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Chapter 1

Introduction

In the last century there has been an accelerated development in information
technologies, with an enhanced trend in magnetic storage systems. In order to
be sustained, this accelerated development requires the creation of new tech-
nologies and devices which could allow higher storage densities, portability,
lower power consumption and faster access and processing of the retrieved in-
formation.

Within this context, a brief overview of the historical development of mag-
netic recording is presented. Two possible pathways are here considered to keep
pace with the trend in the increasing of areal bit density of magnetic recording:
Perpendicular anisotropy media and patterned media. Therefore an introduc-
tion on up to date different technologies for the preparation of patterned media
is given.

This introductory chapter is closed with an outline of the research described
in this thesis.

1.1 Development of magnetic recording

The invention and improvement of magnetic recording has been of paramount
importance. Its implementation as a tool for storage and subsequent transmis-
sion of information has consequences comparable to those of the introduction of
printing.

1.1.1 Early history of magnetic recording

In 1878 Oberlin Smith visited the laboratoy of Thomas Edison and became in-
spired to improve the phonograph using a different principle. He decided to
use a magnetizing coil to record sound on a wire instead of Edison’s method of
using a needle to etch a wavy groove on a wax cylinder . He did not succeed, but
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he wrote an accurate description in an article published in 1888 [1]. Valdemar
Poulsen in 1898 successfully realized the idea of Oberlin Smith by constructing
the telegraphone [2, 3, 4].

Magnetic recording was improved in Germany after World War I. In 1927,
Fritz Pfleumer thought that it could be possible to coat paper tapes with iron
oxide. The paper tapes could be used as a replacement for the wires used in the
telegraphone [5]. A series of improvements on the recording medium followed.
By 1943, the Type L tape with a polyvinyl chloride plastic base that increased
the sensitivity was introduced by BASF [5].

After World War II the American magnetic recording industry experienced
an accelerated development based on the German expertise and designs. The
3M company created its magnetic tape laboratory in 1946. This laboratory dis-
covered that needle-shaped acicular particles of gamma ferric oxide produced
better coercivity (28 kA/m) than the cube-shaped particles of magnetite used
before (12 kA/m) [6]. At the end of the 40s decade the American tape-recording
industry was firmly established and the conditions for the introduction of mag-
netic recording into the computer industry were already settled down.

1.1.2 Magnetic recording for the computer industry

In 1947 , William Morris with a group of engineers in Engineering Research
Associates (ERA) in Minneapolis builded the first magnetic drum for computers.
The drum had a diameter of 5 inches and could store 230 bits per inch and had
only one reading head. The magnetic drums offered the highest information
retrieval rate over all the other storage techniques known at that time. But their
storage capacity was limited [7].

In 1949, Macuhly and Eckert developed BINAC - a computer system which
stored its programs in a magnetic tape. The magnetic tape had larger data stor-
age capacity than magnetic drums, thus it became the preferred method for data
storage during the 50s [8].

Three years later, Critchlow and Johnson at the laboratory of IBM in San Jose,
California, were given the task to develop a storage and retrieval method, bet-
ter than punched cards, drums or tapes. [6] The outcome was a system of 50
magnetic disks, all together with a storage capacity equivalent to 50 thousand
punched cards or 4 million characters. The first public demonstration of this de-
vice took place in 1955 under the name of Random Access Memory Accounting
Control (RAMAC) [9].

1.1.3 Hard disks for personal computers

Seagate introduced the first hard disk drive for microcomputers, known as ST506
in 1980. It had a storage capacity of 5MB and access time of 85 ms. By 1997 Sea-
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gate introduced the first 7,200 RPM Ultra ATA 1 hard disk drive for desktop
computers and in February 2005 they introduced the first 15,000 RPM hard disk
drive, the Cheetah X15 [10]. Milestones for ATA drives follow :

• 1981 PIO 1 at 4 MB/s

• 1994 DMA 2 at 16.6 MB/s

• 1997 Ultra ATA/33 at 33.3 MB/s

• 1999 Ultra ATA/66 at 66.6 MB/s

By 1999 IBM demonstrated an areal bit density of 35.3 Gb/sqi and in 2000
IBM launched its microdrive. This drive holds one gigabyte on a disk which is
the size of an American quarter. Only 20 years before, the world’s first gigabyte-
capacity disk drive was introduced. It was the IBM 3380, was the size of a re-
frigerator, weighed about 250 kg, and had a price of $40,000 [11]. The capacity
of hard drives has grown exponentially over time. With the first hardisk (1980)
having 5 MB capacity till nowadays external drives with 1 TB or more.

1.2 Possible pathways for further increase the areal bit
density

According to the current trends in the development of information storage de-
vices toward higher capability, portability and miniaturization, further develop-
ment of hard disks must rely on higher areal densities. In the past, the introduc-
tion of the magnetoresistive (MR) sensors and lately the giant magnetoresistive
sensors (GMR) had allowed for higher information densities. However, besides
the possibilities of additional improvement of read / write heads the introduc-
tion of novel magnetic media is critical in increasing the areal density. The main
problem to be overcome when designing novel materials for this purpose is the
thermostability.

1.2.1 The problem of thermostability

Nowadays media for high density recording consists of a polycrystalline thin-
film. The film is deposited on a substrate, which is covered with an underlayer
to create the right structure. To achieve a high bit density the grains of a mag-
netic disk have to be small compared to the bit cell in order to get acceptable

1Advanced Technology Attachment. ATA is the most common interface used in consumer
PCs. ATA is also known as IDE (Integrated Drive Electronics) in the disk drive industry.
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transmission signals. For reversal of it’s magnetization, the grain has to over-
come an energy barrier. If the energy barrier is small a spontaneous reversal
may occur due to thermal energy fluctuations. For an isolated grain the energy
barrier is KuV [12], where Ku is the uniaxial anisotropy constant and V is the
volume of the grain. If the grains become very small, the magnetization will
be unstable and they will not be anymore suitable for storing information. This
phenomenon is called the superparamagnetic effect.

1.2.2 Perpendicular recording

In longitudinal recording, due to demagnetizing field effects, adjacent magnetic
bits require larger transition distances than perpendicular magnetic bits [13].
Lower transition distances allow for increased bit densities in perpendicular me-
dia.

Additionally, the medium can be thicker because the head field penetrates
deeper into the medium and because in thicker films the demagnetizing fields
decrease. Therefore at the same density the volume of the bits can be increased.
Moreover, the head geometry allows for higher fields, so also the anisotropy of
the medium can be increased.

Perpendicular recording has been a subject of research since the last three
decades. In March 2005, Hitachi Global Storage Technologies demonstrated an
areal density of 230 gigabits per square inch on a perpendicular medium device,
the highest areal density achieved to date based on perpendicular recording. In
August 2005 Toshiba introduced the first hard disk drive based on perpendicular
magnetic recording into the market.

Perpendicular recording (PMR) has been predicted for a density of 1 Tb/sqi
[14].

1.2.3 Patterned media

In present commercial hard disks technologies the information is stored as a
magnetization pattern within a film consisting of weakly coupled grains. In
order to get reasonable signal-to-noise ratios every bit covers an area containing
hundreds of grains. Further increase in storage density would therefore require
a reduction of grain volume V leading to superparamagnetic behaviour [13].

A possible solution is to use patterned magnetic medium consisting of a reg-
ular matrix of isolated single domain nanomagnets [15, 16, 17]. In such a discrete
recording medium every dot represents one bit. This would allow for a higher
bit density. The comparison between the conventional way of magnetic record-
ing and patterned medium is presented in Figure 1.1. From this it becomes
clear that the highest density is present in the patterned medium. Moreover,
the super-paramagnetic bit density limit of this type of medium is much higher
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Figure 1.1: Comparison continuous media (100 crystals per bit) and pattern
media (1 dot=1 bit).

than that of present thin film media. Micromagnetic simulations indicate that a
patterned medium with perpendicular magnetic anisotropy would display less
noise than a continuous one [18].

In continuous magnetic media bits can be recorded at any area. But in the
case of patterned media the write pulse must be synchronized to the patterning
[19]. Synchronization requirements impose constraints to the switching field
distribution of the media and the writing head gradients. Perpendicular sin-
gle pole heads in combination with a soft underlayer have been suggested as
well [20].

1.3 Methods for preparing patterned media for magnetic
recording

The fabrication of a matrix of well defined nanomagnets over a large area de-
mands novel patterning techniques. Extensive discussions on novel patterning
technologies have been publishes recently [21, 22, 23, 24]. An outlook of those
up-to-date patterning methods is offered in this section.

1.3.1 Ion beam nano-structuring

It is possible to pattern a continuous magnetic film by using an ion beam. When
ions are bombarded against a material’s surface, the material can undergo cer-
tain modifications. For instance, the ions can damage the crystal lattice of the
material, the ions can also chemically react with the material itself or being im-
planted into the crystalline structure. Material can also be removed out of the
attacked surface. The resulting effect depends on the type of ions, the energy
given to the ions and the exposure doses.



14 Introduction

Ion beam nano-structuring with a mask

Combining a broad ion beam with a lithography mask allows to produce pat-
terns on a continuous magnetic material. The mask can be produced by standard
photolithography, electron beam lithography or Laser Interference Lithography
(LIL) (see Chapter 3). The influence of ion irradiation on Co/Pt multilayers,
which present perpendicular anisoptropy [25], has already been studied in de-
tail [17]. When irradiating a Co/Pt multiayered sample with He ions, the sam-
ple does not get etched but the perpendicular anisotropy, coercivity and Curie
temperature are decreased [26]. Studies on Co/Pt multilayers show that the de-
crease of coercivity and perpendicular anisotropy Ku as a function of irradiation
dose with different ions species is associated with intermixing of the Co/Pt in-
terfaces. In conclusion, by using ion irradiation in combination with a mask it is
possible to locally modify the magnetic properties of a Co/Pt multilayered film
while preserving the original magnetic properties in the areas protected by the
mask.

Ion projection

Another ion irradiation method consists in using a mask which is not in contact
with the sample to be patterned. It is possible to focalize the ion beam in such
a way that the mask pattern is transferred into the magnetic medium with a
demagnification factor of 4. This technique has been used in the fabrication of
circular tracks for patterned magnetic discs prototypes [27].

Focused ion beam etching

Patterning can also be performed by Focused Ion Beam Etching (FIBE). In this
case a thin ion beam is focused and it is used to remove material by milling. FIBE
constitutes a maskless patterning technique. It posses a high precision on the
structures that can be etched. Small and well define structures can be fabricated:
for instance, dots with 20 nm spacing have been created in this way [28]. One
of the disadvantages of this technique is that it cannot cover as large areas as
standard photolithography or LIL and it is a time consuming technique. By
using FIBE arrays covering areas of 2 × 2 µm2 have been prepared on CoCrPt
[29] and bit densities larger than 140 Gb/sqi have been demonstrated.

1.3.2 Nano-imprint

Imprint technology offers a high resolution and it is in principle less expen-
sive than conventional photolithography. Fabrication of periodic structures over
large areas by means of nano-imprint is described by McClelland et al. [30].
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Figure 1.2: TEM cross-section image of a Si dot with a height of 36 nm and
a width of 100 nm covered with a Co/Pt multilayered film [32].

Metallic dots with diametres of 10 nm and periodicites of 40 nm have been re-
alized by this technique. Dot SiO2 pillars with periodicites down to 30 nm have
been fabricated by using a combination of electron beam lithography, nano-
imprint, lift off technique and reactive ion etching [31]. Those SiO2 pillars could
be used as molds for magnetic patterned media with densities of 700 Gb/sqi.

1.3.3 Pre-patterned substrates

Si or SiO2 substrates can be patterned by standard photolithography, electron
beam lithography or LIL in combination with reactive ion etching. Once the
substrate surface has been patterned, it is possible to deposit magnetic material
by oblique evaporation. In this way it is possible to obtain an array of nano-
magnets. Figure 1.2 shows a TEM cross-section image of a Si dot with a Co/Pt
multilayer deposited on top of it. In this case the Co was deposited normal to the
surface while the Pt was deposited at an oblique incidence from the right. Thus,
Pt has been deposited on the side wall B but not on the side wall A. On side wall
A a very thin layer of Co oxide has been formed. In the groove opposite to the Pt
source a discontinuity in C can be seen due to the shadowing of Pt by the Si dot.
It can be concluded that both side walls are non-magnetic, consequently there is
no direct exchange between the top and the bottom of the grooves [32].

1.3.4 Self-assembling structures

Periodic polymeric structures formed on top of a continuous magnetic film can
serve as etching masks. Block copolymers consists of polymer chains made
from two chemically distinct polymeric materials. After phase separation of the
blocks the resulting material self assembles into areas with periodic structure.
In order to achieve large areas with the same lattice orientation it is possible to
grow the self assembling polymer along grooves. By this technique 40 nm di-
ameter CoCrPt dots aligned in a spiral pattern have been etched on a 2.5 in glass
plate [33].

Recently a new recording approach based on self-assembled FePt nanoparti-
cles has been reported [34]. The nanoparticles are chemically synthesized. When
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the particles are spread out on a substrate the carrier solvent can evaporate and
the particles self assemble into an ordered lattice with controlled spacing. After
an annealing process the FePt nanoparticles get into an L10 phase. This phase
presents a large anisotropy which is necessary to ensure thermal stability of writ-
ten information. The resulting self-assembled film can be regarded as a record-
ing medium . The particle size can be controlled for 3 to 10 nm. This kind of
lattices have a great potential as future storage media.

1.3.5 Interference lithography

It is possible to create an interference pattern by splitting a coherent beam and
recombining it afterwards. The periodicity of the resulting interference pattern
depends on the angle of incidence of the recombined sub-beams and their wave-
length (Refer to Chapter 3). If the interference pattern is projected onto a pho-
toresist one obtain periodic lines (a grating) of exposed resist. If after a first
exposure the substrate is rotated by 90 ◦and a second exposure performed, then
it is possible to produce dots arrayed in a squared lattice after developing the
photoresist.

Laser Interference Lithography is the chosen technique for the samples fab-
ricated and analysed in this work. It is a fast and mask-less technique. The
exposure requires from a few second till 2 minutes depending on the kind of
photoresist and desired pattern periodicity. The exposed area depends on the
diameters of the interfering beams. Typically, it is possible to expose regular
arrays of periodic nano-structures over areas of few square centimeters. This
technique will be extensively described in Chapter 3.

1.4 Outline of this thesis

We have already mentioned different possible pathways in order to obtain a
magnetic medium which could hold a large information density. The scope of
this thesis consist of the exploration of the feasibility of one of these pathways.
Fabrication and magnetic characterization of patterned films with perpendicular
anisotropy has been carried out. We have realized patterned magnetic nanodots
arranged in square and hexagonal lattices with periodicites ranging from 600
nm down to 300 nm, which corresponds to bit densities from 1.8 Gb/sqi up to
7.2 Gb/sqi. The main aim has been focused towards the understanding of the
problems involved in the fabrication of large samples (1× 1 cm till 3× 3 cm) and
their write-ability. Gaining insight into this two issues will allow for handling
more efficiently additional difficulties which could arise when downsizing the
arrays features, in the aim to reach higher bit densities.
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In Chapter 2 we discuss about the magnetic properties of an idealized mag-
netic pattern medium. Issues as the thermal stability, required magnetic anisot-
ropy, bit to bit interaction and its consequences for the material’s switching field
distribution are considered. Laser Interference Lithography has been the tech-
nique chosen to produce the patterned media samples studied in this work. This
tool is presented in Chapter 3. Chapter 4 concerns the deposition technique and
magnetic properties of continuous CoNi/Pt and Co/Pt films, which were the
films which were patterned. In Chapter 5, the patterning process of the continu-
ous magnetic films is presented. In order to produce magnetic patterned media
we have chosen to expose the desired arrays by LIL on a photoresist which after
development will serve as an etching mask. A discussion about different pho-
toresist stacks which were used in the course of this work is presented. Finally
we close this chapter with a discussion on the etching process and the photore-
sist removal afterwards. Chapter 6 concerns the analysis of the patterned mag-
netic structures. Three issues are mainly discussed there. The possible damage
to the magnetic properties of the material due to the fabrication process, in par-
ticular the ion beam etching step and the subsequent removal of the residual
photoresist. The switching field distribution displayed by the samples and pos-
sible ways to reduce it are part of the second section of that chapter. Finally we
examine the thermostability of our samples. The results presented in this work
are finally synthesized in Chapter 7, where we discuss on the feasibility of a
pattern magnetic medium which could be incorporated in an ultra-high density
storage device. Difficulties in writing and retrieving actual information will be
commented there. Possible lines for further research are sketched.
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Chapter 2

Characteristics for a magnetic
patterned medium for
information storage

An ideal magnetic patterned medium with potential application in probe record-
ing is presented in this chapter. The medium is considered to be compound of
identical elements arranged in a squared periodic lattice.

First we present a discussion giving a general description of the medium.
Then follows a discussion on the thermostability, where aspects as switching
probability of individual elements in the array are considered. From it, calcu-
lated values for the relaxation time are given.

Raw bit error rate is also discussed and an acceptable energy barrier to ther-
mal energy ratio is estimated from it.

Numerical estimations are presented on the subject of required switching
fields for individual magnetic elements depending on the magnetization state
of neighbouring elements.

A discussion on the required anisotropy and magnetization saturation is also
presented.

The dimensions of a reading/writing probe are considered. It is concluded
the necessity of an auxiliary field in order to be able to write. Limits to this
auxiliary field are given (upper and lower limits).

2.1 General description

To achieve higher information densities it is necessary to decrease the bit size.
However the super-paramagnetic effect arises as an obstacle to decrease indef-
initely the bit size on present magnetic recording media [35] (e.g. hard disks).
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Patterned magnetic materials composed of arrays of single domain elements
with uniaxial perpendicular anisotropy have been proposed, besides others, as
a possible solution to overcome this problem [23].

The general requirements for an ideal patterned medium can be summarized
as follows:

• 1 dot 1 = 1 bit principle

• bits arrayed in a 2D regular matrix

• dots should possess only two (well defined) remanent states

• the magnetization of the dots should remain stable for a long time (i.e. the
magnetization of the dots should be thermally stable)

• the dots should be as identical to each other as possible

• the dipolar interaction between the magnetic elements (cross-talk) should
be minimized.

According to these requirements we will consider a patterned medium in
which each dot is identical to each other and behaves as a Stoner-Wohlfarth (SW)
particle.

Additionally, we will consider that the anisotropy axis of these particles is
perpendicular to the medium surface and that they are arranged in a square
lattice.

Besides that, because of the patterned medium fabrication characteristics im-
posed by the LIL and IBE processes, we will consider that the magnetic dots are
cylindrical and their diameter is one-third of their pitch or periodicity (distance
from one element center to another). For the sake of simplicity, the shape anisot-
ropy contribution to the total anisotropy will be neglected. We will also consider
that the reading/writing probe (MFM tip) has the shape of a long cylinder.

2.2 Thermostability of arrays of dots

The switching mechanism of a magnetically anisotropic particle can be described
as a process in which, starting from one equilibrium state of magnetization, it
is necessary to overcome an energy barrier to bring the particle into another
equilibrium state of magnetization. The origin and characteristics of the energy
barrier are a property of the material, but its magnitude depends on external
variables which can be experimentally controlled such as an applied magnetic
field or temperature.

1From now on, we will use the term dot to name an element of the periodic array in the pro-
posed patterned medium.
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2.2.1 Probability of switching

Consider a group of dots which posses only two equilibrium states A and B, we
will neglect by the moment any interaction among them. Initially all of them are
in the local equilibrium state A. The rate of switching (r) from state A into state
B can be described (statistically) by the following expression,

dqA

dt
= −rqA, (r > 0) (2.1)

where qA = qA(t) and represents the number of dots in state A at a given
time t. From (2.1) it follows that

qA(t) = qA(0)e−rt (2.2)

The ratio qA(t)/qA(0) represents the fraction of dots which will still remain
in state A at a time t (where the initial time is assumed to be t = 0). From
the statistical point of view, such a fraction corresponds to the probability of a
particle to continue in state A after a time t, i.e.

pA(t) =
qA(t)
qA(0)

= e−rt. (2.3)

and of course

pB(t) = 1− pA(t) = 1− e−rt. (2.4)

2.2.2 Rate of switching

The rate of switching is not a constant value but rather a function of the energy
barrier and the temperature. It can be phenomenologically described by the
Arrhenius relation [36],

r = f0 exp
(
− ∆E

kT

)
, (2.5)

where f0 is the thermal attempt frequency, commonly assumed to be 109s−1[37]
[38] ∆E is the energy barrier, k is the Boltzmann’s constant, and T the temper-
ature.

Thus, the rate of switching (as described by the Arrhenius relation) is pro-
portional to the fraction of particles in the system which posses an energy level
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higher than the energy barrier (exp(−∆E/kT )) and the number of attempts per
unit of time to ’jump’ into another energy level.

By combining (2.4) and (6.2) we obtain the expression of the switching prob-
ability,

pB(t) = 1− exp

(
− f0t exp

(
− ∆E

kT

))
. (2.6)

2.2.3 Relaxation time

The relaxation time τ is defined as the required time for pA to be 1/e. Thus,
according to (2.4) and (2.6)

pA(τ) = exp

(
− f0τ exp

(
− ∆E

kT

))
= 1/e

⇒ τ =
1
f0

exp
(

∆E

kT

)
(2.7)

From the equation above it is possible to calculate the variation of the ratio
∆E/kT as a function of the relaxation time τ , as is shown in table 2.1. Because
of the exponential dependence shown in (2.7) it is possible to see in table 2.1
that small variations in the energy-barrier-to-thermal-energy ratio (∆E/kT ) are
related to variations of different orders of magnitude in the relaxation time (τ ).
Thus we have, for instance, that for a relaxation time of 1 second corresponds
a value of ∆E/kT equal to 20.7, while in the case of a relaxation time of 1 year
(315,360,000 seconds) corresponds a value of 40.3 (about twice the former value).

