be called a Booleanshape because the resultant geometry
shows a “negative” cuboid has been cut away from the sphere. A section of a
sphere could be created as though two cuboids have been subtracted from it by, in
addition to satisfying the above equations, satisfying z 0:5. If this is satis ed,
and the conditions for a cone:

5 z+1
2

X% +y

(F.2)
are also met, then a section of a cone results and so forth. By ontinuing in this

fashion, it is possible to use a handful of primitives to buil d more complex objects
and subsequently arrays of these objects (see gure F.1).
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Figure F.1: Simple constructive solid geometries as described by the equations in 3.3. From left to
right: sphere, half-sphere, quarter-sphere and quarter-cone
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