In 1997, Charap et al. [39], while studying the thermal stability of recorded
information on high-density conventional hard-disks media, considered bits con-
sisting of many grains all of them behaving as perfect SW particles and without
magnetic interaction with each other. They determined a stability criterion of 95%
of magnetization retention on written bits after six months. This criterion corre-
sponds to a ∆E/kT ratio of 40.27 and its correspondent relaxation time τ is 10
years.

2.3 Raw bit-error rate

The raw bit error rate (BER) is the number of defective bits divided by the to-
tal number of bits contained on a storage medium. This should not be con-
fused with the adjusted bit error rate which is the number of missing or erroneous
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τ ∆E/kT

1 second 20.7
1 minute 24.8
1 hour 28.9
1 day 32.1
1 month 35.5
1 year 38.0
10 years 40.3
100 years 42.6
1000 years 44.9

Table 2.1: Energy-barrier-to-thermal-energy ratio (∆E/kT ) as a function
of relaxation time (τ )

bits divided by the total of read bits after recovering some of the defective bits
through error correction algorithms (most of those algorithms make use of the
inclusion of extra check bits in each stored word). Adjusted BER’s are much
smaller than raw BER’s, typically in the range from 10−8 (one missing or erro-
neous bit per 108 read bits) to 10−12 . In magnetic recording, typical raw BER’s
range from 10−4 to 10−5 and in the case of optical media the typical values go
from 10−5 to 10−6.

In our ideal storage medium, we assume (as mention before) that all dots
are identical to each other, so in principle, there are no defective physical dots.
But even so, there will be defective bits. Those will be the bits that spontaneously
switch their magnetization as a result of overcoming the energy barrier. They
will account for a raw BER which will be time dependent.

Let’s us consider that we are aiming for a raw BER ε in between 10−4 and
10−6 5 years after writing some information.

So, the relaxation time will be given by

τ =
1
r

=
t

ln
(

1
1−ε

) , (2.8)

The ratio ∆E/kT can be obtained from (2.4)

∆E

kT
= ln(f0τ) (2.9)

Table 2.2 shows the values of the calculated parametres τ and ∆E/kT for
three different values of ε. We conclude that a patterned magnetic material
which could be useful for storing information during at least five years and with
a minimum acceptable raw BER according to nowadays standards should fulfill
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BER τ ∆E/kT
(years)

10−4 5× 104 48.8
10−5 5× 105 51.1
10−6 5× 106 53.4

Table 2.2: Relaxation time (τ ) and energy-barrier-to-thermal-energy ratio
(∆E/kT ) as function of the raw bit error rate (BER)

the condition that

∆E

kT
≥ 48.8 (2.10)

2.4 Energy barrier

In the previous section we derived a minimum value of 48.8 for the energy-barrier
to thermal-energy ratio. The value of kT in the denominator of (2.10) is already
fixed, since we will require that our storage device should operate at room tem-
perature or slightly above. So, any further effort in order to design a suitable
magnetic storage medium relies on the value of its energy barrier.

From (2.10) it follows that

∆E ≥ 2.02× 10−19 J (2.11)

The energy barrier of a Stoner-Wohlfarth particle is described by the follow-
ing expression[37]2:

∆E = U

(
1− H

H0

)2

, (2.12)

where U represents the energy barrier at zero field and zero temperature
(also known as the internal energy), H0 is the anisotropy field and H represents all
the fields external to the particle, in particular

H = Hd + Htip, (2.13)

where Hd represents the field applied over the particle due to all the other
magnetic particles present in the array and Htip is the field due to the presence

2Please refer to appendix for the details on deduction of equation (2.12)
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of the magnetic probe(s) which will be used to read and write over each dot.
For the moment only the field Hd will be considered. The field Htip will only be
considered during the write- or read operations .

2.5 Dot to dot interactions: demagnetizing field

First we will consider the field Hd due to the presence of one single dot. Ana-
logue to electrostatic calculations, the field can be calculated from the magneto-
static potential φ as [40]

−→
H d = −∇φ, with φ = 1

4π

∫∫∫ ∇·
−→
M

R dV + 1
4π

∫∫
n̂·
−→
M
R dA. (2.14)

In the case of a cylinder with radius r0, height 2z0 and uniform magneti-
zation density

−→
M = (0, 0,M), whose center is at the origin of the coordinate

system, the field at the point (x0, 0, 0) is given by,

−→
H d = − n̂ ·

−→
M

2π

∫ 2π

0

∫ r0

0

rz0

(x2
0 + z2

0 + r2 − 2rx0 cos ϕ)
3
2

drdϕẑ (2.15)

We can rewrite equation (2.15) in a dimensionless scalar form as

Hd

M
=

1
2π

∫ 2π

0

∫ r0

0

rz0

(x2
0 + z2

0 + r2 − 2rx0 cos ϕ)
3
2

drdϕ. (2.16)

In accordance to the proportionality between the different system dimen-
sions, it is possible to perform the following substitutions; r0 = gΛ (in this
case g=1/6, since we set the dot diameter as one third the periodicity distance),
z0 = r0b (where b is the height-to-diameter ratio of the dot) and x = aΛ, where a
is a scaling factor, so we can express all the dimensions in terms of the periodic-
ity Λ. By applying a change of variable in the form

r = Λr′ and dr = Λdr′ (2.17)

and substituting the values for z0 and r0 we get

Hd

M
=

gb

2π

∫ 2π

0

∫ g

0

r′

(a2 + (gb)2 + r′2 − ar′ cos ϕ)
3
2

dr′dϕ. (2.18)
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Figure 2.1: Diagram showing the feature sizes considered in the modelled
cylindric dot

It should be noted that g and b are both fractions. As mentioned before we
will consider that g = 1/6, while the variable b will be allowed to vary in the rage
0 ≤ b ≤ 1. Thus (gb)2 ≤ 1/36. On the other hand, the scaling factor a will be
relevant for us only when a ≥ 1, since we are interested in the interaction field
of the neighbouring dots and the first four neighbours are already at a distance
of 1 × Λ. So, we have that a ≥ 1/36 ≥ (bg)2 so we can assume a � (bg)2 and
approximate (2.18) to

Hd

M
≈ gb

2π

∫ 2π

0

∫ g

0

r′

(a2 + r′2 − 2ar′ cos ϕ)
3
2

dr′dϕ (2.19)

We will consider now the influence of the surrounding dots over the demag-
netizing field experienced by one single dot. The maximum exerted demagne-
tizing field occurs when all the surrounding dots are magnetized in the same
direction as the analysed dot . The influence of a dot decays rapidly (∼ 1/r3)
with the distance. So, in sake of simplicity, only the surrounding dots up to the
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Table 2.3: Contribution of the surrounding dots to the demagnetizing field
in terms of the ratio Hd/Mb with g fixed to 1/6

fifth neighbouring order will be considered in the analysis. In table 2.3 the con-
tributions to the demagnetizing field in terms of Hd/M and b are displayed for
a fixed value of g = 1/6. The table was constructed by using expression (2.19).
The first column of table 2.3 shows the neighbouring order. The second column
indicates the number of dots belonging to certain neighbouring order. The third
column corresponds to the distance between the addressed dot and its neigh-
bours, this distance is given as a multiple of the parameter Λ (periodicity of the
array). The fourth column shows the contribution to the demagnetizing field of
a single dot over the addressed dot in terms of the dimensionless ratio Hd/Mb,
where Hd is the demagnetizing field itself and the product M × b corresponds to
the total magnetization density per unit of surface of the dots. The fifth column
gives the contributions per neighbouring order, which corresponds to the value
displayed in the fourth column times the value displayed in the second column.
At the bottom of the fifth column there is a cell labelled total contribution which
is the addition of all the individual dot contributions up to the fifth neighbour-
ing order. It can be noted from table 2.3 that the contribution of all the second
nearest neighbours represents around 34% of the contribution of the first order
(nearest) neighbours. The contribution of the third, fourth and fifth order neigh-
bours represents about 12%, 13% and 4% (respectively) of contribution of the
first order neighbours. The value of the total field-to-magnetization ratio contribu-
tion will be used below when defining the constant ñ in (2.20). This information
will be used in the rest of the analysis.



28 Characteristics for a magnetic patterned medium for information storage

From table 2.3 we take the field-to-magnetization ratio contribution of the
neighbouring dots as

ñ =
Hd

Mb
= 1.6127× 10−2 ⇒ Hd = ñbM, (2.20)

Note that ñ is a function of the ratio between dot diameter and dot spacing
g.

2.6 Anisotropy and magnetization saturation

At this point we would like to find an expression for the energy barrier (∆E)
in terms of the anisotropy (K) and magnetization saturation (M) of the material
used to fabricate the patterned medium. In order to achieve this expression we
will use results already found in section 2.4 and section 2.5.

Substituting the last result, (2.20), into (2.11) and using (2.12) we obtain

∆E = U

(
1− ñbM

H0

)2

≥ 2.02× 10−19 J (2.21)

But we know that3 H0 = 2Ku
µ0Ms

and U = KV , then

∆E = KV

(
1− ñbµ0M

2

2K

)2

≥ 2.02× 10−19 J . (2.22)

Since V is the volume of the dot, we obtain

V = πr2
0 · 2z0 = π · g2Λ2 · 2bgΛ = 2πbg3Λ3 (2.23)

So, it is possible to rewrite (2.22) as

∆E = 2πbg3Λ3K

(
1− ñbµ0M

2

2K

)2

≥ 2.02× 10−19 J . (2.24)

We now have an expression for the energy barrier in terms of the magneti-
zation (Ms) of the material, its anisotropy constant (K) and the periodicity (Λ)
of the dots which is directly related with the information density in the system.
From (2.24) it is possible to observe that as the anisotropy constant increases, the
energy barrier also will increase. However, given a specific value for K, there is
a maximum value for Ms in order to keep the expression (2.24) valid.
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Material K (kJ/m3) M (kA/m)
Ni a 75 480
TbFeCo b 100 100
BaFe12O19

c 330 380
Co (hcp) 450 1420
Co50Ni50/Pt d 480 500
Co (fcc) a 640 1420
FePd L10

e 660 1050
Fe a 920 1700
Co/Pt f 950 1750
FePd L10

g 2100 1050
FePt L10

e 6600 1070
FePt L10

g 7000 1070

aValues given for shape anisotropy of quasi-infinitely elongated pillars (aspect ratio�1). [41]
bValue from [42].
cSingle-crystal [43]
dValue from [41]
eExperimental value, from [44].
fValue from [45]
gTheoretical value, from [44]

Table 2.4: Values for the anisotropy constant and the saturation magneti-
zation of different materials

Figure 2.2 displays a series of plots for the maximum allowed Ms as a func-
tion of the anisotropy K for different bit density values considering a dot aspect-
ratio of b = 1/2. The dots in the graph correspond to the magnetic materials that
are mentioned in table 2.4. Those dots below a given curve represent (accord-
ing to this model) the materials which are useful for storing information with
a raw bit error rate lower than 10−4 per five years. It can be observed that the
Co50Ni50/Pt multilayer which is used in this thesis, is not a suitable material for
media with a bit density of 1 Tb/sqi according to the criteria we have defined
earlier. But the Co/Pt multilayer, which is also used in this thesis, is on the edge
of fulfilling the requirements. The most promising candidate FePt (L10 phase)
could yield a maximum bit density of approximately 4.1 Tb/sqi.

Figure 2.3 displays curves for the maximum allowed Ms as a function of the
anisotropy K for different bit density values considering an aspect ratio of b = 1.

It can be seen in the figure that at an aspect ratio of 1, CoNi/Pt multilayers
might be capable of supporting 1 TBit/in2, whereas Co/Pt multilayers safely
fullfill the requirements. With FePt layers and a dot ascpect-ratio b = 1 it could

3Refer to appendix for details concerning derivation of expressions H0 = 2Ku
µ0Ms

and U = KV
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Figure 2.2: Maximum value of M at an aspect ratio of b = 1/2 as a func-
tion of the anisotropy constant K for different bit densities. Holed squares
stand for calculated values while solid diamonds indicate experimental
data.

be possible to achieve a bit density of 6.5 Tbit/sqi.
Figure 2.4 shows curves defining the maximum allowed values of Ms for a

bit density of 1Tb/sqi as a function of the anisotropy K. Each curve corresponds
to a different dot aspect-ratio (b). In the case of b = 1/8 the only material which
could yield a density of 1Tb/sqi is the FePt, while at an aspect ratio of b ≥ 1
CoNi/Pt and Co/Pt qualify for this density. In the case of an aspect ratio of b ≥ 2
even dots made of pure Co(hcp) could be used for a media with the 1Tb/sqi
density.

For higher aspect ratios, the model depicted in this work is not adequate any
more due to the approximation made in (2.19).

In figure 2.5 two materials are considered: the Co/Pt multilayer and FePt
(L10 phase). The energy barrier as a function of the bit density for two different
aspect ratios (b = 1 and b = 1/10) is displayed. It can be seen that an aspect
ratio of b = 1/10 the bit-density limit for Co/Pt is 0.4Tb/sqi and for FePt the
bit-density limit is 1.3 Tb/sqi. In the other hand, at an aspect ratio of b = 1
the density limit for Co/Pt is 1.6 Tb/sqi and for FePt 7 Tbit/sqi. Producing
dots at high aspect ratios could improve the thermal stability since the volume
of magnetic material per dot is higher and it contributes to increase the energy
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Figure 2.3: Maximum value of M at an aspect ratio of b = 1 as a function of
the anisotropy constant K for different bit densities. Holed squares stand
for calculated values while solid diamonds indicate experimental data.

barrier. Using soft magnetic underlayers will produce a similar effect.

2.7 Energy barrier distribution

The former calculations were performed by considering a dot energy barrier
equal or higher than 2.02×10−19J , as given in expression (2.24). This expression
was obtained by assuming that the dot under consideration was in the least
stable situation, which happens when all the surrounding dots are magnetized
in the same direction. The value of the energy barrier calculated in this way
will be renamed as ∆Emin. On the other hand, if we aim to write on a dot
(i.e. we want to change its state of magnetization), then the most pessimistic
scenario will be when the dot is in its most favourable thermal-stable situation,
which happens when all the surrounding dots are magnetized in the opposite
direction. The value of the energy barrier for this most stable situation will be
named as ∆Emax. There are many other energy barrier levels for a single dot
depending on the magnetization states of its neighbours. In other words in this
idealized medium, the energy barrier is not always the same from dot to dot.
But there is an energy barrier distribution whose extremes are given by ∆Emin

and ∆Emax. In absence of external interactions the extreme values are given
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Figure 2.4: Maximum value of M at a density of 1Tb/sqi as a function of
the anisotropy constant K for different dot aspect ratios values b. Holed
squares stand for calculated values while solid diamonds indicate experi-
mental data.

as follows

∆Emin = U

(
1− Hd

H0

)2

and ∆Emax = U

(
1 + Hd

H0

)2

(2.25)

2.8 Probe to dot interactions

In previous sections we have discussed on the energy barrier of a single dot and
how this is affected by interaction with the surrounding dots. In this section we
will discuss another interaction. We will consider the interaction of a magnetic
probe with the addressed dot and with the neighbouring dots as well.

2.8.1 Switching field distribution

The magnitude of the energy barrier of a dot will be affected in the presence of
a magnetic probe, which could be used for writing information on the dots (i.e.
changing their magnetization state). By considering the probe-to-dot interaction
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Energy barrier as function of the bit density
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Figure 2.5: Energy barrier as a function of the bit density at the aspect
ratios of b = 1/10 and 1 for CoNi/Pt multilayer (experimental) and L10

FePt(theoretical).

it is possible to write more general expressions out of equations (2.25) as

∆Emin = U

(
1− Hd + Htip

H0

)2

and ∆Emax = U

(
1 + Hd−Htip

H0

)2

(2.26)

In this context, a writing-operation will be executed on a dot when its energy
barrier is lowered so that the chance of switching in the time the tip is present is
almost one.

Equalizing the expressions in (2.26) to zero, we get that

Hmin = H0 −Hd and Hmax = H0 + Hd, (2.27)

We conclude that, analogue to the energy barrier, there is a switching field
distribution whose extremes are given by Hmin and Hmax. By using (2.20) we
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obtain the distribution width

Hmax −Hmin = 2Hd = 2ñbM (2.28)

We can notice that even when in this ideal medium the dots are identical to
each other in their intrinsic properties, still they will show differences in their
switching field. We can see from (2.28) that the switching field distribution
width is proportional to the magnetization saturation of the magnetic dots.

2.8.2 Probe dimensions: necessity of a complementary technique in
probe recording

Let us assume that the probe we use has the shape of a very long rod (semi-
infinite cylinder). We will also assume that the writing process will be per-
formed by tapping, so we will consider that the tip at a certain moment makes
contact with the dot. We can calculate the minimum probe diameter from the
maximum required field Hmax (which corresponds to the most stable scenario).
This can be done by considering an analogous relation to (2.15). The diameter
calculated in this way should fulfill the following expression:

Mtip

4π

∫ 2π

0

∫ Rtip

0

Rz0

(x2
0 + z2

0 + R2 − 2x0R cos ϕ)
3
2

dRdϕ ≥ H0+Hd = Hmax (2.29)

From the equation above, it can be noted that the problem of writing on
a dot is being address in a simplified way. The field that actuates on the dot
is considered to be the field exerted at its center. In other words, the dot is
considered as a punctual particle. Thus, when it is said that the probe makes
contact with the dot, still there is a distance under consideration. That is the
distance from the center of the real dot till its upper surface (z0).

In the case we are considering the addressed dot is located at the origin of
the coordinate system and the tip is right on the top of it, then x0 = 0, and
substituting from the above equation we have that

Mtip

4π

∫ 2π

0

∫ Rtip

0

Rz0

(z2
0 + R2)

3
2

dRdϕ

=
Mtip

2

(
1− z0√

z2
0 + R2

tip

)
≥ H0 + Hd = Hmax (2.30)
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b=1/8 b=1/4 b=1/2 b=1 b=2
Co/Pt 868 871 878 892 920

FePt (theoretical) 10414 10416 10420 10429 10477

Table 2.5: Hmax in kA/m for two different media (Co/Pt and FePt) as a
function of their dot aspect ratio (b)

and by substitution of z0 = r0b = gbΛ, H0 = 2K
µ0Ms

and Hd = ñbMs we find

Mtip

2

(
1− 1√

1 +
(

Rmin
gbΛ

)2

)
≥ 2K

µ0Ms
+ ñbMs = Hmax (2.31)

From the above relation it can be observed that in order to make a probe
suitable for writing into a dot, the properties of both materials (dots and probe)
should fulfill the following relation

Mtip

2
≥ 2K

µ0Ms
+ ñbMs = Hmax (2.32)

otherwise, it will never be possible to build a probe (not matter how big) that
can switch a dot which is already in a situation of maximum stability due to the
interactions with its neighbors. The latest finding can be explained because of
the fact that, when the surface of the probe becomes too big, the lines of magnetic
field out of it become quasi-parallel. In other words, the magnetic flux through
the dot remains constant irrespective of the surface-size of the probe.

Table 2.5 shows the values of Hmax in kA/m for two different media (Co/Pt
and FePt) as a function of their dot aspect ratio (b). The value Mtip

2 for pure
Cobalt (hcp) is 710 kA/m and in the case of FePt it is 535 kA/m. As we can
see, none of those materials has enough magnetization in order to be used as a
writing probe. In principle there are two different approaches to overcome the
insufficient magnetization of the probe. The first one consist in locally heating
the addressed dot, which will have as an effect the reduction of Hmax along with
its energy barrier. This technique is known as heat assisted magnetic recording
(HAMR)[23][46]. The other one consists in applying an auxiliar field over the
whole medium.

2.8.3 Probe dimensions: influence of probe size on neighbouring dots

We have seen that the interaction between dots has effect on the energy barrier
and its direct consequence is the modification of the dot’s switching field. In the
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Figure 2.6: Diagram showing the feature sizes considered in the modelled
patterned medium

same way, besides the addressed dot, the presence of the tip has effect on the
energy levels and switching fields of the neighbouring dots. In this section we
will quantify the interaction between the first-neighbour dots and the tip when
this is in contact with the dot that is being addressed.

By using the left side of expression (2.29) we obtain the value of the z compo-
nent of the probe’s field on the first-neighbour dots. In this case we use a value
of x0 = a×Λ with a = 1, and (as before) z0 = gbΛ. Figure 2.6 displays a diagram
showing the feature sizes that have been mentioned.

Hz =
M

4π
gbΛ

∫ 2π

0

∫ Rtip

0

R

(Λ2 + (bgΛ)2 + R2 − 2ΛR cos ϕ)
3
2

dRdϕ (2.33)

By applying a change of variable in the form

R = ΛR′ and dR = ΛdR′ (2.34)
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c = 1/6 b = 1/8 b = 1/4 b = 1/2 b = 1 b = 2
|H(a=0)

Mtip
| 0.43798 0.37873 0.27639 0.14645 0.05279

α 91.4 92.9 95.7 101.3 117.2
|H(a=1)

H(a=0)
| 0.01364 0.01579 0.02172 0.04160 0.12188

c = 1/2 b = 1/8 b = 1/4 b = 1/2 b = 1 b = 2
|H(a=0)

Mtip
| 0.47919 0.45848 0.41780 0.34189 0.22265

α 92.4 94.8 99.5 108.4 123.7
|H(a=1)

H(a=0)
| 0.09004 0.09435 0.10461 0.13292 0.23270

Table 2.6: Table showing the value of the ratio between the probe’s field
at the addressed dot and the probe’s magnetization H(a=0)/Mtip, the angle
α (given in degrees) of the probe’s field exerted on the first neighbouring
dot H(a=1) and the ratio between magnitudes of the probe’s field on the
addressed dot and on the first-neighbour dot H(a=1)

H(a=0)
. The values are pre-

sented as a function of the dots aspect ratio b (diameter to height) for two
values of c, where c is the constant of proportionality between the period
Λ and the probe’s diameter Rtip.

and by approximating in a similar way than (2.18) into (2.19) we get that

Hz ≈
M

4π
gb

∫ 2π

0

∫ c

0

R′

(1 + R′2 − 2R′ cos ϕ)
3
2

dR′dϕ (2.35)

where c is the constant of proportionality between the radius of the tip Rtip

and the period of the dots Λ.
In an analogue way we can obtain the expression for Hx,

Hx ≈
M

4π

∫ 2π

0

∫ c

0

R′(cos ϕ− 1)

(1 + R′2 − 2R′ cos ϕ)
3
2

dR′dϕ (2.36)

In order to prevent side-writing, we would like to compare the probe’s field
on the first neighbour dot and on the addressed dot. A low value for the ra-
tio of the two fields is desirable. Table 2.6 was constructed with the calculated
values from expressions (2.31), (2.35) and (2.36). It shows the value of the ratio
between the probe’s field at the addressed dot and the probe’s magnetization
H(a=0)/Mtip, the angle α (given in degrees) of the probe’s field exerted on the
first neighbouring dot H(a=1) and the ratio between magnitudes of the probe’s

field on the addressed dot and on the first-neighbour dot H(a=1)

H(a=0)
. The values are

presented as a function of the dots aspect ratio b (diameter to height) for two val-
ues of c, where c is the constant of proportionality between the period Λ and the
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probe’s diameter Rtip. The two values chosen for c are 1/6, which corresponds to
a probe diameter equal to the diameter of the dot, and 1/2 , which corresponds
to a probe diameter equal to the period Λ of the patterned array. These two
values are considered as extremes in the possible dimensions of the tip. Probes
with radius smaller than that of the dot will produce field fluxes through the
dot which will be noticeable non-uniform, exerting weaker perpendicular fields
at the edges of the dot than at the center. In the other hand, probes with too
large diameters will have strong interactions with the neighbouring dots, thus
increasing the risk of ”side writing”. It should be noted from table 2.6 that for
a probe with a diameter equal to that of the periodicity Λ the ratio between the
field exerted at the addressed dot and its first neighbour is already around 10%
and even larger than 20% for higher dot aspect ratios as b = 2.

In table 2.6 the angle α is referenced from the original dot magnetization
direction, i.e. α = 0 correspond to an applied field parallel to the original dot
magnetization and α = 180 to the antiparallel direction, which is the field angle
that will be used for performing a writing operation. It can be seen from the
table 2.6 that the angle of the field exerted by the tip at the first-neighbour dot
is very close to 90 degrees. Additionally, in the case of c = 1/6 the field at
the first-neighbour dot is very weak when compared to the field exerted on the
addressed dot. In section 2.9 will consider a probe diameter equal to that of
the dot, this will allow for neglecting the exerted field at the neighbouring dots,
while preserving a reasonable close-to-uniform field flux through the addressed
dot. We will also consider in section 2.9 a dot aspect ratio of b = 1/4 .

2.9 Auxiliary field

We will now consider the case of writing on a dot while using a magnetic probe
made of pure cobalt. As mentioned in previous sections, irrespective of the tip
size, it will be necessary to assist the writing process since the probe by itself
has not enough magnetization to switch the dot. In this section we will consider
the application of an auxiliary field as the technique for assisting in the writing
process. As mentioned in the latest section, for this estimation we will consider
a probe diameter equal to that of the dot and a dot aspect ratio of 1/4.

While attempting to write on the addressed dot we will consider the most
difficult scenario. That is the case in which the addressed dot is in its most sta-
ble energy state corresponding to the switching field Hmax previously discussed
and one of the first-neighbouring dots is in its most unstable energy state corre-
sponding to Hmin. We aim to change the state of magnetization of the addressed
dot while not changing the magnetization state of its neighbour. This situation
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can be outlined by this expression,

Htip + Hb ≥ Hmax > Hmin > Hb (2.37)

where Hb represents the magnitude of the auxiliary field. From table 2.4 we
take the value of Ms for pure Cobalt as Ms = 1750 kA/m and from table 2.6 we
have that Htip is (in the case of an aspect ratio b = 1/4) Htip = 0.37873×Ms = 537
kA/m. Also from table 2.5, we obtain for a Co/Pt multilayer Hmax = 871 kA/m.
Combining this with the left side of (2.37) we obtain for the minimum value of
the auxiliary field

537 kA/m +Hb ≥ 871 kA/m ⇒ Hb ≥ 333 kA/m (2.38)

From the equation for Hmin in (2.27) we get that, for Co/Pt, Hmin = 857
kA/m. It can be seen that the condition expressed in the right side of (2.37) is
fulfilled. So, we conclude that in the case of Co/Pt the applied auxiliary field
should be in agreement with the following constraints,

333 kA/m< Hb ≤ 857 kA/m (2.39)

2.10 Conclusion

Estimations on different desirable properties of an idealized patterned medium
for information storage were presented in this chapter. The medium was pro-
posed to consist of identical SW particles and interaction between neighbouring
dots has taken into account.

It has been found that in the context of one bit in one dot principle, it is nec-
essary an energy-barrier to thermal-energy ratio (∆E/KT ) of 48.8 in order to
achieve a raw BER of 10−4 after 5 years. This corresponds to a relaxation time
(τ ) of 5× 104 years.

These values are more demanding than those derived from the stability cri-
terion stated by Charap [39] for a one bit per many grains schema, corresponding
to an energy-barrier to thermal-energy ratio of 40.27 and a relaxation time of 10
years. In our stability criterion the minimum acceptable energy barrier value is
2.02× 10−19 J (1.26 eV).

The magnetic interaction between the dots affects the value of the energy
barrier. According to this model, for a given dot-aspect-ratio the highest achiev-
able bit-density is restricted by the magnetization saturation of the dots.

From this model has been estimated that in the case of Co/Pt multilayered
dots with an aspect ratio of b = 1 the maximum achievable bit density (according
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to our stability criterion) lies around 1.6 Tbit/sqi. In the case of FePt L10 dots
with the same aspect ratio the maximum bit density lies around 7 Tbit/sqi.

For lower bit aspect ratios the maximum bit density is lower. In the case of
an aspect ratio of b = 1/10 (which is close to the features of some of the samples
studied in this work) the maximum bit density for Co/Pt dots lies around 0.4
Tbit/sqi and in the case of FePt L10 it is 1.3 Tbit/sqi.

It is observed that higher aspect ratios are most convenient in realizing high-
bit-density magnetic patterned-media.

The medium here discussed exhibits an energy barrier distribution. Each dot
will possed an energy barrier value depending on the magnetization state of its
neighbours due to the dot to dot interactions considered in the model. Since for
a given energy barrier value corresponds a switching field value, it follows that
there exist a switching field distribution. It has been estimated that in the case of
dots made of Co/Pt multilayers with an aspect ratio of (b = 1/4) the switching
fields range from 857 to 871 kA/m.

It can be expected that larger switching field distributions will be observed
in actual magnetic pattern-media. Eventual inhomogeneities or defects within
the dots are not considered in our model and they would strongly disperse the
switching field values.

In order to change the magnetization state of a dot it was proposed to place a
magnetic probe in contact with the addressed dot. It was found that from all the
materials displayed in table 2.4 none has enough magnetization to switch a dot.
In order to assist the insufficient magnetization, it has been proposed the use of
an auxiliary field. In the case of a probe made of pure Cobalt with a diameter
equal to that of the dots it has been estimated that an auxiliary field in between
333 and 857 kA/m is required.

It is predictable that in actual patterned media, the auxiliary field values
will be more restricted due to the larger switching field distributions that are
expected.



Chapter 3

Laser interference lithography for
film patterning

Laser Interference Lithography is an alternative mask-less lithographic tech-
nique. In this technique a photosensitive resist is exposed to an interference pat-
tern produced by two coherent laser beams. This lithographic technique has the
capability of generating patterned structures over large areas [47, 48, 49, 50] and
in short time. 1 The method has been used as a tool for fabricating submicron
gratings for application in integrated optics for many years [51, 52]. In recent
years Interference Lithography has attracted great attention for a wide variety
of applications [23], amongst others: field emission displays [53], antireflection-
structures and polarization elements [54], photonic crystals [55], microfiltration
[56], mask masking for nanoimprint [57] and X-ray lithography [58] and pat-
terned magnetic media [59, 60, 61, 62]. Its capability for patterning large areas is
clearly demonstrated by the fabrication of 50 × 50 cm2 areas of submicron dots
[63].

3.1 LIL for magnetic patterned media

In Chapter 2 a patterned magnetic medium was suggested, composed of arrays
of single domain elements with uniaxial perpendicular anisotropy and arranged
in a square lattice. It is obvious that in order to fabricate such a structured
medium a patterning technique is required with which a large and regularly
patterned area can be obtained. Laser Interference Lithography is suitable for
this application.

In order to study the feasibility of magnetic data storage in discrete nanopar-
ticles, as well as to design the optimal nanomagnet for application in storage,

1Typical exposure times are less than 1 minute.
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different groups have found interference lithography to be the lithography of
choice [59, 61, 62].

Interference lithography offers advantages over scanning electron-beam litho-
graphy due to its ability to define grid patterns over large areas in a single, fast,
maskless exposure. In addition, since interference lithography defines periodic
patterns with well-controlled periodicity, it provides an absolute reference that
may facilitate read/write head position tracking [49].

At the moment, at the MESA+ Institute two other research projects explore
the possibilites of LIL. One of them in the field of photonic crystals [64, 65, 66]
and the other one in the field of microsieves and nanochanels fabrication [67,
68].

3.2 Principle of interference

Let us assume two planar waves, denoted by ~k1 and ~k2 which are incident to a
surface and under an angle Θ with respect to the ẑ direction (perpendicular to
the plane).

~k1 = k(x̂ sinΘ, ẑ cos Θ) and ~k2 = k(−x̂ sinΘ, ẑ cos Θ) (3.1)

From (3.1) we have that |~k1| = |~k2| = k, where k is the wave number which
is related to the wavelength of the radiation source according to k = 2π/λ. In
order to find the intensity of the interference pattern, the two plane waves are
added at the position ~r = xx̂ + zẑ. Thus, the amplitude of the resulting wave
can be expressed as follows:

I(~r) ∝
∣∣∣∣ exp(i~k1 · ~r) + exp(i~k2 · ~r)

∣∣∣∣2 = 4 cos2
(

1
2
(~k1 − ~k2) · ~r

)
(3.2)

After calculating the inner product we obtain the following expression for
the intensity pattern along the substrate in the x̂ direction:

I(x̂) ∝ cos2(kx sinΘ) (3.3)

The minimal resolvable feature size ∆x, which corresponds to the distance
between intensity maximum and an adjacent minimum, can be found with help
of the following relation:

k∆x sinΘ =
π

2
(3.4)
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From the former equation, the minimal resolvable feature can be expressed
as

∆x =
π

2k sinΘ
=

π

2
(

2π
λ sinΘ

) =
λ

4 sinΘ
(3.5)

Finally, the period Λ of the created pattern (distance between two adjacent
maxima) is two times ∆x:

Λ =
λ

2 sinΘ
(3.6)

As seen from the last expression, the minimum achievable periodicity is ide-
ally that corresponding to half the wavelength of the radiation source,

Λmin =
λ

2
(3.7)

From the last two expressions it is concluded that the smaller the wavelength
used, the smaller the produced patterns will be.

3.3 Types of laser interferometers

Different kinds of experimental arrays have been proposed in order to produce
structures by means of Interference Lithography. In this section we give a brief
overview on them.

There are two main kinds of Interference Lithography arrays in use. One of
them makes use of reflective optics elements while the other one uses diffractive
optics elements.

3.3.1 The dual beam interferometer

The dual beam interferometer makes use of reflective optics as a means to pro-
duce interference patterns. A beam of light is directed onto a beam splitter.
There the beam is divided into two branches of almost the same intensity. Each
branch is directed to a mirror. The mirrors are located in such a position and
angle that they reflect the beams in a way that they intersect each other at the
surface of the sample to be patterned. Before each beam of light reaches the sub-
strate they go through a spatial filter and beam expansion assembly consisting
of a lens (or lenses) and a pinhole. The spatial filters are used to eliminate noise
from the beam which would otherwise be printed as distortion in the grating. A
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Figure 3.1: Diagram showing the basic configuration of a dual beam in-
terferometer. A laser beam is directed onto a beam splitter. The resulting
beam branches will be redirected by mirrors onto a system compound of
lens(es) and pinhole(s), which serve as spatial filters. The filtered pair of
beams intersect each other at the sample surface where the interference
occurs.

schematic diagram of the dual beam interferometer setup array is displayed in
Figure 3.1.

The dual beam interferometer consists of a number of moving parts: Each
one of the mirrors should be adjusted at an specific angle in order to produce
an interference pattern with the desired periodicity. The beam splitter should be
also carefully aligned, so the two resulting beams of light could reach properly
each one of the mirrors. Finally, the sample holder must be displaced every time
the angle of the mirrors is readjusted in order to place the sample surface at the
point of incidence of the two interfering beams.

All those moving parts are susceptible to vibration during the time of expo-
sure. Relative displacements of the optical elements of the setup will ruin the
exposure. It should be noted that displacements produced by vibrations should
be small compared to the wavelength of the light-source employed. A relative
motion of only half the periodicity of the produced interference is enough to
totally erase any pattern on the photoresist.

3.3.2 The Lloyd’s Mirror Interferometer

The Lloyd’s Mirror setup is another interferometer based on reflective optic el-
ements. It consists of a mirror placed perpendicular to the sample holder. An
expanded beam illuminates both the mirror and the sample. Part of the light is
reflected on the mirror and interferes with the portion of the beam that is directly



3.3 Types of laser interferometers 45

Figure 3.2: Diagram of a Lloyd’s mirror. It consists of a mirror placed per-
pendicular to the sample holder. An expanded beam illuminates both the
mirror and the sample. Part of the light is reflected on the mirror and inter-
feres with the portion of the beam that is directly illuminating the sample.

Figure 3.3: Simplified diagram of the Lloyd’s mirror interferometer setup.
A laser beam is expanded and spatially filtered by an array of a lens and a
pinhole. The broad beam is then directed onto a mirror-sample array.

illuminating the sample. Figure 3.2 shows a diagram of the Lloyd’s mirror.
The periodicity of the produced pattern can be changed by rotating the whole

array (mirror and sample holder). In the case of the Loyd’s mirror interferom-
eter there is only one laser beam which is expanded and spatially filtered by
an array of lens(es) and a pinhole. The broad beam is then directed onto the
mirror-sample array. Figure 3.3 shows simplified a diagram of the Lloyd’s inter-
ferometer setup.

3.3.3 Advantages of the Lloyd’s Mirror array

Because the number of moving parts the dual beam interferometer setup is sen-
sitive to vibrations which can disturb the interference pattern. On the other
hand, the Lloyd’s mirror setup has less moving parts and therefore less risk of
vibrating during the exposure time.
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The Lloyd’s mirror interferometer only requires a simple rotation of the sample-
holder-and-mirror-array in order to change the periodicity of the produced in-
terference pattern. In the case of the dual beam interferometer it is necessary to
move and align more elements.

The spatial filters of the dual beam interferometer are located after the mir-
rors. In the case of the Lloyd’s setup the spatial filter is located before the mir-
ror. Thus any dust particle or imperfection on the mirror surface will produce
scattering or variation on the optical path of the incoming light which may be
noticed as irregularities in the produced interference pattern. In that sense, the
dual beam interferometer allows for higher quality patterns.

Additionally, since the reflectivity of the mirror is not 100%, the intensity of
the the two beams interacting in the Lloyd’s interferometer is never equal. This
will deteriorate the contrast of the resulting patterns.

In both of the setups dots can simply be fabricated by a second exposure
after rotating the substrate over 90◦. Different kind of patterns can be obtain
by using different rotation angles between the two exposures. A few examples
are displayed in figure 3.4: The first column shows different patterns done by
LIL exposure on positive tone photoresist. In case of using negative (instead
of positive) photo-resist it is possible to fabricate arrays of holes (second col-
umn of figure 3.4. The third column shows the calculated dose distribution over
the photoresist after a double LIL exposure. The equation used to produce the
graphs in the third column of the figure is displayed below:

D = sin2
(
π ∗ x

Λ

)
+ sin2

(
π ∗ x cos α + y sinα

Λ

)
. (3.8)

In the former equation (3.8), α is the angle of rotation of the sample in be-
tween the two exposures and Λ is the periodicity of the resulting pattern. The
value of Λ is obtained from expression (3.6)

The patterned area is determined by the diameter of the two laser beams
in the case of the dual beam interferometer. In the case of the Lloyd’s mirror
interferometer, the size of the mirror is also an important factor. In both setups
laser instabilities or beam intensity variations will cause problems while using
two different exposures in order to obtain a dot pattern. Those problems will
be noticed as elliptic photoresist dots (instead of rounded dots in the case of a
90◦rotation) and distortions over the pattern.

3.3.4 Interference Lithography arrays by means of diffractive optic el-
ements

Next to the dual-beam and Lloyd’s mirror setups, one could only just use a sin-
gle diffraction grating. Depending on the grating design setups of this kind can
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Figure 3.4: SEM images of different patterns obtained by changing the ro-
tation angle of the substrate between two LIL exposures. The patterns here
displayed were obtained by using positive PR (diluted Olin 907/12) for
producing dots (first column) and reversal image PR (TI 09xr) for produc-
ing holes (second column). The third column displays the calculated in-
tensity patterns according to the different rotation angles. All the patterns
were produced with the Lloyd’s mirror interference setup available at the
MESA+ institute. In every case the sample holder was fixed at an angle
of 12.81 degrees with respect to the incident beam, which in the case of a
beam wavelength of 266 nm corresponds to a periodicity of 600 nm.
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Figure 3.5: Schematic view of a diffraction grating a) that will generate
from a single light beam 3 beams that will interfere to generate the intensity
distribution calculated in b) at the wafer location.

generate from a single beam of light two or more diffracted beams which will
interfere to generate a specific pattern [55, 69]. An example of a 3 beam diffrac-
tion grating and its corresponding calculated intensity pattern are displayed in
figure 3.5 [70].

Setups of this kind require no mirrors but only a single diffraction grating.
This leads to almost circular dots or holes and a higher contrast pattern in pho-
toresist, as shown by the calculation in figure 3.5. Therefore problems with el-
lipticity of holes and inhomogeneity of pattern, caused by double exposure in
dual-beam or Lloyd’s mirror approaches, can be overcome. Further advantages
are a single exposure step and less critical exposure dose. However some flex-
ibility will be lost since the pattern period is determined by the grating and
cannot be adjusted by the angle of incidence as is the case using the dual beam
or the Lloyd’s mirror approaches. Additionally, the gratings have to be carefully
aligned, which makes this method difficult to use.

Achromatic interference lithography

One possible option is to use achromatic interference lithography. In this array a
phase grating is used to obtain two first order diffraction beams from an incident
short wavelength lightsource, which does not have to be coherent. The diverging
beams are reflected back by an additional set of gratings and form a standing
wave with half the periodicity of the gratings used. The phase gratings can be
made by conventional LIL, which doubles the achievable periodicity. Figure 3.6
shows a diagram of the achromatic interference lithography setup. Achromatic
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Figure 3.6: Diagram of the achormatic inteference lithography setup. One
of the advantages of this array is that the light source does not have to be
coherent. The periodicity of the resulting pattern is half the periodicity of
the phase gratings.

Laser Type Wavelength (nm)
Argon fluoride (DUV) 193

Krypton fluoride (DUV) 248
Nitrogen (UV) 337

Argon (UV) 351
Argon (blue) 488

Argon (green) 514
Helium neon (green) 543

Helium neon (red) 633
Rhodamine 6G dye (tunable) 570-650

Ruby (CrAlO3) (red) 694
Nd:YAG (NIR) 1064

Carbon dioxide (FIR) 10600

Table 3.1: Typical commercially available lasers and their emission wave-
lengths. The LIL setup at the MESA+ institute is equipped with a Nd:YAG
laser with a basic wavelength of 1064 nm. This wavelength is frequency
doubled to 532 nm in an intracavity and by using an external frequency
doubler this wavelength is again halved to λ = 266 nm.

interference lithography using ArF excimer lasers at 193nm has the capability of
patterning resist structures with periods of 100 nm [71] [72].

3.4 Particular details on the used laser interference setup

In order to produce the smallest possible interference patterns, a compromise
between wavelength and stability of the laser source has to be made. A list dis-
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Figure 3.7: Calculated exposure dose variation for a gaussian beam with
a width of 42 cm. This beamwidth warranties that a wafer of 10 cm in
diameter will be exposed with a maximum expose dose variation of 10%.

playing different kinds of commercially available laser is displayed in table 3.1
The shortest wavelength is obtained with an ArF eximer laser. This is however
a pulsed laser, which suffers from poor coherency length. For our LIL setup we
chose a highly stable continuous wave (CW) Nd:YAG laser with a basic wave-
length of 1064 nm. This wavelength is frequency-doubled to 532 nm in an intra-
cavity. By using an external frequency doubler this wavelength is again halved
to λ=266 nm with a small bandwidth (1 Mhz) and a maximal power of 200 mW .
This UV laser beam is optically filtered with a lens with a focal distance of 11
mm and a pinhole of 5 µm in diameter to achieve a clean near-Gaussian beam.

Even when the beam is perfectly filtered, it should be wide enough to get an
illumination with sufficient spacial homogeneity. For that reason, the diverg-
ing beam travels 3 m over an optical table to a Lloyd’s Mirror Interferometer
mounted on a rotation table. By doing this it is possible to achieve a beamwidth
of 42 cm (1/e) at the sampleholder position. This warranties that a 10 cm wafer
could be exposed with a maximum exposure dose variation of 10%. In figure
3.7 the calculated variation in exposure dose of a gaussian beam with a width of
42 cm is shown. Additionally, the beam divergence along the 3 m path allows
to get a quasi-planar wavefront which is needed in order to generate regular
interference patterns.

As has been mentioned, this produced interference will give a line pattern
with a periodicity given by Λ = λ

2 sinΘ . By changing the angle Θ, the periodicity
Λ can be easily adjusted from almost 1 µm down to 150 nm as shown in figure
3.8.
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Figure 3.8: Line pattern periodicity (nm) as a function of the angle of in-
cidence (given in degrees) for a fixed wavelength λ = 266 nm. For all
practical purposes periodicities ranging from almost 1 µm down to 150 nm
can be achieved in the laser interference setup at the MESA+ Institute.

To prevent vibrations, which could disturb the interference pattern, the com-
plete setup is built on an actively damped optical table of 3× 3.6 m. The Lloyd’s
Mirror Interferometer is placed in a closed cabinet to avoid air streams which
could affect the stability of the interference pattern. Additionally, the part of
the floor in the MESA+ cleanroom where the setup is situated, is mechanically
isolated from the foundations of the rest of the building in order to reduce the in-
fluence of vibrations form the surroundings (e.g. other cleanroom equipments).

With this setup highly regular patterns can be produced over areas of about
2 cm × 2 cm. .

3.5 Summary

The laser interference lithography method which serves to expose patterns on
photoresist was presented. Different kinds of experimental arrays were de-
scribed and some of their advantages and limitations were mentioned. The laser
interference setup at the MESA+ Institute facilities was described and compared
with the dual-beam setup array.
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At present, the minimum period of the interference pattern at the MESA+
LIL setup is 133 nm, which corresponds to half the wavelength of the laser
source that is used. For further decrease of the periodicity it should be necessary
to use a laser source with a shorter wavelength. However, lasers with shorter
wavelengths often lack of coherence and/or stability. Both characteristics (co-
herence and stability) are indispensable in a laser source which would be used
in a Lloyd’s mirror setup. Nevertheless, achromatic interference lithography can
use laser sources that not necesarily should be coherent.



Chapter 4

Preparation and characterization
of CoNi/Pt and Co/Pt multilayers

In this chapter, the deposition process of continuous magnetic multilayered CoNi
/ Pt and Co / Pt films is presented. The substrate preparation is explained and
how it influences the magnetic properties of the deposited films. The effect of the
number of deposited bilayers on the magnetic properties is also discussed. The
films have been characterized by Magnetic Force Microscopy, Vibrating Sample
Magnetometry, Anomalous Hall Effect and Magneto-Optical Kerr effect. With
these techniques it was found that smoother substrates favour sharper transi-
tions in the switching of magnetization.

4.1 Introduction

Before we can prepare an array of magnetic dots, it is necessary to prepare a
substrate which will support the magnetic material. In our case we used two
kinds of substrates, silicon wafers without any thermal treatment and silicon
wafers with a layer of silicon oxide grown by thermal oxidation. It has been
found that the way of preparing the substrate has an influence on its roughness
(section 4.3) and on the magnetic properties of the magnetic film deposited on it
(section 4.4).

By magnetron sputtering two kinds of multilayered films were deposited
on the substrates, Co50Ni50/Pt and Co/Pt. Those films show perpendicular
magnetic anisotropy due to the contribution of the interfaces [73]. Continuous
CoNi/Pt and Co/Pt multilayers have been formerly studied in the Systems and
Materials for Information storage group [45] [62] [41]. In order to take advantage
of the already earned expertise, it was decided to use those materials as basis for
our research on patterned magnetic films.
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The samples were magnetically characterized by Vibrating Sample Magne-
tometry (VSM), Magnetic Force Microscopy (MFM), Magneto-Optical Kerr ef-
fect (MOKE) measurements and Anomalous Hall Effect (AHE). A brief descrip-
tion of those techniques is offered in section 4.2. A discussion on the influence of
the substrate and number of deposited bilayers on the resulting magnetic prop-
erties is given in section 4.4.

4.2 Magnetic characterization techniques

Different techniques for magnetic characterization were used to analyse the sput-
tered films. This section gives some descriptions and remarks on these methods.

4.2.1 Vibrating sample magnetometry

Vibrating Sample Magnetometry (VSM) is one of the most important methods
of magnetic characterization. In this technique the sample is positioned in be-
tween the poles of an electromagnet, which is used to apply different external
fields. Around the sample there is a group of small coils which will serve as sen-
sors. The sample is mounted on a servomechanism which will make the sample
to vibrate. The vibration of the magnetic sample will produce changes in the
magnetic flux through the sensing coils. This will induce a voltage proportional
to magnetic moment of the analysed sample. Details of this technique can be
found in [74].

4.2.2 Magnetic force microscopy

Magnetic force microscopy (MFM) is a scanning probe technique. In this tech-
nique a thin magnetized tip is mounted on a flexible plate named cantilever.
Then the array of cantilever and tip is brought to a very close distance from
the sample surface. The interactions between the sample’s magnetic field and
the magnetic tip will become noticed as attractive or repulsive forces on the tip.
The exerted forces will produce deflections on the cantilever which is what is
actually measured. MFM is a useful technique to determine domain structure.
The resolution of MFM reaches below 50 nm and allows investigation of nano-
magnets [75]. However, MFM has the drawback that the information gathered
by this technique is qualitative. Quantitative interpretations of the read signals
are not reliable because the magnetization state of the MFM tip depends on too
many parameters including shape irregularities and previous magnetic interac-
tions (history of the tip).
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4.2.3 Magneto-optical Kerr effect

The change in polarization of light transmitted through magnetic magnetic ma-
terials was first reported by Michael Faraday in 1845 and is known as Faraday
effect. The analogous effect on reflected light was discovered by Rev. John Kerr
in 1876 and became known as Kerr effect.

When plane polarized light reaches the surface of a magnetic material, the
reflected light will undergo a rotation on its plane of polarization with respect
to the incident beam of light, named as Kerr rotation. This happens because the
refraction index for right-handed circularly polarized light and the refraction in-
dex for left-handed circularly polarized light are not equal if the material is mag-
netized. It should be noted that a beam of plane polarized light can be expressed
as the combination of two opposed circularly polarized beams. When the mag-
netization of the sample is changed, e.g. by means of an applied external field,
the the Kerr rotation will also change. Since the Kerr rotation is proportional to
the magnetization of the sample, it is possible to construct hysteresis loops by
measuring the Kerr rotation as a function of an applied external magnetic field.

4.2.4 Anomalous Hall effect

If there is an electric current flowing through a thin film and a magnetic field
is applied , then it will possible to measure a potential difference due to the
presence of the magnetic field. The ratio of the potential difference to the current
flowing is defined as the Hall resistance and is a characteristic of the material.
This phenomenon was discovered in 1879 by Edwin Hall and is named Hall
effect, also know as normal Hall effect. In general the measured Hall voltage (VH )
consists of the contributions of three effects: the normal (VNHE , the anomalous
(VAHE) and the planar (VPHE). Thus, in a general form, the Hall voltage can be
expressed as

VH = VNHE + VAHE + VPHE (4.1)

When the magnetic field is applied perpendicular to the current the planar
Hall effect becomes zero. If the film plane is assumed as the xy plane and the
current is assumed to be applied along x-axis (Ix), the Hall voltage of the film
(Vy) can be written as

Vy(H) =
(
RNHEHz + RAHE

Mz

µ0

)Ix

t
, (4.2)

where RNHE and RAHE are the Hall resistances related to the NHE and the
AHE, Hz and Mz are the perpendicular components of the external field and the
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magnetization, respectively, µ0 is the permeability and t is film thickness. If the
Hall voltage is plotted as a function of the applied field, the contribution of the
NHE can be easily subtracted from the AHE curve as a linear function of the
applied field. Therefore, relevant parameters such as coercivity(Hc) and square-
ness ratio (S = Mr/Ms) can be obtained [76]. This technique has been used in
the characterization of polycrystalline Co-Cr [77]. AHE has also been used for
the magnetic characterization of a single isolated L10FePt dot with a diameter of
60nm [78]. As part of this thesis we have used the AHE technique as a character-
ization method for Co/Pt multilayers as well as for arrays of nanodots prepared
from those multilayers by laser interference lithography (LIL). Further details
regarding the AHE characterization technique can be found in [77].

4.3 Substrate preparation

The very first step in the fabrication process of a sample is the cleaning of the
wafer. It includes the removal of possible organic and inorganic contamination.

The cleaning of the wafers consisted in immersing them in fuming nitric
acid (concentration of 100%) to remove organic material and an immersion in
boiling nitric acid (concentration of 70%) to remove inorganic contaminants such
as metallic particles. After this cleaning process the wafers will still posses a thin
layer of native silicon oxide which was removed with a bath of hydrofluoric acid
(HF) with a concentration of 1% by one minute.

For most of the samples a silicon oxide layer was grown by thermal oxida-
tion. Two oxidizing methods were used: dry thermal oxidation and wet thermal
oxidation. The first one consists of placing the wafer into an oven with a flux
of oxygen and bringing the substrate to an elevated temperature. In the second
method, a mixture of air and water vapour is injected into the oven where the
oxidation takes place.

Different kinds of substrates were thus used: silicon wafers with its native
oxide removed 1, and thermal oxidized silicon wafers by using the dry and the
wet methods. The substrates roughnesses were measured by AFM, resulting
in a value of 0.4 to 0.5 nm for the thermally oxidized wafers while the silicon
substrates had a roughness of 0.2 nm 2. The former results are in agreement with
measurements reported elsewhere [79, 80]. In our measurements, roughness

1Native oxide was removed from the silicon wafers by using a bath of HF with a concetration
of 1% during one minute. After the removal of the native oxide layer the wafers were loaded into
a vacuum chamber where the sputtering of the magnetic films took place. The time span since the
HF bath till the samples were loaded did not exceed 5 minutes. Although during the meanwhile a
new oxide layer will grow the time is not enough for achieving a self limited process (SMI internal
communications).

2Roughness on silicon wafers were measured about 1 hour after the HF cleaning
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substrate oxidation temperature process silicon oxide roughness
method time thickness

(◦C) (nm) (nm)
Si — — — — 0.205

SiOx wet 900 30 min 400 0.375
SiOx wet 1150 30 min 590 0.440
SiOx dry 950 11

2 hr 40 0.464
SiOx dry 1100 41

2 hr 300 0.517

Table 4.1: Roughness of different substrates measured as the mean square
root of the height variations over an area of 1µm2. The first row corre-
sponds to those substrates which did not receive any thermal treatment,
however a very thin native oxide layer exists on top of them. The method
of oxidation (dry oxidation or wet oxidation) is indicated along with the
process temperature and process time for the rest of the rows in the table.

was defined as the mean square root of the height variations over an area of 1
µm2.

In table 4.1 a summary of the roughness measurements on the different kinds
of substrates is displayed, along with the silicon oxide thickness grown and the
corresponding oxidation method. It should be noted that the first row of table
4.1 corresponds to those substrates which did not receive any thermal treatment.
However, even when those substrates got their original native oxide coat strippe
dby using a bath of HF, the oxide spontaneously regrew as soon as those wafers
were again in contact with the air.

4.4 Sputtering deposition of CoNi/Pt and Co/Pt continu-
ous multilayers

After the substrate preparation, the next step in the sample fabrication is the
deposition of a magnetic film by magnetron sputtering.

The sputtering machine used for growing the films has two vacuum cham-
bers: The main chamber, where film deposition takes place, with a base pressure
smaller than 5 × 10−8 mbar; and a loadlock chamber, which serves as an inter-
mediate pressure step just before bringing the substrate into the main chamber.

Inside the main chamber there are two circular planar magnetrons, each one
with a diameter of 2 inches. Due to the system specific configuration, the plasma
is confined within approximately 1 inch of distance from the targets [81]. The
target-to-substrate distance is 100 mm.

The sputtering gas is argon and the deposition pressure can be varied from
1 to 36 µbar. A more extensive description of the system can be found elsewhere
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[82].
Previous work within the SMI group has been done in order to optimize the

magnetic properties of multilayered Co50Ni50/Pt films [41] and we decided to
use those same parameters in this work. Thus, our Co50Ni50/Pt films, consisted
of 26 bilayers deposited on a seed layer of Platinum ( Pt(6Å) / [Co50Ni50(6Å) /
Pt(6Å) ] x 26 ). All of them sputtered at an argon plasma pressure of 12 µbar.
Previous experiments carried out in the same deposition system have shown
that this sputtering argon pressure favours the formation of smooth Co50Ni50/Pt
interfaces, thus providing a good perpendicular magnetic anisotropy [45]. The
Co50Ni50/Pt films were deposited using a DC power of 30 W, with a voltage of
400 V for the Platinum, which corresponds (at the argon pressure of 12 µbar) to
a deposition rate of 1.6 Å/s. In the case of the Co50Ni50 alloy, an AC power of
40 W (13.52 MHz) was used, resulting in a deposition rate of 0.5 Å/s.

In the case of the Co/Pt films, the samples consisted of two different sets
of samples. A first set with 1, 3, 5 and 10 bilayers with a 10 Å Pt seed layer,
deposited on a silicon oxide substrate. And a second set of 5 bilayers with a 10 Å
seed layer deposited on three different kinds of substrates. All the samples were
deposited at the minimum stable argon pressure of the system, corresponding
to 1µbar, in order to achieve the smoothest layer’s interfaces. At this pressure, a
DC power of 30 W resulted in a Platinum deposition rate of 1.3 Å/s. The Cobalt
deposition rate was 0.5 Å/s with an AC power of 30 W (AC frequency was the
same os that for the sputtering of the CoNi alloy).

4.5 Magnetic characterization of CoNi/Pt multilayers

In figure 4.1 hysteresis loops of five Pt(6Å)/[Co50Ni50(6Å)/Pt(6Å)] × 26 films
deposited under similar sputtering conditions but on different substrates mea-
sured by VSM in the direction perpendicular to the film surface are displayed.
It is observed from the graphs that from saturation the magnetic moment of the
films suddenly drops at an applied field of around 16 kA/m, and then slowly
increases to saturation in the opposite direction. As discussed elsewhere this
reversal behaviour can be explained by two processes[62]: First at the nucle-
ation point stripe-domains are formed and the sample turns into a demagne-
tized state. This means that the energy barriers for domain wall displacements
are very small. Second, when further increasing the applied field, the stripe do-
mains are narrowed and completely vanish at saturation. Moreover, the origin
of the initial nucleation is the presence of small, vestigial domains which become
unstable at some certain applied field. Also Barnes et al. (1994) [83] explain this
reversal behaviour for a similar multilayerd system (Co/Pd).

From the curves (figure 4.1) it is also observed that the nucleation point is less
well defined for those films deposited on rougher substrates. In the same figure
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Figure 4.1: Perpendicular hysteresis loops of five CoNi/Pt films deposited
under the same argon pressure conditions but on different substrates. The
roughness (R) of each substrate is displayed on the bottom right cor-
ner of each graph. All the samples correspond to the following array
Pt(6Å)/[Co50Ni50(6Å)/Pt(6Å)]x26. At the bottom right corner it is also
displayed the in-plane VSM loop the film deposited on the substrate with
a roughness of 0.517 nm. The in-plane VSM graph presented here is typical
of these kind of films.
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substrate oxidation Temperature roughness Hc

method ◦C (nm) (kA/m)
VSM

Si — 0.205 3.64
SiOx wet 900 0.375 4.55
SiOx wet 1150 0.440 6.55
SiOx dry 950 0.464 8.94
SiOx dry 1100 0.517 8.89

Table 4.2: Selected set of Co50Ni50/Pt multilayers samples. All the sam-
ples here listed consisted of a seed layer of Platinum (6Å) and 26 bilay-
ers (Co50Ni50(6Å/Pt(6Å)). The columns display from left to right: type of
substrate, oxidation method (if that is the case), temperature at which the
oxidation process was performed, substrate roughness and coercivity as
measured by Vibrating Sample Magnetometer (VSM) . The first row in the
table corresponds to those substrates which did not receive any thermal
treatment.

Figure 4.2: Coercivity (Hc) as measured by VSM as function of the sub-
strate roughness. The samples analysed correspond to those on table 4.2

(4.1) it is also displayed the in-plane VSM loop of one of the films (bottom right
corner). From comparing the perpendicular and in-plane loops it is possible to
conclude the presence of perpendicular anisotropy. This is the case for all the
other films discussed in this section. Table 4.2 displays the values for the coer-
civity of those samples along with the kind of substrate and its roughness. It can
be noted that the substrate roughness seems to have influence on the coercivity
of the films. The smoother the substrate, the lower the coercivity. Such behav-
iour is depicted in figure 4.2. The reason could be that rougher substrates favour
the formation of more defects in the deposited layers and interlayer-interfaces,
thus domain propagation becomes more difficult and requires of higher coercive
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Figure 4.3: Hysteresis loops of multilayered Co/Pt films taken by means of
Anomalous Hall Effect measurement. In the figure loops corresponding to
four different samples are displayed, all of them deposited under the same
sputtering conditions but consisting of a different number of bilayers (n=1,
3, 5, 10). Units of the external applied field are displayed in kA/m. In the
case of the vertical axis, (which corresponds to the measured anomalous
Hall voltage) the units have been normalized.

fields to occur. This is confirmed by the fact that the nucleation point becomes
less defined for those films deposited on rougher substrates.

4.6 Magnetic characterization of Co/Pt multilayers

4.6.1 Influence of number of bilayers

Figure 4.3 displays the perpendicular hysteresis loops as measured by Anom-
alous Hall Effect of the first set of samples. Those samples correspond to multi-
layered films with the following configuration: Pt(10Å) / [Co(4Å)/Pt(10Å)] ×n,
with (n=1, 3, 5, 10). All those films were deposited on a SiOx substrate. The
SiOx substrate was grown by wet oxidation process at a temperature of 1150 ◦C.

In table 4.3 the values of nucleation field, coercivity and saturation field of
those samples are listed. Figure 4.4 shows the dependence of the coercive and
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Figure 4.4: Dependence of the coercive field (HC) and nucleation field
(HN ) of multilayered Co/Pt according with the number of deposited mul-
tilayers (n). The values of HC and HN were obtained by means of Anom-
alous Hall Effect measurement.

Figure 4.5: MFM images showing the magnetic domains of (Co/Pt) × n
samples for n = 5 and 10.
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n HN Hc Hs

1 - ∼ 0 -
3 4.22 6.13 8.04
5 7.24 11.22 13.13

10 8.67 12.65 48.78

Table 4.3: Values of nucleation field, coercive field and saturation field of
multilayered Co/Pt films taken by means of Anomalous Hall Effect mea-
surement. Data from four different samples are displayed, all of them de-
posited under the same sputtering conditions but consisting of different
number of bilayers (n=1, 3, 5, 10). HN , Hc and Hs are expressed in units of
kA/m.

nucleation fields on the number of bilayers in the samples.

From figure 4.3 and figure 4.4 it is observed that the coercivity and nucleation
point increase as the number of deposited bilayers increases. In the case of 1
bilayer sample, the saturation field (Hs) is estimated as 25.96 kA/m. This is
remarkable higher if compared with the 3 and 5 bilayer samples. One reason for
this is that this film possesses a very weak perpendicular anisotropy since it has
only one Co/Pt interface, thus most of its anisotropy is in the in-plane direction.
This is confirmed by the fact that its remanence in the perpendicular direction is
very small (zero for all practical reasons).

It is also observed from figure 4.3 that samples of 3 and 5 bilayers present
squared loops. In the case of the sample of 10 bilayers it is observed that from
saturation the magnetic moment of the films suddenly drops to zero. After that,
the magnetization grows slowly in the negative direction until reaching its satu-
ration. In the case of the sample with only one bilayer, no coercivity was found.
It could be the case that the anisotropy of this film consisting of only two inter-
faces (Pt/Co/Pt) is too low to posses a measurable coercivity. Figure 4.5 displays
two MFM images, one corresponding to the 5 bilayers sample and the other cor-
responding to the 10 bilayers sample, both of them in their demagnetized state.
It is noticed that the domain size for the 5 bilayers sample is lower that for the
other sample. In the case of the samples with 1 and 3 bilayers it was not possible
to image their magnetic domains. It is thought that the samples were too soft
to be imaged with the magnetic probe. MFM images of similar series of sam-
ples [76] have shown that the domain size in the demagnetized state decreases
rapidly with increasing the number of bilayers.

From the four samples here discussed, the sample with the five bilayers con-
figuration was selected for further investigation. This sample presents a higher
coercivity than the 3 bilayers sample and still posses a squared hysteresis loop,
which is not the case of the 10 bilayers configuration.
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4.6.2 Influence of substrate

The second set of samples consisted to three films with the following configu-
ration: Pt(40Å) / [Co(4Å)/Pt(10Å)] ×5. The seed layer of these samples is four
times thicker than the samples discussed in the previous section in order to en-
hance the coercivity [45]. Each sample was deposited on a different substrate:
pure Silicon (with its native oxide removed), SiOx grown by dry oxidation at
950 ◦C and SiOx grown by wet oxidation at 1150 ◦C.

Figure 4.6 shows the hysteresis loops of the three samples as measured by
VSM. It is observed that the coercivity of the sample deposited on the SiOx sub-
strates (grown by wet oxidation) is about 30 kA/m which is three times higher
than the coercivity of the five bilayer sample deposited on the same kind of sub-
strate but with a thinner seed layer (discussed in the previous section, figure
4.3). It is also observed that the hysteresis loop of the sample deposited on bare
Silicon (4.6 top) is remarkable steeper if compared with the other two samples
(4.6 middle and bottom), and its coercivity is one third of the other two samples.

4.7 Conclusions

The sample deposition process was decribed. Two kinds of magnetic multilayer
films have been used, Co50Ni50/Pt and Co/Pt, both presenting perpendicular
magnetic anisotropy.

It has been found that Silicon wafers with its layer of native oxide removed
present a low surface roughness of 0.2 nm, which favours the growth of smooth
sputtered layers.

The coercivity of the Co50Ni50/Pt samples decreases as the substrates be-
come smoother. This could be explained by the fact that rougher substrates
favour the formation of more defects in the films, which hampers domain prop-
agation.

It was found that the magnetic reversal in the CoNi/Pt samples occurs in
two steps. First the magnetic moments of the films drop drastically, and after
that slowly increases to saturation in the opposite direction. This behaviour can
be explained by the presence of vestigial domains which at the nucleation field
expand into stripe-domains and demagnetize the sample. This rapid expansion
might is to the fact that energy barriers for domain wall displacements are very
small.

In the case of the Co/Pt multilayers, samples consisting of 1, 3, 5, and 10. It
was observed that the nucleation field and coercivity increase as the number of
bilayers increases. This might be due to the larger amount of defects present in
the thicker samples. The samples with 3 and 5 bilayers presented square hys-
teresis loops. As the number of bilayers was increased the squareness was lost.
The sample with 10, bilayers displayed a reversal behaviour occurring in two
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Figure 4.6: Hysteresis loops of multilayered Pt(40Å)/[Co(4Å)/Pt(10Å)]×5
films deposited under the same argon pressure conditions but on different
substrates as measured by VSM. The roughnes (R) of each substrate is dis-
played at the bottom corner of each graph. The three substrates consisted
of pure Silicon (graph at the top), 590 nm thick SiOx grown by wet oxida-
tion (graph at the middle) and 40 nm thick SiOx grown by dry oxidation.
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steps, equal to the behaviour already described for the CoNi/Pt samples, which
suggest a similar reversal process than the CoNi/Pt samples already discussed.

The influence of the substrate roughness was explored in the case of the
CoNi/Pt (consisting of 25 bilayers) and the Co/Pt samples (consisting of 5 bi-
layers). It was found that smother substrates favour steeper (more squared)
hysteresis loops, sharper points of nucleation and lower coercivity.



Chapter 5

LIL patterning of CoNi/Pt and
Co/Pt multilayers

The first step in the LIL processing consists in coating the sample (in this case
the continuous magnetic films) with a photoresist system. Then the photoresist
is exposed to the interference pattern produced by the LIL setup. Afterwards
the resist is developed. Then an etching process follows in order to transfer the
resist pattern into the sample. Finally, the photoresist system should be removed
from top of the patterned sample. In this chapter we compare three different
photoresists systems that were tested as part of this research. The first one is a
single positive photoresist layer. The second consists of a three-layer system
comprising an antireflection coating (ARC) at the bottom, an interlayer acting as
a hardmask during the subsequent etching process, and a positive resist on the
top. The third one is an image reversal resist acting as a shadow mask for the
evaporation of a hard etching mask.

5.1 Schemes to fabricate arrays of dots

The three different approaches used here in fabricating arrays of magnetic dots
are shown in figure 5.1. In the first column (left), the process consisting of pho-
toresist islands acting as an etching mask on top of a magnetic film is repre-
sented. The uncovered magnetic material is removed by IBE while the covered
material remains. In a final step the remaining photoresist should be removed
from the top of the resulting dots. In the second column (center) the three-layer
process is depicted. The photoresists islands are placed on top of a thin inter-
layer (SiO2 in this case). Below the inter-layer an antireflection coating (ARC) is
placed. Below the three layer stack are the magnetic film and the substrate. The
photresist pattern is transferred to the interlayer by reactive ion etching (RIE)
with CHF3 (second diagram). After this the pattern is transferred again into
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Figure 5.1: Different schemes in fabricating arrays of magnetic dots. In
the first column ( left), the single PR process consisting of photoresist is-
lands acting as an etching mask on top of a magnetic film. The uncovered
magnetic material is removed by IBE. In the second column (center) the
three-level process is represented. The photoresist is placed on top of a
thin inter-layer which will serve as a hard IBE etching mask in a further
step. Below the inter-layer an antireflection coating (ARC) is placed. In the
third column ( right) a hard mask process is depicted. Holes are produced
through a photoresist on top of the magnetic film. Then a hard mask is
deposited by evaporation. Then the resist is removed in a lift-off step and
the magnetic material is etched.

the ARC by a second RIE process with oxygen plasma (third diagram). The
uncovered magnetic material is finally removed by IBE. In a further step, the
remaining ARC and interlayer might be removed. Isues regarding the removal
of these two layers will be discussed in one of the sections of this chapter. In the
third column (right) a hard mask process is depicted. Holes (instead of islands)
are produced through a photoresist coating on top of a magnetic film. Then a
hard mask is deposited by evaporation, then the resist is removed in a lift-off
step and finally the magnetic material is etched by IBE.

Ion milling was used to transfer the photoresist pattern onto the magnetic
films. But it was found difficult to remove the etching mask after the ion milling
process, which is also discussed in this chapter.
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5.2 Single layer process (positive photoresist)

The photoresist used almost universally for optical micro-lithography is the
DNQ system: a novolac resin with diazonaphthoquinone (DNQ) sensitizer. DNQ
inhibits the dissolution of the novolac resin [84], however, upon exposure to
light, the dissolution rate increases even beyond that of pure novolac [85]. The
interaction between novolac and DNQ is still an area of active research [86, 87,
88].

Positive photoresist, OiR 907/12 (produced by ARCH Microelectronic Ma-
terials, Inc.), was used as a basis for our process. According to the manufac-
turers specifications (and our own ellipsometer measurements), when this resist
is spin coated by 20 s at 4000 rpm and baked at 95 ◦C for 15 min, the result-
ing film thickness is about 1.2 µm. This is too thick for our purposes since the
aspectratio of the PR mask becomes too high for fabricating submicron struc-
tures. Therefore, it has been decided to dilute the PR with two solvents, Ethyl
3-ethoxypropionate (EEP) and Methyl 3-methoxypropionate (MMP). The effect
of different volumetric dilution ratios (PR:EEP:MMP = 5:3x:2x; for x = 0, 1, 1.5,
2 and 3) and spin-coating speeds was investigated, while keeping the bake-out
conditions and spinning time constant. Figure 5.2 shows a series of plots which
correspond to the final PR thickness as measured by ellipsometry. Each plot is
the result of the average of at leats five measurements. Based on the experi-
mental results, the following exponential expression was fitted to describe the
variation in thickness as a function of the volumetric fraction of solvents present
in the PR and the spin-coating revolutions per minute:

z = 2587× e−( x
0.2798

+ y
9.1159

), (5.1)

where x is the number of revolutions per minute (rpm) expressed in thousands
of rpm, y is the volume fraction of solvents added to the original PR (0 ≤ y < 1)
and z is the PR final thickness expressed in nm. The diagonal lines in Figure 5.2
corresponds to the values of z as obtained by the expression (5.1). As expected,
the film thickness decreases with increasing rotation speed and dilution.

Based on the former measurements, we decided for the preparation of the
magnetic patterned samples to use a dilution of PR:EEP:MMP = 5:4.5:3, spin-
coated by 20 s at 4000 rpm. This results in a film thickness of approximately 200
nm after being baked at 95 ◦C by 5 minutes. All the prepared mixtures of PR,
EEP and MMP were filtered twice by using sieves with 200 nm diameter pores.
OiR Photoresist Developer 4262 (OPD 4262) was used in the developing process
with a development time of 30 seconds.
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Figure 5.2: Final thickness of the photoresist OiR 907/12 as a function
of spin-coating revolutions per minute (rmp) and amount of added sol-
vents. The dots correspond to experimental values, each plot is the result
of the average of at least 5 measurements. The experimental values were
fitted into an exponential function. The diagonal lines correspond to the
expected thickness according to the fitted function.

5.3 Vertical standing waves

During the LIL exposure (in addition to a horizontal pattern) a vertical pattern
is produced into the photoresist. This is due to the presence of vertical standing
waves caused by interference of the incoming light with light reflecting from
the film surface. In Figure 5.3 there is a diagram representing a typical sample.
At the top there is a photoresist coating, underneath there is the magnetic film
and below it is found an underlayer (typically SiOx, grown by thermal oxida-
tion at a Silicon wafer) and at the bottom the substrate (a Silicon wafer in this
case). Sometimes in between the photoresist and the magnetic film could be ad-
ditional layers depending on the mask-stack chosen (e.g. hard masks for later
etching steps). Two incoming laser beams reach the sample at the same angle
and interfere with each other. However, the sample posses multiple optical in-
terfaces, each one of them reflecting back a fraction of the incoming beam. The
reflected light will then interfere with the incoming beams. In this way vertical
standing waves are produced into the photoresist layer.
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Figure 5.3: Diagram showing different optical interfaces found within a
LIL sample. Each of these interfaces will reflect a fraction of the incoming
beams. The light reflected back will interfere with the incoming beams gen-
erating vertical standing waves within the sample. Thus a vertical pattern
might be noticeable at the photoresist after development.

The period of the vertical standing wave, Λvertical, is determined by the pro-
jection of the k-vector in the resist in the transverse direction. In Figure 5.4 km is
assumed to be in the +z direction, just like the projection of the k-vector in the
x-direction that form the wanted lateral pattern.

The diagram depicted in Figure 5.4 also shows that the period of lateral
(horizontal) standing wave is determined by the projection of the k-vector in
that direction (km‖) and is not determined by the refractive index of the inci-
dent medium but by the angle of incidence. Simply interchanging the incident
medium with higher index material will not result in a lower periodicity per se.

Λvertical =
π

kmcosΘm
(5.2)

Snell’s law relates the angle of the incident medium to obtain,

Λvertical =
λ

2nmcos
(
arcsin( ni

nm
sinΘi)

) (5.3)

The resulting vertical interference pattern will produce PR structures with a
number of periodic narrowed waists along them. The standard solution to this
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Figure 5.4: k-vector construction showing the projection of the k-vector
when refracted from air into a medium on the z-axis in the medium, which
is in our case photoresist and denoted by km⊥. k0 represents the wavevec-
tor in air.

problem is to use anti-reflection coatings (ARC), which will be discussed first. It
was found that for our particular process, ARCs cannot be used, so we propose
a method based on high exposure doses, which will be discussed in the second
part.

5.3.1 The use of antireflection coating (Trilevel resist process)

A standard procedure is to apply an ARC underneath the PR. High quality PR
dots have been prepared with this method [53]. In the work reported here,
XHRi-16 (produced by Brewer Science, Inc.) was used as an ARC. In order to be
able to transfer the PR pattern through the ARC layer, a Trilevel Resist Process
can be applied [89]. In this process a hard etch mask is deposited between the
ARC and the PR (Figure 5.1 - Three-layer process). This hard etch mask should
be resistant to the reactive ion beam etching of the ARC in subsequent processes.
At the same time the index of refraction of the hard mask should be as close as
possible to that of the ARC (1.730) and the resist (1.800). The best choice is SiO2,
with an index of refraction of 1.590. Because of these differences in the refractive
indices, vertical standing waves cannot be completely suppressed, but can be
minimized by carefully selecting the SiO2 thickness [47]. The optimal thickness
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Material Complex refractive index Reference
Resist n = 1.800, k = 0.028 [91]
SiO2 n = 1.590, k = 0.000 [92]
ARC n = 1.730, k = 0.130 [93]
Co50Ni50/Pt multilayer n = 1.300, k = 2.000 [94]

Table 5.1: Refractive indices at a wavelength of 266 nm of materials used
in the fabrication process

has been found to be 62 nm for a wavelength of 266 nm. Figure 5.5 shows the
calculated interference patterns in the vertical direction for a single PR stack,
and for this optimized trilevel system. Table 5.1 lists the data used for this cal-
culation. The calculations for the patterns shown in Figure 5.5 have been carried
out with a Maple V R© worksheet. 1

To realize the trilevel system more process steps are needed than for a single
PR layer process. Additionally, it is difficult to remove the ARC after ion beam
etching. ARC-XHRi is a modified novolak resin, which is a thermal-set polymer
that hardens during pre- and post-bake. It will not dissolve in acetone; therefore
it is for instance very suitable for a lift-off process [90]. Standard removal pro-
cedures include ozone plasma strip, oxygen plasma, RCA Clean and Piranha.
None of these methods can be applied because they will oxidize the cobalt lay-
ers. For large structures some oxidation can be accepted, because the oxidation
process is self-limiting, but our dots are so small that the magnetic properties
would seriously deteriorate. Because of these reasons it was found that the use
of ARC was not suitable for our fabrication process.

5.3.2 Supra exposed single-photoresist process

The vertical standing waves (VSW) cause periodic areas of maximum intensity,
which are responsible for the narrowed waists along the PR pillars. This peri-
odicity depends on the angle of incidence, and increases with increasing Θ as
depicted in (5.2) and (5.3). Above a certain angle the periodicity of the VSW is
larger than that of the inference pattern on the film surface. If we choose the PR
coating thickness below the periodicity of the VSW, its effect can be minimized.
Additionally, by increasing the radiation dose the effect of the VSW can be fur-
ther reduced. Figure 5.6 shows different scanning electron microscope (SEM)
images of PR dots exposed at increasing exposure doses. For low doses the ver-
tical standing waves produce wide plateaus or terraces around the dots, which
are so wide that they even interconnect. When increasing the dose the terraces

1The code of the Maple worksheet used to calculate the reflectance of an absorbing 3-layer
stack on an absorbing substrate was originally written in the SMI group by Marc Haast and mod-
ified by Sebastiaan Konings
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Figure 5.5: Calculated interference pattern occurring in the PR layer (z is
the direction normal to the substrate) for (a) the case with a single PR and
(b) the case with a trilevel system with SiO2 (62 nm) as interlayer.

decrease in size and start to disconnect. For even higher radiation doses the ter-
races become negligible. In figure 5.7, the profile of the PR dots produced by
this supra-exposure technique is shown, and it can be observed that the VSW
are strongly suppressed. This supra-exposure technique only works if the two
interfering laser beams are equal in intensity. When they are not equal, there
will not be complete destructive interference and the resist will be overexposed
everywhere. Therefore, we use a dielectric mirror with a reflectivity of more
than 99%.

5.4 Ion beam etching

By means of ion beam etching (IBE) the PR pattern is transferred to the magnetic
film. Different problems have been encountered during the IBE step like faceting
[62] and sidewall deposition. Part of the deposited material is originating from
the acceleration grid [95] however this effect can be reduced by decreasing the
acceleration voltage. The other part is redeposited magnetic material, which can
be removed by varying the etching angle [62]. Different tests have been done us-
ing two different acceleration voltages, 350 and 100 V and various angles. The
etch time was kept constant at 8 min with argon pressure of 3 ×10−4 mbar. Fig-
ure 5.8(a) shows the resulting structures after etching with a voltage of 350 V
and an angle of 20◦. The structures present irregular edges and sidewall deposi-
tion. Remains of PR were difficult to remove. Figure 5.8(b) shows the results of
etching under the same acceleration voltage but at an angle of 0◦. The structures
are irregular and heavily damaged. Figure 5.8(c) shows structures etched at an
acceleration voltage of 100 V and under an angle of 0◦. The shapes look more
regular, but sidewall deposition is observed at the base of the structures. Figure
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Figure 5.6: SEM images of structures produced on photoresist by double
LIL exposure. For low exposure doses (2.1 and 2.9 mJ/cm2) it is possible to
see plateaus of photoresist surrounding the photoresist dots. The plateaus
are so big that they are even interconnected with each other. Increasing
the exposure dose reduce the size of the plateaus produced by the vertical
standing waves (4.2 mJ/cm2). Further increasing the exposure dose has
the effect of vanishing the photoresist plateaus and reducing the diameter
of the photoresist dots (6.3, 8.4 and 12.6 mJ/cm2)

5.8(d) shows the result of etching at 100 V at an angle of 0◦by 7 min and a final
etching at 60◦by 1 min. Almost no sidewall deposition was observed and PR
was easier to remove, so we conclude the sidewall deposition has been removed
while etching at 60◦. However, the structures are more rounded because of the
high-angle etching step. We expect this will deteriorate the magnetic proper-
ties of the dots. Good quality magnetic nanodots are a compromise between
reasonable regular shapes with straight sidewalls and sidewall deposition.
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Figure 5.7: SEM image showing the profile of PR dots with 300 nm of pe-
riodicity arranged in a squared grid. The radiated dose was 6.3 mJ/cm2.

Figure 5.8: SEM images showing the profile of nanomagnets fabricated un-
der different IBE conditions: (a) acceleration voltage: 350 V, etching angle
20 by 8 min, periodicity = 350 nm; (b) acceleration voltage 350 V, etching
angle 0 by 8 min, periodicity = 300 nm; (c) acceleration voltage: 100 V, etch-
ing angle 0 by 8 min, periodicity = 400 nm; (d) acceleration voltage 100 V,
etching angle 0 by 7 min and 60 by 1 min, periodicity = 400 nm.
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Solvent name Composition

Acetone C3H6O

PRS-2000 Diethylene glycol monoethyl ether
N-methylpyrrolidone
Tetraethylene glycol

Microposit 1- methyl-2-pyrrolidine
Pyrrolidone compound

Table 5.2: Composition of three solvents (Acetone, PRS-2000 and Microp-
osit) typically used for photoresist removal

5.5 Photoresist removal

After developing the photoresist (diluted OiR 907/12), when the exposed areas
are dissolved, the wafer is subjected to IBE in order to locally etch away the mag-
netic multilayer structure. Preliminary experiences suggested that IBE could af-
fect the developed PR pattern. After IBE treatment, the remaining PR seemed to
be insoluble in the commonly used acetone-based stripper, quite large amounts
of PR remained stuck on the metallic dots. AFM measurements had shown the
thickness of the PR residue to be about 80 nm. It has been found that after an IBE
process, the removal of the PR mask on top of the etched structures turns to be
difficult. Since the signal-to-noise ratio in MFM measurements strongly depends
on the tip-medium distance, any PR residue should be, preferably, removed. 2

It was thought that, under action of IBE, the PR suffered structural changes:
carbonization or cross-link formation. A diffusion-based metal-PR interface mix-
ing could also be an explanation, when metal particles and large polymer mole-
cules formed a very tough composite material.

Preliminary studies also indicated that during IBE redeposition occurs around
the bases of the dots. This sidewall formation had been thought to be in connec-
tion with encountered PR removal difficulties.

Three different solvents (Acetone, PRS-2000 and Microposit) were used in
order to find a standard mask removal procedure. Table 5.2 displays the compo-
sition of the solvents here used. All samples used were deposited by sputtering
of Platinum and an alloy of Cobalt and Nickel, consisting of one Pt seed layer
and 26 bilayers of Co50Ni50 / Pt. The thickness of each individual layer was
0.6 nm. The samples were patterned into a periodicity of 300 nm and their dots

2For the purposes of this work MFM measurements are specially important, not only because
MFM is one of our characterization tools, but because we used MFM probes in order to do bit-
write/red experiments (this will be explained in the next chapter).
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Figure 5.9: AFM section image of 300 nm periodicity Co50Ni50/Pt multi-
layered dots after ultrasonic cleaning with Microposit by 3 hours at 45 oC.
The section image displays a vertical distance between top and basement
of a dot of 103 nm.

Figure 5.10: AFM section image of 300 nm periodicity Co50Ni50/Pt multi-
layered dots after ultrasonic cleaning with PRS2000 during 3 hours at 45
oC. The section image displays a vertical distance between top and base-
ment of a dot of 106 nm.

diameter was about 70 nm after the etching step. The IBE was performed at an
acceleration voltage of 350 V with and etching angle 20◦by 8 min. After the IBE
step the samples were immersed in one of the solvents at 45 oC by 3 hours in
an ultrasonic cleaning unit with a frequency of 40 kHz and a power of 320 W.
In all cases we observed from SEM and AFM images taken before and after an
ultrasonic cleaning process that the photoresist was not removed.

Figure 5.9 shows an AFM section image of Co50Ni50/Pt dots with a perio-
dicity of 300 nm after being ultrasonic cleaned in Microposit according to the
specifications already mentioned. In the section image the vertical distance be-
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tween the top and the basement of the central dot is 103 nm. Figure 5.10 shows
an AFM section image of a similar sample which was ultrasonic cleaned in PRS
2000. In this case the vertical distance between the top and the basement of the
central dot is 106 nm. In the case of the sample cleaned with acetone, similar
results were obtained.

Assuming a multilayer thickness of 30 nm, these results indicate a photore-
sist thickness after the ultrasonic cleaning of about 80 nm. In order to have a
good resolution while imaging the dots by MFM we need to be able to approach
the magnetic tip at a distance of about 10 nm to the magnetic layer.

Other standard photoresist removal procedures include ozone plasma strip,
oxygen plasma, RCA Clean and Piranha. All these methods will oxidize the
cobalt layers of the dots and therefore damage the magnetic properties of the
samples. However those methods are quite efficient. Figure 5.11 shows a SEM
image of a sample consisting of 300 nm periodicity gold dots after IBE and ul-
trasonic cleaning in acetone by 3 hours at 45 oC. As can be seen, large amounts
of photoresist remain on top of the gold dots. This is the reason for the sombrero
shape of the dots. Figure 5.12 shows a SEM image of the same sample which was
taken after the 3 hour ultrasonic cleaning with acetone into an oxygen plasma
cleaning by only five minutes. It can be observed that after the oxygen plasma
cleaning the photoresist was removed. The small square at the right top of figure
5.12 corresponds to the previous figure (figure 5.11) and displays the state of the
gold dots just before the oxygen plasma cleaning process. Apparently oxygen
plasma cleaning is a very efficient method to remove residual photoresist after
an IBE process, unfortunately it is not compatible with our magnetic multilayer
stacks.

One last method was tried in order to remove the residual photoresist on top
of the magnetic dots. It consisted in using an AFM tip while scanning at contact
mode. By doing this all the dots in an area of 50 × 50 µm were scratched and
the resist on top of them wiped away. Figure 5.13 shows an AFM section of a
sample after scratching. The section image displays a vertical distance between
top and basement of a dot of about 35 nm. The scanned area was also inspected
with an optical microscope. In figure 5.14 it is possible to observe a different
colour hue on the wiped square surface compared to the outside area. Rests of
the wiped photoresist and redeposited material can be observed at the edges of
the cleaned square.

Since scratching is the only way to remove resist without damaging the
magnetic multilayer, all samples fabricated from positive tone photoresist and
analysed in this work by MFM measurement (see Chapter 6) have been treated
in this way.
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Figure 5.11: SEM image of 300 nm periodicity gold dots after IBE and ul-
trasonic cleaning with acetone by 3 hours at 45 ◦C. Photoresist could not
be removed.

5.6 The use of reversal image photoresist in combination
with the hard mask process

An alternative process is desired in which the magnetic dots are free of any
photoresist. This would allow better MFM characterization and performance
in read-write experiments using magnetic scanning probes. In this section a
fabrication process consisting in making holes in a photoresist coating (instead
of islands) is explored.

While trying the hardmask scheme approach TI04XR photoresist was se-
lected. This is a diluted experimental version of the commercial TI09XR mixed
by the manufacturer. The TI04XR resist can work in image reversal mode. Alter-
natively, it can be processed as a conventional positive resist if the reversal bake
step is avoided [96]. Photoresist processing was based on previous work done
in the SMI group [97, 98].

Figure 5.15 shows a scheme of the image reversal procedure. After expo-
sure, the resist acts as a positive resist. Then an image reversal bake takes place
and cross-links are formed at exposed area while the unexposed area remains
photoactive. The resist is flood-exposed with a UV lamp that makes the resist not
exposed in the first step soluble in the developer. Finally, the areas exposed in
the first step remain after developing [50]. This resist has the special charac-
teristic that when used in its image reversal mode, the holes produced present
inverted walls. This allows for using the holed patterns as shadow masks.

The material used as a hard mask was Titanium. The deposition of Titanium
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After IBE and USC at 45 C in acetone
(3 hours)

After 5 min in O2 plasma

Figure 5.12: SEM image of the 300 nm periodicity gold dots displayed in
figure 5.11 after IBE, ultrasonic cleaning with acetone by 3 hours at 45◦C,
and 5 minutes in oxygen plasma. After the oxygen plasma cleaning the
photoresist was removed. The small square at the right top of the image
corresponds to figure 5.11 and displays the state of the gold dots just before
the oxygen plasma cleaning process.

was performed in an electron-gun evaporation system (Balzers BAK 600). The
evaporated layers must be thick enough to act as an etch mask. On the other
hand, thin layers are desired to prevent sidewall deposition of magnetic mater-
ial.

Considering the magnetic multilayer used in these experiments to be 24 nm,
and assuming the Titanium etch rate to be half of the multilayer etch rate, it was
decided to deposit a 12 nm Titanium mask.

5.7 Dots produced with the hard mask process

The hardmask scheme has yielded satisfactory results when producing dots
with diameters of 300 nm and periodicity of 600 nm (Figure 5.16). The resist
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Figure 5.13: AFM section image of 300 nm periodicity Co50Ni50/Pt multi-
layered dots after scratching with an AFM tip while scanning in contact
mode. The section image displays a vertical distance between top and
basement of a dot of 35 nm.

Figure 5.14: Optical microscope image showing an area of 50 x 50 µm that
was scratched with an AFM tip while scanning in contact mode. It is pos-
sible to observe a different tone on area outside the square. Remains of
the removed photoresist and redeposited material are seen at the square
edges.
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Figure 5.15: Process steps to generate holes with image reversal (figure
from [50]).

Figure 5.16: SEM image of magnetic dots with a periodicity of 600 nm
etched by using a Titanium hardmask (images from [98])
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was easily removed after the Titanium evaporation, since it was not yet been ex-
posed to IBE. However the attempts to fabricate quality magnetic dots with 300
nm period failed, because deposition of Titanium turned critical when working
with small resist holes. The resist walls are easily covered during the evapora-
tion since the inverted wall profile of the image reversal photoresist is not very
well defined in these small structures. This makes it extremely difficult to re-
move the resist.

Even when the use of image reversal photoresist appears promising as a fab-
rication method for magnetic nanodots, further work is still required to produce
good quality hardmasks when reducing the features size.

5.8 Conclusions

The LIL patterning process was described. As part of the fabrication experi-
ments two kinds of photoresist were explored, one positive resist and one im-
age reversal resist. Three different etch masking systems were studied, a simple
etching mask compound only by the patterned photoresist coating, a trilevel
stack using a bottom antireflection coating, and a hardmask approach in combi-
nation with the image reversal photoresist. Problems concerning the IBE process
and the photoresist mask removal afterwards were also discussed.

In order to diminish or suppress vertical standing waves in the photoresist
after LIL exposure, a bottom antireflection coating within a tri-layer scheme was
tested first. Different inconveniences were found by using this method. First
of all the thickness of the SiO interlayer acting as a hard mask had to be care-
ful chosen because of differences in the diffraction indices of the photoresists,
the antireflection coating and the SiO interlayer itself. Because of those differ-
ences in diffraction indices the vertical standing waves could be attenuated but
never totaly suppressed. Besides that, problems in removal of the antireflection
coating after ion beam etching process were found. Presumably, this is due to
polymer crosslinking during the baking of the antireflection coating [90].

Next, a single-layer approach was attempted. It consisted of a thin coating
of diluted positive photoresist. The problem of vertical standing waves was ad-
dressed by using a high exposure dose (supra-exposure scheme). By increasing
the exposure dose and using a highly reflective mirror to achieve good contrast,
it is possible to control the size of the photoresist dots and to diminish the pres-
cence of terraces or plateaus due to the presence on vertical standing waves. This
method is preferable because the resist stack is simple and the etching process
only includes one etching step (IBE). This in contrast with the tri-level approach
in which three reactive ion etching steps plus one ion beam etching step are re-
quired (One RIE step to go through the photoresist on top of the stack, one RIE
step to go through the SiO in the middle and one RIE step to go through the
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antireflection coating at the bottom. Plus an IBE step to go through the magnetic
film).

Removal of the photoresist acting as an etching mask is problematic in sam-
ples prepared by using the single-layer stack approach. Different organic sol-
vents were used in combination with ultrasonic cleaning to remove the remains
of photoresist, but all of them failed. Conventional methods like oxygen plasma
or acids have proven to be quite effective, but they can oxidize the magnetic ma-
terial within the dots. Thus no oxidizing cleaning methods are suitable for our
processes. Therefore, mechanical removal of the remaining photoresist has been
found to be the safest method. This has been done by wiping small areas of the
samples by using an AFM probe in contact mode, more or less acting as a broom.

The problem of photresist removal after IBE was circumvented by using a
hard mask approach using reversal image photoresist and lift-off. With this
method holes are patterned into a photoresist, spin-coated on top of the magetic
film. Then a hard mask (in this case Titanium) was deposited by evaporation.
Afterwards the complete photoresist mask is removed, leaving the hard mask
dots behind which can be than be used for etching the magnetic layer. The hard-
mask scheme yielded satisfactory results when producing dots with diameters
of 300 nm and periodicities of 600 nm. However, difficulties were found when
attempting to produce smaller structures. Depositing Titanium by evaporation
through holes with small diameters turned out to be critical since the hole walls
became covered with Titanium, which frustrates the lift-off process. Further
work is necessary to deposit high quality hardmasks through patterned pho-
toresist masks.

From the three fabrication methods, the single-resist approach (using supra-
exposure) is the easiest to implement and yields the best results. However fur-
ther research is necessary into the removal of remaining photoresist after IBE.
Nevertheless, the hardmask approach should still be investigated since it seems
to be a promising candidate. It is necessary to be able to achieve a good control
on shape and size of the holes. Deposition methods for the hardmask, other than
evaporation, should be explored.
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Chapter 6

Magnetic properties of CoNi/Pt
and Co/Pt patterned films

Thermostability and switching field distribution are two important parameters
for any recording medium. A thermal stable material will warranty that the
stored information will remain unchanged for a long time. On the other hand,
a lower switching field distribution means that in such a medium each bit of
information can be written by exerting the same (or at least a similar) magnetic
field, which helps to avoid side writing.

In the analysis of the dots the coercivity plays an important role. Because
of this reason, in the first section of this chapter we will consider an ensemble
of nanomagnets and we will derive an expression which relates the coercivity
of the ensemble with its internal energy. By using that expression (in combina-
tion with experimental data) a study on the thermal stability and distribution
of the switching field of arrays of CoNi/Pt and Co/Pt dots is presented. Those
structures have diameters around 90 nm and a periodicity of 300 nm. The ther-
mal dependence of the averaged switching field has been investigated by means
of VSM. Additionally the switching field distribution at room temperature has
been studied by performing VSM remanent measurements and MFM measure-
ments.

6.1 Coercivity in the case of a group nanomagnets

In general, the energy barrier of a group of particles with uniaxial anisotropy is
described by the following expression [37]:

∆E = U
(
1− H

H0

)n
, (6.1)
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where U is the energy barrier at zero applied field, H is the applied field
and Ho is the field needed at zero temperature to overcome the energy barrier.
The value n depends on the switching mechanism within the system, n = 1 for
weak domain-wall pinning [99, 100], n = 3/2 in the case of an ensemble of parti-
cles with a Lorentzian switching-field distribution and coherent magnetization
rotation [101], and n = 2 in the case of a group of identical Stoner-Wohlfarth
particles. [102].

As previously explained in Chapter 2, the switching probability rate as a
function of the energy barrier and temperature can be phenomenologically de-
scribed by the Arrhenius relation [36],

r = f0 exp
(
− ∆E

kT

)
. (6.2)

In the case of a set of uniaxial particles it is possible to define the coercivity
as the applied field at which the probability of being already switched after a
time t is 1/2 [38] (i.e. rt = 1/2).

Combining equations (6.1) and (6.2) and using the definition above it is pos-
sible to express the coercivity as

Hc(t, T ) = H0

(
1−

(
kT

U
ln(2f0t)

)1/n
)

. (6.3)

The latest expression will be used in coming sections in order to determine
the internal energy (U ) and coercivity at zero field and zero temperature (H0) of
the arrays of dots. This can be done by performing coercivity measurements at
different temperatures.

6.2 Analysis of CoNi/Pt dots

In figure 6.1 four hysteresis loops of a Pt(6Å)/[CoNi(6Å)/Pt(6Å)] × 26 sample
deposited on silicon oxide are presented. The graphs on the left corresponds to
the continuous film, while the graphs on the right corresponds to the patterned
film consisting of an hexagonal array of nanodots with a periodicity of 300 nm.
We will comment first on the perpendicular hysteresis loops. It is possible to
observe from the graphs that in the continuous film nucleation occurs at −16
kA/m and the point of coercivity is found at +3 kA/m. In the case of the pat-
terned film there is not a sharp nucleation point, and coercivity has increased
up to 70 kA/m. From the coercivity field at 70 kA/m the sample magnetization
steadily increases up to a field of 210 kA/m. After 210 kA/m the slope changes
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Figure 6.1: VSM hysteresis loops of continuous (left) and patterned (right)
CoNi/Pt multilayers. On the top row, the perpendicular hysteresis loops
are displayed, and in the bottom row the in plane loops. The patterned
film corresponds to an hexagonal array of dots with a periodicity of 300
nm and dot diameter of 90 nm.

and the magnetization increases faster as a function of the applied field. Satura-
tion is reached at 300 kA/m. The presence of two different slopes may indicate
the presence of two different magnetic materials within the sample. Material
redeposited on the dots walls during the ion beam etching process is an expla-
nation of this behaviour. As to the in plane hysteresis loops, we can observe a
small coercivity, which suggests the presence of a small anisotropy field which
could be related in both cases to shape anisotropy.
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Figure 6.2: Temperature dependence of the coercivity in the array of dots.
Three different fittings for the experimental data are shown, by using dif-
ferent values of n.

Value of n H0 (kA/m) U(J) Vs(nm3)
1 246.9 1.87× 10−19 1.2× 103

3/2 307.9 1.98× 10−19 1.3× 103

2 368.8 2.06× 10−19 1.4× 103

Table 6.1: Estimated values for the switching field (H0), energy barrier (U)
and switching volume at zero temperature (Vs) for the different values n.

6.2.1 Thermostability of CoNi/Pt dots

Using VSM, the hysteresis loops of the CoNi/Pt patterned film were measured
at different temperatures, ranging from 175 to 500 K. The temperature de-
pendence of the coercive field for the hexagonal array of CoNi/Pt nanodots is
shown in Figure 6.2. Each coercivity value is an average of 20 measurements.
The experimental data was fitted into three different expressions derived from
equation (6.3) by using the three different values of n that were mentioned be-
fore and a value of f0t = 109. The fits are also displayed in Figure 6.2. However,
based solely on this information it is not possible to determine which is the most
suitable value for the n, since on the range of temperatures studied the three
functions behave very similar. From the fits, the values for H0 and U were es-
timated for n = 1, 3/2, and 2. Those values are displayed in Table 6.1. The
fitted values for the energy barrier at zero field, U , ranges from 1.87× 10−19 till
2.06× 10−19 J (1.16 - 1.28 eV), corresponding to a ∆E/KT ratio from 45.0 to 49.7
. Thus, regardless of the switching model used, the dots have a sufficiently high
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Figure 6.3: MFM images of a patterned CoNi/Pt multilayer film after ap-
plication of −1350,+4,+127, and + 183kA/m.

Figure 6.4: Left: Remanence curve obtained by MFM, the vertical axis cor-
responds to the fraction of the switched dots for each applied field. Right:
Remanence curve obtained by VSM, the vertical axis corresponds to the
relative magnetization of the sample.

energy barrier for long term stability. Furthermore, U can be written as KeffVs,
where Vs, is the switching volume. By using the value of the effective anisot-
ropy, determined by torque measurement as 150kJ/m3 [45, 103], it is possible to
estimate the values of the switching volumes, which are also displayed in Table
1.

6.2.2 Remanence and switching field distribution of CoNi/Pt dots

Using a MFM, a series of field dependent measurements were made in order to
measure the switching fields of individual dots localized in very specific areas
of our samples. By doing this and comparing with the VSM measurements it is
possible to draw some conclusions regarding the homogeneity and uniformity
of the magnetic properties of the dots all over the sample.
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Figure 6.5: Left: Histogram showing the fraction increment of the switched
CoNi/Pt dots as measured by MFM after applying a new external field.
Right: Histogram showing the fraction increment in magnetization as mea-
sured by VSM after applying a new external field

Prior each MFM image an external magnetic field was applied. The field
was increased to a certain value and then taken back to zero. All images were
made over the same area of the sample covering a surface of about 5.5 × 5.5
µm2, which contains a total of 365 dots. The first image in Figure 6.3 shows the
magnetization after applying a field of -1353 kA/m perpendicular to the sample.
The tip and the medium are saturated in the same direction so only attractive
forces occur (black dots). When the field is increased to +4 kA/m, the tip reverses
magnetization and all forces become repulsive, so the contrast reverses (white
dots). At 127 kA/m almost 50% of the dots is reversed (Figure 6.3 c) and at 183
kA/m almost all dots are reversed (Figure 6.3 d). The first dots switch already at
80 kA/m, but the last at 192 kA/m. The graph on Figure 6.4 (left) was produced
by counting the number of reversed dots on each MFM image after applying a
certain field. On the vertical axis the fraction of the switched dots after applying
a new field is shown.

Figure 6.4 (right) corresponds to an identical experiment performed by VSM
(DCD curve) on the same sample. The MFM measurement shows a clear grad-
ual reversal of the dots in between 80 and 192 kA/m. Outside this range all
the imaged dots are magnetized either in the upwards or downwards direc-
tion. However, the VSM measurement shows a change in the sample magneti-
zation in a much larger range (starting at negative switching fields and reaching
equilibrium around 550 kA/m). It should be noted that the graph in Figure 6.4
(left) represents the reversal of 365 dots located on a very specific area of the
sample surface, about 5.5 × 5.5 µm2. On the other hand, in the VSM experi-
ment (Figure 6.4 (right)) the magnetization reversal of the whole sample (about
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5× 5 mm, containing around 2.8× 108 dots) is measured, including magnetic
material which could be redeposited during the IBE process.

Figures 6.5 (left and right) are histograms produced from the curves dis-
played in Figure 6.4. On the left, the fractional increment of switched dots after
applying a new field is shown. On the right, the fractional increment in magne-
tization of the whole sample as measured by VSM is shown.

From figure 6.5 (left) it is possible to appreciate the dispersion in the switch-
ing field value of the dots, which matches with a Lorentzian distribution. The
DCD curve of Figure 6.5 (right) shows a wider dispersion in the fitted Lorentzian
curve than the MFM measurement. If the Switching Field Distribution (SFD) is
defined as the dispersion of the fitted Lorentzian curve, then the SFD measured
by VSM over the whole sample is 3 times larger than SFD measured by MFM
over the dots. This could suggest that the mechanism that governs the dots
switching is better represented by n = 3/2. However, even when the dots
are single domain at remanence because of their perpendicular anisotropy, the
switching process is not that of a coherent rotation. The size of the dots (90 nm
diameter approx.) is not small enough to allow the them to behave as single
domain particles.

Further thermal dependent measurements at lower temperatures are needed
in order to better determine the coercive field H0 and the reversal mechanisms.
However, at the moment those temperatures are not achievable in our setup.
Additionally, further research should include analytical models, which consider
domain wall motion, pinning points, nucleation and the effects of rough edges
and interfaces on the final anisotropy values.

6.3 Analysis of Co/Pt dots

In figure 6.6 six hysteresis loops are presented. They correspond to Pt(40Å)
/ [Co(4Å) / Pt(10Å)] ×5 samples deposited on three different substrates: Sili-
con, silicon oxide 40 nm thick grown on silicon by thermal oxidation and silicon
oxide 590 nm grown on silicon by the same method. The graphs on the left cor-
respond to continuous films, while the graphs on the right correspond to the
patterned films consisting of a squared arrays of nanodots with a periodicity of
300 nm. The hysteresis loops of the continuous films were already discussed in
Chapter 4 and are here presented for comparison purposes with the patterned
films. It is possible to observe from the graphs in figure 6.6 that the coercivity of
the patterned samples has increased considerably if compared to the continuous
films. It is remarkable that the coercivity of the continuous film deposited on sil-
icon (around 10 kA/m) is the smallest of all but when it comes to the patterned
films, the coercivity is the highest (260 kA/m). In the case of the film deposited
on 40 nm thick silicon oxide the coercivity increases from 30 kA/m to 40 kA/m.
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Figure 6.6: Perpendicular VSM hysteresis loops of continuous (left) and
patterned (right) Co/Pt multilayers deposited on different substrates. The
patterned films corresponds to squared arrays of dots with periodicity of
300 nm and dot diameters of 90 nm.
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And in the case of the film deposited on 590 nm thick silicon oxide the coercivity
increases from 30 kA/m to 60 kA/m.

In the case of the film deposited on Silicon, it is thought that the huge co-
ercivity in the patterned film may be due to migration of Platinum and Cobalt
into the Silicon structure. It is known that certain materials can be diffused into
the crystal structure of Silicon when used as a substrate. Moreover, the migra-
tion process can be speeded up when heating the Silicon substrate. As a matter
of fact, during the ion beam etching process, the wafer is heated. If migration
occurs, this will induce defects in the lower bilayers of the film which will ac-
count as pinning points. Those pinning points could be responsible for the large
coercivity that has been observed in the patterned film.

It should be noted that the magnetic multilayer thickness of Co/Pt dots is
about 11 nm, while the multilayer thickness of the CoNi/Pt dots is about of 32
nm. For thinner structures the rate of redeposition during the ion beam etch-
ing process is lower due to a lower aspect-ratio. This may be the reason that
the hysteresis loops of the three patterned films do not present a double-slope
behaviour (as in the case of the patterned CoNi/Pt film).

6.3.1 Thermostability of Co/Pt dots

Using VSM, the hysteresis loops of the three Co/Pt patterned samples were mea-
sured at different temperatures, ranging from 150 to 475 K. Figure 6.7 displays
the temperature dependence of the coercivity of the three patterned samples.
As in the case of the analysis of the CoNi/Pt sample, the experimental data was
fitted into three different expressions by using three different values of n. The
resulting curves are also displayed in Figure 6.7. Table 6.2 shows the calculated
values for H0, U and Vs corresponding to the fitted curves. The energy barrier
U , ranges from 2.45 × 10−19 to 3.13 × 10−19 J (1.53 - 1.95 eV) in the case of the
sample deposited on Silicon. This corresponds to a ∆E/KT ratio from 59.0 to
75.6 . For the sample deposited on the 40 nm thick Silicon Oxide substrate it
was found that U 1.54× 10−19 - 1.63× 10−19 J (1.53 - 1.95 eV) (∆E/KT 37.2 -
39.3) and in the case of the sample deposited on the 590 nm thick Silicon Oxide
it was found that U 1.53× 10−19 - 1.62× 10−19 J (0.96 - 1.01 eV) (∆E/KT 37.0
- 39.1). The switching volume Vs was obtained from the calculated value for U
and the estimated effective perpendicular anisotropy of the films (U = KeffVs).
The effective perpendicular anisotropy was estimated by comparing the per-
pendicular and in-plane VSM hysteresis loops of the samples: 550kJ/m3 in the
case of the sample deposited on Silicon and 253kJ/m3 in the case of the samples
deposited on Silicon oxide.
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Figure 6.7: Temperature dependence of the coercivity for the Pt/[Co /
Pt]×5 patterned samples. Three different fittings for the experimental data
are shown, by using different values of n.
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Figure 6.8: Remanence curves of the three Co/Pt samples as measured by
VSM
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Silicon
Value of n H0 (kA/m) U(J) Vs(nm3)

1 415.0 2.45× 10−19 4.5× 102

3/2 485.9 2.83× 10−19 5.2× 102

2 556.6 3.13× 10−19 5.7× 103

Silicon oxide (40 nm)
Value of n H0 (kA/m) U(J) Vs(nm3)

1 207.5 1.54× 10−19 6.1× 102

3/2 265.7 1.59× 10−19 6.3× 102

2 323.6 1.63× 10−19 6.4× 103

Silicon oxide (590 nm)
Value of n H0 (kA/m) U(J) Vs(nm3)

1 209.0 1.53× 10−19 6.1× 102

3/2 268.0 1.58× 10−19 6.3× 102

2 326.6 1.62× 10−19 6.4× 103

Table 6.2: Estimated values for the switching field (H0), energy barrier (U )
and switching volume at zero temperature (Vs) for the different values n
(1, 3/2, 2) for the three Co/Pt samples.

6.3.2 Remanence and switching field distribution of Co/Pt dots

DCD remanent curves of the three Co/Pt samples were produced by VSM mea-
surements. The obtained data are plotted in Figure 6.8. Histograms have been
produced from the data obtained by the remanent measurements (Figure 6.9).
Lorentizan curves fitted into the plots are also displayed. The two graphs on
the top of Figure 6.9 correspond to the same measurement of the sample de-
posited on Silicon. However, on the first graph (top left), a fit is shown to a
simple Lorentzian distribution, while the second graph displays a curve corre-
sponding to the combination of two Lorentzian distributions. As can bee seen,
this second curve fits better with the experimental data. It seems as if there are
two kinds of magnetic materials combined into the sample deposited on Silicon.
This could be caused because of heating of the substrate during the IBE process
which could facilitate diffusion of some of the magnetic material into the Silicon.
However, one should also considered the possibility that the smaller Lorentzian
curve is just an artifact resulting from noise during the data acquisition. In any
case, it can be observed that the sample deposited on top of Silicon presents a
large switching field distribution, about three times larger than the two other
samples deposited on Silicon Oxide.

At the bottom of Figure 6.8 two graphs are shown, corresponding to the
remanent VSM measurements of the sample deposited on 40 nm thick Silicon
Oxide (bottom left) and the sample deposited on 590 nm thick Silicon Oxide
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Figure 6.9: Histograms showing the fraction increment in magnetization as
measured by VSM after applying a new external field. Lorentzian curves
have been fitted into the plotted data.

(bottom right). Lorentzian curves are plotted along the experimental data. From
the fitted curves it can be concluded that the switching field distribution of these
two samples follows a Lorentizan distribution.

6.4 Conclusions

A model for coercivity for a magnetic patterned medium has been presented.
This model is based on the equation describing the energy barrier for a group
of weakly interacting particles and the Arrhenius relation. CoNi/Pt and Co/Pt
multilayered samples were investigated and analysed by performing thermal
dependent VSM measurements and by using the coercivity model.

In the case of the CoNi/Pt sample, the measurements done by VSM showed
a larger switching field distribution than those done by field dependent MFM.
This is due to the fact that the MFM measurement was done on a very localized
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area of the sample, while the measurement done by VSM was an evaluation all
over the sample covering all the dots present in the medium. It is possible that
the dots are not uniform all over the sample’s surface. So, the switching field
distribution becomes larger when evaluating areas containing large number of
dots. Another circumstance that should be taken into account is the fact that our
MFM measurements are only sensitive to the perpendicular magnetization com-
ponent of the dots. In other words, our MFM setup only senses dots magnetized
either in the upward or downward direction. Because of this fact, redeposited
material can be easily ignored by the MFM measurements, and of course dots
outside the studied area (5 × 5µm) are ignored. Specially dots located on the
edges of the sample could be easily damaged due to the fact that the sample is
cut in order to fit the sample holder’s dimensions. Also, during the handling of
the sample (mainly with tweezers) the dots on the edges may become damaged.

In the case of the three Co/Pt samples, a large difference in between the
sample deposited on Silicon and the samples deposited on Silicon Oxide was ob-
served. When analysing the continuous films, the sample deposited on Silicon
showed a steep hysteresis loop with a sharp magnetization-direction transition.
The other two samples showed a more gradual transition and their hysteresis
loops were very similar to each other. However, after the samples were pat-
terned, it was found that the hysteresis loop of the sample deposited on Silicon
had a coercivity three times larger than the other two samples. Nevertheless, its
hysteresis loop had a softer slope than the other two samples. When performing
the remanence measurements the switching field distribution of the sample de-
posited on Silicon resulted to be the largest. Histograms were derived from the
remanence measurements. Lorentzian dispersion curves were fitted to the data
obtained from those histograms. However, in the case of the sample deposited
on Silicon the fitting was poor. The fitting became more much better when in-
cluding two Lorentzian curves in the fitting. Thus, the final fitting for the sample
deposited on Silicon was a curve which was the addition of two Lorentizian dis-
persions. The fact that two Lorentzians curves are needed to produce a good
fitting may indicate the presence of two kinds of magnetic materials within the
sample. As indicated in Chapter 4, Silicon had the lowest roughness from the
used substrates. However, the lack of a Silicon Oxide layer on top of the Silicon
substrate allows for Platinum and Cobalt migration into the Silicon lattice. As a
consequence, the Co/Pt interfaces may become less sharp due to the migration
problem. Additionally, the migration of material into the Silicon can be favoured
due to heating of the substrate during the Ion Beam Etching patterning process.
In the case that the heating of the wafer is non uniform, the magnetic properties
of the resulting dots will present a larger distribution than the one expected for
the samples deposited on Silicon Oxide. One should take into account that the
second peak observed in the fitted distribution curve may be an artifact created
by noise in the measurements. In the case of the other two samples (those de-
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posited on Silicon Oxide) the fittings were made by using only one Lorentzian
curve. Both fitted curves showed similar results. This is in agreement with the
fact that the roughness of the Silicon Oxide substrates used for these samples (40
and 590 nm thick) were not too different, as mentioned in Chapter 4,

As to the VSM thermal dependent measurements, it was found that the
CoNi/Pt sample presented an internal energy (U ) around 1.87× 10−19to 2.06×
10−19J and its switching volume was about 1.3 × 103nm3. In the case of Co/Pt
the sample deposited on Silicon had an internal energy about 2.45 × 10−19 to
3.13× 10−19J . When compared with the other two Co/Pt samples deposited on
Silicon Oxide, it is found that their thermostability is poorer.

In conclusion, the Co/Pt sample deposited on Silicon shows a larger switch-
ing field distribution and a coercivity three times higher than the other two
Co/Pt samples and its thermostability is larger as well. Growing smoother Sili-
con Oxide substrates could help to fabricate magnetic dots with higher coerciv-
ity, thermostability, enhance perpendicular anisotropy. In the other hand mater-
ial migration would be avoided and with this a large switching field distribution
would be prevented.
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Chapter 7

Conclusions

In this chapter the conclusions are summarized from two different views. One
is about boundary conditions for designing a patterned media and the other
is about the preparation and lithographic processes necessary to fabricate pat-
terned media. At the end, some recommendations for future research are given.

7.1 Minimum requirements for magnetic patterned me-
dia

Different parameters have been estimated for designing a patterned medium.
In the coming paragraphs those parameters will be discussed. The estimated
values should be regarded as the minimum requirements that should be fulfilled
in order to consider a magnetic patterned film used as a potential candidate for
high-density magnetic recording applications.

7.1.1 Minimum energy-barrier for an idealized pattern media

Stored information is subject to thermal degradation. For information to be
stable over long periods of time, a high energy barrier is needed between the
recorded states (“up” and “down” in perpendicular magnetic recording). Charap
[39] calculated that in the case of a continuous (granular) medium for hard disk
recording, a minimum energy-barrier of 40.27 kT is required, which corresponds
to a relaxation time of the magnetic information of 10 years.

To estimate the energy barrier for patterned media, we assumed an ideal-
ized patterned media consisting of identical Stoner-Wohlfarth particles. From
this simple model it can be concluded that the energy-barrier should be at least
48.8 kT in order to achieve a raw bit error rate (BER) of 10−4 after 5 years, which
corresponds to a relaxation time (τ ) of 5 × 104 years. So, even in the idealized
case, patterned media require a much higher ∆E/KT value than continuous
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granular films. The reason for this is that reversal of a few grains in an assembly
of grains composing bit in a continuous medium is acceptable. Accidental re-
versal of the magnetisation in an element of a patterned medium however will
immediately result in a bit error.

7.1.2 Maximum areal bit density

According to our model, for a given dot-aspect-ratio the highest achievable bit-
density is restricted by the magnetization saturation of the dots. In the case of an
aspect ratio of 1/10 (which is close to the disk shape dots of the samples studied
in this work) the maximum bit density for Co/Pt dots lies around 0.4 Tbit/sqi.
This density is an upper limit, in a non-idealized sample the maximum areal-
bit-density will be lower.

The model predicts that for the material with the highest energy density
known today (FePt L10), the maximum bit density lies around 7 Tbit/sqi. This
value is achieved for dots with an aspect ratio of 1, for lower bit aspect ratios the
maximum bit density will be lower.

7.1.3 Minimum switching field distribution in an idealized pattern
medium

The idealized medium that we have considered will posses a switching field
distribution (SFD)since for each dot the energy barrier depends on the magne-
tization state of its neighbours due to magnetostatic interactions. It has been
estimated that in the case of Co/Pt multilayered dots with an aspect ratio of
(b = 1/4) the theoretical switching fields range from 857 to 871 kA/m, so the
minimum theoretical SFD is about 14 kA/m or 2%. Inhomogeneities or defects
within the dots are not considered in our model and they will strongly increase
the switching field values.

7.1.4 Boundaries for an auxiliary writing field

In order to change the magnetization state of a dot it was proposed to place a
magnetic probe in contact with the addressed dot. However, it has been con-
cluded that disregarding of the magnetic probe an auxiliary magnetic field will
be necessary to assist the probe field. The field from the probe should exceed
the swithing field distribution of the medium. After taking into consideration
the inherent switching field distribution of our material (Co/Pt dots), it has been
predicted that in the case of a probe made of pure Cobalt with a diameter equal
to that of the dots an auxiliary field in between 333 and 857 kA/m will be re-
quired. In a realistic patterned medium, the permitted auxiliary field values
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will be lower due to the larger switching field distributions that are expected.
Therefore the field from the probe can be higher.

7.2 Fabrication techniques

A method for fabricating arrays of magnetic particles was improved. The method
is based on sputtering a thin film, laser interference lithography and ion beam
etching. That technique allows the fabrication of arrays of identical structures
with elliptical, square and circular shapes, depending on the steps and parame-
ters involved during the laser exposure and development. Square, hexagonal
and other types of particle packaging are allowed. In the same way, it is pos-
sible to prepare two-dimensional arrays with two different periodicities in each
one of their leading axes.

Because the characteristics of the laser interference lithography setup that
has been used, it was possible to produce uniform patterns over quite large
areas, compared to other techniques such as e-beam lithography. The area of
quasi-uniform laser exposure ranges from 1 to 5 squared centimeters depending
on the periodicity (pitch) of the produced structures. The time that is required
for making a sample is also relatively short in comparison with other techniques
(less than one minute).

The dimension of the patterns that were produced as part of this research
project by the laser interference technique are very diverse: From 1 µm of perio-
dicity down to 150 nm. The diameters of the produced magnetic dots range from
300 nm to 50 nm depending on the chosen periodicity and exposure time. How-
ever, the work here presented is focused in the fabrication and magnetic analysis
of magnetic periodic structures with 300 nm of periodicity (and diameters about
90 nm), because this was the smallest arrays in which we could achieve good
reproducibility.

Because of the large patterned areas on the samples, it is possible to con-
duct magnetic macroscopic measurements of the collective behaviour of the el-
ements. This is done by VSM, Kerr magnetometry and AHE measurements,
while MFM allowed for studying single dots. Those tools were used used to
characterize the samples and determine relevant parameters such as coercivity,
remanent magnetization, thermal stability and switching field distribution.

7.2.1 Substrate roughness effect in the continuous films

It has been found that Silicon wafers with its layer of native oxide removed
present a low surface roughness of 0.2 nm, which favours the growth of smooth
sputtered layers. In the case of the sputtered CoNi/Pt samples it was observed
that their coercivity decreases as the substrates become smoother. This could be
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explained by the fact that rougher substrates favour the formation of more de-
fects in the films, which hampers domain propagation. However, it should also
be considered that the growth of the Pt seed layer on bare Si might differ from
the growth on SiOx. In fact, formation of platinum silicide has been reported
when depositing Pt directly on bare Si. Platinum silicide has influence in the
growth of the subsequent deposited layers [104, 105, 106].

7.2.2 Number of bilayers effect in the continuous films

In the case of the (Co/Pt) timesn multilayers, it was observed that the nucleation
field and coercivity increases as the number of bilayers increases. This might be
due to the larger amount of defects present in the thicker samples. As the num-
ber of bilayers was increased the squareness of the measured hysteresis loops
was lost.

7.2.3 Photoresist stacks and vertical standing waves

As part of the fabrication experiments two kinds of photoresist were explored,
one positive resist and one image reversal resist. Three different etch masking
systems were studied, a simple etching mask compound only by the patterned
photoresist coating, a trilevel stack using a bottom antireflection coating, and a
hardmask approach in combination with the image reversal photoresist. From
the three masking systems, the one comprising just the patterning photoresist
was found to be the most convenient in day-to-day use. It consisted of a thin
coating of diluted positive photoresist. The problem of vertical standing waves
was addressed by using a high exposuse dose (supra-exposure scheme). It was
found that by increasing the exposure dose and using a highly reflective mirror
to achieve good contrast, it is possible to control the size of the photoresist dots
and to diminish the presence of photoresist terraces or plateaus interconnecting
the photoresist dots due to the effect of vertical standing waves.

7.3 Limitations of the fabrication techniques

In this section we discuss the limitations of the fabrication techniques that were
used for the realization of our samples, and suggestions for improvement in
further stages of the research on magnetic patterned media.

7.3.1 Laser interference technique

The lowest achievable pitch is limited by half the wavelength of the laser (λ=266
nm) which means that the minimum spacing between dot and dot could be in



7.4 Coercivity, switching field distribution and writability 107

ideal conditions 133 nm. 1, which can be translated into a maximum areal den-
sity of 36 Gbit/in2. Lasers with lower wavelengths lack acceptable temporal
stability and spacial coherence, which makes them difficult to use for LIL. Sys-
tems using diffraction gratings instead of a Lloyd’s mirror or even the use of
X-ray coherent sources (e.g. synchrotron sources) in combination with special
design resists seems to be an alternative. Besides that, the use of high diffraction
index media can help to decrease the periodicity of the LIL patterns.

7.3.2 Photoresist

Besides the limitations regarding the LIL technique, also the photoresist (diluted
Olin 907) used to fabricate the magnetic samples is not suitable to attain the
density at which patterned media will be introduced in industry. The Olin pho-
toresist was not originally designed to work at a wavelength of 266 nm nor to
produce submicron structures. Several experiments have demonstrated that the
highest contrast resolution of the photoresist has a treshold around a feature size
of 50 nm.

Impurities and polymeric chains aggregation (clustering) are present in the
photoresist even after filtering. These results in non-uniform resist and subse-
quent irregularities in the photoresist dot shape. Those irregularities in shape
are transferred to the final magnetic dots during the Ion Beam Etching process.

7.3.3 Ion beam etching technique

The Argon Beam Etching technique lacks selectivity, produces redeposition, heats
the sample and damages the interlayer interfaces.

Heating and material redeposition are responsible for the difficulties in re-
moval of the photoresist. It is known that heating produces cross-linking in
novolak based resins[90].

Besides that, the ion bombardment penetrates through the interlayers and
causes interfaces mixing. As a consequence, the effective perpendicular anisot-
ropy is reduced which results in inferior quality recording media.

7.4 Coercivity, switching field distribution and writabil-
ity

It was observed that the coercivity of the CoNi/Pt continuous films increased
as the substrate roughness increased. A similar trend was found on the Co/Pt
continuous films.

1In order to achieve the 1 Tb/in2 goal it is necessary a pitch of 25 nm.
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Substrate Hc SFD RSFD

(kA/m) (kA/m)
Si 260 91 0.35

SiOx (40 nm) 40 44 1.10
SiOx (590 nm) 60 51 0.85

Table 7.1: Values for the coercivity (Hc) as measured by VSM, switching
field distribution (SFD) and relative switching field distribution (RSFD) of
the three kind of patterned Co/Pt samples analysed in this thesis.

The differences in the coercivity and other magnetic parameters between the
patterned sample deposited on the 40 nm thick Silicon Oxide and the patterned
film deposited on the 590 nm thick Silicon Oxide are noticeable but small, which
suggests that the influence of the IBE beam etching on the magnetic properties of
the films is more much important than the influence of the substrate roughness.
However, in the case of the patterned film deposited on Silicon the coercivity
was about 5 times larger than in the other patterned samples, presumably be-
cause the formation of platinum silicide at the seed layer.

VSM measurements have shown, as stated in the previous chapter, that the
SFD distribution of the two Co/Pt patterned samples deposited on Silicon Ox-
ide is about two times smaller than the patterned sample deposited on Silicon.
However when looking for suitable recording media the relative SFD distribu-
tion becomes the relevant parameter, which is defined as

RSFD =
Hc

SFD
, (7.1)

where Hc is the measured coercivity of the whole array of dots. This infor-
mation is summarized in table 7.1.

The fact that the relative SFD in the case of the patterned sample on Silicon
is lower than the other two samples means that this sample is more suitable for
writing experiments than the other two.

7.5 Recommendations

It is thought that grain boundaries, interface irregularities within the dots and
IBE damage are the main cause for the large switching field distribution which
has been observed in the samples. Decreasing sputtering pressure and using
smoother substrates might help to improve the regularity of the deposited films.
However, grain boundaries always will be present when using magnetron sput-
tering. One alternative is the use of single crystalline, epitaxially grown mag-
netic materials.
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The relative switching field distribution of the samples deposited on Si in
this work seems to be in the right order of magnitude. If the coercivity can
lowered while keeping the same relative switching field distribution, the range
of switching fields will decrease and field-only writing might be simpler.

Alternative high contrast photoresists with higher resolutions should be ex-
plored. Since writing is seriously affected by remains of photoresist, alternate
patterning processes avoiding ion beam etching and subsequent redeposition
need to be investigated. Solutions could for instance be found in lift-off tech-
niques, deposition on templates [107]or using hard masks.

A plausible alternative seems to be the use of self assembled structures as
an etching mask. Submicron structures could be produced by LIL which would
serve as a template to guide the self assembling process [108]. By using that, the
1 Tb/in2 goal might be achievable.
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Appendix A

Anisotropy and energy barrier of
Stoner-Wohlfarth particles

A.1 Field of anisotropy for a Stoner-Wohlfarth particle

Consider that the density of magnetostatic energy of a particle can be expressed
as

εT = εa + εH (A.1)

where εa represents the energy density of anisotropy and εH the energy density
due to an external applied field H . In the case of a Stoner-Wolfarth particle, the
energy of anisotropy is described by

εa = Ku sin2 φ (A.2)

whith Ku the constant of anisotropy and φ the angle of the magnetization with
respect to the anisotropy axis. If the external field H is applied along the ani-
sotropy axis of the particle, but antiparallel to the local anisotropy equilibrium
direction (refer to Figure A.1, then the energy density is given by

εH = −µ0MH cos(180− φ) = µ0MH cos φ (A.3)

Using the former expressions for the energy density of anisotropy and the
density of magnetostatic energy it is possible to rewrite (A.1) as

εT = Ku sin2 φ + µ0MH cos φ (A.4)

The necessary field in order to equal the torque due to the anisotropy at a certain
angle φ is found through the following expression

0 =
dεT

dφ
= 2Ku sinφ cos φ− µ0MH sin φ = (2Ku cos φ− µ0MH) sinφ (A.5)
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Figure A.1: External field H applied along the anisotropy axis of a Stoner-
Wohlfarth particle, but antiparallel to the local anisotropy equilibrium di-
rection

Assuming that sinφ 6= 0, we have that

2Ku cos φ = µ0MH ⇒ H =
2Ku

µ0M
cos φ (A.6)

It should be noted that as φ approaches to zero, H becomes greater. The maxi-
mum value of H is denoted as H0 and is found when φ → 0 , i.e.

H0 = lim
φ→0

2Ku

µ0M
cos φ =

2Ku

µ0M
(A.7)

H0 is called the anisotropy field and represents the magnetic field along the anisot-
ropy axis which is necesary to compensate the anisotropy torque at very small
angles.

A.2 Energy Barrier for a Stoner-Wohlfarth particle

As mention before, if an external field is applied along the anisotropy axis of a
Stoner-Wohlfarth particle, but opposite to the direction of magnetization (Fig-
ure A.1)the energy density will be given by (A.4). The energy barrier which
should be overcome in order to switch the magnetization direction is expressed
by

∆E = Emax − Emin (A.8)

where Emax and Emin are the maximum and minimum values of the energy in
the system. Now we look for the expressions for εmax and εmin. From (A.5)
it is noticeable that two of the critical points are found when sin φ = 0, (i.e.
φ = 0, 180). And the two other critical points are found when cos φ = µ0MH

2Ku

(there are two values of φ which fulfill the former equation, but those values are
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Figure A.2: Sketch of the total energy ET as a function of the angle of the
magnetization (given in degrees)

symmetric as respect to the anisotropy axis). Evaluating the critical values in the
second derivative of (A.4)

d2εT

dφ2
= (2Ku cos φ− µ0MH) cos φ− 2Ku sin2 φ (A.9)

we get that

d2εT

dφ2
φ=0,180

= 2Ku ± µ0MH > 0 (provided that H 6= H0) (A.10)

Thus, φ = 0, 180, corresponds to minima. And we get that

d2εT

dφ2
cos φ= MH

2Ku
;φ6=0,180

= −2Ku sin2 φ < 0 (A.11)

Thus, the condition cos φ = µ0MH
2Ku

corresponds to a maximum.
Figure A.2 shows the sketch of the total energy (ET ), as a function of angle

φ, as described in (A.4). φ = 0 corresponds to the local minimum of the ini-
tial state, while φ = 180 corresponds to the final state after the magnetization
switch has taken place. Thus, the magnitude of the energy barrier corresponds
to the substraction of the energy values on the points labelled as C and A from
Figure A.2.

Thus,

∆ε = εmax − εmin
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= Ku sin2 φmax + µ0MH cos φmax −Ku sin2 φmin − µ0MH cos φmin

but φmin = 0, then

∆ε = Ku sin2 φmax + µ0MH cos φmax − µ0MH

= Ku(1− cos2 φmax) + µ0MH cos φmin − µ0MH

but cos φmax = µ0MH
2Ku

, then

∆ε = Ku

[
1−

(µ0MH

2Ku

)2
+

(µ0MH)2

2Ku
2 − µ0MH

Ku

]

= Ku

[
1− 1

4
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Ku

)2
+

1
2

(µ0MH

Ku

)2
− µ0MH

Ku

]
= Ku

[
1− µ0MH

Ku
+
(µ0MH

2Ku

)2
]

= Ku

[
1− µ0MH

2Ku

]2

but we mention before that Ku = µ0MH0

2 , then

∆ε = Ku

[
1− H

H0

]2
(A.12)

or

∆E = KuV

[
1− H

H0

]2

= U

[
1− H

H0

]2

, (A.13)

where V is the volume of the particle and U is know as the internal energy. This
is the expression for the energy barrier.



Summary

In the last century there has been an accelerated development in information
technologies, with an enhanced trend in magnetic storage systems. In order to
be sustained, this accelerated development requires the creation of new tech-
nologies and devices which could allow higher storage densities, portability,
lower power consumption and faster access and processing of the retrieved in-
formation.

This work is the result of four years of research in the field of magnetic pat-
terned media with potential applications for ultra high density information stor-
age systems. A novel tool, Laser Interference Lithography (LIL) has been used
in order to fabricate an experimental prototype of such media.

In Chapter One, a brief overview of the historical development of magnetic
recording is presented. Two possible pathways are here considered to keep pace
with the trend in the increase of areal bit density of magnetic recording: Perpen-
dicular anisotropy media and patterned media.

An ideal magnetic patterned medium with potential application in high den-
sity probe recording is presented in Chapter Two. The medium is considered to
be compound of identical elements arranged in a squared periodic lattice. First
we present a discussion giving a general description of the medium. Then fol-
lows a discussion on the thermostability, where aspects as switching probability
of individual elements in the array are considered. From it, calculated values
for the relaxation time are given. Raw bit error rate is also discussed and an
acceptable energy barrier to thermal energy ratio is estimated. Numerical esti-
mations are presented on the subject of required switching fields for individual
magnetic elements depending on the magnetization state of neighbouring ele-
ments. A discussion on the required anisotropy and magnetization saturation is
also presented. The dimensions of a reading/writing probe are considered. It
is concluded that an auxiliary field is necessary for writing. Upper and lower
limits to this auxiliary field are given.

Chapter Three serves as an introduction to the Laser Interference Lithogra-
phy technique. This is an alternative mask-less lithographic technique, in which
a photosensitive resist is exposed to an interference pattern produced by two co-
herent laser beams. This lithographic technique has the capability of generating
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patterned structures over large areas and in short time (typically less than one
minute).

Different kinds of experimental arrays are described and some of their ad-
vantages and limitations are mentioned. At present, the theoretische minimum
period of the interference pattern at the MESA+ LIL setup is 133 nm, which cor-
responds to half the wavelength of the laser source used. Periodes of 150 nm
have been experimentally obtained.

In Chapter Four the deposition process of continuous magnetic multilayered
CoNi / Pt and Co / Pt films is presented. The substrate preparation is explained
and the influences of the substrate material to the magnetic properties of the
deposited films. The effect of the number of deposited bilayers on the mag-
netic properties is also discussed. The films were characterized by Magnetic
Force Microscopy, Vibrating Sample Magnetometry, Anomalous Hall Effect and
Magneto-Optical Kerr effect. With these techniques it was found that smoother
substrates favour sharper transitions in the magnetization switching.

Chapter Five deals with the process of patterning of the continuous samples
mentioned in Chapter Four. The first step in the LIL processing consists in coat-
ing the sample (in this case the continuous magnetic films) with a photoresist
system. Then the photoresist is exposed to the interference pattern produced
by the LIL setup. Afterwards the resist is developed. Then an etching process
follows in order to transfer the resist pattern into the sample. Finally, the pho-
toresist system should be removed from top of the patterned sample. In Chapter
Five we compare three different photoresists systems that were tested as part of
this research. The first one is a single positive photoresist layer. The second
consists of a three-layer system consisting of an antireflection coating (ARC) at
the bottom, an interlayer acting as a hardmask during the subsequent etching
process, and a positive resist on the top. The third one is an image reversal resist
acting as a shadow mask for the evaporation of a hard etching mask.

Some of the magnetic properties of the CoNi/Pt and Co/Pt patterned films
are studied in Chapter Six. Thermostability and switching field distribution
are two important parameters for any recording medium. A thermally stable
magnetization state will warranty that the stored information will remain un-
changed for a long time. On the other hand, a lower switching field distribution
means that in such a medium each bit of information can be written by exerting
the same (or at least a similar) magnetic field, which helps to avoid side writ-
ing. In the analysis of the dots the coercivity plays an important role. Because of
this, in the first section of Chapter Six we consider an ensemble of nanomagnets
and we derive an expression which relates the coercivity of the ensemble with
its internal energy. By using that expression (in combination with experimental
data) a study on the thermal stability and distribution of the switching field of
arrays of CoNi/Pt and Co/Pt dots is presented. Those structures have diame-
ters around 90 nm and a periodicity of 300 nm. The thermal dependence of the
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averaged switching field has been investigated by means of VSM. Additionally,
the switching field distribution at room temperature is obtained by performing
VSM remanent measurements and MFM measurements.

General conclusions are presented in Chapter Seven. In this chapter the con-
clusions are summarized from two different views. One is about boundary con-
ditions for designing a patterned media and the other is about the preparation
and lithographic processes necessary to fabricate patterned media. At the end
of this chapter some recommendations for future research are given.





Samenvatting

In de vorige eeuw hebben we een versnelde ontwikkeling meegemaakt in de in-
formatie technologie, met daarin een belangrijke trend in magnetische data op-
slag systemen. Om deze trend voort te zetten zijn nieuwe technologieën en sys-
temen nodig, met hogere data-dichtheden, draagbaarheid, lager vermogensver-
bruik en snellere toegang tot en verwerking van data.

Dit proefschrift geeft het resultaat weer van vier jaar onderzoek op het ge-
bied van magnetische patterned media, met mogelijke toepassing in ultra-hoge
dichtheid data opslag systemen. Een nieuwe methode, de Laser Interferentie
Lithografie (LIL) is toegepast om een experimenteel prototype van een dergelijk
medium te fabriceren.

In hoofdstuk 1 wordt een kort overzicht gegeven van de geschiedenis van
magnetische recording. Er zijn twee mogelijke routes om de trend van steeds
toenemende data-dichtheden voort te zetten: media met loodrechte anisotropie
en patterned media.

Het ideale medium voor toepassing in hoge dichtheid probe recording wordt
besproken in hoofstuk 2. Dit medium bestaat uit identieke elementen, die in een
vierkant array zijn geplaatst. Het hoofdstuk begint met een algemene beschri-
jving van een dergelijk medium. Daarna volgt een discussie over thermische
stabiliteit, waarbij aspecten worden beschouwd zoals de kans op switching van
individuele elementen in het array. Hieruit volgen waarden voor de relaxatietijd
van elementen. De raw bit error rate wordt behandeld, en een schatting voor een
minimaal acceptabele verhouding tussen energie barrière en thermische energie.
Numerieke berekingen worden gepresenteerd voor de relatie tussen switch-
ing velden van individuele elementen en de magnetische toestand van de om-
ringende buren. Daarna volgt een discussie over de vereiste anisotropie en
verzadigingsmagnetisatie. Het hoofstuk besluit met de conclusie dat een uitwendig
hulpveld benodigd is om te kunnen schrijven, en de onder- en bovengrenzen
van dit veld worden berekend.

In hoofdstuk 3 wordt Laser Interferentie Lithografie geı̈ntroduceerd. Dit
is een maskerloze lithografie techniek, waarbij een fotogevoelige laag (resist)
wordt belicht met een interferentie patroon dat wordt gegenereerd door twee
coherente laserbundels. Deze lithografie techniek stelt ons in staat in zeer korte
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tijd (onder 1 minuut) belichtingen uit te voeren over grote oppervlakken. In dit
hoofdstuk worden de voor- en nadelen van verschillende experimentele config-
uraties worden beschreven. De theoretisch minimaal haalbare periode van het
interferentie patroon in de MESA+LIL setup is 133 nm (halve golflengte van het
gebruikte laserlicht). Op dit moment zijn periodes van 150 nm experimenteel
gerealiseerd.

In hoofdstuk 4 wordt het depositieproces van CoNi/Pt en Co/Pt films gep-
resenteerd. De substraat preparatie wordt besproken, en de invloed van het sub-
straat materiaal op de magnetische films. Vervolgens wordt het effect van het
aantal lagen in de multilaag op de magnetische eigenschappen bediscussieerd.
De films zijn gekarakteriseerd met behulp van Magnetic Force Microscopy, Vi-
brating Sample Magnetometry, Anomalous Hall Effect en Magneto-Optisch Kerr
effect. Deze technieken laten zien dat gladdere lagen een scherpere transitie in
de magnetisatie reversal hebben.

In hoofdstuk 5 wordt het process besproken waarmee patterned media wor-
den gemaakt uit de continue films van hoofdstuk 4. De eerste stap in het dit
proces bestaat uit het coaten van het sample (in dit geval de magnetische mul-
tilaag) met een fotoresist systeem. Daarna wordt de fotoresist belicht met het
interferentie patroon dat door de LIL opstelling wordt gegenereerd. Vervolgens
wordt de belichte resist ontwikkeld en wordt het resist patroon middels een
etsstap in het sample overgebracht. Ten slotte moet de fotoresist van het sample
worden verwijderd. In hoofdstuk 5 worden tests met drie verschillende fotore-
sist systemen behandeld. Het eerste systeem is een enkele fotoresist laag. Het
tweede bestaat uit een drielaags pakket met een anti-reflectie coating (ARC) aan
de onderkant, een tussenlaag die als hard-mask dienst doet, en een positieve
resist als toplaag. Het derde is een image reversal resist die als shaduw masker
dient voor het opdampen van een hard etching mask.

Een aantal magnetische eigenschappen van patterned CoNi/Pt en Co/Pt
films worden besproken in hoofdstuk 5. Thermische stabiliteit en switching field
distribution zijn belangrijke parameters voor recording media. Een thermisch
stabiele magnetisatietoestand garandeert dat de informatie voor lange tijd be-
houden blijft. Een lage switching field distributie zorgt ervoor dat iedere dot
in het medium bij min of meer hetzelfde veld beschreven kan worden, zodat
side-writing voorkomen wordt. In de analyse van de dots speelt de coerciviteit
een grote rol. Daarom wordt in het eerste deel van hoofdstuk 6 een uitdrukking
afgeleid voor de relatie tussen de coerciviteit van een ensemble van nanomag-
neten en de interne energie. Op basis van deze uitdrukking (in combinatie met
experimentele resultaten) wordt de thermische stabiliteit en switching field dis-
tributie van arrays van CoNi/Pt en Co/Pt dots gepresenteerd. In deze arrays
hebben de dots een diameter van ongeveer 90 nm en een periodiciteit van 300
nm. Met behulp van VSM is de thermische afhankelijkheid van het gemiddelde
switching field onderzocht. Daarnaast is de switching field distributie gemeten
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door remanente VSM en/of MFM.
De algemene conclusies worden gepresenteerd in hoofdstuk 7. In dit hoofd-

stuk zijn de conclusies samengevat volgens twee verschillende uitgangspunten.
In het ene geval wordt er uitgegaan van de randvoorwaarden voor het ontwerp
van een patterned medium. De preparatie en lithografie processen die noodza-
kelijk zijn voor de realisatie van patterned media zijn het andere uitgangspunt.
Het hoofdstuk eindigt met enkele aanbevelingen voor verder onderzoek.





Resumen

A lo largo del pasado siglo se ha ido produciendo un desarrollo acelerado en
las tecnologı́as de la informaciı́n, con especial enfásis en los sistemas de alma-
cenamiento magnéticos. Para conservar esta progresión es necesario el desar-
rollo de nuevas tecnologı́as y dispositivos que permitan una mayor densidad
de almacenamiento de datos, portabilidad y un consumo energético inferior, ası́
como un acceso y procesamiento más rápido de la información almacenada.

Esta tesis es el producto de cuatro años de investigación en el campo de
medios magnéticos nanoestructurados con aplicaciones potenciales a sistemas
de almacenamiento de datos de ultra alta densidad. Un sistema experimental
novedoso, la Litografı́a por Interferometrı́a Láser (LIL), es la herramienta con la
que se han fabricado los prototipos de medio magnético de almacenamiento de
datos.

En el Capı́tulo Uno se hace un pequeño resumen de la evolución histórica de
los medios de grabación magnética. De aquı́ se deduce que dos posibles formas
de mantener la progresión de almacenamiento de información por unidad de
superficie son los medios con imanación perpendicular y los medios estructura-
dos.

En el Capı́tulo Dos se presenta un medio magnético estructurado ideal con
posibles aplicaciones en medios de grabación de alta densidad mediante sonda
magnetica. Se considera que el medio esta compuesto de elementos idénticos or-
denados de forma periodica en una red cuadrada. En primer lugar se hace una
descripción general del medio. En segundo lugar, se estudia la termoestabili-
dad para lo que se tiene en cuenta la probabilidad de inversión de los elementos
de la red. Esto nos proporciona una serie de valores para el tiempo de rela-
jación de la muestra. Además, se estudia la proporción de bits defectuosos y de
ello se obtiene una estimación de los valores aceptables para el cociente entre la
barrera de energı́a de los elementos y la energı́a térmica. Asimismo se mues-
tran unas estimaciones numéricas acerca de los campos necesarios para invertir
la imanación de elementos magnéticos individuales en función del estado de
la imanación de sus vecinos, complementado con un estudio de la anisotropı́a
y de la imanación de saturacion necesarias y teniendo en cuenta el tamaño de
la sonda de lectura/escritura. Del estudio previamente descrito se deduce la
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necesidad de utilizar un campo magnético auxiliar para escribir un bit, propor-
cionando estimaciones para los lı́mites superior e inferior de dicho campo.

El Capı́tulo Tres sirve como introducción a la técnica de Litografı́a por In-
terferomentrı́a Láser, un método alternativo de litografı́a sin máscara. En esta
técnica, una resina fotosensible se expone a un patrón de interferencia producido
por dos haces láser coherentes. Este procedimiento litográfico posee la capaci-
dad de generar estructuras ordenadas sobre grandes áreas en poco tiempo (nor-
malmente menos de un minuto). Se describen algunos de los distintos tipos de
redes, ası́ como las ventajas y limitaciones del metodo. Actualmente, el mı́nimo
periodo del patrón de interferencia que se puede conseguir en el dispositivo LIL
del MESA+ es de 133 nm, que corresponde a la mitad de la longitud de onda de
la fuente de láser utilizada.

En el Capı́tulo Cuatro se presentan los metodos de crecimiento de pelı́culas
delgadas de multicapas magnéticas de CoNi/Pt y Co/Pt. Además se explica
la forma de preparar el sustrato previo al crecimiento y como ésto influye en
las propiedades magnéticas de las pelı́culas. Asimismo, se estudia el efecto
en las propiedades magnéticas del número de bicapas crecidas. Las pelı́culas
magnéticas se caracterizan mediante Microscopı́a de Fuerza Magnética (MFM),
Magnetometrı́a de Muestra Vibrante (VSM), Efecto Hall Anómalo (AHE) y Efecto
Kerr Magneto-Óptico (MOKE). Mediante la aplicación de estas técnicas en nues-
tras muestras se deduce que los sustratos más lisos son los que favorecen las
transiciones más rápidas en la inversión de la imanación.

El Capı́tulo Cinco trata del proceso de litografı́a de las muestras continuas
mencionadas en el Capı́tulo anterior. El primer paso del proceso de Litografı́a
por Interferometrı́a Láser consiste en revestir la muestra (en este caso la pelı́cula
magnética continua) con una fotorresina, para luego hacer una exposición con-
trolada en el tiempo al patrón de interferencia producido por el dispositivo LIL.
A continuación se revela la resina, continuando con un ataque por iones de
argón de forma que la red dibujada sobre la resina se transfiere a la pelı́cula del-
gada. Por último, la resina debe eliminarse de la muestra dando como resultado
un medio estructurado. En este capı́tulo se comparan tres tipos de fotorresinas
que fueron probadas como parte de esta investigación. La primera de ellas con-
siste en una única capa de fotorresina positiva. La segunda es un sistema de tres
capas compuesto por un Recubrimiento Antirreflectante (ARC) sobre el que se
coloca una intercapa actuando como ”hard maskij superpuesta a ella se sitúa una
capa de resina positiva. La tercera es una resina de imagen invertida actuando
como máscara de sombra para la evaporación de una ”hard etching mask”

Algunas de las propiedades magnéticas de las pelı́culas de CoNi/Pt y Co/Pt
litografiadas se estudian en el Capı́tulo Seis. La termostabilidad y la distribución
del campo de inversión (SFD) son dos parámetros importantes para los medios
magnéticos de grabación. Un material térmicamente estable garantiza que la
información almacenada permanecerá inalterada por largo tiempo. Por otra
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parte, una baja distribución del campo de inversión significa que en ese medio
de grabación, cada bit de información puede ser escrito ejerciendo el mismo (o
al menos similar) campo magnético, lo que ayuda a evitar la escritura colat-
eral. En este análisis, la coercitividad juega un papel importante, por esa razón
en la primera parte del Capı́tulo Seis se considera un conjunto de nanoimanes
y se deduce una expresión que relaciona la coercitividad del conjunto con su
energı́a interna. Utilizando dicha expresión (en combinación con los datos ex-
perimentales) se presenta un estudio de la termoestabilidad y de la distribución
del campo de inversión en redes de puntos de CoNi/Pt y Co/Pt de 90 nm de
diámetro y 300 nm de periodicidad. La dependencia térmica del campo de in-
versión promedio se estudia por medio del VSM. Asimismo, la distribución del
campo de inversión a temperatura ambiente se determina mediante medidas de
VSM en remanencia y medidas de MFM.

En el Capı́tulo Siete se presentan las conclusiones generales de este trabajo,
resumidas desde dos puntos de vista. Uno de ellos está relacionado con las
condiciones de frontera para diseñar medios estructurados y el otro está rela-
cionado con la preparación de las muestras y los procesos de litografı́a nece-
sarios para fabricar estos medios. Al final de este capı́tulo se hacen algunas
recomendaciones de cara a futuras investigaciones.
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Molecular at the National Univeristy of Mexico, the place where I started my
journey into science.



List of publications

Scientific journals

First author

• R. Murillo, H.A. van Wolferen, L. Abelmann and J.C. Lodder, ”Fabrication
of patterned magnetic nanodots by laser interference lithography”, Micro-
electronic Engineering 78-79 (2005) 260-265.

• R. Murillo, M.H. Siekman, T. Bolhuis, L. Abelmann and J.C. Lodder, ”Ther-
mal stability and switching field distribution of CoNi/Pt patterned media
for magnetic recording”, accepted in Microsystem Technologies.

Coauthor

• N. Kikuchi, R. Murillo, J.C. Lodder, K. Mitsuzuka and T. Shimatsu, ”Mag-
netization process of high anisotropy CoPt nanodots”, IEEE Trans. Magn.
41 (2005) 3613-3615.

• N. Kikuchi, R. Murillo and J.C. Lodder, ”Anomalous Hall-effect measure-
ment study of Co/Pt nanosized dots”, J. Appl. Phys. 97 (2005) 10J713

• N. Kikuchi, R. Murillo and J.C. Lodder, ”AHE measurements of very thin
films and nanosized dots”, Journal of Magnetism and Magnetic Materials 287
(2005) 320-324.

• N. Dao, N. Kikuchi, R. Murillo, L. Abelmann and J.C. Lodder, ”Micro-
magnetic simulation of non-uniform nanodots with perpendicular anisot-
ropy”, submitted to IEEE Trans. Magn.



140 List of publications

International Conferences (first author only)

• R. Murillo, M.H. Siekman, T. Bolhuis, L. Abelmann, J.C. Lodder, ”Ther-
mal stability and switching field distribution of nanosized magnetic peri-
odic structures”, 49th Annual Conference on Magnetism & Magnetic Materials,
Jacksonville, Florida, USA, November 7-11, 2004.

• R. Murillo, N. Kikuchi, M.H. Siekman, L. Abelmann, J.C. Lodder, ”Real-
ization and analysis of Spam patterned media”, Innovative Mass Storage
Technologies Workshop 2004, Aachen, Germany , September 28-29, 2004

• R. Murillo, M.H. Siekman, N. Kikuchi, L. Abelmann, J.C. Lodder, ”Im-
proved fabrication method of nanomagnetic dots by laser interference litho-
graphy”, Micro- and Nano-Engineering International Conference 2004, Rotter-
dam, The Netherlands, September 19-22, 2004

• R. Murillo, M.H. Siekman, T. Bolhuis, L. Abelmann, J.C. Lodder, ”Analysis
of Patterned Media for Magnetic Probe Recording”, 3rd International Probe
Storage Workshop, Zurich, Switzerland, February 28 March 1, 2005.

• R. Murillo, D. Edmundson, M.H. Siekman, L. Abelmann, B. Rodmacq,
D. Wright, and J.C. Lodder, ”Probe recording in MRAM Elements using
magnetic tips”Innovative Mass Storage Technologies Workshop 2003, Greno-
ble, France, September 23-24, 2003
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